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ABSTRACT 

The possible presence of the copper d band in the valence band of the 

cuprous halides has been largely ignored in the recent literature, and 

structure in the optical spectrum of the cuprous halides has been associ- 

ated with direct transitions between symmetry points in a germanium-like 

band structure. In order to test the validity of these explanations for 

the optical spectrum of the cuprous halides, the electronic properties of 

the cuprous halides have been investigated in detail by use of experi- 

mental photoemission techniques. The quantum yield and photoemission 

data resulting from these photoemission measurements have been interpreted 

in terms of the electronic structure of the cuprous halides, and it is 

found that the copper d band plays a significant role in the valence band 

of the cuprous halides. 

In order to distinguish the copper d band from the halogen p bands 

in the cuprous halides, it was found useful to extend the photoemission 

studies to the noble metals and the alkali halides. Consequently, this 

report' includes not only studies of the cuprous halides (CuCl, CuBr, CUI ), 
but also detailed studies of the noble metals (Cu, Ag, Au) and certain 

alkali halides (CsC1, CsBr, CsI, and KI). 

sults of this work are summarized below: 

._ 

Some of the most important re- 

(1) The experimental quantum yield and photoelectric energy distri- 
butions have been measured for all the materials in the range 
of photon energies below 11.6 eV. In several cases, the mea- 
surements have been extended to photon energies as high as 
21.2 eV. 

(2) For nearly all of the materials, the optical density of states 
has been determined in the range of energies between 11.6 eV 
below the fermi level and 11.6 eV above the fermi level. 

(3) Nondirect transitions are found to dominate the optical absorp- 
tion process in the noble metals and the cuprous halides. 
Direct transitions are found to have secondary importance com- 
pared with nondirect transitions. 
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(4 )  For the noble metals and the cuprous halides, a simple mathe- 
matical model is found to account quantitatively for the quantum 
yield, the photoelectric energy distributions, the electron- 
electron scattering length, and €2( .). This mathematical model 
is based upon the model of nondirect transitions. 

The new information presented in this report should be useful to 

theorists making future energy band calculations, and may be helpful in 

leading to a unified theory for the optical absorption process in solids. 
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I .  INTRODUCTION 

The energy band s t ruc tures  of s i l i c o n  and germanium have been r a t h e r  

wel l  understood f o r  a number of years  (Herman, 1955), but accurate  energy 

band ca l cu la t ions  f o r  t he  zincblende 1 1 1 - V ,  1 1 - V I ,  and I - V I 1  compounds 

are j u s t  becoming ava i l ab le .  However, germanium and s i l i c o n  c r y s t a l l i z e  

i n  a diamond l a t t i c e ,  which has e s s e n t i a l l y  the  s a m e  symmetry as  the  zinc- 

blende l a t t i c e .  Because of the  s i m i l a r i t y  between the  diamond and zinc- 

blende la t t ices ,  peaks i n  the  r e f l e c t i v i t y  and absorption spectra of the  

zincblende 1 1 1 - V ,  1 1 - V I ,  and I - V I 1  compounds have been in t e rp re t ed  i n  

terms of a germanium-like energy band s t r u c t u r e  (Cardona, 1963; P h i l l i p s ,  

1964). 

s t r u c t u r e ,  a s t a r t i n g  approximation w a s  used i n  which the  atomic na ture  

of t he  cons t i t uen t  atoms w a s  disregarded;  J .  C .  P h i l l i p s  (1964) has s t a t ed  

t h a t  "A wide range of experimental d a t a  now ind ica t e s  t ha t  uv s t r u c t u r e  

depends pr imar i ly  upon c r y s t a l  s t r u c t u r e  and only secondari ly  on atomic 

In  explaining the  o p t i c a l  d a t a  i n  terms of a germanium-like band 

composition." In  t h i s  manner, a c e r t a i n  amount of success has been 

achieved i n  explaining the  o p t i c a l  da t a  of t he  1 1 1 - V  and the  1 1 - V I  zinc- 

blende compounds. 

Since the  cuprous ha l ides  are I - V I 1  compounds t h a t  c r y s t a l l i z e  i n  a 

zincblende l a t t i c e ,  peaks i n  the  o p t i c a l  spec t r a  of these mater ia l s  have 

a l so  been i d e n t i f i e d  (Cardona, 1963; P h i l l i p s ,  1964) with d i r e c t  t ran-  

s i t i o n s  between symmetry poin ts  i n  a germanium-like band s t r u c t u r e .  I n  

making these  i d e n t i f i c a t i o n s ,  i t  has been assumed t h a t  the  copper 3d band 

does not play an important r o l e  i n  the  valence band s t r u c t u r e  of the  

cuprous ha l ides .  However, an examination of the  ou te r  e l ec t ron  configu- 

r a t i o n s  of the  atoms making up the  cuprous ha l ides  ind ica t e s  t ha t  the 

copper 3d bands could be i n t i m a t e l y  involved i n  the  cons t ruc t ion  of t h e  

valence bands of t he  cuprous ha l ides .  For example, i n  CuBr, the  outer  

e l ec t ron  conf igura t ion  of the  copper atom i s  3d1'4s1, and the  outer  e l ec -  
5 t ron  configurat ion of t he  bromine atom i s  4p . Thus, without a de t a i l ed  

energy band ca l cu la t ion  or experimental information o ther  than r e f l e c t i v -  

i t y ,  i t  would seem presumptuous t o  ignore the  poss ib le  presence of the  

copper 3d band i n  explaining the  o p t i c a l  spec t r a  of the  cuprous ha l ides .  

The main ob jec t ive  of t h i s  work has been t o  use experimental photo- 

emission techniques t o  s tudy the  e l ec t ron  s t r u c t u r e  of the  cuprous 
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ha l ides ,  and thereby to  determine whether or not t h e  copper 3d band i s  

involved i n  t h e  valence band s t r u c t u r e  of t he  cuprous ha l ides .  To have 

a sound b a s i s  f o r  d i s t i ngu i sh ing  between the  copper 3d bands and the  

halogen p bands i n  t h e  pho toe lec t r i c  energy d i s t r i b u t i o n s ,  t he  photo- 

emission s t u d i e s  were extended t o  include t h e  noble metals and c e r t a i n  

alkali  h a l i d e s .  The s t u d i e s  of the noble metals provided information on 

t h e  cha rac t e r  of d bands i n  pho toe lec t r i c  energy d i s t r i b u t i o n s ,  and the  

s t u d i e s  of the alkal i  h a l i d e s  provided information on the  c h a r a c t e r i s t i c  

f e a t u r e s  of halogen p bands i n  pho toe lec t r i c  energy d i s t r i b u t i o n s ,  

Because t h e  photoemission s t u d i e s  of t h e  noble metals and the  a lka l i  

ha l ides  revealed a weal th  of new information about t h e  e l e c t r o n i c  s t ruc -  

t u r e  of t h e s e  materials, a s i g n i f i c a n t  por t ion  of t h i s  r epor t  has been 

devoted t o  t h e  noble metals and the  a l k a l i  h a l i d e s .  

The photoemission experiments cons is ted  of measuring the  quantum 

y ie ld  and t h e  pho toe lec t r i c  energy d i s t r i b u t i o n s  from evaporated f i lms  of 

t h e  material under s tudy.  These f i l m s  were prepared and measured i n  an 
-9 o i l - f r e e  vacuum of t y p i c a l l y  2 x 10 torr a t  photon energ ies  up t o  

11.9 e V ,  t h e  high energy cutoff  of the L i p  window. I n  seve ra l  cases, 

windowless low vacuum measurements were made a t  photon energies  up t o  

21.2 e V .  I n  addi t ion  t o  the photoemission s tud ie s ,  r e f l e c t i v i t y  measure- 

ments were made i n  cases where adequate experimental  d a t a  were not ava i l -  

ab le  i n  t h e  l i t e r a t u r e .  The photoemission d a t a  provided much more usefu l  

information than t h e  r e f l e c t i v i t y  data, f o r  t h e  fol lowing reasons: The 

energy of a peak i n  the r e f l e c t i v i t y  corresponds t o  the energy d i f f e rence  

between e l e c t r o n i c  l e v e l s  i n  t h e  valence band and e l e c t r o n i c  l e v e l s  i n  

t h e  conduction band; however, the absolute  energy of these  l e v e l s  cannot 

be determined f r o m  t he  r e f l e c t i v i t y  d a t a .  The pho toe lec t r i c  energy d i s -  

t r i b u t i o n s ,  on t h e  o t h e r  hand, provide information on the  i n i t i a l  and 

f i n a l  states involved i n  an o p t i c a l  t r a n s i t i o n .  For the  purposes of t h i s  

study, t h e  pho toe lec t r i c  energy d i s t r i b u t i o n s  were by fa r  the  s i n g l e  most 

important p i ece  of experimental da ta .  

Re l i ab le  pho toe lec t r i c  energy d i s t r i b u t i o n s  and quantum y ie ld  da t a  

were obtained by e s s e n t i a l l y  e l imina t ing  t h e  p o s s i b i l i t y  of contamination 

due t o  f o r e i g n  gases ,  T h i s  was done by cons t ruc t ing  an o i l - f r e e  vacuum 

system i n  which t h e  samples could be prepared and t e s t e d  at  a vacuum of 
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t y p i c a l l y  2 X t o r r .  A t  such a low p res su re ,  a t  least one photo- 

electric energy d i s t r i b u t i o n  curve could be measured before a monolayer 

of f o r e i g n  gas could condense on  the  su r face  of f r e s h l y  prepared samples. 

Nearly a l l  of t h e  photoemission measurements were c a r r i e d  out  i n  a ver- 

sa t i le  s t a i n l e s s  steel and g l a s s  photoemission chamber, which w a s  designed 

t o  provide rap id  changewer from experiment t o  experiment, an impossi- 

b i l i t y  w i th  conventional g l a s s  phototubes. 

The experimental techniques and equipment are described i n  Chapter 

11, and t h e  mathematical formalisr. t h a t  i s  used i n  l a t e r  chapters  as a 

b a s i s  f o r  i n t e r p r e t i n g  the  photoemission d a t a  is  developed i n  Chapter 

111. A por t ion  of t h e  formalism presented i n  Chapter I11 can be found 

i n  t h e  l i t e r a t u r e ,  but t h i s  material has been included f o r  t he  sake of 

c o n t i n u i t y  and convenience t o  the  r e a d e r .  Chapter I11 a l s o  inc ludes  t h e  

d e s c r i p t i o n  of a simple model t h a t  desc r ibes  q u a n t i t a t i v e l y  t h e  photo- 

emission process,  t he  o p t i c a l  d a t a ,  and t h e  e l ec t ron -e l ec t ron  s c a t t e r i n g  

l eng th  i n  t e r m s  of t he  o p t i c a l  dens i ty  of s ta tes .  This model i s  based 

upon nondi rec t  t r a n s i t i o n s ,  and u s e s  a semic la s s i ca l  threshold func t ion  

and a modified f r ee -e l ec t ron - l ike  conduction band. A s  an example, t h i s  

model i s  used i n  Chapter I11 t o  p red ic t  t he  photoemission p rope r t i e s  of 

simple metals. This model i s  used i n  t h e  subsequent chapters  on t h e  

noble metals and t h e  cuprous ha l ides  t o  deduce the  o p t i c a l  dens i ty  of 

s ta tes ,  t h e  e l ec t ron -e l ec t ron  s c a t t e r i n g  length ,  and E ( (11 )  from the  

experimental photoemission d a t a .  The s t u d i e s  of Cu, Ag, and Au are pre- 

sented i n  Chapters I V ,  V ,  and V I ,  and t h e  p rope r t i e s  of these  noble metals 

are compared i n  Chapter V I I .  The s t u d i e s  of t h e  cuprous ha l ides  are 

presented i n  Chapter V I I I ,  and t h e  s t u d i e s  of t h e  a l k a l i  ha l ides  are pre- 

sented i n  Chapter I X .  I n  Chapter X ,  t he  o p t i c a l  d e n s i t i e s  of states of 

t h e  cuprous ha l ides  are compared with the  o p t i c a l  d e n s i t i e s  of s ta tes  of 

copper and t h e  a l k a l i  h a l i d e s ,  and i t  i s  shown t h a t  the  e l e c t r o n i c  s t ruc -  

t u r e  of t h e  cuprous h a l i d e s  seems t o  be composed of d i s t i n c t  con t r ibu t ions  

from t h e  copper and t h e  halogen atoms. A mathematical d i scuss ion  con- 

cerning t h e  uniqueness of t h e  model used i n  analyzing t h e  photoemission 

d a t a  and an o u t l i n e  of t h e  computer programs used  i n  processing the  

photoemission d a t a  are included i n  t h e  Appendixes. 
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11. EXPERIMENTAL METHODS 

thor i n  sti The experimental techniques and methods used by t h e  ai dY- 
ing photoemission from a number of d i f f e r e n t  materials are ou t l ined  i n  

t h i s  chap te r ,  The  innovations made by t h e  author are emphasized; t h e  

reader  i s  r e f e r r e d  t o  t h e  l i t e r a t u r e  f o r  d e t a i l s  on equipment and tech- 

niques descr ibed  earlier by o t h e r  workers, 

A. THE BASIC MEASUREMENTS 

Three types of measurements are presented i n  t h i s  repor t :  

(1) 

( 2 )  Quantum y i e l d  - Y(bu).  

(3 )  R e f l e c t i v i t y  - R($w) .  

Pho toe lec t r i c  energy d i s t r i b u t i o n  (EDCS) - ?1(E,w) .  

Figure 1 i s  a block diagram of t h e  apparatus used t o  measure t h e  energy 

d i s t r i b u t i o n s  and t h e  quantum y i e l d .  I n  F i g .  l a ,  t h e  material  under study 

i s  sealed i n  a g l a s s  photodiode with a L i F  s i n g l e  c r y s t a l  window. The 

high energy cu tof f  of t h e  LiF window i s  11.8 e V ,  which sets  t h e  upper l i m i t  

f o r  high vacuum measurements i n  o u r  l abo ra to ry .  In  F ig .  l b ,  t h e  ma te r i a l  

under i n v e s t i g a t i o n  i s  prepared and studied i n  a continuously pumped, o i l -  

f r e e  vacuum. Almost a l l  of t he  experimental d a t a  presented i n  t h i s  in -  

v e s t i g a t i o n  has been obtained wi th  t h e  u s e  of t he  continuously pumped s y s -  

t e m  sketched i n  F ig .  l l s .  The amount of l i g h t  i nc iden t  upon t h e  LiF window 

i s  measured by t h e  photocurrent f r o m  a ca l ib ra t ed  C s  Sb tube, which can be 

moved i n  and out  of t h e  l i g h t  beam. The instruments used t o  measure t h e  

EDCs and t h e  quantum y ie ld  are schematically labe led  "e lec t ronics"  i n  

F ig .  l b .  

3 

B .  LIGHT SOURCE AND VACUUM hlONOCHROMATOR 

The l i g h t  source i s  a Hinterregger-type gas d ischarge  lamp, and t h e  

monochromator i s  a McPherson Model 225 Vacuum U l t r a v i o l e t  Monochromator 

wi th  a 600-line/mm r e f l e c t i o n  g r a t i n g  blazed a t  1500 A .  
t h e  d ischarge  lamp and t h e  monochromator can be found i n  t h e  r e p o r t  of 

Kindig [ R e f .  11. 

Detai ls  concerning 

The l i g h t  source and monochromator used i n  the present  
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experiment were e s s e n t i a l l y  t h e  same as those  described by Kindig except 

t h a t  t h e  gas for t h e  discharge lamp w a s  passed through a l i q u i d  n i t rogen  

t r a p ,  so  as t o  condense any o i l  vapors t h a t  might be present  i n  the  com- 

pressed gas  tanks.  

The range of photon energies used i n  t h e  experiment var ied  from 3 to  

21.2 e V .  The experiments using photon energ ies  g rea t e r  than 11 .9  e V  were 

done wi th  no window between t h e  sample chamber and the  monochromator. 

Thus, they w e r e  made i n  a vacuum of no b e t t e r  than 1 x 10 t o r r .  Hydrogen, 

neon, and helium w e r e  used as gases  i n  t h e  Hinterregger  l a m p  t o  proyridc 

r a d i a t i o n  i n  t h e  s p e c t r a l  region ind ica ted  below: 

-5 

Hydrogen 

Neon 16.8 e V  ( s t rong  l i n e )  

H e l i u m  21 .2  e V  ( s t rong  l i n e ) .  

3 t o  1 4  e V  (continuous spectrum) 

Because t h e  output  s l i ts  of t h e  monochromator w e r e  never made less than 

0.1 mm, t h e  r e so lu t ion  w a s  not  s u f f i c i e n t  t o  r e so lve  l i n e s  i n  t h e  hydrogen 

spectrum, r e s u l t i n g  i n  an e f f e c t i v e  continuum. 

C. THE VACTJUM SYSTEM 

The p o s s i b i l i t y  of o i l  vapor contamination of the  material under 

s tudy  was el iminated by t h e  cons t ruc t ion  of t h e  vacuum system shown i n  

the  block diagram, Fig.  2. The pumps and the  valves  are standard com- 

ponents purchased from Varian Associates ,  Palo Alto,  Cal i forn ia .  The 

e n t i r e  system w a s  constructed of s t a i n l e s s  steel, g l a s s ,  and o ther  low- 

vapor pressure  materials, A l l  vacuum j o i n t s  were made by compressing a 

s o f t  copper gasket i n  a Varian Conflat  Flange, and no rubber or viton 

seals were used i n  t h e  u l t r a h i g h  vacuum sec t ion .  After  bakeout of the  

experimental chamber and the  pump system, an u l t i m a t e  pressure of 

5 x 10-l' torr could be achieved i n  the  experimental chamber. ( I n  t h i s  

case, an addi t iona l  t i t an ium sublimation pump w a s  b u i l t  i n t o  the  experi-  

mental chamber.) 

only a f t e r  many days of pumping, but pressures  of 1 or 2 X 10 torr werc 

rou t ine ly  achieved after severa l  days of pumping. After  t he  pressure 

reached about 2 X 10 t o r r ,  t h e  material under inves t iga t ion  was evap- 

ora ted  and s tud ied .  

-10 
The u l t i m a t e  pressure  of 5 x 10 t o r r  w a s  reached 

-9 

-9 
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F I G .  2 .  BLOCK DIAGRAM OF VACUUM SYSTEM. Varian Associates vacuum 
components used throughout. 

The motivation f o r  bu i ld ing  a vacuum system t h a t  a t t a i n s  a pressure 

of less than 2 X lo-’ t o r r  stems from t h e  d e s i r a b i l i t y  of being ab le  t o  

measure a t  least one EDC between t h e  t i m e  of evaporation of a f i l m  and 

t h e  t i m e  required f o r  a monolayer of fore ign  gas t o  condense on the  sur- 

face .  Thus, the  e f f e c t  of the  fore ign  gas on the  EDCs would be deter-  

minable. Figure 3 shows the  t i m e  required t o  form a monolayer as a 

func t ion  of pressure  f o r  s eve ra l  common gases ,  The curves i n  F ig .  3 were 

ca l cu la t ed  assuming u n i t y  s t i c k i n g  c o e f f i c i e n t  and t he  molecular diam- 

eters given [Ref. 21,  Since the  minimum p r a c t i c a l  t i m e  between evapo- 

r a t i o n  and completion of one EDC measurement w a s  6 o r  7 minutes, 
-9 

re ference  t o  Fig.  3 shows t h a t ,  f o r  a t o t a l  p ressure  of 2 X 10 t o r r ,  

an EDC could be measured before  gases such as H 0, COS, N2,  and 0 

form a monolayer. Note, however, t ha t  f o r  un i ty  s t i ck ing  c o e f f i c i e n t ,  
-10 

i t  i s  necessary t o  have a p a r t i a l  pressure of H2 less than 2 . 3  X 10 

t o r r .  (During t h e  course of t h i s  research,  t h e  p a r t i a l  pressure of the  

gases c o n s t i t u t i n g  t h e  2 x 10  t o r r  t o t a l  pressure was not determined. 

However, recent  p a r t i a l  pressure measurements [Ref. 31 of a similar sys -  

t e m  i n d i c a t e  the  p a r t i a l  pressures  of l i g h t  gases  such as H and H e  t o  

could 
2 2 

-9 

2 
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FIG. 3. TIME REQUIRED TO FORM A MONOLAYER OF GAS ON A 
SURFACE. Unity s t i c k i n g  c o e f f i c i e n t  has been assumed. 

-10 be considerably less than  2 . 3  x 10 t o r r  a t  a t o t a l  pressure of 

2 X lo-' t o r r . )  

with t h e  i n t e n t  of r o u t i n e l y  achieving an o i l - f r e e  vacuum of less than 

2 x lo-' t o r r ,  under t h e  r e s t r i c t i o n  of minimum c o s t  for vacuum components. 

Figure 4 i s  a p i c t u r e  of t he  bas ic  pumping u n i t .  For maneuverabili ty,  

t h e  b a s i c  pumping u n i t  and t h e  e l e c t r o n i c s  (necessary t o  opera te  the  vacuum 

pumps, bakeout u n i t s ,  and evaporators)  were mounted on a mobile frame, as 

shown i n  F ig .  5. Note i n  F ig .  4 t h a t  t h e  experimental chamber i s  at tached 

t o  t h e  bas i c  pump u n i t  w i th  a s i n g l e  Varian Conflnt Flange. This f lange  

can be quickly unbolted, and a new experiment can be r ap id ly  at tached and 

evacuated. The mobi l i ty  of t h e  pump s t a t i o n  and the  convenience of t he  

Conflat  Flange made t h e  vacuum system a v e r s a t i l e  and f l e x i b l e  u n i t  t h a t  

w a s  used f o r  many app l i ca t ions  i n  the  course of t h i s  research.  Several  

of these  app l i ca t ions  are shown i n  F igs .  6 ,  7, and 8.  

The vacuum s y s t e m  (F ig .  2 )  w a s  constructed by t h e  author 

9 SEL-67-039 



FIG. 4. THE BASIC PUMPING UNIT EVACUATING AN APPARATUS FOR 
PURIFYING CUPROUS BROMIDE. 

D.  THE PHOTODIODE 

The photodiodes used t o  measure the  v e l o c i t y  d i s t r i b u t i o n s  and t h e  

quantum y ie ld  were of t h e  simple c y l i n d r i c a l  type descr ibed by Apker 

e t  a1 [Ref. 41 and Spicer  [Ref. 51. 

c o l l e c t o r  and emitter are shown i n  Fig.  9. 

is  q u i t e  d i f f e r e n t  from t h e  i d e a l  geometry of a s m a l l  emitter i n  a l a r g e  

sphe r i ca l  c o l l e c t o r  with a s m a l l  l i g h t  hole ,  Spicer  [Ref. 61 found l i t t l e  

d i f f e rence  i n  t h e  EDCs obtained from e i t h e r  geometry. Because the  cy l in-  

d r i c a l  c o l l e c t o r  i s  much easier t o  manufacture than  t h e  sphe r i ca l  co l lec-  

t o r ,  t h e  c y l i n d r i c a l  c o l l e c t o r  w a s  used i n  a l l  t h e  experiments reported 

here .  

The geometry and dimensions of t h e  

Although t h i s  conf igura t ion  

The emitter w a s  u sua l ly  a highly pol ished p iece  of copper t h a t  w a s  

hydrogen-fired before  i t  was used as a s u b s t r a t e  f o r  an evaporated f i lm.  

SEL-67-039 10 

Y 



FIG. 5. THE BASIC PUMPING UNIT AND ASSOCIATED CONTROL UNITS 
MOUNTED ON A MOBILE FFiAME. 
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FIG. 6. EVACUATING A PHOTOTUBE. The phototube i s  continuously 
pumped while the  material under inves t iga t ion  i s  being 
evaporated. The phototube i s  then sealed o f f ,  and photo- 
emission s t u d i e s  a r e  made a s  i n  Fig.  1. 

For t he  materials s tudied ,  i d e n t i c a l  r e s u l t s  were obtained f o r  copper, 

s i l v e r ,  or gold subs t r a t e s .  The c o l l e c t o r  can ( i n  g l a s s  photodiodes) 

w a s  usua l ly  made of molybdenum, although no d i f f e rence  w a s  found between 

molybdenum and n icke l  c o l l e c t o r  cans. 

have a s m a l l  r e s idua l  magnetic f i e l d .  Kindig [Ref. 11 showed t h a t  a 

magnetic f i e l d  of a few gauss can be detr imental  t o  accurate  measurement 

of EDCs, so the  use of magnetic mater ia l s  was s t r i c t l y  avoided by the  

author whenever poss ib le .  ) 

(Nickel i s  ferromagnetic and can 
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FIG. 7 .  BELL J A R  USED I N  CONJUNCTION WITH THE BASIC PUMP UNIT. This  
b e l l  j a r  w a s  used for many experiments of a minor na ture  t h a t  requi red  
an o i l - f r e e  vacuum, but  did not  r equ i r e  a pressure  less than 5 x 10-8 
t o r r .  The gasket  w a s  made of v i ton ,  and t h e  base w a s  a machined (no t  
po l i shed)  monel p l a t e .  
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FIG. 8. THE PHOTOEMISSION CHAMBER (SECTION F)  BEING CONTINUOUSLY PUMPED 
DURING A PHOTOEMISSION EXPERIMENT PERFORMED AS I N  FIG. I b .  

E. THE SEALED GLASS PHOTOTUBE 

I n  a l i m i t e d  number of cases, EDC and quantum y ie ld  measurements 

w e r e  made with a sea led  g l a s s  phototube such as t h a t  shown i n  Fig.  10. 

The g l a s s  phototube cons i s t s  b a s i c a l l y  of an emitter s u b s t r a t e  and a 

c o l l e c t o r  can mounted i n  a g l a s s  envelope with a LiF window. 

The LiF window, a s i n g l e  c r y s t a l  of cleaved LiF purchased from the  

Harshaw Chemical Company, i s  t ransparent  t o  u l t r a v i o l e t  r a d i a t i o n  f o r  

photon energ ies  less than 11.9 e V .  Lithium f l u o r i d e  was used because 

i t  has t h e  h ighes t  cutoff  frequency of any p r a c t i c a l  material known. 
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MOLYBDENUM 
COLLECTOR 

T 2 7  I " 

i 

I 

EM lTTER 

f' DIAM ETER 
LIGHT HOLE 

HOLE FOR PUTTING 
EMITTER INTO CAN 

FIG. 9 .  GEOMETRY AND DIMENSIONS OF COLLECTOR AND 
EMITTER OF THE PHOTODIODE. 

Using a process described e a r l i e r  by Berglund [Ref. 71, t he  LiF c r y s t a l  

w a s  sealed by a s i l v e r  ch lo r ide  "glue" t o  a s i l v e r  f lange t h a t  was sealed 

i n t o  the  g l a s s  body of t he  tube.  Such s e a l s  a r e  vacuum-tight and have a 

very low vapor pressure .  The use of a LiF window p e r m i t s  preparat ion and 

study of a material under u l t r a h i g h  vacuum a t  photon energies  up t o  11 .9  

e V .  Exposure t o  t h e  atmosphere has a severe e f f e c t  on the  EDCs and the  

quantum y ie ld  of most ma te r i a l s ;  therefore ,  u l t r ah igh  vacuum i s  e s s e n t i a l  

for meaningful photoemission s tud ie s .  S t ruc ture  i n  the  EDCs was found 

t o  be much more s e n s i t i v e  t o  contamination than the  quantum y ie ld ,  and 

the  smearing of such s t r u c t u r e  i n  the  EDCs was usua l ly  in t e rp re t ed  as  a 

s ign  of an inadequate high vacuum. 

The tube shown i n  Fig.  10 w a s  used t o  measure EDCs and quantum y i e l d  

from CuBr. The CuBr powder w a s  evaporated onto the  polished metal sub- 

strate ou t s ide  t h e  c o l l e c t o r  can. The s u b s t r a t e  was mounted on a r a i l ,  
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SUBSTRATE OUTSIDE 
COLLECTOR CAN 
(for evaporation) 

SUBSTRATE INSIDE 
COLLECTOR CAN 
(for photoemission) 

-7 COLLECTOR CAN 

L I F  CRYSTAL WINDOW IN COLLECTOR 

MOLYBDENUM MESH COVERING 
LIGHT HOLE IN COLLECTOR 
(mesh made of 0.lO"diam wire, 
mesh holes approx 3N6"x 3/16") 

F I G ,  10. SEALED GLASS PHOTOTUBE USED TO CHECK THE EFFECT OF THE 
COLLECTOR LIGHT HOLE ON ENERGY DISTRIBUTION CURVES FOR CUPROUS 
BROMIDE. 

so tha t  i t  could s l i d e  i n t o  the c o l l e c t o r  can f o r  the photoemission ex- 

periment. To assure  uniformity of t h e  work func t ion  on the i n s i d e  of 

the c o l l e c t o r  can, an aluminum bead w a s  evaporated i n s i d e  the c o l l e c t o r  

Can. 

Note that i n  t h i s  " typica l"  phototube, the  l i g h t  hole i n  t h e  co l -  

lector is  q u i t e  large and that  the LiF window is q u i t e  c lose  t o  the 

c o l l e c t o r .  To test the e f f e c t  of the large l i g h t  ho le  and the c lose  
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proximity of t h e  LiF window on the  experimental EDCs, t h e  tube i n  F ig .  10 

w a s  f i t t e d  wi th  a molybdenum w i r e  mesh t h a t  could be moved over t h e  l i g h t  

hole .  The m e s h  served,  i n  e f f e c t ,  t o  make t h e  c o l l e c t o r  l i g h t  ho le  e l ec -  

t r i c a l l y  much smal le r ,  since t h e  mesh w a s  i n  good e lectr ical  con tac t  wi th  

t h e  c o l l e c t o r  can, and t h e  p o t e n t i a l  of t h e  c o l l e c t o r  w a s  e s s e n t i a l l y  ex- 

tended over t h e  l i g h t  ho le .  The f i n e  w i r e  minimized t h e  photoemission of 

e l e c t r o n s  from t h e  mesh. The r e s u l t  of t h e  experiment w a s  t h a t  t h e  same 

EDCs w e r e  measured wi th  o r  without t h e  mesh over t h e  l i g h t  hole .  This 

r e s u l t  sugges ts  t h a t  t h e  LiF window and t h e  g l a s s  tube had charged up t o  

such a p o t e n t i a l  t h a t  a l l  t h e  e l e c t r o n s  t h a t  w e r e  photoemitted through 

t h e  open l i g h t  ho le  were r epe l l ed  by t h e  g l a s s  envelope and eventua l ly  

c o l l e c t e d  by t h e  c o l l e c t o r  can.  Whatever t h e  d e t a i l e d  na tu re  of t he  

charging phenomenon, t h e  experiment with t h e  mesh suppor ts  t h e  contention 

t h a t  t h e  c y l i n d r i c a l  diode geometry used i n  t h e  photoemission experiments 

does not  d i s t o r t  t he  EDC or t h e  quantum v i e l d  measurements. I n  some 

phototubes, however, d i s t o r t i o n  occurred i n  t h e  EDCs because t h e  LiF 

window did  not  (apparent ly)  charge up s u f f i c i e n t l y .  This e f f e c t  w a s  

cor rec ted  by us ing  a 1 5 - V  b a t t e r y  t o  b ins  t h e  s i l v e r  f l ange  negat ive  with 

r e spec t  t o  t h e  c o l l e c t o r  can. 

The tube of F ig .  10 w a s  prepared i n  the  following manner: Pu r i f i ed  

CuBr powder w a s  placed i n  t h e  quar tz  boat ,  and t h e  

h igh  vacuum pump s t a t i o n  i n  t h e  manner of F ig .  6. 

175'C and seve ra l  days of pumping, t h e  pressure  i n  

less than  5 x 10 t o r r .  (The pressure  i n s i d e  t h e  

monitored,)  A t  t h i s  t i m e ,  t h e  CuBr w a s  evaporated 

-9 

tube w a s  sea led  t o  t h e  

Af te r  bakeout a t  about 

t h e  pump system w a s  

phototube was not 

onto t h e  s u b s t r a t e ,  

t h e  aluminum bead w a s  evaporated i n s i d e  t h e  c o l l e c t o r  can, and t h e  tube 

w a s  sea led  o f f  w i th  a to rch .  During the  seal-off process ,  t h e  pressure  

i n s i d e  t h e  phototube w a s  not  monitored, but any poss ib l e  pressure  r ise 

had been minimized by hea t ing  t h e  g l a s s  a t  t h e  seal-off po in t  t o  i t s  

so f t en ing  temperature p r i o r  t o  t h e  evaporation of t h e  CuBr. Af te r  seal- 

o f f ,  photoemission s t u d i e s  were made and found t o  be s t a b l e  f o r  s i x  

months, after which t h e  s t r u c t u r e  i n  the  EDCs became smeared, i nd ica t ing  

contamination due t o  a poor vacuum wi th in  t h e  phototube. 

after s i x  months appeared t o  be due t o  d i f f u s i o n  of a i r  through the  s i l v e r  

ch lo r ide  seal, s i n c e  the l i f e  of a tube could be extended fa r  beyond s i x  

The poor vacuum 
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months by coa t ing  t h e  s i l v e r  ch lo r ide  seal with "glyptol" (as suggested 

by W. E.  Sp icer ) .  

The sealed g l a s s  phototube descr ibed above was not used ex tens ive ly  

t o  s tudy t h e  materials presented i n  t h i s  s tudy because of t h e  following 

disadvantages: 

During evaporation, t he  pressure i n  t h e  phototube may be 
much higher  than t h e  pressure  i n  the vacuum pumps, due t o  
t h e  s m a l l  s i z e  of t h e  glass tubula t ion  a t  t he  seal-off  
po in t .  

The to rch  seal-off might contaminate the  sample before  i t  
i s  s tudied .  

The tube i s  sealed,  so t h a t  t he  pressure i n s i d e  the  tube 
cannot be monitored during photoemission measurements. 

Construction of t he  tube i s  time-consuming and d i f f i c u l t ,  
e s p e c i a l l y  i f  a number of evaporators,  hea t e r s ,  b a f f l e s ,  
and motions must be incorporated i n t o  the  tube.  

Because of t h e s e  disadvantages, l  i t  was decided t o  abandon the  use  of 

g l a s s  phototubes f o r  general  photoemission s t u d i e s  and t o  cons t ruc t  a 

v e r s a t i l e ,  continuously pumped photoemission chamber t h a t  would have none 

of t h e  above disadvantages of a g l a s s  phototube. Such a chamber was con- 

s t r u c t e d  (see Sect ion F) .  

F. THE PHOTOENISSION CHAMBER 

N e a r l y  a l l  of t he  photoemission d a t a  presented i n  t h i s  repor t  has 

been obtained with t h e  use of t h e  continuously pumped photoemission 

'Several of t h e  disadvantages enumerated above can be overcome t o  a 
certain ex ten t  by t h e  use  of spec ia l  techniques.  For example, the  pres- 
sure  rise at  seal-off  can be el iminated by use  of a s o f t  copper "pinch- 
o f f "  i n s t ead  of a g l a s s  seal, as described i n  Sect ion G .  Also, t h e  
phototube can be used t o  study photoemission while being continuously 
pumped, by use  of a technique developed by Eden [Ref. 81. 
a vacuum-tight LiF window is  placed a t  t he  e x i t  s l i t  of t h e  vacuum mono- 
chromator, and t h e  phototube i s  aligned on t h e  pump s t a t i o n  so t h a t  l i g h t  
can pass  out  of t h e  monochromator, through a few cent imeters  of a i r  and 
i n t o  t h e  phototube. Because a i r  severe ly  a t t enua te s  t h e  u l t r a v i o l e t  
l i g h t ,  t he  region between the  phototube and t h e  monochromator i s  f i l l e d  
with He  gas,  which i s  s u f f i c i e n t l y  t ransparent  t o  u l t r a v i o l e t  r ad ia t ion  
t o  permit a s i g n i f i c a n t  amount of l i g h t  t o  reach the  phototube. Eden 
has been successful  i n  making photoemission measurements by use  of t h i s  
technique. 

I n  t h i s  method, 
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chamber sketched i n  Fig. 11. This v e r s a t i l e  chamber cons i s t s  bas i ca l ly  

of a photodiode mounted i n  a l a r g e  s t a i n l e s s  s t e e l  chamber with a LiF 

window. The schematic of Fig.  11 i s  intended t o  portray the  bas ic  fea-  

t u r e s  of t h e  photoemission chamber, and does not include a l l  of the  elec- 

t r ica l  feedthroughs,  l i q u i d  n i t rogen  feedthroughs,  and l i n e a r  motions t h a t  

ex i s t  i n  t h e  ac tua l  chamber. For a more de t a i l ed  desc r ip t ion  of the  

chamber and the  design concepts, t he  reader  i s  advised t o  contac t  e i t h e r  

t he  author o r  W. E .  Spicer ,  Stanford Elec t ronics  Laborator ies .  The major 

of the  photoemission chamber are described below: 

Rapid changeover from experiment t o  experiment i s  easi ly  
accomplished. The e n t i r e  photoemission apparatus i s  a t -  
tached t o  the  top f lange ,  which i s  a Varian Conflat  Flange 
sealed by compressing a s o f t  copper gasket .  A new ex- 
per'iment can be i n s t a l l e d  i n  the  chamber i n  a matter of 
hours, compared with the  weeks or months required t o  
bui ld  a g l a s s  phototube. The s u b s t r a t e  c l i p s  i n t o  i t s  
holder ( s e e  Fig.  1 2 )  with four  w i r e s ,  and a new polished 
s u b s t r a t e  can be mounted i n  the  e m i t t e r  assembly i n  a 
matter of minutes. 

Ultrahigh vacuum i s  r e a d i l y  achieved. A l l  components a r e  
s t a i n l e s s  steel, g l a s s ,  and o ther  low vapor-pressure 
materials. N o  organic  mater ia l s  are used i n  the  chamber. 
A l l  seals are made with s o f t  copper gaskets  and Varian 
Conflat  Flanges t h a t  can be quickly assembled and d i s -  
assembled. The system i s  pumped ex te rna l ly  by u s e  o f  
t h e  bas i c  pump s t a t i o n  of Fig.  2, as shown i n  Fig.  8. 
I n  addi t ion ,  a t i tanium sublimation pump i s  b u i l t  i n t o  the  
chamber, a s  shown i n  Fig.  11. With the  u s e  of these pumps, 
a pressure  of 2 x t o r r  i s  rou t ine ly  a t t a ined  i n  the  
chamber a f t e r  a two-day bakeout a t  a temperature of 15OoC. 
The pressure  is  measured with a Bayard-Alpert i on iza t ion  
gauge t h a t  i s  mounted i n  t h e  s i d e  of t h e  photoemission 
chamber not shown i n  Fig.  11). The u l t ima te  pressure  of 
5 x 10-l' t o r r  can be reached only a f t e r  many days of 
pumping. 
u l t ima te  pressure and decrease t h e  pumpdown t i m e .  ) 
Two l i nea r  motions, each with a t r ave l  of more than 2 
inches,  were b u i l t  i n t o  the  top f lange  of Fig.  11. One 
l i nea r  motion i s  used t o  move the  s u b s t r a t e  i n  and out  
of t h e  c o l l e c t o r  can, and t h e  o ther  l i n e a r  motion is  
(usua l ly )  used t o  move a m e t a l  evaporator bead i n  and 
out of t h e  c o l l e c t o r  can. 

The temperature of t h e  s u b s t r a t e  can be var ied from 77'K 
( l i q u i d  n i t rogen  temperature) t o  over 900'K. 
from Figs .  11 and 12, t h e  subs t r a t e  i s  d i r e c t l y  connected 

(Future  use  o f  l a r g e r  pumps should lower t h e  

A s  seen 
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FIG. 11. SCHlENLATIC OF THE PHOTOEMISSION CHAMBER. 
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PHOTOEMISSION CHAMBER COMPONENTS (FIG. 11) 

@ Top Flange 

@ G l a s s  i n s u l a t o r .  

@ 
@ 

S t a i n l e s s  steel l i q u i d  n i t rogen  p ipe  f o r  cooling the  c o l l e c t o r .  

Liquid n i t rogen  tube for cooling t h e  s u b s t r a t e .  
copper tube t h a t  i s  brazed ( i n  p l ace  of a s o l i d  conductor) i n t o  
a Varian 150 ampere cu r ren t  feedthrough. 

This i s  a 

@ Ceramic i n s u l a t o r .  

Linear Motion 

Screw. 

Rotary d i s k  ( r o t a t i n g  t h i s  d i sk  causes t h e  screw t o  move up 
and down. 

Teflon bear ing  (removable f o r  bakeout).  

Alignment plunger.  

S t a i n l e s s  steel bellows (welded diaphragm t y p e ,  purchased from 
Varian Assoc ia tes ,  Palo Al to ,  C a l i f .  ) .  
S t a i n l e s s  steel rod ,  

Rigid support  rod ( t h r e e  of these  guide t h e  alignment plunger) 

The d i sk  tu rns  f r e e l y  i n  t h e  t e f l o n  bearing) 

Movable Emitter Assembly 

@ Linkage a r m .  

@ Liquid n i t rogen  bellows ( s t a i n l e s s  steel, welded diaphragm type,  
purchased from "Metal Bellows Corporation, 20977 Knapp S t . ,  
Chatsworth, C a l i f .  ) . 
C e r a m i c  i n s u l a t o r  ( t o  i n s u l a t e  emitter from l i n e a r  motion). @ 

@ Support a r m .  

0 
@ Fixed p ivo t  po in t .  

E m i t t e r  assembly ( i n  p o s i t i o n  for evaporation ou t s ide  the  
c o l l e c t o r  can)  (see F ig .  1 2  f o r  d e t a i l s ) .  

Evaporator o u t s i d e  c o l l e c t o r  can (example shown: 
qua r t z  cone i n  tantalum hea te r  c o i l ) .  

Metal bead evaporator i n s i d e  c o l l e c t o r  can ( a f t e r  evaporation, t h i s  
bead i s  taken ou t  of t h e  c o l l e c t o r  can wi th  t h e  second l i n e a r  motion 
not  shown i n  F i g .  11). 

Co l l ec to r  can (1/8-in. t h i c k ,  f o r  good hea t  conduction. 

Evaporator s h i e l d  covering ho le  i n  back of c o l l e c t o r  can ( a  s m a l l  
p i e c e  of s o f t  i r o n  is  connected t o  the  s h i e l d  mechanism. Af te r  
evaporation, t h e  s h i e l d  i s  r o t a t e d  away from the  ho le  us ing  a magnet 
external t o  t h e  photoemission chamber. ) 

CuBr powder i n  

21 SEL-67 -039 



I 

PHOTOEMISSION CHAMBER COMPONENTS (FIG. 11) ( CONTD) 

@ 

@ 
LiF Window Assembly 

Evaporator s h i e l d  covering hole  i n  f r o n t  of c o l l e c t o r  (magnetically 
ac tua ted  i n  t h e  same manner as @ ) .  
Flange t h a t  i s  bolted t o  the  vacuum monochromator. 

@ 

@ 

LiF window i n  s i l v e r  f l ange ,  which i s  clamped between two 
conf l a t  f l anges  @ . 
Assembly of t w o  conf l a t  f langes  which hold LiF window. T h i s  
assembly can be removed from the photoemission chamber without 
breaking t h e  vacuum seal on the s i l v e r  f l ange .  (The LiF window 
i s  removed and t h e  transmission measured for each photoemission 
experiment. ) 
Bolt t h a t  clamps two conf l a t  f langes  around s i l v e r  r i n g  which 
holds the  LiF window. 

Bolt  t h a t  a t t aches  assembly 

@ 

@ @ t o  the  photoemission chamber. 

@ Glass viewport. 

@ Bottom f l ange .  

Copper p l a t e  t o  sh i e ld  photoemission apparatus from T i  f i lament  

T i  f i l ament  (used as a t i tanium sublimation pump i n  the  chamber). 

Current feedthroughs f o r  T i  3ilament.  
@ 
@ 
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t o  a s m a l l  l i q u i d  n i t rogen  r e se rvo i r .  
s i b l e  n i t rogen  gas buildup i n  the  l i q u i d  n i t rogen  r e se rvo i r  
has  been avoided by cons t ruc t ing  the  l i q u i d  n i t rogen  reser- 
v o i r  with an inpu t  and an output pipe. Liquid ni t rogen 
under s l i g h t  pressure  can thus  be made t o  flow through the  
r e se rvo i r .  The problem of g e t t i n g  l i q u i d  n i t rogen  to  a 
movable s u b s t r a t e  under u l t r a h i g h  vacuum w a s  solved by t h e  
use of s t a i n l e s s  steel bellows. These bellows w e r e  strong 
enough t o  withstand atmospheric pressure,  y e t  f l e x i b l e  
enough so t h a t  t h e  s u b s t r a t e  could be moved with l i q u i d  
n i t rogen  i n  the  bellows. A s  shown i n  Fig.  11, the  copper 
p ipes  car ry ing  the  l i q u i d  n i t rogen  t o  t h e  bellows were 
connected t o  the  top  f lange '  by means of a novel, compact, 
and very inexpensive l i q u i d  n i t rogen  feedthrough t h a t  w a s  
i n su la t ed  from t h e  top  f lange .  This feedthrough c o n s i s t s  
simply of a V a r i a n  medium-current feedthrough whose s o l i d  
cen te r  conductor has been replaced by a hollow copper pipe.  

The problem of pos- 

The s u b s t r a t e  can be heated t o  a temperature of over 900°K 
by passing cu r ren t  through t h e  alumina-coated hea te r  w i r e  
embedded i n  t h e  "subs t ra te  box" shown i n  Fig. 12.  To pre-  
vent magnetic f i e l d s  from d i s t o r t i n g  the  EDCs, t h i s  hea t e r  
w i r e  i s  surrounded w i t h  "net ic"  and "conetic" magnetic 
sh i e ld ing  material. Since t h e  c u r i e  po in t  of these  mate- 
r ials is  only about 7 0 0 ° K ,  they provide no magnetic sh ie ld-  
i ng  above t h i s  temperature. 

The c o l l e c t o r  can i s  a l s o  coolable  t o  l i q u i d  ni t rogen 
temperature, since i t  c o n s i s t s  of a massive copper cy l inder  
connected t o  a r i g i d  l i q u i d  n i t rogen  feedthrough. This 
feedthrough i s  insu la t ed  from the  top  f l ange ,  as shown i n  
Fig.  11. 

Evaporated f i l m s  and materials t h a t  can be fashioned i n t o  
the  form of a s u b s t r a t e  are e a s i l y  s tud ied  i n  the  photo- 
emission chamber. Since the  s u b s t r a t e  can be moved out  
of t he  c o l l e c t o r  can f o r  evaporation, t he re  is  l i t t l e  space 
l i m i t a t i o n  on the  type of evaporator t h a t  can be used to 
depos i t  a f i l m  onto t h e  subs t r a t e .  The author has used 
quar tz  boats  and f i lament  evaporators,  and Yu [Ref. 93 has 
used an e l e c t r o n  gun f o r  very high temperature evaporations.  

Because of t h e  l a r g e  number of e l e c t r i c a l  feedthroughs and 
the movable s u b s t r a t e ,  severa l  photoemission experiments 
can be made during a s i n g l e  pumpdown. For example, during 
t h e  course of t h i s  research,  t h e  author made i t  a p rac t i ce  
t o  s tudy photoemission from a metal and from an i n s u l a t o r  
on each pumpdown. The procedure was as follows: The f i r s t  
experiment w a s  made by moving the  s u b s t r a t e  i n t o  the  col-  
l e c t o r  can and by evaporating the  metal bead i n  t h e  c o l l e c t o r  
can. This  evaporation served two purposes: t o  evaporate 
t h e  metal under study onto t h e  s u b s t r a t e  and t o  coat  the 
c o l l e c t o r  can with a f r e s h  metal ,  thus  assuring a Uniform 
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c o l l e c t o r  work func t ion .  After photoemission s tud ie s  were 
made on t h e  metal, t he  subs t r a t e  w a s  moved out  of the col-  
l e c t o r  can, and an i n s u l a t o r  (such a s  C s I )  w a s  evaporated 
from a quar tz  boat onto the  subs t r a t e .  After photoemission 
s t u d i e s  were made on the i n s u l a t o r  f i lm ,  t he  top  f l ange  of 
t h e  photoemission chamber was removed, and a new experiment 
w a s  prepared simply by washing the  i n s u l a t o r  off  the o ld  
s u b s t r a t e  (which was usua l ly  s t i l l  highly pol ished)  , and 
i n s t a l l i n g  new evaporators.  I n  a matter  of hours a f t e r  
t h e  previous photoemission experiments, t he  chamber w a s  
being pumped down f o r  another set of experiments. 

(7) The photoemission chamber w a s  mounted on a mobile t a b l e  t h a t  
could be r i g i d l y  bol ted t o  the  vacuum pump s t a t i o n ;  thus,  
a s i n g l e  u n i t  could be r o l l e d  up t o  t he  vacuum monochromator 
f o r  photoemission measurements, as  shown i n  Fig.  8. 

The s ta inless  steel body of t he  chamber was b u i l t  by Varian, but the 

rest of t h e  chamber w a s  constructed i n  the  f a c i l i t i e s  of t h e  Stanford 

Elec t ronics  Laborator ies .  The author i s  indebted t o  P. McKernan of t he  

Stanford Elec t ronics  Laborator ies  Tube Shop f o r  h i s  a s s i s t ance  i n  the  

cons t ruc t ion  and assembly of t he  photoemlssion chamber. Mr. McKernan 

is  respons ib le  f o r  t h e  many cons t ruc t ion  d e t a i l s  t h a t  made the  chamber a 

r ea l i t y .  

a s s i s t ance  i n  bui ld ing  t h e  mobile t a b l e  and i n  designing the  removable 

LiF window f lange .  

Also, t h e  author would l i k e  t o  thank Barry Schechtman f o r  h i s  

Figure 13 i s  a photograph of the photoemission chamber. 

G. THE KNOCK-OFF TUBE 

A s  discussed earlier i n  t h i s  chapter ,  u l t r ah igh  vacuum photoemission 

experiments are l i m i t e d  i n  our labora tory  t o  photon energies  less than 

11 .9  eV,  t h e  high energy cutoff  of the LiF window. I n  many ins tances ,  

i t  i s  des i r ab le  t o  ob ta in  photoemission d a t a  a t  photon energies  higher 

than 11 .9  eV.  One so lu t ion  would be t o  cons t ruc t  a windowless l i g h t  

source-monochromator-test chamber apparatus i n  which the  test chamber 

could be maintained a t  a pressure  of 10 t o r r  and t h e  lamp pressure 

maintained at 10 t o r r ,  Unfortunately,  a r a t h e r  e labora te  d i f f e r e n t i a l  

pumping scheme [Ref. 101 would probably have t o  be used t o  r e a l i z e  such 

a system, and t h i s  i s  not present ly  f e a s i b l e  i n  our l abora tory .  

sec t ion ,  an a l t e r n a t i v e  so lu t ion  i s  described; i t  has,  i n  many cases ,  

-9 

-3 

In  t h i s  
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FIG. 13. THE PHOTOEMISSION CHAMBER AS SEEN FROM THE 
GLASS VIEWPOINT SIDE. 
s i d e  cannot be seen i n  t h i s  photograph. 
apparatus on t h e  top  of the  chamber i s  a simple system 
for r e c i r c u l a t i n g  l i q u i d  n i t rogen  through t h e  emitter 
assembly. 

The LiF window on t h e  opposi te  
The exo t i c  
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r e s u l t e d  i n  good photoemission d a t a  from evaporated f i lms  at  photon 

energ ies  g r e a t e r  than 11 .9  eV. 

This  a l t e r n a t i v e  so lu t ion ,  c a l l e d  a knock-off tube, is a s p e c i a l l y  

constructed photodiode wi th  a LiF window t h a t  w i l l  allow a material t o  

be prepared and s tudied  i n  u l t r ah igh  vacuum, i n  t h e  usual manner. How- 

ever ,  t h e  knock-off tube has t h e  addi t iona l  feature  t h a t  t he  LiF window 

p a r t  i s  connected t o  t h e  tube body by a neck of very t h i n  g l a s s ,  so t h a t  

t he  LiF window can be broken o f f ,  and photoemission s t u d i e s  can be made 

a t  photon energies  g r e a t e r  than 11 .9  eV. Figure 1 4  is a sketch of t h i s  

tube. Note t h a t  t h e  g l a s s  i n  t h e  neck of t h e  tube i s  only about 0.010 

inch th i ck .  Thicknesses between 0.005 and 0.020 inch have been found 

s t rong  enough t o  withstand t h e  pressure  of t h e  surrounding atmosphere, 

y e t  f r a g i l e  enough f o r  t he  LiF window t o  be broken of f  easily'.  Note a l so  

t h a t  t h e  tube has  a s o f t  copper "pinch-off' ' (made by Palmer Larson Co., 

Redwood Ci ty ,  C a l i f . ) .  By use of t h i s  pinch-off,  t h e  tube can be sealed 

off with a s i n g l e  s t r o k e  of a b o l t  c u t t e r ,  thus avoiding any gas contami- 

na t ion  t h a t  might occur i f  the  tube were sealed of f  i n  the  conventional 

manner of mel t ing the  g l a s s  tubuln t ion  with a to rch .  

The knock-off tube i s  used i n  t h e  fol lowing manner: F i r s t ,  the  

tube (Fig.  14 )  i s  evacuated t o  a pressure  of t y p i c a l l y  5 >: 10 

and then  t h e  material under s tudy i s  evaporated onto the  s u b s t r a t e .  This 

processing i s  done with t h e  o i l - f r e e  ion  pump s y s l e m  described i n  Section 

C, t o  i n s u r e  t h a t  t h e  material under s tudy i s  f r e e  of o i l  and contaminants. 

The tube i s  then placed i n  a chamber t h a t  i s  at tached t o  the  vacuum mono- 

chromator, as shown i n  Fig.  15. When gas i s  not flowing through t h e  
-7 

lamp, t h e  pressure  i n  t h e  vacuum monochromator i s  less than 1 X 10 

When t h e  gas  (Ha,  N e ,  or H e )  f lows through t h e  lamp i n t o  the  monochromator, 

t h e  pressure  rises t o  1 X 10 t o r r  i n  the  monochromator. The only con- 

nect ion between t h e  chamber surrounding t h e  knock-off tube and t h e  in -  

t e r i o r  of t h e  vacuum monochromator i s  t h e  s l i t  opening, which i s  typ ica l ly  

1 cm x 1 mm. 

1 5 ) ,  t he  pressure  i n  t h e  chamber around t h e  knock-off tube i s  about 

2 x t o r r .  I f  t h e  aux i l i a ry  pump i s  used, t h e  pressure  i n  t h e  cham- 

ber  f a l l s  t o  about 2 X 10 t o r r .  Note t h a t  both the  vacuum monochromator 

pump and t h e  a u x i l i a r y  pump systems have l i q u i d  n i t rogen  t r a p s  and 

-9 t o r r ,  

t o r r .  

-4 

Thus, i f  no a u x i l i a r y  pump i s  used (dashed l i nes  i n  Fig. 

-5 
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molecular s i eve  t r aps .  

amount of o i l  vapor i n  t h e  vacuum monochromator and t h e  experimental 

chamber. Note a l s o  the  l a r g e  "cold f inge r "  t h a t  rep laces  a "hatch-cover" 

i n  t h e  monochromator. 

s eve ra l  hours before  the  experiment, and i s  intended t o  condense any 

oxygen and o i l  vapor t h a t  may be i n  t h e  monochromator, 

The purpose of t hese  t r a p s  i s  t o  minimize t h e  

This  cold f i n g e r  i s  f i l l e d  with l i q u i d  n i t rogen  

In the ac tua l  experiment, photoemission da ta  are f i r s t  taken a t  

photon energ ies  up t o  11.9 eV,  while t h e  LiF window is  s t i l l  i n t a c t  and 

t h e  material under s tudy  i s  i n  an o i l - f r e e  u l t r a h i g h  vacuum. 

a l l  measuring equipment i n  readiness ,  t h e  plunger i n  the  top of t h e  ex- 

perimental chamber i s  pushed down, and t h e  g u i l l o t i n e  (which should have 

a sharp po in t )  chops o f f  t h e  LiF window. 

are then  quickly taken, because t h e  sample w i l l  o f t e n  tend t o  contaminate 

r ap id ly  i n  a vacuum of 1 X 10 t o r r .  I n  p r a c t i c a l  cases ,  i t  appears 

t h a t  t h e  bes t  da t a  are obtained i n  the  t i m e  between knock-off and 5 t o  

30 minutes after knock-off. I n  addi t ion ,  contamination e f f e c t s  are 

apparently most severe when t h e  hydrogen gas i s  used. This may occur 

because t h e  s m a l l  hydrogen atoms (or i ons )  can d i f f u s e  i n t e r s t i t i a l l y  

i n t o  t h e  material under study, thus increas ing  the  i n t e r n a l  s c a t t e r i n g  

of e l e c t r o n s  photoexcited i n  t h e  bulk of t h e  subs t r a t e .  Thus, i t  i s  re- 

commended t h a t  the  LiF window be chopped off i n  t h e  presence of neon 

( a  l i n e  a t  16.8 e V )  or helium ( a  l i n e  a t  21.2 e V ) ,  r a t h e r  than i n  t h e  

presence of hydrogen (continuum up t o  14  e V ) .  

i n  t h e  "windowless" experiment can be checked by comparison with the  

high vacuum d a t a  taken with the  LiF window i n t a c t  a t  energ ies  less than 

11 .9  e V .  

Then, wi th  

Energy d i s t r i b u t i o n  curves 

-4 

The q u a l i t y  of t h e  da t a  

This  knock-off method has t h e  advantage t h a t  a high q u a l i t y  f i l m  

is  f i r s t  prepared i n  u l t r a h i g h  vacuum, and then s tudied  i n  a poor vacuum, 

o f t en  before  gas d i f fus ion  and o the r  contaminating e f f e c t s  occur,  I f  the  

material was not  f i r s t  prepared i n  u l t r ah igh  vacuum but  w a s  prepared i n  

the  vacuum of the  monochromator, fore ign  gas would be included i n  the  

f i lm,  and t h e  material would be contaminated t o  s t a r t  with.  

Figure 16  i s  a photograph of an experimental knock-off tube i n  i t s  

holder before  placement i n  the  experimental chamber, and Fig .  17 i s  a 

photograph of the  knock-off tube and t h e  g u i l l o t i n e  apparatus a f t e r  t h e  

experiment . 
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STANDARD 8-PIN HEADER 

SILVER 
FLANGE 

L i F  CRYSTAL 
WINDOW 

THIN GLASS SECTION 

FIG. 14. SCHEMATIC OF T m  KNOCK-OFF TUBE SHOWING BASIC FEATURES. 
The  ac tua l  tubes are more complicated.  
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FIG. 16. EXPERIMENTAL KNOCK-OFF TUBE IN HOLDER. 
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F I G .  17. I(N0CK-OFF TUBE AND GUILLOTINE AFTER AN EXPERIMENT. 
N o t e  tha t  the glass has broken a t  the neck of the L i F  
w i n d o w  p o r t .  
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The author i s  indebted t o  Frank P e t e r s  and David F. Mosher of t h e  

Stanford E lec t ron ic s  Labora tor ies  Tube Shop for developing t h e  techniques 

necessary f o r  t h e  cons t ruc t ion  of t h e  d e l i c a t e  knock-off tube. Without 

t h e i r  s k i l l s ,  t h e  important r e s u l t s  deduced from knock-off experiments 

would never have been obtained by t h e  author .  

H .  PREPARATION OF FILMS 

A l l  of t h e  photoemission experiments presented i n  t h i s  paper were 

made on evaporated f i l m s  seve ra l  thousand angstroms th i ck .  The methods 

used t o  evaporate these  materials are described i n  t h i s  s ec t ion .  I n  a l l  

cases, these  materials were evaporated onto a polished s u b s t r a t e  of 

either copper, s i l v e r ,  or gold. The s u b s t r a t e  was a t  room temperature. 

In  a l l  cases, t h e  photoemission d a t a  were independent of t h e  s u b s t r a t e  

materi a1 . 
1. Copper, S i l v e r ,  and Gold 

Copper, s i l v e r ,  and gold beads were formed by wrapping w i r e  of 

a t  least 99.99 percent p u r i t y  onto a 0.010-inch-diameter molybdenum w i r e ,  

and then melting t h e  w i r e  i n t o  a bead i n  a vacuum b e l l  j a r .  The r e s u l t i n g  

bead and molybdenum w i r e  took t h e  shape shown i n  F ig .  18a. 

