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ABSTRACT

M easurem ents o f  th e  w ork f u n c t io n ,  quantum  y ie ld  and 

low  e n e rg y  ( 6 ,0  eV < h V  < 2 1 ,2  eV) p h o to e le c t r o n  s p e c t ra  a re  

p re s e n te d  f o r  th e  s im p le  m e ta ls  I n ,  A l ,  Pb and Sn in  th e  l i q u i d  

and f ro z e n  s o l id  s t a t e s ,  and f o r  Hg and th e  m e rcu ry  a l lo y s

H gso - : ? 5 0 ' " 9 7 S - I? 2 5 ' ^ ? 9 6 "  '^ f0 4  l i q u i d  s ta te s  o n ly .

The r e s u l t s  o b ta in e d  f o r  th e  s o l id  s im p le  m e ta ls  a re  c o n s is te n t  

w i t h  o th e r  p u b lis h e d  r e s u l t s .  The r e s u l t s  f o r  th e  l i q u i d  a re  

v e ry  s im i la r  to  th o s e  f o r  th e  s o l i d  and a re  c o n s ta n t  o v e r  a 

b ro a d  te m p e ra tu re  ra n g e  above th e  m e lt in g  p o in t ,

A Monte C a r lo  s im u la t io n  o f  th e  p h o to e m is s io n  p ro c e s s ,  

based on th e  3—s te p  m odel o f  B e rg lu n d  and S p ic e r ,  has been 

d e ve lo p e d  and used to  exam ine  th e  e f f e c t s  o f  v a r ia t io n  o f  th e  

e le c tro n -p h o n o n  s c a t t e r in g  le n g th  on th e  quantum  y ie ld  and escape 

d e p th  o f  th e  p h o to e le c t r o n s .  T h is  programme has been used in  

c o n ju n c t io n  w i th  an a n a ly t i c a l  p rogram m e, based on th e  w ork o f  

K r o l ik o w s k i ,  to  d e r iv e  o p t i c a l  d e n s i ty  o f  v a le n c e  s ta te s  f u n c t io n s  

and e le c t r o n —e le c t r o n  s c a t t e r in g  le n g th s  f o r  th e  l i q u i d s .

In  a l l  cases  th e  o p t i c a l  d e n s i ty  o f  s ta te s  fu n c t io n s  show 

much s t r o n g e r  s t r u c t u r e  th a n  e x p e c te d  on th e  b a s is  o f  a weak 

s c a t t e r in g  d e s c r ip t io n  o f  th e  l i q u i d  sys tem  and a g ree  b e t t e r  w i th  

t h e o r e t i c a l  p r e d ic t io n s  f o r  th e  s o l i d ,  in d i c a t in g  t h a t  some a s p e c ts  

o f  th e  s o l i d  s ta te  band s t r u c tu r e  p e r s is t  on m e l t in g .  No 

e v id e n c e  f o r  c o n s e rv a t io n  o f  th e  momentum v e c to r  (< o r  f o r  non 

c o n s ta n t  m a t r ix  e le m e n ts  i s  o b s e rv e d .

In  th e  case o f  m e rcu ry  and th e  m e rcu ry  a l lo y s  th e  r e s u l t s  

o b ta in e d  a g ree  w e l l  w i th  th e  pseudogap c o n c e p t p roposed  by M o t t ,
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CHAPTER 1 ; -  INTRODUCTION

1 ,1 .  O u tlin e

During the past f i f t e e n  years th e re  has been in c re a s in g  

in te r e s t  in  the p ro p e rtie s  o f l iq u id  m etals and a llo y s .  This  

has a ris e n  n a tu ra lly  as e a r l i e r  s tu d ies  o f the c r y s ta l l in e  phase 

have been extended in to  d isordered systems. The l iq u id  system  

is  a t t r a c t iv e  both to  the th e o re tic ia n  and the e x p e r im e n ta lis t  

as i t  is  s p a t ia l ly  is o tro p ic  and, u n lik e  the  amorphous s o l id ,  

o ffe rs  a degree o f d is o rd er th a t  may be e a s ily  reproduced.

There a re , however, considerab le  d i f f i c u l t i e s  in  th is  

f i e ld  -  fo r  the e x p e rim e n ta lis t th ere  are  the problems o f the  

high tem peratures req u ired  (re s u lt in g  in  high vapour p ressures) 

and the c o rro s ive  nature  o f l iq u id  m eta ls , w h ils t  fo r  the  

th e o re tic ia n  th e re  is  the problem o f t r e a t in g  a d isordered system 

where long range t ra n s la t io n a l order does not e x is t  -  p rec lud ing  

the use o f B loch 's  theorem to  s im p lify  m a tte rs . This is  

p a r t ic u la r ly  tru e  w ith  the t ig h t  b ind ing  systems e x is t in g  in  

t r a n s it io n  m eta ls .

The work in  the f i e ld  to  date has been summarised in  

th ree  major conferences (Brookhaven 1966, Tokyo 1972 and B r is to l  

1976) and in  s e v e ra l reviews -  notab ly  those o f Cusack (1 9 7 2 ),  

March (1 9 6 9 ), Enderby (1 9 7 2 ) ,and Faber (1 9 7 2 ) ,  From these i t  

is  apparent th a t  th ere  is  r e la t iv e ly  l i t t l e  experim ental da ta  

a v a ila b le  on the e le c tro n ic  s tru c tu re  away from the Fermi le v e l ,  

although o th e r aspects (such as the e le c tro n  tra n s p o rt p ro p e rtie s )  

have been e x te n s iv e ly  stud ied  and are  r e la t iv e ly  w e ll understood.

This  th e s is  describes a s e r ie s  o f photoemission  

experim ents c a rr ie d  out on f iv e  l iq u id  m etals -  aluminium , indium .
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t i n ,  lead  and mercury and some mercury a l lo y s .  The o b je c t o f  

these experim ents was to  ob ta in  in fo rm a tio n  on the valence band 

s tru c tu re  o f these m etals from measurements o f th e ir  photoemission  

p ro p e rtie s  -  no tab ly  the work fu n c tio n , quantum y ie ld  (as a 

fu n c tio n  o f photon energy) and p hoto electron  energy d is t r ib u t io n  

spectra  ( E ,0 ,C 's ) ,  A computer model o f the photoemission process 

was developed and used to  examine the e f fe c ts  o f s c a tte r in g  

processes. This model was a lso  used in  con junction  w ith  the  

experim ental data  to  o b ta in  values fo r  the e le c tro n  mean fre e  

paths and an o p t ic a l  d e n s ity  o f s ta te s  which could be compared both  

w ith  th e o re t ic a l  p re d ic tio n s  and the re s u lts  o f o th e r w orkers,

1 ,2 ,  L iq u id  Simple M etals

The m etals chosen fo r  th is  work, w ith  the exception  o f  

mercury, are what are norm ally  re fe rre d  to  as 's im p le * m e ta ls , 

i , e ,  m etals o f h igh c o n d u c tiv ity  th a t  do not possess a d o r f  

resonance c lose to  the Fermi le v e l  — th is  excludes t r a n s it io n ,  

noble and ra re  e a rth  m etals and the chalcogen ides.

Up to the present i t  has norm ally  been considered th a t  

l iq u id  sim ple m etals could be adequately  described in  terms o f  

a n e a r ly - f re e -e le c tro n  ( n , f , e , )  model where the d is o rd er has 

la rg e ly  reduced the s c a tte r in g  p o te n t ia l .  There has been 

considerab le  work done in  o b ta in in g  values fo r  the s tru c tu re  

fa c to r  S(Q) (d e fin e d  in  the usual way as the exp ec ta tio n  value  

o f Na(Q)a *  (Q) where:

a(0 )r^^xp (-LQ.fj ) (1,1)
I

and N =  number o f s c a t te re rs , Q is  a wave number and r^ re fe rs  to  

the p o s itio n s  o f the n u c le i)  from X -ray  o r neutron s c a tte r in g
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experim ents and, w ith  the exception o f sm all e f fe c ts  in  non- 

cubic m etals such as z in c  and cadmium, the re s u lts  agree w e ll  

w ith  a sim ple p a irw ise  in te ra c t io n  between io n s . By p lo t t in g  

s tru c tu re  fa c to rs  a g a in s t hard sphere d ia m e te r, A shcroft and 

Leckner (1966 ) have obtained a u n iv e rs a l curve which is  in  

reasonable agreement w ith  the hard sphere s o lu tio n  o f the  

Percus-Yevick e q u atio n . However, in  the case o f the chalcogenides  

th e re  is  some d e v ia tio n  from th is  model and these must be 

considered in  terms o f non—c e n tra l fo rces  (Enderby and Hawker 

1 9 7 4 ),

F igure 1 ,1 ,  shows the s tru c tu re  fa c to r  fo r  le a d , which 

is  ty p ic a l o f a hard s p h e re -lik e  m etal -  a etrong f i r s t  peak 

fo llow ed by o s c il la t io n s  which damp out in  a few m u ltip le s  o f Q 

As may be seen from Table 1 , 2 , ,  the e le c tro n s  a t  the Fermi le v e l  

in  a simple m etal such as sodium tra v e rs e  many o f the lo c a l  

arrangements between s c a tte r in g  even ts , which would be expected  

to  cause considerab le  smearing o f the E -k curve as suggested 

by Edwards (1 9 6 2 ), This again co n tra s ts  sh arp ly  w ith  the  

chalcogenides, such as te l lu r iu m , where the mean fre e  path is  

only  a few tim es the atomic d iam eter, w ith  re s u lta n t  strong  

lo c a l s c a tte r in g . As w i l l  be discussed l a t e r ,  measurements o f  

the o p t ic a l p ro p e rtie s  e lso  support th is  n , f , e ,  p ic tu r e ,  showing 

l i t t l e  evidence o f band s tru c tu re ,

1 ,3 ,  E lec tro n  S ta tes  in  D isordered Systems —

T h e o re tic a l

There are s ev e ra l d i f fe r e n t  methods th a t have been used 

to  o b ta in  num erical re s u lts  fo r  sim ple l iq u id  m etals (a  f u l l  

review  o f these is  given by Cusack 1 9 7 2 ), but the m a jo r ity
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o f re s u lts  have been obtained using a Greens fu n c tio n  method 

which was in troduced by Edwards (1 9 6 6 )• Th is  has been used 

as a basis fo r  two d i f fe r e n t  approaches#

The form o f approach used by Chan and B a lle n tin e  (1972 ) 

and Ita m i and Shijom i (1972) to  o b ta in  re s u lts  fo r  sodium, 

alum inium , bism uth, m ercury, indium and some a llo y s  d e fin es  the  

re so lv en t o p era to r in  the form :

G(E)  = ( E - H f  : ( 1 . 2 . )
E - E„

n

where H = P^/2m +  V is  the H am ilton ian  and |lp > and E^ are i t s  

e ig envectors  and eigenvalues#

This re s u lts  in  a d en s ity  o f s ta te s  (p e r u n it  energy, 

per u n it  v o l# , fo r  a s in g le  spin o r ie n ta t io n )  o f the form :

n ( E ) :  i ( k . E )  = ( 2 T i r /  s ( k , E ) d ’k ( 1 . 3 . )1
k

where the s p e c tra l fu n c tio n  s (k ,E )  is  d e fin ed  as:

s ( k , E )  = - ^ I m  G ( k , E .  iO ) ( 1 . 4 . )

where G (k ,E ) is  the ensemble average Greens function#

F igure  1#3# shows ty p ic a l  re s u lts  fo r  th is  method which 

g e n e ra lly  y ie ld s  a fre e  e le c tro n  l ik e  n (E ) ,  lead  and bismuth 

being the m etals which show the g re a te s t d e v ia tio n  from th is #  

Because o f the len g thy num erical c a lc u la t io n  invo lved  

in  th is  method, a s im p lif ie d  vers ion  has been used by Shaw and 

Smith (1969) and Schneider and S to l l  (1967 ) to  o b ta in  re s u lts  

fo r  n ic k e l ,  potassium , le a d , bism uth, indium and cadmium# In
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th is  method the form al p e rtu rb a tio n  expansion fo r  an energy 

eigenvalue  is  w r it te n  as:

E = ♦ <K|v|K> + \   ̂<klV|k>i)( ly |k)  ̂ ............  , (1.5.)
2m  /  V E - ( k ' ) V 2 m

k V k

By ta k in g  the ensemble average and assuming a uniform  

d is t r ib u t io n  o f s ta te s  in  k space, the fo llo w in g  r e la t io n  fo r  

n (E ) i s  o b ta in ed :

- 1

0E(k)
ô k

(1.6.)

F igure 1 .4 .  shows ty p ic a l re s u lts  fo r  th is  method.

This method ignores t r i p l e t  c o rre la t io n s  — the s tru c tu re  

th a t  e x is ts  from the th ir d  term o f the expression in v o lv in g  S (q ) ,  

the 2-body s tru c tu re  fa c to rs .

The re la t io n s h ip  between these methods has been examined 

by B a lla n tin e  and Chan (1 9 7 2 ). They have shown th a t the second 

method has given an exaggerated value fo r  the pseudogap (th e  d ip  

in  n (E ) a t  the Fermi le v e l )  in  mercury, im p ly ing  th a t th is  

method is  only r e l ia b le  where the s o lid  s ta te  d en s ity  o f s ta te s  

is  fre e  e le c tro n  l i k e .

A th ir d  method, th a t o f the Bloch d en s ity  m a tr ix , has 

been used by Rousseau a t  a l  (1970) to  o b ta in  re s u lts  fo r  

b e ry lliu m . This method shows ap p rec iab le  d e v ia tio n  from fre e  

e le c tro n  behav iour, w h ils t  the f i r s t  two methods show very fre e  

e le c tro n  l i k e  behaviour, as may be seen in  the diagram s, where 

the fu n c tio n s  associated  w ith  c r y s t a l l in i t y  are washed out and 

th e re  is  only a weak in d ic a tio n  o f a band gap.

More re c e n tly , in te r e s t  has focussed on the use o f a
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t i g h t  b in d in g  method# A d is c u s s io n  o f  t h i s  method and th e  

m u f f in  t i n  p o t e n t ia l  w h ich  fo rm s  th e  b a s is  o f  th e  Z iro a n -L lo y d  

fo rm a lis m  i s  g iv e n  by Watabe (1977 )#

1#4# E le c t r o n  S ta te s  in  D is o rd e re d  System s -

E x p e r im e n ta l

There  a re  s e v e ra l d i f f e r e n t  te c h n iq u e s  w h ich  have been 

used to  t r y  to  g a in  in fo r m a t io n  on th e  e le c t r o n ic  d e n s ity  o f  

s ta te s  a t  o r  be low  th e  F erm i le v e l#  Some o f  th e se  a re  d is c u s s e d  

here#

1#4#1# The K n ig h t S h i f t  ( k )

T h is  i s  a n u c le a r  m a g n e tic  re sonance  (N .M .R .)  te c h n iq u e ,

th e  s h i f t  ( k ) b e in g  th e  f r a c t i o n a l  change in  th e  N .M .R . m a g n e tic
when the nuclei form part of a metal, relative to the field for an isolated 

f i e l d \  This g iv e s  in fo r m a t io n  on any d e p a r tu re . f ro m  . atom.
N(E ,)

th e  f r e e  e le c t r o n  v a lu e  and on any v a r ia t io n  d u r in g  m e lt in g #

R e s u lts  to  d a te  show l i t t l e  e f f e c t  on N (E ) on m e lt in g  e x c e p t in

cadmium (Seym our and S ty le s  1 9 6 4 ), g a l l iu m  and b is m u th  (K n ig h t  e t

a l  1959)# T h is  f a i l u r e  to  o b se rve  a change in  K on m e lt in g  i s  

n o t i n  ag reem en t w i th  th e  f r e e  e le c t r o n  p ic tu r e #  However th e re  

a re  m asking  e f f e c t s  due to  e le c t r o n - e le c t r o n  in t e r a c t io n s ,  and 

th e  o b s e r v a t io n a l a c c u ra c y  i s  l im i t e d #

1#4#2# P o s it r o n  A n n ih i la t io n

T h is  te c h n iq u e  e n a b le s  in fo r m a t io n  on th e  momentum 

d i s t r i b u t i o n  o f  th e  e le c t r o n  to  be g a in e d  by m easurem ents o f  

ph o to n  a n g u la r  c o r r e la t io n  from  th e  a n n ih i l a t i o n  o f  h ig h  e n e rg y  

( s e v e ra l MeV) p o s i t r o n s  in  th e  m a te r ia l#  U n fo r tu n a te ly  th e  

i n t e r p r e t a t io n  o f  r e s u l t s  i s  d i f f i c u l t  as th e re  i s  c o n s id e ra b le  

sm e a rin g  o f  th e  a n g u la r  c o r r e la t io n  c u rv e  in  l i q u i d  m e ta ls (W e s t et al 

1967) w h ich  c o n s id e ra b ly  l i m i t s  th e  u s e fu ln e s s  o f  th e  te c h n iq u e #
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1 . 4 , 3 ,  E le c t r o n  T ra n s p o r t  P r o p e r t ie s

A c o n s id e ra b le  amount o f  in fo r m a t io n  on l i q u i d  m e ta ls

has been g a in e d  fro m .m e a su re m e n ts  o f  th e  e le c t r o n  t r a n s p o r t  

p r o p e r t ie s ,  i . e .  C o n d u c t iv i t y  ip)$ Therm opower (Q ) and H a l l  

c o e f f i c i e n t  ( R ) ,  U s in g  a s e m ic la s s ic a l  n e a r ly - f r e e - e le c t r o n  

a p p ro a c h , where th e  e le c t r o n s  a re  d e s c r ib e d  i n  te rm s  o f  th e  p la n e

wave s c a t t e r in g  o f  weak pseudo—p o t e n t ia l s ,  Ziman ( l 9 6 l )  has o b ta in e d

th e  f o l lo w in g  e x p re s s io n s  f o r  c o n d u c t iv i t y  and th e rm o p o w e r;

r
%  = 4 ^ ^  /  S ( k ) | v ( k ) | k  dk ( 1 , 7 . )p  t ie VfrJ

0

TCk.T ( s ( 2 k e H v ( 2 k p ) r  < k p ( à | v | A k ) S  > ) , ,  „ .
- 3 e k p  ^ \  (|v|'s> < | v r s >  p  •

w here  i s  th e  a to m ic  volum e and kp  i s  th e  F e rm i w a v e v e c to r .

T h is  a p p ro a ch  has been d is c u s s e d  f u l l y  i n  s e v e ra l a r t i c l e s  

(se e  F abe r 1972 ) and a lth o u g h  d o u b ts  have been c a s t  on i t s  

v a l i d i t y ,  m a in ly  due to  i t s  dépendance on th e  B orn a p p ro x im a t io n ,  

i t  has been q u i t e  s u c c e s s fu l to  d a te .  The v a lu e s  o f  p  o b ta in e d  

f o r  th e  a l k a l i  m e ta ls  a re  in  good ag reem en t w i th  e x p e r im e n t ,  and i n  

th e  case o f  d iv a le n t  m e ta ls  i t  has shown c le a r l y  why th e y  have 

lo w e r  v a lu e s .  The th e o ry  has a ls o  been s u c c e s s fu l  in  r e l a t i n g  

th e  te m p e ra tu re  dependence o f p  to  th e  te m p e ra tu re  v a r ia t io n  o f  

S (q )  b u t was i n i t i a l l y  u n s u c c e s s fu l in  a c c o u n t in g  f o r  th e  

e x p e r im e n ta l v a lu e s  f o r  m e rc u ry . More r e c e n t ly  th e  p s e u d o p o te n t ia l 

has been m o d if ie d  by Evans (1 9 6 9 ) to  overcom e t h i s  p ro b le m .

In  th e  case o f  th e  H a l l  e f f e c t  th e  n . f . e ,  th e o ry  g iv e s  

th e  r e s u l t !
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” h  = ’/ n e e  ( 1 ' * ' )
where

R|_l is  the H a ll c o e f f ic ie n t  and n is  the number o f c a r r ie rs /c rA  

This expression is  in  good agreement w ith  the observed

re s u lts  fo r  most m a te r ia ls *  I t  f a i l s  in  the case o f le a d , but

th is  could be due to  the strong s c a tte r in g  in  th is  m a te r ia l*

However, more re c e n tly  Edwards (1966 ) has cast doubt

on th is  n * f . e *  exp lan a tio n  and has shown th a t  the simple

tra n s p o rt p ro p e rtie s  are not s e n s itiv e  to  sm all v a r ia t io n s  in

the d e n s ity  o f s ta te s *

1 *4*4 *  O p tic a l and Spectroscopic Methods

The re s u lts  obtained from low energy s tu d ies  (e .g *  

Hodgson e t  a l  1962) have provided some o f the  s tro n g est evidence  

fo r  the acceptance o f the n * f * e .  approach*

Almost a l l  the re s u lts  obtained are co n s is te n t w ith  the  

c la s s ic a l Orude model which y ie ld s  the expression fo r  the  

c o n d u c tiv ity :

/)  (ÜÜ) : n e X /  ^ z ( l . i a )
/ m  ( 1 ♦ CO X )

where X Is  the re la x a t io n  tim e*

One o f the most notab le  re s u lts  is  th a t  fo r  alum inium , 

where the in te rb an d  tra n s it io n s  are observed to  d isappear on 

m e ltin g , again  in  keeping w ith  the p re d ic tio n s  o f the n * f * e .  

th eo ry* The agreement is  not good in  the case o f m ercury, but 

th e re  has been some d ispute  over the p ro p e rtie s  o f th is  m eta l*  

S chu ltz  (1957 ) obtained re s u lts  th a t were in  good
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agreement w ith  the Orude model but l a t e r  workers such as Hodgson 

(1959) claim ed to  have measured values fo r  and s ig n if ic a n t ly  

g re a te r  than those suggested by the th e o ry ,

1 ,4 .5 .  Emission Spectrum Methods

With the development o f u l t r a  high vacuum apparatus  

making i t  p o ssib le  to  o b ta in  and m ain ta in  a to m ic a lly  c lean  

s u rfa ce s , the em ission spectrum techniques such as u l t r a v io le t  

photoemission spectroscopy and X -ray p h o to e lec tro n  spectroscopy  

have come in to  prominence. These techniques a llo w  the d en s ity  

o f s ta te s  away from the Fermi le v e l to  be probed. E a rly  

re s u lts  on l iq u id s  (Koyama 1968 and Stevenson 1968) have been 

q u ite  s t r ik in g  and the whole n . f . e ,  approach has been cast in to  

doubt by the d iscovery th a t s tru c tu re  observed in  the d e n s ity  o f 

s ta te s  p e rs is ts  on m e lt in g . Although the in te r p r e ta t io n  o f  

re s u lts  is  com plicated by the e f f e c t s  o f  e le c tro n -e le c tro n  

s c a tte r in g  processes, th is  technique is  one o f the most va lu ab le  

to o ls  fo r  the in v e s tig a tio n  o f e le c tro n ic  s tru c tu re . I t s  

a p p lic a tio n  to  l iq u id  m etals is  f a i r l y  re c e n t, and fu r th e r  work 

is  u rg e n tly  needed to  c la r i f y  the i n i t i a l  r e s u lts .  This  

technique w i l l  be f u l ly  discussed in  l a t e r  c h ap ters ,

1 ,5 *  O u tlin e  o f Thesis

I t  w i l l  be c le a r  from the preceding th a t  th ere  is  very  

l i t t l e  d e f in i te  in fo rm a tio n  on the d e n s ity  o f s ta te s  in  l iq u id  

m etals* D esp ite  the success o f the Ziman model in  e x p la in in g  

e le c tro n  tra n s p o rt d a ta , and the work o f Edwards, the fa i lu r e s  

o f the n . f . e .  theory  show th a t i t  cannot be considered to be 

t o t a l ly  s a t is fa c to ry *  W h ils t the technique o f photoemission
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spectroscopy provides a means o f d ir e c t ly  probing the d en s ity  o f  

s ta te s  away from the Fermi le v e l ,  the work to  date has mostly  

been on s o lid s  and gases, and th ere  is  very l i t t l e  data a v a ila b le  

fo r  l iq u id s .  Although th e re  are co n sid erab le  experim ental 

d i f f i c u l t i e s .  F igure  1 ,5 ,  shows th a t the vapour pressures o f  

alum inium , indium , t in  and lead  are low enough to  make these  

problems s o lu b le , and th a t  even mercury can be handled w ith  the  

use o f a mercury d if fu s io n  pump. These m etals provide a range 

o f types from the fre e  e le c tro n  l ik e  aluminium to  lead  w ith  i t s  

strong s c a tte r in g  and mercury w ith  i t s  p o ss ib le  pseudogap.

Thus a s e rie s  o f experim ents on these m etals should provide  

valuab le  data  on the v a l id i t y  o f the n . f . e ,  approach fo r  l iq u id  

m eta ls .
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CHAPTER 2:- THE PHOTOEMISSION PROCESS

2*1# H i s t o r i c a l  B ackground

The p h o t o e l e c t r i c  e f f e c t  has been known f o r  some t im e ,  th e  

b a s ic  e q u a t io n  f o r m u la te d  by E in s t e i n  i n  1905 b e in g :

E =  h V ~  fS ( 2 . 1 . )

where E =  e n e rg y  o f  th e  e m i t t e d  e l e c t r o n ,  h V  =  p h o to n  e n e rg y  and 

/  =  w ork f u n c t i o n *

F ig u re  2 * 1 .  i l l u s t r a t e s  th e  b a s ic  p r o c e s s .  The e l e c t r o n  

s t a t e s  i n  th e  v a le n c e  band a re  f i l l e d  f ro m  th e  b o t to m  o f  th e  band 

t o  th e  F e rm i l e v e l .  S in c e  a m e ta l  i s  b e in g  c o n s id e r e d  th e r e  i s  

no f o r b id d e n  gap above t h i s  l e v e l ,  and em pty s t a t e s  a re  c o n t in u o u s  

t o  th e  vacuum l e v e l  and b e yond . I f  a p h o to n  o f  e n e rg y  hV  

im p in g e s  on th e  m e ta l  and e x c i t e s  an e l e c t r o n  o f  e n e rg y  E, i t  

w i l l  r a i s e  th e  e l e c t r o n  e n e rg y  t o  E +  hV * I f  t h i s  i n c r e a s e  

r a i s e s  th e  e l e c t r o n  above th e  vacuum l e v e l ,  i t  may th e n  f i n d  i t s  

way t o  th e  s u r f a c e  and be e m i t t e d ,  i t s  e n e rg y  o u t s id e  th e  m e ta l  

now b e in g  E* =  (E + hV) - ( E ^  + / ) .  S in ce  th e  i n i t i a l  e n e rg y  E 

may be anywhere i n  th e  v a le n c e  band , E  may be

anywhere be tw een ( h V — / )  and z e ro *  The p r o b a b i l i t y  o f  an 

e l e c t r o n  b e in g  e m i t t e d  w i t h  any p a r t i c u l a r  e n e rg y  E* i s  depen dan t 

on th e  number o f  e l e c t r o n s  w i t h  e n e rg y  E — t h u s ,  i f  a l a r g e  

number o f  p h o to n s  i s  c o n s id e r e d ,  th e  d i s t r i b u t i o n  o f  f i n a l  e n e r g ie s  

w i l l  be a r e f l e c t i o n  o f  th e  d e n s i t y  o f  s t a t e s ,  m o d i f ie d  by some 

f u n c t i o n  depen dan t on th e  i n t e r n a l  s c a t t e r i n g  p ro c e s s e s  and th e  

escape p r o b a b i l i t y  a t  th e  s u r f a c e *  T h is  i s  th e  b a s is  o f  th e  

te c h n iq u e  o f  p h o t o e le c t r o n  s p e c t r o s c o p y .

The f i r s t  a t te m p t  a t  p h o t o e le c t r o n  s p e c t ro s c o p y  was made 

by R ic h a rd s o n  and Compton (1 9 1 2 ) .  W h i l s t  t h e y  p r o v id e d  a u s e f u l
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i l lu s t r a t io n  o f the technique they a lso  revea led  i t s  major 

l im it a t io n  -  which is  th a t ,  w ithout an a to m ic a lly  c lean  s u rfa c e ,  

the e le c tro n s  are s ca tte re d  so s tro n g ly  a t  the m etal—vacuum 

in te r fa c e  th a t  a l l  in fo rm a tio n  in  the spectrum is  com pletely  

'w ashed-out' •  Thus i t  is  only in  the past two decades, when 

the  advent o f u l t r a  high vacuum (U .H .V .)  apparatus has made the  

p re p ara tio n  o f a to m ic a lly  c lean  surfaces p o s s ib le , th a t the  

technique has become v ia b le .

However, th e o re t ic a l  advances were made. Fowler (1 9 3 1 ), 

by the use o f Ferm i-O irac  s t a t is t ic s ,  succeeded in  e x p la in in g  

th e o r e t ic a l ly  the shape o f the i -V  curve near th resh o ld  ( i . e .

( h V -  / )  is  very s m a ll) .  Assuming th a t (a )  only e le c tro n s  fo r  

which E > ( /  + E^) a t  r ig h t  angles to  the su rface  may escape, and 

(b )  th a t a l l  e le c tro n s  s a t is fy in g  (a )  have equal p r o b a b il i t ie s  

o f escape, he obta ined the expression:

Y o6 ( h V - d ) /  I fo r  a g iven tem perature T
- h V ) 4  ( 2 . 2 . )

where Y m quantum y ie ld .  Thus, by p lo t t in g  Y vs hV, an 

accurate  value o f fS may be o b ta in ed . This is  c a lle d  a Fowler 

p lo t  and is  a very u s e fu l techn ique.

2 .2 .  Present Theories

The c u rre n t th e o rie s  o f photoemission f a l l  in to  two main

groups, using e ith e r  a genera l form alism  or a model o f the process.

2 .2 .1 .  F o rm a lis tic  Theories

In  these th e o rie s  the g e n era tio n , t r a v e l ,  s c a tte r in g  and 

transm ission  o f the photoelectron  are tre a te d  as a s in g le  process
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by means o f f i r s t  p r in c ip le  quantum mechanics. This has been 

done by s evera l workers (e .g .  Mahan (1 9 7 0 ), Schaich and A shcroft 

(1 9 7 0 ), C a ro li e t  a l  (1 9 7 3 )) ,  using a v a r ie ty  o f approaches.

Mahan has performed c a lc u la t io n s  using a s c a tte r in g  form alism  

and Schaich and A shcroft have considered the q u ad ra tic  response 

o f the system to  an ap p lied  e lec trom agnetic  f i e l d .  These 

th e o ries  in c lu d e  the e f fe c ts  o f in e la s t ic  e le c tro n -e le c tro n  

s c a tte r in g  but make no allowance fo r  the e f fe c t  o f e le c tro n -io n  

in te r a c t io n ,  which in  the case o f a l iq u id  m etal may w e ll be an 

im portant e f f e c t .  W h ils t a l l  these th e o rie s  are s a t is fa c to ry  

from a th e o re t ic a l  p o in t o f v iew , they are h ig h ly  com plicated  

and, in  order to  g ive an e f fe c t iv e  s o lu tio n  fo r  a re a l  case, i t  

is  necessary to  make assumptions and s im p lif ic a t io n s  th a t are  

not s a t is fa c to r y .

N o rris  and W illiam s (1976) have reported  c a lc u la t io n s  

fo r  aluminium based on the theory o f Schaich and A sh cro ft.

S ta r tin g  from the 'golden r u le '  expression fo r  the tim e—averaged 

photocurrent ou ts ide  the m etal as a summation over a continum  

o f the fo rm :-

< j ( r ) > :  - ^ y ^ n ( E J [ <  m l A .7|u ( 2 . 3 . )

m,u

where<m I is  an i n i t i a l  o n e -e lec tro n  s ta te  o f the unperturbed  

system w ith  occupation n(E^) and | u > is  a f in a l  s ta te  which has an 

outgoing plane wave component a t i n f i n i t y  in  the vacuum. I t  is  

also  a decaying e xc ite d  s ta te  in  the presence o f a boundary which 

accounts fo r  transm ission  and s c a tte r in g . ^  =  AE is  the vec to r  

p o te n t ia l .  By then making s u ita b le  assumptions in  the proceeding  

eq u atio n , namely th a t £  is  p a r a l le l  to a near p e rfe c t s u rfa c e .
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and by fa c to r is in g  out transm ission  and s c a tte r in g  e f fe c ts ,  they  

obtained the fo llo w in g  expression fo r  the energy d is t r ib u t io n :—

N(E,TiO))= c | ^ n ( Ei)|<i|A«V|f  >f 6(E j  ♦TiOO-Ef)5(Ef-E) >T(E) ( 2 . 4 . )

* i , f

i ,  f  being i n i t i a l  and f in a l  s ta te s  o f the perturbed system and 

T (E ) being the p ro b a b ility  o f escape w ithout s c a tte r in g . This  

may be s im p lif ie d  fu r th e r  by assuming t h a t ,  in  a d isordered  

system such as a l iq u id ,  the m a trix  elem ents which impose 

conservation  o f the momentum vec to r may be considered to  be 

co n stan t.

This reduces the above equation  t o : —

N(E,TiW) = C p ( E -T ,W ) /3 (E ) T (E )  ( 2 . 5 . )

This does r e ly  on gross s im p li f ic a t io n  but g ives a basis  

fo r  the in te r p r e ta t io n  o f photoemission s p e c tra . Using equation  

2 .2 .  and ig n o rin g  f in a l  s ta te  s c a tte r in g , N o rris  and W illiam s  

obtained EDC's fo r  aluminium o f the r ig h t  genera l shape but lac k in g  

the s tru c tu re  th a t  is  observed e x p e rim e n ta lly .

2 .2 .2 .  Model Theories

The e a r l ie s t  e f fe c t iv e  model th e o ry , and s t i l l  the most 

u s e fu l, is  th a t o f Berglund and S p icer (1 9 6 4 ), m odelling the  

photoemission process as a s e rie s  o f 3 s e m i-c la s s ic a l steps as 

fo llo w s  (see F igure  2 . 2 . ) : -

1 . The photon is  in c id e n t upon a m etal s u rfa c e . I t  

pen etrates  the surface  (assuming the r e f l e c t i v i t y  is  z e ro ) ,  is  

absorbed and generates a 'h o t*  or e xc ite d  e le c tro n .

2 . The e le c tro n  tra v e ls  towards the surface o f the  

m a te r ia l,  p o ssib ly  undergoing some s c a tte r in g  process as i t
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does 80*

3* The e le c tro n  reaches the su rface  and escapes*

Step ( l )  a llow s the p o s s ib i l i ty  o f two types o f o p t ic a l  

t ra n s it io n s  fo r  the e x c ita t io n  o f the e le c tro n *

a ) D ire c t t r a n s it io n s : In  a c r y s ta l l in e  s tru c tu re ,

the c ry s ta l momentum must be conserved* This means th a t in  a

band s tru c tu re  the t ra n s it io n s  must be v e r t ic a l ,  im p ly ing  to  

the  photo electron  sp ectro sco p is t th a t the s tru c tu re  he observes 

in  the d en s ity  o f s ta te s  should vary both in  s tre n g th  and p o s itio n  

r e la t iv e  to  the Fermi edge as a fu n c tio n  o f the photon energy, 

due to  the coupling o f the i n i t i a l  and f i n a l  s ta te s  by m atrix  

elem ents*

b) Non d ir e c t  t r a n s it io n s : In  th is  case i t  is  

assumed, by presuming some u n sp ecified  many body in te ra c t io n s , th a t  

c ry s ta l  momentum need not be conserved* This means th a t th ere

is  l i t t l e  e f fe c t  from the m atrix  e lem ents, which are u s u a lly  

assumed to  be co n stan t, and hence th a t the s tru c tu re  observed 

should be constant both in  p o s itio n  and s tre n g th  r e la t iv e  to  

the Fermi edge*

L a te r workers have used both types o f t ra n s it io n s  in  

discussing re s u lts  fo r  d i f f e r e n t  m etals (see fo r  example Eastman 

(1 9 6 9 ), Shaw and Smith (1 9 6 9 )) however, as w i l l  be seen l a t e r ,  

the re s u lts  obta ined in  th is  study are c o n s is te n t w ith  the non— 

d ir e c t  approach and th is  is  considered in  more d e t a i l  in  Chapter 3*

The model conta ins s e v e ra l assumptions which are l is t e d  

here (see a lso  Eastman (1 9 7 2 )) :

1 ) That the m atrix  elem ents are co n stan t,

2 ) That the emission o f e le c tro n s  is  p u re ly  a bulk process.
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3) That the d is t r ib u t io n  o f the d ire c tio n s  o f the e x c ite d  

e le c tro n s  is  is o t r o p ic .

4 ) That on ly  in e la s t ic  e le c tro n -e le c tro n  s c a tte r in g  is  

considered.

5 ) That the p ro b a b ili ty  o f an e le c tro n -e le c tro n  event

may be d efin ed  in  terms o f a mean fre e  path 1^.

6 ) That the in e la s t ic  s c a tte r in g  is  is o t r o p ic .

7 ) That when the e le c tro n  reaches the s u rfa c e , i t s

escape p ro b a b ili ty  is  assumed to  be u n ity  i f  i t s  momentum normal

to  the surface  is  g re a te r  than some e x c ite d  v a lu e , and zero i f  i t  

is  le s s *

These are  a f a i r l y  d ra s t ic  s e t o f approxim ations and i t  

is  obvious th a t some o f them are not w e ll ju s t i f ie d *  However, 

th is  model has enjoyed a f a i r  degree o f success and, in  view o f the  

d i f f i c u l t i e s  in h e re n t in  the fo r m a lis t ic  th e o r ie s , i t  w i l l  be 

adopted as the basis  fo r  the in te r p r e ta t io n  o f the re s u lts  

obtained in  th is  work* The model does need to  be extended, s ince  

in  a l iq u id  m etal the e le c tro n -io n  s c a tte r in g  len g th  is  very s h o rt,  

which means th a t  i t  is  no longer p ossib le  to  view the transm ission  

o f the e le c tro n  only in  terms o f in e la s t ic  e le c tro n -e le c tro n  

s c a tte r in g *  Other s c a tte r in g  processes must a lso  be taken in to  

account*

2 *3 * S c a tte rin g  Processes

There are  th ree  major s c a tte r in g  processes which need to  

be considered fo r  a l iq u id  m eta l* These are e le c tro n -e le c tro n ,  

e le c tro n —phonon (o r  e le c tro n - io n )  and e le c tro n —plasmon in te ra c t io n *

In  a m e ta l, e le c tro n -e le c tro n  in te ra c t io n  represents  the  

major source o f energy loss fo r  an e x c ite d  e le c tro n *  The e x c ite d
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e le c tro n  in te ra c ts  w ith  an e le c tro n  in  the valence band, 

t ra n s fe r r in g  energy to  i t .  This process (F ig u re  2 .3 . )  in v o lv in g  

the loss o f energy E from the e xc ite d  e le c tro n  — ig n o rin g  j< 

conservation  -  may be shown (K ro liko w sk i 1969) to  have a 

p ro b a b ili ty  o f occurence P o f the fo rm :-

F
P oc/Ny(E^)  N^Eg-E)dEj^  ( 2 . 6 . )

E
N (e ) being the d en s ity  o f s ta te s  a t  energy E, and E , E being

a b

the  energ ies  o f prim ary and secondary e le c tro n s .

I f  th is  p ro b a b ility  P is  averaged over many events i t  

can be shown (S tu a r t  and Wooten 1964) th a t  the average energy 

loss  o f the e x c ite d  e le c tro n  in  one e le c tro n -e le c tro n  c o l l is io n  

i s  o n e -h a lf o f i t s  energy in  excess o f the Fermi energy. I t  may 

thus be seen th a t  in  the case o f say, e x c ita t io n  by 10 eV photons 

o f a m etal w ith  a 4 eV work fu n c tio n  energy, th a t  the p ro b a b ility  

o f the e le c tro n  s u rv iv in g  more than two c o ll is io n s  and re ta in in g  

s u f f ic ie n t  energy to  excape is  sm all# Therefo re  the p ro b a b ili ty  

o f e le c tro n -e le c tro n  in te ra c t io n  is  a l im it in g  fa c to r  in  the  

quantum y ie ld  o f the m a te r ia l.

This p ro b a b ility  o f an e le c tro n -e le c tro n  c o l l is io n  may 

be expressed in  terms o f a mean fre e  path o r s c a tte r in g  le n g th ,  

which is  a fu n c tio n  o f the energy o f the e x c ite d  e le c tro n . A 

f a i r l y  sim ple trea tm en t o f the s c a tte r in g  (K ro liko w sk i 1968) 

gives an energy dependence o f the form and i f  th is  is

compared w ith  more complex p re d ic tio n s  (Quinn 1962) or w ith  

experim ental d a ta , (see F igure 2 .4 . )  i t  may be seen to  be a 

reasonable f i t .  Values o f the mean fre e  path in  l iq u id  m etals  

are o f the o rder o f a few tens o f angstroms a t  10 eV above the
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Fermi le v e l ,  r is in g  to severa l hundreds o f angstroms a t lower 

energ ies  so th a t ,  in  the example above, the mean fre e  path w i l l  

t y p ic a l ly  vary in  the range 10 -  100 The escape o f e le c tro n s

th a t  have undergone a s in g le  c o l l is io n  re s u lts  in  a la rg e  peak 

in  the energy d is t r ib u t io n  spectrum a t low energ ies  and in  the  

case o f a d i r ty  surface th is  peak is  considerab ly  enhanced, 

o fte n  to  the e x ten t o f com pletely b lu r r in g  out a l l  d e ta ils  in  

th e  h igher energy p a rt o f the spectrum. This possib ly  a r is e s  

because the mean fre e  path a t the surface is  g re a t ly  reduced, 

causing an increased number o f c o l l is io n s ,  w h ils t  the nearness 

o f the surface s t i l l  a llow s a high p ro b a b ili ty  o f escape fo r  the  

e le c tro n  a f te r  c o l l is io n .  I t  is  thus v i t a l  to  o b ta in  as c lean  

a surface as p o s s ib le .

The second major s c a tte r in g  process is  th a t o f e le c tro n — 

phonon in te r a c t io n .  In  th is ,  an e xc ite d  e le c tro n  in te ra c ts  w ith  

the l a t t i c e  in  the m a te ria l and e ith e r  gains or loses a sm all 

amount o f energy (o f  the order o f 0 .0 5  e V ). As in  the previous  

process, the p ro b a b ili ty  o f an event may be expressed in  terms o f 

a mean fre e  path ( l ^ ) ,  but th is  is  not s ig n if ic a n t ly  energy 

dependant over the energy range used in  th is  s tudy. In  the 

case o f a semiconductor w ith  a t ig h t ly  organised l a t t i c e ,  th is  

mean fre e  path may be very long — of the order o f s evera l hundred 

angstroms — but in  a d isordered  system such as l iq u id  m etal i t  

can be as low as a few angstroms (Cusack 1 9 6 3 ).

Since the energy exchange in  th is  in te ra c t io n  is  q u ite  

s m a ll, and may e q u a lly  w e ll be a loss or a g a in , the e f fe c t  should 

be not to  produce a low energy peak, but ra th e r  to b lu r  

the s tru c tu re  o f the energy d is t r ib u t io n  spectrum , the amount o f 

b lu rr in g  in c re a s in g  as the mean fre e  path decreases. The e f fe c t
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on the quantum y ie ld  is  not c le a r ,  and th is  is  discussed in  more 

d e t a i l  in  Chapter 3#

The th ir d  major process is  th a t  o f electron-p lasroon  

in te ra c t io n *  In  th is  process the e le c tro n  causes a plasma 

o s c i l la t io n  — a lo n g itu d in a l v ib ra t io n  o f the  conduction e le c tro n  

gas — lo s in g  energy in  the process* The plasmon has a d e f in i te  

l i f e t im e  and a f ix e d  frequency which may be measured by observing  

e le c tro n  energy loss spectra  (Pow ell 1966 )* There are two types  

o f plasmon — surface  and bulk — w ith  d i f f e r e n t  fre q u e n c ie s , the  

surface  e f fe c t  in v o lv in g  motion o f the conduction e le c tro n s  to  

a depth o f 100 8* The decay o f the plasmon causes a peak in  

the  quantum y ie ld  a t  the c h a ra c te r is t ic  frequency , and th is  has 

been observed in  photoemission experim ents on A1 (E n d riz  and 

S picer 1974)*

There is  one o th er process which may a f fe c t  the  

ph o to electro n  spectrum and the y ie ld *  Th is  is  the  genera tion  

o f an Auger e le c tro n *  The e x c ita t io n  o f a ph o to electro n  leaves  

a "h o le * , e ith e r  in  a core s ta te  or in  the valence band, and an 

e le c tro n  from a h ig h er s ta te  may then combine w ith  th is  'h o le *  

re le a s in g  energy fo r  the e x c ita t io n  o f another e le c tro n  to above 

the Fermi energy (see Figure 2 * 5 * ) *  In  the case o f u l t r a v io le t  

photoem ission, the p ro b a b ility  o f g en era tio n  o f an e le c tro n  w ith  

s u f f ic ie n t  energy to  escape is  f a i r l y  sm all and, as may be seen 

from the re s u lts  in  Chapter 3 , the c o n tr ib u tio n  to  the e le c tro n  

energy spectrum is  not s ig n if ic a n t*

In  Chapter 3 i t  w i l l  be shown how these processes may 

be m odelled, and t h e i r  e f fe c ts  on the f in a l  EOC and y ie ld  

determ ined*
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CHAPTER 3 t -  COMPUTER SIMULATION OF THE
PHOTOEMISSION PROCESS

3 .1 ,  In tro d u c tio n

As s ta ted  in  2 , 2 . ,  a lthough the com plexity  o f fo rm a lis t ic  

th e o rie s  o f photoemission tend to preclude t h e i r  a p p lic a tio n  to  

r e a l systems, the 3 -s te p  model o f Berglund and S picer has enjoyed  

some success in  the in te r p r e ta t io n  o f photoem ission re s u lts  and 

th is  has been used as the basis o f a n a ly t ic a l  s im u la tions  (n o tab ly  

by K ro likow ski 1969) and fo r  Monte C arlo  type analyses (n o tab ly  

S tu a rt and Wooten 1964 and Lackey 1 9 7 2 ). However, these analyses  

have been fo r  s o lid s  and,when considering  the tra n s p o rt o f the  

e x c ite d  e le c tro n s  to  the s u rfa c e , have on ly  taken account o f in e la s t ic  

e le c tro n -e le c tro n  s c a tte r in g  mechanisms. In  a s o lid  w ith  a w e ll 

defined  c ry s ta l s tru c tu re  th is  is  probably adequate, since the  

s c a tte r in g  len g th  fo r  an e le c tro n -io n  in te ra c t io n  is  very much 

la rg e r  than th a t  fo r  an e le c tro n —e le c tro n  e v e n t, but in  the case 

o f a l iq u id  the e le c tro n -io n  s c a tte r in g  len g th  can be very sh o rt 

(see Cusack 1 9 6 3 ), and the e f fe c t  o f th is  mechanism on the  

re s u lt in g  photo electron  spectra  and y ie ld  is  not obvious. There 

are o f course o th e r e f fe c ts ,  such as the p o s s ib i l i ty  o f e le c tro n -  

plasmon in te ra c t io n  and the Auger g enera tion  o f photoelectrons  

which may a lso  in flu e n c e  the f in a l  s p e c tra , and whose importance  

is  again not obvious.

In  the absence o f a s a t is fa c to ry  a n a ly t ic a l  expression  

fo r  the e le c tro n -io n  s c a tte r in g  o f e le c tro n s  in  a l iq u id  m e ta l, 

and the r e la t iv e  importance o f the various  mechanisms being 

unknown, i t  was decided to  attem pt a Monte C arlo  s im u la tio n  

ra th e r  than an a n a ly t ic a l  one.
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In  th is  chapter the s tru c tu re  o f the Monte Carlo  

programme is  considered in  d e t a i l .  The re s u lts  obtained fo r  

a fre e  e le c tro n  l ik e  m etal are compared w ith  those o f the  

K ro liko w ski a n a ly t ic a l  approach, and the programme l im ita t io n s  

are d iscussed. The e f fe c t  o f v a r ia t io n  o f the parameters is  

also  d iscussed.

3 .2 .  The Monte Carlo Programme

The basis o f a Monte Carlo s im u la tio n  is  th a t the fa te  

o f each in d iv id u a l photon and e le c tro n  is  fo llow ed  — each d ec is io n  

about th e ir  fa te  being made by a random number g e n era to r, where 

the random number d is t r ib u t io n  has been s u ita b ly  biased to take  

account o f the r e la t iv e  p r o b a b il i t ie s  o f various  even ts . As w i l l  

be f a i r l y  obvious, th is  technique uses a lo t  o f computer time  

since a very la rg e  number o f photons and e le c tro n s  must be 

fo llow ed  to  reduce the s t a t i s t ic a l  u n c e rta in ty  invo lved  to  an 

acceptab le  le v e l .  However, the technique does possess the  

v ir tu e s  o f g rea t f l e x i b i l i t y ,  since i t  is  only necessary to  be 

ab le  to assign a p ro b a b ili ty  to an event to  be ab le  to  take  

account o f i t .

In  order to  keep the req u ired  computer tim e down, i t  was 

decided to  make some s im p lify in g  assumptions in  a d d itio n  to  those 

norm ally  made in  the 3—step model (see 2 . 2 . ) .

1 .  Any e le c tro n  whose energy f e l l  below th a t necessary  

fo r  escape over the surface b a r r ie r  was considered to  have no 

chance o f escape and was ignored from th a t  p o in t .

2* So th a t  i t  was unnecessary to  consider t e r t ia r y  

e le c tro n s  ( i . e .  secondaries created  by s ec o n d a ries ), the  

programme was confined to  a maximum photon energy o f 10 .2  eV.
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S tu a rt and Wooten ( l o c . c i t . )  have shown th a t  an e le c tro n  lo s es , 

on average, h a lf  o f i t s  energy in  excess o f the Fermi edge in  

each c o llis io n #  So, as the work fu n c tio n s  being considered  

are between 4 and 4 .5  eV, i t  may be seen th a t  th is  re s u lts  in  

a very sm all p ro b a b ili ty  o f a t e r t ia r y  e le c tro n  being generated#  

A fte r  each e le c tro n -e le c tro n  in te r a c t io n ,  the e le c tro n  w ith  the  

h ig h er f in a l  energy was considered to  be the prim ary (th e  

e le c tro n s  being in d is t in g u is h a b le )#

3# Since no evidence o f d ir e c t  tra n s it io n s  was 

observed in  the sp ectra  obtained from the l iq u id  m etals being  

s tu d ie d , i t  was assumed th a t a l l  t r a n s it io n s  were n o n -d irec t#

4# Since none o f the m etals being considered are known to  

have a bulk plasmon in  the energy range being co n sid ered ,th e  

e ffe c ts  o f e le c tro n —plasmon in te ra c t io n  were neglected#

A f u l l  flow  c h art o f the programme is  shown in  F igure  

3#1* Let us now consider the steps in  d e t a i l  : -

3#2.1# The Photon E ntry

Only absorbed photons are considered , and the inc idence  

o f the photons onto the surface is  assumed to  be normal#

Allowance fo r  r e f le c t io n  a t  the s u rfa c e , and fo r  re fra c t io n  in  

the case o f non—normal in c id e n c e , is  t r i v i a l  and i t  was not 

f e l t  necessary to  in c lu d e  th is  in  the o r ig in a l  programme.

Non normal inc idence w i l l ,  o f course, r e s u lt  in  the genera tion  

o f e x c ite d  e le c tro n s  c lo s e r to the m etal surface  — hence i t  should 

cause a s ig n if ic a n t  change in  the y ie ld .

3 .2 .2 .  The Photon Walk

I f  a photon f lu x  in te n s ity  1^(00) and frequency (x)
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p en etra tes  the surface  o f a m etal o f an absorp tion  c o e f f ic ie n t  

c>o ((jl)), then the re s u lta n t  in te n s ity  a t  a p o in t a d is tan ce  x 

from the surface may be expressed in  the fo rm :—

l ( x , 0 ) )  = y O ü ) e ' ‘* ’‘ ( 3 . 1 . )

I f  each photon absorbed then re s u lts  in  an e xc ite d  

e le c tro n , the number o f e xc ite d  e le c tro n s  generated between x 

and X + dx w i l l  be o f the fo rm :-

G ( x )  a  oce"°^^ ( 3 . 2 . )

i . e .  the p ro b a b ility  o f a photon c re a tin g  an e le c tro n  a t a g iven  

depth w i l l  vary according to  the e xp o n en tia l o f the depth .

Thus i f  a^ is  a random number from a norm alised d is tr ib u t io n  

o f random numbers, and x is  se lec ted  according to the r e la t io n s h ip :

X - -o c ln (a ^ )  ( 3 . 3 . )

then i f  the values o f x se lec ted  are considered fo r  a la rg e  

number o f photons, the re s u lt in g  d is t r ib u t io n  w i l l  be as in  ( 3 . 2 ) .

A record o f x is  kept in  the programme so th a t ,  a t  the  

end, the i n i t i a l  value o f x fo r  a l l  the photo electrons  which 

escaped may be averaged to  g ive a value fo r  the e f fe c t iv e  probe 

depth a t  the photon energy under c o n s id e ra tio n .

3 .2 .3 .  G eneration o f the P hotoelectrons

The photon which has penetrated  a depth x in to  the
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m a te r ia l is  now absorbed by an e le c tro n  o f energy E. Two th ings  

are im m ediately apparent — f i r s t l y ,  E must be such th a t  

E + T) W > E  ̂ (o r  the exc lus ion  p r in c ip le  w i l l  be v io la te d ) ;  

secondly, th a t the p ro b a b ility  o f s e le c t in g  a given E must vary  

according to  the number o f e le c tro n s  w ith  th a t  energy ( i . e .  

biased to  h igher values o f the d en s ity  o f s ta te s  N ^ (E )) .

I t  has been shown by K ro liko w ski ( l o c . c i t . )  t h a t ,  fo r  

constant m a trix  elements and non—d ir e c t  t r a n s it io n s ,  the 

f r a c t io n a l  number o f e le c tro n s  e xc ite d  from the valence band to  

a conduction band s ta te  o f energy E, G (E ), may be expressed 

in  the fd rre :-

NçCE) N^(E -  T iO ü ^  E ,+ n W
G( E  = ( 3 . 4 . )  

(E -T)CU)dE

Now, fo r  a f ix e d  00 th is  may be reduced t o : -

GCE) oc N j.(E )N y(E  -1iüJ) (3 .5 .)

T h e re fo re , in  o rder to  work out the r e la t iv e  p r o b a b i l i t ie s  o f 

various t ra n s it io n s  we must f i r s t  work out th is  expression . 

U n fo rtu n a te ly , th is  d is t r ib u t io n  cannot be described by some 

sim ple r e la t io n  so, in s tead  o f considering  i t  a n a ly t ic a l ly ,  i t  

i s  necessary to  t r e a t  the d is t r ib u t io n  as a histogram  o f energy 

In te r v a l  AE. I f  the histogram  is  then in te g ra te d  and norm alised , 

using a Simpsons ru le  in te g ra t io n , and a norm alised random number 

a^ is  s e le c te d , the p ro b a b ility  o f i t  f a l l in g  between
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Nc (E)N^(E -h (jü ) and N^(E +A E )N ^(E  +A E  -  Ti(jO) w i l l  be p ro p o rtio n a l  

to  the area o f th a t segment o f the histogram  i . e .

N c(E )N v(E  -T1(JÜ)AE ( 3 . 6 . )

since AE is  a co n stan t, th is  w i l l  achieve the desired  e f fe c t  o f 

b ia s in g  the energy s e le c tio n  towards h ig h er values of the d en s ity  

o f s ta te s . However, in  p ra c tic e  th is  re s u lts  in  a problem since  

the computer must then make a search to  determ ine between which 

p o in ts  on the norm alised histogram  a^ l i e s ,  which is  very tim e  

consuming. I t  is  thus necessary to take steps to  remove the  

need fo r  th is  search . This was done by ta k in g  a one—dim ensional 

a rra y  X o f 10 ,000  's lo t s * .  Each elem ent o f th is  a rray  was 

assigned a value o f E, the number o f elem ents w ith  any p a r t ic u la r  

value o f E being p ro p o rtio n a l to the p ro b a b ili ty  o f s e le c tio n  o f 

th a t  E ( i . e .  N^(E)N^(E — TiOU) see F igure 3 . 2 . ) ,  Thus in  

s e le c tin g  a^ , the value o f E assigned to  X [ in t . ( a 2 ) x 10 ,000 ] 

was chosen as the e le c tro n  energy, ach iev in g  the necessary bias  

w ith o u t the need fo r  a search.

In  p ra c t ic e , the s e le c tio n  was o f course lim ite d  to those 

values o f E allowed by the exc lus ion  p r in c ip le .  This technique  

re s u lts  in  some q u a n tiz a tio n  o f the energy s e le c tio n  b u t, since  

A E  = 0 .1  eV, th is  was not s ig n if ic a n t .  A record was kept in  

the programme o f the values o f E s e le c te d , and th is  was p rin te d  

out a t the end to  check the procedure.

The i n i t i a l  energy E having been s e le c te d , the e xc ite d  

energy E4 is  thus E + T i Cjl) .  I f  E4 < E^ + / ,  the e le c tro n  is  

considered to  be unable to  escape and a new photon is  then



\A
C
0)

"O
*oc
a

0)
uc

—

o>

0)
a

Area under graph normalised  
to uni ty

Energy interval  
AE

Energy of Unifiai s ta te  (eVl
/■ ;

/  I 

/

/ I

N;xAEx10000 
slots value E

N, xAExlOOOO 
slots value E

XI100001XI1I

Valence band energy select ion  
array

F ig .3 .2 -Se t t inq  up of energy se lec t ion  ar ray



26.

considered .

I f  the i n i t i a l  s e le c tio n  energy E is  low enough, th ere  

is  a p o s s ib i l i ty  o f the generation  o f an Auger e le c tro n . This  

w i l l  be considered in  3 .2 .6 .

3 .2 .4 .  The E lec tro n  Walk

The energy o f the e xc ite d  e le c tro n  having been decided, 

i t  is  then necessary to  decide how f a r  the e le c tro n  w i l l  t r a v e l  

and in  what d ir e c t io n .  Since we are d e a lin g  w ith  a l iq u id  

m e ta l, i t  is  not unreasonable to  assume th a t  the m a te ria l is  

is o tro p ic  and th e re  is  an equal p ro b a b ili ty  o f the e le c tro n  

t r a v e l l in g  in  any given d ir e c t io n .  In  th is  case the d ire c t io n  

o f t r a v e l may be defined  sim ply in  terms o f one angle 9 ,  the  

angle to  the normal to  the s u rfa c e . This assumption is  not a 

l im it a t io n  o f the programme, as i t  would be sim ple to programme 

a b ias  in to  the d is t r ib u t io n  (as fo r  the e le c tro n  en erg ies ) i f  

we were d ea lin g  w ith  a c r y s ta l .  However, i f  the value o f 

is  s e lec ted  according to the exp ressio n :»

cos ( 8 ) = 2 ( 8 3 - 1 ) ( 3 . 7 . )

where a^ =  norm alised random number

as d erived  by S tu a rt and Wooten ( l o c . c i t . ) ,  i t  may be seen th a t  

th is  w i l l  y ie ld  an is o tro p ic  d is t r ib u t io n .

The d e te rm in a tio n  o f the d is tan ce  'w a lked ' is  ra th e r

more d i f f i c u l t .  We are concerned w ith  two s c a tte r in g  processes,

each w ith  i t s  own mean fre e  p a th , o f which one ( l ^ )  is  energy

dependant. However, fo r  any given 1 and 1 , i t  is  possib lee p
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to  d e fin e  a t o t a l  mean fre e  path ( l ^ )  in  terras o f the  

e x p re s s io n :-

—  :  _ L  » _ L  ( 3 . 8 . )

: t  le  Ip

As in  the case o f the photon w a lk , the p ro b a b ili ty  o f 

the e le c tro n  t r a v e l l in g  a d is tan ce  1 b e fo re  a c o l l is io n  w i l l  

vary e x p o n e n tia lly , and thus the 'w a lk * len g th  may be se lec ted  

according to  an expression s im ila r  to  (2 )  to  g ive  the c o rre c t  

d is t r ib u t io n ,  i . e .

1 = ( 3 . 9 . )

where a^ =  norm alised random number*

For the purpose o f th is  study i t  was decided to use the  

expression fo r  1^ d erived  by K ro liko w sk i ( l o c . c i t . ) ,  i . e .

^ / E )  = Lo ------------------------------- ■ L K .---------------------------- (3 .1 0 )
2 E f-E  '/iCE-E°)

/ d ( E ° )  f 
E, ( E , - E ° )

d(E~) / d (AE)Nv(E - A E )N ( - (E ° .A E )

where L is  a n o rm a lisa tio n  constant f ix in g  the value o f 1 a t  
0 e

a p a r t ic u la r  f i n a l  energy

For a fre e  e le c tro n  m a te r ia l th is  may be approximated  

to  the fo rm :-

lg(E) = L g E ^  (3 .1 1 .)
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and th is  was used in  the programme. Again , th is  is  not a basic  

l im it a t io n  in  the s im u la tio n  -  by d e f in i t io n  o f a s u ita b le  

one—dim ensional a rra y  fo r  1^, any b ia s in g  could be achieved.