Before evaporation of t hese  beads f o r  photoemission s t u d i e s  i n  
-9 t h e  s t a i n l e s s  steel chamber, t h e  pressure  w a s  t y p i c a l l y  1 . 5  t o  2.0 x 10 

t o r r ,  and during evaporation, t h e  pressure  rose  t o  a maximum of about 

5.0 X lo-’ t o r r .  

more d e t a i l e d  s t r u c t u r e  i n  t h e  pho toe lec t r i c  energy d i s t r i b u t i o n  curves 

than  d id  o t h e r  methods: The cu r ren t  through t h e  bead w a s  increased  a 

few t e n t h s  of an ampere a t  a t i m e ,  and the re  was a small p ressure  rise 

assoc ia ted  wi th  each cu r ren t  increase. The cu r ren t  w a s  then held a t  a 

cons tan t  l e v e l  f o r  s eve ra l  minutes, u n t i l  t h e  pressure  had dropped back 

t o  nea r ly  i t s  o r i g i n a l  value.  

g radual ly  u n t i l  t h e  bead began t o  evaporate s l i g h t l y  ( a t  a cu r ren t  of 

3 or 4 amperes). A t  t h i s  t i m e ,  t h e  cu r ren t  was increased abrupt ly  t o  

5 or 6 amperes, so t h a t  t h e  bead evaporated very r ap id ly .  I n  about 30 

seconds t o  1 minute, about 90 percent of t h e  bead had been evaporated. 

A t  t h i s  po in t ,  t h e  hea te r  c u r r e n t  w a s  shut  o f f ,  l eav ing  a s m a l l  bead s t i l l  

The following technique r e su l t ed  i n  f i l m s  t h a t  had 

This procedure w a s  continued slowly and 
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c u  
Ag BEAD 
Au 

0.01 0" DIAMETER 
MOLYBDENUM WIRE 

a.  Before evaporation 

EVAPORATED 
FILM 

SMALL AMOUNT 
OF BEAD 
REMAIN I NG 

b ,  A f t e r  evaporation 

FIG. 18. EVAPORATION OF COPPER, GOLD, AND SILVER. 

on the  molybdenum w i r e ,  as shown i n  Fig. 18b. I n f e r i o r  photoemission 

da ta  sometimes r e s u l t e d  when the  bead w a s  e n t i r e l y  evaporated. The in -  

f e r i o r  r e s u l t s  may have been due t o  material t h a t  w a s  evaporated from 

wi th in  t h e  molybdenum f i lament .  The purpose of t h e  rap id  evaporation 

was t o  in su re  t h a t  only a s m a l l  amount of fo re ign  gas could be buried 

i n  t h e  metal f i lm .  After t h e  evaporation, t h e  pressure  f e l l  rap id ly  t o  

i t s  o r i g i n a l  value.  

2. Cutmous Chloride. CuDrous Bromide. and CuDrous Iodide 

The cuprous ha l ide  materials were purchased i n  powder form 

from two sources:  (1) Fisher  S c i e n t i f i c  Co . ,  U.S.A.; ( 2 )  B. D. H .  
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Laboratory Chemicals Division, Poole, England. A s  purchased, t he  cuprous 

ha l ide  powders were only about 98-99 percent  pure, and were greenish- 

brown-white. Before use i n  an experiment, these  powders were pur i f i ed  

by t h e  sublimation technique (Fig.  1 9 ) .  Using the o i l - f r e e  pumping 

GLASS CATCHER r 

PURIFIED FILM 2.\\ f t 

TANTALUM- 
HEATER 
COIL 

-LARGE AMOUNT OF 
COMMERCIAL 

CUPROUS HALIDE 
POWDER 

'-QUARTZ BOAT 
(CONE) 

a.  P u r i f i c a t i o n  of commercial cuprous ha l ide  

POLISHED 
SUBSTRATE 
(Cu,Ag, or Au) 

LL AMOUNT OF 
QUARTZ BOAT FlED CUPROUS 

orate a fi lm 
ral thousand 

(CONE) 

TANTALUM 
HEATER 

COIL 

b. Evaporation of f i l m  f o r  photoemission s t u d i e s  

FIG. 19. PREPARATION OF CUPROUS HALIDE FILMS. 

s t a t i o n  described i n  Sect ion C, a l a r g e  amount of t h e  powder was sub- 

l imated from the quar tz  cone onto t h e  g l a s s  "catcher" a t  a vacuum of about 

5 X lo-' t o r r .  A pure white f i l m  (with a f a i n t  yellowish t i nge )  was 

found t o  condense on t h e  "ca tcher , "  leaving a dark res idue  i n  the quartz  

cone. X-Ray powder p a t t e r n s  ind ica ted  t h a t  t he  pu r i f i ed  f i l m s  consis ted 

of c r y s t a l l i t e s  with a zincblende (ZnS) c r y s t a l  s t r u c t u r e  (see, f o r  

example, Fig.  20) .  For use  i n  a photoemission experiment, the  pur i f ied  

cuprous ha l ide  w a s  quickly scraped from the  g l a s s  ca tcher  and placed i n  

the  quar tz  cone (Fig.  19 ) .  To minimize the  amount of water vapor absorbed 
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FIG. 20. X-RAY POWDER PATTERN OF AN EVAPORATED FILM OF CTJPROUS 
BROMIDE. The p a t t e r n  i d e n t i f i e s  the  evaporated f i l m  as 
po lyc rys t a l l i ne  cuprous bromide with a zincblende s t r u c t u r e .  

by t h e  hydroscopic cuprous ha l ides ,  t h e  s t a i n l e s s  steel photoemission 

chamber (Sec t ion  F )  w a s  immediately evacuated. 

cuprous h a l i d e s  were evaporated from a quar tz  cone onto a polished Cu, 

Ag, or Au s u b s t r a t e  i n  a vacuum between 2.0 X 10 

The cu r ren t  through the  tantalum hea te r  c o i l  w a s  increased slowly i n  

increments of a few t en ths  of an ampere; after an hour or t w o ,  a cur ren t  

of severa l  amperes would be reached, and t h e  cuprous h a l i d e  would evapo- 

rate. The rate of evaporation w a s  q u i t e  slow, and t y p i c a l l y  15  t o  30 

minutes of evaporation t i m e  w a s  necessary t o  depos i t  a l a y e r  s eve ra l  

thousand angstroms th ick .  The thickness  of the f i l m  could be estimated 

during t h e  evaporation by counting in t e r f e rence  f r i n g e s .  

A s  shown i n  Fig.  19, t h e  

-9 and 5.0 X lo-’ t o r r .  

E a r l i e r  b e l l  j a r  experiments had determined the  f i l m  th ickness  

t h a t  would r e s u l t  from a given volume of packed cuprous h a l i d e  powder. 

I n  these  experiments, a cuprous ha l ide  f i l m  w a s  evaporated onto ha l f  of 

a g l a s s  microscope s l i d e ,  and t h e  r e s u l t i n g  s t e p  aluminized, as shown 

i n  Fig.  21. The thickness  of t h e  f i l m  w a s  determined by p lac ing  an 

aluminized ( 2  percent t ransmission)  quar tz  f l a t  on the  s t ep ,  and observing 

the  in t e r f e rence  f r i n g e s ,  which were similar t o  those  shown i n  Fig.  21. 

Ir t h e  monochromatic l i g h t  w a s  of wavelength A, t h e  height  of t h e  s t e p  

(and consequently t h e  th ickness  of the f i l m )  was found from t h e  r e l a t i o n -  

sh ip  

h b  
= M a )  

where b and a a r e  defined i n  Fig.  21. Details of t h i s  process can 

be found i n  Tolansky [Ref. 111 and Beck [Ref. 121. 
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QUARTZ FLAT 
THIN ALUMINUM FILM 

t I t ( 2 %  TRANSMITTING) 

CUPROUS HALIDE THICK ALUMINUM FILM 
FILM T y  (HIGH REFLECTING) 

- MICROSCOPE SLIDE 

a .  Enlarged view of s t e p  i n  f i l m  

b. Observed i n t e r f e r e n c e  f r i n g e s  
used t o  determine s t e p  he igh t s  ( t )  

FIG. 21. THICKNESS MEASUREMENTS OF CUPROUS 
HALIDE FILMS USING THE TOLAYSKY METHOD. 

3. Cesium Chloride, Cesium Bromide, Cesium Iodide,  and Potassium 
Iodide  

Cesium ch lo r ide ,  cesium bromide, and cesium iod ide  were pur- 

chased i n  powder ( s m a l l  c r y s t a l l i t e )  form from Elec t ronic  Space Products, 

Inc. ,  Los Angeles, C a l i f .  The potassium iod ide  w a s  purchased i n  s m a l l  

c r y s t a l l i t e  form from Baker and Adamson, General Chemical Division, 

A l l i ed  Chemical Division, New York. These ma te r i a l s  were evaporated 

without add i t iona l  p u r i f i c a t i o n  from a quar tz  boat ( F i g ,  19). The 

temperature of t h e  h e a t e r  c o i l  w a s  increased very slowly u n t i l  t h e  evapo- 

r a t i n g  temperature w a s  reached. 

When t h e  material began t o  evaporate,  t he  hea te r  cu r ren t  w a s  increased 

t o  accelerate t h e  evaporation, which took p l ace  at  a pressure  of about 

5 X lo-’ t o r r  ( i n  the s t a i n l e s s  steel chamber). About f i v e  minutes were 

necessary t o  evaporate a f i l m  seve ra l  thousand angstroms th ick .  

(This  t i m e  w a s  t y p i c a l l y  one hour . )  
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I .  MEASUREMENT OF PHOTOELECTRIC ENERGY DISTRIBUTIONS 

The most important measurements presented i n  t h i s  r epor t  are the  

energy d i s t r i b u t i o n  curves (EDCs) of t h e  photoemitted e l ec t rons .  

EDCs were measured by use  of a method i n  which t h e  EDCs were recorded 

d i r e c t l y  by d i f f e r e n t i a t i n g  t h e  I-V c h a r a c t e r i s t i c  with a s m a l l  ac vol tage 

superimposed on a r e t a rd ing  p o t e n t i a l  between the  c o l l e c t o r  and emitter. 

The c i r c u i t  used t o  m a k e  t hese  measurements i s  shown i n  Fig.  22, where 

the  EDCs are p l o t t e d  d i r e c t l y  on a x-y recorder .  Figure 23 i s  a photo- 

graph showing an EDC being recorded. 

These 

This  ac method has a t  least two s i g n i f i c a n t  advantages over t h e  

conventional method of making a dc measurement of t he  I - V  c h a r a c t e r i s t i c ,  

and then mechanically d i f f e r e n t i a t i n g  t o  ob ta in  t h e  EDC: 

(1) To ob ta in  good r e s o l u t i o n  i n  t h e  EDCs by the  dc method, t he  
I - V  c h a r a c t e r i s t i c  must be known t o  g rea t  prec is ion .  This 
p rec i s ion  i s  l imi t ed  by noise  i n  t h e  e l ec t ron ic s  and l i g h t  
f l u c t u a t i o n s .  I n  p rac t i ce ,  t h e  noise  l i m i t a t i o n  i s  prob- 
ably orders  of magnitude less i n  t h e  ac method than i n  the  
dc method. 

( 2 )  Using t h e  ac method, the experimental is t  has  immediate 
access t o  the  EDCs and can immediately inves t iga t e  phenomena 
t h a t  might be of a t r a n s i e n t  na ture .  

A more complete desc r ip t ion  of t h i s  ac method can be found i n  Refs. 

13, 14, and 15. 

J. MEASUREMENT OF THE QUANTUM YIELD 

During the course of t h i s  research ,  measurement of t he  quantum 

y ie ld  proved t o  be considerably more d i f f i c u l t  than measurement of the  

EDCs. Because of t h e  small amount of l i g h t  ava i l ab le  from the  vacuum 

monochromator, t he  t o t a l  photocurrent w a s  small ,  t y p i c a l l y  between 10 

and amperes. However, t hese  s m a l l  cu r r en t s  were rou t ine ly  

measured by use of t h e  c i r c u i t s  of Fig.  24. 

-9 

The d i f f i c u l t y  i n  measuring quantum y i e l d  i n  t h e  vacuum u l t r a v i o l e t  

l i e s  not  i n  measuring t h e  s m a l l  photocurrents but i n  measuring the  very 

small number of photons i n  the  l i g h t  beam. During t h e  e a r l i e r  s t ages  of 

t h i s  research,  t he  r e l a t i v e  quantum y i e l d  i n  the  region between 4 and 
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\- S M A L L  Cs3Sb  TUBE THAT 

9ov + CAN BE MOVED I N  AND OUT 
OF T H E  LIGHT B E A M  

A M M E T E R S  @ - 

INTEGRATING 

VOLTMETER 
PHOTOCURRENT < IO-" AMPS J, H DIGITAL I 

1o-I' AMPS < PHOTOCURRENT < 10-l~ AMPS 

FIG. 24. MEASUREMENT OF QUANTUM YIELD. 

11 .9  e V  w a s  based upon the  assumption of constant  quantum e f f i c i ency  from 

a l a y e r  of sodium sa lyc i l a t e  mounted on a photomul t ip l ie r .  Sodium sa l i cy -  

l a t e  i s  a material t h a t  f l uo resces  with (supposedly) constant  quantum 

e f f i c i ency  a t  a wavelength of 4300 f o r  inc ident  r a d i a t i o n  i n  the region 

of photon energ ies  between 3000 and 500 w. 
pho toe lec t r i c  y i e l d ,  t h e  sodium s a l i c y l a t e  was not u s e d  d i r e c t l y .  In-  

s tead ,  t h e  number of photons i n  t h e  inc iden t  l i g h t  beam w a s  determined 

by measuring t h e  photocurrent from a conveniently s m a l l  C s  Sb tube,  

which could be moved i n  and out  of t h e  l i g h t  beam, as shown i n  Fig.  24. 

The C s  Sb tube d id  not  have a constant  quantum e f f i c i ency ,  but t h e  re- 

l a t i v e  quantum e f f i c i ency  of t h e  C s  Sb tube could be c a l i b r a t e d  by com- 3 
par i son  with t h e  f luorescence from a sodium s a l i c y l a t e  f i lm.  

quantum e f f i c i e n c y  of t h e  Cs Sb tube w a s  obtained by comparison with 

bolometers and "standard" tubes a t  photon energ ies  l e s s  than 5 eV.  

I n  t h e  ac tua l  measurement of 

3 

3 

The absolute  

3 
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I n  addi t ion  t o  t h e  c a l i b r a t i o n  of the C s  Sb tube, co r rec t ions  were 
3 

made f o r  t h e  r e f l e c t i v i t y  of t h e  material under study and t h e  transmission 

of t he  LiF window on t h e  experimental phototube (or on the  photoemission 

chamber). Thus, t h e  absolute  quantum y ie ld  Y($w) was experimentally 

determined using t h e  r e l a t i o n  

Y(p(w) = quantum y ie ld  ( e l e c t r o n s  photoemi t t e d  per absorbed photon) 

where 

I ( w )  = measured photocurrent from the  mater ia l  under s t u d y  M 

( w )  = measured photocurrent from t h e  C s  Sb tube 
I C s  Sb 3 3 

R ( w )  = r e f l e c t i v i t y  of t he  mater ia l  under s t u d y  

T(L) = t ransmission of t he  LiF window 

= absolute  quantum e f f i c i ency  of the  C s  Sb tube.  
‘Cs3Sb 3 

During the  course of experimentation, t h e  var ious C s  Sb tubes used w e r e  

c a l i b r a t e d  vs  the  sodium s a l i c y l a t e  layers .  A d e f i n i t e  aging e f f e c t  was 

found i n  some of the  C s  Sb tubes,  so occasional c a l i b r a t i o n  was necessary.  

3 

3 
Unfortunately,  an exhaustive study of sodium s a l i c y l a t e  l aye r s  by 

Koyama [Ref. 161 has  shown t h a t  t h e  sodium sal icylate  l aye r s  do not 

necessa r i ly  have constant  quantum e f f i c i ency  and t h a t  t h e  c h a r a c t e r i s t i c s  

of t hese  l a y e r s  vary with t i m e  and with such va r i ab le s  as  exposure t o  

atmosphere and methods of preparat ion.  

During t h e  l a t te r  p a r t  of t h i s  research,  Koyama successfu l ly  c a l i -  

brated a C s  Sb tube and severa l  sodium sal icylate  f i lms  with a thermopile. 

Those quantum y i e l d s  t h a t  have been made using these  s tandards are prob- 

ably q u i t e  accurate .  The accuracy of some of t he  e a r l i e r  measurements 

i s  subjec t  t o  some doubt; t h i s  uncer ta in ty  i s  pointed out wherever such 

d a t a  are presented i n  t h i s  r epor t .  

3 

Additional information concerning t h e  measurement of quantum y ie ld  i n  

t he  vacuum u l t r a v i o l e t  can be found i n  Refs. 1, 7,  13, and 16. 
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MEASUR%MENT OF REFLECTIVITY 

A limited number of reflectivity measurements were made where reli- 
data were not available in the literature. Both high vacuum and 

windowless measurements were made using the light pipe apparatus described 

by Yu [Ref. 91. The optical constants were deduced from this reflectivity 

data by use of a Kramers-Kronig analysis. The Kramers-Kronig analysis 

was done on the Burroughs B5500 computer using a computer program written 

by Shay [Ref. 171. 
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111. ANALYSIS AND INTERPRETATION OF PHOTOEMISSION DATA 

The material presented i n  t h i s  s tudy can be divided i n t o  two main 

(1) t h e  experimental measurement of new photoemission and ca tegor ies :  

o p t i c a l  d a t a  and ( 2 )  t he  ana lys i s  and i n t e r p r e t a t i o n  of these  d a t a  i n  terms 

of t he  e l e c t r o n i c  s t r u c t u r e  of the material. 

The new experimental d a t a  cons i s t  l a r g e l y  of photoe lec t r ic  y i e ld  and 

pho toe lec t r i c  energy d i s t r i b u t i o n s  f o r  a number of metals,  semiconductors, 

and i n s u l a t o r s .  I n  addi t ion ,  r e f l e c t i v i t y  measurements have been made 

where good measurements were not  ava i l ab le  i n  t h e  l i t e r a t u r e .  The tech- 

niques used i n  obta in ing  these  measurements have already been presented 

(Chapter I1 ) . 
This  chapter  i s  devoted t o  present ing severa l  methods of analysis t h a t  

can be used t o  i n t e r p r e t  these  photoemission and o p t i c a l  d a t a  i n  terms of 

t h e  e l e c t r o n i c  s t r u c t u r e  of t h e  material. These analytical methods r e l y  

heavi ly  upon the  a v a i l a b i l i t y  of good photoemission and o p t i c a l  da t a  t h a t  

are rep resen ta t ive  of the  bulk material. Relevant background material i s  

condensed and reviewed i n  t h e  f i r s t  p a r t  of the chapter .  Using t h i s  back- 

ground information and severa l  important s impl i f i ca t ions  , an ana ly t i ca l  model 

is  then cons t ruc ted ;  t h i s  relates t h e  experimentally measured photoemission 

da ta  t o  o ther  e l e c t r o n i c  and o p t i c a l  p rope r t i e s  of t h e  material. The i m -  

portance of t he  e lec t ron-e lec t ron  s c a t t e r i n g  length is  emphasized i n  t h i s  

model; s eve ra l  cases  are given i n  which the  r e l a t i v e  magnitude of the  

e lec t ron-e lec t ron  s c a t t e r i n g  length  permits s impl i f i ca t ion  of the  ana ly t i c  

equat ions and subsequent i n t e r p r e t a t i o n  of the photoemission d a t a .  T h i s  

model i s  applied without s impl i f i ca t ion  t o  the  important case where the  

envelope of the  conduction band' can be approximated by a f r e e  e l ec t ron  

dens i ty  of states t h a t  has a E energy dependence.2 With a minimum 

I I n  t h i s  r epor t ,  the t e r m  "valence band" w i l l  be used t o  r e f e r  t o  f i l l e d  
e l ec t ron  states, and the  term !?conduction band" w i l l  be used t o  r e f e r  t o  
the  empty e l ec t ron  states. Thus, a metal w i l l  be described a s  having a 
"conduction band" and a "valence band,'? even though the re  i s  no energy 

In  t h i s  important case, the  conduction band dens i ty  of states cons i s t s  
of experimentally observed peaks superimposed upon an envelope t h a t  has 
a fi energy dependence. 

gap. 
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j 
number of a r b i t r a r y  parameters, t h i s  model permits q u a n t i t a t i v e  ca l cu la t ion  

of the  pho toe lec t r i c  y i e ld ,  the  pho toe lec t r i c  energy d i s t r i b u t i o n s ,  the  

e lec t ron-e lec t ron  s c a t t e r i n g  length,  and the  imaginary p a r t  of t h e  d i e l e c t r i c  

constant  ( c2 )  from t h e  dens i ty  of states. The dens i ty  of s t a t e s  i s  de ter -  

mined by an i t e r a t i v e  technique, i n  which the  f i n a l  dens i ty  of s t a t e s  must 

be cons i s t en t  with these  experimentally observed q u a n t i t i e s .  

case of a f ree-e lec t ron- l ike  metal, t he  dens i ty  of states i s  t h e o r e t i c a l l y  

spec i f ied ,  and the q u a n t i t i e s  l i s t e d  above can be ca lcu la ted  i n  an a p r i o r i  

manner i f  experimental d a t a  are ava i l ab le  f o r  (1) the  absorption c o e f f i c i e n t  

a t  a l l  photon energ ies  of i n t e r e s t  and ( 2 )  the  e lec t ron-e lec t ron  s c a t t e r i n g  

length  at one energy severa l  e lec t ron-vol t s  above the fermi l e v e l .  

For t h e  spec ia l  

The model described above i s  obtained from a conventional ana lys i s  of 

(1) t h e  mo- o p t i c a l  t r a n s i t i o n s  by making t w o  very important assumptions: 

mentum matrix elements are cons tan t ;  ( 2 )  t h e  'konservat ion of t he  wave 

vector  k" i s  not an important s e l e c t i o n  r u l e .  When these  two approxi- 

mations are made, i t  i s  found t h a t  the  r e l a t i v e  p robab i l i t y  of an o p t i c a l  

t r a n s i t i o n  i s  determined s o l e l y  from the  dens i ty  of states, and i s  not  de- 

pendent upon the  wave vec tor  k. The conventional ana lys i s  of o p t i c a l  

t r a n s i t i o n s  t h a t  i s  used a s  a s t a r t i n g  poin t  is  based upon a one-electron 

approximation, i n  which i t  i s  assumed t h a t  an o p t i c a l  t r a n s i t i o n  involves 

only a s i n g l e  e l ec t ron  and a s i n g l e  photon; t he  poss ib le  many-body i n t e r -  

ac t ions  with t h e  o t h e r  e l ec t rons  and the  phonons are neglected.  In  t h i s  

sense,  t he  s impl i f ied  model used i n  t h i s  chapter  can be considered t o  be 

cons is ten t  with t h e  one-electron model f o r  o p t i c a l  absorpt ion.  

--* 

* 

Thus, any successes of t he  ana lys i s  w i l l  tend t o  support  t he  v a l i d i t y  

of t he  assumptions made and t h e  one-electron approximation. Any f a i l u r e s  

must then be a t t r i b u t e d  t o  e i t h e r  (1) erroneous s impl i f i ca t ions  of the  one- 

e l ec t ron  model or ( 2 )  i n a p p l i c a b i l i t y  of t h e  simple one-electron model t o  

the  process of o p t i c a l  absorpt ion.  

A. THE FREE ELECTRON MODEL 

The "nearly f r e e  e l ec t ron  approximation" of an e l ec t ron  i n  a c r y s t a l l i n e  

so l id  states t h a t  t h e  e l ec t ron  wavefunction has the  pe r iod ic i ty  of t h e  l a t -  

t ice,  but t h a t  t he  p o t e n t i a l  experienced by the  e l ec t ron  i s  near ly  cons tan t ,  

as approximated by t h e  p o t e n t i a l  w e l l  of Fig.  25a. This simple po ten t i a l  
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FIG. 25. FREE ELECTRON MODEL OF A METAL. ( a )  Po ten t i a l  
w e l l ;  ( b )  dens i ty  of states; ( c )  group ve loc i ty .  

w e l l ,  c a l l e d  the  Sommerfeld model, w i l l  be adequate t o  demonstrate t h e  f r e e  

e l ec t ron  c h a r a c t e r i s t i c s  t h a t  w i l l  be usefu l  i n  subsequent analyses .  1 

L e t  us  consider a cube of edge L t h a t  i s  described by the  p o t e n t i a l  

wel l  of F ig .  25. The so lu t ion  of Schrodingerfs  equation f o r  the  energy of 

an e l ec t ron  i n  such a w e l l  is  given by Dekker [Ref, 181. 

2 
2m 2m x y 

E = - = -  fi2k2 h2 (." + k + kZ 

where 

ni fi 
- -  n = i n t ege r  k i -  L 9 i 

(3.1)  

(3 .2)  

W e  see t h a t  i n  k-space, t h e  sur faces  of constant  energy a re  spheres.  Each 

set of i n t e g e r s  

accept two poss ib le  e l ec t rons ,  when sp in  i s  taken i n t o  account. The number 

(nx, ny9 nz) def ines  an allowed wavefunction, which can 

- 
1 Later  on i n  t h i s  chapter ,  t he  <E energy dependence of t he  f r e e  e l ec t ron  

dens i ty  of states w i l l  be used t o  analyze photoemission data from simple 
"free-electron" m e t a l s  such as sodium and potassium. I n  addi t ion ,  the  
\ /E  energy dependence w i l l  be used t o  approximate t h e  envelope o f  the  
conduction band dens i ty  of states i n  a number of ma te r i a l s  t h a t  are not 
s t r i c t l y  "free-electron metals ."  The func t iona l  form of the  threshold 
func t ion  and the  group v e l o c i t y  appropriate  t o  a f r e e  e l ec t ron  metal w i l l  
a l so  be used i n  the  ana lys i s  of photoemission data from metals such as 
Cu, Ag, and Au. 
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of allowed states i n  the energy range between E and E+dE i s  called the 

"densi ty  of states," N(E) ,  and i s  given by 

N(E)dE = CE' dE 

where C is  a constant :  

( 3 . 3 )  

h3 

The func t iona l  dependence of N(E) i s  sketched i n  F ig .  25b. For t he  pur- 

poses of t h i s  ana lys i s  and a l l  subsequent analyses ,  w e  s h a l l  assume that 

a l l  t h e  states below t h e  fermi l e v e l  are f i l l e d  and t h a t  a l l  the  s t a t e s  

above the fermi l e v e l  are empty. This approximation corresponds t o  solving 

the  problem at  a temperature of 

est, the  e r r o r  i s  neg l ig ib l e  even a t  300'K. The shaded areas  of F igs .  25a 

and 25b i n d i c a t e  the  occupied s t a t e s ,  The group ve loc i ty  of an e l ec t ron  

wave packet a t  energy E i s  given by 

T = O'K, but f o r  the  phenomena of i n t e r -  

( 3 . 5 )  

For a f r e e  e l e c t r o n  metal, t h e  group ve loc i ty  has t h e  same energy depend- 

s ince  ence as t h e  phase ve loc i ty ,  v 
P' 

B. SEMICLASSICAL ESCAPE FUNCTION, T~ ( E )  

I f  an e l e c t r o n  i s  exc i ted  t o  an energy E t h a t  i s  g r e a t e r  than 

(Ef+$) 
assoc ia ted  wi th  the  ve loc i ty  component normal t o  the  sur face  i s  g r e a t e r  

i n  the  model of F ig .  25, then t h e  e l ec t ron  can escape i f  the  energy 

than (Ef+$) ,  o r  
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For t h e  purpose of our discussion,  w e  s h a l l  not  be i n t e r e s t e d  i n  t h e  na ture  

of t h e  work func t ion  $, but  s h a l l  consider $ as a phenomenological 

p o t e n t i a l  t h a t  must be overcome f o r  t h e  e l ec t ron  t o  escape the  metal. For 

the  case of a parabol ic  conduction band, t h e  energy d i s t r i b u t i o n  of t h e  

e l e c t r o n  i s  sphe r i ca l  i n  ve loc i ty  space, so only a f r a c t i o n  of e l ec t rons  

a t  energy E 1. (Ef+$) 

i n  Fig.  26. Choosing t h e  x-d i rec t ion  t o  be normal t o  the  sur face ,  w e  

r e q u i r e  t h a t  

s a t i s f y  the  escape c r i t e r i o n  of Eq. (3.7), as shown 

FIG. 26. VELOCITY CONE USED I N  CALCULATION OF SEMI- 
CLASSICAL ESCAPE FUNCTION. The sur face  of t he  
material i s  i n  t h e  p o s i t i v e  x-direct ion.  

The f r a c t i o n  of e l e c t r o n s  a t  energy E t h a t  s a t i s f y  Eq. (3.8) i s  given 

by t h e  f r a c t i o n  of t h e  sur face  t h a t  i s  in t e r sec t ed  by the  ve loc i ty  cone 

of F ig .  26. Defining eo as t h e  maximum angle  with respec t  t o  the  x-axis 

t h a t  w i l l  s t i l l  permit escape, w e  f i n d  t h a t  
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T ( E )  = f r a c t i o n  of e l ec t rons  with ( v  ) > ( v  ) 0 
g x -  g x  f 

1 
0 < eo < goo - - T ~ ( E )  = (1 - COS e o )  

(3 .9 )  

(3.10) 

(3.11) 

The quan t i ty  T f ( E )  i s  the  semic lass ica l  threshold func t ion  f o r  

e l ec t rons  i n  a parabol ic  ( f r e e  e l ec t ron )  band. 

encounter no s c a t t e r i n g  processes on the  way t o  the  surface,  

t he  f r a c t i o n  of e l ec t rons  exc i ted  t o  energy E ( a t  any depth x)  t h a t  

can escape the  s o l i d .  

ec t rons  are going away from the  sur face ,  and t h e  s o l i d  i s  assumed t o  be 

i n f i n i t e l y  t h i c k  i n  t h e  minus x-direct ion.  

so l id  i n t o  vacuum, i t  has a ve loc i ty  given by 

Thus, i f  t h e  e l ec t rons  

T ( E )  g ives  f 

1 The (5) f a c t o r  occurs because one-half of the  el-  

Once the  e l ec t ron  escapes the  

( vg 'vacuum = J2m ( E - E ~  $1 (3 .12)  

Those e l ec t rons  

c i t y  i n  t h e  p o s i t i v e  

not i n  the  escape cone but with a component of velo- 

x-d i rec t ion  may eventual ly  s t r i k e  the  sur face .  These 

J. 

even a t  

helps  t o  

and Au. 

C. THE 

e l ec t rons  w i l l  then be r e f l e c t e d  back i n t o  the  s o l i d .  The cases of 

specular  and d i f f u s e  r e f l e c t i o n  from the  su r face  have been t r e a t e d  by 

Spicer  e t  a1 [ R e f .  193. 

T,(E) i s  p lo t t ed  a s  a func t ion  of [E/(Ef+fi)]  i n  Fig.  27. Note t h a t  
- 

E = 2(Ef+$), T f ( E )  i s  only about (0 .15) .  This small value 

explain t h e  small  pho toe lec t r i c  y i e ld  of metals such as  Cu, Ag, 

ELECTRON-ELECTRON SCATTERING LENGTH L( E )  

To begin, le t  us assume t h a t  an e l ec t ron  i s  somehow exci ted  t o  a s t a t e  

i n  the  conduction band above t h e  fermi l e v e l .  The e x c i t a t i o n  mechanism 

could be l i g h t ,  an applied e l e c t r i c  f i e l d ,  hot e l ec t ron  i n j e c t i o n ,  or any 
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FIG. 27. SEMICLASSICAL ESCAPE FUNCTION, T~ ( E )  , 

FOR A FREE ELECTRON MODEL. 

o t h e r  means. This ana lys i s  w i l l  be r e s t r i c t e d  t o  the  case i n  which the  

number of "hot" e l ec t rons  i n  the  conduction band i s  very s m a l l  compared 

with t h e  number of e l ec t rons  i n  the  f i l l e d  valence band. The exc i ted  

e l ec t ron ,  or wave packet, w i l l  assume some state of t h e  c r y s t a l ,  and move 

through t h e  c r y s t a l  with a group ve loc i ty  v . For the  case of a f r e e  

e l ec t ron  metal ,  Eq. (3.5) shows t h a t  v . Eventually,  the  e l ec t ron  

w i l l  have an i n t e r a c t i o n  or "co l l i s ion"  with another e l ec t ron ,  a phonon, 

an impurity,  or a vacancy. I n  t h i s  analysis,  w e  s h a l l  assume t h a t  the 

e lec t ron-e lec t ron  i n t e r a c t i o n  dominates i n  t h e  region of i n t e r e s t ,  which 

is  from 1.5 t o  12  e V  above the  fermi l e v e l .  Thus, w e  s h a l l  consider  only 

the  case  of e lec t ron-e lec t ron  s c a t t e r i n g .  

g 

g 

The d e t a i l e d  na ture  of the e lec t ron-e lec t ron  i n t e r a c t i o n  i n  s o l i d s  

is  not  w e l l  known, and t h e  wavefunctions descr ib ing  the  i n t e r a c t i n g  elec- 

t rons  a r e  d i f f i c u l t  t o  formulate .  However, a good dea l  can s t i l l  be sa id  

about t he  i n t e r a c t i o n  i f  a number of s implifying approximations are made. 

With re ference  to  F ig .  28, let  us assume t h a t  an e l ec t ron  a t  energy E 

i n  t h e  conduction band "col l ides"  i n e l a s t i c a l l y  wi th  an e l ec t ron  a t  energy 

i n  t h e  valence band. I f  t h e  conduction e l ec t ron  at energy E l o s e s  
0 

an amount of energy, AE, then the  valence e l ec t ron  a t  Ev must ga in  an 

energy, LIE, i f  energy i s  t o  be conserved. 
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STATES ( N c )  

E 

FIG. 28. CALCULATION OF ELECTRON-ELECTRON 
SCATTERING LENGTH L(E)  FROM THE DENSITY 
OF STATES. 

L e t  us now consider the r e l a t i v e  p robab i l i t y  of a c o l l i s i o n  of a "hot" 

e l ec t ron  a t  energy E with a valence e l ec t ron  a t  energy . If the  en- 

ergy l o s s  of the  c o l l i s i o n  i s  given by LQ, the  r e l a t i v e  p robab i l i t y  of 

c o l l i s i o n  i s  given by P'(E,E:,AE), 

E: 

where 

P ' ( E , E : , m )  = (K1) (number of valence 
e l ec t rons  a t  E:) 

X (number of conduction band s t a t e s  
a t  (E-AE) t o  which the  e l ec t ron  
a t  E can f a l l )  

X (number of conduction band s t a t e s  a t  
t o  which the e l ec t ron  a t  ( E o  + AE) 

Eo can be excited) 
V 
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4 
1 I n  Eq. (3.13), K1 i s  a p ropor t iona l i t y  constant ,  N i s  the  val-  

V 
ence band dens i ty  of states, and N i s  t h e  conduction band dens i ty  of 

states. 

wi th  energy l o s s ,  AE, is  simply proport ional  t o  the  t o t a l  number of 

poss ib le  c o l l i s i o n s  t h a t  conserve energy. Since the  na tu re  of t h e  i n t e r -  

ac t ion  i s  not  w e l l  known, no cons t r a in t  i s  put upon quantum mechanical 

C 

Equation (3.13) states t h a t  t he  r e l a t i v e  p robab i l i t y  of a c o l l i s i o n  

s e l e c t i o n  r u l e s ;  only t h e  dens i ty  of states i s  involved i n  the  ana lys i s .  

For materials such as s i l i c o n ,  a de t a i l ed  ana lys i s  [Ref. 211 involving 

quantum mechanical s e l ec t ion  r u l e s  seems t o  reduce t o  the  approximation of 

Eq. (3.13). 

e l e c t r o n  at energy E, w e  must sum Pt(E,E:,AE) 

and 0. W e  s h a l l  c a l l  t h i s  t o t a l  p robab i l i t y  P(E),  which i s  given by 

To ob ta in  the  t o t a l  r e l a t i v e  p robab i l i t y  of c o l l i s i o n  f o r  an 

E: 
over a l l  poss ib le  

f 2E -E E-E 

P(E) = K1 d(E:) d ( D )  NV(E:)Nc(E-AE)Nc(E: + D )  (3 .14)  

Ef -E: 

Since the  "hot" e l e c t r o n  from energy E and the  valence e l ec t ron  from 

energy Ev 

values  of a ~ :  from (E~-E:) t o  z ( ~ - ~ V ) ,  or 

0 are ind i s t ingu i shab le  a f t e r  the  i n t e r a c t i o n ,  w e  need only sum 
1 0 

Equation (3.15)  i s  t h e  form m o s t  usefu l  f o r  computer ca l cu la t ion ,  s ince  

t h i s  equation involves  half  as many t e r m s  as Eq. (3 .14) .  The l i m i t s  on 

Eq. (3 .14)  and Eq. (3.15) are re levant  t o  the  nota t ion  of F ig .  28. 

The l i f e t i m e ,  ?;(E), of a llhot" e l e c t r o n  is the  inverse  of the  

c o l l i s i o n  p robab i l i t y  per  u n i t  t i m e ,  or 

?;(E) = & (3 .16)  

~~ 

Note t h a t  Eq. (3.13) i s  of t h e  same form as given e a r l i e r  by Berglund 
and Spicer  [Ref. 201. 
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Defining the  e l ec t ron  -e lec t ron  s c a t t e r i n g  length,  

d i s tance  an e l ec t ron  t r a v e l s  before  c o l l i d i n g  i n e l a s t i c a l l y  with another 

e l ec t ron ,  w e  have 

L ( E )  , as  the  mean 

(3.17)  

where the  brackets  i n d i c a t e  an average o v e r a l l  d i r e c t i o n s .  

and Eq. (3.15) i n  Eq. (3.17),  w e  ob ta in  f o r  the  e lec t ron-e lec t ron  sca t -  

t e r i n g  length  

Using Eq. ( 3 . 1 6 )  

(3 .18)  

where Lo i s  a normalizing constant .  The same expression has been ob- 

ta ined independently by Berglund [Ref, 71. 

shape of L ( E ) ,  and not the  magnitude. The magnitude of L ( E )  must be  

obtained by ad jus t ing  the  constant  

perimental  po in t  a t  some energy E .  

Equation (3.18) gives  only the  

so t h a t  L ( E )  agrees with an ex- 
LO 

A s  an example of Eq. (3.18), l e t  us  c a l c u l a t e  L ( E )  f o r  the  model 

dens i ty  o f  states shown i n  Fig.  29. This s impl i f ied  model, which i s  

a c t u a l l y  a rough approximation to  many p r a c t i c a l  cases’ c o n s i s t s  of a 

narrow valence band of f i l l e d  core  states a t  energy E = 0, and a free- 

e l ec t ron  conduction band a t  energies E > 0. The e l ec t ron  ve loc i ty  i s  

given by Eq. (3 .5)  f o r  a f ree-e lec t ron  conduction band, so Eq. (3.18) 

becomes 

(3.19)  
L ( E )  = LE, 1 -( E-E:) 

-E0 

(” d(E:) J d(m) No(Eo) v v  JB’ J E G  V 

V 
0 

I n  ac tua l  p rac t i ce ,  Eq. (3.18) i s  evaluated using a d i g i t a l  computer, 
and no approximations are made. The s i m p l e  model of F ig .  29 i s  pre- 
sented s o l e l y  f o r  t he  purpose of i l l u s t r a t i n g  the  bas i c  physics of t h e  
c a l c u l a t i o n  f o r  L ( E ) ,  
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F I G .  29. HYPOTHETICAL DENSITY OF 

2 STATES WITH A FREE ELECTRON 
CONDUCTION BAND AND DELTA FUNCTION 
VALENCE BAND. 

0 1 
t b 

-2 

3 2 I 0 
N (E) 

where LA i s  a normalizing cons tan t .  Since 6 i s  very small ,  the  va l -  

ence band dens i ty  of s t a t e s  i s  e s s e n t i a l l y  an impulse funct ion,  and w e  

can approximate Eq .  (3.19) by 

fi 
E 

L ( E )  = L; 
- 

Changing va r i ab le s ,  l e t  AE = (AEl + E / 2 ) ,  so  t h a t  

55 

(3 .20)  

(3 .21)  
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Using i n t e g r a l  

denominator of 

(109) of Ref, 22, w e  can eva lua te  the  i n t e g r a l  i n  t h e  

Eq. (3 .21)  and ob ta in  

(3 .22)  

- 
Thus, w e  see t h a t  f o r  t h e  model of F ig .  29, 

magnitude of L(E) 

ence e l e c t r o n s  

L ( E )  - E 3/2, and t h a t  t he  

i s  inve r se ly  proport ional  t o  t h e  t o t a l  number of va l -  

[ (N:)( S )  1.  
Equation (3.22) has  p r a c t i c a l  s ign i f icance ,  s ince  i t  g ives  an a n a l y t i c  

expression f o r  a simple model t h a t  approximates severa l  real  cases a t  

energ ies  w e l l  above t h e  fermi l e v e l .  Three of t hese  cases are shown i n  

F ig .  30, where curve ( a )  shows a f r e e  e l e c t r o n  metal, curve ( b )  shows a 

metal wi th  a f r e e  e l e c t r o n  conduction band but  with a highly s t ruc tured  

valence band, and curve ( c )  shows a semiconductor wi th  a f r e e  e l e c t r o n  

conduction band. 

approximation i n  cases ( a )  and ( b )  f o r  

E > ( IW] + / E g / ) ,  

E t h e  energy gap. Thus, a t  ene rg ie s  w e l l  above the  fermi l e v e l ,  Eq. 

(3.22) would p red ic t  an ( E )  

semiconductors t h a t  have a f r e e  e l ec t ron - l ike  conduction band. A t  energies  

c l o s e  t o  t h e  fermi l e v e l ,  Eq. (3 .22)  w i l l  be very inaccura te .  In  addi t ion,  

Eq. (3 .22)  p r e d i c t s  t h a t  a material with more e l ec t rons  i n  t h e  valence 

band should have a sho r t e r  s c a t t e r i n g  length ,  a l l  o the r  f a c t o r s  being equal .  

These conclusions rest on t h e  assumption t h a t  only conservat ion of 

One would expect t h a t  Eq. (3.22) would be a f a i r l y  good 

E > I W  I ,  and i n  case ( c )  f o r  

where W denotes the  width of t h e  valence band, and 

dependence f o r  L ( E )  i n  metals  and 
g -3/2 

energy and the t o t a l  number of poss ib l e  c o l l i s i o n s  are important i n  de te r -  

mining t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length.’  However, t h e  v a l i d i t y  

of Eq. (3.18) and t h e  s p e c i f i c  example of Eq. (3 .22)  can be t e s t e d  when 

t h e  d i f f i c u l t  t a sk  of a c t u a l l y  measuring as a func t ion  of energy 

i n  t h e  energy range between t h e  f e r m i  l e v e l  and 10 or 12 e V  above t h e  

fermi l e v e l  i s  performed i n  f u t u r e  experiments. 

L ( E )  

E. 0. Kane [ R e f .  211 has found t h a t ,  f o r  t h e  case of s i l i c o n ,  t h e  
ca l cu la t ed  from Eq. (3.18) i s  i n  remarkably cl+ose agreement with the  
L ( E )  
d e t a i l e d  band s t r u c t u r e  of s i l i c o n .  

L ( E )  

ca l cu la t ed  from an ana lys i s  based upon k-conservation and the  
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FIG. 30. DENSITY OF STATES MODELS APPROXIMATED BY THE MODEL OF F I G .  29. 
( a )  
band; ( c )  semiconductor with a f r e e  e l ec t ron  conduction band. A t  
energ ies  above the  s o l i d  dot ted  l i n e  the  energy dependence of 
i s  given approximately by 

f r e e  e l ec t ron  metal; ( b )  metal with a f r e e  e l ec t ron  conduction 

L ( E )  
L(E)  - (E)-3/2. 

A t  t h i s  wr i t i ng ,  t h e  only r e l i a b l e  experimental values  f o r  L ( E )  

known t o  t h e  author a r e  f o r  gold [Ref. 241. These values are i n  exce l len t  

agreement wi th  the  pred ic t ions  of Eq. (3.18), as  w i l l  be discussed i n  
Chapter V .  

Equation (3.18) g ives  the  hot  e l e c t r o n  mean f r e e  path i n  terms of 

only e lec t ron-e lec t ron  s c a t t e r i n g .  A s  w e  s h a l l  see from numerical examples 

of metals i n  l a t e r  chapters ,  electron-phonon and/or electron-impurity 

s c a t t e r i n g  w i l l  tend t o  dominate over e lec t ron-e lec t ron  s c a t t e r i n g  i n  the  

energy range between t h e  fermi l e v e l  and about 1 e V  above the  fermi l e v e l .  

A t  energ ies  g rea t e r  than 2 e V  above the  fermi l e v e l ,  e lec t ron-e lec t ron  

s c a t t e r i n g  tends  t o  dominate; i t  i s  i n  t h i s  region t h a t  t h e  ne t  e l ec t ron  

mean f r e e  path is  described by Eq. (3.18) alone. 

region between 1 and 2 eV,  t he  magnitude of t h e  e lec t ron-e lec t ron  s c a t t e r -  

ing  length  w i l l  be found t o  be comparable t o  the  magnitude of t yp ica l  

electron-phonon s c a t t e r i n g  length .  In  t h i s  intermediate  region, t he  ne t  

e l ec t ron  m e a n  f r e e  path i s  determined by a combination of electron-phonon 

and e lec t ron-e lec t ron  s c a t t e r i n g  lengths .  This problem has been t r e a t e d  

In  the  intermediate 
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A t  energ ies  severa l  v o l t s  above the  fermi l eve l ,  t he re  i s  another 

poss ib l e  e l ec t ron  s c a t t e r i n g  mechanism--that of e l ec t ron  d i f f r a c t i o n  a t  

t he  edges of t h e  B r i l l o u i n  zone. 

the  case o f  gold,  which has a face-centered cubic  l a t t i c e .  The f i r s t  

Br i l l ou in  zone f o r  a mater ia l  with a f c c  l a t t i c e  i s  shown i n  F ig .  31. 

A s  a s p e c i f i c  example, l e t  us  consider 

FIG. 31. BRILLOUIN ZONE FOR FACE- 
CENTERED CUBIC LATTICE. Points  
and l i n e s  of symmetry a re  
ind ica t ed .  

If w e  consider  t he  I' point  t o  be a t  (O,O,O), then the  rec iproca l  l a t t i ce  

vector  i n  the  X-direction i s  given by [Ref. 251 [ (2%/a ) (1 ,0 ,0 ) ] ,  

L d i r e c t i o n  by [(2fi/a)(x,)4,)4)], and i n  the  W d i r e c t i o n  by 

[(2%/a)(1,)4,0)],  where a i s  t h e  l a t t i ce  constant .  The sur face  of t h e  

f i r s t  B r i l l o u i n  zone b i s e c t s  each of t hese  rec iproca l  l a t t i ce  vec tors ;  

thus,  f o r  example, a t  t he  X po in t  w e  f i n d  Ikl = %1(2%/a)(l,O,O)I = (5 / a ) .  

L e t  us now assume t h a t  t h e  conduction bands of gold can be approximated 

by near ly  f r e e  e l ec t ron  bands. The so lu t ion  of Schrodinger 's  equation i s  

given i n  t h i s  case by [Ref. 251: 

i n  the  

where k has the  form 

-+ 2% 
k = - a ( X , Y , Z )  

-+ 
and where Kn i s  any rec iproca l  l a t t i ce  vec tor  given by 
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(3.25) 

The l a t t i ce  cons tan t  f o r  gold i s  tabula ted  [ R e f .  261 t o  be 

With t h i s  information and t h e  use  of Eq. (3.24) and Eq. (3.25), w e  can 

so lve  Eq. (3.23) f o r  t h e  free electron conduction bands of gold.  

resu l t s  of such a c a l c u l a t i o n  are shown i n  Fig.  32 f o r  severa l  p r inc ipa l  

a = 4.07 i. 

The 

x w  L 
h 

FIG. 32. FREE ELECTRON ENERGY BANDS 
FOR A FACE-CENTERED CUBIC STRUCTUVE 
WITH LATTICE PARAMETER a = 4.07 A, 
THE LATTICE CONSTANT FOR GOLD AND 
SILVER. [Ref. 961 The heavy bands 
correspond t o  po in t s  on t h e  sur face  
of t h e  B r i l l o u i n  zone. 

symmetry d i r e c t i o n s .  

of energy E i n t e r s e c t s  t h e  edge of t h e  B r i l l o u i n  zone. In the  r e a l  case 

of a per iodic  p o t e n t i a l ,  the  bands would s p l i t  a t  t he  zone edges,  and the  

curves would be zero  a t  the  edge of the B r i l -  s lope of t he  

lou in  zone, and not f i n i t e ,  as  i n  Fig. 32; however, t he  devia t ion  from the  

parabol ic  curves (Fig.  32) is q u i t e  small .  

i nd ica t e  t h e  ene rg ie s  a t  which d i f f r a c t i o n  from the  edges of t he  Br i l l ou in  

The heavy l i n e s  i n d i c a t e  t h e  po in t s  where a su r face  

-+ 
E vS (k)normal 

Thus, the  heavy l i n e s  (F ig .  32) 

= o  1 a E  
zone occurs ,  s ince  

(Vg)normal = ?i: ( d n o r m a l  

a t  t h e  edge of t h e  B r i l l o u i n  zone. 

59 

(3.26) 
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Equation (3.26) t e l l s  u s  tha t  i f  an e l ec t ron  i s  exc i ted  t o  an energy 

E on t h e  sur face  of t h e  Br i l l ou in  zone, the e l ec t ron  w i l l  not have a group 

ve loc i ty  given by v = (2m7 but w i l l  have v = 0, and w i l l  not propa- 
g g 

g a t e  through t h e  crystal .  For these  e l ec t rons ,  t h e  e lec t ron-e lec t ron  

s c a t t e r i n g  l eng th  w i l l  be zero,  s ince  L(E)  = v (E)T(E)  = 0. This could 

have a profound e f f e c t  on the e lec t ron-e lec t ron  s c a t t e r i n g  length  a s  

ca lcu la ted  from Eq. (3.18), i f  a s i g n i f i c a n t  por t ion  of the  free e l ec t ron  

sphere a t  energy E in t e r sec t ed  the  edge of t he  Br i l l ou in  zone. L ( E )  

would be d i f f e r e n t  i n  d i f f e r e n t  c rys t a l log raph ic  d i r ec t ions ,  but t he  

average value of L(E)  would not change appreciably i f  only a s m a l l  

po r t ion  of t h e  cons tan t  energy sur face  in t e r sec t ed  the  Br i l l ou in  zone edge. 

I f  w e  imagine the  bottom of the  f r e e  e l ec t ron  bands i n  gold t o  be at t he  

fermi l e v e l ,  then Fig. 32 shows t h a t  t h e  spher ica l  energy surfaces  do not 

i n t e r s e c t  t he  Br i l l ou in  zone f o r  energ ies  less than 3.4 e V  above the  f e r m i  

l eve l .  A t  energ ies  above 3 .4  eV,  t he  heavy l i n e s  ind ica t e  t h a t  t he  energy 

sur faces  do indeed i n t e r s e c t  the  Br i l l ou in  zone i n  the region of i n t e r e s t ,  

which extends up t o  12 e V .  Thus, one might expect some change i n  L ( E )  

due t o  d i f f r a c t i o n  e f f e c t s  a t  energ ies  above 3 .4  e V .  The most s i g n i f i c a n t  

g 

e f f e c t  seems t o  be i n  t h e  energy range from 4.5 t o  6.0 eV,  where the  free 

e l ec t ron  sphere tends t o  merge w i t h  t h e  f aces  of t he  Br i l l ou in  zone. I n  

t h e  ac tua l  case  of gold, i t  i s  poss ib l e  f o r  t h i s  e f f e c t  t o  be accentuated 

i f  t h e  cons tan t  energy sur face  i s  not a sphere,  but  i s  f a i r l y  c lose  t o  

the  t runcated octahedron shape of t h e  Br i l l ou in  zone. A t  energ ies  higher 

than about 6 e V ,  t h e  d i f f r a c t i o n  e f f e c t  seems t o  be smaller ,  s ince  i t  

appears ( a t  f i r s t  glance)  t h a t  a smaller por t ion  of a constant  energy 

sphere i n t e r s e c t s  t h e  edge of t h e  Br i l l ou in  zone. 

I n  t h e  ana lys i s  of photoemission d a t a  la ter  i n  t h i s  s t u d y ,  Eq. (3.18) 

w i l l  be used t o  c a l c u l a t e  t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length ;  o ther  

e f f e c t s ,  such as t h e  e l ec t ron  d i f f r a c t i o n  discussed above, w i l l  not be 

included i n  t h e  formal ana lys i s .  The poss ib le  presence of these  o ther  

e f f e c t s  w i l l  be pointed out  where anomalous devia t ion  from the  predic t ions  

of Eq. (3.18) seems t o  occur.  
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D. DIRECT AND NONDIRECT TRANSITIONS 

The o p t i c a l  conduct ivi ty  (T ( w )  i s  the  number of photons absorbed 

per u n i t  t i m e  per u n i t  volume, and i s  given i n  t e r m s  of t he  d i e l e c t r i c  

s u s c e p t i b i l i t y  by [Ref, 27 1: 

b 

Here, c2(w) i s  t h e  imaginary part  of the  d i e l e c t r i c  s u s c e p t i b i l i t y  E((I!), 

which i s  given by Eq. (3.28), where w e  follow the  nota t ion  of Refs. 28 

and 29: 

The quan t i ty  cf ( w )  

cont r ibu t ion ,  given by 

i s  convent ional ly  c a l l e d  the  intraband or free-charge 

2 
P 

w 
E ( w )  = 1 - 

w w + i(-) [ :I f 

2 
P 

w 2 
w 

E f ( w )  = (1 - p 2) + i 
w + l / T  m ( w 2  + 1/T2)  

(3.29) 

(3.30) 

For angular f requencies ,  (w) ,  corresponding t o  photon energies  g r e a t e r  

than about 2 e V ,  t h e  interband cont r ibu t ion  

over c f (w) .  The quan t i ty  E ~ ( W )  i s  given i n  Ref. 30 as 
cb(w) tends t o  dominate 

where 

C = a conduction band 

v = a valence band 

w = w - w  

(2) = interband o s c i l l a t o r  s t r eng th ,  which is  given by 
vc V C 

f vc 
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(3.32) 

Equation (3.31) i s  usua l ly  solved by assuming t h a t  the  r e l axa t ion  t i m e  

T i s  long enough so t h a t  t he  condi t ion 

w T > > 1  vc (3.33) 

I n  obta in ing  Eq. (3.31), the  r e l axa t ion  t i m e  

i n t o  the time-dependent per turba t ion  theory by assuming t h a t  the  coe f f i -  

c ient  of t h e  wavefunction J'j 

T w a s  a r t i f i c a l l y  introduced 

i s  given by [Ref. 29, pp. 223 and 6461 

N 

4 
i a t  - 

- -  - 

Thus, w e  see t h a t  t h e  occupancy 

i t - - - -(E -E )t  
h o c  e 7; e 

Hco (3.34)  

/ac( t )12 i s  associated with the  l i f e t i m e  

'6. I n  a l a t e r  chapter ,  w e  s h a l l  f i n d  t h a t ,  i n  a f ree-e lec t ron- l ike  con- 

duction band, the  e lec t ron-e lec t ron  s c a t t e r i n g  length  a t  an energy of 

10 e V  above the  bottom of the  f r e e  e l ec t ron  band i s  t yp ica l ly  about 10 A .  
A t  10 e V ,  

16  -1 E lo - 1 . 5  x 10 sec w = z = T -  
-16 = 5.3 x 10 sec 10 i - L T = - -  

g W m  V 

(3.35a) 

(3.35b) 

(3.36) 

Now, the  largest terms i n  the  sum of Eq. (3.31) are f o r  w w, so we 

can say  t h a t  as f a r  as Eq. (3.31) i s  concerned, 
vc 

w T Z 8  vc 
(3.37)  

Thus, w e  see t h a t  a t  10 e V  t h e  approximation of Eq. (3.33) i s  not very good 

when t h e  l i f e t i m e  f o r  ine las t ic  c o l l i s i o n s  i s  evaluated.  In  addi t ion,  i t  
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i s  conceivable t h a t  the e l ec t ron  i n t e r a c t s  i n  an i n e l a s t i c  manner with the  

e l ec t rons  of each atom t h a t  i t  passes ,  so t h a t  t h e  e f f e c t i v e  i n e l a s t i c  

s c a t t e r i n g  l eng th  would be on t h e  order  of a l a t t i c e  constant ,  or L = 2 A .  

I f  i t  i s  t h i s  value of L t h a t  determines the  l i f e t i m e  T t o  be used i n  

Eq. (3.31), then WC Z 1.5 ,  and the  approximation w T >> 1 i s  indeed 

inco r rec t .  However, i t  i s  d i f f i c u l t  t o  say exactly how a r e l axa t ion  t i m e  

T should be incorporated i n t o  the  quantum mechanical expressions without 

any accurate  knowledge of the  mechanism t h a t  determines z, so with 

tongue i n  cheek, l e t  us  assume t h a t  t h e  approximation w T >> 1 i s  v a l i d ,  

and proceed i n  t h e  conventional manner. With a c e r t a i n  amount of manip- 

u l a t i o n ,  t he  imaginary p a r t  of Eq. (3.31) can be w r i t t e n  as [Ref. 311 

0 

vc 

vc 

(3.38)  
+ 

I n  obta in ing  t h e  d e l t a  func t ion  

e l ec t ron  i n  the  i n i t i a l  s ta te  i s  described by a Bloch func t ion  of the  form 

S(zc - kv) ,  i t  w a s  assumed t h a t  the 

and i n  the  f i n a l  s ta te  by a Bloch func t ion  of t he  form 

(The photon momentum i s  neglected,  s ince  i t  i s  small compared t o  the  range 

of k . )  

ec t ron  wavefunction during t h e  o p t i c a l  absorpt ion process, then the  matr ix  

element <Jr 

+ 
I f  t hese  func t ions  a r e  indeed the proper desc r ip t ion  of t he  e l -  

> i s  zero unless  k ,  v I*k, c 

+ + 
k G k  

V C 
(3 .39)  

Equation (3.39) corresponds t o  a "ve r t i ca l "  t r a n s i t i o n  i n  the  Br i l l ou in  

zone, and i s  c a l l e d  a "DIRECT TRANSITION." I f ,  f o r  the  moment, w e  neglect  

t he  matr ix  element i n  the  i n t e g r a l  of Eq. (3.38), then the  cont r ibu t ion  
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from a given p a i r  of bands t o  E 

states J (w),  where 
( 0 )  i s  given by the  j o i n t  dens i ty  of 2b 

c ,v  

E E  
J (0) = 1 - 2 3 S(zc - ", (2 - - .) dk3 (3.40)  

C ? V  B.Z. (2%) 

The quan t i ty  J ( w )  i s  ca l l ed  t h e  j o i n t  dens i ty  of s t a t e s  f o r  bands 

indexed c and v. The quan t i ty  J (w)Aw i s  equal t o  the  number of 

p a i r s  of states i n  bands c and v t h a t  have the  same k value and a r e  

[(hw) - (AW/2) 1 - < Ecv 5 [(*w) + ( 4 2 )  1 .  separated by an energy 

One can imagine t h a t  t he  j o i n t  dens i ty  of s t a t e s  i s  ca lcu la ted  by searching 

c9v 

c ,v  -+ 

where Ecv 

a t  each point Ecv 9 
t h e  B r i l l o u i n  zone with a "ve r t i ca l "  arrow of l ength  

mult iplying t h e  number o f  states at  the  t i p  by t h e  number of s t a t e s  a t  

t h e  t a i l ,  and then summing these  products over t h e  e n t i r e  Br i l l ou in  zone. 

Brust [Ref. 311 has found t h a t  for a p a i r  of bands 

and germanium, t h e  momentum matrix element i s  approximately independent 

of k, or 

( c 9 v )  i n  s i l i c o n  

(3.41) 

Thus, Brust  pointed out  t h a t  a knowledge of t h e  p rope r t i e s  of J 

i s  a l l  t h a t  i s  necessary t o  understand t h e  p rope r t i e s  of E ( w )  f o r  

S i  and G e .  

(w)  c ,v  
2b 

Another approach t o  eva lua t ing  E ( w )  has been suggested by W. E. 

Spicer ,  who has  been l e d  t o  h i s  conclusions by a number of convincing 

photoemission experiments. I n  some ma te r i a l s  [Ref. 321, Spicer  has found 

t h a t  t h e  pho toe lec t r i c  energy d i s t r i b u t i o n  curves (EDCS) are incons is ten t  

with Eq. (3.39),  which states t h a t  "conservation of the  wave vector  

2b 

-+ 
k" 

i s  an important o p t i c a l  s e l e c t i o n  r u l e ,  This implies  t h a t  t he  i n i t i a l  

valence state and/or t he  exc i ted  conduction s ta te  of t he  e lec tzo2  a r e  not 

w e l l  descr ibed by simple Bloch func t ions  of t he  form p k ( r )  e . This 

would be t h e  case i f  the e l ec t ron  was very loca l i zed ,  or i f  the  l i f e t i m e  

was very s h o r t .  In  both of these  cases ,  t he  pe r iod ic i ty  of the  wave- 

func t ion  would be destroyed.  Consequently, Spicer  has proposed t h a t  the  

"conservation of the  wave vector  k" as described by Eq. (3 .39)  i s  not 

an important s e l e c t i o n  r u l e ,  and w e  can rewrite Eq. (3 .38)  as follows: 

i k * r  

-+ 
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are t h e  (unspec i f ied)  wavefunctions descr ib ing  'v, k and 'c,k 
where 

t h e  e l e c t r o n  i n  t h e  i n i t i a l  valence state and i n  the f i n a l  conduction 

state.  L e t  u s  de f ine  t h e  momentum matr ix  element M(v,c,k) as 

'v, k and 'c,k' 
Since w e  are unce r t a in  as t o  t h e  exact desc r ip t ion  of 

le t  us  now m a k e  two b a s i c  assumptions concerning t h e  matr ix  element 

/ M I 2 :  (1) ] M I 2  i s  independent of k and of the band ind ices  c and 

v; ( 2 )  / M I 2  is  only a func t ion  of w, t h e  energy d i f f e rence  between 

states. 

accord wi th  t h e  photoemission experiments f o r  c e r t a i n  materials. ) 
now have 

+ 

( I n  a l a te r  chapter ,  w e  s h a l l  see t h a t  t h i s  assumption i s  i n  

W e  

(3.44) 

and 

L e t  u s  now rewrite Eq. (3.45) i n  terms of an energy in t eg ra l :  

t h e  sum i n  Eq. (3 .45) ,  

Expanding 

- 
v +  I n  Eq. (3.46),  N i ( k )  means t h e  number of states i n  t h e  volume dk3 

t h a t  come from t h e  valence band labe led  "i . " Thus, Eq. (3.46) equals  
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Now, t h e  conduction band dens i ty  of states N ( E )  gives  t h e  number of 

states per  u n i t  volume between energ ies  E and E + dE, or 
C 

3 2  
E2b( w) = - 32s - e h IN w) I (f*u Nc(E)NV(E - f i ~ )  dE ( 3 . 5 0 )  

Ef 
m2w2 

c 

S i m i  1 a r  1 y ) 

( 3 . 4 8 )  

( 3 . 4 9 )  

Using Eq. ( 3 . 4 6 1 ,  Eq. ( 3 . 4 7 ) ,  Eq. ( 3 . 4 8 ) ,  and Eq. ( 3 . 4 9 )  i n  Eq. ( 3 . 4 5 ) ,  

w e  obta in  

Equation ( 3 . 5 0 )  i s  a very important r e l a t i o n s h i p  f o r  t he  purpose of t h i s  

i nves t iga t ion ,  s ince  i t  descr ibes  a type of t r ans i t i on  c a l l e d  a nondirect  

t r a n s i t i o n ,  as f i r s t  coined by W. E.  Spicer .  

The dens i ty  of s t a t e s  N(E)  can be found from an i n t e g r a l  over a 

su r face  of constant  energy, and i s  given by [Ref. 331: 

( 3 . 5 1 )  

Note t h a t  N(E)  w i l l  be l a rge  where IVkE(k)l i s  small, 

I n  the  approximation of Eq. ( 3 . 5 0 ) ,  w e  know t h a t  lM( w) l 2  cannot 

be independent of w, but must decrease as w increases, s ince  a sum 

r u l e  states t h a t  [Ref. 991: 
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where w 

system. I f  

would diverge for t h e  E ~ ( w )  given by Eq. ( 3 . 5 0 ) .  

i s  t h e  plasma frequency for the  t o t a l  e l ec t ron  dens i ty  of t he  

/ M ( W ) ~ ~  w a s  a cons tan t ,  then the  i n t e g r a l  of Eq. ( 3 . 5 2 )  
P 

The’ interband o p t i c a l  conduct ivi ty  i s  given by Eq. ( 3 . 2 7 )  , so 

f r a c t i o n a l  number of 
e l ec t rons  exc i ted  t o  

energy E 1 Nc(E)Nv(E - .Kw) dE 

Ef 

3 2  
3 2 s  e h 

2 m u  
I M ( 4  l 2  +ffdU Nc(E)NV(E - ha) dE ( 3 . 5 3 )  C b ( W )  = 3 - 

Ef 

( 3 . 5 6 )  

The d i f f e r e n t i a l  conduct ivi ty ,  cb( w,E)dE, represents the  por t ion  of 

the  conduct iv i ty  due t o  t r a n s i t i o n s  t o  energy E ,  or 

( 3 . 5 4 )  

For nondirect  t r a n s i t i o n s ,  u (w,E)dE g ives  t h e  p robab i l i t y  per  u n i t  

t i m e  t h a t  a photon w i l l  be absorbed by a valence e l ec t ron  a t  energy 

(E - 5 w ) .  

s t r e s sed  i n  Eq. ( 3 . 5 5 ) :  

b 

The func t iona l  dependence of t h i s  t r a n s i t i o n  p robab i l i t y  i s  

t r a n s i t i o n  p robab i l i t y  1 
f o r  nondirect  t r a n s i t i o n s  

The f r a c t i o n a l  number of e l ec t rons  exc i ted  t o  energy E for nondirect  

t r a n s i t i o n s  i s  thus 

Thus, i f  N photons a r e  absorbed by N e l ec t rons  per  u n i t  t i m e  per  u n i t  

volume, then Eq. ( 3 . 5 6 )  gives the  f r a c t i o n a l  number t h a t  a r e  excited t o  

energy E .  Note t h a t  f o r  a given 6 w ,  t he  number of e l ec t rons  excited 

t o  energy E i s  proport ional  t o  N c ( E ) N  ( E  - 4 5 ~ ) .  This p ropor t iona l i t y  

cha rac t e r i zes  t h e  type of o p t i c a l  t r a n s i t i o n  ca l l ed  a nondirect  t r a n s i t i o n  
V 

The c h a r a c t e r i s t i c s  of DIRECT and NONDIRECT o p t i c a l  t r a n s i t i o n s  a r e  

summarized below: 
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Nondirect T rans i t i ons  

a .  Theore t ica l  impl ica t ions  

(1) A l l  e l e c t r o n  states involved i n  the  o p t i c a l  absorption 

process are not w e l l  descr ibed by Bloch waves. 

+ 
( 2 )  Conservation of t h e  wave vector  k i s  not an important 

s e l e c t i o n  r u l e .  

+ 
( 3 )  The momentum matrix element IM l 2  i s  independent of k 

and band ind ices ,  but may be a func t ion  of w. 

b. Photoemission c h a r a c t e r i s t i c s  (energy d i s t r i b u t i o n s )  

(1) A t  photon energy awl, a peak i n  the  valence band dens i ty  

of s t a t e s  a t  energy 

EDC a t  energy El.  

%a2, 
E = E + 6 ( w 2  - ul) o r  

(E1 - aw ) w i l l  cause a peak i n  the  1 
I f  the  photon energy i s  increased t o  

t h e  peak i n  t h e  EDC w i l l  appear a t  energy 

2 1 
(E2 - El) = &(w2 - wl) 

peak photon 

Thus, an increment (%Ad) i n  photon energy w i l l  r e s u l t  

i n  an equal increment i n  the  energy of a peak i n  the  EDC, 

i f  t he  peak i s  due t o  s t r u c t u r e  i n  t h e  valence band 

dens i ty  of s t a t e s .  1 

( 2 )  S t ruc tu re  i n  the  conduction band dens i ty  of s t a t e s  remains 

at  t h e  same energy E f o r  a l l  values  of photon energy. 
2 

These statements apply i f  t he re  i s  no s t r u c t u r e  i n  the  conduction band 
dens i ty  of states. I f  t he re  i s  s t r u c t u r e  i n  the  conduction band, t h i s  
s t r u c t u r e  w i l l  modulate the  EDCs, and i n  t h e  region of t he  conduction 
band peak, mP L%w, as seen by the  example of Fig.  (33a) and Fig.  
(33b) .  

A s t a t i o n a r y  peak i n  the  EDCs can a l s o  be due t o  e lec t ron-e lec t ron  
s c a t t e r i n g .  
of slow e lec t rons  t h a t  appear i n  t h e  EDCs a t  high photon energ ies .  An 
example of such s c a t t e r i n g  can be seen i n  the  case of s i l v e r  covered 
with a monolayer of cesium, as w i l l  be discussed i n  Chapter V I .  

2 

A s c a t t e r i n g  peak i s  o f t e n  charac te r ized  by a l a r g e  number 
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Direc t  T rans i t i ons  

a. Theore t ica l  impl ica t ions  

3 -+ 
(I.) k G k 

V C 

( 2 )  Simple Bloch waves adequately descr ibe  valence and con- 

duct ion e l ec t rons  involved i n  the o p t i c a l  t r a n s i t i o n s .  

b. Photoemission c h a r a c t e r i s t i c s  (energy d i s t r i b u t i o n s )  

(1) Charac te r i s t i c  b( 1) (nondirect  t r a n s i t i o n s )  i s  observed 

from a very narrow valence band t h a t  has t h e  same 

energy f o r  a l l  values  of k.  

( 2 )  I n  o the r  cases ,  an increment (Ww) i n  photon energy 

w i l l  cause peaks i n  EDC t o  move i n  increments t h a t  are 

e i t h e r  l a r g e r  than (.Mu) or smaller than (Ww). 

Peaks can appear or disappear with small changes i n  

photon energy. 

(3) 

The measurement of pho toe lec t r i c  energy d i s t r i b u t i o n s  over a wide 

range of photon energ ies  can be a very important technique i n  determining 

whether t he  o p t i c a l  t r a n s i t i o n s  i n  a mater ia l  a r e  of a d i r e c t  or  a nondirect 

na ture ,  s ince  the  two types of t r a n s i t i o n s  have such d i f f e r e n t  charac te r -  

i s t ics  i n  t h e  EDCs. 

W e  have not discussed another poss ib le  type of t r a n s i t i o n ,  which 

involves  t h e  emission or absorption of a phonon. This type of t r a n s i t i o n  

i s  commonly c a l l e d  an i n d i r e c t  t r ans i t i on , '  and i s  thoroughly discussed 

i n  a number of texts [Refs. 341. Phonons t y p i c a l l y  have energ ies  less 

than 0.1 eV, but can have any value of k. Thus, i n d i r e c t  t r a n s i t i o n s  

could cause t h e  same e f f e c t s  as nondirect  t r a n s i t i o n s ,  except t h a t  t he re  

would be a pronounced temperature dependence, s ince  the  p robab i l i t y  of 

emission or absorption' of a phonon becomes very s m a l l  as t h e  temperature 

decreases.  Such temperature dependences have not y e t  been observed i n  

-+ 

I t  should be emphasized that  d i r e c t  and nondirect  t r a n s i t i o n s  a r e  a 
f i r s t - o r d e r  process,  whereas i n d i r e c t  t r a n s i t i o n s  are a second-order 
process ,  with a smaller p robab i l i t y  of occurrence.  

Neglecting t h e  zero-point v ib ra t ion .  2 
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3 
pho toe lec t r i c  energy d i s t r i b u t i o n s ,  so w e  s h a l l  r e s t r i c t  our  a t t e n t i o n  t o  

d i r e c t  and nondirect  t r a n s i t i o n s .  

The i l l u s t r a t i v e  example of F ig .  33 serves  t o  depic t  t h e  charac te r -  

i s t i c  d i f f e rences  between d i r e c t  and nondirect  t r a n s i t i o n s  as seen i n  the  

pho toe lec t r i c  energy d i s t r i b u t i o n s .  A hypothet ical  energy band diagram 

of Fig.  33a w i l l  se rve  as t h e  b a s i s  f o r  t h i s  example. Note t h a t  i n  the  

(kl - k ) 
above t h e  fermi l e v e l ,  and i n  t h e  

bands below 5 e V  above the  fermi l e v e l .  L e t  u s  assume t h a t  10 e l ec t rons  

+ -+ 
d i rec t ion ,  t h e r e  are no bands between energ ies  5 and 15 e V  

(kz - k ) d i rec t ion ,  t he re  a r e  no 
+ + 0 

0 

occupy t h e  f i l l e d  valence bands i n  the  energy range between 0 and (-)6 eV.  

The dens i ty  of states N(E) 

i s  shown i n  Fig.  33b. Note t h a t  t he re  is  a valence band peak of height  

5 electrons/photon/eV i n  the  region 0 t o  (-)1 e V  below the  fermi l e v e l ,  

and a conduction band peak of height  6 electrons/photon/eV i n  the  region 

15  t o  16 e V  above t h e  fermi l e v e l .  These peaks are due t o  the  " f l a t "  

t h a t  corresponds t o  t h i s  energy band diagram 

+ 
bands i n  t h e  (4 - k ) d i r e c t i o n .  The dens i ty  of states i s  e a s i l y  

obtained from t h e  energy band diagram, s ince  i n  t h i s  simple case,  Eq. 

(3.51) reduces t o  

0 

(3 .57)  

-+ 
where t h e  sum i s  over a l l  bands ( i )  a t  energy E ,  and the  u n i t s  of k 

are given i n  Fig.  33a. I n  the  photoemission process,  l e t  us  assume t h a t  

a l l  e l ec t rons  exc i ted  to  an energy E above t h e  vacuum l e v e l  w i l l  escape 

the  su r face  of t h e  s o l i d  and be measured i n  the  EDC. L e t  us  a l s o  assume 

t h a t  a l l  e l ec t rons  exc i ted  t o  an energy E below t h e  vacuum w i l l  not 

escape t h e  s o l i d ,  and w i l l  not be measured i n  t h e  EDCs. 

F i r s t ,  w e  s h a l l  consider t he  case of d i r e c t  t r a n s i t i o n s  shown i n  

Fig.  33c. 

t h a t  only " v e r t i c a l "  t r a n s i t i o n s  i n  which k 

Thus, t h e  threshold f o r  photoemission i s  a t  a photon energy 

as indica ted  by the  t r a n s i t i o n  

2.4 eV,  e l ec t rons  a t  

The o p t i c a l  t r a n s i t i o n s  a re  governed by Eq. (3 .39) ,  which says 

- a re  allowed. 
i n i t i a l  - k f i n a l  

hv = 2.4 e V ,  

@ i n  Fig.  33a. A t  a photon energy of 
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a r e  exc i ted  from t h e  valence band t o  a conduction band a t  2 e V  above the  

fermi l e v e l .  L e t  us  assume t h a t  t he  bandwidth of the  inc ident  l i g h t  i s  

not zero,  but i s  0 . 1  e V ,  and t h a t  t h e  inc ident  photons a r e  evenly d i s -  

t r i b u t e d  such t h a t  2 .4  e V  < hv < 2.5 e V .  I f  a l l  the  exc i ted  e l ec t rons  

g e t  ou t ,  then t h e  measured EDC i s  t h a t  ind ica ted  by @ i n  F ig .  33c. 

width of t h i s  EDC occurs  because of the  f i n i t e  bandwidth. Note t h a t  the  

a rea  under EDC @ i s  one electron/photon, which i s  the  case s ince  a l l  

t h e  exc i t ed  e l ec t rons  are a t  energy E g rea t e r  than the  vacuum l e v e l  and 

w i l l  be photoemitted. I f  w e  increase  the  photon energy t o  3 .9  eV < hv 

< 4.0  eV, t h e  EDC i s  given by curve @ i n  F ig .  33c. 

photon energy, 5.9 e V  < hv < 6.0 e V ,  t he  d i r e c t  t r a n s i t i o n  occurs a t  

koJ 
peak of photoemitted e l ec t rons  a t  E = 5 e V ,  

Fig.  33c. Observe t h a t  while t he  photon energy has increased by an incre-  

ment of 4.0 e V  from EDC @ t o  EDC 0, t h e  peaks i n  t h e  EDC have increased 

i n  energy by only ( E  0 - E @ )  = 3.0 eV. 

energy i s  not  equal t o  the  increment i n  photon energy, as pointed out  

earlier. A t  a photon energy of exac t ly  4.0 e V ,  the  only poss ib le  t rans-  

i t i o n  i s  between two p a r a l l e l  bands, as  shown i n  F ig .  33a by t r a n s i t i o n s  

The 

A t  a s t i l l  higher  

+ 
as seen by t r a n s i t i o n  @ i n  F ig .  33a, and the re  i s  a corresponding 

as shown by EDC @ i n  

Thus, the  increment i n  peak 

+ .-, 

kl and kg @ . Note t h a t  i n  t h i s  case,  a l l  values  of k between 

are poss ib le .  The r e s u l t i n g  EDC i s  f l a t  and extends between E = 2 e V  

and Note t h a t  t he  a rea  of 

EDC @ i s  only 0.6 

are exc i ted  t o  energies below the  vacuum l e v e l .  

E = 5 e V ,  as shown by EDC @ i n  F ig .  33c. 

electrons/photon, s ince  40 percent of the  e l ec t rons  

I n  the  range of photon energies  between 6.0 and 16.0 e V ,  no d i r e c t  

t r a n s i t i o n s  are poss ib le ,  so no e l ec t rons  are photoemitted, and the re  a r e  

no EDCs. A t  a photon energy of exac t ly  16 .0  e V ,  t r a n s i t i o n s  can occur 

between two paral le l  bands, as ind ica ted  by t r a n s i t i o n  @ i n  F ig .  33a. 

This  t r a n s i t i o n  corresponds to  EDC @ i n  Fig.  33c, which has a width of 

1 .0  e V  and an a rea  of one e l ec t ron  p e r  photon. A s  t he  photon energy i s  

increased t o  16.0 e V  < hv < 16.1 eV, a narrow peak suddenly appears i n  

t he  EDC a t  an energy of 15 e V ,  as shown by EDC @ i n  Fig.  33c. 

width of t h i s  EDC i s  only 

A s  t he  photon energy i s  increased,  t h e  energy of t he  EDC peak slowly 

increases ,  and a t  a photon energy 21.9 eV < hv < 22.0 eV, the  peak i s  a t  

16 e V .  Note t h a t  t h e  photon energy has increased an increment of 6.0 e V  

The 

1/60 e V ,  but t he  a rea  i s  one eleetron/photon.  
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i n  going from EDC @ t o  EDC @, but t he  peak i n  t h e  EDC has moved only 

an increment 

i n  peak energy does not  equal t h e  increment i n  photon energy. 

energies g r e a t e r  than 22.0 eV,  t he re  are no poss ib l e  d i r e c t  t r a n s i t i o n s ,  

and t h e  peak i n  t h e  EDC disappears .  

(E@ - E @ )  = 1 . 0  e V .  Again, w e  see t h a t  t he  increment 

For photon 

The EDCs f o r  t h e  case of nondirect  t r a n s i t i o n s  are q u i t e  d i f f e r e n t  

from t h e  EDCs f o r  d i r e c t  t r a n s i t i o n s ,  as seen from Fig .  33d, which shows 

EDCs f o r  nondirect  t r a n s i t i o n s .  F i r s t ,  l e t  us focus our a t t e n t i o n  on 

the  dashed curve, Fig.  33b, which i s  f o r  a photon energy of hv = 9.5 e V .  

The f r a c t i o n a l  number of e l ec t rons  exc i ted  t o  energy E i s  given by 

Eq. (3 .56) .  Since t h e  denominator of Eq. (3.56) i s  constant  f o r  a given 

hv, then t h e  number of e l ec t rons  exc i ted  t o  energy E i s  7 l ' ( E ) ,  

where 

n ' ( E )  = (constant)Nc(E)NV(E - hv) (3 .58)  

f o r  a l l  E. This c a l c u l a t i o n  i s  equivalent  t o  r a i s i n g  the  valence band 

dens i ty  of s t a t e s  by an energy hv, and a t  each energy E, mult iplying 

by Nc(E) .  

i n  t h e  material, and i s  indica ted  by t h e  dashed curve i n  F ig .  33b f o r  

hv = 9.5 eV. Since Nc(E) = 1 f o r  0 < E < 15 e V ,  t he  dashed curve of 

Fig.  33b i s  an exact r e p l i c a  of t h e  valence band dens i ty  of s t a t e s .  

Since a l l  t he  e l e c t r o n s  are exc i ted  t o  energies  higher than the  vacuum 

l e v e l ,  a l l  are photoemitted, and the  corresponding energy d i s t r i b u t i o n  

curve EDC @ of Fig.  33d 

dens i ty  of states. 

The r e su l t  is  the  energy d i s t r i b u t i o n  of exc i ted  e l ec t rons  

is  a l s o  an exact r e p l i c a  of the  valence band 

Figure 33d shows EDCs f o r  severa l  photon energies .  In  con t r a s t  t o  

t he  case of d i r e c t  t r a n s i t i o n s ,  t he  photoemission threshold i s  a t  2 .0  eV 

f o r  t he  nondirect  t r a n s i t i o n s ,  whereas i t  was 2.4 e V  f o r  t he  d i r e c t  

t r a n s i t i o n s .  Note t h a t  f o r  a photon energy of 3.0 e V ,  t he  leading edge 

of t h e  EDC i s  at  3.0 eV,  and t h a t  f o r  a photon energy of 22.0 eV,  the  

lead ing  edge of t he  EDC i s  a t  22.0 eV.  Thus, w e  see t h a t  f o r  nondirect  

t r a n s i t i o n s ,  t he  increment i n  photon energy i s  equal to  the  increment i n  

peak energy, i n  c o n t r a s t  t o  t h e  d i r e c t  t r a n s i t i o n s .  Note t h a t  f o r  

hv = 18 eV, EDC @ of Fig.  33d i s  modulated by t h e  peak i n  the  
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conduction band dens i ty  of states. This  modulation remains f ixed  i n  

energy f o r  a l l  photon energies ,  a c h a r a c t e r i s t i c  of nondirect t r a n s i t i o n s .  

The e f f e c t  of t h e  modulation of t h e  conduction band dens i ty  of s t a t e s  

on t h e  loca t ion  of a peak i n  t h e  EDCs i s  shown i n  F ig ,  33d, where the  

energy E of t h e  cen te r  of a peak i s  p lo t t ed  as a func t ion  of photon 

energy f o r  both t h e  d i r e c t  and t h e  nondirect  t r a n s i t i o n .  In  t h e  range of 

photon energ ies  between 3 and 15  e V  and above 17 e V ,  t he  nondirect 

t r a n s i t i o n  fol lows the  r u l e  c1E = &w. However, near t h e  vacuum l e v e l  

(.Kv < 3 e V )  

t h e  loca t ion  of .the peak does not follow the  r u l e  AE = &w, and the 

d i s t i n c t i o n  between t h e  d i r e c t  t r a n s i t i o n  curve and the  nondirect  t rans-  

i t i o n  i s  not  very great,  

P 

P 
and i n  the  v i c i n i t y  of a conduction band (15 e V  < hv < 17 eV), 

P - 

Later i n  t h i s  paper, AE vs  &w p l o t s  of t he  type shown i n  F ig .  33d 
P 

w i l l  be found t o  be q u i t e  u se fu l  i n  the  ana lys i s  of EDCs from r e a l  

materials. 

Figure 33 has been used to  i l l u s t r a t e  some of t he  major f e a t u r e s  

t h a t  d i s t i n g u i s h  d i r e c t  from nondirect  t r a n s i t i o n s  i n  t h e  EDCs. Thus, w e  

see t h a t  experimental measurement of the  pho toe lec t r i c  EDC at d i f f e r e n t  

photon energ ies  can t e l l  us whether d i r e c t  or nondirect  t r a n s i t i o n s  occur 

i n  a s p e c i f i c  ma te r i a l .  Unfortunately,  the  photoemission process i n  a 

real material i s  q u i t e  complex, and a l l  the  exc i ted  e l ec t rons  are not 

photoemitted, as was assumed i n  the  model of F ig ,  33d. In  the  next  

s ec t ion ,  w e  s h a l l  at tempt t o  descr ibe  the  photoemission process i n  a more 

r e a l i s t i c  manner. 

E. THE PHOTOEMISSION PROCESS 

In  t h i s  sec t ion ,  w e  de r ive  a mathematical model descr ib ing  t h e  photo- 

emission process f o r  a mater ia l  with a f ree-e lec t ron- l ike  conduction band 

and a semiclassical threshold func t ion .  The model i s  based upon nondirect  

t r a n s i t i o n s .  The method of ana lys i s  w i l l  proceed as follows: 

(1) Calcula te  t h e  p robab i l i t y  of exc i t i ng  an e l ec t ron  a t  a depth 

x from t h e  sur face ;  

Calcu la te  t h e  p robab i l i t y  t h a t  t h e  e l ec t ron  w i l l  then be exci ted 

t o  an energy E i n  the conduction band; 

(2)  
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(3)  Calcu la te  the p robab i l i t y  t h a t  t h e  e l ec t ron  exci ted t o  energy 

E w i l l  then t r a v e l  t o  t h e  sur face  without su f fe r ing  an in-  

e l a s t i c  e lec t ron-e lec t ron  s c a t t e r i n g  event ,  and escape i n t o  

the  vacuum. 

The r e s u l t  w i l l  y i e ld  the  pho toe lec t r i c  energy d i s t r i b u t i o n s  and the  

pho toe lec t r i c  y i e l d  f o r  nonscat tered e l ec t rons  i n  t e r m s  of the dens i ty  

of states, t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length ,  and o the r  physical  

parameters. 

L e t  us begin the ana lys i s  by assuming that a monochromatic beam of 

photon energy hv t r a v e l s  through vacuum and i s  normally inc iden t  upon 

a s o l i d  or l i q u i d  sur face ,  as shown i n  Fig.  34a. Some of the  l i g h t  

w i l l  be r e f l e c t e d  and some of the l i g h t  w i l l  be absorbed wi th in  the  

ma te r i a l ;  w e  assume t h a t  t h e  sample i s  much th i cke r  than the  o p t i c a l  

absorption length  (-), 
back sur face .  L e t  us  consider only l i g h t  of energy hv such t h a t  

1 
a so t h a t  w e  need not consider r e f l e c t i o n s  from a 

(1) The photon energy i s - h i g h  enough so t h a t  band-to-band t rans-  

i t i o n s  dominate over o the r  o p t i c a l  absorption mechanisms; 

( 2 )  The wavelength A i s  appreciably longer than the  l a t t i c e  

spacing. 

i 
I f  the inc ident  photon f l u x  i s  given by 

pene t r a t e s  t h e  sur face  i s  given by Io( w), where 

I o ( w ) ,  then the  f l u x  t h a t  

(3.59) 

In  Eq. (3 .59) ,  R(w) i s  the  magnitude of t h e  r e f l e c t i o n  c o e f f i c i e n t ,  

Io(") 
t h a t  are absorbed i n  the  material. The electromagnetic wave propagates 

i n t o  t h e  material with a phase ve loc i ty  V ( w) = c/n( w ) ,  where n( w) i s  

the  index of r e f r a c t i o n .  However, i n  the  energy range corresponding t o  

band-to-band absorption, t he  photons are s t rongly  absorbed. The prob- 

a b i l i t y  of absorpt ion per  u n i t  t i m e  i s  given by the  o p t i c a l  conduct ivi ty  

a( u), and i s  a property of the  mater ia l .  Thus, a t  any poin t  x i n  the  

material [Ref. 271, 

r ep resen t s  t h e  t o t a l  number of photons per u n i t  a r ea  per u n i t  t i m e  

P 
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“ 3  

LECTRONS THAT HAVE 
SCAPED INTO VACUUM 

( C  1 

FIG. 34. THE PHOTOEMISSION PROCESS: ( a )  DISTRIBUTION 
OF PHOTON FLUX I N  THE MATERIAL: ( b )  TOTAL GENERATION 
RATE OF ELECTRONS G ( x ,  u) AS A FUNCTION OF DEPTH x 
FROM THE SURFACE; (c )  MOVEMENT OF ELECTRONS GENERATED 
AT POINT ( x0, yo, z 0 )  TO AN ENERGY e ABOVE THE VACUUM 
LEVEL. The d i r e c t i o n  of an arrow represents  the  
d i r e c t i o n  of t h e  ve loc i ty ,  and the  t i p  of the  arrow 
i n d i c a t e s  where the  e l ec t ron  scatters with another 
e l e c t r o n .  The dashed l i n e  shows the  ve loc i ty  cone. 
Elec t rons  i n  the  ve loc i ty  cone can escape from t he  
s o l i d  i f  they do not s c a t t e r  before  reaching the  su r face .  
( a )  Geometry used i n  ca l cu la t ing  the  escape p robab i l i t y .  
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~ ( w )  = 2w n(w)k(w) (3.60) 

where k(w) is called the extinction coefficient. The permittivity of 

free space E has been set equal to unity in obtaining Eq. (3.60). 

(For a discussion of the optical constants and their interrelations, see 
Ref, 27.) The absorption coefficient per unit a(.) is related to k(u) 

0 

by 

and 

n(w) = Tjk 

(3.61) 

(3.62) 

hv = c ( 3.63) 

Using Eq. (3.61), Eq. (3.62), and Eq. (3.63) in Eq. (3.60), we obtain 

4.1 vp(w) = u ( w )  (3.64) 

or 
(3.65) 

Probability of Absorption 
per unit time 1 = ( Probability of Absorption ) (Phase Velocity ( per unit length 

Thus, the probability of absorption per unit length a ( w )  is directly 

related to the optical conductivity a(.). Since the probability of 

absorption per unit length a ( w )  is the same at every point x, the 

number of photons absorbed per unit area between x and x+dx is pro- 

portional to (the number of photons in the increment 

probability of absorption per unit length), or 
dx) times (the 

dI(x,w) = - ~(w)I(x,u) 

so 

-ax 
I ( X , W )  = Io(w)e 

(3.66) 

(3.67) 
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where x = 0 i s  taken at  the  sur face  as i n  F ig .  34. The s p a t i a l  d i s -  

t r i b u t i o n  of t he  f l u x  I(x,w) i s  sketched i n  Fig.  34a. I f  w e  assume t h a t  

each absorbed photon corresponds t o  an excited e l ec t ron ,  then the  s p a t i a l  

d i s t r i b u t i o n  of exc i t ed  e l ec t rons  G ( x , w )  i s  given by 

(3.68) 

G ( x , w )  
t h e  increment between x and (xcdx) per  u n i t  area per  u n i t  time, and 

i s  sketched i n  F ig .  34b. The e l ec t rons  represented by G ( x , w )  are 

excited from f i l l e d  states i n  t h e  valence band t o  empty s t a t e s  i n  the  

conduction band. According t o  the  model of nondirect  t r a n s i t i o n s ,  t he  

f r a c t i o n a l  number of e l e c t r o n s  exc i ted  t o  an energy E i n  the  conduction 

band i s  given by Eq. (3 .56) .  Thus, i f  w e  denote the  t o t a l  number of 

e l ec t rons  exc i ted  t o  energy E by the  quan t i ty  G ( E , x , w ) ,  w e  have 

i s  a generat ion rate, g iv ing  t h e  number of e l ec t rons  generated i n  

or  

-a( w)x Nc(E)Nv(E - f iw>  
G(E,X, w) = I,( w ) a (  w ) e  (3. - I * Nc(E)Nv(E - 3 5 ~ )  dE 

Ef 

Equation (3.69) g ives  a mathematical expression f o r  t he  generat ion r a t e  

of e l e c t r o n s  t o  t h e  state E i n  the  conduction band a t  depth x from the  

sur face .  G(E ,x ,w)  i s  sketched i n  F ig ,  34b. Once these e l ec t rons  are 

exc i ted  t o  energy E,  they take on some state Jr(E) of t he  c r y s t a l ,  

and move i n  var ious d i r e c t i o n s  through the  c rys ta l .  I t  i s  d i f f i c u l t  t o  

proceed f u r t h e r  than Eq. (3.69) un less  w e  can say something about how 

these  exc i ted  e l ec t rons  move through the  c r y s t a l .  

In  t h e  d iscuss ion  t o  follow, w e  s h a l l  restrict  the  ana lys i s  t o  the  

case where t h e  f i n a l  state i n  the  conduction band i s  a sphe r i ca l  band, 
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so t h a t  a l l  d i r e c t i o n s  are equivalent .  Thus, e l ec t rons  o r ig ina t ing  a t  

t h e  poin t  (xo,yo9zo) 

group v e l o c i t y  appropriate  t o  a f r e e  e l ec t ron  band, as given by Eq. (3 .5 )  

t o  be 

i n  F ig ,  34c w i l l  t r a v e l  i n  a l l  d i r ec t ions  with a 

(3.70) 

where t h e  quan t i ty  EB 

e lec t ron  band. 

denotes the  energy of t h e  bottom of the  f r e e  

L e t  us  now proceed t o  c a l c u l a t e  t h e  number of e l ec t rons  that  w i l l  

t r a v e l  t o  the  sur face ,  overcome the  p o t e n t i a l  b a r r i e r  

i n t o  t h e  vacuum. The ve loc i ty  cone of F ig ,  26 gives  the  f r a c t i o n a l  

number of e l ec t rons  a t  energy E t h a t  are moving toward the  sur face  and 

have Lm(v ) > W. Thus, according t o  Eq. ( 3 . 9 ) ,  a l l  those e l ec t rons  

i n  t h e  s o l i d  angle 

( W ) ,  and escape 

2 
2 g x -  

E > W  e 0 = c o s - 1 q ,  - (3.71) 

are candidates  f o r  escape i n t o  vacuum. However, some of t hese  e l ec t rons  

w i l l  s u f f e r  i n e l a s t i c  e lec t ron-e lec t ron  c o l l i s i o n s  on the  way t o  t h e  

sur face .  W e  s h a l l  c a l c u l a t e  t h e  number o f  e lec t rons  t h a t  reach t h e  

su r face  without encountering such a s c a t t e r i n g  event.  

An e l ec t ron ,  s t a r t i n g  a t  po in t  ro(x,yo,zo) and t r ave l ing  a t  an 

angle 8 wi th  respec t  t o  t h e  x-axis must t r a v e l  a d i s t ance  (f - ro) 

before reaching the sur face ,  where 

-+ 

X lG-;ol =a (3 .72)  

as seen from F ig .  34d. The p robab i l i t y  t h a t  an e l ec t ron  does not s c a t t e r  

before reaching t h e  su r face  i s  given by 

-+ 
X - 4 I f  - rol 1 

L ( E )  L(E)  COS 8 
= e  (3 .73)  p r o b a b i l i t y  of no t  c o l l i d i n g  ( before reaching sur f  ace 
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where L(E)  i s  t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length.  From Fig .  34d, 

the  f r a c t i o n  of t he  e l ec t rons  i n  the  s o l i d  angle between 8 and (8+de) 

i s  given by t h e  r a t i o  of the  area of t he  sphere between 8 and ( @ + d e )  

t o  t h e  t o t a l  area of t he  sphere,  or 

2 

4 m  

area between 8 and 8+d8 
area of sphere 

2% x s i n  8d8 - 1  sinede - - 
2 - 2  (3 .74)  

Thus, t he  f r a c t i o n  of e l ec t rons  from 

by F( E, X )  , where 

(x ,yo ,zo)  t h a t  can escape i s  given 

X - 
d0 

L ( E )  COS 8 f r a c t i o n  of e l ec t rons  
a t  E ' a n d  depth x t h a t  ) = f0 1 s i n  8 e 2 without s c a t t e r  ing 0=0 

(3 .75 )  

The generat ion rate a t  depth x and energy E i s  G ( E , x , w )  so t h e  t o t a l  

number of nonscat tsred e l ec t rons  t h a t  escape i s  given by n' ( E ,  x, w), where 

X - 
(3 .76)  L ( E )  COS e de - s i n  0 e n'(e,x,w) = G ( E , X ,  w) 2 

Summing up cont r ibu t ions  from a l l  poss ib le  values  of x, w e  ob ta in  

co - 
dx G ( E , x , w )  * de (3 .77 )  

L O  
R'(E,w) = 

where n ' (E ,w)  i s  t h e  number of e l ec t rons  photoemitted a t  energy E due 

t o  t h e  l i g h t  f l u x  I o ( w ) .  Subs t i t u t ing  Eq. (2 .69)  f o r  G ( E , x , w ) ,  Eq. 

( 3.77) becomes 

Nc(E)Nv(E - d w )  dE 

Ef 

W e  now le t  

(3.79)  

where J1(E,w) i s  t h e  number of e l ec t rons  photoemitted a t  energy E per  

absorbed photon per  e V .  By making t h e  s u b s t i t u t i o n  f3 = cos 8, and 
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changing t h e  order  of i n t eg ra t ion ,  Eq. (3.78) becomes 

The i n t e g r a l s  are e a s i l y  evaluated with t h e  use  of i n t e g r a l  47 of Ref. 22, 

and w e  ob ta in  

Equation (3.81) i s  a c t u a l l y  t h e  f i n a l  ob jec t ive  of t h i s  der iva t ion ,  but 

t he  expression can be put  i n t o  a more understandable form i f  w e  f a c t o r  

out  t h e  quan t i ty  -(1 - cos  9,) (a), 1 a L  
2 t o  ob ta in  

1 ~ ( l  - cos eo) The quan t i ty  

Tf (E)  

i s  j u s t  t h e  semiclassical threshold func t ion  

given by Eq. (3.10), so w e  can rewrite Eq. (3.82) as 

, where the  co r rec t ion  f a c t o r  C a ( w ) L ( E ) , T f ( E )  i s  given by 

a(w)L(E) i n  Eq. (3.83) i s  j u s t  what would be obtained a( W)L( ~ ) + i  
The f a c t o r  Tf ( E )  

i f  a l l  t h e  electrons i n  t h e  ve loc i ty  cone had v e l o c i t i e s  d i r e c t e d  normal 

t o  t h e  sur face .  The co r rec t ion  f a c t o r  C of Eq. (3 .84)  g ives  the  
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adjustment t h a t  must be made when the  actual angular d i s t r i b u t i o n  of 

e l ec t rons  is  taken i n t o  account. F igure  35 gives  a p l o t  of t he  cor rec t ion  

1.0 

0.9 

o 0.8- 

E 0.7- 

2 0.6- 
z 
F" 0.5-  

E 0.4- 
0.3- 

02- 

0. I 

0 

o 

u Y 

0 0 

P 

, , 
T. (E)=0.0001 1 - 

- 

Tf (E1~0.4999 
0 - -  - 

0 CALCULATED POINTS - 

- 

- 

- - 
I I I I I 

P /  

FIG. 35. CORRECTION FACTOR C {a( w)L(E),  Tf (E)]  FOR 
VARIOUS VALUES OF ( a L )  AND T f .  

f a c t o r  C as a func t ion  of t h e  q u a n t i t i e s  ( a L )  and T f .  Note t h a t  f o r  

any a L ,  t h e  magnitude of C can vary only between 0 . 5  and 1 . 0 .  

I n  many cases of i n t e r e s t ,  t h e  range of E i s  such t h a t  t h e  semic lass ica l  

threshold func t ion  Tf 

case, t h e  range of t h e  co r rec t ion  f a c t o r  C i s  0 . 8  < C < 1 . 0  f o r  

any value of a (w)L(E)  whatsoever. Thus, f o r  cases near  t he  thres- 

hold,  the  ve loc i ty  cone i s  s u f f i c i e n t l y  s m a l l  so t h a t  i t  i s  a good 

approximation t o  assume t h a t  t h e  v e l o c i t y  component of a l l  t he  e l ec t rons  

t h a t  escape i s  e s s e n t i a l l y  normal t o  the  sur face .  S e t t i n g  C Z 1, w e  

i s  always small, say T f ( E )  ? 0.2 .  In  t h i s  

- -  

obta in  f o r  t he  case of t he  " s m a l l  angle approximation"' 

I t  is  t o  be emphasized t h a t  t h e  co r rec t ion  f a c t o r  C does not include 
t h e  e f f e c t  of phonons. In  the  cases where t h e  electron-phonon sca t -  
t e r i n g  length  i s  shor t e r  than t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length,  
Eq. (3 .85 )  would not apply. 
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Equation (3.83), t h e  important equation w e  have sought t o  der ive ,  

g ives  t h e  energy d i s t r i b u t i o n  of nonscat tered e l ec t rons  i n  t e r m s  of t he  

dens i ty  of states, Nc(E) and Nv(E) ,  the  e lec t ron-e lec t ron  s c a t t e r i n g  

length  L(E),  t h e  absorpt ion c o e f f i c i e n t  a( w), and the  semic lass ica l  

threshold func t ion  T f ( E ) .  

t o  t h e  case of a material with a f r ee -e l ec t ron - l ike  conduction band, 

and is  based upon the  theory of nondirect  t r a n s i t i o n s .  

I t  must be emphasized t h a t  Eq. (3.83) appl ies  

The t o t a l  pho toe lec t r i c  y i e ld  Y(w) i s  given by f ind ing  the  a rea  

under the EDC, or 

(3.86) 

where i s  t h e  vacuum l e v e l ,  and the  energy zero  i s  taken a t  the top 

of t he  valence band. Equation (3.86) gives  the quantum y ie ld  Y(w) i n  

terms of t h e  t o t a l  number of e l ec t rons  photoemitted per  absorbed photon 

of angular frequency w, 

Equations (3.83) and (3.86)  give two q u a n t i t i e s  t h a t  can be measured 

by experiment. In  the  next sec t ion ,  w e  s h a l l  descr ibe  severa l  methods by 

which the  q u a n t i t i e s  Nc(E),  Nv(E) ,  L(E)  and E ( u )  can be ca lcu la ted  

from an experimental knowledge of n (E ,w)  and Y(u). 
2 

The r e s u l t s  of t h i s  s ec t ion  appear t o  be cons is ten t  with the  r e l a t i o n s  

of Berglund [Ref. 71, which were derived earlier. 

I n  t h e  ana lys i s  thus f a r ,  w e  have considered only the  e l ec t rons  that  

escape without s u f f e r i n g  a s c a t t e r i n g  event .  

ca lcu la ted  t h e  number of e l ec t rons  t h a t  escape after one e lec t ron-e lec t ron  

s c a t t e r i n g  event t o  be R ' ( E ' , E , w )  dE, where E i s  the  energy a t  which 

t h e  e l e c t r o n s  escape, and E' i s  the  energy of t he  primary e l ec t rons .  

Berglund f i n d s  t h a t  [see Eq. 80, R e f .  71 

Berglund [ R e f .  71 has 
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(3.87) 

where 

Go(E' ,u) = .Io( w) e (p robab i l i t y  of being exc i ted  t o  energy 

ps(E',E) = number of primary e l ec t rons  t h a t  scatter from E '  t o  E 

E ' )  

Ps(E') = t o t a l  number of e l ec t rons  a t  energy 
before  reaching the  sur face  

E' t h a t  s c a t t e r  

In  the  case  of nondirect  t r a n s i t i o n s ,  t he  quan t i ty  (p robab i l i t y  of being 

exc i ted  t o  energy E ' )  i s  given by Eq. (3.56). Berglund has  pointed 

out  t h a t  t h e  t e r m  

i s  due t o  those e l ec t rons  i n i t i a l l y  exc i ted  t o  E' which a re  moving away 

from t h e  surface. 

Equation (3.87) accounts f o r  those e l ec t rons  t h a t  o r i g i n a t e  i n  t h e  

bulk of t he  material. I n  addi t ion,  t he re  may be a l a r g e  number of elec- 

t r o n s  t h a t  do reach t h e  sur face  without s c a t t e r i n g ,  but a r e  r e f l e c t e d  

from the  su r face  because t h e i r  ve loc i ty  d i r e c t i o n  i s  not i n  t h e  ve loc i ty  

cone. Thus, i f  w e  assume spher ica l  s c a t t e r i n g  from the  sur face ,  these 

e l ec t rons  act as a source of primary (unsca t te red)  e l ec t rons  generated 

a t  t h e  su r face ,  The t o t a l  number of e l ec t rons  t h a t  a r r i v e  a t  the  sur face  

without s c a t t e r i n g  i s  given by s e t t i n g  t h e  ve loc i ty  cone equal t o  90°, 

or s e t t i n g  

te red  e l ec t rons  inc ident  upon the  su r face  i s  given by 

Tf (E)  = 0.5 i n  Eq, (3.83). Thus, t he  t o t a l  number of unscat-  

I ~ ( W ) ~ ( E ~ , U , T ~  = 0 . 5 )  
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or  

Io(~)31(E ' ,w,Tf  = 0.5) = C[a(w)L(E'),Tf = 0.51 ( 5 )  1 a~+1 a L  GO(E',.) (3.88) 

R The t o t a l  number of r e f l e c t e d  e l e c t r o n s  

s u b s t i t u t i n g  t h e  number of photoemitted e l ec t rons  from the  t o t a l  number 

of e l e c t r o n s  inc iden t  upon t h e  surface,  or 

[I0(w)n ( E ' , w ) ]  i s  found by 

where L' = L ( E ' )  and a = a(.). Now, Eq. (3.87) can be adapted t o  take 

i n t o  account t hese  r e f l e c t e d  e l e c t r o n s  by l e t t i n g  a --* m, This cor re-  

sponds t o  t h e  case where a l l  t h e  e l e c t r o n s  are exc i ted  very near t he  

su r face ,  In  addi t ion,  w e  must rep lace  the  genera t ion  rate G o ( E ' , w )  

i n  Eq. (3.87) by [ Io(w)nR(E,w)]  of Eq. (3 .89) .  Le t t i ng  RL(E',E,w)dE 

denote t h e  number of e l e c t r o n s  t h a t  are photoemitted a t  energy E due 

t o  primary e l e c t r o n s  a t  energy 

surface,  t h e  adapta t ion  of Eq. (3.87) g ives  

E '  t h a t  have been r e f l e c t e d  from t h e  

(: - c [ ~ L ~ , T ~  = 0.51 - T ~ ( E ' )  C [ ~ L ' , T ~ ( E ~ ~ )  

(3.90) 

The t o t a l  number of once-scat tered e l ec t rons  t h a t  a r e  photoemitted a t  
energy E due t o  pr imar ies  a t  E '  i s  thus R l t o t  ( E ' , E , w ) ,  where 

(E',E,W)dE = [R' (E ' ,E,w) + R'  ( E ' , E , w ) ]  dE (3.91) R' t o t  S 

To ob ta in  t h e  t o t a l  number of once-scattered e l ec t rons  t h a t  a r e  photo- 

emitted at energy E, w e  must sum Eq. (3 .91)  over a l l  energ ies  E'  > E. 

L e t  us compare t h e  magnitude of R '  (E',E,w)dE t o  t h e  magnitude 
S 

of R ' ( E ' , E , w )  f o r  t h e  case of a f r e e  e l e c t r o n  metal with the  work 
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func t ion  9 = 4 eV, 

l e v e l .  W e  s h a l l  use  t h e  parameters below: 

and t h e  bottom of the  band a t  4 e V  below the  fermi 

E' = 8 e V  above fermi l e v e l  (primary e l ec t rons )  

E = 5 e V  above fermi l e v e l  (once-scattered e l ec t rons )  

a ( w ) L ( E ' )  = 0.125 

a ( w ) L ( E )  = 0.254 

C[a (u )L(E) ,  T f ( E ) ]  0.91 

c [ ~ ( u ) L ( E ' ) ,  T ~ + E ' ) I  0.99 

C [ a ( w ) L ( E ' ) ,  Tf = 0.51 0.63 

T f ( E )  = 0.029 

T f ( E ' )  = 0.092 

Using the  above parameters, t he  r e s u l t  i s  

Rs '  ( E '  ,E ,  4 
0.51 

R '  ( E '  ,E,  W )  

where R t S  

f a c e .  Thus, w e  see t h a t  f o r  t y p i c a l  values ,  Eq. (3.91) provides about 

a 50 percent  co r rec t ion  t o  Eq. (80) of Berglund. 

s ca t t e r ed  e l e c t r o n s  are photoemitted a t  energies  considerably lower than 

t h e  primary e l ec t rons ,  and t h e  majori ty  of t h e  once-scattered e l ec t rons  

w i l l  tend to  appear near  t h e  threshold of t he  EDC. I n  t h e  photoemission 

s t u d i e s  of t h i s  i nves t iga t ion ,  secondary e l ec t rons  are seen i n  the  EDCs 

only f o r  photon energ ies  g rea t e r  than 11 or 12 e V .  Thus, t he  once- 

s c a t t e r e d  e l ec t rons  w i l l  not be included i n  t h e  formal ana lys i s  of photo- 

emission d a t a  i n  t h i s  r epor t .  

denotes the  e l ec t rons  t h a t  have been r e f l e c t e d  from the  sur- 

Most of the  once- 

However, i n  cases  where secondary e l ec t rons  a re  observed, t he  energy 

d i s t r i b u t i o n  of once-scattered e l ec t rons  can e a s i l y  be obtained by eval-  

ua t ing  Eq. (3.91) on a computer, The s c a t t e r i n g  p robab i l i t y  ps(E' ,E)/P(E')  
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could be obtained by t h e  theory of e lec t ron-e lec t ron  s c a t t e r i n g  presented 

i n  Sect ion C, which involves  only the  dens i ty  of states and conservation 

of energy. One would calculate 

(3.92) 

t o t a l  number of ways an e l ec t ron  can be 
(scat tered from E '  t o  a s p e c i f i c  energy E, 

t o t a l  number of ways an e l ec t ron  can be 

ps(E' 'E) 

Ps(E'J = ( scattered from E '  t o  any energy E 

The t o t a l  number of once-scat tered e l ec t rons  at  energy E i s  proport ional  

t o  

e l e c t r o n s ,  The EDC, including primary and once-scattered e l ec t rons ,  i s  

given by 

[2ps(E' ,E)/Ps(Ef)] where t h e  f a c t o r  (2 )  i s  due t o  exc i ted  valence 

El once s c a t t e r e d  

where (E,w) i s  given by Eq. (3.83), and R t t o t  (E' ,Ew) i s  given 

by Eq. (3.91).  

F. METHODS FOR OBTAINING THE DENSITY OF STATES AND OTHER PARAMETERS 
FROM PHOTOEMISSION AND OKTICAL DATA 

I n  t h i s  sec t ion ,  w e  descr ibe  severa l  methods of ob ta in ing  t h e  dens i ty  

of states and o the r  parameters from experimental photoemission da ta .  In  

a l l  cases, the  ana lys i s  i s  based upon nondirect  t r a n s i t i o n s ,  and can be 

appl ied t o  any metal, semiconductor, or i n s u l a t o r  tha t  s a t i s f i e s  t he  con- 

d i t i o n s  of t he  s p e c i f i c  method. I n  no case is  any r e s t r i c t i o n  put  upon 

the  na ture  of the  valence band. In  a l l  cases  phonon s c a t t e r i n g  e f f e c t s  on 

the  exc i t ed  e l ec t rons  are neglected.  

Case I .  

[a(U)L(E)  >> 1; ISOTROPIC CONDUCTION BAND] 

I n  t h i s  case, one ha l f  of t h e  e l ec t rons  exc i t ed  t o  energy E above 

t h e  vacuum level  w i l l  have v e l o c i t i e s  i n  t h e  d i r e c t i o n  of t h e  surface,  

and a l l  of these  w i l l  eventua l ly  s t r i k e  the  surface.  

na ture  of T(E)  and Nc(E) a r e  unspecif ied,  except t h a t  the  ve loc i ty  

d i s t r i b u t i o n  of e l ec t rons  exc i t ed  t o  energy E i s  sphe r i ca l .  ( A  more 

I n  t h i s  case,  t h e  
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complicated ana lys i s  would be necessary f o r  t he  case i n  which the  photo- 

emission d a t a  depend s t rong ly  upon t h e  c r y s t a l  o r i e n t a t i o n .  ) 
of Eq. (3.83), t h e  EDC curve i s  

Instead 

(3.94) 

J -  Nc(E)NV(E - 6 w )  dE 

Ef 

where T ( E ) ,  N c ( E ) ,  and Nv(E) are t o  be determined from the  experi-  

mental R ( E , w ) .  Using Eq. ( 3 . 5 0 ) ,  w e  can rewrite Eq. (3.94) as 

( 3 . 9 5 )  

where ( K )  i s  a cons tan t  described by Eq. (3.50). To proceed f u r t h e r ,  

w e  assume t h a t  

t h a t  E ( 0 )  has been obtained from experimental r e f l e c t i v i t y  measure- 

ments. L e t  u s  now f i x  the  va r i ab le  E, and measure the  EDCs a t  many 

d i f f e r e n t  photon energies .  Next, w e  t ake  the  r a t i o  f o r  two d i f f e r e n t  

photon energ ies  (nul) and (.hw2) as 

]M( u) l 2  i s  a constant  i n  the  region of i n t e r e s t ,  and 

2 

(3.96) 

which i s  obtained from Eq. (3.95). Solving Eq. (3.96) f o r  t he  r a t i o  of 

valence band dens i ty  of states, 

A l l  t h e  q u a n t i t i e s  on the  r i g h t  hand s i d e  of Eq. (3.97) are experimentally 

obtained, so w e  can determine t h e  r a t i o  of two d i f f e r e n t  po in ts  i n  the  

valence band. If w e  u se  Nv(E - a w l )  as a "base, '' and l e t  (w,) be 

any o ther  photon energy, then Eq. (3.97) can be used t o  p l o t  ou t  the  
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shape of t h e  valence band dens i ty  of states 

r e s u l t  f o r  any value of E, i f  the  theory behind t h e  method i s  c o r r e c t .  

The c l o s e r  t o  the  threshold w e  choose E, t h e  deeper i n t o  the  valence 

band w e  can calculate 

Nv.  The same shape must 

NV 

Having determined t h e  shape of t he  valence band dens i ty  of states, 

t h e  conduction band dens i ty  of states can be ca lcu la ted  by t h e  use  of 

Eq. (3 .50) ,  which states t h a t  

(3.98) 

Knowing E ( w )  and Nv(E),  w e  can "unfold" Eq. (3.98) and determine 

the  shape of Nc(E).  For t he  sake of example, l e t  us  consider a s e m i -  

conductor with band gap E and energy zero at t h e  top of t he  valence 

band. 

Eq. (3.98) by d iv id ing  t h e  energy scale E i n t o  small increments m, 
and so lv ing  i n  a cumulative manner, s t a r t i n g  with w = %(E + 2L1F:), and 

2b 

g 
A t  t he  edges of t h e  gap, w e  set Nc(Eg) = Nv(0) = 0. W e  solve 

g 
increas ing  w i n  s t e p s  of U J 3 ,  i n  t h e  following manner: 

( K I M /  )/(a ) = x = cons tan t )  
2 2 

(we l e t  

(3.99a)  

(3.99b) 

X(Eg + NaF)2 Ezb[h(Eg + NB;] = 2 Nc(Eg + mOE)NV 
L-1 

(3.99N) 

We f i r s t  so lve  f o r  Nc(Eg + AE) 
Nc(Eg + 2AE) 

range of in te res t .  

a r b i t r a r i l y  small va lues  of (AE). Note t h a t  Eq. (3.99) i s  i n  the  form 

of a matrix equation wi th  a l l  t he  elements above one diagonal set equal 

using Eq. (3.99a),  next so lve  f o r  

using Eq. (3.99b), and continue u n t i l  w e  have covered the  

Equation (3.99) can be e a s i l y  solved by computer f o r  
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t o  zero.  

use of a " l i b r a r y  computer program" for a mat r ix  equation. 

"cumulative" s o l u t i o n  i n  which the  computer f i r s t  so lves  Eq. (3 ,99a ) ,  

then uses t h e  resu l t  t o  so lve  Eq. (3.99b),  etc. , would probably be much 

less time-consuming.] Since t h e  so lu t ion  i s  of a cumulative na ture ,  i t  

i s  poss ib l e  t h a t  small e r r o r s  i n  E (w)  near  the  band gap could cause 2b 
large e r r o r s  i n  t h e  f i n a l  

Thus, Eq. (3.99) could be solved i n  a s t ra ightforward manner by 

{However, a 

Nc(E) ,  

Having now obtained Nc(E) and Nv(E) ,  w e  can obta in  T(E)  from 

Eq. (3.94),  and t h e  ana lys i s  i s  complete, i f  the  deduced va lues  of 

Nc(E),  NV(E) ,  and T(E)  are cons i s t en t  wi th  Eq. (3.94) f o r  a l l  t he  

d i f f e r e n t  EDCs. 

An example of how t h e  method explained above can be used t o  deduce 

t h e  dens i ty  of s t a t e s  and t h e  threshold func t ion  from the  experimental 

EDCs and E,(.) is  shown -in Fig.  36. The EDCs must be normalized, and 

i n  u n i t s  of ( e l ec t rons  photoemitted/absorbed photon/eV). 

5 e V  < Kw < 12 eV, 

( E - 5 ) ,  E < f i w ,  as shown i n  Fig.  35c f o r  severa l  values  of hw. The 

experimental c2(w) is  given i n  F ig .  35e. The procedure of a n a l y s i s  i s  

as  follows: 

I n  t h e  range 

t h e  experimental EDCs a r e  described by n ( E )  = (.OS) 

- 

(1) A s s u m e  lM(w)I2 = CONSTANT = 1. 

( 2 )  From the  EDCs of F ig ,  35c and w e2(w) from Fig.  35e the  use 2 

of Eq. (3 .97)  y i e lds  t h e  valence band dens i ty  of s t a t e s  

as shown i n  F ig .  35a; no te  t h a t  i n  t h i s  case,  t he  shape of 

Nv(E)  i s  very d i f f e r e n t  from the  shape of t h e  EDCs.  

NV(E) 

(3)  Next, t h e  conduction band dens i ty  of states NC(E) is ob- 

ta ined by unfolding Eq. (3 .98)  by the  technique of Eq. (3 .99) ,  

using t h e  experimental E2(u) and the  valence band dens i ty  of 

states N ~ ( E ) .  

( 4 )  T ( E )  i s  obtained from Eq. (3 .94)  or from Eq. (3 .95) ,  t e s t i n g  

a l l  of t h e  experimental EDCs f o r  consistency, and making sure  t h a t  

agreement i s  achieved f o r  both shape and magnitude of t he  EDCs. 

I f  such a T(E) exists, then a cons i s t en t  so lu t ion  f o r  N,(E), 

Nv(E),  and T(E)  has been obtained,  Since t h e  magnitude of 

91 SEL-67-039 



II II 
3 3  

c 
n 
u 

I 
c 
0 - 

SEL-67-039 92 



IM( w) l 2  i s  a r b i t r a r y ,  w e  can only determine the  shape of N c ( E ) .  

I n  t he  s p e c i a l  case of a m e t a l ,  w e  can match N ( E )  t o  N ( E )  

a t  t h e  fermi l e v e l ,  and thus  obta in  the magnitude of 

as w e l l  as t h e  shape. The magnitude of Nv(E) can be obtained 

by normalizing Nv(E) t o  conta in  the  t o t a l  number of valence 

e l ec t rons .  

C V 

N c ( E )  

I n  t h e  case i n  which 

2 

IM( u) l 2  i s  a cons tan t ,  the  experimental value 

of E ( W )  puts  a cons t r a in t  upon Nc(E)  and Nv(E) ,  wi th  the  r e s u l t  

t h a t  i f  a set 

Eq. (3.94) and Eq. (3.50), then such a so lu t ion  i s  unique. A proof of 

t h i s  statement is  presented i n  some d e t a i l  i n  Appendix A. 

[Nc(E), NV(E),  T ( E ) ]  i s  found t h a t  i s  cons is ten t  w i t h  

Although t h e  method out l ined  above involves t h e  use of t,(u) t o  
ob ta in  Nc(E)  and Nv(E) ,  t h e  photoemission process depends only upon 

N c ( E )  and Nv(E),  as seen from Eq. (3.94). Agreement w i t h  f2(u) i s  

not required t o  f i n d  a set 

(3.94). 

f i r s t  approached t h e  problem by guessing both Nc(E) and NV(E),  and 

then tak ing  t h e  r a t i o  

[Nc(E), Nv(E) ,  T ( E ) ]  tha t  s a t i s f i e s  Eq. 