This form fo r  1^ was sim ply used as a convenient s ta r t in g  p o in t .

The len g th  and d ire c t io n  o f the e le c tro n  walk having  

been determ ined by the above means, i t  now remains to  decide  

whether the walk w i l l  b rin g  the e le c tro n  to  the s u rfa c e . Since 

the i n i t i a l  depth o f generation  (x^ is  known, the new d is tan ce  

from the surface  w i l l  now be:—

X = - Ic o s Q  ( 3 .1 2 . )

I f  th is  is  now n egative  ( i . e .  the e le c tro n  has reached the  

s u r fa c e ) , the energy o f the e le c tro n  normal to  the surface  is  

then c a lc u la te d  to  see i f  the e le c tro n  can escape, i . e .

E c o s 0  ( 3 .1 3 . )

I f  th is  is  so, then the fa c t  is  recorded in  the fa te  counters  

along w ith  the e le c tro n  energy o u ts id e  the m a te r ia l and i t s  

angle o f escape. I f  n o t, then the e le c tro n  is  considered to  

have been re f le c te d  ( i . e .  x becomes - x ) .

3 .2 .5 .  The C o ll is io n  Process

I f  the  e le c tro n  does not reach the s u rfa c e , or is

r e f le c te d ,  the type o f s c a tte r in g  event i t  undergoes must be 

decided . This may be done sim ply in  terms o f the mean fre e  

p a th , s ince the p ro b a b ility  o f i t  undergoing an e le c tro n -e le c tro n  

event may be expressed in  the fo rm :-

P Of \ /  ( 3 .1 4 . )
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see S tu a rt and Wooten ( l o c . c i t . ) .

Thus by choosing a norm alised random number a^ , c o rre c t b ias in g  

w i l l  be given by the c o n d itio n s :

i f  Sg > 1 ^ /lg  the event is  e le c tro n -e le c tro n

i f  3 g < l ^ / l ^  the event is  e le c tro n - io n

3 .2 .5 a  E le c tro n -io n  Events

The process is  considered q u ite  sim ply in  terras o f the  

e le c tro n  e ith e r  g a in ing  or lo s in g  (w ith  equal p r o b a b i l i ty )  a 

quantum o f energy E^. E^ is  considered fo r  the purpose o f the

s im u la tio n  to  be : 0 ,0 4  eV, but fo r  E^ < 0 .1  eV the programme

was not s e n s it iv e  to  the exact v a lu e . The sign o f the energy  

exchange was determ ined by a norm alised random number a^ by the  

c o n d itio n s :

a_ > 0 .5  E p o s it iv eo P

a_ < 0 .5  E n eg ativeo p

3 .2 .5 b  E le c tro n -e le c tro n  Events

This process is  ra th e r  more co m p lica ted . The p ro b a b ili ty  

o f an e le c tro n  o f energy Ê  ̂ in te ra c t in g  w ith  an e le c tro n  o f energy  

Eg w ith  an associated  energy exchange o f AE may be expressed in  

the form :
0

a  j AE) N^CEg. A E ) dA E (3 .1 5 .)

E l-E g
(S ince the e le c tro n s  are In d is t in g u is h a b le , an energy exchange 

o f AE > (Ej  ̂ — Eg) / 2  need not be c o n s id e re d ).

To take f u l l  account o f th is  in  d ec id in g  the value o f 

E would be very d i f f i c u l t ,  s ince i t  would be necessary to  work 

out the product U (E ) = Nç.(E<|- A E ) N ^(E 2 + A E )
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fo r  a l l  possib le  values o f which would re q u ire  an im possible  

amount o f s torage space in  the computer. However i f  N^(E) is  

considered to  have a sim ple form , such as a fre e  e le c tro n  

v a r ia t io n ,  i t  may be shown th a t the form o f u (E ) does not vary  

s ig n if ic a n t ly  over a la rg e  range o f E . Thus i f  U (E ) is  worked 

out fo r  the maximum value and put in to  an a rra y  (as fo r  N^(E)

N^(E + ■hOO)),AE may be se lec ted  from th is  w ith o u t in tro d u c in g  too

much e r r o r .  Eg is  then se lec ted  fo r  the i n i t i a l  p ro b a b ility

a r ra y , l im it in g  the choices to  Ê  -  Eg > E^ — E to  take account

o f the exc lu s io n  p r in c ip le .

Thus Eg and AE have been determ ined ta k in g  account o f 

the necessary fa c to rs  in  the p ro b a b ili ty  expression but in  a 

form th a t is  f a i r l y  sim ple to  programme. The f in a l  energ ies  

w i l l  be E ^ -A E  and E g+A E , the h ig h er energy always being  

considered to  be th a t  o f the p rim ary .

A fte r  the s c a tte r in g  e ve n t, the secondary is  fo llow ed  

fo r  one fu r th e r  walk to  see i f  i t  escapes. I f  i t  does n o t, i t  

is  then n e g lec te d . The prim ary is  fo llo w ed  u n t i l  i t s  energy  

is  too sm all to  a llo w  i t  to  escape.

3 .2 .6 .  The Auoer Process

When an e le c tro n  is  e x c ite d  from below the Fermi le v e l  

i t  leaves a hole w ith  which an e le c tro n  h ig h er in  the band may 

recombine w ith  the re lease  o f some energy E**.  This energy may 

then e x c ite  another e le c tro n  to  above the Fermi energy (see 

F igure 2 . 5 . ) .  The energy o f the e le c tro n  which recombines w ith  

the hole may be se lec ted  using the p re v io u s ly  s e t up p ro b a b ility  

a rra y  — d is re g a rd in g  those energ ies  which are below the energy o f  

the h o le , i . e .  the random number s e le c t io n  is  l im ite d  to  those
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s ta te s  p erm itted  by energy c o n s id e ra tio n s . This determ ines the  

energy a v a ila b le  fo r  e x c ita t io n  o f the second e le c tro n  ( i f  th is  

is  less  than the energy is  too sm all to  need to  be c o n s id e re d ). 

I t s  energy may be s e lec ted  from the same p ro b a b il i ty  m a tr ix ,  

having regard fo r  the exc lus ion  p r in c ip le .  The Auger e le c tro n  

i s  then tre a te d  in  the same manner as fo r  a secondary e le c tro n

i . e .  is  fo llow ed  fo r  one w alk , examined fo r  boundary co n d itio n s

and then d isregarded i f  i t  does not escape.

3 .2 .7 .  The Fate Counters

There are th ree  sets  o f counters fo r  the escaped 

e le c tro n s  -  one fo r  p r im a rie s , one fo r  secondaries and one fo r  

Auger e le c tro n s . For the purposes o f these counters a prim ary  

i s  considered as an e le c tro n  th a t  escapes w ith o u t undergoing an 

e le c tro n -e le c tro n  c o l l is io n .  These are b a s ic a lly  a s e r ie s  o f 

s lo ts  to  which the e le c tro n  is  a llo c a te d  according to  i t s  energy  

and angle o f escape.

When a l l  the photons have been considered , these counters  

may be in te rro g a te d  to  o b ta in  the y ie ld  and an EDC (o r  separate  

y ie ld s  and EDC's fo r  the in d iv id u a l angu lar s e c t io n s ) .

3 .3 .  Use o f the Programme

As s ta te d  e a r l i e r ,  s ev e ra l o f the necessary fa c to rs  fo r

the programme w i l l  be known e .g .  work fu n c tio n , photon energy,

Fermi energy and a tte n u a tio n  depth . The e le c tro n -io n  in te ra c t io n

energy is  not known e x a c tly  but experim ent shows th a t i t  is  a

n o n -c r i t ic a l  fa c to r .  The major unknowns w i l l  be 1 • 1 and
0 P

the  form o f the d e n s ity  o f s ta te s . Values fo r  1 , 1  could be
8 P
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estim ated  using a short vers ion  o f the programme which d id  not

co n ta in  the fa te  co u n ters , but on ly  a t o t a l is e r  fo r  the y ie ld s

o f p rim ary , secondary and Auger e le c tro n s . This allow ed s e v e ra l

values o f 1 , 1 to  be t r ie d ,  s ince less  photons are needed to  e p

g ive  a reasonably accurate  y ie ld  compared w ith  the number 

req u ire d  fo r  an EDC (about 25,000  photons was found to  be 

adequate on a basis  o f r e p r o d u c ib i l i t y ) .  Experiment showed 

th a t  the y ie ld  is  not c r i t i c a l l y  dependant on the d en s ity  o f  

s ta te s ,  assuming i t  is  b a s ic a lly  fre e  e le c tro n  l i k e .  Thus 

1^ , Ip  may be m odified  to  match the programme y ie ld  to the  

e xp erim en ta l y ie ld ,  and the d e n s ity  o f s ta te s  may then be 

m odified  in  the f u l l  programme to  match the p re d ic te d  EDC to  

the experim enta l one.

3 *4 . Results

3 .4 .1 .  Free E lec tro n  Y ie ld

As mentioned e a r l i e r ,  th is  programme and th a t o f 

K ro liko w ski are  based on the same 3 -s te p  model. I t  thus fo llo w s  

t h a t ,  s ince the major d iffe re n c e  in  the two programmes is  the  

in c lu s io n  o f e le c tro n —phonon s c a tte r in g , fo r  1^ = Oo the two 

should g ive id e n t ic a l  r e s u lts .  A cco rd in g ly , both programmes 

were run fo r  a fre e  e le c tro n  d en s ity  o f s ta te s  over a range o f 

photon e n e rg ie s , the re s u lts  o f which are  shown in  F igure 3 .3 .

I t  may be seen th a t  the agreement is  h ig h ly  encouraging. The 

values ofcC and 1^ are  f a i r l y  ty p ic a l  fo r  a f r e e -e le c t r o n - l ik e  

m a te r ia l .

3 .4 .2 .  E ffe c ts  o f E lectron-phonon In te ra c t io n

The programme was run using a fre e  e le c tro n  d en s ity  o f
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s ta te s  fo r  a range o f values o f 1 and 1 to  determ ine the e f fe c te p

o f e le c tro n -io n  in te r a c t io n .  F igure 3 .4 .  shows how the escape

depth ( i . e .  the average depth o f g enera tion  o f those photoelectrons

th a t  escape) v a r ie s  w ith  1 fo r  a v a r ie ty  o f values o f 1 .  I t
P 0

may be seen th a t  i t  is  very s tro n g ly  dependant upon both param eters,

though less  dependant on 1^ and only becoming s e rio u s ly  a ffe c te d

by th is  when i t  is  ap p rec iab ly  less  than 1 ^ . I t  does however

vary almost l in e a r ly  w ith  1^.

F igure 3 .5 .  shows the v a r ia t io n  o f the prim ary y ie ld

w ith  1 fo r  a range o f values 1 .  I t  is  im m ediately apparent 
P 0

th a t  the y ie ld  is  not s tro n g ly  dependant on 1^ but v a rie s  alm ost

l in e a r ly  w ith  1 .  A low value o f 1 when 1 is  la rg e  can e p e ^

however cause an increase in  the y ie ld .  On a s im p lis t ic  basis  

th is  may w e ll be considered to  be due to  the low 1^ causing an 

increased p ro b a b ili ty  o f s c a tte r in g  the e le c tro n  towards the  

su rface  w h ils t  the high 1^ reduces the p r o b a b il i ty  o f a c o l l is io n  

th a t  m ight r e s u lt  in  a s ig n if ic a n t  energy lo s s .

I t  is  thus apparent th a t  the m ajor e f fe c t  o f a low 1^ 

is  on the escape depth ra th e r  than the y ie ld ,  and th is  in d ic a te s  

th a t the K ro liko w ski programme should g ive  adequate re s u lts  

even fo r  a l iq u id  m e ta l.

3 .4 .3 .  P re d ic tio n  o f EDC's

As po in ted  out in  3 .1 . ,  the major l im it a t io n  o f a 

Monte Carlo process is  th a t ,  in  o rd er to reduce the s t a t i s t ic a l  

u n c e rta in ty  in  a r e s u lt ,  a la rg e  number o f events must be 

considered , w ith  a consequently long computing tim e . F igure

3 .6 .  shows a p re d ic te d  EDC ( fo r  a fre e  e le c tro n  d en s ity  o f s ta te s )
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from the Monte C arlo programme compared w ith  the e q u iva len t 

K ro liko w sk i EDC. I t  may be seen th a t ,  w h ils t  the general 

agreement in  shape is  good, th ere  is  a la rg e  amount o f s c a tte r  

in  the po in ts  obtained using the Monte C arlo  approach. This  

could be reduced by in c reas in g  the number o f photons considered , 

but i t  was found th a t  in  order to reduce the s c a tte r  to  an 

acceptab le  degree i t  was necessary to  consider o f the order o f 

1 0 ,0 0 0 ,0 0 0  photons, re s u lt in g  in  the use o f an im p rac tic ab le  

amount o f computer tim e .

3 .5 .  In te rp re ta t io n  o f R esults

W h ils t th is  programme was under development, work was 

a lso  undertaken by D r . 3 . B ethel and D r. S. Holloway o f the  

U n iv e rs ity  o f L e ic e s te r  Physics D ept, to  modify the K ro liko w ski 

programme to  in c lu d e  the e ffe c ts ^ o f both Auger and e lectron-p lasm on  

processes. These m o d ific a tio n s  were successfu l and, in  view o f  

the re s u lts  given in  3 .4 .2 .  regard ing  the e f fe c ts  o f v a r ia t io n  

o f Ip  and the excessive computer time needed to  generate EDC's, 

i t  was decided th is  programme would be adequate fo r  the  

in te r p r e ta t io n  o f the re s u lts  obtained in  th is  work.

The programme was used in  the fo llo w in g  manner to  o b ta in  

an o p t ic a l d en s ity  o f s ta te s  fo r  each m a te r ia l .  Using an 

a r b ita r y  d en s ity  o f s ta te s  as a s ta r t in g  p o in t (u s u a lly  obtained  

from the 2 1 .2  eV EDC w ith  the background s u b tra c te d ), the  

s c a tte r in g  len g th  1^ was a lte re d  on an i t e r a t iv e  basis to  o b ta in  

a match between the p red ic ted  y ie ld  and the experim ental y ie ld  

a t  7 .7  eV.

The p re d ic te d  EDC was then examined and the i n i t i a l
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d e n s i t y  o f  s t a t e s  m o d i f ie d  ( a g a in  on an i t e r a t i v e  b a s is )  u n t i l  

t h e r e  was good agreem en t between p r e d i c t e d  and e x p e r im e n ta l  EDC's 

a t  7 .7  and 1 0 ,2  eV . F ig u r e  3 .7  shows th e  f l o w  c h a r t  f o r  t h i s  

p r o c e s s .  F ig u r e  3 ,8  shows th e  r e s u l t i n g  EDC's f o r  l i q u i d  

in d iu m  a t  1 0 .2  eV. T1 i s  th e  i n i t i a l  d e n s i t y  o f  s t a t e s  f ro m  

th e  2 1 .2  eV EDC, T2 i s  th e  f i r s t  m o d i f i c a t i o n  made, as d e s c r ib e d  

a b o v e ,  and T3 i s  th e  f i n a l  o p t i c a l  d e n s i t y  o f  s t a t e s .

I n  a l l  cases c o n s id e re d  i t  was fo u n d  t o  be u n n e c e s s a ry  

t o  ta k e  i n t o  a c c o u n t  th e  p o s s i b i l i t y  o f  t h e r e  b e in g  s t r u c t u r e  

i n  t h e  d e n s i t y  o f  s t a t e s  above th e  F e rm i e n e r g y .  A f r e e  

e l e c t r o n  d e n s i t y  o f  s t a t e s  was used i n  a l l  cases  and was fo u n d  

t o  be p e r f e c t l y  adequa te  ( t h i s  i s  n o t  t r u e  f o r  o t h e r  m e ta ls  — 

W otherspoon  (1 9 7 8 )  fo u n d  t h a t  f o r  b is m u th ,  u s in g  th e  same 

t e c h n iq u e ,  th e  e x i s t e n c e  o f  s t r u c t u r e  i n  t h i s  r e g io n  had t o  be 

c o n s id e r e d ) .

So f a r  t h e r e  has been no c o n s id e r a t i o n  o f  e x p e r im e n ta l  

b ro a d e n in g  e f f e c t s .  A f t e r  th e  f i n a l  o p t i c a l  d e n s i t y  o f  s t a t e s  

had been a r r i v e d  a t ,  t h i s  was d e c o n v o lu te d  assum ing  th e  b ro a d e n in g  

t o  ta k e  th e  fo rm  o f  a L o r e n t z ia n  d i s t r i b u t i o n  ( i . e .  a d e l t a  

f u n c t i o n  w ou ld  be re p ro d u c e d  as a c u rv e  d e s c r ib e d  by th e  e q u a t io n

where x i s  th e  h a l f —w id th  and x ^  i s  th e  p o s i t i o n  o f  th e  c e n t r e  

o f  th e  c u r v e ) .  The d e c o n v o lu t io n  was done on an i t e r a t i v e  

b a s is  i . e .  a t r i a l  d e n s i t y  o f  s t a t e s  was c o n v o lu te d  compared w i t h  

th e  f i n a l  o p t i c a l  d e n s i t y  o f  s t a t e s  and th e n  m o d i f ie d  u n t i l
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agreement between the two was reached.

S t r ic t ly  speaking th is  deconvolution should have been 

used on the f in a l  EDC to  obta in  the o p t ic a l d en s ity  o f s ta te s .  

However i t  was found th a t applying  the process to the o p t ic a l  

d en s ity  o f s ta te s  a lread y  obtained gave an adequate re s u lt  and, 

since th is  was fa r  less  time consuming, th is  technique was 

adopted.

The o p t ic a l d e n s it ie s  o f s ta te s  obtained are given in  

the chapters on the d i f fe r e n t  m a te r ia ls . Also shown are the  

p red ic ted  EDC's based on the o p t ic a l d e n s ity  o f s ta te s . In  

these both the t o t a l  EDC (as a sum o f both the prim ary (Y^) and 

background (Yy) y ie ld s )  and the c o n tr ib u tio n  due to  the background 

em ission ( i , e ,  secondary y ie ld  and Auger y ie ld  e t c , )  are  

in d ic a te d .

T y p ica l re s u lts  fo r  indium give the fo llo w in g  y ie ld s :—

h V  =  7 ,7  eV

Primary y ie ld  = 0 ,0034 e le c tro n s /a b s , photon

Secondary " = 0 ,0005 e le c tro n s /a b s , photon

Auger '* = 0 ,0001 e le c tro n s /a b s , photon

h V  = 1 0 ,2  eV

Prim ary y ie ld  = 0 ,0047 e le c tro n s /a b s , photon

Secondary ” = 0 ,0015 e le c tro n s /a b s , photon

Auger " = 0 ,0002 e le c tro n s /a b s , photon
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CHAPTER 4 THE EXPERIMENTAL APPARATUS

In  th is  c h ap te r, the apparatus used in  th is  s tudy, the  

experim ental tech n iq u e , and the p o ssib le  sources o f e r ro r  are  

discussed* There a re , o f course, co n s id erab le  d i f f i c u l t i e s  

in vo lved  in  the experim ent* Extreme su rface  c le a n lin e s s  is  

re q u ire d , making i t  necessary both to  prepare and keep the  

surface  in  u l t r a  high vacuum, and the  photocurrents  in vo lved  

are  very s m a ll, so th a t  h ig h ly  s e n s it iv e  e le c tro n ic s  are  needed 

fo r  t h e i r  d e te c tio n *

The apparatus requ ired  fo r  a photoem ission experim ent 

may be considered in  th ree  main s ec tio n s * F i r s t ly  a source o f 

photons capable o f covering the necessary energy range, secondly 

a vacuum system capable o f a llo w in g  the p re p ara tio n  and maintenance 

o f an a to m ic a lly  c lean  s u rfa c e , and t h i r d ly  an e le c tro n ic  system  

to  d e te c t and analyse the photo electron  s p ec tra * F igure 4 *1 *  

shows the basic  la y o u t o f such a system* The apparatus was, 

o f course, under continuous development during  the course o f the  

study and i t  is  the f in a l  v e rs io n , w ith  which the major p a rt o f  

the work was done, which is  described here* Any m o d ific a tio n s  

req u ired  fo r  a p a r t ic u la r  m a te r ia l are  described in  the chapter  

r e la t in g  to  th a t  m a te r ia l*

4 *1 * The O p tic a l System

Two d i f fe r e n t  photon sources were used fo r  th is  work, 

covering  the energy range 3 — 21 eV* Since the la rg e s t  o f the  

valence bands is  th a t o f aluminium a t  11*1 eV, th is  means th a t  

the whole o f the valence bands o f a l l  m a te ria ls  used could be 

s tu d ie d , and the core s ta te s  o f mercury could a lso  be in v e s tig a te d *
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4 .1 .1 *  Photon Energies <12 eV

The range o f photon energ ies from 3 — 12 eV was covered 

by use o f an H in te rre g g er hydrogen d ischarge lamp, which g ives  

s e v e ra l strong s p e c tra l l in e s  between 1 1 .2  e \ l  and 7 .6  eV and a 

continuous spectra  below 6 eV. A ty p ic a l  lamp output spectrum  

is  shown in  F igure 4 .2 .  In d iv id u a l photon energ ies were 

s e le c ted  by coupling  the lamp to  a 1 metre d i f f r a c t io n  g ra tin g  

monochromator (H ilg e r  and Watts type 7 6 0 ) . This uses a Bausch 

and Lomb 3—sec tio n  600 line/mm.- d i f f r a c t io n  g ra tin g  blazed a t  

1500 8 w ith  a d isp ers io n  o f 16 .0  8/mm. a t  the e x i t  s l i t .  The 

g ra tin g  could be ro ta te d  e ith e r  by hand or a u to m a tic a lly  by 

means o f a v a r ia b le  speed m otor. The lamp was m odified fo llo w in g  

an in v e s t ig a t io n  in to  the p o s s ib i l i ty  o f in c re a s in g  the output 

by in c lu s io n  o f a heated fila m e n t in  the d ischarge as described by 

Eastman (1 9 7 2 ). U n fo rtu n a te ly  th is  technique was found to  be 

u n re lia b le  in  o p era tio n  and damaging to  the g ra t in g , but i t  was 

discovered however th a t the use o f a w ater-co o led  s ta in le s s  

s te e l cathode (in s te a d  o f the standard a ir -c o o le d  aluminium one) 

re s u lte d  in  a fa r  more s ta b le  lamp o u tp u t, and the lamp req u ired  

c lean in g  much less  o fte n .

T y p ic a lly  the lamp output over the range 7 — 10 eV was 

s ta b le  to  < 5 %  over a period  o f s ev e ra l days (in c lu d in g  a complete 

shutdown o f the system o v e rn ig h t) , and was s ta b le  to  < 2 %  over a 

period  o f 24 hours. The lamp was d i f f e r e n t i a l l y  pumped through  

a 1 cm. len g th  o f 1 .5  mm. bore pyrex c a p i l l ia r y  connecting i t  to  

the monochromator, which replaced the normal e n try  s l i t s .  This  

enabled the lamp to  be run a t  a pressure o f 0 .4  to r r  w h ils t  

m ain ta in in g  the monochromator a t 7 x lO"^ t o r r .  T yp ica l
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o p eratin g  cu rren t and vo ltag e  were 400 nA, 800V DC# An attem pt 

was made to  pump the lamp s ep a ra te ly  using a L iF  window between 

the lamp and the e n try  s l i t ,  so th a t the lamp could be run a t  

h ig h er pressure , but the s ta t ic  charge caused by the io n iz in g  

ra d ia t io n  a ttra c te d  o i l  vapour to  the window causing a ra p id  

degradation  o f i t s  transm ission#

The monochromator was mounted h o r iz o n ta l ly  and was 

pumped by a 4" o i l  d if fu s io n  pump using a fre e z e r  b a f f le  and 

Convalex 10 o i l  to  minimise vapour contam ination  o f the g ra tin g #  

Since the system was h o r iz o n ta lly  mounted, a 2 -m irro r  system was 

used to  b rin g  the photons norm ally  onto the l iq u id  surface#

These m irro rs  were f ix e d  in  an evacuated brass tube using  

a d ju s ta b le  mountings to  a llo w  the focussing o f the l ig h t  onto 

the  l iq u id  surface# The tube was coupled to  the e x i t  s l i t s  o f 

the  monochromator and to  the window fla n g e  on the chamber# The 

m irro rs  were fro n t  s ilv e re d  alum inium , coated w ith  MgFg and had 

a r e f l e c t i v i t y  o f >80^ a t 1216 8# The tube a lso  contained a 

q u a rtz  f i l t e r  which could be in s e rte d  in  the beam path to  remove 

second order e f fe c ts  when working a t low photon energies#

In s tead  o f coup ling  the tube to the chamber i t  could be coupled 

to  a f i t t i n g  which mounted a sodium s a lic y c la te  phosphor in  

f ro n t  o f a p h o to m u lt ip lie r  tube (EMI 62568) enab ling  a r e la t iv e  

measure o f the lamp output to  be obtained# The f i t t i n g  a lso  

allow ed the L iF  window from the chamber to  be placed in  the beam 

path so th a t  i t s  transm ission  could be measured#

4#1#2# Photon Energies >12 eV

This range o f energies was covered by a noble gas
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discharge lamp u t i l i s in g  e ith e r  helium  or neon. This gave 

photons a t  the resonance energy o f the gas — e ith e r  16*8  eV 

(Ne I )  fo r  neon o r 2 1 .2  eV (He I )  fo r  h e liu m . H igher energy 

discharge l in e s  e x is t  fo r  both gases but due to  th e ir  low 

in te n s ity  they were not used in  th is  s tu d y . The co n stru ctio n  

o f the lamp is  e s s e n t ia l ly  the same as th a t  used by Broden,

Hagstrom and N o rris  (1973) w ith  the excep tion  o f an ' i n - l i n e *  

H in te rre g g e r-ty p e  anode-cathode arrangem ent. I t  was connected 

to  the chamber by being d ir e c t ly  mounted onto the top flan g e  

above the e le c tro n  a n a ly s e r, re p la c in g  the  lith iu m  f lu o r id e  

window and o p t ic a l  system used fo r  low energy work. The lamp 

was d i f f e r e n t i a l l y  pumped d ir e c t ly  below the  d ischarge by a 

ro ta ry  pump, and between the two narrow-bore l ig h t  pipes by a 

d if fu s io n  pump. Th is  dual pumping system enabled a pressure  

o f <10*^ t o r r  to  be m aintained in  the chamber w h ils t  th e re  was a 

pressure o f 8 t o r r  in  the discharge c a p i l l i a r y .  T y p ic a l o p era tin g  

c u rren t and vo ltag e  were 100 raA, 800V DC.

The gas used in  the lamp was o f commercial grade and 

was p u r if ie d  by passing through f i l t e r s  o f a c tiv a te d  charcoal 

cooled by l iq u id  n itro g e n . The gas e x tra c te d  from the lamp, 

im m ediate ly  below the d isch arg e , by the ro ta ry  pump could be 

re c irc u la te d  by passing through an a c t iv a te d  alum ina tra p  and 

then again  through the charcoal trap s  to  remove any traces  o f  

o i l .

An estim a te  o f the c o n tr ib u tio n  o f hydrogen contam ination  

to  the lam p's s p e c tra l output could be gained by in s e r t io n  o f a 

L iF  f i l t e r  ( c u t - o f f  a t  12 .6  eV) between two o f the c a p i l l ia r y  

s e c tio n s .
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4 . 2 .  The Vacuum System

E x p e r im e n ts  i n v o l v i n g  th e  m easurement o f  low  e n e rg y  

( <200 eV) e l e c t r o n s  e je c t e d  fro m  c o n d u c to r s ,  w h e th e r  u l t r a ­

v i o l e t  p h o t o e le c t r o n  s p e c t ro s c o p y  ( U . P . S . ) ,  low  e n e rg y  e l e c t r o n  

d i f f r a c t i o n  ( L . E . E . D . )  o r  Auger e l e c t r o n  s p e c t r o s c o p y  ( A . E . S . ) ,  

te n d  to  be v e ry  s u r f a c e  s e n s i t i v e  due t o  th e  lo w  e l e c t r o n  mean 

f r e e  p a th s  i n  th e  c o n ta m in a t io n  l a y e r .  Thus i t  i s  e s s e n t i a l  t h a t  

th e  s u r fa c e  be p re p a re d  and m a in ta in e d  f r e e  o f  c o n ta m in a t io n *  

How ever, a c le a n  s u r fa c e  i n  a i r  a t  a tm o s p h e r ic  p re s s u re  w i l l  be 

c o ve re d  i n  a m o n o la ye r  o f  o x id e  i n  10 ^ seconds ( i f  a u n i t y  

s t i c k i n g  c o e f f i c i e n t  i s  assum ed), and a p r a c t i c a b l e  e x p e r im e n t  

o f  t h i s  ty p e  ta k e s  m in u te s  a t  th e  v e ry  l e a s t *  T h is  r e q u i r e s  

t h a t  th e  e x p e r im e n ts  be p e r fo rm e d  i n  UHV ( i . e .  p re s s u re s  < 1 0  ^ 

t o r r )  and , due t o  th e  h ig h  va p o u r  p re s s u re  o f  l i q u i d  m e ta ls ,  a 

s p e c i a l  t e c h n iq u e  must be d e v is e d  t o  p re p a re  a c le a n  s u r f a c e .

4 . 2 . 1 .  The E x p e r im e n ta l  Chamber

The p r e p a r a t i o n  and measurement were c a r r i e d  o u t  i n  a 

s i n g l e  s t a i n l e s s  s t e e l  chamber i n  th e  fo rm  o f  a c y l i n d e r  6 "  i n  

d ia m e te r  and 15 ”  lo n g  (see F ig u r e s  4 . 3 .  and 4 , 4 . ) ,  a t  one end o f  

w h ic h  was f i t t e d  a 5”  d ia m e te r  o b s e r v a t io n  w indow and a t  th e  o t h e r

th e  main a n a ly s e r  f l a n g e .  On to p  o f  th e  chamber were mounted

two p o r t s ,  t o  one o f  w h ic h  was f i t t e d  th e  sam ple  p r e p a r a t i o n

f l a n g e ,  th e  o t h e r  b e in g  f i t t e d  w i t h  a L iF  w indow and co n n e c te d  to

th e  l i g h t  t u b e .  On th e  s id e  o f  th e  chamber were mounted an 

io n  gauge , a l i n e a r  m o t io n  d r i v e  h o ld in g  a s m a l l  s t a i n l e s s  s t e e l  

b u c k e t  t o  c a tc h  w as te  m a t e r i a l  f ro m  th e  p o u r e r ,  and a f la n g e  

s u p p o r t i n g  a g o ld  e v a p o r a t io n  assem b ly  t o  p r o v id e  a s ta n d a rd
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fo r  y ie ld  measurements. The l a t t e r  consisted of a sm all s ta in le s s

s te e l p la te  mounted on a magnetic d r iv e  which enabled i t  to be

moved from underneath the screened evaporation  fila m e n t to

d ir e c t ly  below the ap ertu re  in  the g r id  screening where the sample

Owas norm ally p laced . A ll  flanges were sealed w ith  C o n fiâ t k n ife

edge seals  and OFHC copper gaskets.