Thus, i n s t ead  of using a systematic  technique, w e  could have 

pAu2 Nc(E)NV(E - 6w2)  dE 
31(E,wl) NV(E - 6 W l )  Ef 

Ww,> = N ( E  - "IW2J * (3.100) 
V 

Nc(E)NV(E - *Wl) dE 

A trial and e r r o r  procedure might eventua l ly  y i e ld  an 

N ( E )  t h a t  s a t i s f i e s  Eq. (3.100), and then T(E)  could be ca lcu la ted  

from Eq. (3.94). However, t h i s  set (Nc(E),  Nv(E), T (E) ]  would not  be 

unique, un less  agreement w a s  obtained with t h e  experimental 

using IM(w)I2 = constant  i n  Eq. (3.50). 

Nc(E) and an 

V 

E2( a), 

I t  may occur t h a t  t h e  assumption IM(w)I2 = constant  does not lead 

t o  cons i s t en t  r e s u l t s  with t h e  photoemission equation (3.94). 

problem may be t h a t  

frequency, 

w e  can f i n d  a set 

The 

/M( u) l 2  i s  not a constant ,  but  i s  a func t ion  of 

I n  t h i s  case, w e  must use  a t r i a l  and e r r o r  method t o  see  if 

[Nc(E), Nv(E) ,  T ( E ) ]  t h a t  i s  cons i s t en t  wi th  
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Eq. (3.100) and Eq. (3.94). I f  w e  are indeed successful ,  then w e  can 

c a l c u l a t e  t h e  frequency dependence of 

experimental value of E2( w ) ,  Thus i f  

a knowledge of E (u) 
data .  

an a r b i t r a r y  E ~ ( w ) ,  

IM( u) l 2  from Eq. (3.50) using t h e  

i s  not a constant ,  then lM(w) l 2  
i s  of no a s s i s t ance  i n  the  ana lys i s  of photoemission 2 

In  f a c t ,  an IM( u) l 2  can be chosen t o  make Eq. (3.50) agree with 

as shown i n  Fig.  37. Unfortunately,  if lM(W)I2 

\ 

0 2 4 6 8 IO 12 
hw (ev) 

WITH 

WITH 

I Mb) I:} 

IM(w)l' n } 

FIG. 37. SIMPLE EXAMPLE SHOWING TWO ARBITRARY 
CHOICES OF E2(u) THAT CAN BE MADE CONSISTENT 
W I T H  THE PHOTOEMISSION EDCs OF FIG, 36 BY A 
PROPER CHOICE OF IM( u) 12. 

i s  not  a cons tan t ,  then the  experimental 

cons t r a in  Nc(E)  and NV(E),  and t h e  set [Nc(E),  Nv(E) ,  T ( E ) ,  1 M ( 0 ) 1 ~ 1  

i s  not a unique s o l u t i o n ,  

where it i s  found t h a t  i f  [Nc(E),  Nv(E),  T ( E ) ,  l M ( w ) I 2 ]  i s  one so lu t ion ,  

then an i n f i n i t e  set of so lu t ions  can be generated by the  formulas 

E2(u) does not s u f f i c i e n t l y  

This  conclusion i s  proved i n  Appendix A, 
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(3.101a) 

(3.101b) 

( 3 . 1 0 1 ~ )  B T ( E )  = T ( E )  

(3.101d) 

where B i s  a r e a l  number ( p o s i t i v e  or negat ive) .  The reader  can s a t i s f y  

himself t h a t  t h e  above r e l a t i o n s  are t r u e  by s u b s t i t u t i n g  i n t o  Eq. (3 .94)  

and Eq. (3.50) or by using the  s p e c i f i c  example of Figs .  36 and 37 where 

I M ( ~ ) I ~  i s  not a constant .  

However, i t  must be emphasized t h a t  a g rea t  dea l  of information can 

s t i l l  be obtained from t h e  model of nondirect  t r a n s i t i o n s  even i n  the  

cases  where t h e  matrix elements a re  not  constant .  The loca t ion  of t h e  

peaks i n  t h e  valence band and conduction band dens i ty  of states can s t i l l  

be determined, t h e  only uncer ta in ty  being i n  t h e  r e l a t i v e  s t r eng th  of 

these  peaks. In  many p r a c t i c a l  cases ,  t h e  nature of t he  ind iv idua l  problem 

may very w e l l  put a l i m i t  on t h e  uncer ta in ty  i n  t h e  r e l a t i v e  peak he ights ,  

so  t h a t  even though t h e  dens i ty  of states is  not  unique, t h e  uncer ta in ty  

i n  t h e  dens i ty  of states f a l l s  wi th in  c e r t a i n  w e l l  defined l i m i t s .  The 

ana lys i s  of t h e  cuprous ha l ides  (Chapter V I I I )  i s  a good example of such 

a s i t u a t i o n .  

A severe problem can a r i s e  i n  t he  systematic method discussed above 

i f  

of t r a n s i t i o n s  (such as exc i tons  or " f r ee  e lec t ron"  t r a n s i t i o n s ) .  

case,  E ( w )  may be d i f f i c u l t  t o  separa te  from t h e  t o t a l  E2(w) a t  low 

energ ies  near  t he  band-to-band threshold.  I f  E (w)  cannot be obtained 

accurately enough t o  "unfold" Eq. (3 .98) ,  then w e  cannot c a l c u l a t e  

Consequently, w e  have no check on 

IM(w)  I 
f o r  band-to-band t r a n s i t i o n s .  A poss ib le  approach would be t o  guess an 

Nc(E) i n  t h i s  d i f f i c u l t  region, and then use t h i s  Nc(E)  i n  t h e  unfold 

process of Eq. (3.99) t o  obta in  an estimate of N ( E )  f o r  energ ies  above 

E ~ ( w )  i s  composed of both band-to-band t r a n s i t i o n s  and o the r  types 

I n  t h i s  

2b 

2b 
Nc(E) .  

lM(  u) 1 2 ,  and the  assumption t h a t  
2 = constant  cannot be v e r i f i e d ,  a t  least i n  the  threshold region 

C 

t h i s  d i f f i c u l t  region.  
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I f  no values  of Nc(E)  and Nv(E) can be found t h a t  a r e  cons is ten t  

with Eq. (3.94),  and i f  w e  are confident  t h a t  e i t h e r  (1) the  model of 

nondirect  t r a n s i t i o n s  as formulated i n  Sect ion D does not  apply, or 

(2 )  t h e  one e l ec t ron  approximation i s  not  appropriate  f o r  analyzing 

photoemission d a t a  i n  t h e  case at hand, However, i f  t h e  peaks i n  the  EDCs 

move i n  increments of energy equal t o  t h e  increments i n  photon energy, t h e  

o p t i c a l  t r a n s i t i o n s  are of t h e  nondirect  type,  and w e  can s t i l l  l o c a t e  t h e  

pos i t i ons  (but  not t he  r e l a t i v e  he ights )  of peaks i n  the  valence band 

dens i ty  of states. S imi la r ly ,  w e  can s t i l l  locate t h e  pos i t i ons  of peaks 

i n  the  conduction band dens i ty  of states. 

Case 11. 

[ ~ ( u ) L ( E )  << 1 ; ISOTROPIC CONDUCTION BAND, 
S U L  "VELOCITY CONE" 1 

I n  t h i s  caseo t h e  e l ec t ron  group ve loc i ty  v ( E )  is  unspecif ied,  
g 

except t h a t  t he  ve loc i ty  d i s t r i b u t i o n  i s  spher ica l  i n  r e a l  space a t  every 

energy E above t h e  vacuum l e v e l ,  I f  only those e l ec t rons  t h a t  are going 

i n  a d i r e c t i o n  normal t o  t h e  sur face  escape, then t h e  EDCs a r e  given by 

where T(E)  i s  t o  be determined. Equation (3.102) i s  found i n  the  same 

manner as Eq. (3.83), except t h a t  no r e s t r i c t i o n  i s  put upon the  na ture  

of Nc(E) and T ( E ) .  I f  w e  assume a (w)L(E)  << 1, 

becomes 

then Eq. (3.102) 

Using Eq. (3.50), Eq. (3.103) becomes 
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Since t h e  absorpt ion c o e f f i c i e n t  a ( W )  can be obtained from experiment, 

w e  can proceed j u s t  as i n  t h e  method of C a s e  I f o r  the  condi t ion 

IM(W)I2 = cons tan t ,  since L(E)  w i l l  cancel  ou t  i n  Eq. (3 .96) .  The only 

d i f f e rence  from the  method of C a s e  I i s  t h a t  w e  can c a l c u l a t e  only the  

product [L( E)T( E )  1, and cannot c a l c u l a t e  T( E )  un less  w e  have addi t iona l  

information f o r  t h e  energy dependence of L ( E ) .  

I f  an independent measurement of L(E) i s  ava i l ab le ,  then w e  can 

c a l c u l a t e  t h e  threshold func t ion  T ( E ) ,  

w i l l  have been determined. 

and a l l  t he  q u a n t i t i e s  of i n t e r e s t  

J u s t  as i n  Case I ,  i f  a cons i s t en t  so lu t ion  can be found f o r  t he  

shapes of Nc(E) ,  Nv(E) ,  and T ( E ) ,  then t h e  so lu t ion  i s  unique, as 

shown i n  Appendix A. 

FREE ELECTRON CONDUCTION BAND, 
SEMICLASSICAL THRESHOLD FUNCTION 

W e  now consider t h e  case i n  which the  following r e s t r i c t i o n s  apply: 

(1) the  conduction band dens i ty  of states c o n s i s t s  of occasional peaks 

superimposed upon a f r ee -e l ec t ron  conduction band with an (E)' energy 

dependence; (2)  t h e  threshold func t ion  i s  t h e  semiclassical escape func t ion  

T f ( E )  

ca se  i s  probably most appl icable  t o  metals wi th  a f r e e  e l ec t ron - l ike  

conduction band, and w i l l  be appl ied t o  the  ana lys i s  of Cu, Au, and Ag 

la te r  i n  t h i s  study. By spec i fy ing  the func t iona l  form of Nc(E) and 

T ( E )  from theor i e s  t h a t  are simple but  t h a t  r e t a i n  the  bas ic  physical  

charac te r  of t he  problem, w e  have e s s e n t i a l l y  spec i f i ed  two independent 

va r i ab le s  i n  t h e  equat ion descr ib ing  t h e  photoemission process.  

given by Eq. (3.11). From t h e  na ture  of these  r e s t r i c t i o n s ,  t h i s  

The energy d i s t r i b u t i o n s  f o r  a mater ia l  with a f r e e  e l ec t ron  con- 

duct ion band and a semic lass ica l  threshold func t ion  have already been 

der ived,  and are given by Eq. (3.83). Although t h e  nature  of Nc(E) 
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and T ( E )  

"average f r e e  e l ec t ron  band" w i l l  be considered as an a r b i t r a r y  parameter 

i n  t h e  ana lys i s .  I n  p rac t i ce ,  w e  s h a l l  f i n d  t h a t  t h e  pos i t i on  of t he  

bottom of t h i s  " f ree  e l ec t ron  band" i s  not completely a r b i t r a r y ,  but  must  

be placed above f l a t  bands t h a t  represent  t i g h t l y  bound e l e c t r o n s ,  I n  t h e  

sense used i n  t h i s  i nves t iga t ion ,  t h i s  " f ree  e l ec t ron  band" i s  not t o  be 

associated w i t h  any ind iv idua l  band i n  the ac tua l  energy band diagram, 

but should be loca ted  so t h a t  i t  can represent  i n  an "averaging" or 

"smoothing" manner t h e  na ture  of bands t h a t  tend t o  be f ree-e lec t ron- l ike .  

Thus, f o r  example, i n  the  cases  of copper, s i l v e r ,  and gold,  we s h a l l  f i n d  

i t  reasonable t o  p lace  the bottom of t h i s  f r e e  e l ec t ron  band a few e V  

above the  f l a t  d-bmds (see Chapters I V ,  V, and V I ) .  

have been spec i f i ed ,  t h e  pos i t i on  of t h e  bottom of t h i s  f 

For cases of p r a c t i c a l  i n t e r e s t ,  w e  s h a l l  f i n d  l a t e r  t h a t  t h e  quant i ty  

a ( w ) L ( E )  

by nea r ly  two orders  of magnitude i n  t h e  region between 1 and 12 e V  above 

the  fermi l e v e l  due t o  the  rapid v a r i a t i o n  i n  L ( E ) .  Thus, i t  i s  of 

primary importance t h a t  no approximation be made i n  the  quant i ty  

(aL/aL+l)  t h a t  appears i n  Eq. (3.83). Since t h e  e lec t ron-e lec t ron  sca t -  

t e r i n g  length  plays such an important p a r t  i n  t h e  ana lys i s ,  i t  would be 

bes t  t o  use  good experimental values  f o r  

of L(E)  

l e v e l ,  and no r e l i a b l e  experimental curves of L(E)  a r e  present ly  ava i l -  

able  i n  t h i s  energy reg ion  for most metals. Thus, w e  s h a l l  c a l c u l a t e  t h e  

shape of L ( E )  from the  dens i ty  of states using Eq. (3.18), and ad jus t  

t h e  magnitude of L ( E )  by a r b i t r a r i l y  ad jus t ing  t h e  constant  Lo. In  

t o  f i t  t he  actual p rac t i ce ,  i t  may be found convenient t o  ad jus t  

experimental quantum y ie ld  a t  one photon energy. I n  t h e  event a good 

experimental value f o r  L ( E )  becomes ava i l ab le  a t  even one energy, L ( E )  

as ca l cu la t ed  from Eq. (3.18) can be normalized t o  agree with t h i s  s i n g l e  

poin t ,  and a degree of a r b i t r a r i n e s s  can be removed. 

i s  t y p i c a l l y  of t h e  order  of u n i t y  f o r  E FZ 4 e V ,  but may vary 

L ( E ) .  However, t h e  measurement 

i s  a d i f f i c u l t  t a s k  i n  t h e  region 1 t o  12 e V  above the  f e r m i  

LO 

The method of ana lys i s  i s  an i t e r a t i v e  approach t h a t  involves the  use 

of a maximum of t h r e e  a r b i t r a r y  parameters.  The approach t h a t  appl ies  i f  

IM( u) l 2  i s  a constant  i s  out l ined  i n  Table  1. 

The lower t h e  work func t ion  of the  ma te r i a l ,  t h e  b e t t e r  t he  conduc- 

t i o n  band s t r u c t u r e  can be spec i f i ed  from the  EDCs, and the smaller the  
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TABLE 1. ANALYSIS OF PHOTOEMISSION DATA FOR CASE 111. 

Step 

1 

2 

3 

4 

5 

6 

7 

- 

Procedure 

Locate peak pos i t i ons  from EDCs. Peaks t h a t  "move 
with hv" correspond t o  peaks i n  the  valence band a t  
energy (E-hv). Peaks t h a t  s t ay  f ixed  correspond t o  
peaks i n  the  conduction band i f  not due t o  e lec t ron-  
s c a t t e r i n g .  

Adjust r e l a t i v e  peak he ights ;  sketch the  valence 
band dens i ty  of states. A good f i r s t  guess might be 
to  dupl ica te  the  EDCs i n  the  region 3 t o  8 e V  above 
the  vacuum l e v e l ,  as EDCs i n  t h i s  region of ten  tend 
t o  be r ep l i cas  of Nv(E). 

Choose pos i t i on  f o r  bottom of f r e e  e l ec t ron  band. 
This s p e c i f i e s  N (E) and Tf(E).  
above any core-1Pke states i n  the  valence band. 
Good energy band ca l cu la t ions  can be usefu l  a s  a 
q u a l i t a t i v e  guide. 

Superimpose conduction band peaks on f r e e  e lec t ron  
envelope. Make a smooth curve. 

Pick an a r b i t r a r y  value f o r  Lo i n  Eq. (3.18). 
value i s  usua l ly  chosen t o  obta in  proper agreement 
with the  photoe lec t r ic  y i e ld  Y(hv) a t  one photon 
energy. I f  a good experimental value of L(E)  is  
ava i l ab le  a t  some po in t ,  ad jus t  L t o  make L(E) 
agree with the  experimental value? 

Calcu la te  t he  following q u a n t i t i e s ,  us ing  the  com- 
pu te r  program of Appendix B: 

A .  Shape and magnitude of L(E). [Use Eq. (3.18) 

Choose t h i s  po in t  

This 

and f r e e  e l ec t ron  group ve loc i ty .  ] 

Shape and magnitude of EDCs (Eq. 3.83). B. 

C. Shape and magnitude of Y(hv) (Eq. 3.86). 

D. Shape of E Z b ( w ) .  (Eq. 3 .98) ,  assuming 
/ M I 2  = 1. 

Compare ca lcu la ted  q u a n t i t i e s  of S tep  6 with exper- 
iment. Separate " f ree  e lec t ron"  and "exciton" e f -  
f e c t s  from experimental eZ(w) before comparison with 
ca lcu la ted  eZb(u) .  
t a ined ,  go back to  Step 2 and repea t  i t e r a t i o n .  I f  
good agreement has been obtained f o r  EDCs, y i e ld  
L(E), and e2(w), then ca l cu la t ion  is  f in i shed .  

I f  only f a i r  agreement is  ob- 

I f  no cons is ten t  so lu t ion  is poss ib le ,  then e i t h e r  
(1 )  the  f r e e  e l ec t ron  conduction band is  not appro- 
p r i a t e ,  o r  ( 2 )  t h e  theory o f  nondirect t r a n s i t i o n s  
does not  apply,  o r  (3 )  t he  one-electron model f o r  
o p t i c a l  absorption does not  apply. 

Consequences and Comments 

Peak pos i t i ons  f ixed  t o  within roughly 
f O . l  e V  by experimental EDCs. 

Arbitrary parameter No. 1 introduced. 

Arbitrary parameter N o .  2 introduced. 

Arbitrary parameter No. 3 introduced 
( t h i s  parameter i s  not a r b i t r a r y  i f  an 
experimental po in t  is  used).  

B. This ca l cu la t ion  f o r  nonscattered 
e l ec t rons  only. Use Eq. (3.93) t o  
include f i r a t  m a t t e r e d  e l ec t rons .  

Analysis must be se l f -cons is ten t  to be 
va l id .  

I f  (Y(w)L(E) >> 1, then t h e  ana lys i s  of 
EDCs and y ie ld  i s  in sens i t i ve  t o  L(E), 
and an accurate ca lcu la t ion  of L ( E )  i s  
impossible by t h i s  method. 

I f  t he  f i n a l  Nc(E) and Nv(E) a r e  i n  
agreement with the  results of theo- 
r e t i c a l  energy band ca l cu la t ions ,  t h i s  
method of ana lys i s  and the  theory of 
nondirect t r a n s i t i o n s  are j u s t i f i e d .  
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unce r t a in ty  i n  t h e  ana lys i s  ou t l ined  i n  Table 1. 

of a metal i s  high, and if t h e r e  i s  s t r u c t u r e  i n  t h e  conduction band a 

v o l t  or two above t h e  fermi l e v e l ,  i t  i s  un l ike ly  t h a t  t he  method of 

Table 1 w i l l  r equ i r e  a p r i o r i  inc lus ion  of t h i s  s t r u c t u r e  t o  obta in  a 

cons i s t en t  so lu t ion ,  un less  t he  s t r u c t u r e  i s  indeed l a rge ,  because the 

i n t e g r a l s  used t o  c a l c u l a t e  t he  EDCs, y i e ld  , and e lec t ron-e lec t ron  sca t -  

t e r i n g  length  are r a t h e r  i n s e n s i t i v e  t o  small s t r u c t u r e  i n  the  conduction 

band. Thus, it is h ighly  recommended t h a t  i n  cases  of high work func t ion  

$, 
of a material such as C s  or Ba. I f  the  C s  or B a  does not r e a c t  with the  

mater ia l ,  then pho toe lec t r i c  energy d i s t r i b u t i o n s  can revea l  s t r u c t u r e  

down t o  1 . 5  e V  above t h e  fermi l e v e l  ( i n  the case of C s  on a metal). 

I n  a later chapter ,  t h e  method of T a b l e  1 w i l l  be applied t o  the  ana lys i s  

of photoemission d a t a  from Cu. I n  t h i s  case,  w e  s h a l l  see t h a t  Berglund's 

photoemission d a t a  [Ref. 71 for Cu wi th  a monolayer of C s  provides i m -  

por tan t  information about conduction band s t r u c t u r e  near t h e  fermi l e v e l .  

I n  a l l  cases, t h e  method of Table 1 should be checked f o r  uniqueness 

I f  the  work func t ion  fl 

t h e  work func t ion  be lowered by the  ca re fu l  appl ica t ion  of a monolayer 

by changing important parameters, and seeing i f  a good f i t  can be made 

by more than one combination of parameters. Appendix A shows t h a t  i f  an 

exact  so lu t ion  i s  found, i t  i s  unique, i f  t h e  condi t ions aL >> 1 

a L  << 1 preva i l .  However, i n  p rac t i ce ,  i t  i s  un l ike ly  t h a t  t h e  ad jus t -  

ment of two or t h ree  parameters i n  a very simple model would r e s u l t  i n  an 

exact f i t  t o  experimental da ta ,  although i n  some cases ,  such as  Cu, the  

success of t h e  method of Table 1 i s  remarkable. If i t  i s  poss ib le  t o  ge t  

an equivalent  'If a i r l y  good f i t "  with severa l  q u i t e  d i f f e r e n t  combinations 

of parameters, then the  answers obtained by t h i s  method are of l i t t l e  

consequence. 

and/or 

The amount of a r b i t r a r y  adjustment afforded by t h e  method of Table 1 

i s  very l i t t l e ,  as the  assumptions of a f r e e  e l ec t ron  conduction band and 

a semic lass ica l  threshold func t ion  almost completely spec i fy  the  photo- 

emission process ,  Any successes  of t h i s  simple model and the  method of 

Table 1 are no guarantee t h a t  t h e  r e s u l t s  are c o r r e c t .  I t  i s  poss ib l e  

t h a t  t h e r e  exists a much more soph i s t i ca t ed  theory and method of ana lys i s  

t h a t  would also account f o r  t he  photoemission d a t a  with a d i f f e r e n t  

dens i ty  of s t a t e s .  However, i t  i s  l i k e l y  t h a t  such a theory would have 
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many more than two or t h r e e  ad jus t ab le  parameters, and could be used t o  

" f i t  an elephant. ' l  The present  model has t h e  v i r t u e  t h a t  i t  contains  the  

bas i c  physics of t h e  problem, r equ i r e s  a s t ra ightforward ana lys i s ,  and has 

a unique so lu t ion ,  a l l  of which lend t o  t h e  credence of t h e  r e s u l t s .  

G. THE "OPTICAL DENSITY OF STATES" 

Thus f a r  i n  the  discussion,  w e  have assumed t h a t  N (E)  and Nv(E) 
C 

indeed represent  t h e  " t rue" dens i ty  of s t a t e s  t h a t  would be obtained by 

a one-electron energy band ca l cu la t ion .  Under t h e  assumption of nondirect  

t r a n s i t i o n s ,  t he  t r a n s i t i o n  p robab i l i t y  u( u) w a s  found t o  depend upon 

the  " t rue" dens i ty  of states, Nc(E) and Nv(E) ,  as seen from Eq. (3 .53) .  

Using these  r e s u l t s ,  w e  have developed equat ions descr ib ing  the  photo- 

emission process i n  t e r m s  of Nc(E)  and Nv(E) .  These equat ions a re  

cons i s t en t  with t h e  equations of t h e  one-electron theory.  I f  t he  momentum 

matr ix  element 

states deduced from photoemission i s  t h e  " t rue"  dens i ty  of states, and 

use Eq. (3.98) t o  c a l c u l a t e  

experimental €,,(w), 
deduced from photoemission s t u d i e s  i s  indeed the  "true" dens i ty  of s t a t e s ,  

s ince  Eq. (3 .98)  r equ i r e s  the  use  of t h e  "true" Nc(E) and Nv(E) .  

IM( u) l 2  i s  constant ,  w e  can assume t h a t  t h e  dens i ty  of 

f2b(u) .  I f  agreement w a s  obtained w i t h  the 

then i t  would be l i k e l y  t h a t  the  dens i ty  of states 

I t  i s  poss ib le  t h a t  t he  one e l ec t ron  approximation does not properly 

describe t h e  o p t i c a l  absorpt ion process i n  a l l  mater ia l s .  Thus, t he  

formalism used t o  ob ta in  the  expression descr ib ing  the  photoemission 

process would be inappropr ia te .  However, i t  i s  poss ib le  t h a t  t h e  equations 

descr ib ing  t h e  photoemission process [e .g .  Eq. (3.94),  Eq. (3.102),  and 

Eq. (3.83)] s t i l l  have t h e  co r rec t  func t iona l  form f o r  descr ib ing  t h e  

experimental EDCs and t h e  pho toe lec t r i c  y i e ld .  

and Nv(E) 

would be an e f f e c t i v e  or "opt ical  dens i ty  of states" descr ib ing  the 

photoemission process.  

gested t h a t  t h i s  i s  a d i s t i n c t  p o s s i b i l i t y ,  w e  s h a l l  henceforth r e f e r  t o  

t h e  dens i ty  of states t h a t  i s  deduced from photoemission d a t a  as the  

t l op t i ca l  dens i ty  of states, 

dens i ty  of states" may a l s o  be the  " t rue" dens i ty  of states.  

In  such a case,  Nc(E)  

would not  necessa r i ly  be the  " t rue" dens i ty  of states, but 

Since r ecen t  i nves t iga t ions  [Ref. 35 1 have sug- 

wi th  t h e  understanding t h a t  t he  "opt ica l  
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H .  ANALYSIS OF PHOTOEMISSION DATA FOR FREE ELECTRON IVIETALS 

The use of Eq. (3.83) t o  analyze photoemission d a t a  is  most easi ly  

done f o r  t h e  case of a f r e e  e l ec t ron  metal ,  such as N a  or K. I f  t h e  f r e e  

e l ec t ron  mass i s  used t o  descr ibe  the  dens i ty  of states, as i n  Eq. (3 .4) ,  

then t h e  pos i t i on  Ef 

from the  r e l a t i o n s h i p  

of t he  bottom of the  f r e e  e l ec t ron  band i s  found 

2 312 
Ef 

3 Ef N(E)dE = N t o t  = 4 (3.105) 

i s  the  t o t a l  number of e l ec t rons  i n  the  band, C i s  given N t o t  where 

by Eq. (3 .4 ) ,  and Ef i s  defined by Fig.  25b. Thus, t he  q u a n t i t i e s  

Nv(E) ,  Nc(E) ,  and T f ( E )  a r e  completely spec i f i ed  by the  theory.  ( I t  

is  poss ib le  t h a t  t he  f r e e  e l ec t ron  m a s s  i s  not appropriate;  then t h e  value 

of the  e f f e c t i v e  mass would be used a s  an a r b i t r a r y  parameter . )  

(3.83) a l s o  requi res  a knowledge of 

This quan t i ty  can be r e a d i l y  obtained from e i t h e r  d i r e c t  measurement, or 

from r e f l e c t i v i t y  measurements, as discussed i n  Chapter 11. 

Equation 

a( u) t he  absorption c o e f f i c i e n t  . 

Thus, t h e r e  remains only one unspecif ied quan t i ty  i n  Eq. (3.83)--the 

magnitude and energy dependence of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  

L(E) .  

study, then L(E)  i s  spec i f i ed ,  and Eq. (3.83) must then p red ic t  t h e  

I f  r e l i a b l e  experimental  d a t a  are ava i l ab le  for t he  metal under 

magnitude and shape of t h e  EDCs and pho toe lec t r i c  y i e ld  f o r  unscat tered 

e l ec t rons ,  without any a r b i t r a r y  parameters. I f  no good experimental 

values  of L ( E )  are ava i lab le ,  then Eq. (3.18) can be used t o  calculate 

would then be taken as an a r b i t r a r y  L(E)  a The normalizing constant  

parameter. 

(3.18) would be normalized t o  this  poin t ,  l eav ing  no a r b i t r a r y  parameters. 

LO 

I f  one experimental po in t  is  ava i l ab le  f o r  L ( E ) ,  then Eq. 

Since t h e r e  a r e  a t  most one or two a r b i t r a r y  parameters involved i n  

the  ana lys i s  of photoemission d a t a  from f r e e  e l e c t r o n  metals, very good 

agreement must be obtained between t h e  experimental photoemission d a t a  and 

those pred ic ted  by Eq. (3.83), i f  t h e  theory upon which Eq. (3.83) rests 

i s  t o  have any v a l i d i t y .  Thus, appl ica t ion  of Eq. (3.83) t o  f r e e  e l ec t ron  

metals i s  a str ict  test  of t he  theory used t o  de r ive  Eq. (3.83). I n  the  

event t h a t  s c a t t e r e d  e l ec t rons  w i l l  appear i n  the  EDCs f o r  f r e e  e l ec t ron  
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metals with low work func t ions ,  Eq. (3.91) can be used i n  p lace  of Eq. 

(3.83) to  p red ic t  t h e  EDCs. 

Unfortunately,  i n  t h e  course of t h i s  i nves t iga t ion ,  t i m e  d id  not 

permit experimental photoemission d a t a  t o  be taken f o r  a f r e e  e l ec t ron  

metal, so Eq. (3.83) w a s  not  "put t o  the  test." 

poin t  i n s t r u c t i v e  to  see what Eq. (3.83) would p red ic t  f o r  a hypothet ical  

f r ee -e l ec t ron  m e t a l  wi th  " typica l"  parameters. 

s h a l l  consider  are sketched i n  Fig.  38. The metal of F ig ,  38a has a work 

However, i t  i s  a t  t h i s  

The two examples t h a t  w e  

E 
N(E)- 

2 I 

(a )  

0 

a (-3.1) 

--------- FERMI LEVEL 

- -4 

N E ) -  , I 
2 I b 

(b) 

FIG. 38. DENSITY OF STATES PARAMETERS FOR TWO EXAMPLES OF FREE 
ELECTRON METALS. ( a )  A " typ ica l"  f r e e  e l ec t ron  metal ;  ( b )  
Sodium. 

func t ion  # = 4.0 e V ,  and a valence band depth EB = 6.0 e V .  These pa- 

rameters are a numerical average of t h e  parameters f o r  d i f f e r e n t  metals 

a s  given by Table 9-1 of Dekker [Ref. 181, and thus  represent  a " typica l"  

f r e e  e l ec t ron  metal. The metal of Fig.  38b i s  intended t o  represent  

sodium (Na), which has parameters # = 2.3 e V ,  and E = 3.1 e V ,  

according t o  Table 9-1 of Ref. 18. 
B 

L e t  u s  f i r s t  consider  t h e  case of t he  " typica l"  metal of Fig.  38a. 
5 -1 

For the  sake of example, l e t  us choose a ( w )  = 5.0 X 10 cm f o r  a l l  (hi) 

of i n t e r e s t ,  and l e t  u s  normalize t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  

by choosing L(8.6 e V )  = 25 i. 
Using these  parameters i n  t h e  computer program of Appendix B, we obta in  

Both of these  values  a r e  typ ica l  of metals.  
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t h e  shape and magnitude of the  following quan t i t i e s :  the threshold func t ion  

Tf ( E ) ,  t he  e f f e c t i v e  threshold func t ion  EFFTH( E ) ,  t he  EDCs, and the  

pho toe lec t r i c  y i e ld  Y(w). In  addi t ion ,  w e  ob ta in  t h e  re la t ive  shape of 

w ) ,  assuming t h a t  IM( w) I i s  a constant .  

The shape of E (w) i s  shown i n  Fig.  39, where E (w) i s  p lo t t ed  2b 2b 
i n  a r b i t r a r y  u n i t s .  This shape i s  compared t o  the  ( w ) - ~  dependence ex- 

pected from t h e  Drude f r e e  e l e c t r o n  model of Eq. (3 .30) .  These two curves 

--- f 2 b  (COMPUTER CALCULATION) 

'0 f 2 3 4 5 6 7 8 9 IO I I  2 
PHOTON ENERGY (eV) 

FIG. 39. CALCULATED SHAPE OF FOR FREE ELECTRON 
METAL OF FIG. 38.a. 

are a r b i t r a r i l y  chosen t o  i n t e r s e c t  a t  a photon energy of 1 . 5  e V ,  which 

i s  a t y p i c a l  value.  The t o t a l  d i e l e c t r i c  constant  Q 2 ( u )  i s  obtained by 

adding t h e  f r e e  e l ec t ron  cont r ibu t ion  E: (u) t o  t h e  dens i ty  of states '  

cont r ibu t ion  EZb(u), and is  a l s o  sketched i n  F ig .  40. A t  lower photon 

energ ies ,  the f r e e  e l ec t ron  t e r m  dominates; a t  higher energies ,  the  

dens i ty  of states t e r m  dominates. W e  no te  t h a t  t he  t o t a l  E ~ ( w )  i s  

a r a t h e r  smooth curve,  and t h a t  experiment g ives  only t h i s  value.  To 

obta in  an experimental E 2 b ( ~ ) ,  one must f i t  an ( w ) - ~  curve t o  the  
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experimental  E,(w) a t  low energ ies ,  _and set E ( w )  equal t o  t h e  d i f -  

fe rence  between c2(w) and the  f i t t e d  ( w ) - ~  curve. Such a procedure 

i s  l i k e l y  t o  g ive  a l a r g e  e r r o r  i n  E ( w )  a t  low photon energies ,  un less  

t he  experimental value of E ~ ( w )  is  very accura te ly  known. It  i s  t h i s  

experimental E ( w )  that i s  t o  be compared with t h e  computer ca l cu la t ions  

o f  Appendix B i n  t h e  ana lys i s  of a real material. Note t h a t  t h e r e  i s  no 

pronounced s t r u c t u r e  i n  E ( w ) .  I n  many so-called " f ree  e lec t ron"  metals,  

A l ,  Cd, and Zn, t h e r e  i s  considerable  s t r u c t u r e  [Ref. 301 i n  

the  v i c i n i t y  of 1 t o  2 e V .  This  may be due t o  d i r e c t  t r a n s i t i o n s ,  de- 

v i a t i o n s  from a t r u e  f r ee -e l ec t ron  na ture ,  or some o ther  f a c t o r .  

2b 

2b 

2b 

2b 
~ ~ ~ ( w )  i n  

A t  very high energ ies ,  Eq. (3.98) can be approximated by 

t o t  E ( w )  %Tim 2b (3.106) 

Thus, i f  I M ( w ) l  w e r e  a constant  a t  l a r g e  w, then E 2 b ( ~ )  as given by 

Eq. (3.106) would cause the  sum r u l e  of Eq. (3.52) t o  diverge.  Thus, w e  

r equ i r e  t h a t  f o r  l a r g e  w, t he  momentum matr ix  element / M (  w) I should 

decrease at l e a s t  as f a s t  as 

(3.107) 

where A i s  a p o s i t i v e  number. 

The ca lcu la ted  e lec t ron-e lec t ron  s c a t t e r i n g  length  L(E)  i s  p lo t t ed  

i n  Fig.  40. The shape of t he  curve i s  determined by t h e  dens i ty  of states 

of F ig .  38a, and i n  the  region above 6 e V ,  i s  found t o  be c lose ly  approxi- 

mated by an energy dependence of j u s t  as predicted by the  model 

of F ig .  29 and Eq. ( 3 . 2 2 ) .  W e  see t h a t  at 1 e V  above the  fermi l e v e l ,  the  

e lec t ron-e lec t ron  s c a t t e r i n g  length is  about 1500 1, whereas a t  1 1 . 6  e V  

above the  fermi l e v e l ,  t he  e lec t ron-e lec t ron  s c a t t e r i n g  length i s  only 16 A .  

Note t h a t  L ( E )  

( 4  e V )  and 11 .6  e V ,  the region of i n t e r e s t  f o r  photoemission s t u d i e s .  

the  mean f r e e  path f o r  electron-phonon s c a t t e r i n g  i s  t y p i c a l l y  [Ref. 181 

(E)-3/2, 

0 

v a r i e s  by a f a c t o r  of about s i x  between t h e  vacuum l e v e l  

Since 
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FIG. 38a. 

0 about 400 A, electron-phonon scattering tends to dominate over electron- 

electron scattering in the region between the fermi level and 1.5 eV above 

the fermi level. At energies higher than the 3 eV above the fermi level, 

the electron-electron scattering length is much shorter than the electron- 

phonon scattering length. 

The free electron threshold function Tf(E) is plotted in Fig. 41. 

Tf(E) is well Note that in the region of interest between 4 and 12 eV, 

approximated by a straight line, and has a value of only 0.117 at 11 eV 

above the fermi level. Thus, most of the photoexcited electrons that 

strike the surface are reflected back into the bulk, and only a few are 

photoemitted. The small value of the free electron threshold function 

helps to explain why the photoelectric yield of many metals is so small, 

typically on the order of 1 x 10 electrons photoemitted per absorbed 

photon at a photon energy of 10 eV. Note that for the "typical" case at 

hand, the free electron function of Fig. 41 represents only the extreme 

left-hand portion of the curve in Fig. 27. 

-2 
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4 5 6 7 8 9 IO I I  12 
ENERGY ABOVE FERMI LEVEL (eV) 

FIG. 41. THRESHOLD FUNCTION T f ( E )  AND EFFECTIVE 
THRESHOLD FUNCTION EFFTH(E) FOR FREE ELECTRON METAL 
OF FIG. 38a. 

Because of t he  severe modulation e f f e c t s  of a near ly  l i n e a r  threshold 

func t ion  i n  the  region between 4 and 12 eV,  i t  would seem at  f i r s t  glance 

t h a t  t he  EDCs would not  c lose ly  resemble the  valence band dens i ty  of 

states. However, i t  i s  not  t he  threshold func t ion  alone t h a t  determines 

the  shape of t h e  EDCs, but  t h e  "e f f ec t ive  threshold funct ion" EFFTH(E), 

which i s  given by 

The "e f f ec t ive  threshold func t ion"  or "shape f a c t o r "  EFFTH(E) i s  the  

f a c t o r  t h a t  modulates t h e  shape of 

i n  Fig.  41. 

i s  approximated by a s t r a i g h t  l i n e  of s t e e p  slope, but  i n  t h e  region be- 

tween 7 and 12 eV, EFFTH(E) i s  near ly  cons tan t .  Thus, w e  would expect 

t h a t  t h e  por t ion  of t he  EDCs i n  the  region between 7 and 12 e V  would be 

a f a i t h f u l  reproduction of the  valence band dens i ty  of states.  That t h i s  

Nv(E-fiw) i n  Eq. (3.83), and i s  p lo t t ed  

W e  note  t h a t  i n  t he  region between 4 and 5.5 eV,  EFFTH(E) 
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i s  indeed the  case is  seen from Fig .  42, which shows the  ca lcu la ted  EDCs 

f o r  a number of d i f f e r e n t  photon energies, 

height  i n  t h e  EDCs occurs a t  a photon energy of 8.5 e V .  

Note t h a t  t he  maximum peak 

A t  h igher  energies ,  
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FIG. 42. CALCULATED ENERGY DISTRIBUTIONS FOR FREE ELECTRON METAL OF 
FIG. 38a (PRIMARY ELECTRONS ONLY). 

t he  r ap id ly  decreasing e lec t ron-e lec t ron  s c a t t e r i n g  length  prevents t he  

peak he ight  from increas ing  f u r t h e r ,  Figure 43 compares the  EDC for a 

photon energy of 11.5 e V  with t h e  shape of t he  f r e e  e l ec t ron  dens i ty  of 

s t a t e s .  The agreement i s  q u i t e  c lose ,  j u s t  as  would be expected from 

the  "shape f a c t o r "  of Fig.  41. 

The " f l a tnes s"  of t he  shape f a c t o r  at  energ ies  g r e a t e r  than 3 e V  

above t h e  vacuum l e v e l  may explain why, i n  some cases ,  successful  analyses 

have been c a r r i e d  out  by deducing a s t ep - l ike  threshold funct ion,  and 

f ind ing  t h e  a n a l y s i s  t o  be cons i s t en t  with such an assumption. Thus, one 

might expect t h a t  f o r  many f ree-e lec t ron- l ike  metals,  t h a t  por t ion  of t he  
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experimental EDC t h a t  i s  more than several v o l t s  above the  vacuum l e v e l  

would be a c lose  r e p l i c a  of t h e  valence band dens i ty  of s t a t e s ,  I t  i s  

important t o  r e a l i z e  t h a t  a constant shape f a c t o r  EFFTH(E) determines 

t h e  shape of the  EDCs, but  does not determine the  magnitude of the  EDCs. 

Strong t r a n s i t i o n s  t o  poin ts  i n  the  conduction band below t h e  vacuum 

l e v e l  could change the  magnitude of t h e  quan t i ty  

l. 

i n  

However, t h e  shape of t he  EDCs would not be a f fec ted .  

E q .  (3.83), and consequently change t h e  magnitude of t h e  EDCs. 

The pho toe lec t r i c  y i e ld  f o r  primary e l ec t rons  i s  shown i n  Fig.  44, 

and seems t o  s a t u r a t e  a t  s l i g h t l y  less than 10 e l ec t rons  photoemitted 

per absorbed photon. This low quantum y ie ld  i s  a consequence of the  200 A 

-2 

0 
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absorpt ion depth [1/01( w) 1, t he  sho r t  e lec t ron-e lec t ron  s c a t t e r i n g  length ,  

and the  small  value of t h e  threshold func t ion  T f ( E ) .  

A s  a f i n a l  example, l e t  us  consider t he  case of sodium, which i s  shown 
5 -1 i n  Fig.  38b. L e t  us  assume t h a t  a(.) = 5.0 X 10 c m  f o r  a l l  w, and 

normalize L(E)  by assuming t h a t  L(8.6 e V )  = 25 i. A computer calcula-  

t i o n  using t h e  program i n  Appendix B gives  t h e  r e s u l t s  shown i n  Figs .  45 

through 48. 

The e lec t ron-e lec t ron  s c a t t e r i n g  length  i s  shown i n  F ig ,  45, where 

L(E)  

E > 3 eV,  

i s  very w e l l  approximated by an ( E )  -3/2 energy dependence f o r  

j u s t  as would be predicted by Eq. (3 .23) .  

The ca l cu la t ed  EDCs for primary e l ec t rons  are shown i n  Fig.  46 f o r  a 

number o f  d i f f e r e n t  photon energies. A s i g n i f i c a n t  f e a t u r e  of t he  EDCs i s  

t h a t  t h e  maximum peak height  occurs a t  a photon energy of only 5.0 eV. 

The peak height  decreases  at photon energies g r e a t e r  than 5.0 e V ;  at a 

photon energy of 11.5 e V ,  t he  peak height  i s  only 

f o r  the curve at h v  = 5.0 e V .  
2/3 of t he  peak height  

Because of t he  low work func t ion  of only 2.3 eV,  a l a r g e  number of 

s ca t t e r ed  e l ec t rons  would be expected t o  appear i n  experimental EDCs. 
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I n  t h i s  case,  t h e  t o t a l  EDC would cons i s t  of the  sum of the  primary e lec-  

t rons  and t h e  sca t t e red  e l ec t rons ,  as shown i n  Fig.  47, where the  number 

of sca t t e red  e l ec t rons  i s  t o  be i n t e r p r e t e d  as no more than an educated 

guess. Secondary e l e c t r o n s  might be expected t o  appear i n  the  EDCs a t  

photon energ ies  g rea t e r  than 4 or 5 e V .  However, t he  width of the  valence 

band dens i ty  of states is  only 3.1 eV, so i t  i s  l i k e l y  t h a t  t he  energy 

d i s t r i b u t i o n  of sca t t e red  e l ec t rons  w i l l  not. over lap  s i g n i f i c a n t l y  with 

the  EDC f o r  t h e  primary e l ec t rons .  I f  t h i s  i s  the  case,  t h e  ana lys i s  can 

be c a r r i e d  out  i n  terms of t he  primary e l ec t rons  alone. I n  t h e  case of a 

wide valence band and a low work func t ion ,  t h e  sca t t e red  EDC would overlap 

t h e  primary EDC, and Eq. (3.93) would have t o  be used i n  the  ana lys i s ,  

r a t h e r  than Eq. (3.83). [Eq. (3 .90)  includes the  e f f e c t s  of only t h e  
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primary and the  once-scattered e l ec t rons ;  a more complete ana lys i s  would 

include a l l  o rders  of e lec t ron-e lec t ron  sca t t e r ing ,  and a l s o  phonon e f f e c t s ,  1 
Figure 48 g ives  the  ca lcu la ted  pho toe lec t r i c  y ie ld  due t o  primary 

e l ec t rons  f o r  our hypothet ical  model of sodium. Note t h a t  t h e  photoe lec t r ic  

y i e ld  peaks a t  a value of about 1 .8  x e lec t rons  photoemitted per  ab- 

sorbed photon f o r  a photon energy hv = 6.5 eV. The magnitude of t he  y i e ld  

i s  g rea t e r  f o r  sodium, t h e  m e t a l  of F ig .  38b, than f o r  t he  metal of Fig.  

38a, because the  work func t ion  i s  lower. The appearance of s ca t t e r ed  

electrons could cause an appreciable  increase  i n  the  photoe lec t r ic  y i e ld  

of F ig .  48 for photon energ ies  g rea t e r  than 5 eV,  and i t  i s  l i k e l y  t h a t  the  

t o t a l  pho toe lec t r i c  y i e ld  ( p r i m a r y  + sca t t e red  e l ec t rons )  would slowly 

increase with increas ing  photon energy, r a t h e r  than decrease as i n  F ig .  48. 

I t  has been r ecen t ly  c a l l e d  t o  the  a t t e n t i o n  of the  author t h a t  

experimental EDCs have been obtained by Dickey [ R e f .  361 f o r  sodium. 
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These experimental d a t a  have been presented i n  Refs. 36-38. 

between t h e  experimental d a t a  and t h e  crude predic t ions  of Fig.  46 and 

Fig.  47 i s  remarkable. Note t h a t  t h e  EDCs predic ted  i n  Fig.  46 and Fig.  

47 d i f f e r  considerably from t h e  "rectangular"  d i s t r i b u t i o n s  ca lcu la ted  by 

Berglund and Spicer  [Ref. 371, which were obtained assuming a s t ep - l ike  

threshold func t ion .  

The s i m i l a r i t y  

J. C. P h i l l i p s  [Ref. 391 has apparently in t e rp re t ed  t h e  peak a t  t he  

leading edge of t h e  sodium EDCs as  due t o  an "s-wave resonance" t h a t  cannot 

be explained by a one-electron dens i ty  of s t a t e s .  However, t he  EDCs ca l -  

cu la ted  i n  this  chapter  are based upon a simple one e l ec t ron  model, and 

are found to  be i n  good q u a l i t a t i v e  agreement w i t h  t h e  experimental EDCs 

f o r  sodium. Thus, i t  appears un l ike ly  t h a t  P h i l l i p s '  "s-wave resonances" 

play a s i g n i f i c a n t  r o l e  i n  t h e  EDCs from sodium. 
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I V .  PHOTOEMISSION FROM COPPER 

New photoemission d a t a  obtained from copper f i lms  evaporated and 
-9 tested a t  a pressure  of about 2 X 10 t o r r ,  us ing the  o i l - f r e e  vacuum 

system and the  photoemission chamber described i n  Chapter 11, a re  presented 

i n  t h i s  chapter .  The poss ib le  e f f e c t  of contamination has been e s s e n t i a l l y  

eliminated because, a t  such a low pressure,  severa l  EDCs could be measured 

on a f r e s h l y  prepared f i l m  before  a monolayer of gas could form on the  

su r face .  The EDCs taken wi th in  minutes a f t e r  evaporation had s l i g h t l y  

sharper  f e a t u r e s  than the  EDCs taken on the  same f i l m  hours or days l a t e r .  

However, t h e  d i f f e rence  i n  s t r u c t u r e  between a f r e s h  f i lm  and an old f i l m  

was on the  order  of 1 percent ,  a neg l ig ib l e  amount of d e t e r i o r a t i o n .  

A considerable  amount of s t r u c t u r e  i s  found i n  the  experimental EDCs 

on clean copper, and t h i s  s t r u c t u r e  i s  found t o  d i f f e r  i n  c e r t a i n  d e t a i l s  

from the  e a r l i e r  r e s u l t s  of Berglund [Ref. 71 and Berglund and Spicer [Ref. 

371. This e a r l i e r  work w a s  done with a l aye r  of cesium on the  sur face  of 

the  copper, and the re  may have been some i n t e r a c t i o n  between the  copper 

and the  cesium i n  these  experiments. However, t he  general  f e a t u r e s  of the 

new photoemission d a t a  on c lean  copper are cons is ten t  with the  e a r l i e r  

work on ces ia ted  copper, and much of t he  d a t a  obtained from the  experiments 

on ces i a t ed  copper is  incorporated i n t o  the  ana lys i s  presented i n  t h i s  

chapter .  

The photoemission da ta  i s  analyzed according t o  the  method out l ined 

i n  Table 1 of Chapter 111. From t h i s  ana lys i s ,  which i s  based upon non- 

d i r e c t  t r a n s i t i o n s ,  an o p t i c a l  dens i ty  of states i s  deduced t h a t  i s  found 

t o  be i n  remarkably good agreement with the  experimental EDCs, t he  experi-  

mental pho toe lec t r i c  y i e ld ,  and the  experimental E: 2 '  
The o p t i c a l  dens i ty  of states i s  one of t he  most important pieces of 

information t h a t  can be deduced from photoemission experiments, and many 

of t h e  ca l cu la t ions  presented i n  t h i s  chapter  involve the  o p t i c a l  dens i ty  

of s t a t e s .  Thus, t h e  o p t i c a l  dens i ty  of states f o r  copper w i l l  be d i s -  

cussed f i r s t ,  i n  Sect ion A of t h i s  chapter .  In  Sect ion B, t h i s  o p t i c a l  

dens i ty  of states w i l l  be compared with the  r e s u l t s  deduced from experi- 

ments o the r  than photoemission, and i n  subsequent s ec t ions ,  ca l cu la t ions  

based upon the  o p t i c a l  dens i ty  of s t a t e s  w i l l  be compared with experi- 

mental d a t a .  
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A .  THE OPTICAL DENSITY OF STATES FOR COPPER 

Figure 49 shows the  o p t i c a l  dens i ty  of states f o r  copper t h a t  has been 

deduced from t h e  photoemission data, using the  ana lys i s  described i n  Table 

1 of Chapter 111. 

In  the  valence band, the  loca t ion  of the  peaks labeled 0, @, 0, 
and @ has been obtained from t h e  new photoemission d a t a  on clean copper. 

The loca t ion  of peaks @ and @ is  taken from the  d a t a  of Berglund and 

Spicer [Ref. 371, which were obtained from ces i a t ed  copper. The loca t ion  

of a l l  t hese  peaks ( @  through @) is  accurate  t o  within about k O . 1  e V .  

The experimental EDCs show t h a t  peaks @ through @ move i n  the  manner 

of nondirect  t r a n s i t i o n s ,  i n  which AE = Ahv, where E i s  the  energy 

of t he  peaks i n  t h e  EDCs, and hv i s  the  photon energy. The d i r e c t  t rans-  

i t i o n s  assoc ia ted  with peak @ have been discussed i n  d e t a i l  by Berglund 

and Spicer  [Ref. 371. The r e l a t i v e  he ights  of peaks @ through @ were 

determined by d i r e c t  comparison of t h e  experimental EDCs with those cal- 

culated from t h e  dens i ty  of s t a t e s  of F ig ,  49. The uncer ta in ty  i n  the  

r e l a t i v e  he igh t s  i s  d i f f i c u l t  t o  es t imate ,  but i s  probably on the  order  

of k10 percent .  The s t r eng th  of peak @ was adjusted so t h a t  a c lose  

match w a s  obtained between the  ca lcu la ted  € and t h e  experimental E 

i n  the  region of photon energ ies  between 7 and 11 eV.  

f i t  would be obtained i n  t h i s  region i f  the  s t r eng th  of peak @ was re- 

duced, perhaps by about 25 pe rcen t . )  

P P 

2 2 
(Actual ly ,  a b e t t e r  

Reference t o  F ig .  50 s t rongly  suggests  t h a t  t he  valence band dens i ty  

of states i n  t h e  region between 2 and 8 e V  below the  fermi l e v e l  i s  assoc- 

i a t e d  with t h e  " f l a t "  bands t h a t  a r e  derived l a r g e l y  from t h e  3d atomic 

wavefunctions, and t h a t  t h e  reg ion  between the  fermi l e v e l  and 2 e V  below 

the  fermi l e v e l  i s  assoc ia ted  with the  bands t h a t  are derived l a rge ly  from 

t he  4s and 4p atomic wavefunctions. Having made t h i s  assoc ia t ion ,  w e  s h a l l  

f i n d  i t  convenient t o  r e f e r  t o  t h e  valence band dens i ty  of s t a t e s  corres-  

ponding t o  the  " f l a t "  bands as t h e  I'd-band o p t i c a l  dens i ty  of s t a t e s . "  

The conduction band c o n s i s t s  of severa l  peaks superimposed upon a 

f ree-e lec t ron- l ike  conduction band envelope. 

states has a 

seen from t h e  band s t ruc ture  of F ig .  50, most of t h e  bands above t h e  fermi 

l e v e l  have a parabol ic  na ture ,  which i s  c h a r a c t e r i s t i c  of a near ly  f r e e  

The f ree-e lec t ron  dens i ty  of 

fi energy dependence, and i s  labe led  @ i n  F ig .  49. AS 
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FIG. 50. CALCULATED BAND STRUCTURF: OF COPPER. 

h 

e l e c t r o n  metal. 

e l ec t ron - l ike  conduction band dens i ty  of states i s  intended t o  represent  

i n  an "averaging" manner the  charac te r  of t he  ac tua l  conduction band, which 

i s  composed l a r g e l y  of parabol ic  bands derived from the  4s and 4p atomic 

wavefunctions. The loca t ion  of t he  bottom of the f r e e  e l ec t ron  band i s  

a r b i t r a r i l y  chosen to  be a t  the  fermi l e v e l ,  which i s  about 2 e V  above 

the  top of t h e  d-bands. Moving the  loca t ion  of t h e  bottom of the  f r e e  

e l ec t ron  band by as much as k l  e V  about the  fermi l e v e l  changes t h e  mag- 

n i tude  of t h e  f r e e  e l ec t ron  threshold func t ions  by only about f20  percent 

i n  the  region of i n t e r e s t ,  and does not s i g n i f i c a n t l y  change any o ther  

parameter. The group ve loc i ty  v used i n  c a l c u l a t i n g  the  e lec t ron-  

e l ec t ron  s c a t t e r i n g  length ,  L(E), and the conduction band dens i ty  of 

s t a t e s  are, of course,  dependent upon the loca t ion  of the  bottom of the  

f r e e  e l e c t r o n  band. However, a t  energ ies  g r e a t e r  than about 4 e V ,  these 

parameters are not s i g n i f i c a n t l y  changed by moving the bottom of the  f r e e  

e l ec t ron  band +1 e V  about t he  fermi l e v e l ,  I t  is ,  however, important t h a t  

t he  bottom of t h e  f r e e  e l ec t ron  band be loca ted  a t  an energy t h a t  i s  

"natural ' '  f o r  "averaging" the parabol ic  bands i n  the  ac tua l  energy band 

ca l cu la t ion .  

In  t h e  ana lys i s  presented i n  t h i s  chapter ,  the free- 

g 
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The l a r g e ,  sharp peak labeled @ i s  taken from the  work of Berglund 

and Spicer  [Ref. 371. 

energy only a few t en ths  of a v o l t  above the  vacuum l e v e l ;  s ince  only a 

v e r y  s t rong  peak i s  l i k e l y  t o  be seen so near the  vacuum l e v e l ,  t he  

"s t rength" a t t r i b u t e d  t o  peak @ i s  j u s t i f i e d .  

not a t r u e  peak; i . e . ,  i t  i s  not experimentally observed, but i s  a h i s to -  

gram intended t o  represent  a smooth t r a n s i t i o n  between peak @ and the  

f r e e  e l ec t ron  conduction band envelope. The e f f e c t  of the  presence of 

"peak" @ on E 

I n  t h e i r  d a t a ,  t h i s  peak i s  c l e a r l y  seen a t  an 

The peak labeled @ i s  

i s  discussed i n  Section H of t h i s  chapter .  2 
I n  t h e  ana lys i s  used t o  determine the  o p t i c a l  dens i ty  of s t a t e s ,  t he  

magnitude of t he  e n t i r e  conduction band dens i ty  of states can be scaled 

by t h e  same a r b i t r a r y  constant  without a f f e c t i n g  any of t he  r e s u l t s .  I n  

F ig .  49 the  conduction band dens i ty  of states i s  scaled t o  match the  

valence band dens i ty  of s t a t e s  a t  the  fermi l e v e l .  

The vacuum l e v e l  of 4.5 eV shown i n  Fig.  49 i s  the  vacuum l e v e l  

appropriate  t o  the  experimental d a t a  presented i n  t h i s  chapter .  The vacuum 

l e v e l  was found t o  vary by severa l  t en ths  of an e l ec t ron  v o l t  from sample 

t o  sample, but  with no e f f e c t  on the  shape of t he  experimental EDCs. 

Hagstrum (Ref. 401 has suggested t h a t  t he  v a r i a t i o n s  i n  vacuum l e v e l  may 

be due t o  d i f f e r e n t  c r y s t a l l i n e  o r i e n t a t i o n s  i n  d i f f e r e n t  evaporated 

f i lms .  

An important quest ion t o  consicler i n  eva lua t ing  the  dens i ty  of s t a t e s  

of Fig.  49 i s  i t s  uniqueness. A s  can be seen from the  d iscuss ions  i n  Chap- 

ter I11 and i n  Appendix A, t he  ana lys i s  of t he  noble metals allows the  ad- 

justment of only a few parameters t o  f i t  many pieces  of experimental da t a .  

Because of t he  exce l l en t  agreement wi th  the  ava i l ab le  experimental da t a ,  

t he  o p t i c a l  dens i ty  of states of Fig.  49 i s  probably q u i t e  accurate ,  and 

changes of g r e a t e r  than about 20 percent i n  any s i n g l e  parameter or combi- 

na t ion  of parameters have r e su l t ed  i n  poorer f i t s  t o  the  experimental da t a .  

The loca t ions  of a l l  t h e  peaks a r e  accurate  t o  wi th in  kO.1 e V ,  and i n  the  

region between t h e  fermi l e v e l  and 6 e V  below the  fermi l e v e l ,  t he  r e l a t i v e  

peak he igh t s  a re  probably co r rec t  t o  b e t t e r  than + l o  percent .  The g r e a t e s t  

uncer ta in ty  l i e s  i n  the  s t r eng th  of peak @ and i n  the  shape of t h e  con- 

duction band i n  the  region between the  fermi l e v e l  and 1 . 5  eV above the  

fermi l e v e l ,  a region which cannot be d i r e c t l y  inves t iga ted  by photoemission. 
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I n  addi t ion ,  t h e  lead ing  edge i n  the  experimental EDCs i s  usua l ly  somewhat 

blurred,  so t h a t  t h e  valence band dens i ty  of states cannot be accura te ly  

determined i n  t h e  region between t h e  fermi l e v e l  and a few t en ths  of an 

e V  below t h e  fermi l e v e l .  

For the  case of copper, t he re  are no good experimental d a t a  f o r  t he  

e lec t ron-e lec t ron  s c a t t e r i n g  length  L(E)  i n  t h e  region severa l  e V  above 

t h e  fermi l e v e l .  However, t h e  L(E)  t h a t  i s  ca lcu la ted  for copper i s  

found t o  be q u i t e  c l o s e  t o  t h e  L ( E )  ca lcu la ted  f o r  gold, and the  calcu- 

l a t e d  L ( E )  

ava i l ab le  experimental da t a .  

f o r  gold i s  found t o  be i n  remarkably good agreement with 

B. COMPARISON OF THE OKTICAL DENSITY OF STATES FOR COPPER W I T H  OTHER 
EXPERIMENTAL DATA 

Figure 51 shows a comparison of t h e  shape of t he  o p t i c a l  dens i ty  of 

s t a t e s  obtained from photoemission da ta  with the  dens i ty  of s t a t e s  obtained 

Q 
ENERGY BELOW FERMI LEVEL ( e V  1 

FIG. 51. COMPARISON OF THE OPTICAL DENSITY OF STATES OF FIG. 49 
WITH THE DENSITY OF STATES DETERMINED FROM ION NEUTRALIZATION 
EXPERIMENTS ( HAGSTRUM, REF. 41 ) . 

+ 
by Hagstrum [Ref. 411 using ion-neut ra l iza t ion  spectroscopy with H e  

Hagstrum has pointed out  t h a t  t he  r e so lu t ion  of the  ion-neut ra l iza t ion  

experiment i s  not b e t t e r  than severa l  t en ths  of an e l ec t ron  v o l t ,  and t h a t  
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t h e  dens i ty  of states due t o  the  d-electrons i s  de-emphasized compared 

with the  dens i ty  of s t a t e s  due t o  the  s and p e l ec t rons .  This de- 

emphasis occurs  because t h e  loca l i zed  na ture  of t h e  t i g h t l y  bound d 

e l ec t rons  r e su l t s  i n  a smaller tunnel ing p robab i l i t y  for t he  d e l ec t rons  

than f o r  t h e  less loca l i zed  s and p e l ec t rons .  Thus, i n  t he  region 

between t h e  fermi l e v e l  and 2 e V  below the  fermi l e v e l ,  Hagstrom's dens i ty  

of s t a t e s  should be reduced re la t ive  t o  the  d band dens i ty  of s t a t e s ,  which 

seems t o  extend from 2 t o  8 e V  below t h e  fermi l e v e l .  I f  t h i s  adjustment 

i s  made, w e  see t h a t  t h e  dens i ty  of states obtained from ion-neut ra l iza t ion  

experiments i s  i n  f a i r l y  good q u a l i t a t i v e  agreement with t h e  o p t i c a l  den- 

s i t y  of states obtained from photoemission experiments. I n  both cases ,  

t he  most pronounced s t ruc ture  i s  a l a r g e  peak loca ted  i n  t h e  v i c i n i t y  of 

2 .5  e V  below the  fermi l e v e l .  However, t he  o p t i c a l  dens i ty  of s t a t e s  

contains  much more d e t a i l ,  and i s  considerably more accurate  than t h e  

dens i ty  of s t a t e s  deduced from ion-neut ra l iza t ion  experiments. 

Figure 52 compares t h e  o p t i c a l  dens i ty  of states f o r  copper with the  

s o f t  X-ray emission spectrum f o r  copper obtained by C l i f t  e t  a1 [Ref. 421. 

" 
'\ -___--- _/' -. 

I I I 
65 70 75 80 

ENERGY (eV) 
5 

FIG. 52. COMPARISON OF SHAPE OF OPTICAL DENSITY OF STATES FOR 
COPPER W I T H  THE SOFT X-RAY EMISSION SPECTRUM FROM COPPER 
[REF. 421. 
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A s  seen from Fig.  52, t h e  s o f t  X-ray spectrum from copper does not  even 

remotely resemble t h e  shape of t h e  o p t i c a l  dens i ty  of states. 

[Ref .  511 have r ecen t ly  i n t e r p r e t e d  t h e  s o f t  X-ray spectrum from nicke l  as 

c l o s e l y  r ep resen ta t ive  of t h e  d e n s i t y  of states i n  t h e  valence band a few 

e V  below t h e  fermi l e v e l .  However, i n  t h e  s o f t  X-ray experiment an elec- 

t r o n  i s  removed from a core l e v e l ,  thus  causing a d r a s t i c  change i n  t h e  

core  p o t e n t i a l ,  and probably a correspondingly d r a s t i c  change i n  t h e  energy 

band s t r u c t u r e  near t h e  fermi l e v e l .  For t h i s  reason,  t h e  s o f t  X-ray 

emission spectrum is  not l i k e l y  t o  bear  any c l o s e  resemblance t o  t h e  t r u e  

unperturbed dens i ty  of states. 

Some authors  

C. COMPARISON OF THE OPTICAL DENSITY OF STATES FOR COPPER WITH 
THEORETICAL CALCULATIONS 

Figure 53 compares t h e  d-band o p t i c a l  d e n s i t y  of states i n  t h e  region 

between 2 and 6 e V  below t h e  f e r m i  l e v e l  w i th  t h e  dens i ty  of s ta tes  obtained 

OPTICAL DENSITY OFSTATES 
[FOR I I ELECTRONS 

OCCUPYING AREA (A) 
OF FIG. 491 

DENSITY OF STATES 
FROM ENERGY BAND I I 
CALCULATION BY 
PHILLIPS AN0 MUELLER 
[REF. 431 

- 

--- 

FIG. 53. COMPARISON OF THE OPTICAL 
DENSITY OF STATES WITH THE 
DENSITY OF STATES OF REF 43 I N  
THE REGION BETWEEN 2 AND 6 eV 
B E L O W  THE FERMI LEVEL. Both 
curves a r e  normalized t o  hold 
10 e l e c t r o n s .  

from an e a r l y  t i g h t  binding calcL-ation by J. Phi ips  and F. M. Mueller 

[Ref .  431. 

ca l cu la t ion  of P h i l l i p s  and Mueller w a s  done by u s e  of an i n t e r p o l a t i o n  

scheme [ R e f .  521, and t h e  energy band ca l cu la t ions  of Brudick [ R e f .  531. 

Both curves are normalized t o  conta in  t en  3d e l e c t r o n s .  The 
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Because of t h e  c lose  agreement between the  two curves i n  F ig .  53 i n  the  

region 2 t o  6 e V  below the  fermi l e v e l ,  i t  was at  f i r s t  thought t h a t  the  

deeper l y i n g  peak @ i n  the  o p t i c a l  dens i ty  of states of F ig .  49 w a s  not 

r ep resen ta t ive  of t h e  t r u e  dens i ty  of states, but might perhaps be due t o  

a many-body resonance, as proposed by J .  C. P h i l l i p s  [Refs. 38, 391. How- 

ever,  recent ca l cu la t ions  [Refs. 44, 52, 54, 551 show t h a t  t he  width and 

charac te r  of t h e  d bands can be changed by in t roduct ion  of s-d hybridi-  

za t ion  i n t o  t h e  energy band ca l cu la t ions .  

dens i ty  of states f o r  copper with the  dens i ty  of states for paramagnetic 

Figure 54 compares the  o p t i c a l  
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"OPTICAL" DENSITY OF STATES FOR COPPER 
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FIG. 54. COMPARISON OF OPTICAL DENSITY OF STATES FOR COPPER W I T H  
CALCULATED DENSITY OF STATES FOR NICKEL (REF. 44). 

n i cke l ,  as ca l cu la t ed  by Hodges e t  a1 [Ref, 441 with the  inc lus ion  of s-d 

hybr id iza t ion ,  (According t o  t h e  r i g i d  band model, the  dens i ty  of s t a t e s  

f o r  n icke l  should not d i f f e r  appreciably from the  dens i ty  of s t a t e s  f o r  

copper, ) 
nicke l  dens i ty  of states and the  o p t i c a l  dens i ty  of states f o r  copper. 

I f  Hodges' n icke l  dens i ty  of states w a s  uniformly "s t re tched" so as t o  

Figure 54 shows a remarkable s i m i l a r i t y  between Hodges' [Ref. 441 
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i nc rease  

c lose r .  

t h a t  t h e  

exchange 

t h e  o v e r a l l  bandwidth by about 1 eV, the s i m i l a r i t y  would be even 

However, Marshall [Ref. 561 and Wood [Ref. 571 have r ecen t ly  found 

width of t h e  d bands can be changed s i g n i f i c a n t l y  by manipulating 

t e r m s  i n  t h e  p o t e n t i a l  used f o r  energy band ca l cu la t ions .  Con- 

sequently,  i t  seems poss ib l e  t h a t  by ad jus t ing  both exchange and s-d 

hybr id iza t ion  i n  the energy band ca l cu la t ions ,  t h e  width of the d bands 

w i l l  be found t o  be somewhat wider than t h e  n icke l  dens i ty  of states i n  

Fig.  54, and considerably c l o s e r  t o  t h e  o p t i c a l  dens i ty  of s t a t e s .  Thus, 

i t  now seems l i k e l y  t h a t  peak @ of Fig.  49 i s  not due t o  many-body 

resonances, bu t  may ac tua l ly  represent  the t r u e  dens i ty  of states. In  

f a c t ,  t h e  s t r i k i n g  s i m i l a r i t y  between the  ca lcu la ted  n icke l  dens i ty  of 

states i n  Fig.  54 and t h e  o p t i c a l  dens i ty  of states suggests t h a t  the  

e n t i r e  o p t i c a l  dens i ty  of s t a t e s  below the  fermi l e v e l  may be a very c lose  

replica of t he  t r u e  dens i ty  of states,  

However, because of t h e  present  a c t i v i t y  i n  improving t h e  band calcu- 

l a t i o n s  f o r  n icke l  and copper, i t  would seem t o  be too e a r l y  t o  make a 

d e t a i l e d  comparison between the  o p t i c a l  dens i ty  of s t a t e s  for copper and 

the  "best" energy band ca l cu la t ion  present ly  ava i l ab le .  A de t a i l ed  com- 

par ison involving t h e  bandwidth, peak loca t ions ,  and r e l a t i v e  peak heights  

w i l l  be s i g n i f i c a n t  only when the t h e o r e t i c a l  energy band ca l cu la t ions  for 

these  ma te r i a l s  have improved considerably beyond the  present  s t a t e  of 

soph i s t i ca t ion .  

D. THE PHOTOELECTRIC YIELD FROM CLEAN COPPER 

The experimental pho toe lec t r i c  y i e l d  and t h e  ca lcu la ted  photoe lec t r ic  
1 y ie ld  are compared i n  Fig.  55. The experimental y i e l d  has been corrected 

f o r  r e f l e c t i v i t y  and the transmission of t he  LiF window, and the  ca lcu la ted  

y i e ld  was obtained by use of t he  dens i ty  of states of Fig.  49 and the 

ana lys i s  described i n  Table 1 of Chapter 111. Both t h e  magnitude and the  

shape of t h e  ca l cu la t ed  y i e ld  a re  i n  remarkably good agreement w i t h  the  

experimental r e s u l t s ,  a t t e s t i n g  t o  the  v a l i d i t y  of the o p t i c a l  dens i ty  of 

s t a t e s  and t h e  simple model used t o  c a l c u l a t e  t he  photoemission da ta .  In  

the  ac tua l  ana lys i s ,  t he  magnitude of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  

length  L(E) was a r b i t r a r i l y  set equal t o  22 a t  an energy 8.6 e V  above 

the  fermi l e v e l .  N o  experimental value i s  ava i l ab le  t o  use  a s  a check on 

'See Chapter 111 f o r  a desc r ip t ion  of t h i s  ca l cu la t ion  
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FIG. 55. COMPARISON OF EXPERIMENTAL YIELD AND CALCULATED YIELD 
FOR COPPER. For experimental curve,  absolu te  y i e l d  at 7 . 7  e V  
w a s  obtained by using a value of 22 percent  for F-7 Cs$b tube 
(from thermopile d a t a  of Shay Ref. 1 7 ) .  Rela t ive  y i e l d  w a s  
obtained by comparison with sodium s a l y c i l a t e  ( V - l ) ,  which w a s  
ca l ib ra t ed  by thermopile measurements of Koyama [Ref. 161 
above 8 eV. 

L(E) i n  copper, but t he  value of 22 

which K a n t e r  [Ref. 491 has experimentally observed t o  be the  electron-  

e l ec t ron  s c a t t e r i n g  length  i n  gold at 8.6 e V  above the  fermi l e v e l .  Since 

the  dens i ty  of states f o r  copper i s  very similar t o  the  dens i ty  of s t a t e s  

f o r  gold,  t h e  a r b i t r a r i l y  chosen value of 22 A f o r  copper i s  probably very 

c lose  t o  t h e  ac tua l  value.  The vacuum l e v e l  pe r t inen t  t o  the  ca l cu la t ion  

w a s  4.5 eV,  which was determined by tak ing  the  energy d i f f e rence  between 

the  photon energy and t h e  well-defined width of t he  r e s u l t i n g  EDC. No 

attempt w a s  made t o  accura te ly  measure the  pho toe lec t r i c  y i e ld  i n  the  

threshold region between 4 .5  and 5.0 e V  above the  fermi l e v e l ,  s ince  the  

pho toe lec t r i c  cur ren t  i n  t h i s  region w a s  too low t o  measure EDCs. 

i s  very c lose  t o  t h e  value of 20 

0 

One of the  most s i g n i f i c a n t  f e a t u r e s  of t h e  pho toe lec t r i c  y i e l d  f o r  

copper is  t h a t ,  even a t  a photon energy of 11.6 e V ,  the  y ie ld  i s  only 
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1 x 

energies  , 
more than 

range of 

e l ec t rons  photoemitted per  absorbed photon. 

the  y i e ld  i s  even lower, showing t h a t  f o r  a 

99 percent of t h e  exc i ted  e l ec t rons  are not 

A t  lower photon 

metal such as copper, 

photoemitted i n  the 

hu used i n  t h i s  study. I t  is  indeed remarkable t h a t  t he  small 

value of the  f r e e  e l ec t ron  threshold func t ion  and t h e  sho r t  e lec t ron-  

e l ec t ron  s c a t t e r i n g  length  are ab le  t o  account almost exac t ly  f o r  t he  very 

s m a l l  magnitude of t he  pho toe lec t r i c  y i e l d  i n  t he  region of photon energies  

between 5 and 12 e V .  The only s i g n i f i c a n t  s t r u c t u r e  i n  the  y i e ld  curve i s  

the  r a t h e r  sharp rise tha t  occurs a t  a photon energy of 6.8 e V .  T h i s  r ise 

at  6 .8  e V  appears i n  both t h e  experimental and ca lcu la ted  y i e ld  curves,  

and i s  due t o  the  onset  of photoemission from the  l a r g e  d band dens i ty  of 

states peak labe led  @ i n  Fig.  49. 

The absorpt ion c o e f f i c i e n t  a ( w )  i s  used i n  ca l cu la t ing  the  EDCs from 

t h e  o p t i c a l  dens i ty  of states and the  ana lys i s  described i n  Table 1 of 

Chapter 111. The values  of a ( w )  used i n  t h e  ca l cu la t ions  f o r  copper were 

taken from Ref. 45, The r e f l e c t i v i t y  a t  normal incidence R ( & )  i s  used 

t o  "normalize" the  experimental D C s  ( t o  u n i t s  of e l ec t rons  photoemitted 

per absorbed photon per  e V ) ,  and i s  a l s o  taken from the  experimental r e -  

s u l t s  of Ref. 45. Any e r r o r  i n  t he  values  of a( @) and R( w) w i l l  re- 

s u l t  i n  e r r o r s  i n  the  ana lys i s  of the  photoemission da ta ,  

and R( w) 

a r e  used t o  measure t h e  EDCs and t h e  quantum y ie ld .  However, such an 

i d e a l  measurement w a s  not  f e a s i b l e  i n  our labora tory  a t  t h e  t i m e  of 

t h i s  i nves t iga t ion .  Fortunately,  i n  t he  study of photoemission from 

clean copper, t he  d a t a  of most i n t e r e s t  occurred a t  photon energies  i n  the  

region between 6 and 12  e V ,  where t h e  r e f l e c t i v i t y  i s  t y p i c a l l y  about 10 

percent .  For such s m a l l  values of R ( w ) ,  an e r r o r  i n  R ( w )  w i l l  r e s u l t  

i n  a much smaller e r r o r  i n  t h e  quan t i ty  ( l / [ l - R ( w ) ] ]  

used t o  co r rec t  t h e  y i e ld  f o r  r e f l e c t i v i t y .  A s  discussed i n  Chapter 11, 

by f a r  t h e  greatest e r r o r  i n  the  pho toe lec t r i c  y i e ld  i s  due t o  c a l i b r a t i o n ,  

and t h i s  e r r o r  i s  estimated t o  be about +-lo percent .  The o v e r a l l  un- 

c e r t a i n t y  i n  the magnitude and shape of t h e  experimental y i e ld  curve f o r  

copper (Fig.  55) i n  the  region of photon energ ies  between 5 and 11.6 e V  

i s  estimated t o  be less than  +-15 percent .  

Idea l ly ,  a(&) 
should be measured at u l t r a h i g h  vacuum on the  same f i l m s  t h a t  

which i s  the  quant i ty  
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E. PHOTOELECTRIC ENERGY DISTRIBUTIONS FROM CLEAN COPPER 

Sixteen experimental and ca l cu la t ed  EDCs f o r  c lean copper i n  the  

range of photon energ ies  between 6.8 and 11 .6  e V  are shown i n  F igs ,  56a 

through 56p. The EDCs were ca l cu la t ed  by use of t h e  dens i ty  of s t a t e s  of 

Fig.  49 i n  the  ana lys i s  descr ibed i n  Table 1 of Chapter 111. The most 

outs tanding f e a t u r e  of t hese  curves i s  the  exce l l en t  agreement between a l l  

of the ca l cu la t ed  and experimental EDCs, both i n  shape and i n  magnitude. 

I t  i s  amazing t h a t  t he  model used i n  ca l cu la t ing  t h e  EDCs i s  ab le  t o  

account so w e l l  f o r  t h e  experimental EDCs, e s p e c i a l l y  since the  t ranspor t  

of photoexcited e l ec t rons  toward t h e  sur face  and t h e  threshold func t ion  

a re  based upon such simple models. Apparently, these  simple models a r e  

a good desc r ip t ion  of t h e  bas i c  physics involved i n  the  photoemission 

process.  

Another s i g n i f i c a n t  f e a t u r e  of t h e  experimental EDCs i s  t h a t  t he  

f o u r  d band peaks l abe led@,  @, 0, and @ i n  Fig.  49 a l l  move i n  

the  manner of nondirect  t r a n s i t i o n s ,  where L1F = &v. These peaks a re  

r e a d i l y  i d e n t i f i e d  i n  the  curves of Fig.  56, s ince  the  experimental EDCs 

bear a c l o s e  resemblance t o  t h e  valence band dens i ty  of s t a t e s .  The non- 

d i r e c t  na tu re  of t h e  d band peaks i s  convincing evidence t h a t ,  i n  the  

range of photon energ ies  below 11 .6  e V ,  "k-conservation" i s  not an important 

s e l e c t i o n  r u l e  f o r  o p t i c a l  t r a n s i t i o n s  from the  d bands of copper. An 

i n t e r e s t i n g  f e a t u r e  t o  be noted i n  F igs .  56d, 56e, and 56f i s  t h a t  even a t  

6 e V  above t h e  fermi l e v e l ,  t he  half-width of d band peak, 0, is  

only about 0.5 e V .  

t o  merge i n t o  the  s i d e  of the  very  s t rong  peak @, and f o r  photon energies  

g r e a t e r  than about 9 .6  e V ,  t h e  weak peak @ appears as a broadening i n  

the  s i d e  of t h e  s t rong  peak @. The b lu r r ing  of t h e  r e l a t i v e l y  weak peak 

@ may be due t o  l i f e t i m e  broadening, which can be estimated from t h e  un- 

c e r t a i n t y  p r i n c i p l e  Ld3A.t > h.  W e  can eva lua te  AE by s e t t i n g  

P 

A t  h igher  photon energ ies ,  t he  weaker peak @ seems 

- 

1 2 where Z m  lvgl = E(eV)  . 
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FIG. 56. PHOTOELECTRIC ENERGY DISTRIBUTIONS FROM CLEAN COPPER. 
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Using t h e  f r e e  e l ec t ron  mass f o r  m and measuring E ( e V )  from the  

bottom of t h e  f r e e  e l ec t ron  conduction band i n  F ig .  49, t h e  uncer ta in ty  

nE i s  ca lcu la ted  t o  be a s  shown i n  F ig .  57. A t  5.5 e V  above t h e  fermi 

I I I I I I I I 
3 4 5 6 7 8 9 IO I I  

ENERGY ABOVE FERMI LEVEL ( e V )  

01 

FIG. 57. UNCERTAINTY nE DUE TO LIFETIME BROADENING. 

l e v e l ,  LSE i s  only 0.19 e V ,  considerably less than t h e  observed bandwidth 

of d-band peak 0. A t  7 e V ,  however, AE = 0.35 e V ,  j u s t  l a r g e  enough 

t o  cause l o s s  of r e so lu t ion  f o r  t he  weak peak @, which i s  separated 

from t h e  s t rong  peak @ by only 0 .4  e V .  

band peaks i s  remarkably cons is ten t  wi th  the  uncer ta in ty  expected from 

a simple l i f e t i m e  broadening ca l cu la t ion .  

Thus, t h e  broadening of the  d 

Another cause of broadening (or sharpening) of peak widths i n  the  

EDCs a t  energ ies  higher  than 9 e V  above the  fermi l e v e l  might be due t o  the  

f a c t  t h a t  a t  these  energ ies  

photoemitted e l ec t rons  come from wi th in  20 of t he  sur face .  Figure 60 

shows t h a t ,  at 9 e V  above the  fermi l e v e l ,  

a t  11.6 e V  above t h e  fermi surface,  L(E)  i s  only about 15  1. The change 

i n  p e r i o d i c i t y  and/or t h e  change i n  l a t t i ce  constant  t h a t  occurs so near 

t he  su r face  could conceivably r e s u l t  i n  changes i n  the  energy l e v e l  

s t r u c t u r e  near  the  sur face ,  which would r e s u l t  i n  EDCs t h a t  were not good, 

d e t a i l e d  representa t ions  of t h e  bulk energy l e v e l  s t r u c t u r e .  Because L ( E )  

L(E)  i s  less than 20 H, so  t h a t  most of t he  

L ( E )  i s  about 20 ;I, and t h a t  
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i s  longer  a t  lower energ ies ,  t he  e l ec t rons  a t  lower energ ies  o r i g i n a t e  

(on the  average) from deeper i n  the  bulk than do t h e  e l ec t rons  a t  higher 

energies ,  and are probably more r ep resen ta t ive  of t h e  bulk mater ia l  than 

those e l e c t r o n s  t h a t  o r i g i n a t e  wi th in  a few atomic l aye r s  of t he  sur face .  

The ca l cu la t ed  pho toe lec t r i c  y i e ld  of F ig .  55 and the  ca lcu la ted  EDCs 

of Fig.  56 are f o r  those e l ec t rons  t h a t  have not  suffered an i n e l a s t i c  

e lec t ron-e lec t ron  c o l l i s i o n .  A s  discussed by Berglund and Spicer  [Ref. 

371, photoemission from secondary ( a t  least once s c a t t e r e d )  e l ec t rons  i s  

usua l ly  charac te r ized  i n  t h e  EDCs by a l a r g e ,  s t a t iona ry  peak of slow 

e l ec t rons  j u s t  above t h e  vacuum l e v e l .  I n  the experimental EDCs f o r  c lean  

copper, most of t h e  secondary e l e c t r o n s  seem t o  f a l l  t o  energ ies  below the  

vacuum l e v e l ,  f o r  t h e r e  i s  no evidence of s i g n i f i c a n t  photoemission from 

secondary e l e c t r o n s  i n  any of t h e  EDCs a t  photon energ ies  up t o  11.6 e V .  

Thus, an ana lys i s  involving only primary e l ec t rons  appears t o  be adequate 

i n  descr ib ing  t h e  photoemission from c lean  copper a t  photon energies  up 

t o  11.6 eV,  and t h e  equations of Chapter I11 t h a t  include both primary 

and secondary e l ec t rons  need not  be used. A t  photon energ ies  of 11.2 and 

11.6 eV,  t h e r e  i s  a small "bump" of e lec t rons  j u s t  above t h e  vacuum l e v e l ,  

but  t h i s  bump may very w e l l  be due t o  the onse t  of photoemission from 

peak @ i n  t h e  valence band o p t i c a l  dens i ty  of states.  

A t  a photon energy of 11 .6  e V ,  i t  appears t h a t  the  height  of t he  ex- 

perimental d band peak labe led  @ has suddenly become somewhat smaller 

r e l a t i v e  t o  the  height  of peak @ than w a s  t h e  case at  lower photon 

energ ies .  This e f f e c t  may be due t o  a d ip  i n  the  conduction band dens i ty  

of states a t  about 9 e V  above the  fermi l e v e l .  Unfortunately,  t he  high 

energy cutoff  of t h e  LiF window w a s  a t  about 11.8 eV,  and good EDCs could 

not be measured at photon energ ies  g rea t e r  than about 11.6 eV,  and the  

exact cause of the  change i n  t h e  peak height  of d band peak @ could not 

be e s t ab l i shed .  

The EDCs f o r  severa l  d i f f e r e n t  samples of c lean  copper are shown i n  

Fig.  58. The curves are very similar;  t he  only d i f f e rence  occurs i n  small 

v a r i a t i o n s  i n  t h e  vacuum l e v e l  and i n  the height  of d band peak 0. 
A s  described i n  Chapter 11, considerable  c a r e  w a s  taken i n  evaporating 

the  copper f i lms ,  and i t  was found t h a t  pressures  i n  the  v i c i n i t y  of 

2 x lo-' t o r r  were necessary t o  avoid contamination of t h e  f i lms  and 

SEL-67-039 136 



8 

SAMPLE OF DEC 2,1965 
SAMPLE OF SEPT 12,1965 hv =IO 2 eV 

7 

6 

rn 
g 5  

> n 
a 
g 4  
E s 
- 3  w z 

2 

I 

40  5 0  6 0  70 8 0  9 0  10.0 110 
ENERGY ABOVE FERMI LEVEL (eV)  

F I G .  58. COMPARISON OF THE SHAPES OF THE EDCs 
FRON SEVERAL DIFFERENT SAMPLES OF COPPER. 
The curves w e r e  f i t t e d  a t  6.5 e V  above t h e  
fermi l e v e l .  

d e t e r i o r a t i o n  i n  t h e  q u a l i t y  of the  EDCs. Figure 59 shows t h e  e f f e c t  of 

evaporating a copper f i l m  a t  a pressure  between 1 x 10 and 1 x t o r r .  

Immediately a f t e r  evaporation, the EDC a t  10.2 e V  c lose ly  resembled the  

s t a b l e  EDCs t h a t  are obtained from f i l m s  evaporated a t  a pressure  of 

2 X lo-’ t o r r .  

began t o  appear at low energ ies  i n  t h e  EDCs, causing the t o t a l  y i e ld  t o  

increase .  I t  seemed as i f  a l a r g e  peak of slow e l ec t rons  was superimposed 

upon the e l e c t r o n s  of EDC 0; as seen from EDC 0, which w a s  taken two 

hours after evaporation, t he  lower energy peaks of EDC 0 appear as small 

shoulders superimposed upon a background of low energy e l ec t rons .  During 

t h e  contamination, t he  peak at 7.6 e V  (due t o  d band peak 0) did not 

appear t o  change i n  magnitude, as might be expected i f  t he  contamination 

mere ly  shortened the  e lec t ron-e lec t ron  s c a t t e r i n g  length L ( E ) .  The con- 

tamination e f f e c t s  shown i n  Fig. 59 i n d i c a t e  t h a t  EDCs from copper f i lms  

a r e  extremely s e n s i t i v e  t o  poor vacuum condi t ions,  and t h a t  vacuums 

somewhat b e t t e r  than 1 X 10 t o r r  are necessary f o r  good photoemission 

-8 

However, a s  t i m e  progressed, a l a r g e  peak of slow e l ec t rons  

-9 

SEL-67-039 137 



hu = 10.2 eV 

I \ 
PRESSURE= I x IO-' TO I x torr 

(APPROXIMATELY 1 

! I  
1 ;  

A;' J 

I 1  

I 1  
I I I I 

4 0  5 0  60 7 0  00 

/ / Y b  1 90 10.0 11.0 

ENERGY ABOVE FERMI LEVEL ( e V )  

FIG. 59. EFFECT OF INADEQUATE VACUUM ON COPPER ENERGY 
DISTRIBUTION CURVES. 
and t h e  r e l a t i v e  magnitudes were experimentally 
observed. Note t h a t  t h e  peak a t  7.6 e V  above the  
fermi l e v e l  did not  change magnitude with t i m e .  

These curves w e r e  not f i t t e d ,  - 

s t u d i e s  on copper, S i l v e r  and gold were found t o  be much less s e n s i t i v e  

t o  vacuum condi t ions  . 

F. THE ELECTRON-ELECTRON SCATTERING LENGTH L(E)  FOR COPPER 

The shape of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  L(E)  f o r  copper 

w a s  ca lcu la ted  from the  o p t i c a l  dens i ty  of states of Fig.  49 using the  

ana lys i s  discussed i n  Table 1 of Chapter 111. The magnitude of L ( E )  w a s  

a r b i t r a r i l y  set equal t o  22 A a t  a photon energy 8.6 e V  above the  vacuum 

l e v e l .  The ca lcu la ted  e lec t ron-e lec t ron  s c a t t e r i n g  length  L ( E )  f o r  

copper i s  shown i n  Fig.  60. W e  see t h a t  i n  the  region between 4.5 and 

11.6 e V  above the  fermi l e v e l ,  L(E)  varies from 78 t o  15 i. Thus, L ( E )  

changes considerably i n  t h e  energy range of i n t e r e s t  f o r  photoemission 

s t u d i e s  from c l e d  copper, and severe ly  modulates t h e  shape of t he  

0 
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experimental EDCs. Because the  absorption c o e f f i c i e n t  a(.) i s  on the  

order  of 7 X 10 e m  
-5 -1 

i n  the  range of photon energ ies  between 6 and 11 eV,  

t h e  approximation 

i s  v a l i d  only f o r  energies  g r e a t e r  than 

about 9 e V  above the  fermi level .  No 

approximations were made i n  using Eq. 

(3.83) t o  c a l c u l a t e  t he  EDCs on c lean  

copper. For energ ies  g r e a t e r  than 6 e V  

[a(.) L(E)  << 11 

10,000 

- DETAILED CALCULATION 

---- L = K(EP APPROXIMATION 

0 0 0 EXPERIMENTAL VALUES FOR above t h e  fermi l e v e l ,  L ( E )  has an 

USING EQ. (3.18) 

GOLD ( KANTER LREFS. 24 a291 -1.5 
E energy dependence, j u s t  as 

expected from t h e  d iscuss ion  i n  

Chapter 111. 

Unfortunately,  no good experi- 

mental values  f o r  L ( E )  are ava i l ab le  

t o  use as a check on t h e  copper calcu- z 

J l a t i o n s .  However, as w e  s h a l l  see i n  
I 

Chapter V, t he  dens i ty  of s t a t e s  f o r  

J gold i s  q u a l i t a t i v e l y  similar t o  the  
W 

- dens i ty  of states f o r  copper, so t h a t  

L ( E )  
d i f f e r e n t  from L(E)  f o r  copper. 

K a n t e r  [Ref, 491 has r ecen t ly  de te r -  

f o r  gold should not be appreciably 
6 8 10 12 2 4 

' I ' I ' I I ' ' ' 
ENERGY ABOVE FERMI LEVEL (eV) 

loo 

FIG. 60. CALCULATED ELECTRON- mined L ( E )  for gold i n  the  energy 
LENGTH L ( E )  range between 5 and 10 e V  above t h e  

FOR COPPER. . (Magnitude set 
equal t o  22 w at 8.6 e V  above fermi l e v e l  by measuring the  t rans-  
t h e  fermi l e v e l  t o  g ive  experi-  
mental y i e ld .  ) mission of a monoenergetic beam of 

e l ec t rons  through a t h i n  f i l m  of gold.  

L(E) H i s  r e su l t s  f o r  gold a r e  compared t o  the  ca l cu la t ed  

F ig .  60, and the  agreement i s  remarkably c lose ,  i nd ica t ing  t h a t  the  calcu- 

l a t e d  L(E) f o r  copper i s  probably not  f a r  from t h e  ac tua l  value of L ( E )  

f o r  copper, 

f o r  copper i n  

Because of the contamination problems wi th  copper (discussed i n  

Sect ion E of t h i s  chapter ) ,  f u t u r e  e l ec t ron  transmission measurements 

through copper f i lms  w i l l  have t o  be ca r r i ed  out  with ca re fu l  a t t e n t i o n  

t o  cleanliness and vacuum pressure.  Kanter 's  [Ref. 491 values  f o r  gold 

13 9 



are probably r e l i a b l e  because of t h e  i n s e n s i t i v i t y  of gold t o  contamination, 

as w i l l  be discussed i n  Chapter V. 

equal ly  r e l i a b l e  experimental va lues  of L(E)  f o r  copper w i l l  probably 

be extremely d i f f i c u l t  t o  obta in .  

Because of t h e  contamination problem, 

G. 

EDCs 

THE THRESHOLD FUNCTION AND THE EFFECTIVE THRESHOLD FUNCTION FOR 
COPPER 

The semic lass ica l  threshold func t ion  Tf ( E )  used i n  ca l cu la t ing  the  

and v i e ld  f o r  c lean  comer and ces ia ted  c o m e r  a r e  shown i n  Fig.  61. 

@ Cs ON COPPER (VACUUM LEVEL = 1.6eV) 

ENERGY ABOVE FERMI LEVEL ( cV 1 

FIG. 61. SEMICLASSICAL THRESHOLD FUNCTION FOR COPPER CALCULATED 
FROM EQ. (3.11). 
fermi l e v e l  (see F ig ,  49).  

The bottom of t h e  conduction band i s  a t  t he  

For t he  case of c lean  copper, 

s t r a i g h t  l i n e  i n  t h e  region between 4.5 and 11.6 e V  above t h e  fermi l eve l .  

The magnitude of Tf (E)  

11.6 e V  above the  fermi l y v e l ,  The s m a l l  value of T ( E )  helps  t o  ex- 

p l a i n  the  s m a l l  magnitude of t h e  pho toe lec t r i c  y i e ld  from c lean  copper. 

Because T (E)  

l i n e ,  w e  see t h a t  

EDCs from clean copper,  

T f ( E )  i s  f a i r l y  w e l l  described by a 

i s  small, being only 0.19 f o r  c lean  copper a t  

f 

f o r  c lean  copper i s  not too much d i f f e r e n t  from a s t r a i g h t  

severe ly  modulates t h e  shape of t he  experimental 
f 

T ( E )  f 
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However, the  f a c t o r  t h a t  determines t h e  shape of the  experimental EDCs 

i s  not  T f ( E ) ,  bu t  t he  e f f e c t i v e  threshold func t ion  EFFTH(E), which i s  

given by Eq. (3.108). EFFTH(E) f o r  clean copper i s  p lo t t ed  i n  F ig .  62, 

ENERGY ABOVE FERMI LEVEL (eV) 

FIG. 62. COMPARISON OF SEMICLASSICAL THRESHOLD 
T f ( E )  TO EFFECTIVE THRESHOLD FUNCTION EFFTH( E )  
FOR COPPER. The curve f o r  EFFTH(E) appl ies  
only i n  the  region of photon energ ies  between 
7 . 7  e V  and 11 .6  e V .  

and compared with t h e  semic lass ica l  threshold func t ion  T f ( E ) .  EFFTH(E) 

has t h e  charac te r  of a s t e p  func t ion ,  i n  that  EFFTH(E) i s  near ly  con- 

s t a n t  i n  t h e  region between 7.0 and 11.6 e V  above the  fermi l e v e l .  Thus, 

t h e  shapes of t h e  EDCs i n  t h i s  region are n e a r l y  r e p l i c a s  of t he  valence 

band dens i ty  of states, as can be v e r i f i e d  by comparing t h e  shape of t he  

experimental EDCs of F ig .  56 wi th  the  shape of t h e  valence band dens i ty  

of states of Fig.  49. 

H. THE IMAGINARY PART OF THE DIELECTRIC CONSTANT E ~ ( w )  FOR COPPER 

By using Eq. (3.98) and assuming constant  matrix elements, t he  shape 

of t h e  imaginary p a r t  of t he  d i e l e c t r i c  constant  

s o l e l y  from the  o p t i c a l  dens i ty  of states of Fig.  49. "Conservation of 

t h e  wave vec tor  k" i s  not  considered t o  be an important s e l e c t i o n  r u l e  

f 2 ( w )  can be ca lcu la ted  

-% 
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i n  these ca l cu la t ions .  The r e s u l t s  a r e  shown i n  Fig.  63, where fou r  major 

pieces  of s t r u c t u r e  are evident .  These peaks i n  E (u) can be associated 

with w e l l  def ined t r a n s i t i o n s  between c e r t a i n  valence band states and con- 

duct ion band states i n  Fig.  49. 

Table 2 .  

2 

These i d e n t i f i c a t i o n s  a re  presented i n  

~ 

FIG. 63. 
€2 

CALCULATED FROM OPTICAL DENSITY OF STATES OF COPPER (F ig .  49) 

- 
I n i t i a l  Valence 

Band S t a t e  
(F ig .  49) 

0 
0 
(3 

TABLE 2. ORIGIN OF PEAKS I N  THE CALCULATED E ~ (  u) FOR COPPER 

F ina l  Conduction 
Band S t a t e  
(F ig .  49) 

0 
0 
0 
0 

Thus, w e  see t h a t  peaks @ and @ i n  are due t o  t r a n s i t i o n s  t o  

the  experimentally observed conduction band peak 0, and t h a t  peaks @ 
and (3 i n  E2(u) 

of states i n  t h e  valence band t o  empty states j u s t  above the  fermi l e v e l .  

E 2 ( u )  

are due t o  t h e  onset  of t r a n s i t i o n s  from a high dens i ty  
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The sharp rise i n  E (w)  at low photon energies  i s  'due t o  t h e  ( 1 / ~ ) ~  2 
f a c t o r  i n  Eq. (3 .98) ,  and i s  not due t o  any s t rong  o p t i c a l  t r a n s i t i o n s .  

The shape of t he  ca l cu la t ed  E ( 0 )  i s  compared with the  "experimental" 2 
values  of E2(u) i n  Figs .  64 - 66. The experimental values  of E2(w) 

I - 
PRESENT WORK 

-9- EXPERIMENTAL POINTS 
OF COOPER,EHRENREICH 
AND PHlLlPP [REF: 461 - 

- 

o 0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
PHOTON ENERGY (eV) 

FIG. 64. COMPARISON OF CALCULATED €2 FOR COPPER 
W I T H  THE RESULTS OF REF. 45 AND REF. 46. 

have a l l  been deduced from various r e f l e c t i v i t y  measurements, but  t he  

r e s u l t s  of d i f f e r e n t  i n v e s t i g a t o r s  are not completely cons i s t en t ,  r e s u l t i n g  

i n  t h e  necess i ty  t o  compare t h e  ca lcu la ted  

seve ra l  d i f f e r e n t  experiments, A s  can be seen by inspec t ion  of F igs .  64 - 

66, t he  agreement between t h e  major f e a t u r e s  of t h e  ca lcu la ted  

and t h e  major f e a t u r e s  of t he  "experimental" 

i nd ica t ing  t h a t  t h e  important s t r u c t u r e  i n  

can be accounted f o r  i n  a "natural"  way by an ana lys i s  based upon nondirect  

t r a n s i t i o n s  and the  o p t i c a l  dens i ty  of states of Fig.  49. 

E (w) with the  r e s u l t s  of 
2 

f 2 ( u )  

f 2 ( w )  i s  indeed very good, 

between 1 . 5  and 11 .6  e V  E (u) 2 

I n  one of the experiments [Ref .  48b], the r e f l e c t i o n  at  low energies  

was c a r e f u l l y  measured, and a discrepancy between the  expected f r ee -  

e l ec t ron  behavior and t h e  measurement occurred a t  an energy of about 
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PHOTON ENERGY (eV) 

FIG. 65. COMPARISON OF CALCULATED € 2  FOR COPPER 
WITH BEAGLEHOLE'S c2 (REF. 47). 

'.- EXTRAPOLATED FREE-CARRIER BEHAVIOR \. 
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1 . 9  e V ,  as can be seen i n  Fig.  66. The loca t ion  of t h i s  discrepancy is  

i n  exce l l en t  agreement with t h e  loca t ion  of shoulder @ i n  the  ca lcu la ted  

E2( 4 
Peak @ of t h e  ca lcu la ted  E2(u) 

2 .6  e V ,  which is  wi th in  about kO.1  e V  of a l l  t he  experimental values .  

Again, t h e r e  i s  exce l l en t  agreement between t h e  ca lcu la ted  €,(u) and 

the  "experimental" E2( u) . 
E ( w )  

occurs at a photon energy of about 

/ 
Peak @ of the  ca l cu la t ed  occurs a t  a photon energy of 4.2 e V ,  2 

and t h e  corresponding experimental peak i s  found by var ious inves t iga to r s  

t o  occur between 4.6 and 5.0 e V .  Thus, the  ca lcu la ted  peak loca t ion  

appears t o  be seve ra l  t en ths  of an e V  below the  experimental values.  The 

l o c a t i o n  of peak @ i n  t he  ca lcu la ted  

t h e  l o c a t i o n  of peak @ i n  t h e  conduction band dens i ty  of s t a t e s  of 

Fig.  49 which was experimentally found by Berglund and Spicer  [Ref. 371 

t o  occur a t  1 . 8  e V  above t h e  fermi l e v e l .  I n  Berglund and Sp ice r ' s  ex- 

perimental  EDCs, a pronounced f ixed  peak appeared a t  about 0.15 e V  above 

the  vacuum l e v e l .  Since t h e  vacuum l e v e l  w a s  1 .65 eV,  t h i s  peak i n  the  

EDCs w a s  i n t e r p r e t e d  as a peak i n  t h e  conduction band dens i ty  of s t a t e s  

a t  an energy 1 .8  e V  above the  fermi l e v e l .  

r ecen t ly  pointed out  t h a t  group ve loc i ty  e f f e c t s  coupled wi th  small energy 

l o s s e s  due t o  i n e l a s t i c  electron-phonon c o l l i s i o n s  can cause a sharp peak 

i n  t h e  conduction band dens i ty  of states t o  appear as  a peak i n  the  photo- 

electric EDCs at  an energy severa l  t en ths  of an e V  lower than t h e  energy 

of t h e  conduction band peak. Indeed, a t  an energy about 2 e V  above t h e  

fermi l e v e l ,  electron-phonon s c a t t e r i n g  could very w e l l  be important,  

s ince  t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  L(E)  is  about 800 13. 
(Fig.  60) and the  electron-phonon s c a t t e r i n g  length  i s  estimated [ R e f .  181 

t o  be about 400 11. 
s iderably  s h o r t e r  than t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length,  and 

electron-phonon s c a t t e r i n g  should be included i n  an accurate  ana lys i s  of 

e l ec t rons  that a r e  photoemitted wi th in  a few e V  above the  fermi l e v e l .  

Consequently, i t  i s  conceivable t h a t  t h e  observed photoemission peak a t  

1.8 e V  above the fermi l e v e l  corresponds t o  a peak i n  t h e  conduction band 

dens i ty  of states a t  2.0 or 2.1 e V  above the  fermi l eve l .  If t h i s  small 

co r rec t ion  w a s  made, t h e  loca t ion  of peak @ i n  the ca lcu la ted  

E (a) i s  determined l a r g e l y  by 2 

Kane [Ref. 231, however, has 

Thus, t he  electron-phonon s c a t t e r i n g  length  i s  con- 

E2(w) 
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would inc rease  by seve ra l  t en ths  of an e l ec t ron  v o l t ,  and would be i n  very 

c l o s e  agreement wi th  t h e  corresponding "experimental" peak. 

Much of t h e  "s t rength" i n  E 2 ( w )  i n  t h e  v i c i n i t y  of peak @ of 

Fig.  63 i s  due t o  t r a n s i t i o n s  from the  deep-lying valence band peak @ 
of Fig.  49. I n  Figs .  64 and 65, t h e  ca lcu la ted  E ( w )  a t  energies  between 

6 .5  and 10 e V  i s  about 10 percent  too high. 

cent  i n  t h e  amplitude of valence band peak @ would e l imina te  t h i s  d i s -  

crepancy. I f  peak @ w a s  completely absent,  t he  ca lcu la ted  E (a) would 

f a l l  below the  experimental value,  and t h e  ca l cu la t ed  pho toe lec t r i c  y i e l d  

2 
A reduct ion of about 25 per- 

2 

and EDCs would not 

I n  t h e  region 

of t h e  ca l cu la t ed  

mental E ~ ( w ) .  In  

are l a r g e l y  due t o  

i t  may be t h a t  t h e  

However, a t  higher 

i t i o n s  from d band 

be i n  good agreement with t h e  experimental values .  

of photon energ ies  between 1 and 2 eV,  t h e  magnitude 

E ( w )  

t h i s  range of photon energies ,  t h e  o p t i c a l  t r a n s i t i o n s  

t r a n s i t i o n s  betweens- and p-derived wavefunctions, and 

assumption of constant  matr ix  elements i s  not v a l i d .  

photon energ ies  between 2 and 11.6 e V ,  o p t i c a l  t rans-  

states dominate t h e  absorpt ion spectrum, and the 

i s  about a f a c t o r  of two g r e a t e r  than t h e  experi-  2 

assumption of constant matr ix  elements and nondirect  t r a n s i t i o n s  appears 

t o  be j u s t i f i e d  by t h e  c l o s e  agreement between t h e  ca l cu la t ed  

and t h e  "experimental" 

e 2 ( w )  

E2( w) , 

Another point  t o  be considered i s  t h e  "blending" of t h e  conduction 

band dens i ty  of states t o  t h e  valence band dens i ty  of s t a t e s  a t  t he  f e r m i  

l eve l ,  s ince  t h e  ca l cu la t ed  E 2 ( w )  i s  s e n s i t i v e  t o  t h e  value of t h e  con- 

duct ion band near  t h e  fermi l e v e l .  Because t h e r e  i s  evidence [Ref. 371 

f o r  a peak i n  t h e  valence band dens i ty  of states a few t en ths  of an e V  

below t h e  fermi l e v e l ,  it i s  d i f f i c u l t  t o  determine exac t ly  how t o  match 

the  conduction band and valence band a t  t h e  fermi l e v e l .  Figure 67 shows 

two p o s s i b i l i t i e s  t h a t  are intended t o  represent  extreme cases  bracket ing 

any reasonable  match a t  t h e  fermi surf  ace. In  Curve I ,  t h e  valence band 

peak j u s t  below the fermi l e v e l  i s  extended about 0 .4  e V  i n t o  the  con- 

duction band, and i n  Curve 11, i t  i s  assumed t h a t  t h e  conduction band i s  

p e r f e c t l y  f l a t  near t h e  fermi l e v e l .  Figure 68 compares the  values  of 

E 2 ( w )  t h a t  are ca l cu la t ed  from curves I and I1 of Fig.  67. The only 

major d i f f e rence  i s  t h a t  curve I r e s u l t s  i n  an €,(a) with  a peak height  

a t  2.6 e V  t h a t  i s  i n  good agreement with t h e  d a t a  of Beaglehole [Ref. 471 
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FIG. 67. DIFFERENT OPTICAL DENSITIES OF STATES USED 
TO CALCULATE e2 FOR COPPER (SEE FIG. 49). 

'I- 
o! I : J 4 A A i : L b l ' l  

PHOTON ENERGY (eV)  

FIG. 68. COMPARISON OF SHAPES OF €2 
CALCULATED FROM DENSITY OF STATES I 

FIG. 67). 
AND FROM DENSITY OF STATES 11 (SEE 
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and Garfinkel [Ref. 481 (F igs .  65 and 66),  and t h a t  curve I1 r e s u l t s  i n  a 

peak he ight  at 2.6 e V  t h a t  i s  i n  c l o s e r  agreement with the  d a t a  of 

Ehrenreich and Ph i l ipp  

experimental r e s u l t s  f o r  E (u)  
whether or not  t he re  i s  a "peak" i n  the  conduction band dens i ty  of s t a t e s  

j u s t  above the fermi l e v e l .  

[Ref .  451 (Fig.  64).  Thus, the  present ly  ava i l ab le  

are not cons i s t en t  enough t o  determine 2 

W e  have seen tha t  a ca l cu la t ion  based upon nondirect  t r a n s i t i o n s  and 

the  o p t i c a l  dens i ty  of states of F ig .  49 accounts i n  a "naturaL" way f o r  

a l l  of t he  major f e a t u r e s  of i n  the  range of photon energ ies  be- 

tween about 1 .5  and 11.6 e V .  

Mueller [Ref. 431 have attempted t o  c a l c u l a t e  

S e g a l l ' s  [Ref. 581 and Burdick's [Ref. 531 energy bands i n  an ana lys i s  

based upon "k-conservation" and d i r e c t  t r a n s i t i o n s ,  as described by Eq. 

(3.38).  Both of these  ca l cu la t ions  g ive  poor agreement w i t h  the  shape of 

the experimentally determined E2(u), e s p e c i a l l y  with regard t o  the  peak 

i n  E2(w)  a t  2.6 eV. I n  both ca l cu la t ions ,  t h e  peak a t  2.6 e V  i s  s m a l l  

by a f a c t o r  of about th ree ,  and P h i l l i p s  [Ref. 431 has hypothesized that 

the  peak i n  E (u) 

There remain the  p o s s i b i l i t i e s  t h a t  such "resonances" do indeed e x i s t ,  or 

t h a t  more accurate  energy band ca l cu la t ions  w i l l  r e s u l t  i n  "be t te r"  calcu- 

l a t i o n s  of E (u)  based upon d i r e c t  t r a n s i t i o n s .  However, t he re  e x i s t s  

the  f a c t  t h a t  t h e  c a l c u l a t i o n  of E (0) 2 
can account very w e l l  f o r  t he  major f e a t u r e s  i n  t h e  experimental 

and t h a t  t h e  ca l cu la t ions  based upon d i r e c t  t r a n s i t i o n s  have been notably 

unsuccessful.  

E (u) 
Cooper e t  a1 [Ref, 50al and P h i l l i p s  and 
2 

E (u) f o r  copper by using 2 

+ 

a t  2.6 e V  may be due t o  a " v i r t u a l  exci ton resonance. " 2 

2 
based upon nondirect  t r a n s i t i o n s  

E2(u), 

Using the  band s t r u c t u r e  of Fig.  50, Cooper e t  a1 [Ref. 50al have as- 

soc ia ted  t h e  two major peaks i n  

c r i t i ca l  p o i n t s ,  They have assigned t h e  peak a t  2 .6  e V  t o  be due t o  t ran-  

s i t i o n s  from La t o  L32, and have assigned the  peak a t  4.6 e V  t o  be due 

t o  t r a n s i t i o n s  from X5 t o  Xi. Since peak @ i n  the  conduction band of 

Fig.  49 and the 

signment X5 + X i  

ana lys i s  of c2(u) ,  as seen from Table 2. However, t he  c r i t i c a l  point  

L32 
j o i n t  dens i ty  of s t a t e s  coupling 

E (u) with direct  t r a n s i t i o n s  between 
2 

Xi poin t  l i e  a t  approximately t h e  same energy, the  as- 

appears t o  be cons is ten t  with the  nondirect  t r a n s i t i o n  

l ies below the  fermi l e v e l ,  and the re  i s  no c r i t i c a l  po in t  i n  the 

t o  states above the  fermi l e v e l .  
Lg 
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This  d i f f i c u l t y  i s  not encountered i n  the  nondirect  t r a n s i t i o n  ana lys i s ,  

which depends only upon t h e  t o t a l  dens i ty  of states j u s t  above the fermi 

l e v e l ,  The energy band ca l cu la t ion  of F ig .  50 i s  only f o r  s t a t e s  along 

symmetry d i r e c t i o n s ,  and the re  e x i s t s  t he  p o s s i b i l i t y  t h a t  t he re  may be 

important c r i t i ca l  po in t s  off t h e  symmetry l i n e s .  In  addi t ion ,  more ac- 

cu ra t e  c a l c u l a t i o n s  of t he  energy band s t r u c t u r e  of copper i n  the  f u t u r e  

could conceivably change t h e  energy of t he  X'  c r i t i c a l  po in t  i n  the  con- 

duct ion band. For these  reasons,  t he  assignment X5 -f X i  f o r  t he  peak i n  

E 2 ( u )  

4 

a t  4 .6  e V  must be regarded with some reserva t ion .  

I .  THE SPECIFIC HEAT FOR COPPER 

The e l e c t r o n i c  s p e c i f i c  heat can be related t o  the  dens i ty  of s t a t e s  

a t  t he  fermi l e v e l  by the  expression [Ref. 591 

where y i s  the  e l e c t r o n i c  s p e c i f i c  hea t  (neglec t ing  electron-phonon 

i n t e r a c t i o n s )  and where N ( E f )  

The temperature dependence of the  s p e c i f i c  hea t  can be determined experi-  

mentally, and t h e  c o e f f i c i e n t  of t he  l i n e a r  t e r m  is  given i n  Ref, 95 as 

i s  the  dens i ty  of states a t  the  fermi l e v e l .  

m i l l i  j o u l e  

mole ( O K )  

y = 0.753 [ 
so tha t  

1 e lec t rons  

This  value of N ( E f )  

states of copper. 

can be used as a check on t h e  o p t i c a l  dens i ty  of 

Assuming t h a t  the  deep-lying peak @ i n  F ig .  49 represents  the  " t r u e "  

dens i ty  of states, w e  can normalize the  o p t i c a l  dens i ty  of s t a t e s  t o  the  

t o t a l  number of e l ec t rons  i n  the  valence band. There are eleven e l ec t rons  

i n  the  valence band of copper, s ince  the  outer  e l ec t ron  configurat ion i s  

3d 4s . The r e s u l t i n g  normalized o p t i c a l  dens i ty  of s t a t e s  i s  shown as  10 1 
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t h e  s o l i d  l i n e  labeled Nv 

of states i s  found t o  be 0.38 electronsfev-atom at  the  fermi sur face ,  not 

f a r  from t h e  value of 0.32 electrons/eV-atom derived from the  s p e c i f i c  

hea t .  The dashed l i n e  labeled 

dens i ty  of states can be adjusted at t h e  fermi l e v e l  t o  agree exac t ly  with 

the  value der ived from the  s p e c i f i c  hea t .  

t h e  necessary adjustment i s  very s m a l l ,  and w e  f i n d  t h e  "a p r i o r i "  op t i ca l  

dens i ty  of states t h a t  w a s  determined from photoemission s t u d i e s  t o  be i n  

amazingly c l o s e  agreement a t  t he  fermi su r face  with the  value derived from 

the  s p e c i f i c  hea t .  

i n  Fig.  69, and the  ''a p r i o r i "  o p t i c a l  dens i ty  (3 
shows how the  valence band o p t i c a l  e7 

A s  can be seen from Fig .  69, 

The f a c t  t h a t  use  of t h e  deep-lying peak @ i n  t he  normalization l e d  

to  good agreement i n  t h e  dens i ty  of s t a t e s  at t h e  fermi sur face  i s  evidence 

t h a t  peak @ does indeed represent  a peak i n  the  t r u e  dens i ty  of s t a t e s .  

J. THE R I G I D  BAND MODEL AND THE DENSITY OF STATES FOR NICKEL 

According t o  t h e  r i g i d  band model [Ref. 131, t h e  dens i ty  of s t a t e s  

f o r  ferromagnetic n icke l  can be obtained from the  dens i ty  of states f o r  

ENERGY lev) 

FIG. 69. ADJUSTMENT OF THE OPTICAL DENSITY OF STATES FOR 
COPPER TO AGREE W I T H  THE VALUE DERIVED FROM THE SPECIFIC 
HEAT. 
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n 

f 

copper by f i r s t  

having the  same 

r e l a t i v e  t o  the  

assigning 5 spin-up and 5 spin-down e l ec t rons  t o  two bands 

dens i ty  of states as f o r  copper, then s h i f t i n g  one band 

o the r  by t h e  exchange energy, and then a t  each energy, 

summing the  d e n s i t i e s  of states i n  t h e  two bands. 

found t h a t  a reasonable "average" exchange s p l i t t i n g  i s  about 0 .6  e V .  

Using t h i s  value f o r  t h e  exchange energy, t he  r i g i d  band model described 

above w a s  used t o  calculate the  dens i ty  of states of ferromagnetic n icke l  

from the  o p t i c a l  dens i ty  of states of copper, Before t h i s  was done, a 

magnitude w a s  assigned t o  the  o p t i c a l  dens i ty  of states for copper by 

normalizing t h e  valence band i n  the  o p t i c a l  dens i ty  of s t a t e s  of Fig.  49 

t o  hold eleven e l ec t rons .  The r e s u l t i n g  "nickel" dens i ty  of s t a t e s  i s  

shown as t h e  s o l i d  curve i n  F igs ,  70 and 71, where the  fermi l e v e l  was 

Blodgett  [Ref. 131 has 

30 1 
STATESDETERMINED BY i \ 
MENTS (BLODGETTU~W 131y \ PHOTOEMISSION EXPERI- I 

l l ' l ' J 1 l l l l l ' l  I 

OPTICAL DENSITY OF ! \ I 
I 

I 
I 
I 
I 

DENSiTY OF STATES DETERMINE0 
RY ION NEUTRALIZATION 

I _--- 

ENERGY BELOW FERMI LEVEL ( e V  ) 

FIG. 70. COMPARISON OF BLODGETT'S FIG, 71. COMPARISON OF HAGSTRTJM'S 
[REF. 131 OPTICAL DENSITY OF [REF, 41 I NICKEL DENSITY OF STATES 
STATES FOR NICKEL WITH THE WITH THE DENSITY OF STATES DERIVED 
DENSITY OF STATES DERIVED FROM FROM THE OPTICAL DENSITY OF STATES 
THE OPTICAL DENSITY O F  STATES OF COPPER USING THE R I G I D  BAND 
OF COPPER USING THE RIGID BAND MODEL AND AN EXCHANGE SPLITTING 
MODEL AND AN EXCHANGE SPLITTING OF 0.6 eV. 
OF 0.6 e V .  
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8 2  posi t ioned so t h a t  t he  valence band of n icke l  would hold ten  3d 4s 

e l ec t rons .  

Figure 71 compares the  "rigid-band" n i cke l  dens i ty  of states with the  

n icke l  dens i ty  of states deduced by Hagstrum [Ref. 411 from ion-neutral i -  

z a t i o n  spectroscopy experiments. The two curves a r e  i n  good q u a l i t a t i v e  

agreement, i n  t h a t  t he  major s t r u c t u r e  i n  both cases  i s  a s t rong  peak a t  

about 1 e V  below t h e  fermi l e v e l .  There i s  a s i g n i f i c a n t  discrepancy be- 

tween the  two curves,  i n  t h a t  t he  "rigid-band" dens i ty  of states has a 

peak at about 5 e V  below the  fermi l e v e l ,  whereas no such peak appears i n  

Hagstrom's r e s u l t s .  

Figure 70 compares the  "rigid-band" n icke l  dens i ty  of s t a t e s  with the  

dens i ty  of states der ived by Blodgett  [Ref. 131 from photoemission s tud ie s .  

The major s t r u c t u r e  i n  Blodget t ' s  curve i s  a very s t rong  peak a t  5 e V  below 

the  fermi l e v e l  and smaller peaks at  2 and 0 . 2  e V  below the  fermi l e v e l .  

By comparison, the  "rigid-band" n icke l  dens i ty  of states has s m a l l  peaks a t  

5 and 2 e V  below t h e  fermi l e v e l  and a r e l a t i v e l y  l a r g e r  peak a t  about 0 . 5  

e V  below the  fermi l e v e l .  Thus, t h e r e  i s  q u a l i t a t i v e  agreement i n  the  lo-  

ca t ion  of t h e  th ree  major peaks and i n  the  magnitudes of t he  peaks a t  0 . 2  

and 2 e V  below the  fermi l e v e l .  However, t he  peak a t  5 e V  below t h e  fermi 

l e v e l  i s  much l a r g e r  i n  Blodget t ' s  o p t i c a l  dens i ty  of s t a t e s  than i n  the  

"rigid-band" dens i ty  of s t a t e s  der ived from copper. A poss ib le  explanation 

i s  t h a t  matrix element e f f e c t s  enhanced the  magnitude of t he  5-eV peak i n  

B lodge t t ' s  photoemission da ta ,  but such a hypothesis has y e t  t o  be ve r i -  

f i e d ,  and should be treated with reserva t ion  u n t i l  f u r t h e r  s tud ie s  on 

n icke l  have been carried ou t .  

K .  COMPARISON OF THE PRESENT WORK ON CLEAN COPPER WITH EARLIER WORK ON 
CESIATED COPPER 

The experimental  EDCs obtained from clean copper du f fe r  from the  ex- 

perimental  EDCs obtained e a r l i e r  from cesiated copper [Ref. 371 i n  two 

s i g n i f i c a n t  ways: 

present  i n  the  EDCs from ces ia ted  copper, and ( 2 )  t he  EDCs from c lean  copper 

show no evidence of a l a r g e  d-band peak a t  3 . 2  e V  below the  fermi l e v e l ,  

which appeared i n  the  EDCs from ces ia ted  copper. These discrepancies  were 

apparent ly  caused by an i n t e r a c t i o n  between the  cesium and the  copper i n  

the  photoemission experiments reported on by Berglund and Spicer [Ref. 371. 

(1) The EDCs from c lean  copper show f i n e  s t r u c t u r e  not 
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However, t h e  general  f e a t u r e s  of t he  new photoemission d a t a  on c lean  copper 

are cons i s t en t  with the  earlier work on ces i a t ed  copper. Because of t he  

apparent cesium-copper i n t e r a c t i o n ,  t h e  o p t i c a l  dens i ty  of s t a t e s  of Fig.  