4 .2 .2 .  The Pumping System

At the commencement o f th is  s tu d y , i t  was expected th a t  

th ere  would be d i f f i c u l t i e s  in  pumping the chamber due to the  

la rg e  vapour tra n s p o rt a n tic ip a te d  w ith  l iq u id  m eta ls . For th is  

reason a pumping system co n s is tin g  o f a w ater cooled T itanium  

su b lim atio n  pump ( T .S .P . ) ,  and a 3 -s tage  mercury d if fu s io n  pump 

(Edwards UHVM2A) was chosen* This was backed by a 2” mercury 

d if fu s io n  pump and a ro ta ry  pump (Edwards ED50). The top o f 

the main pump was f i t t e d  w ith  a l iq u id  n itro g e n  tra p  and a 

th e rm o e le c tr ic a lly  cooled chevron b a f f le .  O il backstreaming  

was prevented by two m olecular s ieve f i l t e r s  connected above the  

ro ta ry  pump. A base pressure o f <3 x lO"^^ to r r  could be 

achieved a f t e r  a 12 hour bake a t  250°C . (The baking tem perature  

being l im ite d  by the AgCl sea l on the L iF  window). The re s id u a l 

p a r t ia l  pressure o f mercury a f te r  bakeout, as measured by mass 

spectrom eter, was = 2 x lO"^^ t o r r .  The p r in c ip a l contaminants  

rem aining in  the system were H^O, and CO,

In  p ra c t ic e , except in  the case o f mercury, vapour 

tra n s p o rt was found not to  be a problem, and la t e r  an ion pump 

(F e r ra n t i  2 2 0 l/s e c ) — TSP combination was s u ccess fu lly  used in s te a d .

The pumping system and chamber were mounted on a t r o l le y  

to  enable bakeout to  be c a rr ie d  out away from the o p t ic a l system.
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4 .2 .3 #  The C ruc ib le  Fiance

The extreme surface c le a n lin e s s  req u ired  in  a photoemission

experim ent ra is e s  s ev e ra l problems. Owing to  the ease o f

evapora tion  o f l iq u id  m eta ls , i t  is  not always possib le  to use

heat c le a n in g , as th is  could re s u lt  in  lo ss  o f the sample.

Simply m e ltin g  cleaned s o lid  indium has been t r ie d  (Koyama 1 9 6 8 ),

but i t  has proved v i r t u a l ly  im possib le to  remove oxide from the  

s u rfa c e . Argon ion bombardment has a lso  been t r ie d  (Stevenson 1968) 

but th is  has been unsuccessful — p o ssib ly  because the surface  is  

m obile and non f l a t .

The method decided upon was th a t  o f pouring from a 

c ru c ib le .  This has been used before  (Stevenson I d c . c i t . ) ,  but in

the present case had two im portant a d d it io n s . F i r s t ly  the e n t ir e

c ru c ib le  was mounted w ith in  the vacuum chamber, enab ling  the  

m a te r ia l to  be outgassed in  a good vacuum a t  a tem perature w e ll  

above the working tem perature w ith o u t evap o ra tio n  in  th e  working  

a re a , and secondly the c ru c ib le  had a r e -e n tra n t  tube to  a llo w  

pouring from the cen tre  o f the m elt which was fre e  o f oxide  

f i lm  or heavy contam inants. The success o f th is  technique may 

be seen from the re s u lts  given l a t e r ,  th is  being the only m onitor 

o f surface  c le a n lin e s s .

The co n stru c tio n  o f the c ru c ib le  is  shown in  F ig u re  4 .5 .  

C ru c ib les  o f th re e  m a te ria ls  were used — s ta in le s s  s te e l ,  q u artz  

and a lu m ina. Those o f s te e l and q u a rtz  were heated by e le c tro n  

bombardment from a th o r ia te d  tungsten f ila m e n t (th e  qu artz  having  

been covered in  an o u te r sheath o f s e v e ra l la y e rs  o f 0 .002"  

s ta in le s s  s t e e l ) .  W ith +2000V a p p lied  to  the c ru c ib le , and an 

em ission c u rre n t o f 40 mA, tem peratures in  the region o f 700°C
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were achieved. The alum ina c ru c ib le s  were heated (up to  900°C) 

by a tungsten fila m e n t wound round the o u ts id e . These alum ina  

c ru c ib le s  lacked a re -e n tra n t  tu b e , due to  m anufacturing  

d i f f i c u l t i e s ,  and heavy contam inants were removed by a llo w in g  

s e v e ra l drops o f m etal to  f a l l  in to  the waste tra p  before  pouring  

the sample. A l l  c ru c ib le s  were sealed by alum ina rods which were 

c a r e fu l ly  ground in  to  achieve a good s e a l .  W ith alumina and 

q u a rtz  c ru c ib le s , care was needed when h e a tin g  to  avoid therm al 

shock to  the m a te r ia ls .

4 .2 .4 .  Th e 'P h o to e lec tro n  A n a lyser.

The e le c tro n  an a lyser i t s e l f  was a re ta rd in g  f ie ld  

in s tru m en t. I t  had 3 e le c tro d e s  — the specimen ta b le  and an 

aluminium hem ispherica l c o lle c to r  4" in  d iam eter in s id e  which was 

mounted a hem ispherica l g r id  o f s ta in le s s  s te e l  mesh (O.OOl" 

diam eter w ire , >90^ tra n s m is s io n ), th ree  inches in  d iam ete r. A 

f l a t  p la te  o f 0*005" s ta in le s s  s te e l covered the bottom o f the  

hem isphere. Holes 1" in  d iam eter in  the c en tre  o f the c o lle c to r  

and the bottom p la te  a llow ed fo r  the passage o f photons and 

p h o to -e le c tro n s . To even out the work fu n c tio n  o f the in s id e  o f the  

c o l le c to r ,  i t  was coated in  a la y e r  o f f in e  carbon. This was 

achieved by spraying  a suspension o f g ra p h ite  in  a lco h o l over 

the  surface  w ith  an a r t i s t s '  a ir -b ru s h , g iv in g  a very even 

g reyish  appearance to  the  in s id e .  A re ta rd in g  f i e ld  was ap p lied  

between screen and c o l le c to r ,  and a f ix e d  p o te n t ia l  between 

screen and specimen. The whole assembly was mounted upon a 

s ta in le s s  s te e l yoke a f f ix e d  to  a s ta in le s s  s te e l p la te  which was 

secured to  the main fla n g e  by fo u r d iam eter s te e l rods, th is  

mounting a llo w in g  the c e n tr a l is a t io n  o f the l i g h t  ap ertu re  under
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the L iF  window. W h ils t o th er forms o f e le c tro n  an a lyser are  

known to g ive b e t te r  re s o lu tio n , a re ta rd in g  f i e ld  type was 

chosen since i t  could be used even when th e re  was considerab le  

evaporation  and condensation from the heated sample.

The specimen ta b le  (F ig u re  4 .6 . )  consisted  o f a 1" 

m etal or alumina d is h . I t  was recessed on the underside to  

accept a tungsten w ire  heatin g  fila m e n t which was held in  p lace  

by a f l a t  s ta in le s s  s te e l p la te  and in s u la te d  w ith  alumina 

washers. The whole was supported on a 3 /1 6 "  d iam eter alumina  

rod in  a 1" cube o f s ta in le s s  s te e l ,  e le c t r ic a l  connections  

being passed through the cube in  alumina sheaths . A screen o f 

0 .005" s ta in le s s  s te e l surrounded the specimen assembly and was 

mounted on the cube w ith  in s u la t in g  washers. The cube was 

supported on the rods a f f ix e d  to  the fla n g e  by means o f a yoke 

and could be moved by means o f a magnetic d r iv e .  The screening  

around the specimen, w h ils t  norm ally connected to the g rid  when 

in  use, had a separate  connection to a feedthrough on the flan g e  

so th a t  sh o rtin g  o f the screen to  the specimen d id  not n e c e s s a rily  

te rm in a te  the experim ent.

4 .3 .  The D etectio n  System

The c i r c u i t  used, shown in  F igure  4 . 7 . ,  was a m odified  

form o f th a t used by Eden (1 9 7 0 ). A ba lancing  c a p a c ito r in  

p a r a l le l  w ith  the photo—diode was not used as th is  was found to  

be unnecessary, the g r id  scteen reducing the o u t-o f-p h ase  AC 

p ick-u p  s u f f ic ie n t ly  fo r  i t  to  be suppressed by the phase 

s e n s it iv e  d e te c to r .

As may be seen from F igure 4 . 7 . ,  the specimen p o te n t ia l
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was v a rie d  by a ramp generator modulated a t  15 — 20 Hz, the  

frequency being chosen to  minimise the e f fe c ts  o f "beating* in  

the  e le c tro n ic s #  T y p ic a l modulation vo ltag e  was 0*4V p—p* 

Photoelectrons t r a v e lle d  f i r s t  to  the screen , which was m aintained  

a t  a fix e d  p o te n t ia l  w ith  respect to  the specimen and then across  

the re ta rd  p o te n t ia l  to  the c o lle c to r#  The c u rre n t re s u lt in g  

was then a m p lif ie d  by means o f a K e ith le y  427 c u rre n t a m p lif ie r#  

High frequency noise and D#C# b ias  were e lim in a te d  by means o f  

the a m p li f ie r 's  v a r ia b le  r is e  tim e and D#C# o f fs e t  f a c i l i t i e s  

( t y p ic a l ly  lO^^V/A a m p lif ic a t io n , 30 m# r is e  tim e)#

The s ig n a l was then analysed by a phase s e n s it iv e  

d e te c to r (PSD) (Brookdeal 401A) and fed d ir e c t ly  in to  the Y 

a m p lif ie r  o f a c h a rt re c o rd e r. Since the X s ig n a l fo r  the  

reco rd er was taken from the ramp g e n e ra to r, and the photo electron  

s ig n a l was d i f fe r e n t ia te d  in  the PSD, a d ir e c t  p lo t  o f the  

p hoto electron  energy d is t r ib u t io n  could be obtained# By using  

a slow ramp vo ltag e  ( t y p ic a l ly  40 s e c s /v o lt )  and a long tim e  

constant on the PSD ( t y p ic a l ly  3 s e c s ), a very low noise tra c e  

could be obtained# Noise le v e l  is  in d ic a te d  in  f ig u re  4#8#

For measurements o f the y ie ld ,  the c o lle c to r  and g r id  

were connected to g e th e r and biased to  +25## The c u rren t a m p lif ie r  

was connected between the specimen and e a rth  and the  output fed  

d ir e c t ly  to  the XY p lo t t e r ,  g iv in g  a measurement o f the t o t a l  

p hoto electron  c u rre n t from the specimen# The maximum r is e  tim e  

(300 ms) was used to  e lim in a te  n o is e , and extreme care was taken  

w ith  the e a rth in g  and screening# Zero c a l ib r a t io n  was by 

in te r ru p t io n  o f the l ig h t  source and, w ith  c a re , cu rren ts  o f  

<10 amps could be measured#
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4 ,4 *  Experim ental Procedure

S e ttin g  up. Before assembly the flan g es  and chamber 

were thoroughly cleaned w ith  a degreasing ag en t. Alumina and 

qu artz  p arts  were cleaned by heatin g  in  an a i r  oven to 900°C, 

molybdenum p arts  by heatin g  in  vacuo to  1500°C using a rad io  

frequency in d u c tio n  h e a te r . Small s ta in le s s  s te e l p arts  were 

cleaned by e le c tro p o lis h in g .

The c ru c ib le  was f i l l e d  w ith  m a te r ia l th a t had been 

scraped c lean o f oxide and then cut in to  sm all p ieces . A fte r  

assembly o f the system th is  m a te ria l was then melted under 

vacuum, the c ru c ib le  flan g e  removed and the process repeated  

u n t i l  the c ru c ib le  was f i l l e d .

A fte r  leak  te s t in g , the chamber was baked a t  250°C fo r  

periods o f up to  24 hours and towards the end o f th is  bake, the  

specimen ta b le  and c ru c ib le  heaters  were switched on fo r  i n i t i a l  

outgassing . F in a l outgassing o f both was done a t  near th e ir  

maximum a tta in a b le  tem peratures when the chamber was c o ld . The 

c le a n lin e s s  o f the specimen ta b le  may be judged from Figure 4 ,8  

which shows EDC*s taken from a molybdenum specimen ta b le  a f te r  

outgassing . F in a lly  the e le c tro n ic s  and o p t ic a l  system were 

connected to  the chamber.

The ta b le  was then cooled to  below, and the c ru c ib le  to  

Just above, the m e ltin g  p o in t o f the m a te r ia l ,  A few drops o f  

m a te ria l were poured in to  the tra p  in  the system to c lean the  

pouring tube o f the c ru c ib le , and the specimen ta b le  was then  

moved in to  p o s itio n  below the c ru c ib le  and f i l l e d .  The m a te r ia l  

having been allow ed to  freeze  (to  m inimise the danger o f s p illa g e  

w ith  p o ssib le  sh o rtin g  o f co n n ectio n s ), the ta b le  was moved back
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In to  p o s itio n  below the a n a ly s e r.

A s e rie s  o f EDC*s were then taken fo r  both the s o lid  and 

l iq u id  m a te ria l fo r  the energy range o f the lamp in  use* The 

o th e r fa c to r  o f in te r e s t  was, o f course, the y ie ld  o f the m a te ria l  

and th is  was measured fo r  both s o lid  and l iq u id  before the EDC*s 

were taken , as a c lean  surface  was v i t a l  fo r  th is  measurement*

The wavelength s e tt in g  o f the monochromator was scanned 

a u to m a tic a lly  across the f u l l  energy range o f the lamp (th e  quartz  

f i l t e r  being used below 6 eV to remove second order e f fe c ts )  and 

a p lo t o f photocurrent ag a in s t wavelength obtained on the ch art 

reco rd er* Fo llow ing t h is ,  the lamp was c a lib ra te d  using the  

gold e va p o ra to r. The c le a n lin e s s  o f the gold surface was 

checked by ta k in g  an EDC and comparing i t  w ith  published data  

(N ils s o n , N o rris  and Wallden 1 9 7 1 ), Since the work fu n c tio n  o f 

the m a te ria ls  in  th is  study is  less  than th a t o f gold (5 ,6  e V ), 

lamp c a lib r a t io n  below 5 ,6  eV was achieved by measuring the 

lamp output using the s a lic y c la te  phosphor and p h o to m u lt ip lie r ,  

c o rre c tin g  th is  fo r  the LiF window by measuring i t s  transm ission  

a t the end of the experim ent. By f i t t i n g  th is  to  the known 

output above 5 ,6  eV, the re s u lt  could be used as a sub—standard  

below 5*6  eV,

4 ,5 ,  A nalysis and Treatm ent o f Results

4 ,5 ,1 ,  The Y ie ld  and Work Function

The y ie ld  o f a m a te ria l may be s p e c if ie d  e ith e r  as 

e lec tro n s /ab so rb ed  photon or e le c tro n s /in c id e n t photon. Using 

a gold standard to c a lib ra te  the lamp, the y ie ld / in c id e n t  photon 

could be c a lc u la te d  from the data a lread y  a v a i la b le .  The y ie ld /  

absorbed photon was obtained using published r e f l e c t i v i t y  data
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to  eva lu a te  the expression:

Y -  Y X - y  X i -  ,
'^ 9 (1 -  Ig " h e r * '

R =  r e f l e c t i v i t y ,  I  =  p h o to cu rren t, m =  m a te r ia l ,  g =  gold

The y ie ld  having been c a lc u la te d , the work fu n c tio n  was
'/»

then c a lc u la te d  from a Fowler p lo t  o f Y ag a in s t photon energy*

Y and R were taken from K ro liko w sk i*s  work (see f ig u re  4 * 9 * ) ,
9 9

R^ from s u ita b le  published data where a v a ila b le *

4 ,5 *2 *  N orm alisation  o f EDC*s

The y ie ld  o f the m a te r ia l having been determ ined, the  

EOC*s were norm alised by d ig i t iz in g  the s p e c tra , then using a 

Simpson's ru le  in te g ra t io n  to  determ ine the area encompassed by 

the EDC and hence the t o t a l  photocurrent rep resen ted . The 

sp ectra  could then be m u lt ip lie d  by the ap p ro p ria te  fa c to r  to  

achieve n o rm a lis a tio n ,

4 ,6 ,  System R esolution

The re s o lu tio n  o f the system was determ ined e m p ir ic a lly  

from the w idth o f the Fermi edge on the EDO's ( t y p ic a l ly  0 ,4  eV 

from 10^ — 90%), th is  w idth appearing to be independent o f specimen 

tem p eratu re . There are s evera l fa c to rs  which may c o n trib u te  to  

th is  broadening,

4 ,6 ,1 ,  O p tic a l Broadening

The monochromator does n o t, o f course, provide a t r u ly  

monoenergetic source o f photons, though the value fo r  d isp ers io n  

quoted by the m anufacturers is  q u ite  sm all ( l 6  8/mm), Since the  

lamp is  being operated in  a windowless, s l i t le s s  mode through a 

c a p i l l i a r y  o f /  =  1 ,5  mm,, and the e x i t  s l i t  must be wide open a t
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1 .5  mm. to g ive an adequate s ig n a l/n o is e  r a t io ,  the monochromator

is  op eratin g  under the w orst possib le  c o n d itio n s . However the

c a lc u la te d  value fo r  the d isp ers io n  is  s t i l l  q u ite  sm all 

( = 0 .2  eV a t  1 0 .2  eV in  the worst case) and th is  is  borne out by 

exam ination o f the v a r ia t io n  o f Fermi edge w idth  w ith  e x i t  s l i t  

w idth  which appears to  be n e g l ig ib le .

4 .6 .2 .  M odulation Broadening

This a r is e s  from the n ecessity  o f having a modulated

ramp vo ltag e  so th a t phase s e n s itiv e  d e te c tio n  may be used to  

o b ta in  a good s ig n a l- to -n o is e  r a t io .  Since the magnitude o f 

the  modulation is  known, an estim ate  may be made o f the broadening  

due to th is  source, and F igure  4 .1 0  shows a computer s im u la tio n  

o f the e ffe c ts  o f the m odulation upon various  fe a tu re s  such as 

the Fermi edge. This s im u la tio n  in d ic a te s  th a t  the value o f  

the broadening expected fo r  the m odulation norm ally  used (0 .4V  p -p ) 

is  approxim ately 0 .4  eV and hence im p lie s  th a t th is  is  the  

predominant broadening mechanism present in  the system. The 

v a r ia t io n  o f the edge w id th  observed w ith  m odulation vo ltag e  

appears to  bear th is  o u t. The problem has been d e a lt  w ith  in  

some d e t a i l  by Houston and Park (1972) but s ince the present 

work uses only a simple s ine  wave m odulation , a s im p lif ie d  

num erical approach appears to  g ive adequate r e s u lts .

4 .6 .3 .  F ie ld  D is to r t io n

I f  the specimen to  be d e a lt  w ith  was a p o in t source a t  

the cen tre  o f a p e r fe c t ly  s p h e ric a l c o lle c to r  th ere  would, o f 

course, be no broadening from th is  source. In  p ra c t ic e , however, 

the specimen is  in  the form o f a f l a t  d ish 1" across and the
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l ig h t  spot is  o f a f i n i t e  s ize  ( r  2mm, x 1mm,), The exact 

e f fe c t  o f th is  is  ra th e r  hard to  determ ine but has been covered 

in  some d e t a i l  by Oi Stefano and P ierce  (1970 ) who showed th a t the  

use o f a f in e  screen between the specimen and c o lle c to r  could  

re s u lt  in  a considerab le  improvement in  the system re s o lu tio n  

(o f  the order o f 0 ,1  eV fo r  e le c tro n s  w ith  k in e t ic  energ ies o f 

s ev e ra l v o l t s ) .  There were some v a r ia t io n s  in  system geometry 

made during the course o f the work (n o tab ly  in  the v e r t ic a l  

p o s itio n  o f the specimen t a b le ) ,  and these appeared to have 

l i t t l e  e f fe c t  on the f in a l  re s o lu tio n ,

4 .6 .4 ,  Magnetic D is to r t io n

The presence o f a magnetic f i e ld  near the analyser  

can cause d is to r t io n  o f the e le c tro n  t r a je c to r ie s  between 

specimen and c o l le c to r .  Some care was taken to avoid th is  

e f f e c t ,  p a r t ic u la r ly  in  the case o f the ion pumped system, by 

the use o f screen in g . No magnetic d is to r t io n  could be 

observed on b rin g in g  a sm all horseshoe magnet near the system — 

so th is  appears to have been e lim in a te d  as a s ig n if ic a n t  

source o f broadening,

4 .6 .5 ,  Work Function D is to r t io n

V a r ia tio n  o f the work fu n c tio n  o f the c o lle c to r  or the  

specimen surface  may a lso  re s u lt  in  d is to r t io n  o f the EDC’ s ,

However Oi Stephano and P ierce  ( l o c . c i t , )  showed th a t th is  is  

only a problem when la rg e  c r y s t a l l i t e s  (>10|J.) are p re se n t, and 

the technique adopted o f co atin g  the c o lle c to r  surface w ith  

c o l lo id a l  g ra p h ite  appeared to  be successfu l in  e lim in a tin g  e rro rs  

from th is  source. In  the case o f the specimen i t s e l f  th ere  is  the
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problem o f fr in g in g  f ie ld s  from areas o f the e m itte r  w ith  a 

d if fe r e n t  work fu n c tio n * However the use o f a la rg e  specimen 

should reduce th is  e f f e c t ,  and an angu lar a n a ly s is  o f the  

photoem itted e le c tro n s  given by the computer programme o f 

Chapter 3 in d ic a te s  a strong b ias  towards em ission normal to  the  

surface  which is  the d ire c t io n  o f minimum d is to r t io n  o f the f i e l d ,  

which would a lso  tend to  reduce the e f f e c t *  The use o f an 

e m itte r  screen (see F igure 4 * 6 , )  connected to  the specimen acts  

as a guard r in g  and fu r th e r  reduces the d is to r t io n  o f the f i e l d .
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CHAPTER 5;- INDIUM AND ALUMINIUM

5 *1 . In tro d u c tio n

Indium and aluminium have long been regarded as h ig h ly  

fre e  e le c tro n  l ik e  in  the l iq u id  s ta te  and as such were f a i r l y  

obvious s ta r t in g  p o in ts  fo r  th is  work# Both m etals are in  

Group T T T A (a 1 : 3s 3p; In :  5s 5 p )* The s tru c tu re  o f aluminium  

is  face centered cubic ( f . c . c . )  in  the s o lid  phase and hard 

sphere l ik e  in  the l iq u id *  S o lid  indium is  b a s ic a lly  f . c . c *  

w ith  some sm all te tra g o n a l d is to r t io n *  In  l iq u id  indium the  

s tru c tu re  fa c to r  S (q) is  very s im ila r  to  the r e s u lt  expected  

on the basis o f a hard sphere assembly, except fo r  a sm all 

asymmetry in  the f i r s t  peak (Ocken and Wagner 1966) co n s is te n t 

w ith  d is to r t io n s  found in  the s o lid  phase*

As mentioned in  Chapter 1 , tra n s p o rt p ro p e rtie s  and 

o th e r measurements fo r  both these m a te ria ls  are co n s is te n t w ith  

the fre e  e le c tro n  p ic tu re *  There is  l i t t l e  previous spectroscopic  

work in  the l iq u id  s ta te  -  l iq u id  aluminium has been examined by 

s o ft  X—ray spectroscopy by C a te ra ll  and T r o t te r  (1963) and 

Fabian (1 9 7 2 ) ,and although some fe a tu re s  were apparen t, l i t t l e  

d iffe re n c e  was observed between s o lid  and l iq u id .  L iqu id  

indium has been examined by UPS by both Koyama (196.8) and 

Stevenson (1 9 6 8 ), However both sets  o f re s u lts  showed la rg e  

s c a tte re d  e le c tro n  peaks and hence th e re  s t i l l  e x is ts  some doubt 

as to  the UPS sp ectra  o f ind ium . In  the s o l id ,  evaporated  

f i lm s  o f both m a te ria ls  have been s tu d ie d , aluminium by Wooten 

e t  a l  (1 9 6 6 ), indium  by Koyama ( l o c . c i t , ) ,  and both by P o liak  

(1972 ) using XPS.

In  th is  c h a p te r, re s u lts  are presented fo r  indium and
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aluminium in  both s o lid  and l iq u id  s ta te s . They w i l l  be analysed  

in  terms o f the 3—step approach using both Monte Carlo and 

a n a ly t ic a l  approaches as d e ta ile d  in  Chapter 3 .

5 .2 .  Indium

5 .2 .1 #  Experim ental

Indium was chosen as the i n i t i a l  s u b jec t fo r  in v e s t ig a t io n  

as i t  presented the few est problems from an experim ental p o in t o f 

v iew . Indium is  a d u c t i le  m etal o f low t o x ic i t y  w ith  a m eltin g  

p o in t o f 154°C, I t  is  not h ig h ly  re a c tiv e  in  the l iq u id  s ta te  

and may be contained w ith  ease in  a u s te n it ic  s ta in le s s  s te e l  

(L iq u id  M etals Handbook 1 9 5 5 ), The only  problem a ris e s  from  

i t s  low surface tens io n  which, w h ils t making i t  easy to pour, 

does mean th a t care must be taken over the s e a l o f the c ru c ib le  

and in  moving the specimen ta b le .

The o p t ic a l  p ro p e rtie s  o f indium in  the U—V are f a i r l y  

w e ll documented, having been measured both by Wilson and Rice 

(1966 ) and Koyama ( l o c . c i t , ) .  Also o f note is  a very c a re fu l  

measurement by Van Laar and Scheer (1965) o f the p hoto yie ld  o f 

evaporated indium f ilm s  near to  the th re s h o ld . There has a lso  

been considerab le  th e o re t ic a l work on indium , and d e n s itie s  o f 

s ta te s  have been published by Koyama and S p icer (1 9 7 1 ), A shcroft 

and Lawrence (1 9 6 9 ), Shaw and Smith (1 9 6 9 ), and Chan and 

B a lle n tin e  (1 9 7 2 ),

The re s u lts  given here are from a s e r ie s  o f fo u r  

experim ents, and some p re lim in a ry  re s u lts  have a lread y  been 

published (N o rr is  e t  a l  1 9 7 3 ), An e f fe c t  noted in  the la t e r  

work on th is  m e ta l, and also during work on le a d , is  th a t the
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ra te  o f fre e z in g  o f the l iq u id  can a f fe c t  the s tru c tu re  observed 

in  the s o l id .  C ontrary to normal e x p e c ta tio n , rap id  fre e z in g  

o f the m elt ( i , e ,  h ea te r suddenly turned o f f )  was found to g ive  

much more d is t in c t  s tru c tu re  than slow fre e z in g  ( i , e ,  h e a te r  

power s low ly  reduced)# This e f fe c t  is  b e lie v ed  to be due to  

the presence, observed in  some specimens, o f a l ig h t  sk in  on 

the surface o f the specimen which broke up in  the cen tre  on 

m eltin g  (probab ly  due to  convection e f fe c ts )#  Although tra c k in g  

o f the l ig h t  spot over the specimen revea led  no d iffe re n c e  in  

s o lid  EDC*s due d ir e c t ly  to  i t s  presence i t  may, by a c tin g  as 

a source o f condensation n u c le i during slow fre e z in g  when i t  

was allow ed tim e to  re fo rm , have prevented the form ation  o f la rg e  

s in g le  c ry s ta ls #

5*2#2# Y ie ld  o f Indium

Figure 5#1. shows the y ie ld  o f indium fo r  the l iq u id  and

both the ra p id ly  and s low ly  frozen  s o lid #  The o verlay  is  the  

re s u lts  o f Koyama fo r  l iq u id ,  fro zen  l iq u id  and c ry s ta l specimens, 

The r e f le c t io n  data  used was from W ilson and Rice ( l o c . c i t )  fo r  

the l iq u id  and from Koyama ( l o c . c i t . )  fo r  the s o l id .  The two 

sets  o f re s u lts  are in  good q u a l it a t iv e  agreem ent, the d iffe re n c e  

in  magnitude probably being due to  the d iffe re n c e  in  surface  

c le a n lin e s s . The s im i la r i t y  between the behaviour o f the  

r a p id ly  fro zen  s o lid  in  th is  work and the c ry s ta l  specimen in  

Koyama's work ( r e la t iv e  to  the l iq u id  in  both cases) g ives  

support to  the id ea  th a t  the ra p id ly  fro zen  s o lid  co nsis ts  o f  

la rg e  s in g le  c r y s ta ls .  The major fe a tu re s  o f the y ie ld  are  

peaks a t  6 ,9  eV, 8 ,9  eV and 10 ,7  eV w ith  corresponding dips

a t  5 ,8  eV and 7 ,9  eV, The low er two peaks correspond w ith
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peaks observed in  the XPS work o f P o liak  and w i l l  be discussed  

in  more d e ta i l  l a t e r .  Also in  indium th e re  is  a fre e  e le c tro n  

surface plasmon which occurs a t  8 .7  eV (Koyama and S picer l o c . c i t . ) .

F igure 5 .2 .  shows a y ie ld  p re d ic tio n  fo r  indium using  

the Monte Carlo technique o f Chapter 3 . Assuming an 1^ o f 1?8, 

a comparison o f th is  w ith  the measured y ie ld  a t  photon energies  

o f 10 .2  and 7 .7  eV in d ic a te s  a value fo r  1^ o f approxim ately  

I aS a t 8 .5  eV above the Fermi le v e l .  The com parative ly  low 

v a r ia t io n  o f y ie ld  w ith  1^ in d ic a te s  why th is  change in  y ie ld  

between s o lid  and l iq u id  is  s m a ll. However the value fo r  1^ 

d i f fe r s  considerab ly  from th a t o f 200% obta ined  by Koyama to  

f i t  h is  y ie ld  a t  high photon e n e rg ie s .

Fowler p lo ts  (see Figure 5 .3 . )  g ive  a value fo r  the  

work fu n c tio n  o f 3 .9 4  ±  .0 7  eV in  the l iq u id  s ta te  and 4 .0 6  ± .1  eV 

fo r  the s o l id .  These values agree w e ll w ith  those o f o th er  

workers fo r  the s o lid  (Koyama 4 .1 3  ± .05  eV, Stevenson 4 .0 7  eV,

Van Laar and Scheer 4 .0 8  ± .01  eV) and w ith  Stevenson's value  

fo r  the l iq u id  o f 3 .9 6  eV. I t  does not agree w ith  the value o f 

4 .1 5  eV obtained by Koyama fo r  the l iq u id .