49 i s  probably more r ep resen ta t ive  of copper than t h e  e a r l i e r  r e s u l t s  

deduced from ces i a t ed  copper alone. 

An attempt w a s  made t o  calculate the  pho toe lec t r i c  y i e ld  and t h e  EDCs 

from ces i a t ed  copper by using the  o p t i c a l  dens i ty  of s t a t e s  of F ig ,  49 and 

the  same ana lys i s  t h a t  w a s  used t o  c a l c u l a t e  t h e  y i e ld  and the  EDCs f o r  

c lean  copper. The only d i f f e rence  w a s  t h a t  t h e  vacuum l e v e l  w a s  set t o  

1 . 5  eV,  t h e  appropriate  value f o r  copper covered wi th  a sur face  monolayer 

of cesium; t h e  magnitude of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  was 

t h e  same as had been deduced from the  photoemission experiments on clean 

copper. Since electron-phonon s c a t t e r i n g  was not included i n  the  ana lys i s ,  

good r e s u l t s  were not expected a t  energies  only a few e V  above the  fermi 

l e v e l ,  where the  electron-phonon s c a t t e r i n g  length  i s  shor t e r  than t h e  

/' 
/' 

///' 

I I ----- EXPERIMENTAL (REF. 7 

I 
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I 
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FIG. 72. COMPARISON OF CALCULATED 
VS EXPERIMENTAL PHOTOELECTRIC 
YIELD FOR COPPER WITH A SURFACE 
MONOLAYER OF CESIUM. 

e lec t ron-e lec t ron  s c a t t e r i n g  length .  

Some of t h e  r e s u l t s  of the  calcu- 

l a t i o n  are shown i n  Fig.  72 and i n  

Figs .  73a through 73e. A s  seen from 

Fig .  72, the  magnitudes of the  calcu- 

l a t e d  and experimental quantum y ie ld  

are i n  good q u a l i t a t i v e  agreement j u s t  

above the  vacuum l e v e l  and i n  t h e  

range of photon energ ies  between 4 

and 11.6 eV.  However, t he re  i s  a 

l a r g e  discrepancy between 2 and 4 eV.  

This discrepancy may be due t o  such 

causes as electron-phonon s c a t t e r i n g ,  

inappropriateness  of t he  f r e e  e l ec t ron  

model i n  ca l cu la t ing  t ranspor t  e f f e c t s  

and the  threshold func t ion ,  and copper- 

cesium i n t e r a c t i o n .  Strangely enough, 

q u i t e  good agreement i s  obtained be- 

tween the  SHAPES of t h e  ca lcu la ted  

EDCs and the  experimental EDCs, even 
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i n  the  range of photon energ ies  where the re  i s  a l a r g e  discrepancy i n  the  

ca lcu la ted  y i e l d .  Figures  73a through 73e compare the  shapes of the  calcu- 

l a t ed  and t h e  experimental EDCs, and the  agreement i s  seen t o  be q u i t e  good. 

The ca lcu la ted  curves do not inc lude  secondary e l ec t rons ,  which appear as  

a l a rge ,  f i xed  peak of slow e l ec t rons  i n  the  experimental EDCs of F igs .  

73d and 73e. Figures  73d and 73e a l s o  show evidence of photoemission from 

the  deep-lying valence band peak 9 , which i s  q u i t e  prominent i n  both 

the  ca l cu la t ed  and t h e  experimental EDCs. 

The ca lcu la ted  value of E ( w )  obtained i n  the  e a r l i e r  work of 2 
Berglund and Spicer  [Ref. 371 appears t g  be i n  somewhat b e t t e r  agreement 

wi th  experiment than t h e  E ~ ( w )  t h a t  i s  ca lcu la ted  from Fig .  49, as can 

be seen by comparing F ig .  27 of Ref. 37 with F ig .  64 of t h i s  chapter .  

However, i t  i s  d i f f i c u l t  t o  see how Berglund and Sp ice r ' s  calculated curve 

f o r  f 2 ( w )  (F ig .  27, Ref. 37) can be derived from t h e i r  dens i ty  of states 

(F ig .  12, Ref. 37),  and i t  appears t h a t  some r a t h e r  s e r ious  e r r o r s  were 

made i n  t h e i r  ca l cu la t ion  of Thus, the exce l len t  agreement be- 

tween the  ca l cu la t ed  and the  experimental i n  F ig .  27 of Ref. 37 

appears t o  be erroneous,  and the  subsequent conclusions based upon t h i s  

f 2 (  u) . 
f2 (  w) 
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exce l l en t  agreement appear t o  be u n j u s t i f i e d .  However, i t  must be 

emphasized t h a t  t h e  conclusions of Ref. 37 are not i nco r rec t ,  b u t  appear 

t o  be e n t i r e l y  cons i s t en t  wi th  t h e  present  work on c lean  copper. 

L . CONCLUSIONS 

This  chapter  has described experimental photoemission measurements 

on copper t h a t  have l ed  t o  t h e  cons t ruc t ion  of an o p t i c a l  dens i ty  of s t a t e s  

i n  the  region k11.6 e V  about the  f e r m i  l e v e l .  An ana lys i s  based upon t h i s  

o p t i c a l  dens i ty  of states and nondirect  t r a n s i t i o n s  has been remarkably 

successful  i n  ca l cu la t ing  t h e  magnitude and shape of t he  photoe lec t r ic  

y i e ld ,  t h e  magnitude and shape of t h e  pho toe lec t r i c  energy d i s t r i b u t i o n s ,  

t h e  magnitude and shape of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length,  and 

the  shape of E,(w). 

i s  found t o  be cons is ten t  with t h e  value der ived from the s p e c i f i c  hea t ,  

and t h e  valence band o p t i c a l  dens i ty  of states bears  a c lose  resemblance 

t o  c e r t a i n  energy band ca l cu la t ions .  Nondirect t r a n s i t i o n s  a r e  found t o  

dominate i n  the  pho toe lec t r i c  energy d i s t r i b u t i o n s  from copper, except 

f o r  a s m a l l  cont r ibu t ion  of d i r e c t  t r a n s i t i o n s  from s-  and p-derived 

s t a t e s  near  LH t o  states near L1, as discussed e a r l i e r  by Berglund 

and Spicer  [Ref. 371. 

from a band s t a t e s  are w e l l  described by nondirect  t r a n s i t i o n s ,  perhaps as  

a r e s u l t  of t h e i r  l oca l i zed  charac te r .  

I n  addi t ion,  t h e  dens i ty  of states a t  the  fermi l e v e l  

Without exception, a l l  of the  o p t i c a l  t r a n s i t i o n s  

Because of t he  overwhelming success of t he  nondirect  model i n  explain- 

ing  a l a r g e  number of d i f f e r e n t  phenomena i n  copper, i t  must be concluded 

t h a t  i n  the  range of photon energ ies  between 1 . 5  and 11.6 eV,  t h e  o p t i c a l  

absorption i n  copper i s  dominated by nondirect  t r a n s i t i o n s ,  and t h a t  the 

d i r e c t  t r a n s i t i o n  model i s  inadequate i n  descr ib ing  the  o p t i c a l  absorption 

process,  
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. 
V.  PHOTOEMISSION FROM GOLD 

This chapter  presents  new photoemission d a t a  obtained from evaporated 

f i l m s  of gold i n  the  range of photon energies  between 5 and 21.2 eV.  The 

measurements between 5 and 11 .6  e V  were obtained from f i lms  evaporated 

and s tudied a t  a pressure  of about 5 x lo-' t o r r ,  us ing t h e  o i l - f r e e  vacuum 

system and the  photoemission chamber described i n  Chapter 11. The measure- 

ments a t  higher  photon energ ies  were made i n  low vacuum, using the  "knock- 

off tube" technique descr ibed i n  Sect ion G of Chapter 11. Using these  

photoemission da ta ,  t he  ana lys i s  described i n  Table 1 of Chapter I11 has 

r e su l t ed  i n  the  cons t ruc t ion  of an o p t i c a l  dens i ty  of states for gold i n  

the  region 211.6 e V  above the  fermi l e v e l .  Gold i s  found t o  be qua l i t a -  

t i v e l y  s imilar  t o  copper, and t h e  ana lys i s  f o r  gold proceeded i n  much the  

same manner as the  a n a l y s i s  used i n  studying copper. Because of t h e  i n -  

s e n s i t i v i t y  of gold t o  contamination, r e l i a b l e  experimental values  f o r  

t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  i n  gold are ava i l ab le  and these  

values  are used as a check on the  r e s u l t s  deduced from photoemission 

s t u d i e s .  

A. THE OPTICAL DENSITY OF STATES FOR GOLD 

The o p t i c a l  dens i ty  of s t a t e s  f o r  gold t h a t  has  been deduced from 

photoemission s t u d i e s  using t h e  ana lys i s  of Table 1 i n  Chapter I11 i s  

shown i n  Fig.  74. The loca t ions  of t he  valence band peaks 0, @, 0, 
and @ have been deduced from t h e  pho toe lec t r i c  EDCs, and t h e  appearance 

of peaks @, 0, and @ i n  t h e  EDCs i s  w e l l  described by the  nondirect 

t r a n s i t i o n  model, where &E = Clhv. Because of the  resemblance between 

the  valence band o p t i c a l  dens i ty  of s t a t e s  f o r  gold and the  valence band 

o p t i c a l  dens i ty  of s t a t e s  f o r  copper, i t  i s  not  unreasonable t o  assume 

t h a t  peaks @$ 0, and @ i n  F ig .  74 a r e  t o  be associated with s t a t e s  

derived l a r g e l y  from 5d-atomic wavefunctions, since the  ou te r  e l e c t r o n  

conf igura t ion  of gold i s  5d1°6s1 and the  ou te r  e l ec t ron  configurat ion 

of copper i s  3d 4s . 

P 

10 1 

The general  appearance of t h e  gold dens i ty  of s t a t e s  i n  the  v i c i n i t y  

of peak @ i n  the  region between t h e  fermi l e v e l  and 2 e V  below the  fermi 

l e v e l  bears  a c l o s e  resemblance t o  the  copper dens i ty  of states i n  the  
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reg ion  between the  fermi l e v e l  and 2 e V  below t h e  fermi l e v e l .  Since t h i s  

region i n  t h e  copper dens i ty  of states i s  derived l a rge ly  from s and p 

atomic wavefunctions, i t  seems reasonable t o  assume t h a t  t he  corresponding 

region i n  gold i s  a l s o  der ived l a r g e l y  from s and p atomic wavefunc- 

t i o n s .  The correspondence between copper and gold i n  the  region between 

the  fermi l e v e l  and 2 e V  below the  fermi l e v e l  i s  even more s t r i k i n g  be- 

cause of t h e  f a c t  t h a t  a d i r e c t  t r a n s i t i o n  i s  seen i n  gold between the  s -  

and p-derived states, and the  i n i t i a l  states f o r  t h i s  d i r e c t  t r a n s i t i o n  

occur i n  t h e  region between the  fermi l e v e l  and 2 e V  below the  fermi l e v e l ,  

j u s t  as  seen i n  copper by Berglund and Spicer  [Ref. 371. 

The shape of the  valence band o p t i c a l  dens i ty  of s t a t e s  f o r  gold i n  

the region between peak @ of Fig.  74 and t h e  fermi l e v e l  has been sketched 

t o  represent  t he  shape of t he  leading edge i n  t h e  experimental EDCs a t  

photon energ ies  g r e a t e r  than about 7.5 e V .  However, i t  i s  usua l ly  found 

t h a t ,  a t  such high photon energies ,  t he  lead ing  edge i n  the  experimental 

EDCs i s  somewhat b lur red  r e l a t i v e  t o  t h e  sharpness of the  lead ing  edge 

seen a t  lower photon energies .  Thus, t he  valence band o p t i c a l  dens i ty  of 

s t a t e s  j u s t  below the  fermi l e v e l  should probably be adjusted to be con- 

s iderably  higher  than t h e  value ind ica ted  i n  Fig.  74. Such an adjustment 

would a l s o  m a k e  t h e  d e n s i t y  of states near t he  fermi sur face  agree more 

c lose ly  with the  value ca lcu la ted  from the  s p e c i f i c  heat ,  as w i l l  be d i s -  

cussed la ter  i n  t h i s  chapter .  I n  addi t ion ,  increas ing  the  magnitude of 

the  valence band dens i ty  of states a t  the  fermi sur face  would have the  

e f f e c t  of increas ing  the magnitude of t h e  e n t i r e  conduction band dens i ty  

of s t a t e s ,  which has  been scaled t o  match the valence band dens i ty  of 

states at  t h e  fermi l e v e l ,  A s  shown i n  F ig .  74, the  magnitude of t he  

conduction band o p t i c a l  dens i ty  of states seems t o  be unreasonably small  

r e l a t i v e  t o  t h e  magnitude of t he  valence band o p t i c a l  dens i ty  of s t a t e s .  

The conduction band o p t i c a l  dens i ty  of states of Fig.  74 c o n s i s t s  

b a s i c a l l y  of a f r ee -e l ec t ron  conduction band envelope, wi th  the  bottom of 

the  free e l e c t r o n  band placed a t  the  fermi l e v e l ,  j u s t  as i n  the case of 

copper. In  t h e  region between t h e  fermi l e v e l  and 2 e V  above t h e  fermi 

l e v e l ,  the conduction band o p t i c a l  dens i ty  of states has been blended t o  

match t h e  f r e e  e l ec t ron  dens i ty  of states,  I n  addi t ion,  t h e r e  i s  a peak 

i n  the conduction band dens i ty  of states a t  8.5 e V  above t h e  fermi l e v e l .  
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The loca t ion  of t h i s  peak has been deduced from t h e  experimental photo- 

e l e c t r i c  EDCs. 

about 4 .9  e V  above t h e  fermi l e v e l ,  and no experimental information w a s  

ava i l ab le  concerning s t r u c t u r e  t h a t  may very w e l l  exist i n  t h e  region be- 

tween t h e  f e r m i  l e v e l  and about 4.9 e V  above t h e  fermi l e v e l .  

Unfortunately,  t he  vacuum l e v e l  f o r  gold w a s  found t o  be 

Because cesium i s  known t o  r e a c t  with gold t o  form t h e  compound CsAu, 

i t  i s  l i k e l y  that conventional [Ref. 371 "cesiat ing" i n  order  t o  lower the 

vacuum l e v e l  would a l s o  r e s u l t  i n  bulk-alloying between t h e  cesium and 

t h e  gold.  DiStefano [Ref. 601 has suggested t h a t  a poss ib le  so lu t ion  

might be t o  cool t h e  gold t o  very low temperatures,  and then evaporate a 

monolayer of cesium onto t h e  sur face  of t he  gold.  

low temperature could conceivably i n h i b i t  bulk-alloying between the  cesium 

and t h e  gold, and successfu l  EDCs could be measured with a vacuum l e v e l  of 

about 1 .5  eV.  

applied t o  the  gold, thereby lowering t h e  vacuum l e v e l  t o  about 2.0 e V  

above the  fermi l e v e l .  I n  any case,  a f u t u r e  photoemission experiment on 

gold with a vacuum l e v e l  lowered t o  about 2.0 e V  above the  f e r m i  l e v e l  

would be exceedingly valuable  by providing information about s t r u c t u r e  t h a t  

may very w e l l  ex is t  i n  t h e  unexplored region between t h e  fermi l e v e l  and 

4.9 e V  above t h e  fermi l e v e l .  

By t h i s  technique, t h e  

Al te rna t ive ly ,  a su r f ace  monolayer of barium could be 

B. THE PHOTOELECTRIC YIELD FROM GOLD 

The experimental pho toe lec t r i c  y i e ld  measured a t  a pressure  of 

2 X lo-' t o r r  and t h e  ca lcu la ted  pho toe lec t r i c  y i e ld  f o r  gold are compared 

i n  Fig.  75. The experimental y i e ld  has been cor rec ted  f o r  r e f l e c t i v i t y  

and the  transmission of t h e  LiF window, and t h e  ca lcu la ted  curve was ob- 

ta ined  using t h e  dens i ty  of s t a t e s  of F ig .  74 and the  ana lys i s  described 

i n  Table 1 of Chapter 111. Both t h e  magnitude and the  shape of the  calcu- 

l a t e d  y i e ld  are i n  exce l l en t  agreement with t h e  experimental r e s u l t s .  

One of t h e  m o s t  s i g n i f i c a n t  f e a t u r e s  of t h e  quantum y ie ld  i s  t h a t  i t  i s  

very s m a l l ,  only about 2 percent a t  a photon energy of about 11.6 e V  above 

the  fermi l e v e l .  This s m a l l  value of the  pho toe lec t r i c  y i e ld  i s  due mainly 

t o  the small  value of t h e  f r e e  e l ec t ron  threshold func t ion  and the  sho r t  

e lec t ron-e lec t ron  s c a t t e r i n g  length.  The values  found f o r  the  f r e e  elec- 

t ron  threshold func t ion  and t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  i n  
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FIG. 75.  COMPARISON OF EXPERIMENTAL AND 
CALCULATED YIELD FOR GOLD. The experi-  
mental y i e l d  w a s  measured using the  
s tandards described i n  the  capt ion 
of F ig .  55. 

gold do not d i f f e r  appreciably from t h e  values found f o r  copper i n  Chapter 

I V ,  and t h e  y i e ld  f o r  gold i n  Fig.  75 i s  seen t o  be q u i t e  s i m i l a r  t o  t he  

y i e ld  f o r  copper i n  F ig ,  55. The only s i g n i f i c a n t  s t r u c t u r e  i n  the  y i e ld  

curve f o r  gold i s  a f a i r l y  pronounced rise t h a t  begins at  a photon energy 

of about 7.0 e V .  This  r ise  at  7.0 e V  i s  evident i n  both the  ca lcu la ted  

and t h e  experimental curves,  and i s  due t o  t h e  onset  of photoemission from 

the  d band dens i ty  of states of Fig.  75. 

In  the  ca l cu la t ion  of t he  pho toe lec t r i c  y i e ld  and t h e  EDCs from t h e  

dens i ty  of states of F ig .  74, t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  w a s  

set equal t o  27 A at an energy 8.6 eV above the  fermi l e v e l ,  This value 

i s  q u i t e  c lose  t o  Kanter ' s  [ R e f .  491 experimental values  of about 20 k 
a t  8 .6  e V  above the  fermi l e v e l ,  as w i l l  be discussed l a t e r  i n  t h i s  chap- 

t e r ,  The absorpt ion c o e f f i c i e n t  a ( w )  used i n  c a l c u l a t i n g  the  y i e ld  and 

0 
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t h e  EDCs was taken from Ref. 61, and the  r e f l e c t i o n  c o e f f i c i e n t  R( w) 

used t o  c o r r e c t  t he  experimental y i e ld  f o r  r e f l e c t i o n  w a s  taken from the  

d a t a  of Refs. 46, 61, and 62. 

J u s t  as i n  the  case of copper, t h e  greatest error i n  the  pho toe lec t r i c  

y i e ld  w a s  a + lo  percent e r r o r  due t o  unce r t a in ty  i n  the  c a l i b r a t i o n  s tan-  

dards ,  The overall uncer ta in ty  i n  t h e  magnitude and the  shape of t he  

experimental y i e ld  curve of F ig .  75 i s  estimated t o  be less than -115 

percent .  

C. PHOTOELECTRIC ENERGY DISTRIBUTIONS FROM GOLD 

Figure 76 shows a family of experimental pho toe lec t r i c  EDCs f o r  gold 

i n  the  range of photon energ ies  between 7.4 and 11.6 e V  above the  fermi 
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76. FAMILY OF EXPERIMENTAL ENERGY DISTRIBUTION CURVES FOR GOLD 
(NORMALIZED TO YIELD). 
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l e v e l .  These EDCs were obtained from a gold f i l m  prepared and t e s t ed  i n  

a vacuum of about 5 X 10 t o r r .  Inspect ion of Fig.  76 shows t h a t  a l l  t h e  

curves tend t o  increase i n  s i z e  i n  t h e  v i c i n i t y  of 8 t o  9.5 e V  above the  

fermi l e v e l ,  and t h i s  e f f e c t  has  been in t e rp re t ed  as being caused by a 

peak i n  t h e  conduction band dens i ty  of states i n  t h e  v i c i n i t y  of about 

8 .5  e V  above t h e  fermi l e v e l ;  t h i s  conduction band peak i s  labeled peak 

@ i n  t h e  o p t i c a l  dens i ty  of states of F ig .  74. 

-9 

The peaks i n  t h e  experimental EDCs of F ig .  76 are labe led  according 

t o  t h e  no ta t ion  of t h e  o p t i c a l  dens i ty  of states i n  Fig. 74. In  Fig.  77, 

the  energy E of t hese  peaks i s  p lo t t ed  as a func t ion  of photon energy 

i n  the  range of photon energ ies  between 7.4 and 21.2 e V .  The poin ts  a t  
P 
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FIG. 77. PLOT OF PEAK ENERGY (Ep)  VS PHOTON ENERGY FOR 
THE ENERGY DISTRIBUTIONS OF FIG. 76 AND FIG. 77. See 
Fig.  74 f o r  i d e n t i f i c a t i o n  of t h e  peaks i n  terms of 
peaks i n  t h e  dens i ty  of states. 
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16.8  and 21.2 e V  were obtained from low vacuum experiments, using t h e  

"knock-off-tube" technique described i n  Sect ion H of Chapter 11. 

A s  seen from Figs .  76 and 77, t he  valence band peak @ i s  seen t o  

s p l i t  i n t o  two peaks i n  the  v i c i n i t y  of 8 t o  9 . 5  e V  above t h e  fermi l e v e l .  

One of t h e  peaks (peak 0) moves i n  t h e  manner of nondirect  t r a n s i t i o n s ,  

where LIE = Llhv. The o the r  peak, c a l l e d  peak @I because i t  occurs i n  

the  v i c i n i t y  of t he  conduction band peak @ of Fig.  74, has the  na ture  

of a d i r e c t  t r a n s i t i o n ,  where LE f Ahv. The i n i t i a l  s t a t e s  f o r  t h i s  

direct  t r a n s i t i o n  are the  s- and p-derived states i n  the  range of energ ies  

between 1 and 2 e V  below t h e  fermi l e v e l ,  and the  f i n a l  s t a t e s  a re  i n  t he  

range of energ ies  between 8 and 9.5 e V  above the  fermi l e v e l .  Thus, the  

s- and p-derived states i n  gold appear t o  be involved i n  a d i r e c t  t rans-  

i t i o n ,  j u s t  as i n  t h e  case  of copper, where Berglund and Spicer  [Ref. 371 

LH +. L f o r  the  d i r e c t  t r a n s i t i o n  between s- have made t h e  assignment 

and p- l ike  states. The same assignment may a l s o  be appropriate  f o r  the 

d i r e c t  t r a n s i t i o n  i n  gold,  but such an assignment can only be t e n t a t i v e l y  

proposed, s ince  no energy band ca l cu la t ions  have y e t  been done f o r  gold. 

A s  can be seen from Figs .  76 and 77, t h e  valence band peaks 0, @, 0, 
and @ seem t o  move i n  the  manner of nondirect  t r a n s i t i o n s  i n  the  range 

of photon energ ies  between 7 .4  and 21.2 e V ,  i nd ica t ing  t h a t  t h e  nondirect 

t r a n s i t i o n  model dominates the  o p t i c a l  absorpt ion process i n  gold,  with 

the  exception of a s i n g l e  d i r e c t  t r a n s i t i o n .  

P 

P 

2 

Peak @ i n  t h e  valence band o p t i c a l  dens i ty  of states of Fig.  74 

could not  be c l e a r l y  i d e n t i f i e d  i n  t h e  photoemission experiments from c lean  

copper, because of t h e  l i m i t a t i o n s  of t he  LiF window. However, t he  loca- 

t i o n  of peak @ was experimentally observed by making low vacuum s t u d i e s  

using t h e  knock-off-tube technique descr ibed i n  Sect ion G of Chapter 11. 

I n  t h i s  experiment, a gold f i l m  w a s  evaporated a t  u l t r a h i g h  vacuum i n  a 

knock-off-tube and the  EDCs from t h i s  f i l m  were found t o  be i d e n t i c a l  t o  

the  EDCs shown i n  F ig .  76. The  LiF window was then knocked-off i n  the  low 
-4 

vacuum of the  monochromator, which w a s  a t  a pressure  of about 1 X 10 t o r r .  

Nearly a l l  of t h i s  pressure  was due t o  the  neon gas  from the  a rc  lamp, 
-7 

s ince  t h e  pressure  i n  the  monochromator w a s  about 1 X 10 t o r r  before the  

argon w a s  allowed t o  flow through the  arc lamp i n t o  the monochromator. The 

s i g n i f i c a n t  r e s u l t s  of t h i s  experiment are shown i n  F ig .  78. The e f f e c t  
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of rapid contamination in the vacuum monochromator is seen in Fig. 78a, 

where curves completed within 5 minutes and 13 minutes after knock-off 

h v - I 6  8eV --- -- -- -- 
/----- 

/ 
/ 

/ i ' 

3.0 4.0 5.0 6.0 

8-  

ENERGY ABOVE FERMI LEVEL ( C V )  

I I I I I I I 
7.0 8.0 9.0 10.0 11.0 12.0 13.0 140 15.0 16.0 I 
ENERGY ABOVE FERMI LEVEL ( C V )  

I 
.O 

FIG. 78a. ENERGY DISTRIBUTION CURVES SHOWING 
DETERIORATION WITH TIME SHORTLY AFTER LiF 
WINDOW HAD BEEN KNOCKED OFF. 

I I 

ENERGY ABOVE FERMI LEVEL (cV) 

FIG. 78b. EXPERIMENTAL ENERGY DISTRIBUTION CURVE FOR GOLD OBTAINED 
USING A "KNOCK-OFF TUBE. '' The measurement of this curve was begun 
30 seconds after knock-off, and completed within 5 minutes after 
knock-off. 
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FIG. 78c. EXPERIMENTAL ENERGY DISTRIBUTION 

TUBE. The measurement was made 3 hours 
a f t e r  t he  LiF window w a s  knocked-off. 

CURVE FOR GOLD OBTAINED USING A f f ~ ~ ~ ~ ~ - ~ ~ ~  

are compared. 

peak @ i s  q u i t e  d i s t i n c t ,  whereas i n  t h e  curve taken s h o r t l y  a f t e r -  

wards, peak @ appears only as  a shoulder.  

t he  "5-minute" curve of F ig .  78a, but wi th  t h e  addi t ion  of l a b e l s  in- 

d i c a t i n g  t h e  expected loca t ion  of peaks using t h e  o p t i c a l  dens i ty  of s t a t e s  

of F ig .  74 and t h e  model of nondirect t r a n s i t i o n s .  Note i n  Fig.  78b t h a t  

t h e  shape of t he  EDC i n  t h e  region between 16 .8  and 13.0 e V  above the  

fermi l e v e l  bears  a c lose  resemblance t o  t h e  valence band o p t i c a l  densi ty  

of states i n  the  region between t h e  fermi l e v e l  and 3.8 e V  below the  fermi 

l e v e l ,  i nd ica t ing  t h a t  even at  these  high energ ies ,  t h e  energy d i s t r i b u t i o n  

of t h e  primary e l ec t rons  i s  very l i t t l e  d i s t o r t e d  from t h e  shape of t h e  

valence band o p t i c a l  dens i ty  of s t a t e s .  Unfortunately,  a l a r g e  number of 

slow secondary ( s c a t t e r e d )  e l ec t rons  are present  i n  the  EDC at a photon 

energy of 16.8 eV,  and the  loca t ion  of peak @ mus t  be obtained by esti-  

mating t h e  d i s t r i b u t i o n  of secondary e l ec t rons ,  and then sub t r ac t ing  the  

secondary d i s t r i b u t i o n  from t h e  t o t a l  d i s t r i b u t i o n .  I f  t h i s  i s  done, a 

peak i n  the  "difference" d i s t r i b u t i o n  i s  found t o  occur at the  loca t ion  

of l a b e l  @ i n  Fig.  78b. 

In  the  curve taken wi th in  5 minutes a f t e r  knock-off, 

Figure 78b again shows 

A t  photon energies  higher  than 16.8 eV,  t he  
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l oca t ion  of peak @ becomes much more c l e a r l y  def ined as  peak @I moves 

f a r t h e r  away from the  l a r g e ,  low energy peak of s ca t t e r ed  e l ec t rons .  A t  

a photon energy of 21.2 e V ,  t he  loca t ion  of peak @ i s  very c l e a r l y  de- 

f i ned ,  as shown i n  F ig .  78c. Thus, w e  see t h a t  t h e  u s e  of t he  knock-off- 

tube technique has r e su l t ed  i n  the  v e r i f i c a t i o n  of t he  ex is tence  and the  

loca t ion  of peak @ i n  the  valence band o p t i c a l  d e n s i t y  of s t a t e s  of gold.  

I n  addi t ion ,  the  l o c a t i o n  of peaks 0, @, 0, and @ i n  t he  low vacuum 

EDCs shown i n  F i g s .  78b and 78c provides evidence t h a t  nondirect t ran-  

s i t i o n s  dominate i n  gold up t o  photon energ ies  as high as 21.2 e V .  

Although some contamination r e su l t ed  i n  t h e  gold f i lms  s tudied i n  the  

oil-pumped vacuum of t h e  McPherson Vacuum Monochromater, t he  EDCs f o r  gold 

appear t o  be q u i t e  i n s e n s i t i v e  t o  exposure t o  a i r .  Figure 79 compares two 

hv = 10.2eV 

@-ENERGY DISTRIBUTION CURVE 
AFTER SAMPLE @ HAD BEEN 
EXPOSED TO AIR (ATMOSPHERIC 
PRESSURE) FOR IO MINUTES. 
THIS CURVE MEASURED AT A 
PRESSURE OF 5 x IO-’ torr 

ENERGY ABOVE FERMI LEVEL (CV) 

FIG. 79. ENERGY DISTRIBUTION CURVES BEFORE AND AFTER 
GOLD SAMPLE WAS EXPOSED TO A I R .  Exposure t o  a i r  
caused the  pho toe lec t r i c  y i e l d  t o  change by less 
than 1 percent a t  a photon energy of 10 .2  eV. 

EDCs a t  a photon energy of 11.6 eV: 

prepared f i l m  a t  u l t r a h i g h  vacuum, and EDC @ w a s  measured on the  same 

gold f i l m  a f t e r  it had been exposed t o  a i r  a t  atmospheric pressure .  

measurements were made by use  of the  o i l - f r e e  vacuum system and the  photo- 

emission chamber descr ibed i n  Chapter 11. As can be seen from the  v e r y  

EDC @I w a s  measured from a f r e s h l y  

Both 
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c l o s e  agreement between t h e  two curves,  i t  must be concluded t h a t  EDCs 

from gold are very  insens i t ive  t o  exposure t o  a i r .  

Figure 80 shows a comparison of d i f f e r e n t  samples of gold; a l l  t he  

EDCs are q u i t e  similar.  Note t h a t  i n  one case, the  vacuum l e v e l  w a s  only 

about 4.5 e V ,  and t h a t  photoemission from the  deep-lying valence band 

peak @ of F ig .  74 i s  more evident  than i n  the  o ther  two curves. 

--- SAMPLE OF 3/7/66 
-SAMPLE OF 5/30/66 

7 -  SAMPLE OF 12/13/66 

- 6-  

t 
u) 

z = 
>. 

5 -  

a 
4- 

m IT 

3- - 
w, 
-s 

2- 

I -  

0- I 
8.0 

ENERGY ABOVE FERMI LEVEL (eV) 

FIG. 80. COMPARISON OF SHAPES OF ENERGY DISTRIBUTION 
CURVES FOR DIFFERENT SAMPLES OF GOLD. 

Figures  81a through 81r compare the  ca lcu la ted  EDCs f o r  gold with 

the  experimental EDCs f o r  gold i n  the  range of photon energ ies  between 

7 .4  and 11.6 e V .  The ca l cu la t ed  curves were obtained by use of t he  o p t i c a l  

dens i ty  of states of Fig.  74 and t h e  ana lys i s  descr ibed i n  Table 1 of 

Chapter 111. The curves of F ig .  81 show t h a t  t h e  agreement between the  

ca l cu la t ed  and the  experimental curves i s  very good with regard t o  both 

shape and magnitude. However, t he  d e t a i l e d  agreement between theory and 

experiment i s  not q u i t e  as good as t h a t  obtained f o r  copper. A s  seen from 

Fig .  81, the  nondirect  model does not  explain the  peak loca t ion  for t he  

d i r e c t  t r a n s i t i o n s  t o  f i n a l  states i n  t h e  conduction band between 8 and 

9.5 e V  above the  fermi l e v e l .  Nevertheless,  t he  nondirect  model and the  

o p t i c a l  dens i ty  of states of F ig .  74 appear t o  account very w e l l  f o r  t he  

o v e r a l l  c h a r a c t e r i s t i c s  of t h e  experimentally observed photoe lec t r ic  EDCs 
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FIG. 81. COMPARISON OF CALCULATED AND EXPERIMENTAL ENERGY DISTRIBUTION 
CURVES FOR GOLD. 
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FIG. 81. CONTINUED. 

i n  t h e  range of photon energ ies  between 7.4 and 11.6 e V  above the  f e r m i  

l eve l .  

D. THE ELECTRON-ELECTRON SCATTERING LENGTH I N  GOLD 

I n  t h e  method of analyzing photoemission d a t a  descr ibed i n  Table 1 of 

Chapter 111, the  magnitude of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  i s  

a r b i t r a r i l y  chosen at one energy, because no good experimental d a t a  are 

ava i l ab le  for most materials. I n  the  case of gold,  however, severa l  experi-  

mental measurements of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  have been 

made, and these  measurements a r e  probably very r e l i a b l e ,  because gold i s  

q u i t e  i n s e n s i t i v e  t o  contamination, as discussed i n  Sect ion C of t h i s  

chapter ,  The experimental va lues  of L(E)  for gold are exceedingly 

important for t he  purposes of t h i s  i nves t iga t ion  and for t h e  ana lys i s  of 

copper, s i l v e r ,  and gold,  s ince  t h e  experimental  values  for gold provide 

an exac t ing  check on the  method used t o  analyze photoemission d a t a  i n  t h i s  

s tudy . 
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Crowell [Ref. 481 has measured L(E)' i n  the  v i c i n i t y  of 1 e V  above 

the  fermi l e v e l  by i n j e c t i n g  hot  e l ec t rons  through t h i n  f i lms  of gold,  

using var ious semiconductor-gold-semiconductor s t r u c t u r e s ,  

i s  described i n  d e t a i l  i n  Refs. 63 and 64. 

o p t i c a l  i n j e c t i o n  of e l ec t rons  over a Schottky b a r r i e r ,  Sze, Moll, and 

Sugano [Ref. 50b] have determined the  e lec t ron-e lec t ron  s c a t t e r i n g  length  

f o r  gold i n  the  range of energ ies  between 1 and 5 e V  above the  fermi l e v e l .  

Unfortunately,  t he  methods of Crowell [Ref. 631 and Sze e t  a1 [Ref. 50b, 641 

d i r e c t l y  measure only t h e  t o t a l  e l ec t ron - sca t t e r ing  length ,  and the  e f f e c t s  

of electron-phonon s c a t t e r i n g  must be accounted f o r  i n  deducing the  e lec t ron-  

This technique 

Using a method t h a t  employs 

8 ,  e l e c t ron  s c a t t e r i n g  l eng th  from the  

I 
I -  CALCULATED - KROLIKOWSKI 
I 
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8 C.R CROWELL, [REF 4801 

0 0 0 KANTER, [REF 24,491 

S M SZE, J L  MOLL, AND 
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MONTE CARLO METHOD AND 
EXPERIMENTAL DATA 1 
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I 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

ENERGY ABOVE FERMI LEVEL (eV) 

FIG. 82. CALCULATED ELECTRON- 
ELECTRON SCATTERING LENGTH L( E )  
FOR GOLD. (Magnitude a r b i t r a r i l y  
set equal t o  27A' a t  8 .6  e V  above 
the  fermi l e v e l .  ) 
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experimental da t a .  Since the  e lec t ron-  

phonon s c a t t e r i n g  length  i s  comparable 

t o  the  e lec t ron-e lec t ron  s c a t t e r i n g  

length  i n  the  region of energ ies  with- 

i n  a few e V  of the  fermi l e v e l ,  the  

uncer ta in ty  i n  the  d a t a  of Crowell 

and Sze e t  a1 i s  probably q u i t e  l a r g e .  

I n  addi t ion,  t he  uncer ta in ty  i n  the  

ca lcu la ted  L(E)  of F i g ,  82 i s  a l so  

q u i t e  l a r g e  at  energ ies  only a few eV 

above the  fermi l eve l ,  s ince  there  may 

be unaccounted f o r  s t r u c t u r e  i n  the  

conduction band o p t i c a l  dens i ty  of 

s t a t e s  for gold i n  the  region between 

the  fermi l e v e l  and 4.9 eV above the  

fermi l e v e l .  

The ca lcu la ted  e lec t ron-e lec t ron  

s c a t t e r i n g  length  L ( E )  f o r  gold i s  

compared with a number of experimental 

d a t a  po in t s  i n  F ig .  82. The agreement 

between the  ca lcu la ted  curve and the  

experimental d a t a  i s  seen t o  be amaz- 

ing ly  good over a v e r y  wide range of 

energ ies ;  however, i n  t he  low energy 

range, t h i s  good agreement i s  prob- 

ably f o r t u i t o u s .  



However, f o r  the  purposes of photoemission s tud ie s  on clean gold, the  

most important region of energ ies  i s  between 4 .9  and 11.6 e V  above the  

fermi l e v e l ,  and i n  t h i s  region, t he re  i s  exce l l en t  agreement between the  

ca lcu la ted  L(E) and t h e  da t a  po in t s  of Kanter. Kanter 's  da t a  poin ts  

have been deduced from transmission measurements of e l ec t ron  beams through 

t h i n  gold f i lms ,  and are probably q u i t e  r e l i a b l e .  Not only i s  the  magnitude 

of t he  ca lcu la ted  L(E)  

appears t o  be d e t a i l e d  agreement between t h e  shapes of t he  curves: In  

both the  ca lcu la ted  curve and t h e  experimental curve,  L ( E )  decreases 

suddenly a t  an energy of about 6.5 e V  above t h e  fermi l e v e l .  A s  seen from 

t he  dens i ty  of states of F ig ,  74, t h i s  sudden decrease i n  L ( E )  i s  due 

t o  the  onse t  of s c a t t e r i n g  between the  "hot" e l ec t rons  and the  valence 

band peak labeled @. 

very c lose  t o  Kanter ' s  measurement, but t he re  a l so  

The remarkable agreement between t h e  ca l cu la t ed  L ( E )  and the  experi-  

mental d a t a  poin ts  f o r  gold lends g r e a t  confidence t o  the  v a l i d i t y  of t h e  

method descr ibed i n  Table 1 of Chapter 111, which i s  used i n  t h i s  study t o  

analyze photoemission d a t a  from a number of d i f f e r e n t  

t he re  a re  no r e l i a b l e  experimental values  of L ( E ) .  

E.  COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES 

The shape of E 2 ( w )  t h a t  i s  ca lcu la ted  f o r  gold 

materials f o r  which 

OF E2( u) FOR GOLD 

from the  o p t i c a l  

dens i ty  of states of Fig.  74 and t h e  theory of nondirect t r a n s i t i o n s  i s  

shown i n  F ig .  83a. The major f e a t u r e s  of t h i s  curve a re  t h e  r a t h e r  " f l a t "  

peak i n  the  region between 3 and 4 e V  and a s t rong  shoulder a t  6 . 5  e V .  

The f l a t  peak between 3 and 4 eV i s  due t o  s t rong  t r a n s i t i o n s  between f i l l e d  

states i n  t h e  v i c i n i t y  of peaks @ and @ i n  t he  valence band of Fig.  74 

t o  empty states j u s t  above the  fermi l e v e l .  The shoulder at 6 .5  e V  i s  due 

t o  s t rong  t r a n s i t i o n s  from peak @ i n  t he  valence band t o  empty s t a t e s  

j u s t  above t h e  fermi l e v e l .  

J u s t  as t h e  case of copper, t h e  published values  of E , ( w )  t h a t  have 

been deduced from experimental d a t a  are somewhat i ncons i s t en t ,  necess i t a t -  

ing  comparison of t he  ca lcu la ted  E ( w )  with the  "experimental" E 2 (  L) 2 
of severa l  d i f f e r e n t  i nves t iga to r s .  The comparisons a r e  presented i n  

Figs .  83b, 83c, and 83d. 
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Figure 83b shows t h a t  the  "corners" of t he  " f l a t "  ca lcu la ted  peak a r e  

i n  r a t h e r  good agreement with t h e  two experimentally observed peaks a t  
3.1 and 3.8 e V .  However, t he  experimentally observed shoulder a t  2.2 e V  

does not  appear i n  t h e  ca lcu la ted  Note, however, t h e  s i m i l a r i t y  

between the  experimental shoulder a t  2 .2  e V  i n  gold and the  ca lcu la ted  

shoulder t h a t  occurs a t  1 .9  e V  i n  copper (see Fig.  63) .  

E 2 ( w ) .  

I n  F ig .  83c, t h e  agreement between the  major f e a t u r e s  of ~ ~ ( l i ' )  i s  
again good i n  the  v i c i n i t y  of 2 .5  t o  6 e V ,  but  t h e r e  i s  a g l a r ing  d is -  

crepancy i n  t h a t  a l a r g e  peak occurs i n  t h e  experimental d a t a  a t  a photon 

energy of 8 .0  e V ,  and no such peak appears i n  the  ca lcu la ted  

peak at 8 .0  e V  has a l s o  been experimentally observed by Beaglehole [Ref. 

471, as seen i n  Fig.  83d. 

Thus, w e  see t h a t  t he  o p t i c a l  dens i ty  of s t a t e s  of Fig.  74 and the  

theory of nondirect  t r a n s i t i o n s  i s  ab le  t o  account f o r  t he  two peaks i n  

E 2 ( u )  

2.2 e V  and t h e  very s t rong  peak at 8 .0  e V .  This  discrepancy may very w e l l  

be due t o  the  present  l ack  of information about s t r u c t u r e  t h a t  could ex is t  

i n  t h e  unexplored region between the  fermi l e v e l  and 4.9 e V  above t h e  

fermi l e v e l .  Because of t he  s i m i l a r i t i e s  i n  t h e  EDCs from copper and gold,  

i t  i s  poss ib l e  t h a t  t he re  ex is t s  a peak i n  t h e  conduction band dens i ty  of 

s t a t e s  f o r  gold a t  an energy about 2 e V  above the  fermi l e v e l ,  j u s t  as  i n  

the  case of copper. Such a peak i s  sketched i n  F ig .  74; i t  i s  labeled 

@ ( f o r  proposed). 

states near  t he  fermi l e v e l  w a s  adjusted t o  agree with the  s p e c i f i c  heat  

(see Sect ion F of t h i s  chapter ) ,  then the  

o p t i c a l  dens i ty  of states would account f o r  a l l  of t he  major f e a t u r e s  i n  

t h e  experimental da ta ,  inc luding  the  peaks a t  2.2 and 8.0 e V .  Table 3 

l ists  the  r e s u l t s  t h a t  would be obtained i f  a peak was t o  ex is t  i n  the  

conduction band at about 2 .0  e V  above the  fermi l e v e l .  However, u n t i l  

photoemission s t u d i e s  are made on "cesiated" or "bariated" gold,  or u n t i l  

a good energy band ca l cu la t ion  i s  made, the  existence of a peak i n  the  

conduction band o p t i c a l  dens i ty  of s t a t e s  of gold a t  about 2.0 e V  above 

the  fermi l e v e l  w i l l  remain a conjec ture .  

E ~ ( ( L I ) .  This 

a t  3.1 and 3.8 e V ,  but i s  not ab le  t o  account f o r  t he  shoulder a t  

I f  such a peak does exis t ,  and i f  t h e  dens i ty  of 

E2( w) ca lcu la ted  from the  
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F. THE SPECIFIC HEAT FOR GOLD 

Using the  experimental r e s u l t s  of Ref. 95 f o r  t he  e l e c t r o n i c  s p e c i f i c  

heat  of gold,  t he  dens i ty  of states a t  the  fermi l e v e l  can be calculated 

from Eq.  (4 .1) .  

N(E ) = 0.32 electrons/eV-atom. 

i s  5d1°6s1 

eleven e l ec t rons .  Normalizing the  area (A+B) of Fig.  74 t o  hold eleven 

e l ec t rons ,  w e  can c a l c u l a t e  t h e  o p t i c a l  dens i ty  of states n t a r  t h e  fermi 

The r e s u l t  i s  found t o  be t h e  same as f o r  copper, 

The ou te r  e l e c t r o n  configurat ion of gold f 
so i t  can be assumed t h a t  t he  valence band of gold holds 

l eve l .  The r e s u l t s  are shown as the  s o l i d  curve labe led  N i n  F ig ,  84, 

where i t  is  seen t h a t  t h e  o p t i c a l  dens i ty  of states at t h e  fermi l e v e l  i s  

0.06 electrons/eV-atom, a s  compared with t h e  value of 0.32 electrons/eV- 

atom ca lcu la t ed  from t h e  s p e c i f i c  hea t .  T h i s  l a r g e  discrepancy may be due 

t o  electron-phonon i n t e r a c t i m s ,  which have been neglected,  but  i s  more 

l i k e l y  due t o  t h e  uncer ta in ty  i n  t h e  valence band o p t i c a l  dens i ty  of s t a t e s  

j u s t  below t h e  fermi l e v e l .  The shape of t h e  o p t i c a l  dens i ty  of states 

between t h e  fermi l e v e l  and 0.7 e V  below t h e  fermi l e v e l  w a s  sketched i n  

the shape of the leading  edge of t h e  experimental EDCs measured a t  photon 

energ ies  g r e a t e r  than 7.4 e V .  Since the  lead ing  edge of experimental EDCs 

is  usua l ly  found t o  be b lur red  a t  such high energ ies  and much sharper a t  

lower energ ies ,  i t  i s  l i k e l y  t h a t  the valence band o p t i c a l  dens i ty  of 

states near  t h e  fermi l e v e l  is ac tua l ly  much higher  than shown i n  Fig.  74 

and i n  curve @ of Fig.  84. Thus, increas ing  the  o p t i c a l  dens i ty  of 

states near  the  fermi l e v e l  t o  agree with the  value derived from the 

s p e c i f i c  heat  does not seem to  be an unreasonable adjustment. The r e s u l t  

i s  shown as the  dashed curve labe led  N i n  Fig.  84. 

@ 

@ 
Increasing t h e  valence band dens i ty  of states near t h e  fermi l e v e l  

t o  agree wi th  t h e  s p e c i f i c  hea t  value necess i t a t e s  s ca l ing  the  e n t i r e  con- 

duction band o p t i c a l  dens i ty  of states by a f a c t o r  of about 5, i f  the  con- 

duction band i s  t o  match the  valence band a t  the  fermi l e v e l ,  T h i s  increase  

i n  the  o v e r a l l  magnitude of t h e  conduction band dens i ty  of states makes the  

r e l a t i v e  magnitude between t h e  conduction band dens i ty  of s t a t e s  and t h e  

valence band dens i ty  of states seem more reasonable than i s  shown i n  F ig .  

84, 
seems unreasonably s m a l l  compared wi th  the  valence band o p t i c a l  dens i ty  

of states. 

where t h e  magnitude of t he  conduction band o p t i c a l  dens i ty  of s t a t e s  
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G .  CONCLUSIONS 

T h i s  chapter  has  presented new experimental photoemission da ta  on gold 

i n  the  range of photon ene rg ie s  between 7.4 and 21.2 e V .  From these photo- 

emission d a t a ,  an o p t i c a l  dens i ty  of s t a t e s  has  been constructed i n  the  

region between t h e  fermi l e v e l  and 11.6 e V  below t h e  f e rmi  l e v e l ,  and i n  

the  region between 4.9 and 11.6 e V  above t h e  fermi l e v e l .  The conduction 

band d e n s i t y  of  s t a t e s  i n  t h e  region between t h e  fermi l e v e l  and 4.9 e V  

above t h e  fermi l e v e l  could not be d i r e c t l y  s tud ied  by photoemission 

measurements on c l ean  go ld ,  so t h e  d e n s i t y  of s t a t e s  i n  t h i s  reg ion  Bas 

been approximated by a smooth curve.  

The bulk of t h e  photoemission da ta  i s  w e l l  described by t h e  theory  

of nondirect t r a n s i t i o n s ,  except f o r  a s ing le  d i r e c t  t r a n s i t i o n ,  which 

bears  some resemblance t o  t h e  L i  + L1 

Berglund and Sp ice r  [Ref. 371. 

found t o  account f o r  c e r t a i n  major f e a t u r e s  i n  t h e  spectrum of 

but i s  unable t o  account f o r  a l l  of t h e  experimentally observed s t r u c t u r e  

t r a n s i t i o n  observed i n  copper by 

The o p t i c a l  dens i ty  of s t a t e s  f o r  gold i s  

E ~ ( w ) ,  
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in,  E Z ( W ) .  This  discrepancy may very w e l l  be due t o  s t r u c t u r e  i n  t h e  a s  

y e t  unexplored conduction band reg ion  between t h e  fermi l e v e l  and 4 . 9  e V  

above t h e  fermi l e v e l .  

The ca l cu la t ed  e l ec t ron -e l ec t ron  s c a t t e r i n g  length  i n  gold i s  found 

t o  be i n  remarkably good q u a n t i t a t i v e  agreement with experimental da ta  

po in t s  i n  t h e  range of ene rg ie s  between 1 e V  and 10 e V  above t h e  fermi 

l e v e l .  Th i s  r e s u l t  i s  of  g r e a t  importance f o r  t h e  purposes of t h i s  s tudy .  

s ince  it i s  an exac t ing  check on t h e  method used by t h e  author t o  analyze 

photoemission da ta .  

A q u a l i t a t i v e  resemblance between copper and gold i s  observed t o  

exis t  i n  t h e  pho toe lec t r i c  E D C s ,  t h e  pho toe lec t r i c  y i e l d ,  t he  o p t i c a l  

dens i ty  of  s t a t e s ,  t h e  e l ec t ron -e l ec t ron  s c a t t e r i n g  l eng th ,  c2(u) , and 

t h e  s p e c i f i c  h e a t ,  i n d i c a t i n g  t h a t  considerable s i m i l a r i t y  may e x i s t  be- 

tween t h e  energy band s t r u c t u r e  of  copper and gold i n  t h e  range of energ ies  

k11.6 e V  above t h e  fermi l e v e l .  
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V I .  PHOTOEMISSION FROM SILVER 

This  chapter  presents  new photoemission d a t a  obtained from c lean  
-9 s i l v e r  f i lms  evaporated and t e s t e d  a t  a pressure  of about 2 x 10 t o r r  

using t h e  o i l - f r e e  vacuum sys t em and the photoemission chamber described 

i n  Chapter 11. The new photoemission d a t a  on c lean  s i l v e r  are i n  exce l len t  

agreement wi th  the  photoemission da ta  obtained earlier from ces ia ted  s i l v e r  

by Berglund [Ref. 7 1 and Berglund and Spicer  [Ref. 373. 

The photoemission d a t a  are analyzed using the  method out l ined  i n  

Table 1 of Chapter I11 and an o p t i c a l  dens i ty  of s t a t e s  i n  t he  region of 

energies  k11.6 eV above the  fermi l e v e l .  This  o p t i c a l  dens i ty  of s t a t e s  

incorpora tes  t he  photoemission d a t a  from both c lean  s i l v e r  and ces ia ted  

s i l v e r .  

A. THE OKTICAL DENSITY OF STATES FOR SILVER 

The o p t i c a l  dens i ty  of states shown i n  Fig.  85 has been constructed 

using both t h e  new photoemission d a t a  on c lean  s i l v e r  and the  e a r l i e r  

photoemission da ta  on ces i a t ed  s i l v e r  [Refs. 7 and 371, and i s  q u i t e  

s imi l a r  t o  t h e  o p t i c a l  dens i ty  of states presented earlier by Berglund 

and Spicer  [Ref. 371. The most outs tanding f e a t u r e  of F ig ,  85 i s  t h a t  

t he  dens i ty  of states i s  r e l a t i v e l y  l a r g e  i n  t h e  region between 4 and 7 

e V  below t h e  fermi l e v e l ,  and r e l a t i v e l y  l o w  and constant  elsewhere. With 

reference t o  the  energy band diagram of F ig .  86, w e  see t h a t  t h e  high dens- 

i t y  of s t a t e s  between 4 and 7 e V  below the  fermi l e v e l  corresponds c lose ly  

t o  the  " f l a t "  bands derived l a r g e l y  from 5d atomic wavefunctions. Because 

of t h i s  correspondence, w e  s h a l l  r e f e r  t o  t h e  region between 4 and 7 e V  

below the  fermi l e v e l  i n  Fig.  85 as t h e  'Id band" o p t i c a l  dens i ty  of s t a t e s  

f o r  s i l v e r .  I n  addi t ion,  comparison of Fig.  85 with the  energy band d ia -  

gram of Fig.  86 i n d i c a t e s  t h a t  t h e  valence band o p t i c a l  dens i ty  of s t a t e s  

between the  fermi l e v e l  and 4 e V  below t h e  fermi l e v e l  i s  t o  be associated 

with bands t h a t  are l a r g e l y  der ived from s and p atomic wavefunctions. 

I t  must be pointed out ,  however, t h a t  the  loca t ion  of t he  d bands i n  s i l v e r  

appears t o  be q u i t e  s e n s i t i v e  t o  the  p o t e n t i a l ,  and t h a t  Segal l  [Ref. 581 

determined t h e  loca t ion  of the  d-bands i n  Fig.  86 i n  an ad hoc way t o  agree 

with t h e  experimental o p t i c a l  absorpt ion da ta .  
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FIG. 86. CALCULATED BAND STRUCTURE OF SILVER. 

Although t h e  o p t i c a l  dens i ty  of states f o r  s i l v e r  i n  F ig .  85 is  very 

similar t o  t h a t  presented earlier by Berglund and Spicer  [ R e f .  371, t he re  

are seve ra l  new f e a t u r e s  t o  be noted: 

(1) There exists a s m a l l  peak i n  the  valence band a t  about 3.4 e V  

below t h e  f e r m i  l e v e l .  

(2 )  There may be f i n e  s t r u c t u r e  i n  t h e  d band dens i ty  of s ta tes .  

This  f i n e  s t r u c t u r e  i s  labe led  @, @ , and @ i n  F ig .  85. 

There is no sharp  peak i n  t h e  valence band a few t en ths  of an 

e V  below the  fermi l e v e l .  

(3) 

( 4 )  There i s  a peak i n  t h e  conduction band a t  6 .7  e V  above the  

fermi l e v e l .  
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There i s  a small peak i n  the  conduction band a t  3 .6  e V  above 

t h e  fermi l e v e l ,  which can be seen i n  the  earlier d a t a  of 

Berglund and Spicer  [Ref. 37 1. This peak may, however, be due 

t o  Auger e l ec t rons ,  as proposed e a r l i e r  by Berglund and Spicer  

[Ref. 371. 

There i s  s t r u c t u r e  i n  t h e  conduction band a t  1 .7  e V  above the  

fermi l e v e l .  Evidence of t h i s  s t r u c t u r e  has been found by 

normalizing t h e  raw d a t a  of Berglund [Ref. 71 and Berglund and 

Spicer  [ R e f .  371 t o  quantum y ie ld ,  and observing the  charac te r  

of t h e  EDCs a t  low energ ies  near the  vacuum l e v e l .  

The bottom of t h e  f r e e  e l ec t ron  conduction band w a s  a r b i t r a r i l y  placed 

a t  3.5 e V  below the  fermi l e v e l .  This seemed t o  be a "natural"  loca t ion  

f o r  "averaging" the  f ree-e lec t ron- l ike  bands t h a t  exist  above the  d-bands 

i n  the  energy band diagram of Fig.  86. 

B. THE PHOTOELECTRIC YIELD FOR CLEAN SILVER 

The ca lcu la ted  y i e ld  and t h e  experimental quantum y ie ld  f o r  s i l v e r  

axe compared i n  Fig.  87. The ca l cu la t ed  y i e ld  w a s  obtained from t h e  o p t i c a l  

dens i ty  of states of Fig.  85 and the  ana lys i s  descr ibed i n  Table 1 of 

Chapter 111. The experimental y i e ld  has been cor rec ted  f o r  the  transmission 

of t he  LiF window and t h e  r e f l e c t i v i t y .  I n  ca l cu la t ing  t h e  quantum y ie ld ,  

t he  e lec t ron-e lec t ron  scattering l eng th  w a s  a r b i t r a r i l y  set equal t o  44 A 

at 8 .6  e V  above the  fermi l eve l .  A s  can be seen from Fig.  87, t h i s  choice 

of 44 A made the  o v e r a l l  agreement between the  ca lcu la ted  and the  experi-  

mental y i e ld  q u i t e  good. J u s t  as i n  t h e  cases of copper and gold, t he  

magnitude of t h e  quantum y ie ld  i s  q u i t e  low, being only about 1 percent 

a t  a photon energy of 10.5 e V .  The vacuum l e v e l  w a s  determined t o  be about 

0 

0 

4.0 e V  by taking the  energy d i f f e rence  between the  photon energy and the  

w e l l  defined width of the  experimental EDCs. N o  attempt was made t o  care-  

f u l l y  measure t h e  quantum y ie ld  very c l o s e  to  the  threshold.  

The absorpt ion c o e f f i c i e n t  a( u) used i n  ca l cu la t ing  the  photoe lec t r ic  

y i e ld  and t h e  EDCs w a s  taken from Ref, 45, as w a s  t h e  r e f l e c t i v i t y  R( w) 

used i n  co r rec t ing  t h e  experimental y i e ld .  
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CALCULATED PHOTOELECTRIC YIELD FOR SILVER. 
The experimental y i e ld  was measured 
according t o  t h e  standards descr ibed i n  
t h e  capt ion  of Fig.  31. 

The o v e r a l l  uncer ta in ty  i n  the  shape and magnitude of t he  experimental 

quantum y i e l d  i n  Fig.  87 i s  due t o  unce r t a in t i e s  i n  t he  s tandards used f o r  

c a l i b r a t i o n ,  i n  t h e  r e f l e c t i v i t y ,  and i n  the  transmission of t he  LiF win- 

dow. This  ove ra l l  uncer ta in ty  i s  estimated t o  be less than +20 percent .  

C. THE PHOTOELECTRIC ENERGY DISTRIBUTION CURVES FOR CLEAN SILVER 

In Fig.  88 the  ca lcu la ted  and experimental EDCs for clean s i l v e r  are 

shown over a range of photon energies  between 6 . 9  and 11.8 e V .  I t  appears 

t h a t  t h e  magnitude of t h e  experimental EDCs increases i n  t he  v i c i n i t y  of 

6.5 e V  above t h e  fermi l e v e l ,  and t h i s  increase has been in t e rp re t ed  as 

caused by a peak i n  the  conduction band dens i ty  of s ta tes .  This conduction 

band peak i s  labe led  @ i n  Fig.  85. 

The agreement between the  ca lcu la ted  and the  experimental EDCs i n  

F ig ,  88 appears t o  be good i n  both shape and magnitude, i nd ica t ing  t h a t  
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t h e  theory of nondirect  t r a n s i t i o n s  can account f o r  t he  bulk of the  photo- 

emission d a t a  i n  s i l v e r  f o r  photon energies  up t o  11.8 eV. However, there 

a re  two f e a t u r e s  i n  the  experimental EDCs t h a t  a r e  not accounted f o r  by 

the ca l cu la t ed  EDCs: (1) A d i r e c t  t r a n s i t i o n  involving s- and p-derived 

states can be seen i n  the  EDCs f o r  c lean  s i l v e r .  This d i r e c t  t r a n s i t i o n  

can be seen i n  t h e  experimental EDCs of Fig.  88 as  a very slow-moving peak 

i n  the  range of energ ies  between 5 .8  and 6.5 e V  above the  fermi l e v e l .  

( 2 )  The sharp s t r u c t u r e  due t o  photoemission from peak @ i n  the  valence 

band of Fig.  85 seems t o  be "blurred" i n  the  region between 6 and 7 e V  

above the  fermi l e v e l .  The d i r e c t  t r a n s i t i o n  seen i n  the  EDCs f o r  c lean 

s i l v e r  appears t o  be the  same d i r e c t  t r a n s i t i o n  t h a t  w a s  seen earlier by 

Berglund and Spicer  [Ref. 371 on ces i a t ed  s i l v e r ,  and w i l l  be discussed 

i n  considerable  d e t a i l  la ter  i n  t h i s  chapter .  The "blurr ing" of t h e  sharp 

photoemission s t r u c t u r e  from d band peak @ seems t o  occur a t  the  same 

energy as the  "blurr ing" seen e a r l i e r  by Berglund and Spicer  [Ref. 371 on 

ces ia ted  s i l v e r .  N o  s a t i s f a c t o r y  explanat ion f o r  t h i s  e f f e c t  has y e t  been 

es tab l i shed ,  but t h e  "blurr ing" may be due t o  l i f e t i m e  broadening, or 

may perhaps be assoc ia ted  with the  high dens i ty  of s t a t e s  i n  the  conduction 

band a t  6 .5  e V .  The  ex is tence  of t he  high dens i ty  of states i n  the  con- 

duct ion band a t  6 .5  e V  seems t o  account very wel l  for t he  envelope of the  

experimental EDCs, but does not  expla in  the  apparent l o s s  of s t r u c t u r e .  

I n  addi t ion ,  t he  d i r e c t  t r a n s i t i o n  i s  not  observed a t  energies  higher than 

6 .5  e V  above the  fermi l e v e l ,  and t h i s  might be somehow assoc ia ted  with 

t h e  "blurr ing" of t h e  d band peak @ t h a t  a l so  occurs a t  6 .5  e V  above the  

fermi l e v e l .  However, this could j u s t  be a coincidence, Thus, t he re  

appears t o  be evidence f o r  some s t r u c t u r e  i n  the  conduction band dens i ty  

of states i n  the  region between 6 and 7 e V  above the  fermi l e v e l ,  but t he  

exact  na ture  of t h i s  s t r u c t u r e  remains t o  be explained. 

The ca l cu la t ed  quantum y i e l d  of Fig.  87 and the ca lcu la ted  EDCs of 

Fig.  88 are f o r  primary e l ec t rons  only.  A s  seen from the  EDCs of Fig.  88,  

t he re  is  very l i t t l e  evidence of s ca t t e r ed  e l ec t rons  i n  t h e  EDCs a t  photon 

energies  below about 11 .4  e V .  However, the  low energy "bulge" t h a t  begins 

t o  appear i n  t he  EDCs a t  photon energ ies  of 11.4,  11.6,  and 11.8 e V  i s  

probably due t o  the  appearance of s i g n i f i c a n t  amounts of s ca t t e r ed  elec-  

t rons  i n  t h e  experimental EDCs. 
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Figures  89a through 89c show experimental EDCs obtained from a s i l v e r  

sample with an anomalously low vacuum l e v e l  of about 3.0 e V .  Because the  

EDCs do not  r ise abrupt ly  at 3.0 e V ,  i t  seems poss ib le  t h a t  t he  sur face  of 

t h i s  s i l v e r  f i l m  c o n s i s t s  of c r y s t a l l i t e s  with seve ra l  d i f f e r e n t  o r i en ta -  

t i ons ,  each wi th  a d i f f e r e n t  vacuum l e v e l  i n  t h e  range between 3 and 4 eV 

above the  fermi l e v e l .  These "anomalous" EDCs a r e  presented because t h e y  

provide evidence €or poss ib le  f i n e  s t r u c t u r e  i n  the  d band dens i ty  of 

states, as seen from the  i d e n t i f i c a t i o n  of peaks i n  the  EDCs of Figs .  89a 

through 89c. A l l  f ou r  of these  d band peaks move i n  the  manner of non- 

d i r e c t  t r a n s i t i o n s ,  where AI3 = @hv, and correspond t o  t h e  peaks labeled 

@ @, @, and @ i n  Fig.  85. 

l e v e l ,  t hese  peaks can be r e a d i l y  i d e n t i f i e d  a t  energ ies  as low as 4.5 e V  

above t h e  fermi l e v e l .  Except f o r  t he  presence of t h e  small peaks labeled 

@, @, and 0, t h e  "anomalous" EDCs are cons i s t en t  with the  EDCS pres- 

ented i n  Fig.  88. 

P 
Because of t h e  abnormally low vacuum 

hv = 8.9 eV 

I I I I I \ I  
4.0 5.0 6.0 7.0 8.0 9.0 I( 

ENERGY ABOVE FERMI LEVEL (eV) 

FIG. 89. ENERGY DISTRIBUTION CURVE FOR SILVER SAMPLE WITH 
AN ANOMALOUSLY LOW VACUUM LEVEL. 
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" 3  
D. THE ELECTRON-ELECTRON SCATTERING LENGTH FOR SILVER 

The ca lcu la ted  e lec t ron-e lec t ron  s c a t t e r i n g  length  L( E )  f o r  s i l v e r  

i s  compared with seve ra l  experimental d a t a  poin ts  i n  F ig .  90. The shape 

I 

z 
W 
-1 

6 

- CALCULATED 
CROWELL [REF. 4801 

ooo KANTER [REF. 24,491 

10; ' ; ' 4 ' ' 6 ' ' 8 ' ' IO ! ' 
ENERGY ABOVE FERMI LEVEL ( e V )  

FIG. 90. CALCULATED ELECTRON- 
ELECTRON SCATTERING LENGTH FOR 
SILVER. Magnituie a r b i t r a r i l y  
set equal t o  44 A at 8.6 e V  
above the  fermi l e v e l .  

of the  ca lcu la ted  L ( E )  has been 

ca lcu la ted  from the  o p t i c a l  dens i ty  

of states of F ig .  85,  and the  magni- 

tude of t he  ca lcu la ted  L ( E )  was 

a r b i t r a r i l y  set equal t o  44 w a t  8 . 6  

e V  above the  fermi l e v e l .  This  value 

of 44 A w a s  chosen so as t o  give good 

o v e r a l l  agreement between the  calcu- 

l a t e d  and the  experimental quantum 

y ie ld .  The experimental d a t a  poin ts  

of Crowell [Ref. 48al and Kanter [Ref. 

241 were obtained by the  same tech- 

niques used f o r  gold, and have been 

described i n  Chapter V.  A s  can be 

seen from Fig.  90, the  shape of the  

ca lcu la ted  L ( E )  i s  i n  good agree- 

ment with t h e  shape suggested by the  

experimental d a t a  po in t s ,  but the  

ca lcu la ted  magnitude i s  too high by 

a f a c t o r  of about 3. 

0 

This r a t h e r  l a r g e  discrepancy i n  

magnitude i s  d i f f i c u l t  t o  account f o r  

by any reasonable changes i n  the  den- 

s i t y  of states of Fig.  85 or by e r r o r s  i n  t h e  quantum y i e l d .  Q u a l i t a t i v e l y ,  

t he  dens i ty  of states of Fig.  85 suggests  t h a t  t he  e lec t ron-e lec t ron  sca t -  

t e r i n g  length  should be longer i n  s i l v e r  than i n  e i t h e r  gold or copper, 

because t h e  s i l v e r  d bands are f u r t h e r  below the  fermi l e v e l  than a re  the  

d bands i n  gold or copper, and consequently the re  are fewer poss ib le  sca t -  

t e r i n g  events  i n  s i l v e r  than i n  gold or copper. 

concerning magnitude i s  borne out  by t h e  f a c t  t h a t  i n  order  t o  obta in  agree- 

ment between the  t h e o r e t i c a l  and experimental quantum y ie ld ,  t he  magnitude 

of L(E)  f o r  s i l v e r  must be l a r g e r  than t h e  magnitude of L(E)  for e i t h e r  

This  q u a l i t a t i v e  reasoning 
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gold or copper. Another poss ib le  explanat ion i s  t h a t  Kanter ' s  [Ref. 241 

experimental e lec t ron-e lec t ron  s c a t t e r i n g  length  f o r  s i l v e r  i s  somewhat 

too low. 

i n  exce l l en t  agreement with the  ca l cu la t ed  r e s u l t s  f o r  gold. 

s i l v e r  is  considerably more suscep t ib l e  t o  contamination than gold,  and 

i t  i s  l i k e l y  t h a t  any contamination would cause increased e l ec t ron  sca t -  

t e r ing ,  which could be i n t e r p r e t e d  as a shor t e r  e lec t ron-e lec t ron  sca t -  

t e r i n g  length .  However, personal communication with Kanter i nd ica t e s  t h a t  

h i s  work has been done as c a r e f u l l y  as poss ib le ,  and h i s  d a t a  for gold and 

s i l v e r  are undoubtedly the  bes t  ava i l ab le  a t  t h i s  t i m e .  Indeed, t he  author 

i s  indebted t o  Kanter f o r  making ava i l ab le  h i s  gold and s i l v e r  da t a  p r i o r  

t o  publ ica t ion .  

A s  seen i n  Chapter V, Kanter ' s  experimental da t a  f o r  gold were 

However, 

E .  THE SPECIFIC HEAT FOR SILVER 

If electron-phonon i n t e r a c t i o n  i s  neglected, the  dens i ty  of states a t  

the f e r m i  surface can be ca l cu la t ed  using Eq. (4.1) and the e l e c t r o n i c  

s p e c i f i c  hea t  f o r  s i l v e r  given i n  Ref. 95. The r e s u l t  i s  

N ( E f )  = 0.275 (electrons/eV-atom), and can be used as a q u a l i t a t i v e  check 

on t h e  o p t i c a l  dens i ty  of s t a t e s  of Fig.  85. 
10 1 

The outer e l e c t r o n  conf igura t ion  of s i l v e r  i s  4d 5s , so it  can 

be assumed t h a t  t he  valence band of s i l v e r  conta ins  eleven e l ec t rons .  

Normalizing the  valence band of F ig .  85 t o  hold eleven e l ec t rons ,  w e  ob- 

t a i n  a value of 

of states at t h e  fermi surface,  as can be seen from the s o l i d  curve i n  

Fig.  91. Thus the  a p r i o r i  o p t i c a l  dens i ty  of states deduced s o l e l y  from 

photoemission da ta  i s  found t o  be i n  good agreement a t  the  fermi sur face  

with the  value predicted from the  s p e c i f i c  hea t .  

N ( E f )  = 0.19 (electrons/eV-atom) f o r  the  o p t i c a l  dens i ty  

The dashed curve i n  F ig .  91 shows how the  valence band o p t i c a l  dens i ty  

of states can be adjusted near t he  fermi l e v e l  t o  agree exac t ly  with the  

value predic ted  by the  e l e c t r o n i c  s p e c i f i c  hea t .  

F.  THE IMAGINARY PART OF THE DIELECTRIC CONSTANT f 2 ( w )  FOR SILVER 

Using the  theory of nondirect  t r a n s i t i o n s  and the  o p t i c a l  dens i ty  of 

s t a t e s  of Fig.  85, Eq. (3.98) can be used t o  c a l c u l a t e  E ( w )  f o r  s i l v e r .  

The r e s u l t  i s  shown as the  s o l i d  curve i n  Fig.  85, and i s  compared with 
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CONDUCTION BAND DENSITY 
OF STATES SCALED TO 
MATCH ADJUSTED VALENCE 
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FIG. 91. ADJUSTMENT OF DENSITY OF STATES OF SILVER 
AT THE FERMI LEVEL TO AGREE WITH THE DENSITY OF 
STATES CALCULATED FROM THE SPECIFIC HEAT. The 
valence band of F ig .  85 i s  normalized t o  hold 11 
e lec t rons .  

t he  "experimental" value of 

measurements. 

of states of Fig. 85 has not been included i n  the  ca l cu la t ion  of E2(u) .  

Table 4 i d e n t i f i e s  t h e  i n i t i a l  and f i n a l  states t h a t  are involved i n  the  

s t r u c t u r e  of the  ca l cu la t ed  €,(u), and i t  i s  found t h a t  the  ca lcu la ted  

E2(w)  

3 . 3 ,  5 .8,  and 10.5 eV. However, t h e  ca lcu la ted  f 2 (w)  i s  not ab le  t o  

account f o r  t he  s t rong ,  sharp peak i n  the  experimental 

energy of about 4.5 e V .  

E ( w )  

E2( w) 

E2( u) 

near  4 e V  may be due t o  t h e  very s t rong  plasma resonance t h a t  occurs i n  

s i l v e r  a t  a photon energy of about 4.0 eV.  

l o s s  func t ion  I m [ ( - ) ~ - l ]  

E2( w) t h a t  has been deduced from r e f l e c t i v i t y  

The conduction band peak labeled @ i n  t he  o p t i c a l  dens i ty  

accounts very w e l l  f o r  t he  experimental s t r u c t u r e  a t  energ ies  of 

E 2 ( w )  a t  a photon 

[Including peak @ of Fig.  85 i n  the  ca lcu la ted  

would do l i t t l e  more than increase  the  s t r eng th  of the  ca lcu la ted  

i n  the  region between 5 and 8 e V .  1 
The discrepancy between the  ca lcu la ted  and the  experimental 

2 

A s  shown i n  Ref. 45, t he  energy 

f o r  s i l v e r  peaks sharply a t  an energy of about 
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4.0  e V ,  s t rong ly  suggest ing the  presence of a many-body resonance. 

Hopfield [Ref .  651 has proposed a theory whereby phonon i n t e r a c t i o n  enhances 

the  coupling between t h e  t ransverse  electromagnet ic  wave and the  longi tud-  

i n a l  plasma resonance. Hopfield p r e d i c t s  t h a t  such a phonon-enhanced res- 

onance should r e s u l t  i n  a sharp peak i n  the  pho toe lec t r i c  EDCs and i n  a 

peak i n  E ( w )  

Berglund and Spicer  [ R e f .  371 have observed a very sharp peak i n  the  ex- 

perimental EDCs from ces i a t ed  s i l v e r  a t  photon energies  near the  plasma 

resonance, and t h i s  sharp peak may very w e l l  be due t o  a plasma resonance. 

a t  photon energ ies  i n  the  v i c i n i t y  of t he  plasma resonance. 2 

A s  a p a r t i c u l a r  example, Hopfield [Ref. 651 has incorporated phonon 

coupling t o  c a l c u l a t e  t he  e f f e c t  of t he  plasma resonance on 

the case o f  potassium, which has a plasma resonance at  about 4.0 e V  [Ref. 

661. 

expect t h a t  t h e  plasma resonance i n  s i l v e r  would a f f e c t  

t a t i v e l y  the  same manner as the  plasma resonance a f f e c t s  

potassium. Thus, i t  i s  tempting t o  compare Hopf ie ld ' s  r e s u l t s  f o r  potassium 

with t h e  discrepancy between t h e  ca lcu la ted  and t h e  experimental 

i n  F ig .  92, s ince  t h i s  discrepancy may be due t o  plasma resonance e f f e c t s ,  

which are not  accounted f o r  i n  the  ca lcu la ted  clirve of Fig.  92. Such a 

comparison i s  made i n  Fig.  93, where the  magnitude of Hopfield 's  E2(W) 

has been sca led  up by about an order  of magnitude t o  match t h e  peak height  

i n  the  "discrepancy" curve.  A s  seen i n  F ig .  93, t he  agreement i n  shape 

between Hopfield 's  t h e o r e t i c a l  E (a) f o r  potassium and t h e  "discrepancy" 

curve for s i l v e r  is  remarkably good, i nd ica t ing  t h a t  t he  "discrepancy" be- 

tween t h e  ca lcu la ted  € (.) and the  experimental € (.) f o r  s i l v e r  may 

very w e l l  be due to  plasma o s c i l l a t i o n s  enhanced by phonon coupling. A 

test  of t h i s  p o s s i b i l i t y  would be t o  experimentally measure the  temperature 

dependence of E (.) 
ergies i n  the  v i c i n i t y  of 4.0 e V ,  but these  measurements have y e t  t o  be 

made. 

E ( w )  f o r  2 

Since s i l v e r  a l s o  has  a plasma resonance a t  t h i s  energy, one might 

E (0) i n  qua l i -  2 
E,(.) i n  

E2( w) 

2 

2 2 

and the  pho toe lec t r i c  EDCs of s i l v e r  a t  photon en- 2 

G. THE PHOTOELECTRIC YIELD FROM CESIATED SILVER 

The pho toe lec t r i c  y i e l d  and t h e  EDCs f o r  ces ia ted  s i l v e r  have been 

ca lcu la ted  using t h e  o p t i c a l  dens i ty  of s t a t e s  of F ig .  85 and the  ana lys i s  

described i n  Table 1 of Chapter 111. The values  f o r  t h e  absorpt ion 
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," 2.5 

t z 

DISCREPANCY BETWEEN 
CALCULATED c2 AND 
THE e 2  OBTAINED FROM 
REFLECTIVITY (SEE FIG. 921 

- 

(€2 )PLASMA FOR 
POTASSIUM {FROM 
HOPFIELD [REF: 651 

[('2 'TOTAL- 2 IDRUDE 1 
AND SCALING SO THAT 
THE PEAK VALUE IS 
ABOUT 2.11 

I BY TAKING THE QUANTITY !I --- 

PHOTON ENERGY (eV)  

FIG. 93. DISCREPANCY I N  €2 FOR SILVER (hv > 4 e V )  

? 

COMPARED 
FOR POT~SSIUM, AS CALCULATED BY HOPFIELD [Ref. 651. wlTH (E2)plasma 

c o e f f i c i e n t  a(w) were taken from Ref. 45, and t h e  magnitude of the 

e lec t ron-e lec t ron  s c a t t e r i n g  l eng th  L(E)  was the  same as  t h a t  determined 

from the  photoemission ana lys i s  of c lean  s i l v e r .  The vacuum l e v e l  was set 

t o  1 .6  eV,  a value appropr ia te  t o  s i l v e r  covered with a su r face  monolayer 

of cesium. The ca l cu la t ed  quantum y ie ld  i s  compared with t h e  experimental 

r e s u l t s  of Berglund and Spicer  [Ref. 371 i n  Fig.  94. 

seen t o  be excellent, both i n  shape and i n  magnitude, over near ly  the  

e n t i r e  range of energ ies  between the  vacuum l e v e l  and the high energy 

The agreement i s  

cutoff  of t h e  LiF window. 

I n  the  region of energ ies  between 1 .6  and 3.8 e V ,  the  r e f l e c t i v i t y  of 

s i l v e r  i s  near ly  100 percent ,  and a small  error i n  R(w) could r e s u l t  i n  

a large e r r o r  i n  co r rec t ing  the  quantum y i e l d  for r e f l e c t i v i t y ,  Thus, 

t he re  may be a good dea l  of uncer ta in ty  i n  the  experimental y i e ld  below 
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SILVER HEATED TO 100°C) .  
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I 040 

PHOTON ENERGY (eV1 

FIG. 94. COMPARISON OF CALCULATED YIELD WITH EXPERIMENTAL YIELD 
FOR SILVER W I T H  A SURFACE MONOLAYER OF CESIUM. 

3.8 e V ,  s ince  the  r e f l e c t i v i t y  values  used by Berglund and Spicer [Ref. 371 

were taken from the  l i t e r a t u r e ,  and not  determined from the  same s i l v e r  

samples t h a t  were used i n  measuring t h e  quantum y ie ld .  

[Ref. 74a1, i t  has been found t h a t  hea t ing  s i l v e r  t o  only 100°C f o r  a few 

hours can s i g n i f i c a n t l y  change t h e  r e f l e c t i v i t y  a t  photo energ ies  below 

3.8 e V .  I f  t he  experimental quantum y ie ld  of Fig.  94 i s  corrected f o r  

r e f l e c t i v i t y ,  us ing  the  values  f o r  s i l v e r  t h a t  has  been heated, curve B 

of Fig.  94 r e s u l t s .  Curve B is  somewhat c l o s e r  t o  the  ca lcu la ted  

y i e ld ,  and may be more appropr ia te  t o  ces i a t ed  s i l v e r  than curve 

s ince  s i l v e r  i s  heated t o  about 100°C during the  c e s i a t i n g  process.  

In  c e r t a i n  cases  

A, 

A t  photon energ ies  above 3.5 e V ,  t h e  ca lcu la ted  and the  experimental 

quantum y i e l d s  are i n  remarkably good agreement, when i t  i s  r ea l i zed  t h a t  

t he  ca l cu la t ed  curve accounts f o r  only the  p r imary  (unsca t te red)  e l ec t rons .  

Comparison of t he  ca l cu la t ed  and the  experimental EDCs (as shown i n  
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Sect ion  H of t h i s  chapter )  i n d i c a t e s  t h a t  t he  discrepancy i n  y i e ld  between 

4 and 6 e V  i s  probably due t o  Auger e l ec t rons ,  as described e a r l i e r  by 

Berglund and Spicer  [Ref. 371, and t h a t  t h e  discrepancy above 9 . 5  e V  i s  

due t o  s c a t t e r e d  e l e c t r o n s .  I n  t h e  range of photon energies  between about 

6 .5  and 9 e V ,  t h e  experimental EDCs are dominated by photoemission from 

primary d band e l ec t rons ,  and i t  would be expected t h a t  i n  t h i s  range of 

energ ies  t h e  magnitude of t h e  ca lcu la ted  y i e ld  for primary e l ec t rons  

should be very c lose  t o  t h e  magnitude of t h e  t o t a l  experimental y i e ld ,  

s ince  the  primary d e l ec t rons  dominate over t he  secondary sca t t e red  elec-  

t rons  and Auger e l ec t rons .  This i s  indeed t h e  case,  as  can be seen from 

the  c lose  agreement between the  magnitudes of t he  ca lcu la ted  and the ex- 

perimental quantum y ie ld  i n  t h e  region between 6.5 and 9 e V .  

A large d i p  i n  the  quantum y i e l d  i s  seen t o  occur a t  a photon energy 

of about 3 .9  eV, the  energy of t he  plasma resonance i n  s i l v e r .  The d ip  

occurs because a t  t h e  plasma resonance the  absorpt ion c o e f f i c i e n t  a( u) 

becomes very s m a l l ,  and the  absorpt ion depth becomes very long. Thus, a 

l a r g e  f r a c t i o n  of the inc iden t  photons a re  absorbed deep i n  the  c r y s t a l  

( f a r  from the  su r face ) ,  and most of t h e  photoexcited e l ec t rons  cannot 

escape because the  e lec t ron-e lec t ron  s c a t t e r i n g  l eng th  i s  only about 350 A, 

much s h o r t e r  than t h e  absorpt ion depth 

1000 A at t h e  plasma resonance. 

0 

[ a ( w ) ] - l ,  which i s  more than 
0 

The exce l l en t  q u a n t i t a t i v e  agreement between t h e  experimental and the  

ca lcu la ted  quantum y i e l d  f o r  cesiated s i l v e r  i n d i c a t e s  t h a t  t he re  was no 

bulk r e a c t i o n  between t h e  cesium and t h e  s i l v e r  i n  t h e  earlier experiments 

of Berglund and Spicer  [Ref. 371, and i n d i c a t e s  t h a t  the  photoemission 

da ta  from ces i a t ed  s i l v e r  a r e  r ep resen ta t ive  of bulk s i l v e r .  Indeed, t he  

photoemission d a t a  of Berglund and Spicer appear t o  be a superb example 

of t h e  wealth of information t h a t  can be  obtained i n  c e r t a i n  cases by 

lowering t h e  vacuum l e v e l  wi th  a sur face  monolayer of cesium. 

H. PHOTOELECTRIC ENERGY DISTRIBUTIONS FROM CESIATED SILVER 

The ca l cu la t ed  EDCs f o r  ce s i a t ed  s i l v e r  are compared with the  experi-  

mental EDCs of Berglund and Spicer  [Ref. 371 i n  F igs .  95a through 9 5 t .  

The experimental EDCs shown i n  Fig.  95 have been obtained by normalizing 

the r a w  d a t a  of Berglund and Spicer  [Ref. 371 t o  t h e i r  photoe lec t r ic  y i e l d .  
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Inspec t ion  of the  curves i n  Fig.  95 shows t h a t  f o r  a l l  photon energies  

g r e a t e r  than about 4.3 eV,  t he  ca l cu la t ed  and experimental EDCs are i n  

exce l l en t  agreement wi th  respec t  t o  o v e r a l l  shape and magnitude. In  making 

t h i s  comparison, one must r e a l i z e  t h a t  t h e  ca l cu la t ed  curves do not  account 

f o r  t he  Auger e l ec t rons  and the  sca t t e red  e l ec t rons ,  as discussed i n  

Sect ion G of t h i s  chapter .  

The major discrepancy between t h e  ca l cu la t ed  EDCs and the  experimental 

EDCs occurs i n  t h e  range of photon energ ies  between about 3.5 and 4.3 e V .  

This  discrepancy i s  the  l a rge ,  sharp peak a t  the  lead ing  edge of t h e  EDCs, 

which i s  seen t o  peak a t  a photon energy of about 4.0 eV, t he  energy of t he  

plasma resonance i n  s i l v e r .  I n  f a c t ,  Hopfield 's  [Ref. 651 theory p r e d i c t s  

t h a t  a plasma resonance could cause such a prominent peak i n  the  experi-  

mental EDCs. Thus, it i s  tempting t o  specula te  t h a t  t h e  unexplained peak 

i n  t h e  s i l v e r  EDCs i s  i n  some way in t imate ly  assoc ia ted  with the  plasma 

resonance. 

i s  dependent upon phonon coupling, and consequently i s  temperature-depend- 

en t .  

by measuring t h e  temperature-dependence of t h e  pho toe lec t r i c  EDCs from 

cesiated s i l v e r  at photon energ ies  i n  t h e  v i c i n i t y  of 4.0 e V ;  however, 

such an experiment has  not  ye t  been done. 

I n  addi t ion  t o  t h e  plasma resonance, t h e  ca l cu la t ed  EDCs do not 

According t o  Hopfield [Ref. 651, t h e  s t r e n g t h  of such a peak 

Spicer  [Ref. 61 has  suggested t h a t  Hopfield 's  theory can be t e s t ed  

account f o r  t h e  d i r e c t  t r a n s i t i o n  that  can be seen i n  the  experimental 

EDCs i n  Fig.  95. The peak iden t i fy ing  t h e  f i n a l  states of the direct  

t r a n s i t i o n  can be seen i n  the  energy range between 4.0 and 6 . 5  e V  above 

the  fermi l e v e l ,  and w i l l  be discussed i n  d e t a i l  i n  Sect ion I of t h i s  

chapter.  

The f i n e  s t r u c t u r e  peaks labe led  @, @, and @ i n  the  d band 

o p t i c a l  dens i ty  of states of Fig.  8 5  have not been included i n  the  calcu- 

l a t e d  EDCs shown i n  Fig.  95. A s  discussed earlier i n  t h i s  chapter ,  t he  

loca t ions  of the peaks @, @, and 0 i n  F ig .  85 were deduced from a 

c lean  s i l v e r  sample with an anomalously low vacuum l e v e l .  

s t r u c t u r e  can a l s o  be seen i n  the experimental EDCs on ces i a t ed  s i l v e r  i n  

t h e  range of photon energ ies  between 7.8 and 11.6 e V .  The f i n e  s t r u c t u r e  

has been labe led  i n  Fig.  95, using the no ta t ion  @, @, and @ which 

corresponds t o  the  no ta t ion  used i n  t h e  o p t i c a l  dens i ty  of states of 

T h i s  f i n e  
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Fig. 85. Thus, evidence f o r  f i n e  s t r u c t u r e  i n  the  d bands of s i l v e r  has 

been found i n  both c lean  s i l v e r  and ces i a t ed  s i l v e r .  This evidence 

s t rong ly  suggests  t h a t  t h e  peaks labe led  @, @, and @ i n  Fig.  85 a r e  

real and do indeed exis t .  

I n  addi t ion  t o  the  f i n e  s t r u c t u r e  discussed above, t h e  experimental 

curve at  11.4 e V  shows an addi t iona l  unexplained "bump, which has been 

labe led  a. This  "bump" could be due t o  s t r u c t u r e  deep i n  the  valence 

band at an energy of about 8 e V  below the fermi l e v e l .  However, t h e  

ex is tence  of peak @ i n  t h e  experimental d a t a  i s  uncer ta in ,  and peak @ 
must be v e r i f i e d  by add i t iona l  photoemission experiments on ces ia ted  s i l v e r  

before  i t  can be considered t o  be real. 

A very i n t e r e s t i n g  f e a t u r e  becomes apparent when t h e  EDCs of Berglund 

and Spicer  [Ref. 371 are normalized t o  y i e ld  and compared as shown i n  

Figs .  96, 97, and 98. The s i g n i f i c a n t  f e a t u r e  of these  EDCs i s  t h a t  t h e  

magnitude of t he  peaks i n  the  EDCs decreases as the  peaks move away from 

I8 x l0-'1 

ENERGY ABOVE FERMI LEVEL (eV) 

FIG. 96. EXPERIMENTAL ENERGY 
DISTRIBUTION CURVES OF CESIATED 
SILVER NORMALIZED TO BERGLUND'S 
YIELD [REF. 71. 

SEL-67-039 

t h e  vacuum l e v e l ,  j u s t  a s  i f  t he re  

were a very s t rong  peak i n  the  con- 

duct ion band dens i ty  of states i n  the  

v i c i n i t y  of 2.0 e V  above t h e  fermi 

l e v e l .  The o v e r a l l  decrease i n  the  

magnitude of t h e  EDCs i n  F igs .  96 and 

97 does not  appear t o  be r e a d i l y  ex- 

plained by a peak i n  the  conduction 

band dens i ty  of states, but t h i s  would 

depend c r i t i c a l l y  upon the  shape of 

t he  conduction band peak and the  shape 

of the  valence band dens i ty  of states 

j u s t  below the  fermi l e v e l .  I t  i s  

a l s o  poss ib le  t h a t  s t rong  d i r e c t  t rans-  

i t i o n s  t o  states i n  t h e  v i c i n i t y  of 

2 e V  above the  fermi l e v e l  could cause 

the  e f f e c t  seen i n  F igs .  96, 97, and 

98. Unfortunately,  t he  d a t a  of Figs .  

96, 97, and 98 do not provide enough 

information t o  enable us  t o  determine 
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whether t h e  s t rong  "act ion" a t  2 .0  e V  above t h e  fermi l e v e l  i s  due t o  d i r e c t  

t r a n s i t i o n s  or t o  a high dens i ty  of 
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FIG. 97. EXPERIMENTAL ENERGY 
DISTRIBUTION CURVES OF CESIATED 

YIELD B OF FIG. 94. 
SILVER [REF. 71, NORMALIZED TO 

states i n  t h e  conduction band. Never- 

t he l e s s ,  these  EDCs do provide d i r e c t  

experimental evidence of s t rong  s t ruc -  

t u re  i n  t h e  conduction band of s i l v e r  

i n  t h e  v i c i n i t y  of 2 e V  above the  

fermi l e v e l .  An i n t e r e s t i n g  point  i s  

t h a t  t h e  na ture  of t h e  curves for 

s i l v e r  i n  Fig.  96 i s  very s imilar  t o  

t h e  na tu re  of t h e  corresponding curves 

f o r  copper i n  Fig.  4 of Ref. 37, when 

t h e  copper curves are normalized t o  

y i e l d .  

Thus, t he  normalized EDCs of 

F igs .  96, 97, and 98 i n d i c a t e  t h a t  

t h e r e  i s  very l i k e l y  t o  be s t r u c t u r e  

i n  the  conduction band dens i ty  of 

states of s i l v e r  i n  t h e  v i c i n i t y  of 

1 .7  t o  2 .0  e V  above t h e  fermi l e v e l ,  

and t h i s  s t r u c t u r e  i s  indica ted  as 

peak @ i n  t h e  o p t i c a l  dens i ty  of 

states of F ig .  85. Reference t o  t h e  

energy band diagram of Fig.  86 shows 

t h a t  t h e  loca t ion  of t he  X i  c r i t i c a l  
- 

poin t  i s  a t  about 1.8 eV,  j u s t  t h e  same as t h e  energy of peak @ i n  F ig .  

85. Thus, i t  would seem t h a t  t h e  conduction band peak @ i s  t o  be as- 

soc ia ted  wi th  the  X '  c r i t i ca l  poin t  i n  t h e  energy band diagram of s i l v e r .  

Consequently, i f  peak @ does indeed ex is t ,  as i s  s t rong ly  suggested by 

t h e  normalized EDCs of ce s i a t ed  s i l v e r ,  i t  can be considered as experi-  

mental evidence t h a t  t h e  

the  

and Spicer  [Ref. 371. 

4 

X i  po in t  i n  s i l v e r  i s  a t  the  same energy as 

X i  po in t  i n  copper, which has been i d e n t i f i e d  ear l ier  by Berglund 
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- hv = 7.8 eV 

hv = 8 . 4 e V  
-.- hu= 9 . 0 e V  

----- 

0 
ENERGY ABOVE FERMI LEVEL(eV) 

FIG. 98. EXPERIMENTAL ENERGY DISTRIBUTION CURVES 
OF CESIATED SILVER [REF. 71, NORMALIZED TO 
BERGLUND’S YIELD. 

I .  THE DIRECT TRANSITION I N  SILVER 

A d i r e c t  t r a n s i t i o n  i s  observed i n  the  EDCs from clean s i l v e r  a t  

photon energ ies  less than 8 .6  e V ,  as shown i n  F ig .  99. I n  F ig .  99, a 

small c i r c l e  i s  used t o  i n d i c a t e  the  peak loca t ion  t h a t  represents  the  

energy of t h e  f i n a l  s ta te  i n  the  d i r e c t  t r a n s i t i o n .  This d i r e c t  t rans-  

i t i o n  i s  a l s o  c l e a r l y  seen i n  t h e  s i l v e r  sample with the  anomalously low 

vacuum l e v e l ,  as shown i n  Fig.  100. 

The d i r e c t  t r a n s i t i o n  seen i n  the  EDCs from c lean  s i l v e r  i s  the  same 

t r a n s i t i o n  as the  L ’  -+ L 

and Berglund and Spicer  [Ref. 37) i n  t h e  EDCs from ces i a t ed  s i l v e r ,  as 

can be seen from Fig.  101, where the  peak energy E associated with the  

d i r e c t  t r a n s i t i o n  i s  p l o t t e d  as a func t ion  of photon energy. The po in t s  

corresponding t o  t h e  d i r e c t  t r a n s i t i o n  i n  ces i a t ed  s i l v e r  have been taken 

from t h e  experimental EDCs of Fig.  95, and are seen t o  merge very c lose ly  
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ENERGY ABOVE FERMI LEVEL 

FIG. 100. EVIDENCE OF DIRECT TRANSITIONS I N  A SILVER SAMPLE WITH AN 
ANOMALOUSLY LOW VACUUM LEVEL. Only t h e  shapes of t h e  curves a r e  
s i g n i f i c a n t .  The r e l a t i v e  amplitudes are a r b i t r a r y .  

wi th  t h e  po in t s  obtained from c lean  s i l v e r ,  thus  i d e n t i f y i n g  t h e  d i r e c t  

t r a n s i t i o n  i n  c l ean  s i l v e r  wi th  t h e  d i r e c t  t r a n s i t i o n  i n  ces i a t ed  s i l v e r .  

As seen i n  Fig. 101, t h e  d i r e c t  t r a n s i t i o n  i n  s i l v e r  has been observed 

i n  t h e  EDCs over a range of photon energ ies  between 4 .1  and 9 .0  eV. A t  

hv = 4 .1  eV,  t h e  f i n a l  energy of t h e  d i r e c t  t r a n s i t i o n  i s  about 3.8 e V  

above t h e  fermi l e v e l ,  and a t  hv = 9.0  e V ,  t h e  f i n a l  energy of t h e  d i r e c t  

t r a n s i t i o n  i s  a t  6.5 e V  above t h e  fermi l e v e l .  A s  seen i n  F ig .  85, t h e r e  

are peaks i n  t h e  conduction band dens i ty  of states a t  3.5 and 6.5 e V  above 

the  fermi l e v e l ,  corresponding very  c l o s e l y  t o  t h e  lowest and h ighes t  

energ ies  a t  which t h e  d i r e c t  t r a n s i t i o n  i s  observed. Thus, i t  i s  poss ib l e  

t h a t  t h e  conduction band peaks at 3.5 and 6.5 e V  are assoc ia ted  with 

c r i t i ca l  p o i n t s  a t  t h e  band edges of t h e  conduction band t h a t  provides t h e  

f i n a l  states f o r  t h e  d i r e c t  t r a n s i t i o n ,  but t h i s  could be j u s t  a coincidence. 
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FIG. 101. DIRECT TRANSITIONS I N  SILVER. 

- -hv, t h e  energy of t h e  i n i t i a l  s t a t e  involved E i n i t i a l  - E f i n a l  Since 

i n  t h e  d i r e c t  t r a n s i t i o n  can be ca l cu la t ed  as a func t ion  of photon energy 

from the  values of Efinal and hv given i n  Fig.  101. The r e su l t s  of 

such a c a l c u l a t i o n  are shown i n  Fig. 102. A t  photon energ ies  between 2 .5  

and 4.0 eV, i t  i s  seen from Fig.  102 t h a t  t h e  i n i t i a l  s tate i s  a t  0 .3  e V  

below t h e  fermi leve l ,  and t h a t  t h e  t r a n s i t i o n  is  not a d i r e c t  t r a n s i t i o n ,  

but a nondi rec t  t r a n s i t i o n  where Berglund and 

Spicer [Ref. 371 have assoc ia ted  t h i s  i n i t i a l  state at 0 .3  e V  below t h e  
(aEp)final state = Ahv. 
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2 3 4 5 6 7 a 9 
PHOTON ENERGY (eV) 

FIG. 102. ENERGY OF INITIAL AND FINAL STATES FOR 
THE DIRECT TRANSITION IN SILVER. The energy of 
t h e  f i n a l  state is taken as t h e  smooth curve i n  
Fig.  101. 

fermi l e v e l  wi th  t h e  La 

Fig. 86. In addi t ion ,  they+have assoc ia ted  t h e  onse t  of d i r e c t  t r a n s i t i o n s  

a t  3.7 e V  above t h e  fermi l e v e l  wi th  t h e  

duction band of Fig.  86. Using t h e  d a t a  of Fig.  102, w e  can ob ta in  an 

estimate of t h e  r e l a t i v e  masses at LH and L1 i n  t h e  following manner: 
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cr i t ical  poin t  i n  t h e  energy band diagram of 

L1 c r i t i ca l  poin t  i n  the  con- 



F i r s t ,  l e t  u s  expand t h e  conduction band at  

La i n  a power series i n  k ,  where k i s  t o  be measured i n  some d i r ec t ion  

from t h e  L poin t .  Thus, 

L1 and the  valence band a t  

(k2 + A: L k3 + . ..) 
= 3.7 + - L1 

E f i n a l  

La 
E in i  ti a1 

where t h e  c o e f f i c i e n t  of t he  l inear  t e r m  has been set equal t o  zero. Near 

the  L-point, t he  parabol ic  t e r m  w i l l  dominate, and 

h2 2 
S 3.7 + - k L1 

E f i n a l  2% 

h2 2 K - O . 3 + - k  
La 

E i n i t i a l  2m La 
From Eq. (6 .3 )  and Eq. (6 .4 ) ,  

m La - -  - 
1 "L 

- 3.7 L1 
E f i n a l  

+ 0.3 La 
E i n i t i a l  

(6 .3 )  

(6 .4)  

(6 .4)  

The quan t i ty  

i s  p l o t t e d  as a , f u n c t i o n  of photon energy i n  F ig .  103, and i s  found t o  be 

a constant  equal t o  2.05 i n  t h e  range of photon energies  between 4 and 

7 eV.  Subs t i t u t ing  t h e  value i n t o  Eq. (6 .4) ,  t he  r a t i o  of the  masses i s  
* 

found t o  be 
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FIG. 103. DETERMINATION OF EFFECTIVE MASSES 
I N  SILVER. 

mL? 
"z 
- -  - 2.05 

1 
(6 .5)  

An energy band diagram corresponding t o  the  masses given i n  Eq. (6 .5)  i s  

shown i n  Fig.  104. The band diagram of Fig. 104 explains  t h e  photoemission 

da ta  i n  the  e n t i r e  range of photon energies  between 4 and 7 e V ,  but i s  

ac tua l ly  c o r r e c t  only when the  parabol ic  approximations of Eq. (6.3) and 

Eq. (6 .4)  are va l id .  

Thus, w e  see t h a t  observat ion of a d i r e c t  t r a n s i t i o n  i n  the  photo- 

e l e c t r i c  EDCs i n  s i l v e r  has l e d  t o  experimental information concerning 

both the  l o c a t i o n  and t h e  masses of t h e  La and the  L c r i t i c a l  po in t s .  

This information should be of p a r t i c u l a r  interest t o  t h e o r i s t s  doing 

improved energy band ca l cu la t ions  of s i l v e r .  

1 
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New photoemission measurements on c lean  s i l v e r  have been found t o  be 

cons i s t en t  wi th  t h e  earlier work of Berglund and Spicer [Ref. 371, which 

5- 

3-  

2- 

I L  FERMI LEVEL 

-2: 

FIG, 104. PARABOLIC BANDS 
EXPLAINING THE DIRECT TRANSITION 
I N  SILVER I N  THE RANGE OF PHOTON 
ENERGIES BETWEEN 4 AND 7 eV. 

t h e  d i e l e c t r i c  cons tan t  E2( w) has 

dens i ty  of states, us ing  t h e  theory 

w a s  done on ces i a t ed  s i l v e r .  The 

experimental d a t a  from both c l ean  

s i l v e r  and ces i a t ed  s i l v e r  have been 

incorporated i n  cons t ruc t ing  an o p t i c a l  

dens i ty  of states i n  t h e  range of 

energ ies  k11.6 e V  above the  fermi 

l e v e l .  A number of new peaks i n  t h e  

o p t i c a l  dens i ty  of states have been 

loca ted ,  t h e  most no tab le  being pos- 

s i b l e  f i n e  s t r u c t u r e  i n  t h e  d bands 

and t h e  poss ib l e  loca t ion  of the 

c r i t i c a l  po in t  i n  t h e  conduction band. 
xi 

The bulk of t h e  o p t i c a l  t r ans -  

i t i o n s  a r e  found t o  follow the  theory 

of nondirect t r a n s i t i o n s ,  and an 

ana lys i s  based upon nondirect t r ans -  

i t i o n s  has  been successfu l  i n  account- 

i n g  f o r  t h e  shape and magnitude of t h e  

pho toe lec t r i c  EDCs and the  quantum 

y i e l d  i n  both c lean  s i l v e r  and cesi- 

ated s i l v e r .  The imaginary p a r t  of 

been ca l cu la t ed  s o l e l y  from t h e  o p t i c a l  

of nondirect t r a n s i t i o n s  and constant 

matr ix  elements. The ca l cu la t ed  E ( w )  i s  found t o  account f o r  a l l  of 2 
t h e  major s t r u c t u r e  i n  t h e  experimental 

t h e  plasma frequency, This  discrepancy i n  E ( w )  has been r e l a t e d  t o  

Hopf ie ld ' s  [Ref. 651 theory involving phonon coupling, and f u t u r e  experi-  

ments t e s t i n g  Hopfield 's  theory have been suggested. A simple d i r e c t  

t r a n s i t i o n  has  been observed i n  t h e  range of photon energ ies  between 4 .1  

and 9.0 e V ,  and a n a l y s i s  of t h i s  d i r e c t  t r a n s i t i o n  has l e d  t o  experimental 

values f o r  t h e  l o c a t i o n  and t h e  r e l a t i v e  masses a t  t h e  Lk and t h e  L1 

cr i t ica l  po in t s  i n  t h e  energy band s t r u c t u r e  of s i l v e r .  

E2(w) 

2 

except f o r  a sharp peak a t  
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V I I .  

Chapters I V ,  V,  

EE K 
COMPARISON OF COPPER, SILVER, AND GOLD 

and V I  have descr ibed i n  some d e t a i l  t he  p rope r t i e s  

of copper, s i l v e r ,  and gold t h a t  have been deduced from t h e  photoemission 

d a t a  of t h e  present  work and t h e  earlier work of Berglund and Spicer  

[Ref. 371. 

t h r e e  materials; f o r  convenience i n  making comparisons, these  p rope r t i e s  

are l i s t e d  f o r  a l l  t h r e e  materials i n  Table 5 ,  I n  Table 5 ,  a quest ion 

mark i s  used t o  denote  a value t h a t  i s  suggested by experimental evidence, 

but i s  not ye t  e s t ab l i shed .  

A number of these  p rope r t i e s  are remarkably s imi l a r  i n  a l l  

Some of the  e n t r i e s  i n  Table 5 should be p a r t i c u l a r l y  i n t e r e s t i n g  t o  

t h e o r i s t s  doing f u t u r e  band ca l cu la t ions  of copper, s i l v e r ,  and gold.  A 

po in t  of interest  not  emphasized before  i s  t h a t  t h e  mass r a t i o  a t  t he  L 

po in t  i n  copper i s  very d i f f e r e n t  from the  mass r a t i o  at  t h e  L po in t  i n  

s i l v e r ,  as ind ica ted  i n  Sect ion 2 of Table 5 .  

2 29 SEL-67-039 
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VIII . THE CUPROUS HALIDES' 

A study of photoemission from t h e  cuprous h a l i d e s  has been c a r r i e d  

out i n  an attempt t o  shed l i g h t  upon t h e  r o l e  t h a t  t he  copper d-band plays 

i n  the  energy band s t r u c t u r e  of t h e  cuprous h a l i d e s .  Because copper and 

bromine are i s o e l e c t r o n i c  with germanium, t h e r e  have been seve ra l  attempts 

[Refs .  28 and 681 t o  i d e n t i f y  peaks i n  t h e  r e f l e c t i v i t y  spectrum of CuBr 

and the  o the r  cuprous ha l ides  wi th  d i r e c t  t r a n s i t i o n s  between symmetry 

po in t s  i n  a germanium-like l a t t i ce .  However, t he  photoemission s tud ie s  

presented i n  t h i s  chapter  i n d i c a t e  that the  copper d band l ies  only a few 

e V  below the  top of t h e  valence band, and t h a t  cer ta in  major peaks i n  the  

r e f l e c t i v i t y  spectrum are due t o  t r a n s i t i o n s  from t h e  copper d band. 

Thus, t he  photoemission s t u d i e s  imply t h a t  t h e  energy band s t r u c t u r e  of 

the  cuprous h a l i d e s  cannot be obtained by simple modif icat ion of a germa- 

nium band s t r u c t u r e ,  and t h a t  f u t u r e  band ca l cu la t ions  of t he  cuprous ha l ides  

must inc lude  the  presence of t h e  copper d l e v e l s  i n  t he  valence band. 

To provide a more coherent p i c t u r e  f o r  t h e  reader ,  an o u t l i n e  of t he  

h i s t o r i c a l  background involving t h e  s tudy of t h e  cuprous ha l ides  and a 

t abu la t ion  of some of t he  p e r t i n e n t  physical  p rope r t i e s  w i l l  be presented 

as a prelude t o  t h e  d iscuss ion  of t h e  photoemission d a t a .  

A .  HISTORICAL BACKGROUND, SOME F'HYSICAL PROPERTIES, AND A BONDING 
MODEL FOR THE CUPROUS HALIDES. 

Table  6 l i s ts  some of t he  important p rope r t i e s  of t h e  cuprous ha l ides .  

W e  no te  from Table 6 t h a t  a t  atmospheric pressure ,  t h e  cuprous ha l ides  

c r y s t a l l i z e  i n  the  zincblende (diamond) s t r u c t u r e .  

covalent  materials such as S i  and G e  a l s o  c r y s t a l l i z e  i n  the  diamond s t r u c -  

t u r e ,  one might suspect  t h a t  t h e  bonding between the  copper and halogen 

atoms i n  t h e  cuprous ha l ides  i s  l a r g e l y  covalen t .  However, t he  r e l a t i v e  

i o n i c i t y  (as determined by the  S z i g e t t i  formula from the  r e s t r a h l e n  f r e -  

quency and t h e  atomic masses) i s  very high f o r  t he  cuprous ha l ides .  

t he  S z i g e t t i  scale, zero  i n d i c a t e s  a completely covalent bond, and 1 .0  

Since w e l l  known 

On 

'Certain aspec ts  o f  t he  work presented i n  t h i s  chapter  have been reported 
upon earlier by Krolikowski and Spicer  [Refs,  81-83 1 .  
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TABLE 6.  SOME PROPERTIES OF THE CUPROUS HALIDES. 

'Ref. 69 

2Ref. 68 

'Present work 

y = zincblende 
f3 = Wurtzite 
a = Statistical bcc 

i n d i c a t e s  a completely i o n i c  bond. From Table 6,  w e  see t h a t  the  i o n i c i t y  

of CuCl i s  0.84, and t h a t  t he  i o n i c i t y  of CuBr i s  0.79;  from such an ion- 

i c i t y  sca l e ,  it would appear t h a t  the  cuprous ha l ides  are as ion ic  as  the  

a l k a l i  ha l ides .  However, i on ic  compounds are usua l ly  character ized by 

s o l u b i l i t y  i n  water, a N a C l  c r y s t a l  s t r u c t u r e ,  and a l a rge  (- 6 e V )  en- 

ergy gap. The cuprous ha l ides  are only s l i g h t l y  so luble  i n  water,  have 

a ZnS crys ta l  s t ruc tu re ,  and have a r e l a t i v e l y  small (- 3 e V )  energy gap. 

Thus, the  cuprous ha l ides  seem to  be intermdiate compounds, i n  t h a t  they 

possess some of t h e  p rope r t i e s  of both covalent  and ion ic  mater ia l s .  

{See Ref. 69 for a more complete d iscuss ion  of these  p rope r t i e s . )  

The ou te r  e l ec t ron  configurat ion of t h e  cuprous ha l ides  is 3d1'4s1, 
2 5  and the  ou te r  e l ec t ron  configurat ion of bromine i s  4s 4p . Since the  one- 

e l ec t ron  ion iza t ion  energy of t he  4s2 e lec t rons  i n  the  bromine atom i s  

24.5 e V  [Ref. 841, i t  i s  l i k e l y  t h a t  t he  4s e lec t rons  of the  halogen a re  

too deep i n  the  core  t o  be involved i n  the  valence bonding. I f  cuprous 

bromide i s  indeed i o n i c ,  as the  S z i g e t t i  formula would have u s  bel ieve,  

then the  copper 4s e lec t ron  must be t i g h t l y  bound t o  the  halogen atom, 

and t h e  ou te r  e l ec t ron  configurat ion of t he  CuBr "molecule" can be w r i t t e n  

(3d 
10 + ) (4p6)-, as  done i n  Table 6 f o r  CuBr and the  o ther  cuprous h a l i d e s .  
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10 + 
) According t o  t h e  Unsb'ld theorem [Ref. 841, both t h e  copper (3d 

and t h e  h a l i d e  (4p ) 
cal conf igura t ion  of t h e  e l e c t r o n  clouds would show no tendency t o  

c r y s t a l l i z e  i n  a p a r t i c u l a r  c r y s t a l  s t r u c t u r e .  

ion 
6 -  

i on  would be s p h e r i c a l l y  symmetric, and t h e  physi- 

The cuprous h a l i d e s  e x h i b i t  many of t he  p rope r t i e s  of covalent m a t e -  

rials, i n d i c a t i n g  t h a t  t h e r e  must be a covalent bond between the  copper 

atom and the h a l i d e  atom. A poss ib l e  explanation for t he  covalent bond- 

ing  would be t h a t  t h e r e  exis ts  a cons iderable  amount of p-d over lap  be- 

tween t h e  copper d- leve ls  and t h e  halogen p- leve ls .  Thus, i t  does not 

seem too  unreasonable t o  specu la t e  t h a t  t h e  simultaneous i o n i c  and 

covalent na tu re  of t h e  cuprous h a l i d e s  is due t o  t h e  following phenomena: 

(1) The copper 4s e l e c t r o n  i s  t i g h t l y  bound t o  t h e  h a l i d e  atom. 

(2)  There i s  s t rong  p-d mixing between t h e  copper d l e v e l s  and the  

halogen p l e v e l s .  

The na tu re  of t he  bonding described by these  specula t ions  i s  i l l u s -  

t r a t e d  i n  F ig .  105 f o r  t h e  case of cuprous bromide. I t  i s  t o  be noted 

FIG. 105. PROPOSED MODEL OF THE CHEMICAL BONDING FOR 
THE Z I N C  SULFIDE PHASE OF CUPROUS BROMIDE. 

t h a t  t h e  r ad ius  of t h e  bromine i o n  i s  drawn t o  be considerably l a r g e r  

than t h e  r a d i u s  of t h e  copper i o n .  This has been done i n  accordance with 
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t he  Goldschmidt r a d i i  shown i n  Table 7 which have q u a l i t a t i v e  s ign i f icance  

i n  t h e  case of h ighly  i o n i c  materials. 

TABLE 7 .  GOLDSCHMIDT'S I O N I C  RADII (i) [REF. 291 

I on I Radius I 
1 .96  I 

Because of t he  sphe r i ca l  symmetry of t he  copper and ha l ide  ions ,  and 

because of t h e  consequent lack  of a prefer red  bonding d i r e c t i o n ,  i t  might 

be expected t h a t  t h e  cuprous h a l i d e s  could c r y s t a l l i z e  i n  severa l  d i f f e r -  

en t  c r y s t a l  s t r u c t u r e s .  This i s  indeed the  case, as can be seen from 

Table 6 .  For example, CuBr has  t h r e e  phases: zincblende, hexagonal, and 

a complex body-centered cubic .  Because covalent  compounds tend t o  have 

t h e  zincblende s t r u c t u r e ,  and because i o n i c  compounds tend t o  have the  

N a C l  s t r u c t u r e ,  i t  i s  tempting t o  specula te  t h a t  t he  zincblende phase i s  

dominated by the  covalent  p-d bonding, and t h a t  t h e  bcc phase i s  dominated 

by t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  between the  copper ions  and the  ha l ide  

ions .  

A s  seen from Table 6 ,  t h e  cuprous h a l i d e s  sublime at r a t h e r  low 

temperatures f o r  pressures  less than 1 x 10 t o r r .  Unfortunately,  high 

vacuum condi t ions  are e s s e n t i a l  f o r  good photoemission s tud ie s  of t he  

cuprous ha l ides ,  and a t  such low pressures ,  t h e  cuprous ha l ides  tend t o  

sublime before  making t h e  phase change from zincblende t o  hexagonal. 

Consequently, almost a l l  of t h e  photoemission d a t a  presented i n  t h i s  

chapter  i s  from t h e  zincblende phase, and only a f e w  attempts have been 

made t o  study the  hexagonal phase. 

-7 

X-ray powder p a t t e r n s  of evaporated f i l m s  of CuBr show t h a t  t he  

evaporated f i l m s  c o n s i s t  of CuBr i n  t h e  zincblende s t r u c t u r e .  This 

c r y s t a l l i n e  s t r u c t u r e  i n  the  f i l m s  ind ica t e s  t h a t  t h e  cuprous ha l ides  

sublime i n  t h e  form of Cu (ha l ide ) -  molecules, and do not d i s s o c i a t e .  

Apparently, t h i s  type of sublimation is  due t o  the  i o n i c  na ture  of the  

cuprous h a l i d e s ,  s ince  i t  i s  w e l l  known t h a t  covalent  compounds tend t o  
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d i s s o c i a t e  upon sublimation, whereas i o n i c  compounds tend t o  sublime as 

molecules. 

H i s t o r i c a l l y ,  t he  "unusual" na ture  of t h e  energy gaps of t h e  cuprous 

ha l ides  w a s  f i r s t  emphasized by Herman [Ref. 791 i n  h i s  e a r l y  "Speculations 

on the  Energy Band S t ruc tu re  of Zinc-Blende-Type C r y s t a l s . "  Herman pro- 

posed t h a t  t h e  energy gaps of ho r i zon ta l  sequences of zincblende-type 

semiconductors should be given by 

2 
(Eg)  = (Eg)  + a h  

polar  nonpolar 

i s  the  energy gap of t h e  corresponding i so -  

e l e c t r o n i c  semiconductor i n  the  f o u r t h  column of t he  per iodic  t a b l e ,  ( a )  

i s  a cons tan t  f o r  each i s o e l e c t r o n i c  sequence, and h = 1 f o r  the  1 1 1 - V  

compounds, A = 2 for t h e  1 1 - V I  compounds, and h = 3 for t he  I - V I 1  

compounds. For t he  diagonal sequences i n  t h e  per iodic  t a b l e ,  Herman 

proposed t h a t  

+ b h  
polar  nonpo 1 ar 

where 

of t h e  reader ,  t h e  po r t ion  of t h e  per iodic  t a b l e  pe r t inen t  t o  the  present  

d i scuss ion  i s  shown i n  Table 8 .  

(b) i s  a cons tan t  f o r  each diagonal sequence. For the  convenience 

TABLE 8. A PORTION OF THE PERIODIC TABLE 

AS can be seen from F i g s ,  106 and 107, Herman's scheme i s  remarkably 

accura te  i n  accounting f o r  t he  energy gaps of t he  1 1 1 - V  and the  1 1 - V I  

compounds of both t h e  ho r i zon ta l  and the  diagonal  sequences. However, as 

Herman pointed o u t ,  F igs .  106 and 107 show t h a t  t h e  energy gaps of t h e  

cuprous h a l i d e s  do not  follow t h e  systematics  of t h e  o ther  zincblende-type 
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semiconductors, i n d i c a t i n g  t h a t  t he  cuprous ha l ides  might be d i f f e r e n t  i n  

some s i g n i f i c a n t  way from the  rest of the  zincblende-type compounds l i s t e d  

i n  F igs .  106 and 107. 

A s  a poss ib l e  explanat ion f o r  t h i s  break i n  systematics ,  Herman and 

McClure [Ref. 671 proposed t h a t  the  cuprous ha l ides  were very  d i f f e r e n t  

from t h e  1 1 1 - V  and the  11-VI  zincblende-type compounds i n  t h a t  t he  3d 

e l e c t r o n s  of t he  copper atom w e r e  involved i n  the  valence band s t r u c t u r e  

of t he  cuprous h a l i d e s .  

lowing energy band scheme t o  expla in  the  o p t i c a l  spectrum of the  cuprous 

hal ides:  

H e r m a n  and McGlure [Ref. 671 proposed the  f o l -  

With the  a id  of crystal  f i e l d  theory and energy band theory,  w e  
have in t e rp re t ed  the  o p t i c a l  absorption spec t r a  of CuCl ,  CuBr, 
and CUI. According t o  our i n t e r p r e t a t i o n ,  t he  weak absorption 
peak i n  the  s p e c t r a  of each of these  compounds ly ing  a t  about 
3 e V  i s  d u e  t o  a 3d1° t o  3d9 4s t r a n s i t i o n  wi th in  the  Cu+ ion ;  
t h e  s t rong  absorpt ion peak occurr ing i n  C u C l  a t  6 .5  e V ,  i n  
CuBr a t  5 . 6  e V ,  and i n  CUI a t  4 . 9  e V  i s  due t o  the  t r a n s f e r  of 
an e l ec t ron  from t h e  h a l i d e  t o  t h e  Cu ion .  I n  the  language of 
energy band theory,  the  lowest conduction band and the  highest  
valence band arise from t h e  4s and 3d states of the  Cut ion ,  
respec t ive ly ,  while the  next  lowest valence band a r i s e s  from 
the  3p C1-, 4p Br-,  and 5p I- states.  There are two forbidden 
bands, one between the  4s and 3d Cu+ bands, and another be- 
tween the  3d Cu+ and the  p ha l ide  bands; the  o p t i c a l  energy gap 
is  determined by t h e  width of t h e  former. I t  i s  now clear t h a t  
our previous i n a b i l i t y  t o  reconci le  t he  o p t i c a l  gap of CuBr 
with those of t he  o the r  members of the  i soe l ec t ron ic  sequence 
Ge-GaAs-ZnSe-CuBr r e s u l t s  from the  r eve r sa l  i n  order  of the  
cation 3d and anion 4p bands. ( I n  Ge, GaAs,  and AnSe, t he  3d 
bands of G e ,  G a ,  and Zn appear t o  l i e  below the  4p bands of G e ,  
A s ,  and Se.)  

Thus, H e r m a n  and McClure [Ref. 671 suggested t h a t  the  copper 3d band l ies  

above t h e  halogen p bands i n  the  cuprous ha l ides .  