5 .2 .3 .  L iq u id  Indium EOC's

F igure  5 .4 .  shows EDO's fo r  l iq u id  indium a t low photon 

energ ies taken a t  approxim ately 50°C above the m e ltin g  p o in t .

The measurements were repeated on two o th e r specimens w ith o u t 

s ig n if ic a n t  change. C lear fe a tu re s  may be d iscerned — n o tab ly  

a sharp peak a t the Fermi edge, a peak a t  - 1 . 7  eV and a d ip  a t  

—2 .6  eV. These fe a tu re s  are constant in  both s tre n g th  and 

p o s itio n  w ith  changing photon energy. In  a d d it io n  a weak 

fe a tu re  a t  —3 .6  eV may ju s t  be d isce rn ed . These re s u lts  d i f f e r
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s l ig h t ly  from those reported  e a r l i e r  (N o rr is  e t  a l  l o c . c i t , )  in  

th a t  a weak d ip  a t - 1 ,3  eV is  not now seen. This change is  

b e lieved  to  be due to the tem perature in  the i n i t i a l  work being  

too close to  the m eltin g  p o in t, re s u lt in g  in  the ex is tence  o f  

sm all regions o f s o lid  indium formed around im p u rit ie s  a t the  

s u rfa c e .

F igure 5 ,5 ,  shows a comparison between the present work 

and th a t o f Koyama and S p ic e r, These agree w e ll in  the p o s itio n  

o f the main minimum a t  —2 ,5  e U, In  the present work, the  

com parative absence o f a sca tte re d  peak a t  low energ ies and the  

appearance o f s tru c tu re  is  b e lieved  to  be due to  the improved 

re s o lu tio n  and surface  p re p ara tio n  technique used. The 

adm ittance o f a i r  to the system was seen to  cause a general 

degradation  o f the EDC's and a sharp in crease  in  the s ca tte re d  

peak -  seen in  F igure 5 ,4 ,  a t  low energy extrem e. An attem pt 

was made to  see i f  a tem perature v a r ia t io n  could be observed 

in  the ED C's,but no v a r ia t io n  was apparent up to  r 400°C,and  

attem pts to ra is e  the tem perature above th is  p o in t re s u lte d  in  

evaporation  o f indium onto the L iF  window,

5 ,2 ,4 ,  S o lid  Indium EDC's

Figures 5 ,6 ,  and 5 ,7 ,  show EDC's fo r  s o lid  indium both 

in  the ra p id ly  and s low ly  frozen  s ta te s . The two minor fe a tu re s  

observed in  both are id e n t ic a l  in  p o s itio n  but vary considerab ly  

in  s tre n g th . They are f i r s t l y ,  a peak vary in g  in  p o s itio n  from  

—1 ,1  to  —0 ,9  eV being no tab ly  s tro n g er a t  the h igher photon 

energ ies and secondly , a peak vary in g  in  p o s itio n  from —1 ,8  to  

—1 ,5  e \ l  w ith  in c re a s in g  photon energy, being s trongest a t the  

in te rm ed ia te  e n e rg ie s . The main minimum is  a t  —2 ,4  eV a t a l l
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photon e n e rg ie s . In  the ra p id ly  frozen  s o lid  th e re  is  a lso  a 

strong fe a tu re  a t  —3 .1  eV. This fe a tu re  is  seen in  a weaker 

form a t —3 .6  eU in  the s low ly fro zen  s o l id ,  and a weak d ip  a t  

« 4 .4  eV is  ju s t  d is c e rn a b le . F igure 5 .8 .  shows a ty p ic a l  

fro zen  indium s u rfa c e .

The experim ental EOC*s were compared w ith  th e o re t ic a l  

EDC’ s from c a lc u la t io n s  by Koyama and S p icer (1 9 7 1 ). These 

c a lc u la t io n s  were based on the 3—step model, assuming d ir e c t  

t ra n s it io n s  and adopting the method given by Koyama and Smith 

(1970) fo r  alum inium . Due to  the te tra g o n a l d is to r t io n  o f the  

f . c . c .  s tru c tu re  in  indium the c a lc u la t io n  is  ra th e r  more complex, 

in v o lv in g  the d iv is io n  o f each l / l 6 t h  symmetry segment o f the  

B r i l lo u in  zone in  unequal p a rts  and s o lv in g  the ap p ro p ria te  

4-OPW equation  fo r  each. The use o f unequal segments (done to  

reduce computing tim e ) re s u lts  in  some mismatch in  the energy 

bands, but th is  was found not to  be s ig n if ic a n t  when the f in a l  

re s u lt  was c a lc u la te d .

In  each sec to r Koyama and S p icer solved an equation  o f

the form ;

0 =

V n i T2(k )-E j(k ) Yd0 2

V111

'200

V 0 0 2  T3(k)-E jC k)

'200

111

111

S n  ^111 T^fR -E jdZ)

( 5 . 1 . )

where
T^(k) = k Y k )  = ( i T -
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Ej ( k  ) are the eigen values fo r  the energy bands, are the  

F o u rie r c o e f f ic ie n ts  o f the p o te n t ia l a r is in g  from the k th .  

l a t t i c e  wave v e c to r .

F igure 5 .9 .  shows the comparison o f c a lc u la te d  and 

experim ental EDC’ s . I t  may be seen th a t the agreement in  the  

p o s itio n  o f s tru c tu re  close to the Fermi edge, p a r t ic u la r ly  in  

the peak a t - 1 .8  eV, is  good. W h ils t the agreement between 

the s trengths  o f the fe a tu re s  is  less  good, i t  should be remembered 

th a t the a n a ly s is  takes no account o f m a tr ix  elements or o f the  

p o s s ib i l i ty  th a t the escape p ro b a b ility  may vary w ith  the 

d if fe r e n t  c ry s ta l  fa c e s .

5 .2 .5 .  High Energy EDC’ s

Figure 5 .1 0 .  shows high energy EDC's fo r  both s o lid  and 

l iq u id  ind ium . There is  a la rg e  s c a tte re d  background which 

makes comparison w ith  the low energy spectrum d i f f i c u l t .

However, th ere  appears to be good correspondence in  the s tru c tu re ,  

p a r t ic u la r ly  near the Fermi edge in  the fe a tu re  a t  —2 .5  eV 

which shows c le a r ly  in  both s o lid  and l iq u id .  A d ip  is  a lso  

observed a t —3 .6  eU in  both s o lid  and l iq u id ,  corresponding to  

the weak fe a tu re  observed in  the low energy EDC’ s . C loser to  

the Fermi edge in  the l iq u id  EDC i t  is  p o ss ib le  to  d iscern  the  

fe a tu re  a t - 1 .7  eV observed b e fo re , and in  the s o lid  the fe a tu re s  

are observed a t —1 .0  eV and —1 .8  eV corresponding to  those seen 

a t  low e n e rg ie s . The s o lid  appears to  be in  the ra p id ly  fro zen  

form . Moving towards the low energy end o f the EDC, a break 

in  slope may be observed a t  —8 .6  eV. This value corresponds 

w e ll w ith  the value c a lc u la te d  by K i t t a l  (1968 ) fo r  the bottom  

o f the fre e  e le c tro n  band. The hump low er in  energy centered a t
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approxim ately —11 eV corresponds in  p o s itio n  w ith  a bulk plasmon 

observed by P o liak  ( l o c . c i t )  a t 11*7 eV and, a t the extreme low 

energy end o f the EDC, the strong peak a t -1 7 .1  eV is  in  good 

agreement w ith  the p o s itio n  o f the 4d peak (a ls o  observed by 

P o lia k ) .

5 .2 .6 .  O p tic a l Density o f S ta tes

The high energy end o f the l iq u id  EDC, w ith  the background 

su b tra c ted , was used as a basis fo r  c a lc u la t in g  an o p t ic a l d en s ity  

o f s ta te s . F igure 5 .11  shows the d en s ity  o f s ta te s  thus obtained  

compared w ith  the XPS spectrum obtained by P o lia k  from an 

evaporated f i lm  o f in d iu m . I t  may be seen th a t  there  is  broad 

agreement in  the presence o f a fe a tu re  a t —3*6 eV, although the

o th er fe a tu re  observed by P o liak  a t —4 .2  eV is  not seen. This

t r i a l  d en s ity  o f s ta te s  was used in  the m odified  K ro likow ski 

programme (as d e ta ile d  in  Chapter 3 ) to  o b ta in  a f in a l  o p t ic a l  

den sity  o f s ta te s . The s c a tte r in g  len g th  used in  the programme 

was se lected  to  g ive agreement between c a lc u la te d  and experim ental 

y ie ld s  a t 7 .7  eU. The f in a l  d en sity  o f s ta te s  thus obtained is  

shown in  F igure 5 .1 2  compared w ith  a fre e  e le c tro n  curve . I t  

can be seen th a t th e re  is  considerab le  d is p a r ity  between the two. 

Figure 5 .1 3  shows the comparison o f s im ulated  EDC's using these  

two d e n s itie s  o f s ta te s  w ith  the exp erim en ta l curves a t 10 .2  and 

7 .7  eV/« The value fo r  the absorption  c o e f f ic ie n t  was taken from  

Lemmonier e t  a l  (1 9 6 9 ). The value o f 1^ used was 14%. This

is  considerab ly  s h o rte r than the value o f 1^ =  5o8 used by

Koyama ( l o c . c i t . )  to  f i t  the y ie ld  a t low photon e n erg ie s .

However, the y ie ld  obtained in  th is  work is  considerab ly  lo w er, 

probably due to the increased surface c le a n lin e s s , and the  

present re s u lt  is  in  good agreement w ith  the work o f Brundle (1 9 7 4 ).
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In Figure 5.12 the final optical density of states is compared

with the density of states obtained by Koyama for the solid.

This is  shown s ince the d e n s it ie s  o f s ta te s  published fo r  the  

l iq u id  (Shaw and Smith 1959 and Chan and B a lle n tin e  1971) are  

e s s e n t ia l ly  fe a tu re le s s *  I t  may be seen th a t  th ere  is  good 

agreement in  the p o s itio n  o f the main maximum a t  = 4 eV and in  

the main minimum a t  = —3 eV# The agreement is  less  good 

c lo s e r to  the Fermi edge. The d e n s it ie s  o f s ta te s  fo r  the  

s o lid  obtained by Shaw and Smith ( l o c . c i t . )  and Ashcroft and 

Lawrence (1968) are  in  less  good agreement — Shaw and Smith 

p lac in g  the main maximum a t  = —3 eV and A shcro ft and Lawrence 

p lac in g  i t  a t  = —5 eU.

5 .2 .7 .  D iscussion

There are  s ev e ra l fe a tu re s  o f note in  these r e s u lts .  

F i r s t l y ,  although the s tru c tu re  observed in  the l iq u id  shows 

behaviour c h a ra c te r is t ic  o f n o n -d ire c t t r a n s it io n s ,  w h ils t  th a t  

in  the s o lid  is  c h a ra c te r is t ic  o f d ir e c t  tra n s it io n s  (p a r t ic u la r ly  

in  the ra p id ly  fro zen  fo rm ), the broad d e n s ity  o f s ta te s  fe a tu re s  

remain unchanged. This im p lie s  s tro n g ly  th a t  aspects o f the  s o lid  

s ta te  band s tru c tu re  p e rs is t  on m eltin g  — n o tab ly  the peak a t  

= -4  eU w ith  an associated  d ip  a t  —2 .6  eV. These may be 

re la te d  to  the la rg e  band gap a t  the L face o f the B r i l lo u in  

zone. Secondly, the fa c t  th a t the broad d en s ity  o f s ta te s  

fe a tu re s  remain unchanged over a la rg e  range o f energ ies  ( in c lu d in g  

the XPS re s u lts  o f P o lia k  ) in d ic a te s  th a t the e f fe c t  o f m a trix  

elements is  not s ig n if ic a n t  s ince these would show an energy 

dependence.
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The good agreement between the th e o r e t ic a l  EDC*s 

c a lc u la te d  using a 3 -s te p  model w ith  n o n -d ire c t t r a n s it io n s ,  and 

the experim ental EDC’ s is  h ig h ly  encouraging.

5 .3 .  Aluminium

5 .3 .1 .  Experim ental

Aluminium is  an a rch e typ a l fre e  e le c tro n  m etal and, as 

such, has n a tu ra lly  a ttra c te d  a lo t  o f in te r e s t  both from a 

th e o re t ic a l  and p r a c t ic a l  v ie w p o in t. E xp erim en ta lly  i t  was the  

most d i f f i c u l t  to  handle o f the m a te ria ls  used. L iq u id  

aluminium is  very c o rro s ive  (L iq u id  M etals Handbook 1 9 5 5 ), 

n e c e s s ita tin g  the use o f an alumina c ru c ib le  and specimen ta b le ,  

and,due to  the r e la t iv e ly  high expansion c o e f f ic ie n t  o f s o lid  

alum inium , considerab le  problems were encountered w ith  crack ing  

o f these c ru c ib le s . The high surface tens io n  o f the l iq u id  

also  made i t  very d i f f i c u l t  to  pour. F u r th e r , the high specimen 

h e ater cu rren ts  needed to m ain ta in  the aluminium in  a l iq u id  

s ta te  re s u lte d  in  a high background noise le v e l .  However,since  

the oxide o f aluminium is  denser than the  m etal i t s e l f ,  even a 

f a i r l y  badly contam inated s o lid  surface  could be recovered by 

re m e ltin g .

The re s u lts  given here are from two experim ents, and 

some p re lim in a ry  re s u lts  have a lread y  been published (N o rr is  

e t  a l  1 9 7 4 ).

5 .3 .2 .  Y ie ld  o f Aluminium

Figure 5 .1 4  shows the y ie ld  o f aluminium obtained in  

the present work. This is  g iven in  e le c tro n s /in c id e n t  photon 

ra th e r  than e lec tro n s /ab so rb ed  photon fo r  the purposes o f 

comparison w ith  the re s u lts  o f o th e r w orkers. Due to  problems
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mentioned e a r l i e r  w ith  the high specimen h e a te r c u rren t re q u ire d ,  

only is o la te d  values o f the y ie ld  o f the l iq u id  are given as 

the high background noise le v e l made more d e ta ile d  measurement 

im p o ss ib le . However, the is o la te d  re s u lts  obtained agree w e ll  

w ith  the re s u lts  fo r  the s o l id .  There is  a known surface  

plasmon in  aluminium a t 1 0 . 4  eV, and the v a r ia t io n  o f the  

s tren g th  o f th is  w ith  surface roughness has been examined in  

some d e t a i l  by E ndriz and S p ic e r ( 1 9 7 4 ) .  They examined a s e r ie s  

o f evaporated aluminium film s  o f vary in g  su rface  roughness over 

the range X = 8 -  2s8 where X =  the nraa h e ig h t v a r ia t io n  o f the  

s u rfa c e . On the basis  o f these re s u lts  they c a lc u la te d  the  

y ie ld  fo r  a p e r fe c t ly  smooth aluminium s u rfa c e . T h e ir re s u lts  

fo r  X = 8% and X =  2 8 m are shown on diagram 5 . 1 3 ,  w ith  the  

c a lc u la te d  y ie ld .  I t  may be seen th a t  t h e i r  p re d ic tio n  o f  

the y ie ld  fo r  X =  o8 is  in  good agreement w ith  the  observed 

y ie ld  in  th is  work a t  lo w ' photon e n e rg ie s , im plying  th a t  the  

l iq u id  surface  is  very smooth.

Faber (1972 P .91) has derived  an expression fo r  the  

e stim a tio n  o f the roughness o f a fre e  l iq u id  surface o f the  

fo rm :- f be ing  th e  s u r fa c e  te n s io n

■ x . ( e î ‘ Î  -  < - >

where ^ = the displacem ent due to a g iven r ip p le  mode fo r  a 

close packed s u rfa c e , a =  1 .0 9  (*”/d )  m =  atomic mass, d z

d e n s ity . F i l l i n g  in  the ap p ro p ria te  values fo r  alum inium , th is  

gives a value fo r  X  o f 2 .088 which is  in  good agreement w ith  

the observed r e s u lt  fo r  photon energ ies  below 9 .5  eU. Above
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th is  energy the y ie ld  begins to r is e  s h a rp ly . The reason fo r  

th is  is  not obvious since the lower energy r e s u lt  in d ic a te s  th a t  

the plasmon e f fe c t  should be s m a ll. However i t  is  possib le  

th a t ,  s ince the high surface tension  o f aluminium re s u lte d  in  

a sharp ly  curved surface (d  ^  0 .4  c m .), th a t th is  e f fe c t  is  due 

to  non normal incidence of the l ig h t  on the specimen. This  

would re s u lt  in  the genera tion  o f p h o to -e le c tro n s  c lo se r to  the  

surface than in  the case of normal in c id e n c e , g iv in g  a h igher  

y ie ld ,  p a r t ic u la r ly  a t h igher photon e n e rg ie s .

More s u rp ris in g  is  the coincidence between the y ie ld s  fo r  

s o lid  and l iq u id .  This suggests s tro n g ly  th a t the s o lid  surface  

re ta in s  many o f the p h ysica l c h a ra c te r is t ic s  o f the l iq u id  -  

a suggestion th a t is  borne out by the o bservation  th a t the frozen  

surface was very l iq u id —l ik e  in  appearance and remained non­

oxid ised  fo r  a considerab le  period  o f tim e a f te r  removal from the  

vacuum system. F igure 5 .15  shows a ty p ic a l  fro zen  aluminium  

s u rfa c e . F igure  5 .1 6  shows a Fowler p lo t  fo r  s o lid  aluminium . 

This gives a value fo r  the y ie ld  o f 4 .0 2 Î  0 .0 4  eV, which d i f fe r s  

somewhat from the re s u lts  o f o th er workers (R iv ie re  1969 ).

5 .3 .3 .  L iqu id  Aluminium EDO’ s

F igure 5 .1 7  shows EDC’ s fo r  l iq u id  aluminium taken a t  

low photon energ ies  a t approxim ately 50°C above the m eltin g  

p o in t .  The major fe a tu re  seen is  a peak a t  —2 .5  eV w ith  a 

corresponding d ip  a t —3 .7  eV. However, th e re  is  also a very  

weak fe a tu re  v is ib le  in  the form o f a peak a t  —1 eV. These 

fe a tu re s  do not appear to  vary w ith  photon energy, although  

the peak a t —1 eV is  so weak th a t i t  is  im possib le to  be sure
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o f t h is ,  90  th a t  the peaks may w e ll r e f le c t  s tru c tu re  in  the  

d en s ity  o f s ta te s . Attempts to work a t  h ig h er tem peratures  

were unsuccessful due to l im ita t io n s  in  the h e a te r design .

5 .3 .4 .  S o lid  Aluminium EDC*s

Figure 5 .1 8  shows EDC’ s fo r  s o lid  aluminium a t low 

photon e n e rg ie s . The major fe a tu re  s t i l l  occurs a t —2 .5  eV 

w ith  a d ip  a t —3 .7  eV, and th is  is  in  good agreement w ith  a 

fe a tu re  observed both by Wooten e t  a l  ( l o c . c i t . )  and by Endriz  

and S picer ( l o c . c i t . ) .  However th ere  are  a lso  two o th er fe a tu re s  

in  the form o f very weak peaks a t  —1 el/ and —1 .5  el/ which 

become s tro n g er w ith  in c re a s in g  photon energy, though they are  

too weak fo r  any changes in  p o s itio n  to be d iscern ed .

5 .3 .5 .  High Energy EDC’ s

F igure 5 .1 9  sihows a se t o f EDC’ s fo r  l iq u id  aluminium  

obtained a t  2 1 .2  eV. Curve (c )  is  fo r  fre s h ly  poured aluminium  

and shows fe a tu re s  a t —2 .5  e l/, —6 .5  eV and —11 e l/, the peak a t  

—1 .0  el/ observed in  the low energy EDC’ s not being reso lved .

Curves (a )  and (b ) show the same specimen a f t e r  a period o f 

t im e . The peak a t  —6 .5  el/ has increased sh arp ly  in  s tren g th  

showing c le a r ly  th a t th is  is  due to contam ination  (aluminium  

has a very strong a f f i n i t y  fo r  oxygen). The fe a tu re s  a t  - 2 .5  

el/ and —11 eV appear u n affec ted  and may w e ll be c h a ra c te r is t ic  

o f the pure m a te r ia l .  The sharp edge a t —1 0 .2  eV in te rp re te d  

by Lindau e t  a l  ( l 9 7 l )  as being due to  a plasmon loss does not 

appear, suggesting again th a t the surface  is  very smooth.

F igure 5 .2 0  shows the high energy p a rts  o f the EDC fo r  

s o lid  (b ) and l iq u id  (a )  alum inium . These are very s im ila r



25n

SOLID ALUMINIUM

20-

10.2eV

o

- 0

9.1 eV
CL

- 010-

8.5eV

- 0

7.7 eV

5.6eV

E2 15 37 5 4

Energy of in i t i a l  s ta te (e V)

Fig.5 . 16-Low energy EDCs from solid Aluminium



AL U M IN IU M

_a
a  2-

LÜ

-20 -1 5 -1 0 5 E

Energy of i n i t i a l  s t a t e  I e VI -------

F iq .5 .19 -H iqh  energy EDCs f rom l iquid Aluminium



5-1

ALUMINIUM

(a)

3 -
C/1

c
D

1—
O

a

LU
z

-10 5 E

Energy of i n i t i a l  s ta te (e V )

F iq .5 .20 -St ructure  near the Fermi edoe in high 

energy  EDCs f rom solid and l iquid

Aluminium



66,

except fo r  the appearance o f a sm all fe a tu re  a t  -4 * 9  eV in  the  

s o l id .  They are compared w ith  th e o re t ic a l  d e n s it ie s  o f s ta te s  

fo r  the l iq u id  from Chan and B a lle n tin e  (c )  and fo r  the s o lid  

from A shcroft ( d ) .  Although no s tru c tu re  is  apparent in  the  

l iq u id  d en s ity  o f s ta te s , i t  is  noteworthy th a t  the fe a tu re  a t  

-2 *5  eV observed in  the l iq u id  and s o lid  EDC*s corresponds 

w ith  a strong peak in  the s o lid  d en s ity  o f s ta te s .

5 .3 .6 .  O p tic a l D ensity  o f S ta tes

A fre e  e le c tro n  d en s ity  o f s ta te s  was used as the basis  

fo r  a r e p e t it io n  o f the i t e r a t iv e  process used fo r  indium .

F igure 5 .21  shows the f in a l  o p t ic a l d e n s ity  o f s ta te s  compared 

w ith  a fre e  e le c tro n  d en s ity  o f s ta te s .

The th e o r e t ic a l  curves are compared w ith  the experim enta l 

re s u lts  in  F igure  5 .2 2  a t  10 .2  eV and 7 .7  eV. I t  may be seen 

th a t the use o f a fre e  e le c tro n  d en s ity  o f s ta te s  re s u lts  in  

a fa r  g re a te r  s c a tte re d  background than is  observed e x p e rim e n ta lly . 

The value o f the y ie ld  obtained th e o r e t ic a l ly  is  not in  agreement 

w ith  th a t  measured e xp e rim en ta lly  although the agreement o f the  

COC*s is  s t r u c tu r a l ly  good. The th e o r e t ic a l  y ie ld  does however 

agree w ith  the e x tra p o la te d  smooth surface  y ie ld  o f E ndriz and 

S picer ( l o c . c i t . ) .  The values o f absorp tion  c o e f f ic ie n t  used 

were from P h ilip p  e t  a l  (1 9 6 4 ). The value o f 1^ req u ired  to  

give agreement w ith  the measured y ie ld  a t  7.7»eV was Is S .

This is  much s h o rte r than the value o f 1^ =  7oS given by Wooten 

e t  a l  (1966) and is  in  good agreement w ith  the re s u lts  o f 

C a llc o t t  and Arakawa (1975) fo r  the s o l id .  However, the smooth 

surface  in  the present work appears to  remove most o f the plasmon
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e ffe c ts  th a t could cause e r ro r  in  the e s tim a tio n  o f l^ ,a n d  th is  

may account fo r  the above d if fe re n c e . In  F igure  5 .21  the f in a l  

o p t ic a l d en s ity  o f s ta te s  is  compared w ith  the c a lc u la te d  d en s ity  

o f s ta te s  o f Koyama and Smith ( l o c . c i t . )  fo r  the s o l id .  This  

shows good agreement in  the p o s itio n  o f the main maximum around 

—3 eV, but not in  the s tru c tu re  c lo se r to the Fermi edge. This  

d en sity  o f s ta te s  is  used fo r  comparison in  pre ference  to  one 

fo r  the l iq u id  s ince these are e s s e n t ia l ly  fe a tu re le s s  (e .g .

Chan and B a lle n tin e  1971) as is  the XPS r e s u lt  o f P o lia k  (1 9 7 2 ).

5 .3 .7 .  Discussion

The re s u lts  obtained fo r  aluminium appear to  g e n e ra lly  

confirm  the p ic tu re  presented fo r  ind ium . The s tru c tu re  in  the  

l iq u id  again shows behaviour more c h a r a c te r is t ic  o f n o n -d ire c t  

t r a n s it io n s ,  w h ils t  th a t fh  the s o lid  is  c h a r a c te r is t ic  o f d ir e c t  

t r a n s it io n s .  The broad fe a tu re s  a re , however, unchanged from  

s o lid  to l iq u id  and are a lso  seen in  the high energy s p e c tra .

The XPS re s u lt  is  fe a tu re le s s , but th is  may w e ll be due to the  

g e n e ra lly  poorer re s o lu tio n  in  th is  tech n iq u e. The major 

fe a tu re  — the d ip  a t  —4 eV which corresponds w ith  the onset o f 

the second band — is  weaker than the d ip  in  ind ium . This is  

co n s is ten t w ith  the sm alle r band gaps in  the band diagram o f 

aluminium and i t s  g e n e ra lly  more fre e  e le c tro n  l i k e  n a tu re . 

However, as may be seen in  F igure 5 .2 1 , the o p t ic a l  d en s ity  o f  

s ta te s  s t i l l  d i f f e r s  considerab ly  from the  fre e  e le c tro n  model.
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CHAPTER 6:- LEAD AND TIN

6 .1 .  In tro d u c tio n

Lead and t in  are both q u a d riv a le n t m a te ria ls  o f group

IjTA. In  the s o lid  phase lead  (6s 6p ) has a f . c . c .  s tru c tu re ;
2 2

m e ta ll ic  (w h ite ) t i n  (5s 5p ) has a body centered te tra g o n a l 

s tru c tu re . Both m etals have been s tu d ied  f a i r l y  e x te n s iv e ly ,  

but lead  is  o f p a r t ic u la r  in te r e s t  to  l iq u id  m etal th e o re tic ia n s  

as i t  has some anomalous p ro p e rt ie s . As s ta te d  in  1 .4 . 3 . ,  

measurements o f the H a ll  e f fe c t  fo r  l iq u id  lead  g ive a re s u lt  

considerab ly  d i f f e r e n t  from th a t p re d ic te d  by n . f . e .  th e o ry . 

Transport measurements a lso  in d ic a te  a very low mean fre e  path  

( = 4%). Over the past few years th e re  has been considerab le  

work done on the band s tru c tu re  o f le a d . E a r ly  OPW c a lc u la t io n s  

by Anderson and Gold (1965) were fo llow ed  by Loucks* (1965) 

R e la ta v is t ic  APW c a lc u la t io n . More re c e n t ly , band s tru c tu re s  

have been published by Breeze (1974 ) and McFeely e t  a l.  (1 9 7 5 ),  

where p a r t ic u la r  a t te n t io n  has been paid to  the s p l i t t in g  o f the  

6p b a n d ,a ttr ib u te d  to  c ry s ta l f i e ld  e f fe c ts  by Breeze and to  spin  

o r b it  s p l i t t in g  by Ley e t  a l . (1 9 7 2 ). Previous spectroscopic  

work on lead  is  confined to  measurements o f evaporated f ilm s  by 

N o rris  e t  a l . (1 9 7 2 ), but since the conclusion o f th is  work, 

fu r th e r  experim ents have been done on the l iq u id  by Wotherspoon 

(1 9 7 8 ). XPS measurements have been done on evaporated film s  by 

P o lia k  (1972) and Ley e t  a l . ( l o c . c i t . ) .

S o lid  t i n  has a lso  been the s u b jec t o f considerab le  

study, s e v e ra l band s tru c tu re s  having been p u b lish ed , the most 

recen t being those o f Ament and de Vroomen (1975 ) and Craven 

(1 9 6 9 ). However, spectroscopic data  is  confined to  the re s u lts
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o f P o liak  (1 9 7 2 ), Hochst a t  a l . (1976) and most re c e n tly  C a s te lijn s  

e t  a l . (1 9 7 7 ), a l l  on evaporated f i lm s *  Stevenson (1968) 

examined l iq u id  t in  but only a t low photon e n e rg ie s .

In  th is  chapter UPS re s u lts  are presented fo r  t in  and 

lead  in  both s o lid  and l iq u id  phases. They are analysed  

as before in  terms o f the 3—step model, and i t  w i l l  be shown 

th a t th is  y ie ld s  an o p t ic a l d en s ity  o f s ta te s  th a t d i f fe r s  

considerab ly  from the fre e  e le c tro n  p ic tu r e .

6 .2 .  Lead

6 .2 .1 .  Experim ental

Lead was found to  be a com parative ly  easy m a te r ia l fo r  

th is  experim ent. I t  has a low m eltin g  p o in t (3 6 6 °C ), is  d u c t i le  

and is  easy to  pour. Lead is  not h ig h ly  re a c tiv e  in  the l iq u id ,  

enab ling  the use o f molybdenum specimen ta b le s  and qu artz  

c ru c ib le s . Some tro u b le  was experienced w ith  q u artz  c ru c ib le s  

breaking due to  therm al shock, and in  one la t e r  experim ent an 

alumina c ru c ib le  was used. The re s u lts  presented here are from  

th ree  separate  experim ents.

6 .2 .2 .  Y ie ld

F igure 6 .1 .  shows the quantum y ie ld  fo r  lead  in  both the  

s o lid  and l iq u id  s ta te s . The l iq u id  y ie ld  has th ree  major 

fe a tu re s  — sharp peaks a t 5 .9  and 7 .9  e l/, w ith  a broad peak 

centered a t  9 .5  eV. On fre e z in g , the peak a t  9 .5  eV la rg e ly  

disappears and the peak a t 5 .9  el/ s p l i t s  in to  two peaks — a 

sharp one a t 6 .4  el/ and a weaker fe a tu re  a t  5 .5  eV. The 

magnitude o f the y ie ld  remains la rg e ly  the same although i t  is  

much h igher than th a t observed by N o rris  e t  a l  (1972) and in  the
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la t e r  work o f Wotherspoon ( l o c . c i t . ) •  However, Wotherspoon did 

observe s im ila r  behaviour on fre e z in g .

A Fowler p lo t  (F ig u re  6 .2 . )  g ives a value fo r  the work 

fu n c tio n  o f 3 .9 4  ± .03  eV fo r  the s o lid  and 3 .9 9  ± .03  eV fo r  

the l iq u id .  This is  in  e x c e lle n t agreement w ith  the value o f 

3 .95  eV obtained by N o rris  e t  a l  (1 9 7 2 ). In  the absence o f 

any s u ita b le  r e f l e c t i v i t y  data  fo r  l iq u id  le a d , both s o lid  

and l iq u id  y ie ld s  were c a lc u la te d  using the re s u lts  o f Lemmonier 

e t  a l  (1973) fo r  evaporated f ilm s  (F ig u re  6 . 2 . ) .

6 .2 .3 .  L iq u id  Lead

Figure 6 .3 .  shows EDO's obtained fo r  l iq u id  lead  fo r  low

photon e n e rg ie s . Only one major fe a tu re  is  apparent — the peak 

a t - 2 .6  eV which is  very s tro n g . These EDO's are very s im ila r  to  

those obtained by M orris  e t  a l  (1972 ) fo r  an evaporated f i lm  

except th a t the peak seen in  th a t  work, ju s t  below the Fermi edge, 

does not appear. The s tru c tu re  seen appears to  be constant 

both in  p o s itio n  and s tre n g th . The p o s itio n  o f the major

fe a tu re  d i f fe r s  from th a t observed by Wotherspoon ( l o c . c i t . )  who 

placed i t  a t  —1 .9  eV in  the l iq u id .

6 .2 .4 .  S o lid  Lead

There are two sets  o f EDCs fo r  s o lid  le a d . As exp la in ed

in  Chapter 5 the ra te  o f fre e z in g  appears to  a f fe c t  the  

c r y s t a l l in i t y  o f the s u rfa c e , which is  very h ig h ly  s tru c tu re d  

(see F igure 6 .4 . )  and, as may be seen from F igures  6 .5 .  and 6 .6 ,  

the EDO's co n ta in  many fe a tu re s .

In  the ra p id ly  frozen  s o lid  the s in g le  major fe a tu re  o f 

the l iq u id  has s p l i t  in to  th ree  peaks. There is  a major peak
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centered a t -3  eV, which appears to  be f a i r l y  constant in  s tre n g th *  

This is  flan ked  by two minor peaks, both o f which vary in  s tre n g th ,  

one vary ing  in  p o s itio n  between —1 .8  and —2 eV, appearing a t

maximum s tren g th  a t  10 .2  eV photon energy, and one a t  - 4 .1  eV 

appearing to  increase  in  s tren g th  w ith  photon energy. There is

a suggestion th a t the major peak a t —3 eV may be a d o u b le t, as i t

appears to  be f l a t  topped a t h igher photon e n e rg ie s , but th is  is  

not resolved f u l l y .

In  the s lo w ly  frozen  s o lid  the same s tru c tu re  is  apparent 

but in  a g re a t ly  weakened form . The separate  peaks are only

p ro p erly  reso lved a t high photon e n erg ie s , so th a t  a t  lower

energ ies  the merging o f the peaks a t  —3 .0  eV and - 1 .8  eV g ive the  

appearance o f a s in g le  peak centered a t —2 .6  eV as in  the l iq u id .  

The slow ly frozen  s o lid  thus appears to  be an in te rm e d ia te  step  

in  s tru c tu re  between the ra p id ly  fro zen  s o lid  and the l iq u id  — 

th is  is  supported by the observation  th a t  the  evaporated f i lm  

re s u lts  o f N o rris  e t  a l  (1972) are very l iq u id  l i k e .

5 .2 .5 .  High Energy EDCs

Figures 6 .7 .  and 6 .8 .  show EDO's fo r  s o lid  and l iq u id

lead  a t  16 .6  and 2 1 .2  eV compared w ith  those o f Wotherspoon

( l o c . c i t . ) .  At these energ ies the separate  peaks seen a t  low

energy in  the s o lid  are not reso lv ed , and both l iq u id  and s o lid  

have a s in g le  fe a tu re  a t —2 .6  eV. The s o lid  and l iq u id  d i f f e r  

q u ite  s tro n g ly  away from the Fermi edge, on ly  one fe a tu re  being  

observed in  the l iq u id  — a peak a t  - 7 .5  eV. In  the s o lid  two 

fe a tu re s  were observed — peaks a t  - 5 .5  and —11 eV, th e re  being a 

d ip  a t  - 7 .5  eV. The re s u lts  o f Wotherspoon do not confirm  

these fe a tu re s  in  the s o l id ,  although th is  may be due to  fre e z in g
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the l iq u id  in  a d i f fe r e n t  form . However, both h is  re s u lts  fo r  

the l iq u id  and those o f N o rris  e t  a l  (1972) fo r  an evaporated  

f i lm  agree on the ex is ten ce  o f a peak a t  —7 .5  eV.

6 .2 .6 .  O p tic a l Density  o f S ta tes

The 21 .2  eV EDC fo r  l iq u id  lead  was used, w ith  the  

background s u b tra c ted , as the s ta r t in g  p o in t fo r  an a n a ly s is , as 

d e ta ile d  p re v io u s ly . In  F igure 6 .9  i t  is  compared w ith  the XPS 

re s u lt  o f P o lia k  ( l o c . c i t . )  which is  in  good agreement regard ing  

the peak a t —2 .6  eV.

F igure 6 .1 0  shows the o p t ic a l d e n s ity  o f s ta te s  obtained  

from the a n a ly s is . This can be seen to  d i f f e r  considerab ly  from 

the fre e  e le c tro n  p ic tu re .  F igure 6 .11  shows the EDO’ s obtained  

from th is  d en s ity  o f s ta te s  compared w ith  the experim ental r e s u lts .  

Although the agreement o f the y ie ld  a t  high energy is  poor, i t  

may be seen th a t the agreement o f both the s tr u c tu r a l  s tren g th  

and p o s itio n  are good. The values fo r  the absorption  c o e f f ic ie n t  

were taken from Lemonnier e t  a l  (1 9 7 3 ). The value o f 1^ obtained  

from the a n a ly s is  was 3g8 . This is  h igher than the value o f lo 8  

obtained by Wotherspoon ( l o c . c i t . )  but is  not in c o n s is te n t w ith  

the work o f Brundle (1 9 7 4 ).

6 .2 .7 .  Discussion

As in  the case o f the previous two m e ta ls , the l iq u id  

specimen shows behaviour c h a ra c te r is t ic  o f non—d ir e c t  t r a n s it io n s ,  

w h ils t  the s o lid  behaviour is  c h a ra c te r is t ic  o f d ir e c t  t r a n s it io n s .  

Again, as p re v io u s ly , the s tru c tu re  observed appears to  be 

in v a r ia n t  over a wide energy range in d ic a t in g  th a t  the e f fe c ts  o f 

m atrix  elements are s m a ll.
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The band s tru c tu re  fo r  lead  shows c le a r ly  separated p 

and s bands and although the photon energ ies  are too low in  

th is  experim ent fo r  the s band to  be c le a r ly  d e fin e d , due to  

the la rg e  s ca tte re d  peak on the high energy EDC*s, the p band 

is  f u l l y  covered and the fe a tu re s  seen in  the o p t ic a l d en s ity  

o f s ta te s  may be id e n t i f ie d  w ith  fe a tu re s  in  th is  band.

F igure  6 .10  shows the f in a l  o p t ic a l d en s ity  o f s ta te s  compared 

w ith  the band s tru c tu re  o f McFeely e t  a l  ( l o c . c i t . )  fo r  the  

spin o r b i t  s p l i t  s itu a t io n .  The d ip  in  the 0005 a t —3 .8  eV 

may be seen to  correspond w e ll w ith  the bottom o f the p band, 

w h ils t  the broad peak centered a t  - 2 .2  eV corresponds w ith  the  

major peak in  the band. The peak a t the Fermi edge may

be associated  w ith  the minor peak in  the p band. The onset o f 

the s band is  masked by the e ffe c ts  o f s c a tte re d  e le c tro n s .

The r e la t iv e  h e ig h ts  o f the peaks a t  - 2 .2  eV and a t the Fermi

edge agree w ith  the re s u lts  o f Ley e t  a l  ( l o c . c i t . )  fo r  XPS, who 

in te r p r e t  the w e ll de fined  d ip  between them (assoc iated  w ith  a 

d ip  in  the p band a t  —1 eV) as being in d ic a t iv e  o f the e f fe c ts  

o f spin o r b it  s p l i t t i n g ,  since theory in d ic a te s  th a t th is  d ip  

would not be w e ll resolved in  a non spin o r b i t  s p l i t  case.

6 .3 .  TIN

6 .3 .1 .  Experim ental

T in  was a lso  an easy m etal to  handle e x p e rim e n ta lly .

I t  has a low m e ltin g  p o in t (252°C ) and may be contained in  the  

same way as le a d . The re s u lts  given here are from th ree  

separate  experim ents, some o f which have been reported  e a r l i e r  

(N o rr is  e t  a l  1 9 7 2 ).
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6 .3 .2 .  Y ie ld  o f T in

F igure 6 .12  shows the quantum y ie ld  o f s o lid  and l iq u id

t i n .  There are s ev e ra l peaks, the major one being a t  6 .2  eV 

and no tab ly  s tro n g er in  the s o lid  than in  the l iq u id .  There 

is  a common peak a t  7 ,7  eV. In  the s o lid  th e re  is  a peak a t  

9 eV fo llow ed by a d ip  a t 9 .4  eV and another peak a t  11 eV.

In  the l iq u id  the f i r s t  peak is  broader and occurs a t  9 .5  eV 

w ith  the d ip  a t  1 0 .3  eV.

At low er e n e rg ie s , s o lid  and l iq u id  y ie ld s  are  

id e n t ic a l .  A Fowler p lo t (F ig u re  6 .1 3 )  g ives a work fu n c tio n  

o f 4 .2 7  t  .02  eV. This is  in  reasonable agreement w ith  the  

value o f Goetz (1929 ) (4 .2 1  eV) but does not agree w ith  the  

value obtained by Stevenson (1968) o f 4 .0 5  eV. In  the absence

o f data on the r e f l e c t i v i t y  o f l iq u id  t i n ,  both s o lid  and l iq u id

y ie ld s  were a rr iv e d  a t using the data  o f Lemmonier e t  a l  (1967 ) 

fo r  an evaporated f i lm  (F ig u re  6 .1 3 ) .

6 .3 .3 .  L iqu id  Tin

F igure 6 .1 4  shows the EOC's fo r  l iq u id  t in  a t low 

energy. As p rev io u s ly  reported  th ere  are two main fe a tu re s .  

However, la t e r  work w ith  improved re s o lu tio n  and s ig n a l to  noise  

r a t io  in d ic a te s  a s l ig h t ly  d i f fe r e n t  p o s itio n  o f these fe a tu re s  - 

peaks occurring  a t —1 .2  eV and - 2 .6  eV in s tead  o f —1 .0  and 2*4  

as given e a r l i e r .  There is  a lso  a suggestion in  an EDC, taken  

a t a h igher energy (1 1 .2  eV) than used p re v io u s ly , th a t the  

peak a t  - 2 .6  may be an unresolved doublet s in c e , a t th is  energy, 

the peak is  very broad and shows signs o f s p l i t t i n g .  The 

s tru c tu re  in  the EDO's is  co n s is ten t in  p o s itio n  and s tren g th  

fo r  a l l  photon energ ies  used.
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6*3.4. Solid Tin

Figure 6.15 shows a series of EDC*s for rapidly frozen

t i n .  W ith th is  m a te r ia l,  attem pts to  produce a s low ly fro zen  

surface re s u lte d  in  a very la rg e  slow e le c tro n  peak in d ic a t iv e  

o f contam ination o f the s u rfa c e . There d id  not appear to  be 

much sm all sca le  surface  s tru c tu re  in  the samples as seen in  

lead  (see F igure 6 .1 6 ) ,  but only la rg e  sca le  defo rm ations.

This is  borne out by the fa c t  th a t the fe a tu re  a t  - 4 .1  el/

observed by C a s te lijn s  e t  a l  (1977) on a roughened f i lm ,  and

associated  by them w ith  surface s ta te s , is  not observed.

The EDC*s fo r  s o lid  t in  appear f a i r l y  s im ila r  to  those 

fo r  the l iq u id .  There are two major fe a tu re s  which are both 

considerab ly  s tro n g er than in  the l iq u id .  One is  lo cated  a t  

—1 .1  el/ a t  low photon energ ies and moving to  —1 .5  a t h igher  

e n erg ie s , the s tren g th  o f the peak a lso  v a ry in g . The o ther  

fe a tu re  occurs a t  —3 .2  el/ in  the 10 .2  el/ EDC, moving towards 

the Fermi edge and becoming weaker as the photon energy is  

reduced. The behaviour o f th is  second peak is  in  agreement 

w ith  the observations o f C a s te lijn s  e t  a l  ( l o c . c i t . )  -  however, 

they d id  not observe any movement o f the peak c lo s e r to  the  

Fermi edge, and th is  may be associated  w ith  the bulk nature o f 

the sample.

6 .3 .5 .  High Energy EDC's

As mentioned in  6 .3 . 4 . ,  problems were encountered w ith  

contam ination o f the surface on fre e z in g  the t i n .  This problem  

was encountered even more s tro n g ly  w ith  the high energy sample, 

and u s e fu l EDC's could not be obtained fo r  the s o l id .  A lso, 

neon was not a v a ila b le  a t the tim e o f th is  experim ent so th a t
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EDC'a could only be taken a t  21 .2  eV. F igure 6*17 shows an 

EDC For l iq u id  t in  a t 21 .2  eV. This d i f f e r s  considerab ly  from 

th a t o r ig in a l ly  re p o rte d , but the o r ig in a l  published re s u lts  are  

now be lieved  to have been in  e rro r  due to problems w ith  the 

d e te c tio n  system. The EDC shows the fe a tu re  a t - 2 .6  eV seen 

in  the low energy s p e c tra , and there  is  a lso  a broad peak 

centered a t  —6 eV.

6 .3 .6 .  O p tic a l D ensity  o f S ta tes

The 21 .2  eV EDC was used, w ith  the background s u b tra c ted , 

as the s ta r t in g  p o in t fo r  the a n a ly s is , and F igure  6 .18  shows 

th is  compared w ith  P o lia k 's  XPS r e s u l t .  The agreement near 

the Fermi edge is  good, although the s tru c tu re  seen by P o liak  

a t —6 eV is  not ap p aren t. F igure 6 .1 9  shows the f in a l  o p t ic a l  

d en s ity  o f s ta te s  obtained and, as w ith  previous m a te r ia ls , th is  

d i f f e r s  considerab ly  from the fre e  e le c tro n  p ic tu r e .  F igure  

6 .2 0  shows the p red ic ted  EDC's compared w ith  the experim ental 

re s u lts .  The agreement o f the s tru c tu re  is  good, although  

again the y ie ld  is  not in  agreement a t  the h ig h er e n erg ie s .

The values used fo r  the absorption  c o e f f ic ie n t  were 

taken from Lemmonier e t  a l  (1 9 6 7 ). The value o f 1^ gained from  

the a n a ly s is  was 50%. This is  ra th e r  high and suggests th a t  th e re  

may be some o th e r fa c to r  a f fe c t in g  the y ie ld  in  th is  case.

6 .3 .7 .  D iscussion

As in  the previous cases the s tru c tu re  seen in  the  

l iq u id  EDC's is  constant in  p o s itio n  and s tre n g th  over a wide 

range o f photon e n e rg ie s , suggesting th a t the e f fe c ts  o f m a trix
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elements are not im p o rta n t. U n fo rtu n a te ly  the photon energies  

used are not g re a t enough fo r  the 5s band o f t i n  to  be f u l l y  

examined, although the peak a t —7 eV in  the 2 1 .2  eV re s u lt  

corresponds w e ll w ith  the onset o f th is  band. The main d ip  

observed in  the o p t ic a l  d en s ity  o f s ta te s  corresponds w e ll w ith  

the bottom o f the p band a t  —4 ,5  eV.

There is  no d en s ity  o f s ta te s  a v a ila b le  fo r  l iq u id  

t i n .  However, Van Attekum (1978) has produced a d en s ity  o f 

s ta te s  fo r  the s o l id .  A smoothed vers ion  o f th is  is  shown 

in  F igure 6 .1 9 . There is  strong s tru c tu re  in  th is  d en s ity  o f 

s ta te s , p a r t ic u la r ly  in  the presence o f a peak a t  —5 .3  eV. 

Although th is  agrees w e ll w ith  the p o s itio n  o f the lower 

maximum in  the ODOS th is  may be fo r tu ito u s  as th e re  are e f fe c ts  

due to  s ca tte re d  e le c tro n s . However, the agreement in  the  

s tru c tu re  in  the p band close to the Fermi edge, p a r t ic u la r ly  

in  the presence o f a strong peak a t —1 ,5  eV, is  good.
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CHAPTER 7:- MERCURY AND MERCURY ALLOYS

7 ,1 .  In tro d u c tio n

Mercury (6s^ ) is  a d iv a le n t m etal o f Group IIA  and has 

a m eltin g  p o in t o f -3 9 °C , I t  is  rhombohedral in  the s o lid  

phase. The e le c tro n ic  s tru c tu re  o f mercury has been o f 

considerab le  in te r e s t  fo r  some tim e , s ince i t  was found th a t i t s  

e le c tro n ic  p ro p e r t ie s , notab ly  the r e s is t iv i t y  and thermopower, 

d i f f e r  considerab ly  from those o f o th er m e ta ls . In  order to  

e x p la in  t h is ,  M ott (1966) suggested the ex is ten ce  o f a strong  

d ip  in  the d en s ity  o f s ta te s  near to  the Fermi edge (a  'p seu d o g ap '). 

However la t e r  work by Evans e t  a l  (1969 ) and Evans (1 9 7 0 ),  

succeeded in  e x p la in in g  the m e ta l's  p ro p e rtie s  in  terms o f a 

new p seu d o p o ten tia l, w ith o u t recourse to the id ea  o f a pseudogap. 

S t i l l  more recen t c a lc u la t io n s  by Chan and B a lle n tin e  ( l 9 7 l )  

and Ichikawa (1972 ) have given a d en s ity  o f s ta te s  w ith  a much 

weaker d ip  near the Fermi le v e l than th a t  o r ig in a l ly  proposed 

by M o tt.

Since photo electron  spectroscopy may provide some evidence  

as to  the nature o f the den sity  o f s ta te s , mercury is  a 

p a r t ic u la r ly  a t t r a c t iv e  su b ject fo r  th is  s tu d y . Mercury is  an 

easy m etal to  a llo y  so th a t ,  besides the p o s s ib i l i t y  o f d ir e c t ly  

p e rce iv in g  the d ip  near the Fermi edge, i t  may a lso  be possib le  

to  observe the e f fe c ts  o f a llo y in g  on th is  d ip .  The p re d ic tio n s  

o f M ott in d ic a te  th a t  i f  mercury is  a llo y e d  w ith  indium , the d ip  

should be g ra d u a lly  f i l l e d  in  as the co n cen tra tio n  o f indium is  

in c reased . I f ,  however, i t  is  a llo y e d  w ith  an a lk a l i  m etal 

such as sodium, i t  should be possib le  to  observe the opposite  

e f f e c t .
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F in a l ly ,  mercury a lso  has a 5d band c lo se  enough to  the  

Fermi edge to  be seen a t the h igher photon e n e rg ie s , and the  

e f fe c t  o f a llo y in g  on th is  may be examined*

7 .2 .  Mercury

7 .2 .1 .  Experim ental

E xp e rim e n ta lly , mercury presents a problem not encountered

w ith 'th e  o th er m a te ria ls  in  th is  work. Since the vapour pressure

—4a t room tem perature is  = 2 x 10 T o rr , a mercury d if fu s io n  pump 

must be used. I t  a lso  means th a t the sample cannot be baked in  

the chamber s ince i t  would then evaporate t o t a l l y .  The technique  

adopted fo r  the experim ent was as fo llo w s . The chamber was 

assembled w ith  a c lean  molybdenum ta b le  and q u a rtz  c ru c ib le ,  

but w ith  no mercury in  the c ru c ib le . The system was baked and 

pumped down to  < 10*^^ to r r  and the ta b le  outgassed. The system  

was then brought up to  atmospheric pressure by the admission o f 

dry n itro g e n , the c ru c ib le  f i l l e d  as q u ic k ly  as p o ss ib le  and the  

system pumped down again — a pressure o f = lO"^ t o r r  being  

a tta in a b le  due to the sm all surface area o f mercury exposed.

A fte r  a fu r th e r  outgas o f the specimen ta b le ,  the mercury was 

then poured. A system fo r  d i s t i l l a t i o n  o f the mercury in to  the  

chamber was t r ie d  but th is  was not s a t is fa c to ry  as i t  took too  

long and the sample was u s u a lly  contam inated by the end o f the  

process. Specimen loss due to evaporation  d id  not prove to  be a 

problem, approxim ately  h a lf  o f the specimen being lo s t  in  24 hours. 

The use o f a mercury pump had the a d d it io n a l advantage th a t ,  by 

v io le n t  movements o f the ta b le ,  the o ld  specimen could be shaken 

o f f  and a fresh  sample poured, a llo w in g  more than one sample to  

be examined on each run w ithout a f fe c t in g  the pumping system.

O bviously , since th ere  is  such a high pressure o f mercury
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in  the chamber, i t  is  not possib le  to d ep o s it a c lean gold f i lm  

during the experim ent. I t  was th e re fo re  necessary to  conduct 

a separate experim ent, using the sodium s a lic y c la te  phosphor 

mentioned in  Chapter 4 as an in te rm ed ia te  s tan d ard , to  measure 

the y ie ld .  U n fo rtu n a te ly  the re s u lts  g iven here do not 

represent a complete p ic tu re  as the f a i lu r e  o f the mercury pump, 

mentioned in  Chapter 4 , caused the exp erim en ta l programme to

be c u r ta i le d .  The ambient vacuum during  the experim ent as

-5  •measured by mass spectrom eter was = 2  x 10 t o r r  o f mercury 

w ith  ttac e s  o f N^, H^O, 0^ and CO  ̂ t o t a l l in g  4 x lO"^ t o r r .

In  th is  chapter UPS re s u lts  are presented fo r  l iq u id  

mercury and th ree  mercury a llo y s  (Hg^Q-In^Q, Hg^g-IOgg, Hggg-Nag^). 

These are analysed in  terms o f the 3 -s te p  model, and i t  is  shown 

th a t they are co n s is te n t w ith  the Mott pseudogap concept.

7 .2 .2 .  Y ie ld  o f Mercury

Figure 7 .1 .  shows the quantum y ie ld  o f mercury. I t  

may be seen th a t th is  is  ch arac te rised  by s e v e ra l strong peaks — 

a t  6 .7  eV, 8 .8  eV, 9 .9  sV and 11 eV. These peaks are constant 

in  p o s itio n  but not in  s tre n g th , a rep ea t o f the y ie ld  measurement 

one hour a f t e r  the i n i t i a l  measurement (which was taken ju s t  a f t e r  

pouring) showing a considerab le  change. I f  th is  re s u lt  is  

compared w ith  the e le c tro n  im pact spectrum o f mercury vapour 

(S kerbele  e t  a l  1969) or e x c ita t io n  p o te n t ia l  values (Moore 1949) 

i t  w i l l  be seen th a t  th ere  is  extrem ely good correspondence in  

the p o s itio n  o f the peaks both w ith  peaks in  the e le c tro n  im pact 

spectrum and w ith  known e x c ita t io n  p o te n t ia ls ,  namely 6 P, 7 P,
3

9 P and 6p P. Since the low est io n iz a t io n  p o te n t ia l  fo r  

mercury vapour is  13 .4  eV, th ere  obviously  cannot be photoemission
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ta k in g  place from the vapour above the s u rfa c e . I t  seems 

l i k e l y ,  however, th a t the mercury atoms ju s t  above the surface  

are being e xc ite d  in to  a m etastable s ta te .  These then de—e x c ite ,  

and th is  re s u lts  in  the form ation  o f photoelectrons in  the bulk  

c lo se r to  the surface  than would norm ally  accu r, w ith  a 

consequently increased escape p o s s ib i l i ty  (see F igure 7 * 2 . ) .

This is  borne out by the fo llo w in g  experim enta l o b serva tio n s . 

F i r s t ly ,  the EDC's d id  not d is p la y  the tim e dependence seen in  

the y ie ld  and secondly, contam ination o f the sample caused the  

s tru c tu re  to 'wash out* as expected from previous experim ents  

on o th er m eta ls , w h ils t  emission from the vapour should not be 

s e n s it iv e  to t h is .

The change in  s tren g th  o f the peaks may w e ll be due to  

a change in  the amount o f vapour present above the specimen, ^ 

possib ly  caused by the ra te  o f evaporation  reaching e q u ilib r iu m  

w ith  the ra te  o f pumping. M ild  contam ination d id  not appear to  

p a r t ic u la r ly  a f fe c t  the system pressure — probably the high loss  

ra te  o f evaporation  in h ib its  the form ation  o f a surface *s k in * .

The r e f le c t io n  data used fo r  c a lc u la t io n  o f the y ie ld  

was from Wilson and Rice ( l9 6 6 ) .

7 .2 .3 .  L iqu id  Mercury

Figure 7 .3 .  shows EDC's fo r  l iq u id  mercury a t room 

tem peratu re . I t  may be seen th a t th ere  is  a strong fe a tu re  a t 

—2 .3  eV, and a strong negative slope to the Fermi edge. This  

strong negative  slope is  in  d ir e c t  c o n tra s t to the p re d ic tio n s  

o f Chan and B a lle n tin e  ( l o c . c i t . ) ,  Ichikawa ( l o c . c i t . )  and Evans 

( l o c . c i t . )  which in d ic a te  a d en s ity  o f s ta te s  sharp ly  r is in g  

towards the Fermi edge. The p o s itio n  agrees w e ll w ith  the 

d en sity  o f s ta te s  o f Kuroha e t a l  (1 9 7 7 ).
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The fe a tu re  a t - 2 .3  eV is  constant in  s tren g th  and 

p o s it io n . This is  close in  energy to the p o in t where the f i r s t  

conduction band touches the B r i l lo u in  zone face  in  s o lid  mercury 

as c a lc u la te d  by Dishman and Rayne (1968 ) a t  —2 ,4  eV and Keeton 

and Loucks(l966) a t  —2 ,7  eV,and may w e ll be due to p ers is tence  

o f some aspects o f the s o lid  s ta te  band s tru c tu re  on m e ltin g .

In  p a r t ic u la r  i t  suggests th a t  the s tru c tu re  in  the EDC close  

to  Ep is  due to a reg ion  o f low d en s ity  o f s ta te s  associated  

w ith  the overlap  o f the f i r s t  and second conduction bands.

F igure 7 ,4  shows an EDC fo r  mercury a t  h V =  6 eV in  

comparison w ith  one obtained by C o tt i  e t  a l  (1 9 7 3 ), I t  is  

possib le  to  d iscern  a s l ig h t  negative  slope approaching the  

Fermi edge, but the fe a tu re  seen by C o tt i  a t  a l  ( l o c , c i t , )  a t  

—1 eV is  not re s o lv e d ,

7 ,2 ,4 ,  S o lid  Mercury

An attem pt was made to  o b ta in  EDC*s from s o lid  mercury 

using the *co ld  ta b le *  system o f F igure 7 ,5 ,  However, w h ils t  i t  

proved possib le  to  fre e ze  mercury in  th is  way, i t  was found th a t  

the high vapour pressure o f mercury present in  the system 

re s u lte d  in  the condensation o f mercury d ro p le ts  onto the  

e le c t r ic a l  c o n ta c ts , sh o rtin g  them o u t. Th is  could p o ss ib ly  be 

avoided by using the d i s t i l l a t i o n  system shown in  F igure 7 ,6 ,  

in s tead  o f the c ru c ib le  system. By pouring from the c a p i l l ia r y  

syphon system onto an a lready  cold ta b le ,  the evaporation  o f  

mercury in to  the system may be kept to  a minimum# A d d itio n a l 

b e n e fits  would be both the a b i l i t y  to  bake the system w ith  the  

mercury present in  the s t i l l  and a lso  to  thoroughly outgas the  

mercury by d i s t i l l a t i o n .
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7 .2 .5 .  High Energy EDC's

Figure 7 .7  shows EDC*s fo r  l iq u id  mercury a t  16 .8  and 

21 .2  eV. The two strong d band peaks, due to  tra n s it io n s  from  

the occupied spin o r b it  s p l i t  Sd^^^ snd Sd^y^ core le v e ls ,  a t  

—7 .6  eV and —9 .8  eV are c le a r ly  d e fin e d . This observed spin  

o r b it  s p l i t t in g  o f 2 .2  eV compares w ith  the value o f 2 .3  eV as 

deduced from the band s tru c tu re  o f Keeton and Loucks ( l o c . c i t . )  

and w ith  the value o f 1 .87  eV obtained from atom ic term ta b le s  

(Moore 1 958 ).

The sm all fe a tu re  a t —2 .3  eV is  again seen, as is  the  

negative  slope to  the Fermi edge. There is  a lso  a fe a tu re  a t  

- 5 .5  eV in  the 21 .2  eV EDC which is  almost c e r ta in ly  due to  

t ra n s it io n s  from the upper d le v e ls  in c ite d  by the s a t e l l i t e  |3 

l in e  in  the gas discharge a t 23 .1  eV. There is  a s im ila r  

fe a tu re  a t —4 .5  e\J in  the 1 6 .8  eV EDC due to  the |3 l in e  in  neon 

a t 19 .7  eV.

Mott has suggested th a t the r a t io  o f the d en s ity  o f 

s ta te s  a t the Fermi le v e l to the fre e  e le c tro n  value (th e  g 

fa c to r )  is  = 0 .7 .  This agrees w e ll w ith  the r a t io  o f the h e ig h t 

o f the —2 .3  eV fe a tu re  to the he ig h t o f the edge in  the 21 .2  eV 

EDC (0 .6 6 )  where the e f fe c ts  o f the 'escape p r o f i l e '  and the  

secondary background are low .

Figure 7 .8  shows the e f fe c t  o f a i r  contam ination  on 

m ercury. This re s u lts  in  the form ation  o f fe a tu re s  a t —1 .9  

and —3 e \ l  and, as the contam ination becomes very heavy, the d 

band peaks move away from the Fermi edge (exposure is  given in  

Figure 7 .8  in  Langm uirs). This shows th a t  the s tru c tu re  

observed a t - 2 .3  eV is  not due to  contam ination or to  c o n tr ib u tio n s  

from the vapour.
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7 .2 .6 .  O p tic a l D ensity  o f S ta tes

In  view o f the e ffe c ts  due to  the s a t e l l i t e  l in e s  in  

the high energy EDO's, the 10 .2  eV EDO was used as a s ta r t in g  

p o in t fo r  the a n a ly s is . Using the procedure d e ta ile d  e a r l ie r  

a f in a l  o p t ic a l  d en s ity  o f s ta te s  was obta ined which is  shown 

in  F igure 7 .9 .  compared w ith  a fre e  e le c tro n  d en s ity  o f s ta te s .  

The strong n eg ative  slope to  the Fermi edge and the strong  

fe a tu re  a t  - 2 .3  eU are im m ediately a p p aren t. The values used 

fo r  the absorp tion  c o e f f ic ie n t  were taken from the o p t ic a l data  

o f Wilson and Rice ( l o c . c i t . ) .  The a n a ly s is  y ie ld e d  a value  

o f 1^ o f loS. Figure 7 .1 0 . shows the c a lc u la te d  EDO's compared 

w ith  the exp erim en ta l r e s u lts .  The s t r u c tu r a l  agreement is  

good, but the agreement o f the y ie ld s  is  f a i r l y  poor. However, 

th is  may be due to  the c o n tr ib u tio n  from the la rg e  s ca tte re d  

peak.

7 .2 .7 .  D iscussion

As w ith  the m etals p re v io u s ly  examined, the s tru c tu re  

observed in  the d en s ity  o f s ta te s  is  constant both in  p o s itio n  

and s tre n g th  r e la t iv e  to  the Fermi edge, in d ic a t in g  th a t  the  

e ffe c ts  due to  m a trix  elements are s m a ll. The most n o tic e a b le  

fe a tu re  in  the o p t ic a l  d en s ity  o f s ta te s  is  the strong n egative  

slope below the Fermi edge which Mott ( l o c . c i t . )  a t t r ib u te s  to  

the overlap  o f the f i r s t  and second conduction bands. W h ils t 

sev e ra l workers have c a lc u la te d  d e n s it ie s  o f s ta te s  fo r  m ercury, 

and th a t o f Kuroha e t  a l  ( l o c . c i t . )  agrees w e ll in  the p o s itio n  

o f the fe a tu re  a t  —2 .3  eV, a l l  in d ic a te  th a t the slope below 

the Fermi edge is  p o s it iv e .  F igure 7 .1 0 . shows the comparison 

between the Kuroha d en s ity  o f s ta te s  and the f in a l  o p t ic a l
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d en s ity  o f s ta te s . The re s u lts  obtained in  th is  work show 

b e tte r  agreement w ith  the o r ig in a l  work o f Mott than w ith  th a t o f 

l a t e r  w orkers.

7 .3 .  Mercury A lloys

7 .3 .1 .  Experim ental

E x p e rim e n ta lly , mercury a llo y s  presented no more 

problems than pure m ercury. The only a lte r a t io n s  to  the  

technique consisted  o f f i l t e r i n g  the a llo y s  through glass wool 

to  remove oxide f i lm  and, in  the case o f mercury-sodium a l lo y ,  

p re p ara tio n  under argon as the a llo y in g  is  h ig h ly  exotherm ic .

Due to  the evaporation  o f mercury during  the course o f the  

experim ent th e re  is  some change in  the com position o f the a l lo y ,  

but experim ents on the ra te  o f loss o f pure mercury in d ic a te  

th is  should be le s s  than 5%  fo r  Hg^g-In^Q and 2 i%  fo r  Hg^g—Ingg 

over a period o f 3—4 hours, which is  long enough fo r  the  

experim ent.

7 .3 .2 .  Y ie ld  o f Mercury — Indium A lloys

Figure 7 .11  shows the y ie ld  o f two m ercury-indium  a llo y s

(taken  s h o rtly  a f t e r  pouring) compared w ith  those o f pure mercury 

and pure l iq u id  ind ium . R e f le c t iv i ty  data  is  taken here from 

S isk ind  e t  a l  (1 9 7 2 ), the values fo r  25at.%  indium being  

e x tra p o la te d  from t h e i r  re s u lts  fo r  20 and 30at.%  indium .

As expected , the peaks due to  the mercury vapour appear 

in  both y ie ld s  though i t  is  n o tic e ab le  th a t  th ere  is  a change in  

the s tru c tu re  between 9 and 10 .5  eV, s tro n g est in  the 50% 

indium y ie ld ,  co n s is te n t w ith  the presence o f a corresponding  

peak in  the y ie ld  o f pure indium . No o th e r changes are
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observed, except an o v e ra ll  increase  in  the y ie ld ,  which is

probably due to  the h igher r e a c t iv i t y  o f the indium re s u lt in g

in  a more ox id ised  s u rfa c e . F igure 7 ,12  shows a Fowler p lo t

fo r  Hg__-In _ . This gives a value o f 4 .3 9  ± 0 .0 3  e \J  fo r  the  
# fb # Zb

work fu n c tio n . Since the value obtained fo r  l iq u id  indium was 

3 .94  eV and the work fu n c tio n  o f pure mercury is  g e n e ra lly  

taken as 4 .5  eV (R iv ie re  1969) th is  r e s u lt  is  not unreasonable. 

U n fo rtu n a te ly  s im ila r  data fo r  Hg and Hg^Q-In^^ is  not 

a v a ila b le .

7 .3 .3 *  Low Energy EDO's — M ercury-indium

Figures 7 .1 3  and 7 .14  show low energy EDO's from two 

Hg — In  a llo y s .  In  both a llo y s  the slope approaching the  

Fermi edge is  now p o s it iv e  — s l ig h t ly  so in  the 2 5 %  a l lo y ,  more 

s tro n g ly  so in  the 50^ a llo y  — and th is  is  c o n s is te n t w ith  the  

f i l l i n g  o f s ta te s  near to the edge as p re d ic te d  by Mott ( l o c . c i t ) .  

The fe a tu re  seen in  pure mercury a t  —2 .3  eV is  not now observed 

in  e ith e r  a l lo y .  Although the s c a tte re d  peak in  the 50^ a llo y  

is  very la rg e  and could 'wash out* th is  fe a tu re ,  the s ca tte re d  

peak in  the 25^ a llo y  is  not excess ive , and th is  suggests th a t  

the peak is  e ith e r  g re a t ly  weakened or has been s h ifte d  in  

energy away from the Fermi edge.

Although the bulk com position o f the a llo y  is  known, 

th e re  remains the question o f whether th e re  may be surface  

enrichm ent. A theory  o f th is  e f fe c t  has been presented by 

W illiam s and Nason (1974) based on a p a irw ise  bonding or quasi— 

chem ical approach fo r  s o lid  b in ary  a llo y s .  R esults  fo r  l iq u id  

Ag—Cu a llo y  (N o rr is  e t  a l  1976) have shown reasonable agreement 

w ith  t h is ,  but i t  is  not c le a r  i f  in  th is  present case, where
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th e re  is  a considerab le  loss o f m a te r ia l from the surface  and 

the technique is  probing deeper than the surface  la y e r ,  the  

theory is  a p p lic a b le . A rough estim ate  o f the a llo y  

c o n c e n tra tio n , based on the r e la t iv e  slope approaching the Fermi 

edge fo r  the d i f fe r e n t  a llo y s  and components, g ives  a r e s u lt  in  

good agreement w ith  the known bulk c o n c e n tra tio n .

7 .3 .4 .  High Energy EDC*s

F igure 7 .1 5  shows EDC*s fo r  Hg^Q-In^Q a llo y  a t  2 1 .2  and

1 6 .8  eV. I t  may be seen th a t the s tru c tu re  near the Fermi edge 

is  co n s is ten t w ith  the low energy EDCs and th a t  a weak fe a tu re

is  now observed a t  about —2 .6  eV (a lth o u g h , as w ith  the weak

fe a tu re s  in  alum inium , p rec ise  lo c a tio n  is  d i f f i c u l t ) .  This  

again is  c o n s is te n t w ith  the p re d ic tio n s  o f M ott ( l o c . c i t . ) .

The d-band peaks are again observed, but s h ifte d  both  

in  p o s itio n  and in  w id th . F igure 7 .1 6  summarises the b ind ing  

energ ies r e la t iv e  to  the Fermi le v e l  and the co rrec ted  w idths  

fo r  Hg and Hgj^-IO gQ .

7 .3 .5 .  Mercury-Sodium A llo y

As s ta te d  e a r l i e r ,  mercury-sodium a llo y  is  d i f f i c u l t  

to  p rep are , due to  the very high r e a c t iv i t y  o f the sodium. 

Because o f th is  the surface  o x id ises  re a d ily  and th is  re s u lts  

in  a la rg e  s ca tte re d  peak in  the E D C s. Due to  th is  problem  

i t  was possib le  to  o b ta in  a useable EDC a t  on ly  one photon 

energy -  7 .7  eV where the lamp output is  g re a te s t .

F igure 7 .17  shows the EDC thus obta ined  fo r  H g -.—Na_.
#95 #04

a l lo y .  I t  may be seen th a t th ere  is  a strong n egative  slope  

to  the Fermi edge and th a t the fe a tu re  a t  - 2 . 3  eV has broadened
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and i s  now c e n te re d  a t  = —1 *3  eV* T h is  a g a in  i s  i n  a c c o rd  

w i t h  th e  p r e d i c t i o n s  o f  M o t t  ( l o c * c i t * ) ,  who su g g e s te d  t h a t  on 

a l l o y i n g  w i t h  an a l k a l i  m e ta l  th e  minimum i n  N (E ) w ou ld  be 

deepened and t h e r e  w ou ld  be a s h i f t  o f  th e  F e rm i l i m i t  to w a rd s  

h ig h e r  e n e rg ie s #

7 * 3 * 6 *  D is c u s s io n

F ig u r e  7 *18  shows th e  e f f e c t  o f  a l l o y i n g  on th e  s lo p e  

t o  th e  F e rm i edge f o r  pu re  m e rcu ry  and t h r e e  m e rc u ry  a l l o y s  a t  

lo w  p h o to n  e n e r g ie s *  The a l t e r a t i o n  o f  t h i s  s lo p e  and th e  

movement o f  th e  f e a t u r e  w h ic h  o c c u rs  a t  —2 *3  eV i n  pu re  m e rcu ry  

i s  c o n s i s t e n t  w i t h  th e  s u p p o s i t i o n  by M o t t  o f  t h e  e x is t e n c e  o f  

a pseudogap i n  m e rc u ry ,  and w i t h  h i s  p r e d i c t i o n s  o f  th e  e f f e c t s  

o f  a l l o y i n g *

In  th e  h ig h  e n e rg y  E D C s  th e  d—band peaks o b s e rv e d  i n  

p u re  m e rc u ry  a re  o b se rv e d  t o  a l t e r  b o th  i n  p o s i t i o n  and i n  

w id t h *  T h is  d i f f e r e n c e  i n  w id th  r e f l e c t s  th e  g r e a t e r  d -d  

o v e r la p  f o r  th e  u p p e r  s t a t e *  On a l l o y i n g ,  th e  o v e r la p  o f  th e  

d-wave f u n c t i o n s  i s  reduced  and th e  l i n e s  n a r ro w *  The a l t e r a t i o n  

o f  th e  peaks may be e x p la in e d  i n  f a i r l y  s i m p l i s t i c  te rm s *  The 

b in d in g  e n e r g ie s  r e f l e c t  changes i n  th e  e n v i ro n m e n t  o f  th e  atoms 

and th e r e  w i l l  be l o c a l  F e rm i l e v e l  d i f f e r e n c e s *

S in c e  m e rcu ry  i s  more e l e c t r o n e g a t i v e  th a n  in d iu m ,  e l e c t r o n s  w i l l  

be a t t r a c t e d  t o  th e  m e rcu ry  f ro m  th e  u p p e r  p a r t  o f  th e  in d iu m  

v a le n c e  band , c a u s in g  a s h i f t  i n  th e  p o s i t i o n  o f  th e  band 

s t r u c t u r e *
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CHAPTER 8;- SUMMARY AND CONCLUSIONS

8 .1#  Summary o f  Y ie ld s  and Work F u n c t io n

In  T a b le  8 .1  th e  w ork  f u n c t i o n  o f  th e  e le m e n ts  s t u d ie d  

a re  sum m arised and compared w i t h  th e  r e s u l t s  o f  o t h e r  w o r k e r s .

I t  may be seen t h a t  t h e r e  i s  v e ry  l i t t l e  change o b s e rve d  be tw een 

th e  s o l i d  and l i q u i d  ph a se s , and th e  change t h a t  i s  obse rve d

l i e s  w e l l  w i t h i n  th e  l i m i t s  o f  e r r o r  o f  th e  m easurem ent. T h is

i s  n o t  un e x p e c te d  c o n s id e r in g  t h a t  v e ry  l i t t l e  change i s  o b se rve d  

i n  th e  EDC's on m e l t i n g .  E x ce p t  i n  th e  case o f  a lu m in iu m ,  th e  

v a lu e s  o b ta in e d  a re  i n  good agreem en t w i t h  th o s e  o f  e a r l i e r  

w o r k e r s ,  th e  d i f f e r e n c e s  obse rve d  a g a in  b e in g  w e l l  w i t h i n  th e  

l i m i t s  o f  e x p e r im e n ta l  e r r o r .  The v a lu e  f o r  le a d  i s  a ls o  i n  

good agreem ent w i t h  th e  t h e o r e t i c a l  p r e d i c t i o n s  o f  Lang and 

Kohn ( l 9 7 l ) ,  w h ic h  g iv e  a v a lu e  o f  be tw een 3 .8 0  and 3 .9 5  eV 

d e p e n d in g  on th e  c r y s t a l  f a c e .  The d is c r e p a n c y  i n  th e  case o f

a lu m in iu m  i s  n o t  s u r p r i s i n g  s in c e  th e  s t r o n g  oxygen a f f i n i t y

o f  t h i s  m e ta l  makes c le a n  s u r fa c e s  v e r y  d i f f i c u l t  t o  p re p a re  

and e a r l y  v a lu e s  o f  th e  w ork  f u n c t i o n  d i f f e r  c o n s id e r a b l y .

A ls o ,  th e  v a lu e  q u o te d  he re  from  R iv ie r e  (1 9 6 9 )  was o b ta in e d  

u s in g  a c o n t a c t  p o t e n t i a l  d i f f e r e n c e  method w h ich  f r e q u e n t l y  

g iv e s  v a lu e s  t h a t  a re  n o t  i n  a c c o rd  w i t h  p h o t o e le c t r o n  m easu rem en ts .

A s y s te m a t i c  movement o f  th e  v a lu e  o f  th e  work f u n c t i o n  

w i t h  v a le n c e  i s  o b s e rv e d ,  th e  work f u n c t i o n  in c r e a s in g  w i t h  

i n c r e a s in g  v a le n c e ,  e . g .  th e  v a lu e  o f  4 .0 2  eV f o r  a lu m in iu m  l i e s  

be tw een t h a t  o f  3 .5 5  eV f o r  magnesium and 5 .4  eV f o r  s i l i c o n .

In  g roup  5 th e  p r o g r e s s io n ,  i g n o r i n g  th e  t r a n s i t i o n  e le m e n ts ,  

i s : -
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Rb Sr In  Sn Sb

2 .0 9  2 .74  3 .94  4 .2 7  4 .56

and in  group 6 : -

Cs Ba T1 Pb Bi

1 .96 2 .48  3 .84 3 .94  4 .25

The other values here are taken from Wotherspoon (1 9 7 8 ) ,  R iv ie re

( l o c . c i t . ) a n d  the CRC Handbook (1 9 73 ) .^  This v a r ia t io n  o f the

work fu nc tion  is  not in c o n s is te n t  w ith  the concept th a t  the

nucleus is  im p e r fe c t ly  screened by the e le c tro n s .  There is  a lso

a general reduction  in  work function  moving from group 4 - . 5 - . 6 .

Table 8 .2 .  shows a summary of the quantum y ie ld s ,a t  

7 .7  and 10 .2  eV, o f the m a te r ia ls  s tu d ie d . I t  may be seen t h a t ,  

as in  the case of the work fu n c t io n ,  there  is  very l i t t l e  

d if fe re n c e  between the s o l id  and l i q u id .  Again th is  is  not 

in c o n s is te n t  w ith  the comparatively small changes seen in  the  

EDO's on m e lt in g .  I t  has been shown in  Chapter 3 th a t  the 

e f f e c t  o f the change, on m e lt in g , of the electron-phonon mean 

f re e  path on the y ie ld  should be com paratively  small and th is  

i s  borne out by these r e s u l ts .  I t  is  worth noting however 

th a t  there  appears to be a c o r re la t io n  between the change in  

y ie ld  on m elting  and the degree o f change in  the s tru c tu re  

observed in  the EDO's, although th is  i s  obviously d i f f i c u l t  to  

q u a n t i fy .  The la rg e s t  change o f y ie ld  is  observed in  the  

m elting  o f r a p id ly  frozen indium, the sm alles t in  the m elting  

of aluminium. This is  not in co n s is ten t w ith  the s o l id  showing 

the most s tru c tu re d  EDO's being the most c r y s t a l l i n e  in  n a tu re ,  

and thus having a longer e le c tro n —phonon mean fre e  path than 

s o l id  frozen in to  a more amorphous s ta te .



i»  >  LU

O
min

o

o'o o ’o■D
> m in

m
00

(N
ô

-o o ■o•o oCL

O*“O O
obJD,

o o ■o"O

m CN
en

00
o o

ob

ÜJ
*D

-O OO O O

or tr> 00
o

o
cb

o
ob

"O
h-►—I

en
Q)
o
o>

od

en
T3
0)

o
>»
l_
0  
E 
E
D
LO

1
(N
ob
d>
i l l



91.

8.2# Summary of Optical Density of States.

Figures 8 .3 ,  8 .4 ,  and 8 .5  summarises the o p t ic a l  density  

of s ta te s  of the m a te r ia ls  in  th is  work and compares them w ith  

the re s u lts  o f Wotherspoon (1978) fo r  Ga, T1 and B i .  What 

i s  immediately n o ticeab le  is  th a t  none o f the ODOS’ s are f re e  

e le c tro n  l i k e .  In  a l l  cases c le a r ,  d is t in c t  and consis tent  

s tru c tu re  is  seen in  the ODOS*s. I f  the OOOS*s are compared 

w ith  th e o r e t ic a l  d e n s it ie s  of s ta tes  fo r  both the l iq u id  and 

s o l id  i t  may be seen th a t  the p red ic ted  s tru c tu re  in  the l iq u id  

is  always f a r  weaker than th a t  a c tu a l ly  observed, w h i ls t  the  

agreement between the pred icted  s o l id  d e n s it ie s  o f s ta te s  and 

the ODOS's is  good. This is  co n s is ten t w ith  the idea th a t  some 

type o f b a n d -l ike  s tru c tu re  is  re ta in e d  even a f t e r  m elting  has 

taken p lace .

Figure 8 .3  shows the v a r ia t io n  o f the o p t ic a l  density  

of s ta tes  w ith  valence through the elements Hg, T l ,  Pb and B i .  

Movement of the main minimum (shown in  the diagrams by i ) 

away from the Fermi l e v e l  is  apparent as the valence increases .

I f  the ODOS is  compared w ith  the s o l id  s ta te  band s t ru c tu re ,  

i t  may be seen th a t  the p o s it io n  o f th is  minimum is  cons is ten t  

with  the bottom o f the 6p band. This behaviour may be i n t e r ­

preted in  terms o f the 6s band moving lower in  energy w ith  a 

simultaneous f i l l i n g  o f the 6p band. I f  the ODOS fo r  lead is  

compared w ith  the th e o r e t ic a l  p re d ic t io n s  o f McFeeley e t  a l  (1977)  

i t  may be seen th a t  the r e la t i v e  heights  o f  the ODOS a t  the
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F e rm i edge and a t  th e  main maximum a t  —2 .6  eV a re  c o n s i s t e n t  

w i t h  H c F e e ly 's  p r e d i c t i o n s  o f  th e  e f f e c t s  o f  s p in  o r b i t  s p l i t t i n g .  

I n  th e  ODOS f o r  In  and Sn i t  may be seen t h a t  a g a in  

t h e r e  i s  a movement o f  th e  p o s i t i o n  o f  th e  main minimum w i t h  

i n c r e a s i n g  v a le n c e , c o n s i s t e n t  w i t h  th e  change i n  p o s i t i o n  o f  th e  

5p band , a l t h o u g h  he re  th e  5s and 5p bands o v e r la p  t o  some e x t e n t .  

The f a c t  t h a t  th e  d e n s i t y  o f  s t a t e s  does n o t  go t o  z e ro  between 

th e  bands may i n d i c a t e  e i t h e r  a m o d i f i c a t i o n  o f  th e  s t r u c t u r e  due 

t o  m e l t i n g  o r  s im p ly  be an e f f e c t  o f  th e  c o n v o lu t i o n  o f  th e  

v a le n c e  and c o n d u c t io n  bands t h a t  has n o t  been e l im in a t e d  by th e  

method o f  d e r i v a t i o n  o f  th e  ODOS,

F ig u r e  8 .4  shows th e  ODOS f o r  th e  t r i v a l e n t  e le m e n ts

2 1 2 1 A l ,  Ga, I n ,  T l ,  i . e .  m oving from  3s 3p t o  6s 6p . As w ou ld

be e x p e c te d ,  t h e r e  a re  s t r o n g  s i m i l a r i t i e s  i n  th e  ODOS n o t a b ly

i n  th e  p o s i t i o n  o f  th e  main minimum a t  :  -  3 eV, th e  b o ttom

o f  th e  p band . T h is  d ip  becomes more d o m in a n t  w i t h  i n c r e a s in g

z . T h is  i s  c o n s i s t e n t  w i t h  band s t r u c t u r e  c a l c u l a t i o n s  w h ich

i n d i c a t e  a marked o v e r la p  o f  th e  s and p bands i n  A l ,  w h ich

le s s e n s  w i t h  i n c r e a s i n g  z u n t i l ,  i n  T l ,  th e  bands a re  c o m p le te ly

s e p a r a te .  T h is  i s  c o n s i s t e n t  w i t h  th e  s c r e e n in g  o f  th e  n u c le u s

b e in g  le s s  c o m p le te  as th e  atom becomes h e a v i e r ,  r e s u l t i n g  i n

th e  s e l e c t r o n s  b e in g  p u l l e d  away fro m  th e  p b and . A lso  as z

i n c r e a s e s  th e  ag reem en t o f  th e  ODOS w i t h  th e  weak s c a t t e r i n g

c a l c u l a t i o n s  becomes p o o r e r ,

8 . 3 .  E f f e c t s  o f  M a t r i x  E le m e n ts .

I n  th e  p re c e e d in g  c h a p te r s ,  i n  o r d e r  t o  s i m p l i f y  th e

i n t e r p r e t a t i o n  o f  r e s u l t s  u s in g  th e  3—s te p  p r o c e s s ,  th e  a s s u m p t io n

has been made t h a t  m a t r i x  e le m e n ts  a re  c o n s ta n t  i n  th e  d is o r d e r e d
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l iq u id  system. In  an ordered system the conservation o f the  

momentum vector j< re s u lts  in  the v a r ia t io n  o f both the p o s it io n  

and the s trength  of the s tru c tu re  observed in  the EDC’ s as a 

fu n c tio n  of photon energy. I f  however j< is  not conserved and 

the assumption of constant m a tr ix  elements is  j u s t i f i e d , i t  would 

be expected th a t  the s tru c tu re  observed in  the EDC*s would remain 

constant over a wide energy range. The re s u l ts  in  th is  study 

only cover a f a i r l y  narrow energy range ( i . e .  4 — 21.2  eV) but 

i t  may be seen t h a t ,  fo r  the l i q u i d ,  the s tru c tu re  does remain 

constant in  both s trength  and p o s i t io n .  U n fo rtu n a te ly  th is  is  

not r e a l l y  a wide enough energy range to s ta te  d e f i n i t e ly  th a t  

the assumption is  j u s t i f i e d  and there  is  a d i s t i n c t  lack of  

high energy (XPS) re s u lts  fo r  l iq u id  m eta ls , (a lthough Baer and 

Myers (1977) have now published the re s u l ts  o f XPS measurements 

on l iq u id  B i ) .  However the XPS r e s u l ts  th a t  have been used 

fo r  comparison in  th is  study are fo r  evaporated f i lm s  and i t  may 

be seen, by comparison o f the low energy EDC*s obtained in  th is  

work w ith low energy EDC*s fo r  evaporated f i lm s  (N o rr is  e t  a l  

1974 and Wooten e t  a l  1966) th a t  these f i lm s  show EDC*s more 

c h a r a c te r is t ic  o f the l iq u id  than o f the bulk s o l id .  This  

im p lies  th a t  the f i lm s  are h ig h ly  d isordered (even i f  they are  

not in  a reproducib le  s ta te  o f d is o r d e r ) .

Comparison o f the XPS re s u l ts  fo r  s o l id  w ith the low 

energy l iq u id  re s u lts  (see Figures 5 .1 1 ,  5 ,9  and 6 .1 9 )  show 

good agreement between the two both in  the p o s it io n  and strength  

o f s tru c tu re  w ith in  7 eV o f the Fermi edge. This s tro n g ly  

im p lies  th a t  the c o n tr ib u t io n  to the EDO's from the density  of  

s ta tes  has remained unchanged over th is  energy range and hence



94.

in d ic a te s  th a t  any e f fe c ts  from m atrix  elements are q u ite  s m a ll .  

Thus the assumption of constant m atr ix  elements in  th is  work does 

appear to be reasonably w e ll  j u s t i f i e d .

W illiam s and N orr is  (1975) have attempted to  show 

whether short range order is  of importance to the o p t ic a l  m atr ix  

elements by c a lc u la t in g ,  w ith in  the n . f . e .  form alism , the 

photoelectron spectra  fo r  a l iq u id  using the q u ad rat ic  response 

formalism of Schaich and Ashcroft and avoid ing most o f the 

s im p l i fy in g  approximations made in  the 3 -s tep  process. T h e ir  

r e s u l t ,  using th is  th eo ry ,  shows reasonable agreement with  

experiment in  p re d ic t in g  the o v e ra l l  t r ia n g u la r  shape o f the 

EDC despite  the neg lec t o f e le c tro n —e le c tro n  s c a t te r in g .

However the s tru c tu re  observed e xp e r im en ta l ly  is  not reproduced 

at. a l l .  This im p lies  th a t  the weak s c a t te r in g  model is  simply  

not adequate to describe the e le c t ro n ic  s tru c tu re  o f simple 

m eta ls .

8 .4 .  The N .F .E . Theory

As may be seen from the r e s u l ts  obtained in  Chapters 

5, 6 and 7 , the o p t ic a l  d e n s it ie s  of s ta te s  o f  the m a te r ia ls  

examined show considerable  v a r ia t io n  from the fre e  e le c tro n  

p ic tu re  although e a r l i e r  measurements o f o p t ic a l  and tra n s p o rt  

p ro p e rt ies  (except in  the cases o f le a d ,  th a l l iu m ,  bismuth and 

mercury) were in  good agreement w ith th is  th e o ry .

Wotherspoon (1978) has examined th is  discrepancy  

between the o p t ic a l  and UPS measurements fo r  lead and bismuth 

and o f fe rs  a possib le  e xp la n a t io n .  Most of the o p t ic a l  

measurements made have been a t  low energy and have involved
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determ ination  o f , the imaginary p a r t  o f  the d ie le c t r i c  

c o n tro l .  The re s u lts  fo r  E^are then normally  considered in  

terms of a Orude c o n tr ib u t io n  described by the expression

E ? =  --------------------  ( 8 . 1 . )"2 m E q CI ♦ 0 )2 x 2 )

and an in terband c o n tr ib u t io n  due to the o p t ic a l  e x c i ta t io n  

o f an e le c tro n  from the f i l l e d  valence band to a conduction  

s t a t e .  In  the absence o f strong peaks in  the £ 2  r e s u l ts ,  

th a t  may be associated with in terband t r a n s i t io n s ,  the re s u lts  

are u su a lly  f i t t e d  to the Drude expression by a d ju s t in g  the  

value o f n/m to f in d  an e f f e c t iv e  c a r r i e r  d e n s i ty .  However 

Smith (1967) has suggested th a t  the f a c t  th a t  th is  adjustment 

i s  necessary is  i t s e l f  in d ic a t iv e  o f a d e v ia t io n  from a f re e  

e le c tro n  s i t u a t io n .

Wotherspoon has used an o p t ic a l  d e n s ity  o f  s ta tes  

s im i la r  to the one given in  th is  work fo r  lead to c a lc u la te  Eg  

fo r  l iq u id  le a d .  From the expression:—

E fT iO )

e ,  a /  N„(E) N^(E-TiCO)dE ( 8 . 2 . )2  /  " V " - '  ' 'C '

E ,

fo r  the in terband c o n tr ib u t io n  to based on a non d i r e c t2
t r a n s i t io n  model, he obtained good agreement w ith  experim ental  

re s u lts  a t  low photon energy. This im p lies  s tro n g ly  th a t  the  

lack  o f in terband t r a n s it io n s  seen in  low energy o p t ic a l  work 

cannot be taken as an in d ic a t io n  of a f re e  e le c tro n  s i tu a t io n  

and some high energy o p t ic a l  measurements are necessary to 

s e t t l e  th is  p o in t .
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A lth o u g h  th e  r e s u l t s  o f  t r a n s p o r t  m easurem ents have 

been ta k e n  as e v id e n c e  f o r  th e  n . f . e .  m o d e l,  r e s u l t s  f o r  heavy 

p o l y v a l e n t  m e ta ls  such as le a d  show c o n s id e r a b le  d i s c r e p a n c ie s ,  

p a r t i c u l a r l y  i n  th e  v a lu e  o f  th e  H a l l  c o e f f i c i e n t , w h i c h  i n d i c a t e s  

t h a t  th e  weak s c a t t e r i n g  f o r m a l is m  s im p ly  i s  n o t  adequa te  i n  

th e s e  cases*  W ith  th e  o t h e r  m e ta ls  A l ,  I n  and Sn, a l th o u g h  

th e  r e s u l t s  f o r  th e s e  f i t  th e  n e a r l y  f r e e  e l e c t r o n  p i c t u r e  

re a s o n a b ly  w e l l ,  i t  has been shown by Edwards (1 9 6 2 )  t h a t  th e  

t r a n s p o r t  p r o p e r t i e s  a re  n o t  a s e n s i t i v e  i n d i c a t i o n  o f  

v a r i a t i o n s  i n  th e  d e n s i t y  o f  s t a t e s  and t h i s  ag reem en t c a n n o t  

be re g a rd e d  as a n e c e s s a ry  i n d i c a t i o n  o f  a f e a t u r e l e s s  p a r a b o l i c  

d e n s i t y  o f  s t a t e s  c u r v e .

8 . 5 .  F u r t h e r  Work

W h i l s t  good r e s u l t s  were o b ta in e d  f o r  I n ,  A l ,  Sn, Pb 

and Hg, th e  f a i l u r e  o f  th e  m e rcu ry  d i f f u s i o n  pump meant t h a t  a 

f u l l  i n v e s t i g a t i o n  o f  th e  m e rcu ry  a l l o y s  c o u ld  n o t  be c a r r i e d  

o u t .  The r e s u l t s  o b ta in e d  b e fo re  th e  f a i l u r e  i n d i c a t e  t h a t  t h e r e  

i s  a need f o r  a c o m p le te  s tu d y  o f  th e  m e rc u ry  a l l o y s  i f  th e  

'pse udogap*  c o n t r o v e r s y  i s  t o  be r e s o lv e d .

The a p p a ra tu s  i t s e l f  has o b v io u s  room f o r  im provem en t 

b o th  i n  th e  a n a ly s e r  and th e  l i g h t  s o u r c e .  As s t a t e d  i n  C h a p te r  

4 ,  th e  r e t a r d i n g  f i e l d  ty p e  o f  a n a ly s e r  was chosen because i t  was 

a n t i c i p a t e d  t h a t  t h e r e  w ou ld  be c o n s id e r a b le  t r o u b l e  w i t h  

e v a p o r a t io n  o f  th e  sample and co n s e q u e n t  c o n d e n s a t io n  i n  th e  

a n a l y s e r .  However t h i s  d id  n o t  o c c u r  and , s in c e  a h ig h e r  

r e s o l u t i o n  w ou ld  be most d e s i r a b l e ,  a n o th e r  ty p e  o f  a n a ly s e r ,  

such as a c y l i n d r i c a l  m i r r o r  a n a ly s e r  ( C . M . A . ) ,  c o u ld  be ado p te d  —
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c e r t a in ly  a h igher s ig n a l /n o is e  r a t io  could be obtained using  

counting e le c tro n ic s  ra th e r  than the system used in  th is  study.

The a b i l i t y  to cover a wider photon energy range would also be 

most d e s ira b le .  The com paratively narrow range used in  th is  

study meant th a t  the e f fe c ts  o f m atr ix  elements had to be 

estim ated from s o l id  XPS r e s u l ts .  There is  a considerable  need 

fo r  high re s o lu t io n  XPS measurements o f the l iq u id  phase i f  a 

true  comparison is  to be obta ined.

F in a l ly  there  are fu r th e r  in te r e s t in g  m a te r ia ls  th a t  

may be examined. Very l i t t l e  work has been done to date on 

l iq u id  a l lo y s  and in  p a r t ic u la r  there  is  l i t t l e  data on the  

l i q u id  semiconductors, Ga-Sc, T l—Te, Mg-Bl and L i—B i,  (see 

Enderby 1972 ).  These a l lo y s  have very high vapour pressures  

( = 10*"^ t o r r )  b u t ,w ith  the use o f s p e c ia l is e d  pumping systems 

using d i f fu s io n  or high speed turbo—m olecular pumps,the work 

should not be im possib le* However because o f the problems o f  

surface enrichment, i t  would be necessary to add an Auger spectrometer  

to the system to o b ta in  a measure of the surface  composition.

Again a C.M.A. spectrometer should be used as high s e n s i t i v i t y  

is  necessary fo r  th is  work.

8 .6 .  Conclusions

This work, taken in  conjunction w ith  the l a t e r  work 

o f Wotherspoon (1 9 7 8 ) ,  represents the f i r s t  system atic  photoemission  

study o f l iq u id  metals under u l t r a  c lean c o n d it io n s .  W hils t  

other workers have examined is o la te d  elements, i t  is  only by 

means o f a system atic  study, enabling comparison o f the elements  

in  a s e r ie s ,  th a t  major o v e ra l l  e f fe c ts  can be discerned and 

g e n e ra l is a t io n s  made.
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The work fu n c t io n ,  quantum y ie ld  and low energy 

photoelectron spectra  have been measured fo r  A l ,  In ,  Sn and 

Pb in  the l iq u id  and s o l id  s ta tes  and fo r  mercury and some 

mercury a l lo y s .  Comparison of the s o l id  phase data w ith  

previous work and examination of the low energy sca ttered  

peak in  the photoelectron  spectra  have shown th a t  the l iq u id  

surfaces obtained ware v i r t u a l l y  fre e  o f contam ination . The 

re s u lts  obtained in d ic a te  th a t  there  is  very l i t t l e  change in  

the y ie ld  of A l ,  In ,  Sn or Pb on m elting  and th is  has been 

shown to be not in c o n s is te n t  w ith the reduction  o f the e le c tro n  

phonon mean f re e  path on m e lt in g . The o p t ic a l  d e n s it ie s  of 

s ta te s  which have been derived fo r  these four metals are  

in c o n s is te n t  w ith  the Ziman weak s c a t te r in g  formalism and agree 

b e t te r  w ith  the s o l id  s ta te  band s t ru c tu re ,  in d ic a t in g  th a t  

elements o f th is  s tru c tu re  may w e l l  p e rs is t  on m e lt in g .  No 

evidence fo r  conservation or fo r  non—constant m atr ix  elements 

was observed in  the l iq u id  s ta te .  In  the case o f mercury and 

i t s  a l lo y s ,  i t  has been shown th a t  t h e i r  behaviour is  consis ten t  

with  the o r ig in a l  Mott p re d ic t io n  of a 'pseudogap' and does 

not accord w e l l  w ith  l a t e r  th e o r e t ic a l  work.
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APPENDIX I : The Monte C a r lo  programme

T h is  v e r s io n  o f  th e  programme i s  i n  A lg o l  f o r  th e  

N o t t in g h a m  U n i v e r s i t y  1906 c o m p u te r .  A l a t e r  v e r s io n  

i n  F o r t r a n  w i l l  be found  i n  W otherspoon  ( 1 9 7 8 ) ,



Program symbols

All units of energy are in O.leV measured with respect 

to the bottom of the valence band. The lengths are in Angstrom 

units.

El Valence band width.

E2 Photon energy.
E3 Workfunction.

E4 Energy at any given time.

E5 Energy given up at an electron-ion collision.
E6 Energy of secondary after the scattering event.

E9 Energy at which 1^ is defined.
ElO Energy given up filling the valence hole in the Auger

process.
Ell Energy of Auger process which is generated.
LI Length of primary electron walk.

L2 Mean free path of the photoelectron at the particular
final state energy.

L3 Electron-ion mean free path.

L4 Length of secondary walk.

L5 Ig corrected for the final state energy.

L6 Absorption coefficient.

L8‘ Length of Auger walk.

Tl Angle of travel, with respect to the surface normal, for

the primary.

T2 Angle of travel, with respect to the surface normal, for

the secondary.



T3 Angle of travel, with respect to the surface normal, for

the, Auger.
XI Instantaneous distance of electron from the surface.

C3 Sum of generation depths of electrons which have escaped.

U1
Variables used in the Simpson^s Rule calculation.

U2
HI The separation of energy points in the density of states.
Yl, Y2, Y3, Y4 Primary yield in four angular sections.

Y5, Y6, Y7, Y8 Secondary yield in four angular sections.

Y9, YIO, Yll, Y12 Auger yield in four angular sections.

N1 Total number of photons.

N2 Number of slots into which the density of states is split.

D1 Density of states below the Fermi level.

U Density of states above the Fermi level.
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APPENDIX I I  ; The modi f ied Krol ikowskl  programme



Program symbols

All units of energy are O.leV and the lengths are in 

Angs troms.

N1 Workfunction.

N2 Photon energy.

A Absorption coefficient.

IH Valence band width.

NVAL Number of valence electrons.
V Valence density of states.

C Conduction band density of states.

X Electron-hole pair inelastic mean free path.

PL Plasmon loss mean free path.

TL Total inelastic mean free path.
T Semi-classical threshold function.

POl The internal energy distribution of photoexcited electrons.
TF2 The effective threshold function.

SEE Distribution function of secondary electrons.

D External energy distribution of secondary electrons.

HL Hole scattering length.

SHE The hole distribution function.

GD Plasmon loss ,distribution function.

DPLAS The external energy distribution of plasmon loss electrons.

PS The external energy distribution of primary electrons.

TER(I) The tertiary distribution function.

TER(N) The external tertiary energy distribution function.



SUM 7 The primary yield.

SUM 8 The secondary yield.

SUM 10 The Auger yield.

SUM 11 The plasmon loss yield.

SUM 12 The tertiary yield.

SUM 9 The total yield.
C2 The total external energy distribution function.

P02 The total external scattered energy distribution function.



8100 PROGRAM LUi.Ef (JTMPAT, I^PUTt OUTPUT , TAPEl = INPUT , TAPC2 =0'JT PUT
0110 1 • »TAPK3SJTH)AT,JTMOUT,TAPCM=JTMOUT)
0120 OUEMS: ON V (220 ) , C ( 2 2 0 ) , PS ( 2 20 ) , SEE ( 22 0 ) , HL ( 22 0 )
0130 1 t 0( 220) ,X(220 ),T(220) ,TF2 (220 ) ,P01 (220),C2(220)
OILO 2 tOHOLr(220),DAUG(220)tPL(220),TL(220),OPLAS(220)
0150 3 *TEP.(220 ) ,P02(220)
0160 CALL DA'KRAY (1 20 )
0170 C
0160 CCCCCCCCCC INPUT DATA ON THE ELECTRONIC STRUCTURE CCCCCCCCCCCCCCCC
0190 C
0200 N6=86
0210 NRITE(2,232)
0220 REA0(1,*)N1, N3,A,IH
0230 HRITE(2,709)
0 240 REAOCl,*) NVAL
0250 WRITE(4,723) N3.A
8260 N4=N3
8270 IF(IH.GT.N3) N4=IH
0280 N4=N4*5
0 290 IF( N4.LT.N8) N4=N8
0300 C
0310 CCCCCCCCCC n o r m a l i z e  the DENSITY OF STATES CCCCCCCCCCCCCCCCCCCCCC 
0 320 C
8330 SUM=0.
0360 DO 10 J=1,N3
0350 REAO(3,600) V(J)
0360 10 3UM = 5UM+V(J)*0. 1
0 370 no 11 J=1,N3
0380 11 V(J)=V(J)/SUM*NVAL
0390 C
0600 CCCCCCCCCC FIT FREE ELECTRON DENSITY OF STATES ABOVE FERMI ENERGY 
0410 C
0420 I5=N3*1
0430 DO 20 J=N5,N>*
0440 20 V(J)=0
0450 10 30 J=1,N4
0460 ->AN3=FL0AT( J*-N1)/N3
0470 30 C(J)=V(1)♦JN?T(PAN3)
0460 C
0490 CCCCCCCCCC CALCULATE THE INELASTIC E-E SCATTERING LENGTH CCCCCCCCC 
05 00 G
0510 1M=M4 »1
0520 00 bob J=3,MM



0630 D2=0
0540 <=J-2
0550 DO 777 1=1,<
0560 OSJM=0
0570 lN=(J-I)/2
0580 DO 555 L2=1,MN
0590 555 OS'JM=.0 !♦ (C(L2) *C (J-I-L2) *V (I) ) ♦OSUM
0600 777 02=02»0SUM
0610 PPN3=J>N3
0620 X (J) = (SQRT(PPN3)/02)
0630 666 CONTINUE
0640 C
0650 CCCCCCCCCC NORMALIZE THE E-E SCATTERING LENGTH AT 8.6 EV. CCCCCCCC 
0660 C
0670 WRITE(2,401)
0680 REAOd,*) N9
0690 P5=X(N8)
0700 DO 60 J=3,MM
0710 EN0RM=N9/(P5*100000000)
0720 60 X(J)=X(J)*FNORM
0730 C
0740 CCCCCCCCCC CALCULATE THE PLASMON SCATTERING LENGTH 
0750 C
0760 WRITE(2,643)
0770 REAOd, *) NP
0780 WP=NP*0.1
0790 NA=NP»1
0800 EF= (N3-1)*0.1
0810 IF(NA.GT.N4) GO TO 645
0820 00 641 I=NA,N4
0830 E=(N3>I-1)*0.1
08 40 DENOM=ALOG((SORT(WP+EF)-SQRT(EF))/(SORT(E)-SQRT(E-WP)))
0850 PL(I)=1.0 56 2/WP*E/DENOM*l.E-8
0860 TL(I)=l./d./PL(I) + l./X(I))
0870 641 CONTINUE
0880 645 flLlM=NP
0890 IF(NP.GT.Nh ) NLIM=N4
0900 JO 642 1=3, NLl'1
0910 TL(I)=X(I)
09 20 642 CONTINUE
0930 C
0940 CCCCCCCCCC CALCULATE THE SEHICLASSICAL THRESH 4 OLD FUNCTION CCCCCCC



0950 C
0960 00 40 J=U,N4
097 0 TF2 ( J ) s F L D A T ( Ni  ♦ N T ) / F L  DAT( J + N3)

0980 40 T (J )= (1-S0P.T( TF2( j) ) )/2
0990 G
1000 CCCCCCCCCC c a l c u l a t e  THE NORMALIZED ENERGY HICTk IDUTION OF
1010 C EXCITED e l e c t r o n s CCCCCCCCCCCCCCCC
1020 C
1030 SUM=0.
1040 DO 800 J=1,IH
10 50 SUM=SUM»C(J)*V(IH-J+1)*0.1
1060 800 CONTINUE
1070 DO 900 J=1,IH
1080 POHJ) = C( J)»V (IH-J4-D/SUM
1090 900 CONTINUE
1100 C
1110 CCCCCCCCCC CALCULATE THE EFFECTIVE THRESHHOLO FUNCTION CCCCCCCCCCC 
1120 C
1130 IY=N1+1
1140 DO 700 J=IY,N4
1150 AL=A*TL(J)
116 0 P X = ( 1 . + A L ) / ( 1 . + A L - 2 . * A L * T ( J ) )
117 0 TF2(J)=T(J)♦(1.-AL0G(PX)/(2.*AL^T(J>))
1180 700 CONTINUE
1190 C
1200 CCCCCCCCCC CALCULATE. THE SECONDARY ELECTRON DISTRIBUTION CCCCCCCCC 
1210 C
1220 IHH=IH-1
1230 DO 150 I=N1,IH
1240 1 (I)=0.
1250 150 CONTINUE
1260 JO 151 IQ=H1,IH
1270 J ' H 1 = 0 ,

1280 N I 1 = I D -1
1290 JO I D 2 I A = 1 , N I 1
1300 U I = n - I A
1310 su 12= 0.
1320 .10 IL 3 N=1 ,NN

1.3 3 0 JU 12=SU-1? f V ( N  Jvi -N)  *C ( N ) » 0. 1
1 3 4  0  1 5 3  l D N T I N U E

1 350 ^S(  I :  ) = SUN2 ' ' :  ( l A )
1 3 6 0  ] U M 1 =  S'I 1 1 f P S (  l A  ) ' ] .  1

1 3 7 0  I t ?  C O N T I N U E



1380 10 134 1 4 = 1 , . - I I I

1 390 SFE (lA) =2.*PS CA)/3U 11
1400 154 CONTINUE
1410 JO 155 I A = I Q , m
1420 SEE(lA)=0.
1430 155 CONTINUE
1440 m  = IQ+l
1450 DO 15b J=3,ID
1460 AL=A*TL (ID
1470 RL=X(J)/TL(10)
14 8 0 32=RL*(AL 0 1 (1. + 1./RL) )
1490 31=Al O G (1 .+AL)/AL
1500 C2(J)=(B1+J2)/2.
1510 156 CONTINUE
1520 DO 157 J=I10,IHH
1530 C2(J)=0.
1540 157 CONTINUE
1550 XX=C(IQ)*V(IH-IO+1)/SUN
1560 00 158 I=N1,IHH
1570 D(I)=](I)+3EE(I)*XX*C2(I)*0.1
1580 158 CONTINUE
1590 151 CONTINUE
1600 C
1610 CCCCCCCCCC c a l c u l a t e  t h e s c a t t e r i n g  LENGTH FOR HOLES CCCCCCCCCCC 
1620 C
1630 00 8 38 IH0LE=2,N3
1640 )SUM=0.
1650 I m:joi = i h o l £-i
1660 00 837 IFIN=1 jIH'DOl
1670 IMUD2=(IH0l £-;FIN+1)/2
1660 A SUN=n.
1690 DO 636 IiNT=l,lM002
17 0 0 ASUM=ASUN + 0.1*V CINT) (I HOLE-I FI N+l-II N T )
1710 836 CONTINUE
1720 DSUMsaSUN+O.1*C(IFIN)*a SUM
1730 837 CONTINUE
1740 HL(IHOlE) =S )RT(FLUAT(N3+1 -I HOLE)) •FNCkM/SSUN
1750 OHDLE (IH'JLE) =HSUK
1760 830 CONTINUE
1770 C
1780 CCCCCCCCCC CALCULATE THE OISTRIHUTION OF AiJGER ELCTRONS CCCCCCCC 
1790 C



1800 1M0D3=IH
1810 IF(IH.GT,N3) HOÛ3=N3
18?0 00 935 IFIN=IY,IHH '
1830 IMOn=IFINfl
1840 XELEC=TL(IFIN)
1850 SUM=0.
1860 IF(IM00.GT.IM303) GO TO 1001
1670 00 937 IHOLE=H00 ,IM003
1880 SHE=0.0
1890 IM002=(iHOLE-IFlrdl)/2
1900 XH0L£=HL(IHOLE)
1910 00 936 IINT = 1,IM002
1920 SHE =SHE*0 .1*V (IlfJT) *V ( IHOLE-IFI N + l-IINT )
1930 936 CONTINUE
1940 SHE=SHE*C(IFIN)/DHOLE(I HOLE)
1950 C2H=0.5*( ALOG (l.^A*XH0LE) /A/XHOLE^ALOG( I • ♦■XHOLE/XEL EC)
1960 1 ^XELEC/XHOLE)
1970 SUH=SUM40.1*SHE*C2H*P01(IH-IHOLE+1)
1980 937 CONTINUE
1990 1001 CONTINUE
2000 SUi = SUN»TF2 (IFIN)
2010 OAUG(IFIN)=SUH
2020 935 CONTINUE
2030 OAUG(IH)=0.
2040 C
2050 CCCCCCCCCC CALCULATE PLASMON LOSS TERM CCCCCCCCCCCC 
2060 C
2070 JO 671 I=IY,IH
2080 SUM=0.0
2090 IF(NA.GT.IH) GO TO 673
2100 JO 672 INP=NA,IH
2110 EXPON=(INP-I-NP)»*2*0.01
2120 IF(EXPON.GT.50.) EXP0N=50.
2130 G 0=EXP(-EXPON)/I.77245
2140 ALP=A*PL(IIP)
2150 RAT=DL (INo)/Tl (I)
2160 C2P = 0.:'( ALJG (1 .f AL°) /\L° + ALOG( 1. «■RAT)/RAT|
217 0 SU,l = 3UM + 0 . 1*C2P^Û0* POl IJsP)
2180 672 CONTINUE
2190 673 CONTINUE
2200 JPLA3II)=SUM»TF2(I)
2210 671 CONTINUE
2220 G



2230 CCCCCCCCCC CALCULATE THE TERTIARY ELECTRON DISTRIBUTION CCCCCCCCC 
2240 C
2250 00 814 I=IY,IH
226 0 P02(I)=0(I)+I0PLAS(I)♦OAUG(I))/TF2(I)
2270 814 CONTINUE
2280 IHH=IH-1
2290 00 450 I=IY,IH
2300 TER(I)=0.
2310 450 CONTINUE
2.320 00 475 IQ=IY,Iri
2330 SUM1=0.
2340 NI0=IQ-1
2350 00 200 IA=1,NI0
2360 NNalQ-IA
2370 SUM2=0.
2380 00 100 N=1,NN
2 390 SU.M2=SUM2>V(NNH-1-NI *C (N)*0.1
24 00 100 CONTINUE
2410 PS(IA)=SUM2*C(IA)
2420 SUH1*SUM1>PS(IA)*0.1
2430 200 CONTINUE
2440 00 300 IA=1,NIQ
2450 SEE(lA)=2.*PS(IA)/SUH1
2460 300 CONTINUE
2470 no 303 IA=IQ,IHH
2480 SEE(IA)=0.
2490 303 CONTINUE
2500 I01=I0»1
2510 00 950 J=3,IQ
2520 AL=A*TL(IQ)
2530 RL=X(J)/TL(IQ)
2540 B2=RL*( ALOGd.f l./RL) )
2550 B1=AL0G (l.+AD/AL
2560 C2(J)=(01»92)/2.
2570 950 CONTINUE
25*0 NO 10 2 J = m , l H H
2590 U2(J)=0.
2603 302 vONTINUF
2610 00 *♦(>0 I = I Y  ,I JH
26 20 TEROsTERCI) f3EC(I)*'’02(I0) •C2(I)*0.1
2c30 4fO CONTINUE
2640 475 CONTINUE



2650 C 

2660 C
2670 CCCCCCCCCC CALCULATE THE ELECTRON DISTRIBUTIONS AND WRITE THEM CUC 

2680 C
2690 WRITE( 2 , 2 0 0 0 )
2700 REAOd,  ♦) IFLAG
2710 I F ( I F L A G . E ) . l )  W R I T E ( 2 , 867)

2720 WRITE(4,Ô67)
2730 00 567 N = I Y , I H
2740 P S( N ) = T F 2 ( N ) * P 0 1 ( N )
2750 C ( N ) = T F 2 ( S ) * 0 (N)
2760 TER(N) = TER(N) *TF2  (M)
2770 C2(N) =PS(N)  fC(W)+OAUG(N)fOPLAS(N)+T ER(N)
2775 P 0 2 ( N ) = C 2 ( N ) - P S ( N )
27 80 I F ( I F L A G . E Q . 1 ) WRI TE( 2 , 8 1 5 ) N, PS( N) , C ( N) ,  OAUG(N) , ÜPLAS(N) ,
2790 1 TER(N) , C2( N)
2800 H R I T E ( 4 , 8 1 5 )  N , P S ( N ) , C ( N ) , OAUG( N ) , OPLAS( N) , TER( N ) , C2 ( N)
2810 567 CONTINUE
2820 C ,
2830 CCCCCCCCCC WRITE OUT THE SCATTERING LENGTHS CCCCCC 
2840 C "
2850 WRI TE( 2 , 2001 )
2860 REAOd,  *)  JFLAG
2870 I F ( J F L A G . E Q . l )  WRITE(2 , 384 )
2880 WR I TE( 4 , 384 )
2890 00 382 1 = 3 , N4
2900 J = I - 1
2910 < = - ( 1 - 2 )
2920 I F ( J . G T . N 3 )  H L ( J ) =0 .
2930 I F ( J F L A G . E l . 1 ) WRITE(2 , 38 3 )  I , X ( I ) , P L ( I  ) , TL ( I ) , T F 2 ( I ) , < , HL( J )
2940 W R I T E ( 4 , 3 8 3 ) I , X  ( I ) , P L ( I ) , T L ( I ) , T F 2 ( I )  , X , H L ( J )
2950 382 CONTINUE •
2960 C 

2970 C
2980 CCCCCCCCCC CALCULATE THE YîEL OS AND WRITE THEM OUT OCCCCCCCCCCCCCC 

2990 C
3000 SUM 7 = 0.
3010 SUM 8=0.
3020 SUM10 = 0 .
3030 3UM11=0.
3040 SUM12=0.
30 50 0 0 56 6 N = I Y , I H
3060 SUM7=SUM/ f'^S ( N) *0 .1



3070 SUM8=SU'(ÔfC (N)*0. 1
3080 SUM10=SUMl0+0.1*OAUG(N)
3090 SUrtll = SUHlH-0 .1*0PLA3 (N)
3100 SUrtl2=SUM12*0.1*TER(N)
3110 568 CONTINUE
3120 s UN 9=SUN7 *SUN8»SUN10»SUN11»SUM12
3130 WRITE(4,868) IH,SUN7,SUM8,S UNI 0,SUM11,SÜM12,SUM9
3140 WRITE(2,868) IH,SUM7,SUM8,SUMIO,SUM11,SUM12,SUN9
3150 C
3160 CCCCCCCCCC PLOTTING ROUTINES CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
3170 c
3180 WRITE(2,301)
3190 REAOd,*) NNN
3200 IF(NNN.NE.l) STOP
3210 XPHOT=IH*0.1
3220 XMAX= -N3*0.1
3230 00 901 1=1,N4
3240 T(I) =-(I-l)*0.1
3250 X (I) = -XPHOT-T(I)
3260 901 CONTINUE
3270 CALL PAPER(l)
3275 CALL PSPACE(0.1,0.95,0.1,0.8)
3280 CALL MAP(XMAX,0.1,1.,1.)
3290 CALL CURVE0(T,V,1,N3)
3300 CALL SCALES
3310 CALL PLACEC10,4)
3320 c a l l TYPECS(41H0PTICAL DENSITY OF STATES IN ELECTRONS/EV ,41)
3310 CALL FRAME■
3335 CALL PSPACE(0.1,0.95, 0.1,0. 8)
3336 c a l l CTRNAG(5)
3340 CALL
3350 C2(N1)=0.0
3360 CALL PTPL0T(X,C2,N1,IH, 30)
3 37 0 c a l l PTPL0T(X,0PLAS,IY,IH,23)
3 37 0 c a l l PTPLUT(X,0AUG, IY,IH, 11)
3390 c a l l PTPl OT (X ,TEP.,IY, IH,03)
3400 CALL PTPLOT(X,PS,IY,IH,26)
3..02 CALL REOPEN
3405 c a ll PTPLOT(X,P02,xY, IH,12)
34 0 7 c a l l iLKPEN
3410 c a l l PTPL0T(X,C,:Y, TH,29)
3420 c a l l PTolJT(X,C2,IY,IH,30)



3425 CALL CTR44GI20)
3430 c a l l scal es
3440 w ALL PLACE(10,4)
3450 c a l l TYPCCS(36HE0CS IN ELECTRONS/ABSORBED
3460 vALL GRENO ' •

I 25H ABSORPTION COEFFICIENT /
2 '4 OH AND PHOTON ENERGY
FORMAT ( 1X//21H FOR PHOTON e n e r g y s ,16/
1 21H PRIMARY YIELD , £12.4/
2 214 SECONDARY JIELD X , E12.4/
3 214 AUGER YIELD s , E12.4/
S 214 PLASMOrr LOSS YIELD 3 ,E12.4/
5 214 TERTIARY YIELD c ,E12.4/
6 214 TOTAL YIELD , E12.4)
FORMAT(15 ,0F12. 4)
FO.RMAT* 15 ,5E12. 4) •

3470 G
34 80 CCCCGCCCCC FORMAT STATEMENTS ONLY BEYOND HERE CCCCCCCCCCCCCCCCCCCC 
3490 C
3500 2 32 FORMAT*IX,/,404 INPUT THE WORKFUNCTION, BANDWIDTH, /
3510
3520 2 4 OH AND PHOTON ENERGY /)
3530 
3540 
3550 
3560 
3570 
3580 
3590 
3600 
3610
3620 oOO rc^îMAT(Fl0.5)
3630 867 FOR MAT (IX//54 EV*10,2X,9H P RI MR lES , 3X ,'94 SE CHORES,3X,
36^0 1 jH AUGERS ,3X,94PLA3 L0SS,3X,9H TERTIARY,3X,9HT0TAL EDO/)
3650 »01 f o r MlT (1X//40M INPUT THE SCATTERING LENGTH AT 8.6 EV. /)
3660 .301 Format ( IX//29H en te r i for g r a p h i c a l o u t p u t /)
3670 723 FORMAKIHi,50HCALCULATED ELECTRON DISTRIBUTIONS FOR BAND OF WIOT
3680 1 ,144,15,74*0.1 EV/30H AND ABSORPTION COEFFICIENT OF ,
3690 2 F11.4,4H/'JU. //) ~
3700 709 F0RMAT(1x7/47H INPUT THE NUMBER OF VALENCE ELECTRONS PER ATOM /)
3710 2000 1X//V4H INPUT 1 FOR TABLE OF ELECTRON DISTRIBUTIONS /
3720 1 4AH 0 FOR YIELDS ONLY /)
3730 643 FORMAT*lX//2rH INPUT THE PLASMON ENERGY /)
3740 38» FCUMAT(lX//tH ËV*10,2X,9HELEC-HOLE,3X,94ELEC-PLAS,
3750 1 3X,9H TOTAL ,3X,9HT4RESH FN,5X,LH EV*10,
3760 1 ?X,9HHJLE-hOLE/)
3770 .383 rOMMAT (I»,m C12.4, I0,E12.4)
3780 2001 FOMMAT(lX//sOH I «PUT 1 FOR TABLE OF SCATTERING LENGTHS
3790 1 / ‘t'̂ H 0 FOR YIELDS ONLY /)
3800 STOP
3810 EN)

12.15.si."CLP, 22, 0.7:L KLNS.



P .C . RODWAY. Ph.D . T h es is . 1978.

 ̂ Photoemission Studies of some Liquid Simple Metals and Alloys 
Donald Charles Rodway

Abstract

Measurements of the work function,quantum yield and low energy 
(6.OeV< hV < 21.2eV) photoelectron spectra are presented for the 
simple metals In, Al, Pb, and Sn in the liquid and frozen solid 
states, and for Hg and the mercury alloys %^-In.^, Hĝ ^̂ In̂ ,̂ Hg^.^Wa^ 
in the liquid states only. The results obtained for the solid 
simple metals are consistent with other published results. The 
results for the liquid are very similar, to those for the solid and 
are constant over a broad temperature range above the melting point.

A Monte Carlo simulation of the photoemission process, based on 
the 3-step model of Berglund and Spicer, has been developed and used 
to examine the effects of variation of the electron-phonon scattering 
length on the quantum yield and the escape depth of the photoelectrons.

This programme has been used in conjunction with an analytical 
programme, based on the work of Krolikowski, to derive optical density 
of valence states functions and electron-electron scattering lengths
for the liquids.

In all cases the optical density of states functions show much 
stronger structure than expected on the basis of a weak scattering 
description of the liquid system and agree better with theoretical 
predictions for the solid, indicating that some aspects of the solid 
state band structure persist on melting. Wo evidence for conservation 
of the momentum vector k or for non-constant matrix elements is 
observed.

In the case of mercury and the mercury alloys the results 
obtained agree well with the ’pseudogap' concept proposed by Mott.