However, o p t i c a l  s tud ie s  by Coehlo [ R e f .  691 and by Cardona [Ref, 68 1 
seem t o  i d e n t i f y  t h e  top of t he  valence band with the  halogen p bands, 

and not wi th  the  copper d l e v e l s .  A s  shown i n  Figs .  108 and 109 f o r  the  

case of CuBr, t he  band edge absorption spectrum of the  cuprous ha l ides  

shows pronounced exc i ton  s t r u c t u r e .  

exc i ton ic  s t r u c t u r e  i n  the  following manner: 

Cardona [ R e f .  681 explained t h i s  

237 SEL-67-039 



This exc i ton  spectrum can be in t e rp re t ed  along the  same l i n e s  
as the  absorpt ion edge of o the r  materials with wur t z i t e  and 
zincblende s t r u c t u r e s .  The s t r eng th  of t he  exci ton spectrum 
suggests  d i r e c t  allowed t r a n s i t i o n s  which, by analogy w i t h .  
t he  o the r  zincblende and w u r t z i t e  materials, should occur a t  
k = 0.  The top  of the  valence band (TIS) is  t r i p l y  de- 
generate without spin-orbi t  i n t e r a c t i o n  i n  the  zincblende 
s t r u c t u r e .  This degeneracy i s  reduced by sp in-orb i t  s p l i t t i n g  
t o  a doubly degenerate s ta te  (r8) and a s i n g l e t  ( r6).  The 
l?8 doublet  g ives  the  Z1,2 peak whose degeneracy i s  l i f t e d  
i n  s t r a i n e d  samples. 

n - 

I I I I I 1 
3800 4O0Oe 4200 

WAVELENGTH (A 1 
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FIG. 108. 
CUPROUS 

EXCITON SPECTRUM OF 
BROMIDE [Ref. 681. 

FIG. 109. EXCITON SPECTRUM OF A 
CUPROUS BROMIDE FILM EVAPORATED 
ON CLEAVED SODIUM CHLORIDE AND 
ANNEALED AT VARIOUS TEMPERATURES 
[Ref. 691. 
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Cardona pointed out  a close c o r r e l a t i o n  between the  sp in-orb i t  s p l i t t i n g  

between the  Z and t h e  Z3 peaks and t he  halogen sp in-orb i t  s p l i t t i n g ,  

as can be seen from Table 9 .  Note, however, t h a t  t he  experimental s p l i t -  

t i n g s  are somewhat smaller than the  halogen s p l i t t i n g s .  This  phenomenon 

w a s  explained by Cardona [Ref. 681 i n  t h e  following manner: 

192 

Metal 
Halide 

CUCl 

CuBr 

cu I 

AgI 

The experimental s p l i t t i n g s  a r e  considerably smaller than the  
halogen s p l i t t i n g s ;  therefore ,  the  valence band wavefunctions 
at k = 0 must, i n  the  t ight-binding approximation, be found 
from.halogen wavefunctions with a large proportion of metal 
wavefunctions . . , 

Energy d i f f e rence  One-electron 

f o r  t he  s i l v e r  and copper parameters f o r  the  
sp in-orb i t  s p l i t t i n g  Halogen between exc i ton  peaks 

ha l ides  ( e V )  halogens ( e V )  

0.07 0 .11  c1 

0.15 0.45 B r  

0.64 

0.84 
0.94 I 

TABLE 9 .  EXCITON SPLITTINGS FOR THE CUPROUS AM) SILVER 
HALIDES COMPARED TO THE HALOGEN SPIN-ORBIT SPLITTING 

[REF. 681 

I I I I 1 

Thus Cardona i d e n t i f i e d  the  top of t he  valence band as being derived 

mainly from t h e  halogen states, but  a l so  pointed out  t h a t  t he re  i s  prob- 

ably s t rong  mixing between the  copper d- levels  and the  halogen p l e v e l s .  

Nevertheless,  because t h e  high energy o p t i c a l  spectrum of the  cuprous 

ha l ides  bears  some resemblance t o  t h e  spec t r a  of G e ,  S i ,  and o ther  zinc- 

blende semiconductors, Cardona in t e rp re t ed  the  spec t r a  of t he  cuprous 

ha l ides  along the  same l i n e s  as the  o ther  zincblende compounds. Thus, 

Cardona associated s t r u c t u r e  i n  the  o p t i c a l  spectrum of the  cuprous ha l ides  

i n  the  region of photon energ ies  between 4 and 10 e V  with d i r e c t  t rans-  

i t i o n s  between symmetry poin ts  i n  a germanium-like la t t ice .  

I n  the  manner of Cardona, J .  C. P h i l l i p s  [Ref. 281 a l so  associated peaks 

i n  the  o p t i c a l  s p e c t r a  between 4 and PO e V  w i t h  direct  t r a n s i t i o n s  
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between symmetry po in t s  i n  a germanium-like l a t t i ce ,  and wrote tha t :  "A 

wide range of experimental  d a t a  now i n d i c a t e s  t h a t  uv s t r u c t u r e  depends 

pr imar i ly  upon c r y s t a l  s t r u c t u r e  and only secondari ly  upon atomic com- 

p o s i t i o n  . . , It  

The photoemission d a t a  t o  be presented i n  t h i s  chapter  i n d i c a t e  t h a t  

the copper d band lies only a f e w  e V  below the  halogen p bands, and tha t  

some of t h e  major peaks i n  t h e  o p t i c a l  spectrum of t h e  cuprous ha l ides  

are due t o  t r a n s i t i o n s  from the  copper d bands. Thus, the f ind ings  of 

t h e  present  photoemission s t u d i e s  show t h a t  P h i l l i p s '  statement (above) 

does no t  apply to  the  cuprous ha l ides ,  s ince  the  copper d bands account 

f o r  some of t h e  more important f e a t u r e s  of t h e  o p t i c a l  spectrum. Since 

photoemission s t u d i e s  show t h a t  the copper d bands l i e  below the  halogen 

p bands, t h e  r e s u l t s  of t h e  present  photoemission s tud ie s  are cons i s t en t  

wi th  t h e  conclusions of Cardona [ R e f .  681, who i d e n t i f i e d  the  copper p a r t  

of t he  valence band with the  halogen p l e v e l s .  

B .  PHOTOEMISSION AND OPTICAL STUDIES OF CUPROUS IODIDE 

High vacuum pho toe lec t r i c  y i e ld  and energy d i s t r i b u t i o n  measurements 

have been made on t h r e e  of t he  cuprous ha l ides :  CuCl, CuBr, and C U I .  

However, only t h e  d a t a  on CuI have been analyzed i n  the  manner of t he  

q u a n t i t a t i v e  ana lys i s  ca r r i ed  ou t  on copper, s i l v e r ,  and gold because 

much of t h e  d a t a  on t h e  cuprous h a l i d e s  w a s  taken i n  1964 and i n  1965, 

when t h e  quantum y ie ld  could not  be accura te ly  measured i n  our l abora tory .  

Thus, even though exce l l en t  EDCs had been measured f o r  a l l  t h ree  cuprous 

h a l i d e s ,  t h e  quantum y ie ld  d a t a  were not r e l i a b l e  enough t o  warrant a self- 

cons i s t en t  q u a n t i t a t i v e  ana lys i s  of t h e  photoemission and o p t i c a l  da t a .  

When Koyama' s quantum y ie ld  c a l i b r a t i o n s  became ava i l ab le ,  t h e  measure- 

ments on CUI were repeated,  and r e l i a b l e  quantum y ie ld  w a s  obtained f o r  

CUI. Since CuCl, CuBr, and CUI have similar o p t i c a l  and photoemission 

p rope r t i e s ,  t h e  d e t a i l e d  ana lys i s  performed on CUI has been used t o  serve  

as a guide i n  analyzing the photoemission d a t a  from CuCl  and CuBr .  

1. The Opt ica l  Density of S t a t e s  f o r  Cuprous Iodide 

The o p t i c a l  dens i ty  of states t h a t  has  been deduced from photo- 

emission and o p t i c a l  s t u d i e s  us ing  a se l f - cons i s t en t  ana lys i s  similar t o  
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t h e  ana lys i s  described i n  Table 1 i s  shown i n  F ig .  110. The shaded area  

of t h e  minor peak labe led  @ w a s  not included i n  the  se l f -cons is ten t  

ana lys i s ,  because peak @ appeared t o  have the  na ture  of a d i r e c t  t rans-  

i t i o n ,  which cannot be accounted f o r  by an ana lys i s  based upon nondirect 

t r a n s i t i o n s .  The loca t ions  and t h e  approximate r e l a t i v e  heights'  of t he  

peaks (except peak @) were deduced d i r e c t l y  from t h e  experimental 

photoemission d a t a  i n  the  following manner: The vacuum l e v e l  of CUI i s  

t y p i c a l l y  about 6.0 e V  above t h e  top of the  valence band, and at  photon 

energ ies  between 10 .5  and 111.8 eV,  t he  shape of t he  of the  experimental 

EDCs bears  a very c l o s e  resemblance t o  t h e  valence band dens i ty  of s t a t e s  

i n  F ig .  110, with peak @ being much l a r g e r  than e i t h e r  peak @ or 
peak 0. 
and 0, tends t o  i d e n t i f y  peak @ with t h e  copper 3d bands, and peaks 

@ and @ with t h e  halogen p bands. 

0, and @ were determined q u i t e  accura te ly  from the  photoemission data. 

Having made the  i d e n t i f i c a t i o n  of peak @ with the  copper d bands and 

peaks @ and @ with t h e  halogen p bands, the  r e l a t i v e  he ights  of peaks 

0, 0, and @ were adjusted so t h a t  t h e  r a t i o  of the  a rea  under peak 

@ t o  t h e  sum of the  areas under peaks @ and @ w a s  

r a t i o  of t h e  number of 3d e l ec t rons  (10) t o  t h e  number of 4p e l ec t rons  ( 6 ) .  

The r e l a t i v e  s t r eng th  of peak 0, compared with peaks @) 

The energy loca t ion  of peaks @ , 

, equal t o  t he  

The energy gap was estimated from the  o p t i c a l  data of Coehlo [Ref, 691 

and Cardona [ R e f .  681, and the  conduction band peaks labeled 0, @, 
and @ were loca ted  d i r e c t l y  from the  photoemission da ta .  

and @ i n  Fig.  110 have been deduced d i r e c t l y  from the  experimental 

photoemission da ta ,  and t h e  uncer ta in ty  i n  the loca t ions  of these  peaks 

i s  t y p i c a l l y  about k0 .1  eV.  The r e l a t i v e  s t r eng ths  of these  peaks have 

been adjusted so as t o  g ive  good o v e r a l l  agreement with the  photoemission 

and o p t i c a l  d a t a .  

band has  not  been observed d i r e c t l y  by photoemission experiments; t h e  

r e l a t i v e  s t r eng th  and t h e  loca t ion  of peak @ have been pos tu la ted  i n  

order  t o  account f o r  t h e  major s t r u c t u r e  i n  t h e  o p t i c a l  spectrum of CUI. 

The loca t ions  of the  peaks labeled 0, 0, 0, 0, @, 

However, t he  ex is tence  of peak @ i n  t he  conduction 

'The e n t i r e  conduction band o p t i c a l  dens i ty  of states can be scaled by 
a s i n g l e  cons tan t  f a c t o r  without a f f e c t i n g  the  r e s u l t s  of t h e  ana lys i s ,  
j u s t  as i n  t h e  case of t h e  ana lys i s  carried out  on CU, Ag, and Au. 
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" 3  
I n  the  range of photon energ ies  between 4 and 8 eV,  t he re  a r e  th ree  major 

peaks i n  t h e  o p t i c a l  spectrum of CUI,  and the  energy separa t ion  of these  

peaks corresponds very c lose ly  t o  t h e  energy separa t ion  between peaks 0, 
0, and @ i n  t h e  valence band. 

respondence, i t  seems reasonable t o  assume t h a t  t he  th ree  peaks i n  the  

o p t i c a l  spectrum are due to  t r a n s i t i o n s  from the  t h r e e  valence band peaks 

0, 0, and @ t o  t h e  same f i n a l  state i n  the  conduction band. 

lowing t h i s  reasoning, peak @ w a s  located a t  an energy of about 3.1 ev 

above t h e  top  of t h e  valence band. 

Because of t h i s  remarkably c lose  cor- 

Fol- 

A s  w i l l  be shown la te r  i n  t h i s  chapter ,  a d e t a i l e d  nondirect 

t r a n s i t i o n  ca l cu la t ion  of 

Fig.  110 accounts remarkably w e l l  f o r  t h e  loca t ion  of t he  s t r u c t u r e  i n  

t h e  o p t i c a l  spectrum of CUI ,  thereby j u s t i f y i n g  the  loca t ion  of peak @ 
i n  t he  conduction band. However, t o  account properly f o r  the  s t r eng th  

of t h e  peak i n  

the  p robab i l i t y  f o r  t h i s  t r a n s i t i o n  had t o  be assumed t o  be about one- 

t h i r d  as s t rong  as t h e  p robab i l i t y  f o r  t h e  rest of t h e  o p t i c a l  trans- 

i t i o n s .  

i t i o n  suggests  t h a t  t h i s  t r a n s i t i o n  might be dominated by d i r e c t  

t r a n s i t i o n s ,  and not  by t h e  t o t a l  dens i ty  of states, for t he  following 

reasons: I f  t he  d bands are q u i t e  f l a t  over t h e  e n t i r e  Br i l l ou in  zone, 

and i f  t h e  high dens i ty  of states a t  peak @ i s  derived l a rge ly  from 

"f la t"  bands t h a t  extend only over a por t ion  of t he  Br i l l ou in  zone, and 

i f  d i r e c t  t r a n s i t i o n s  govern t h e  o p t i c a l  absorption process near t he  band 

edge, then only a f r a c t i o n  of t h e  t o t a l  number of d e l ec t rons  i n  the  

valence band can make t r a n s i t i o n s  t o  the  bands of peak @, and a reduced 

matrix element would r e s u l t ,  However, i f  t he  d bands are q u i t e  f l a t ,  the  

wavefunctions descr ib ing  t h e  i n i t i a l  s tate of t he  e l ec t ron  have a d i s t i n c t  

atomic cha rac t e r ,  Thus, i t  may be t h a t  atomic s e l e c t i o n  r u l e s  are more 

s i g n i f i c a n t  than "k-conservation" i n  determining the  matrix element f o r  

the  t r a n s i t i o n  @ 
t r a n s i t i o n  i s  due t o  t h e  e f f e c t  of atomic s e l e c t i o n  r u l e s .  

E (u) from the  o p t i c a l  dens i ty  of states of 2 

Ez( w) due t o  o p t i c a l  t r a n s i t i o n  from peak @) t o  peak @, 

The r e l a t i v e l y  smaller matr ix  element f o r  t h e  @) + @ t rans-  

@ 9  and t h a t  t h e  reduced matrix element f o r  t h i s  

Because of t h e  f a c t  t h a t  a l l  of the  photoemission and o p t i c a l  - 
d a t a  cannot be accounted f o r  q u a n t i t a t i v e l y  by the  assumption of constant  

matrix elements, t h e r e  is  some uncer ta in ty  i n  the  r e l a t i v e  peak he ights  
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i n  the  o p t i c a l  dens i ty  of states of F ig .  110, e spec ia l ly  i n  t h e  s t r eng th  

of peak @. 
t he  o p t i c a l  dens i ty  of states i s  able  t o  account q u i t e  w e l l  f o r  the bulk 

of t he  o p t i c a l  da ta ,  i nd ica t ing  t h a t  t he re  i s  some real s igni f icance  t o  

t h e  r e l a t i v e  peak he ights  i n  Fig.  110. 

However, an analys is  based upon nondirect  t r a n s i t i o n s  and 

The rest of t h e  d iscuss ion  t o  be presented on 0.11 i n  t h i s  chap- 

ter w i l l  be centered about t he  experimental d a t a  from which the  o p t i c a l  

dens i ty  of states of Fig.  110 has been deduced, and the  computer calcu- 

l a t i o n s  of t he  quantum y ie ld ,  t h e  EDCs, f 2 ( w ) ,  and L(E)  t h a t  are based 

upon t h e  o p t i c a l  dens i ty  of states. The computer ca l cu la t ions  have been 

ca r r i ed  out  by use of t he  o p t i c a l  dens i ty  of states of Fig.  110 and the 

model of nondirect  t r a n s i t i o n s .  The computer ca l cu la t ions  use the  

equations described i n  Table 1 with the following exceptions: 

The hot  e l ec t ron  group ve loc i ty  v has been assumed t o  be 

constant ,  independent of energy because the  conduction band of 

CUI is  by no means f ree-e lec t ron- l ike ;  consequently, t he  f r e e  

e l ec t ron  group ve loc i ty  used i n  the ana lys i s  of Cu, Ag ,  and Au 

is  inappropr ia te  f o r  CUI. Since no experimental or t h e o r e t i c a l  

information i s  ava i l ab le  on the  energy dependence of the group 

ve loc i ty  i n  t h e  conduction band of C U I ,  t he re  was no choice but 

t o  assume t h a t  v = cons tan t .  

The threshold func t ion  T( E) w a s  assumed t o  have approximately 

t h e  form of a step-function, as shown i n  F ig .  111. The shape 

of t h e  threshold func t ion  w a s  d i c t a t e d  by t h e  shape of t he  EDCs, 

and t h e  l i m i t i n g  value of 0.5 has the  physical  meaning t h a t  an 

e l ec t ron  photoexcited a t  depth x from the  sur face  must have a 

ve loc i ty  component d i r ec t ed  toward the  sur face  i f  the  e l ec t ron  

i s  t o  have a chance of being photoexcited i n t o  the  vacuum. 

Thus, the  s t ep - l ike  threshold func t ion  i s  based on the  assump- 

t i o n  t h a t  any e l ec t ron  exc i ted  t o  an energy E above t h e  vacuum 

l e v e l  can escape i f  t h e  e l ec t ron  can reach t h e  sur face  before 

su f fe r ing  an i n e l a s t i c  e lec t ron-e lec t ron  c o l l i s i o n  and t h a t  

electron-phonon c o l l i s i o n s  are improbable. 

g 

8 
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To account for the effects of electron-electron scattering, it 

has been assumed that the electrons photoexcited to energy E at depth 

x from the surface have a spherical velocity distribution, and the 

electron-electron scattering analysis has been carried out by use of the 

same basic equations used to calculate L(E) f o r  Cu, Ag, and Au, except 

that v = constant, and Tf(E) is replaced in the equation by the 

T(E)l of Fig. 111. 

electron-electron collisions are possible in CUI at energies between the 

bottom of the conduction band and above 
the top of the valence band, Only unscattered electrons were included in 

the calculations of the quantum yield and the EDCs, since the experi- 

mental EDCs did not show evidence of a significant number of secondary 

(scattered) electrons. 

g 
Of course, in order to conserve energy, no inelastic 

E = 2E = (2)(2.9 eV) = 5.8 eV 
g 

0 
ENERGY ABOVE TOP OF THE VALENCE BAND (eV) 

FIG. 111. THRESHOLD FUNCTION FOR CUPROUS IODIDE. 

'Replacing Tf(E) by the T(E) of Fig. 111 has the physical meaning of 
setting the escape cone equal to almost 90° for any energy 
about 1 eV above the vacuum level. 

E more than 
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2. Opt ica l  Data f o r  Cuprous Iodide 

Using the  experimental methods described i n  Chapter 11, the  

r e f l e c t i v i t y  of CUI was measured i n  t h e  range of photon energ ies  between 

3 and 21.2 eV.  

d a t a  and t h e  windowless da t a ,  i nd ica t ing  that the  r e f l e c t i v i t y  of CUI i s  

q u i t e  i n s e n s i t i v e  t o  b r i e f  exposure t o  air .  

d a t a  are compared w i t h  t h e  d a t a  of Cardona [ R e f .  681 i n  F ig .  112, where 

the  agreement i s  seen t o  be q u i t e  good with regard t o  the  loca t ion  of 

s t r u c t u r e .  Note, however, t h a t  the  magnitude of t he  r e f l e c t i v i t y  ob- 

ta ined i n  t h e  present  work i s  somewhat higher than the magnitude obtained 

by Cardona. 

surements were not made, s ince  the  r e f l e c t i v i t y  d a t a  tabulated i n  Gmelin's 

Handbook seemed t o  match f a i r l y  w e l l  wi th  the  d a t a  of t he  present  work. 

Very good agreement w a s  found between the  high vacuum 

The  experimental r e f l e c t i v i t y  

A t  photon energ ies  lower than 3 e V ,  new r e f l e c t i v i t y  m e a -  

The absorption c o e f f i c i e n t  a ( u )  and the  imaginary p a r t  of the  

d i e l e c t r i c  constant  E (u) were ca lcu la t ed  from the  r e f l e c t i v i t y  data, 

by use of t h e  Kramers-Kronig ana lys i s  computer program w r i t t e n  by Shay 

[Ref, 171. 

3 e V  were taken from Gmelin; above 3 eV,  the  r e f l e c t i v i t y  d a t a  were taken 

from the  curve labe led  "present work" i n  Fig.  112. 

2 

For use  i n  t h e  computer program, t h e  r e f l e c t i v i t y  d a t a  below 

The absorpt ion c o e f f i c i e n t  a( u) obtained from the  Kramers- 

Kronig ana lys i s  i s  compared i n  F ig .  113 t o  t h e  r e s u l t s  of t h e  d i r e c t  

measurements of Cardona [Ref. 681, which were deduced from transmission 

measurements through t h i n  f i l m s ,  The agreement wi th  regard t o  loca t ion  

of s t r u c t u r e  is  q u i t e  good, and the  agreement with regard t o  magnitude is  

good, except f o r  t h e  magnitude of t he  absorption peak at about 7 .9  e V .  

Note t h a t  a t  8 0 ° K ,  Cardona's d a t a  r e so lve  some f i n e  s p l i t t i n g  i n  the  

absorption peak at 6 .2  e V ,  and make evident  a d i s t i n c t  shoulder at  about 

7 . 2  e V .  Due t o  t h e  u n c e r t a i n t i e s  i n  the  r e f l e c t i v i t y  da t a  below 3 e V ,  

t he re  i s  considerable  uncer ta in ty  i n  the  ca lcu la ted  absorption coe f f i c i en t  

at energ ies  below about 3 eV,  as can be seen from the  f a c t  t h a t  t he  

absorpt ion c o e f f i c i e n t  i s  f i n i t e  a t  photon energies  smaller than the  

energy of t h e  energy gap. 

The "experimental" f 2 ( w )  t h a t  i s  ca lcu la ted  from the  r e f l ec -  

t i v i t y  d a t a  i s  shown i n  F ig ,  114, where i t  i s  compared with t h e  

t h a t  i s  ca lcu la ted  from the  o p t i c a l  dens i ty  of s t a t e s  of F ig .  110. Only 

f2(u)  
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FIG. 113. ABSORPTION COEFFICIENT a!( 0) OF CUPROUS IODIDE. 

t h e  shape of E (0) 

and t h e  "opt ica l  dens i ty  of states" 

"experimental" E2(a)  a t  4 .6  e V .  Because of t he  uncer ta in ty  i n  the  

r e f l e c t i v i t y  d a t a  below 3 eV, t h e r e  i s  considerable  uncer ta in ty  i n  the  

"experimental" E2(w)  a t  photon energies  less than 3 eV. 

can be ca lcu la ted  from the  o p t i c a l  dens i ty  of states, 
2 

c2(w) has been f i t t e d  t o  the  

A s  seen from Fig.  114, t he re  i s  exce l len t  agreement between the  

"calculated" and t h e  "experimental" d (a) 
of both major s t r u c t u r e  and de ta i l ed  s t r u c t u r e  i n  t h e  range of photon 

energ ies  between 3 and 12 e V .  

mental" E ( w )  

with regard t o  t h e  loca t ion  
2 

One i n t e r e s t i n g  f e a t u r e  i n  t h e  "experi- 

i s  t h a t  t he re  i s  a peak at  7 .6  e V ,  and a shoulder a t  
2 
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about 7 .1  e V .  

c l e a r l y  evident ,  but  decomposition of t he  ca lcu la ted  curve ( a s  seen i n  

Fig.  114) shows t h a t  t h e  ca lcu la ted  peak a t  7 . 5  e V  is  r e a l l y  composed of 

two d i s t i n c t  peaks: 

t he  o the r  peak is due t o  the  t r a n s i t i o n  @ + 0, where t h e  nota t ion  i s  

appropriate  t o  t h e  peaks i n  Fig.  110. Because of t he  r e l a t i v e  s t r eng ths  

of peaks @ and 0, t h e  t r a n s i t i o n  @ + 0 probably cont r ibu tes  

s t rongly  t o  t h e  experimental shoulder a t  7 .1  e V ,  and the  t r a n s i t i o n  

@ + @ has been associated with the  experimental peak at 7 . 6  e V .  

such decomposition ( e a s i l y  done with a computer) d e t a i l s  i n  the  s t r u c t u r e  

of 

t he  o p t i c a l  dens i ty  of states of F ig .  110. The energies  of the  s t r u c t u r e  

i n  the  o p t i c a l  spectrum of CUI and the  i d e n t i f i c a t i o n  of t h i s  s t r u c t u r e  

with peaks i n  the  o p t i c a l  dens i ty  of states are tabulated i n  Sect ion E 

of t h i s  chapter ,  along wi th  similar t abu la t ions  f o r  CuCl  and CuBr .  

I n  the  ca l cu la t ed  curve, the  shoulder at 7 . 1  e V  i s  not 

One peak is  due t o  the  t r a n s i t i o n  @ + @, and 

1 
By 

E: (o) can be i d e n t i f i e d  wi th  t r a n s i t i o n s  between c e r t a i n  peaks i n  
2 

I n  ca l cu la t ing  € from the  o p t i c a l  dens i ty  of states, i t  has 
2 

been assumed t h a t  

momentum matrix element j o in ing  peak @ t o  peak @. 

I M i j ]  
and j, and f o r  a l l  t h e  o ther  t r a n s i t i o n s ,  i t  has been assumed t h a t  

I M l 4 I 2  = 1/3 where I M l 4 I 2  i s  t h e  square of t he  

The quan t i ty  
2 

gives t h e  r e l a t i v e  p robab i l i t y  of t r a n s i t i o n  between states i 

according t o  the  model of d i r e c t  t r a n s i t i o n s .  Figure 115 
2 

I M i j l  = 1, 

shows t h a t  t h e  t r a n s i t i o n  @ + @ i s  much too s t rong  [compared with 

the  "experimental" e2( o) 1 i f  / M l 4 I 2  = 1. 

Because of t he  r e l a t i v e  v a r i a t i o n  i n  the  magnitudes involved, 

s i g n i f i c a n t  s t r u c t u r e  i s  sometimes more evident i n  the  quant i ty  

w f 2 ( w )  = w(W) than i n  the  quant i ty  f 2 ( w ) .  I n  addi t ion ,  the  quant i ty  

~ ( w )  

poss ib le  t r a n s i t i o n s  i n  t h e  model of nondirect  t r a n s i t i o n s ,  and peaks i n  

W I J ( ~ )  

2 

i s  s i g n i f i c a n t  i n  tha t  i t  i s  proport ional  t o  t h e  t o t a l  number of 

tend t o  s i g n i f y  the  onset  of s t rong  t r a n s i t i o n s  a t  frequency w. 

However, t he re  i s  some uncer ta in ty  i n  these  assignments, because the  
ca lcu la ted  quantum y ie ld  tends t o  be i n  better agreement with the  experi- 
mental quantum y ie ld  i f  t he  s t r eng th  of t he  @ + @I t r a n s i t i o n  w a s  
increased,  and the  s t r eng th  of t h e  @ + @) t r a n s i t i o n  decreased even 
lower than lM1412 1/3. Thus the  assignments descr ib ing  the  shoulder 
a t  7 . 1  e V  and the  peak at 7 . 6  e V  might be reversed.  

1 
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FIG. 115. EFFECT OF THE MATRIX 
ELEMENT 1M14I2 ON €z(U) 
FOR CUPROUS IODIDE. 

I I I 

Consequently, t h e  "ca lcu la ted"  w.( u) and t h e  "experimental" u.( u) 

are compared i n  F ig .  116. In  Fig.  116, t h e  arrows po in t ing  downward 

s i g n i f y  t h e  l o c a t i o n  of s t r u c t u r e  i n  t h e  "experimental" W(u) and 

arrows po in t ing  up s i g n i f y  t h e  l o c a t i o n  of s t r u c t u r e  i n  t h e  "calculated" 

W.( w) . 
In  F ig .  117, t h e  absorption c o e f f i c i e n t  of AgI i s  compared 

wi th  t h e  absorp t ion  c o e f f i c i e n t  of CUI. The remarkable s i m i l a r i t y  be- 

tween t h e  absorp t ion  c o e f f i c i e n t s  of AgI and CUI i n d i c a t e s  t h a t  t h e  energy 

band s t r u c t u r e s  of AgI and CUI are q u i t e  similar, wi th  t h e  l o c a t i o n  of 

t h e  Ag d bands i n  AgI corresponding c l o s e l y  t o  t h e  loca t ion  of t h e  CU 

d bands i n  CUI. Both CUI and AgI have a zincblende crystal  s t r u c t u r e .  

3. The Quantum Yield f o r  Cuprous Iodide 

The experimental and ca l cu la t ed  quantum y i e l d s  of CUI are com- 

The ca l cu la t ed  quantum y ie ld  inc ludes  t h e  e f f e c t s  of pared i n  Fig.  118. 

t h e  e l ec t ron -e l ec t ron  s c a t t e r i n g  l eng th  (F ig .  125) .  The agreement be- 

tween t h e  experimental and t h e  c a l c u l a t e d  curves i s  q u i t e  good, and the  

c a l c u l a t e d  curve i s  seen t o  reproduce t h e  major f e a t u r e s  of the  experi-  

mental curve q u i t e  w e l l ,  The most s t r i k i n g  f e a t u r e s  of t h e  quantum y i e l d  

are t h e  d i p  a t  about 9 . 8  e V ,  and t h e  s t rong  rise between 10 and 11 eV.  

The d i p  i n  t h e  y i e l d  is  caused by t h e  s t rong  t r a n s i t i o n  @ + 0, s ince  
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2 FIG. 116. THE QUANTITY W a ( W )  = W €2(W) FOR CUPROUS IODIDE.  
The va lues  of c2(w) are t h e  same as i n  Fig.  114. 

t h e  f i n a l  state @ i s  loca ted  j u s t  below t h e  vacuum l e v e l .  

rise between 10 and 11 e V  i s  caused by t h e  onse t  of photoemission from 

valence band peak 0, which has  been assoc ia ted  with t h e  copper 3 d band. 

The s t rong  

Note t h a t  t h e  ca lcu la ted  y i e ld  between 6 . 5  and 8 eV i s  some- 

what lower than the  experimental  y i e l d .  A s  discussed i n  t h e  previous 

sec t ion ,  the agreement between t h e  ca lcu la ted  and the experimental y ie ld  

would be b e t t e r  i n  t h i s  range of photon energ ies  i f  t h e  matr ix  element 

f o r  t h e  t r a n s i t i o n  @ -+ @ w a s  increased,  and the  matr ix  element f o r  

t h e  t r a n s i t i o n  @ -+ @ made even smaller than the  value of one-third 

used i n  t h e  present  c a l c u l a t i o n .  

The o v e r a l l  unce r t a in ty  i n  the  experimental  quantum y i e l d  i s  

estimated t o  be about k30 percent .  This  r a t h e r  l a r g e  uncer ta in ty  i s  due 

almost e n t i r e l y  t o  t h e  unce r t a in ty  i n  the t ransmission of t h e  LiF window. 

The t ransmission of t he  LiF window apparent ly  changed during the  course 
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of t h e  experiment, and t h e  t ransmission used i n  ca l cu la t ing  t h e  quantum 

y ie ld  w a s  taken t o  be t h e  average of t h e  LiF t ransmissions measured before 

and after t h e  photoemission experiment. The f30 percent  uncer ta in ty  i n  

shape i s  gradual over the range of photon energ ies  between 6 and 12 e V ,  

and does not  s i g n i f i c a n t l y  a f f e c t  t he  major f e a t u r e s  of the  quantum y i e l d  

i n  F ig .  118. 

4. Pho toe lec t r i c  Energy Di s t r ibu t ion  Curves from Cuprous Iodide 

The experimental EDCs normalized t o  the  quantum y ie ld  of Fig.  

118 are p l o t t e d  i n  Figs .  119a through 119y. These experimental EDCs 

were obtained from CUI f i l m s  prepared and measured a t  a vacuum of 

2 X lo-’ t o r r ,  using t h e  photoemission chamber descr ibed i n  Chapter 11. 

I n  F igs .  119a through 119x, t he  experimental EDCs are compared with the  

EDCs ca lcu la t ed  from t h e  o p t i c a l  dens i ty  of states of Fig.  110, using 

the  threshold func t ion  of F ig .  111. The ca l cu la t ed  EDCs are cons is ten t  

with t h e  ca l cu la t ed  quantum y ie ld  i n  F ig .  118 and t h e  ca lcu la ted  e lec t ron-  

e l ec t ron  scattering length  (Fig.  125) .  

Except f o r  t h e  d i f f e rence  i n  magnitude f o r  photon energ ies  be- 

tween 6.7 and 8 e V ,  F ig .  119 shows t h a t  there is  very good agreement 

between the experimental EDCs and the  ca l cu la t ed  EDCs with regard t o  both 

shape and magnitude over the  e n t i r e  range of photon energ ies  between 6 . 7  

and 1 1 . 6  e V .  This v e r y  good agreement at tests t o  the  v a l i d i t y  of the  

o p t i c a l  dens i ty  of states of F ig .  110, and t o  the  appl ica t ion  of t he  model 

of nondirect  t r a n s i t i o n s  t o  C U I .  Note, however, t h a t  t h e  agreement be- 

tween the  ca l cu la t ed  EDCs and the  experimental EDCs i s  not q u i t e  as good 

as the  agreement obtained f o r  copper, perhaps due t o  the  matrix element 

v a r i a t i o n s  t h a t  seem t o  exist i n  C U I .  

The apparent coarseness of t h e  ca lcu la ted  EDCs i s  due t o  the  

fact  t h a t  t he  r e so lu t ion  of the  computer program w a s  only 0 . 1  e V .  How- 

ever  t h e  0 . 1  e V  r e so lu t ion  seems t o  adequately d i sp lay  the  major f e a t u r e s  

of t h e  ca l cu la t ed  curve,  and the  uncer ta in ty  i n  t h e  input  parameters t o  

t h e  computer c a l c u l a t i o n  does not seem t o  warrant t h e  u s e  of r e so lu t ion  

f i n e r  than 0 . 1  e V .  

Figures  119p through 119y show the  onset  of photoemission from 

Because of valence band peak @ a t  photon energ ies  g r e a t e r  than 10 e V .  
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t h e  g r e a t  s t r e n g t h  of photoemission from valence band peak @ compared 

with the  photoemission from valence band peaks @ and 0, valence band 

peak @ has been associated with the  copper 3d band, and valence band 

peaks @ and @ have been associated with t h e  halogen 4p bands. 

Even though valence band peak @ is about equal i n  height  t o  

valence band peak @ i n  t h e  o p t i c a l  dens i ty  of states of F ig ,  110, the  

photoemission peaks o r i g i n a t i n g  from valence band peak @ are smaller 

than t h e  photoemission peaks o r i g i n a t i n g  from valence band peak @ a t  

photon energ ies  g r e a t e r  than about 9 .8  e V .  This  e f f e c t  i s  due t o  modu- 

l a t i o n  by t h e  shape of t h e  conduction band and t o  v a r i a t i o n s  i n  the  

magnitude of t h e  e lec t ron-e lec t ron  s c a t t e r i n g  l eng th  L(E) . 
The modulation of t h e  EDCs due t o  peak @ i n  t h e  conduction 

band o p t i c a l  dens i ty  of states has a r a t h e r  pronounced e f f e c t  upon the  

shape of many of t h e  EDCs i n  F i g s .  119. However, due t o  t h e  r a t h e r  com- 

p l i ca t ed  s t r u c t u r e  i n  t h e  valence band dens i ty  of states, t h e  exact loca- 

t i o n  of peak @ i s  not  obvious i n  most of t h e  experimental EDCs. 

t he  l o c a t i o n  of peak @ i s  c l e a r l y  resolved a t  photon energ ies  i n  t h e  

v i c i n i t y  of 9 .5  e V ,  as seen i n  F igs .  119m and 119n. 

However, 

From t h e  shape of t he  experimental EDCs i n  F igs .  119 near the  

vacuum l e v e l ,  t h e r e  is  a s t rong  suggestion of a high dens i ty  of states 

peak i n  t h e  conduction band somewhere i n  t h e  v i c i n i t y  of t h e  vacuum l e v e l .  

However, t h e  threshold func t ion  obscures t h e  exact loca t ion  of the  con- 

duct ion band peak. For tuna te ly ,  t h e  vacuum l e v e l  w a s  only about 5 .0  e V  

i n  one sample of C U I ,  and the  loca t ion  of t h e  conduction band peak became 

evident ,  as seen from t h e  EDCs i n  F igs .  120 and 121. The EDCs of F igs .  

120 and 121 provide d i r e c t  experimental evidence for t he  conduction band 

peak labe led  @ i n  t h e  o p t i c a l  dens i ty  of states of F ig .  110. However, 

even wi th  t h e  low vacuum l e v e l  shown i n  F igs .  120 and 121, t h e  exact loca- 

t i o n  of conduction band peak @ i s  s l i g h t l y  obscured by t h e  modulation 

of t h e  threshold func t ion .  

6 .1  e V  above the  top  of t h e  valence band i n  t h e  o p t i c a l  dens i ty  of s ta tes  

of F ig .  110, r a t h e r  than 6.2 e V  as might be expected from the  loca t ion  of 

t he  arrows i n  F igs .  120 and 121. 

Consequently, peak @ has been located a t  

The EDCs from severa l  d i f f e r e n t  samples of CUI are compared i n  

F ig .  122 for a photon energy of 10 .4  e V .  The shapes of t h e  EDCs f o r  a l l  
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FIG. 122. COMPARISON OF EXPERIMENTAL ENERGY DISTRIBUTION 
CURVES FOR SEVERAL SAMPLES OF CUPROUS IODIDE. The quant i ty  
IlET? l abe l ing  the  energy axis i s  t h e  energy of t he  photo- 
emit ted e l ec t rons  measured from the  top  of t h e  valence band. 

t h r e e  samples are remarkably a l i k e  with respec t  t o  d e t a i l e d  s t r u c t u r e ,  

except f o r  t h e  f a c t  t h a t  one sample has  a vacuum l e v e l  of about 5 . 0  e V ,  

whereas the  o the r  two samples have a vacuum l e v e l  of about 6 . 0  e V .  

The sample dated 9-26-65 i n  F ig .  122 has e s s e n t i a l l y  the  s,ame 

shaped s t r u c t u r e  as t h e  o the r  two samples i n  F ig .  122. However, when the  

sample w a s  f r e s h l y  evaporated, t h e  s t r u c t u r e  w a s  no t  as sharp,  as seen 

from t h e  comparison shown i n  F ig .  123. 

sample has much broader s t r u c t u r e  than t h e  EDC measured on the  same sample 

two weeks la ter .  A poss ib l e  explanat ion would be t h a t  t h e  f r e s h l y  evapo- 

r a t ed  f i l m  was amorphous, and t h a t  t h e  two-week i n t e r v a l  between measure- 

ments allowed enough t i m e  f o r  s m a l l  c r y s t a l l i t e s  t o  grow i n  t h e  f i lm .  The 

sharp-s t ructured EDC dated 9-26-65 would then be assoc ia ted  with the  poly- 

c r y s t a l l i n e  f i lm ,  and t h e  broad s t ruc tu red  EDC dated 9-12-65 would be 

associated with t h e  amorphous f i l m .  I f  t h i s  explanat ion i s  c o r r e c t ,  then 

i t  i s  l i k e l y  t h a t  t h e  sharp s t r u c t u r e  i n  t h e  o p t i c a l  d a t a  of CUI i s  a l s o  

The EDC from the  f r e s h l y  evaporated 
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- SAME SAMPLE MEASURED 

MEASURED ON 9/12/65 

ON 9/26/65 

ENERGY ABOVE TOP OF VALENCE BAND (eV) 

FIG. 123. EXPERIMENTAL ENERGY DISTRIBUTION CURVES FOR ONE 
CUPROUS IODIDE SAMPLE THAT HAD NO PRONOUNCED STRUCTURE 
WHEN FRESHLY EVAPORATED, BUT D I D  SHOW PRONOUNCED STRUCTURE 
UPON AGING. (The de ta i l ed  s t r u c t u r e  i n  the  aged curve 
can be seen more c l e a r l y  i n  F i g .  122. ) 

dependent upon the  ex is tence  of c r y s t a l l i n e  o rde r .  However, the  extent  

o f  t he  c r y s t a l l i n e  order  necessary f o r  sharp o p t i c a l  s t r u c t u r e  cannot be 

eas i ly  in fe r r ed  from only the  d a t a  of F i g ,  123, and i t  may be t h a t  only 

neares t  neighbor c r y s t a l l i n e  order  i s  necessary f o r  t he  ex is tence  of 

sharp s t r u c t u r e  i n  the  EDCs and the  o p t i c a l  spectrum of C U I .  

Sometimes (as i n  the  case of CUI), modulation due t o  s t r u c t u r e  

i n  the  conduction band makes i n t e r p r e t a t i o n  of t he  EDCs q u i t e  confusing, 

and it i s  o f t e n  he lp fu l  t o  use an E vs  hv p l o t  t o  aid i n  analyzing the  
P 

experimental EDCs. Such a p lo t  i s  shown i n  F ig .  124 f o r  C U I .  Note t h a t  

t he  photoemission peaks due t o  valence band peaks 0, 0, and @ tend 

t o  follow t h e  l a w  nF = @hv, i . e . ,  t h e  t r a n s i t i o n s  are l a r g e l y  described 

by the  model of nondirect  t r a n s i t i o n s .  Note a l s o  t h e  severe modulation 

e f f e c t s  of conduction band peaks @ and @ upon t h e  loca t ion  of peaks 

and shoulders i n  t h e  experimental EDCs. A s  seen i n  F ig ,  124, a peak i n  

P 
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P 

conduction band dens i ty  of s ta tes  tends t o  r e s u l t  i n  a f ixed  peak i n  the  

EDCs. 

seem t o  a f f e c t  t r a n s i t i o n s  from valence band peak @) more severe ly  than 

t r a n s i t i o n s  from valence band peak @ ; t he  t r a n s i t i o n s  from valence band 

peak @ fol low t h e  l a w  LE = Culv more c lose ly  than t h e  t r a n s i t i o n s  from 

valence band peak 0. 
i n i t i a l  states i n  the  v i c i n i t y  of peak @ and f i n a l  states i n  the  v i c i n i t y  

of peak @ have a considerable  d i r e c t  component, and are not s o l e l y  non- 

d i r e c t  t r a n s i t i o n s .  I n  addi t ion ,  t h e  e f f e c t s  of group ve loc i ty  and scat- 

t e r i n g  may a l s o  be important [ R e f .  231. 

d i s t i ngu i sh  between d i r e c t  and nondirect  t r a n s i t i o n s  i n  t h i s  r a t h e r  

Apparently, t h e  modulation effects of conduction band peak @ 

P 
I t  may be t h a t  a por t ion  of the  t r a n s i t i o n s  with 

Thus, i t  i s  somewhat d i f f i c u l t  to 
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complicated case of severe  conduction band modulation. Nevertheless,  t h e  

nondirect  model does seem t o  account f o r  t h e  bulk of the  photoemission 

and o p t i c a l  da t a .  

An E v s  hv p l o t  such as shown i n  F ig .  124 can be used t o  
P 

l o c a t e  the  p o s i t i o n  of s t r u c t u r e  i n  t h e  conduction band and valence band. 

Peaks due t o  conduction band s t r u c t u r e  tend t o  s t a y  f ixed  i n  energy, 

peaks due t o  nondirect  t r a n s i t i o n s  from the  valence band fol low the  l a w  

AE = n h v ,  and peaks due t o  d i r e c t  t r a n s i t i o n s  fol low some intermediate  

curve where nFp f cons tan t  and AEp # n h v .  I f  t h e  d i s t o r t i n g  e f f e c t s  

of conduction band modulation and e lec t ron-e lec t ron  s c a t t e r i n g  are neg- 

l e c t e d ,  t h e  l o c a t i o n  of a valence band peak involved i n  nondirect  t ran-  

s i t i o n s  can be found by merely ex t r apo la t ing  t h e  45' @.E = a h v  l i n e s  

back t o  zero  photon energy, and reading the  i n t e r c e p t  on the  E a x i s .  

P 

P 

P 
A s  seen from F ig .  124, conduction band peak @ seems t o  

modulate t h e  experimental  EDCs i n  a r a t h e r  s t r ange  manner, i nd ica t ing  t h a t  

t he re  may be d i r e c t  t r a n s i t i o n s  between i n i t i a l  states near t h e  top of 

t h e  valence band t o  f i n a l  states i n  t h e  v i c i n i t y  of peak 0. 
reason, peak @ w a s  not  included i n  t h e  computer ana lys i s ,  which can 

account f o r  only nondirect  t r a n s i t i o n s .  

For t h i s  

5 .  The Electron-Electron S c a t t e r i n g  Length L ( E )  f o r  Cuprous Iodide 

The e lec t ron-e lec t ron  s c a t t e r i n g  length  L ( E )  ca lcu la ted  from 

the  o p t i c a l  dens i ty  of s ta tes  of F ig .  110 i s  shown i n  F ig .  125. Although 

the re  are no experimental  e lec t ron-e lec t ron  s c a t t e r i n g  length  data  on 

C U I ,  Pong [Ref. 711 has f o r t u n a t e l y  made experimental  measurements on 

CuBr .  Since the  photoemission experiments of t h e  present  work i n d i c a t e  

t h a t  CuBr i s  very s imilar  t o  C U I ,  t he  magnitude of t h e  ca lcu la ted  L ( E )  

f o r  CuI w a s  set by normalizing t h e  ca l cu la t ed  curve t o  agree with Pong's 

experimental d a t a  f o r  CuBr i n  t he  range of energ ies  between 10 and 11 e V .  

The magnitude of t h e  r e s u l t i n g  curve f o r  CUI i s  apparent ly  not too L(E)  

f a r  from being c o r r e c t ,  s i n c e  t h e  magnitude of L ( E )  helps  t o  determine 

the  magnitudes of t h e  ca lcu la ted  quantum y ie ld  and EDCs, and the  magnitudes 

of t h e  ca lcu la ted  quantum y ie ld  and EDCs are i n  r a t h e r  good agreement with 

the  experimental  photoemission d a t a .  

Note t h a t  t h e  L(E)  curve f o r  CUI does not monotonically de- 

crease with increas ing  energy as do t h e  L(E)  curves fo r  Cu, Ag, and Au. 
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FIG. 125. CALCULATED L ( E )  FOR CUPROUS IODIDE 
COMPARED WITH EXPERIMENTAL DATA OF PONG 
[REF. 711, WHICH IS FOR CUPROUS BROMIDE. 

A s  a consequence of t he  sharp s t r u c t u r e  i n  t h e  o p t i c a l  dens i ty  of states 

of F i g ,  110, the  L ( E )  curve f o r  CUI has  s i g n i f i c a n t  s t r u c t u r e  i n  the 

range of energ ies  between 8 and 12 e V .  

A s  seen i n  F ig .  125, L (10.5 e V )  i s  about a f a c t o r  o f  t h ree  

lower than L ( 9 . 5  e V )  . Since t h i s  decrease i n  L ( E )  occurs a t  about 

10 e V ,  one might suspect  t h a t  i t  is  t h i s  decrease i n  L ( E )  t h a t  causes 

the d i p  i n  t h e  quantum y ie ld  of F ig .  118. However, t h i s  i s  not t h e  case, 

s ince  a t  a photon energy of 10 eV,  very few e l e c t r o n s  are exc i ted  t o  

energ ies  i n  the  v i c i n i t y  of 10 eV,  as can be seen from the  experimental 

EDCs of F igs .  119. 

A t  energ ies  less than 2E = 5 .8  e V ,  t he re  can be no i n e l a s t i c  
g 

e lec t ron-e lec t ron  s c a t t e r i n g  i f  energy i s  t o  be conserved, so  f o r  

E < 5.8 e V ,  L ( E )  = 00. - 
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6.  The  Location of t h e  Fermi Level i n  Cuprous Iodide 

If t h e  work func t ion  of t he  metal su r f ace  coa t ing  t h e  c o l l e c t o r  

can i s  known, t h e  f e r m i  l e v e l  a t  t h e  su r face  of a semiconducting photo- 

emitter can be  deduced from t h e  ze ro  of energy i n  t h e  pho toe lec t r i c  EDCs. 

The manner i n  which t h i s  i s  done i s  obvious from the diagrams of F ig .  126, 

where 

and fiC 
VR i s  t h e  r e t a r d i n g  p o t e n t i a l  between t h e  emitter and the  c o l l e c t o r ,  

i s  t h e  contac t  p o t e n t i a l  between t h e  emitter and the  c o l l e c t o r .  

In  t h e  photoemission measurements carried out  on C U I  i n  t he  high 

vacuum photoemission chamber, t h e  value of t h e  c o l l e c t o r  work func t ion  was 

always w e l l  known, s i n c e  two experiments were made on each pumpdown, the  

f i r s t  experiment a lways  being made on e i t h e r  Cu, Ag, or Au f i lms  which 

were evaporated i n s i d e  the c o l l e c t o r  can i n  t h e  manner described i n  

Chapter 11. From t h e  f i r s t  experiment on t h e  metal subs t r a t e ,  t he  value 

of the c o l l e c t o r  can work func t ion  could be determined t o  wi th in  about 

k0.15 e V .  

The  t h r e e  sets of da ta  shown i n  F ig .  126 g ive  values  of 0 .7 ,  

0.8, and 1 .0  e V  f o r  t h e  energy of t he  fermi l e v e l  above the top of the 

valence band. Since these  values  are a l l  nea r ly  t h e  same, i t  seems reason- 

ab le  t o  conclude that  t h e  fermi l e v e l  a t  t he  su r face  of an evaporated f i l m  

of CUI  is  t y p i c a l l y  about 0 .8  e V  above t h e  top  of t h e  valence band. Since 

the  ( o p t i c a l )  energy gap of CUI i s  about 2.8 eV,  i t  appears t h a t  t h e  CUI 

f i l m  i s  p-type near  t h e  su r face .  

In  a l l  of t h e  photoemission analyses  presented thus f a r  i n  t h i s  

chapter ,  i t  has been t a c i t l y  assumed t h a t  t h e r e  are no severe band-bending 

e f f e c t s  wi th in  an absorpt ion length  of t h e  sur face .  Band-bending near  

t h e  su r face  can have a s i g n i f i c a n t  e f f e c t  upon the  i n t e r p r e t a t i o n  of the 

pho toe lec t r i c  EDCs, but  band-bending can be accounted f o r  i f  such f a c t o r s  

as t h e  bulk doping and t h e  na tu re  of t h e  su r face  states are w e l l  under- 

stood.' 

halides, t h e  poss ib l e  effects of band-bending w i l l  no t  be considered i n  

t h e  a n a l y s i s  of photoemission from t h e  cuprous ha l ides .  

Since no such information i s  p resen t ly  ava i l ab le  f o r  t he  cuprous 

'For an example i n  which band-bending e f f e c t s  are considered i n  analyzing 
photoemission da ta ,  see Ref. 80. 
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However, i t  seems l i k e l y  t h a t  t h e r e  are no severe band-bending 

e f f e c t s  near the  su r face  of C U I ,  s i nce  t h e  o p t i c a l  dens i ty  of states de-  

duced from t h e  photoemission d a t a  accounts s t r i k i n g l y  w e l l  f o r  t h e  d e t a i l e d  

s t r u c t u r e  i n  t h e  h igh  energy o p t i c a l  d a t a ,  which i s  independent of any 

band-bending e f f e c t s .  

7 .  Comparison with Energy-Band Calculat ions 

Although no energy band ca l cu la t ions  are present ly  ava i l ab le  

f o r  t h e  cuprous ha l ides ,  energy band ca l cu la t ions  do exis t  [Refs. 72, 73,  

and 781 f o r  AgBr and AgC1, which are not too  d i f f e r e n t  from the  cuprous 

h a l i d e s .  Since a t  least some q u a l i t a t i v e  i n s i g h t  might r e s u l t  from a 

comparison of t hese  t h e o r e t i c a l  ca l cu la t ions  with t h e  photoemission 

r e s u l t s  from t h e  cuprous ha l ides ,  t h e  o p t i c a l  dens i ty  of s ta tes  f o r  CUI  

i s  compared t o  Scop's [Ref. 721 APW energy band ca l cu la t ion  f o r  AgBr i n  

F ig .  127. I n  F ig .  127, t h e  valence band of Scop's AgBr ca l cu la t ion  has 

been l i n e a r l y  s t r e t ched  (by about 50 percent)  so  t h a t  the  valence band 

width of the  AgBr equals  t h e  experimental  valence band width of C U I .  The 

t h e o r e t i c a l  conduction band f o r  AgBr has not  been a l t e r e d ,  except f o r  a 

bodi ly  s h i f t  of t h e  e n t i r e  conduction band r e l a t i v e  t o  the  top  of t h e  

valence band. 

A comparison of CUI with AgBr may a t  f i r s t  seem t o  be un- 

warranted, f o r  s eve ra l  reasons: 

whereas CUI has  a ZnS c r y s t a l  s t r u c t u r e ;  ( 2 )  t h e  metal and halogen atoms 

are d i f f e r e n t  i n  t h e  two materials. However, t h e r e  i s  some j u s t i f i c a t i o n  

i n  comparison, s ince  t h e  experimental photoemission d a t a  presented i n  

t h i s  chapter  show t h a t  CuCl ,  CuBr ,  and CUI have q u i t e  s i m i l a r  o p t i c a l  

d e n s i t i e s  of states, ind ica t ing  t h a t  t h e  d i f f e r e n t  halogen atoms do not 

have d r a s t i c a l l y  d i f f e r e n t  e f f e c t s  on t h e  energy band s t r u c t u r e  of the  

cuprous h a l i d e s .  I n  addi t ion ,  t he re  i s  a c l o s e  s i m i l a r i t y  between the  

absorpt ion c o e f f i c i e n t s  of AgI (ZnS la t t ice)  and C U I  (Zns l a t t i c e ) ,  as 

(1) AgBr has  a N a C l  c r y s t a l  s t r u c t u r e  

shown i n  F ig .  117. This c l o s e  s i m i l a r i t y  suggests  t h a t  t he  s i l v e r  and 

copper atoms act i n  s i m i l a r  ways i n  t h e  cuprous h a l i d e s  and t h e  s i l v e r  

h a l i d e s .  To complete t h e  analogy between the  cuprous ha l ides  and the 

s i l v e r  ha l ides ,  i t  would be d e s i r a b l e  t o  compare experimental EDCs from 

t h e  cuprous h a l i d e s  wi th  experimental pho toe lec t r i c  EDCs from the  s i l v e r  

h a l i d e s .  Peterson [Ref. 771 has  obtained EDCs f o r  AgBr and AgC1. 
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Unfortunately,  Pe te rson ' s  experimental data s u f f e r  from problems of 

poss ib l e  surf  ace contamination, '  and cannot be considered as d e f i n i t i v e  

at t h i s  t i m e .  

I n  F ig .  127, a remarkable s i m i l a r i t y  exists between the  a d j u s t e d  

band s t r u c t u r e  of CUI and the  o p t i c a l  dens i ty  of states of AgBr, i n  t h a t  

there  i s  a c lose  correspondence between the  peaks i n .  CUI and " f l a t "  bands 

i n  AgBr. 

In  the  valence band, t h e  most s i g n i f i c a n t  f e a t u r e  i s  the  agreo- 

ment between the loca t ion  of t he  s i l v e r  4d bands and t h e  loca t ion  of CUI  

peak 0, which has  been assoc ia ted  wi th  t h e  copper 3d bands. 

peak @ seems t o  correspond t o  the  f l a t  bands designated C1, 

f l a t  bands along t h e  X i  - U1 f a c e .  

associated w i t h  states near  T15, 

halogen 4p wavef unc t ions .  

The CuI 

and t o  the  

The CUI peak @ seems t o  be 

which are der ived l a r g e l y  from the  

I n  t h e  conduction band, the correspondence between CUI and AgBr 

i s  q u i t e  s t r i k i n g .  A s  seen i n  F ig .  126, t h e  conduction band of AgBr i s  

ac tua l ly  composed of two conduction bands: The lower conduction band i s  

derived l a r g e l y  from the  s i l v e r  5s wavefunctions, and the  upper conduction 

band i s  derived l a r g e l y  from the  halogen 4d wavefunctions.2 

peak @ corresponds c lose ly  t o  t h e  f l a t  bands at 

corresponds t o  bands a t  t h e  top  of t h e  lower conduction band, CuI peak @ 
corresponds t o  the  bands at the  bottom of the  upper conduction band, and 

CUI "peak" 0 
band. 

Cuprous iod ide  

C U I  peak @ x1 , 

corresponds to  bands near  t h e  top of t he  second conduction 

'In Pe terson ' s  [Ref. 771 own words I t , .  .No spec ia l  precautions with the 
sur face  were taken i n  sample prepara t ion  . . , , 
externa l  photoelectrons were found t o  emerge with a uniform d i s t r i b u t i o n  
i n  energy between 0 and 2 e V  f o r  a l l  inc ident  ene rg ie s . , .w i th  the  ex- 
cept ion  of a s m a l l  t a i l  which moves i n  proportion t o  increas ing  inc ident  
energy ... . "  The photoemission c h a r a c t e r i s t i c s  described above by 
Peterson are of t e n  c a l l e d  "universal  curves, " because such charac te r -  
i s t ics  are found i n  the  photoemission d a t a  of many d i f f e r e n t  types of 
materials, i f  t h e  material is  contaminated or has a poorly prepared 
surf ace. 

and ". . .The bulk of 

2As discussed earlier, t h e  charac te r  of t he  atomic wavefunctions from 
which the  s t a t e s  are der ived may be s i g n i f i c a n t  i n  determining the  
matrix element f o r  the  t r a n s i t i o n  @ --* @. 
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Note t h a t  i n  t h e  energy band ca l cu la t ion  of AgBr, t he  top of the  

valence band i s  not  at I?, but  at  L. Bassani e t  a1 [Ref. 781 and Scop 

[Ref. 721 have pointed out  t h a t  t h i s  e f f e c t  i s  due t o  s t rong  p-d mixing, 

and both authors  have emphasized t h a t  t h e r e  i s  s t rong  covalent bonding 

between t h e  s i l v e r  d-wavefunctions and the  halogen p-wavefunctions. 

This r e s u l t  i s  cons i s t en t  with t h e  r e s u l t s  of t h e  photoemission da ta ,  which 

are remarkably s i m i l a r  f o r  CuCl, CuBr, and CUI; t h i s  s i m i l a r i t y  i n  the 

photoemission d a t a  of t h e  cuprous ha l ides  i n d i c a t e s  t h a t  t he  s t r u c t u r e  i n  

the  halogen bands i s  not determined pr imar i ly  by t h e  sp in-orb i t  s p l i t t i n g ,  

which i s  q u i t e  d i f f e r e n t  f o r  t h e  d i f f e r e n t  halogens.  This covalent bonding 

i n  the  s i l v e r  ha l ides  a l s o  tends t o  s u b s t a n t i a t e  t h e  bonding scheme pro- 

posed f o r  t h e  cuprous ha l ides  earlier i n  t h i s  chapter .  

Scop [Ref. 721 f i n d s  t h a t  f o r  AgBr, t he  sp in-orb i t  s p l i t t i n g  

a t  r i s  0.58 e V ,  s l i g h t l y  more than the  f r e e  ion  value.  However, Scop 

f i n d s  t h a t  t h e  sp in-orb i t  s p l i t t i n g  a t  

the  s t rong  p-d mixing near  t h e  top of t he  valence band. 

15 

L3 
i s  less than 0 .1  e V ,  due t o  

Note i n  F ig .  127 t h a t  t he re  i s  an arrow suggest ing t h a t  t he  

X1 
i n  an iod ine  compound than i n  a bromine compound. A s  w i l l  be pointed out 

l a t e r  i n  t h i s  chapter ,  t h e  

c lose r  t o  t h e  bottom of t h e  conduction band than i s  the  point  i n  

Scop's AgCl ca l cu la t ions ;  t h i s  t rend seems t o  correspond t o  t h e  t rend  

i n  t h e  loca t ion  of peak @ i n  t h e  cuprous h a l i d e s .  

po in t  should be somewhat c l o s e r  t o  the  bottom of the  conduction band 

X1 
po in t  i n  Scop's AgBr conduction band i s  

X1 

C .  PHOTOEMISSION STUDIES OF CUPROUS BROMIDE 

A s  d iscussed ear l ier  i n  t h i s  chapter ,  excellent pho toe lec t r i c  EDCs 

have been obtained f o r  CuBr, but  r e l i a b l e  quantum y ie ld  d a t a  corresponding 

t o  t h e s e  EDCs could not be obtained due t o  t h e  l ack  of an accurate c a l i -  

b ra t ion  s tandard .  However, t h e  s i g n i f i c a n t  f e a t u r e s  of t he  quantum yie ld  

f o r  CuBr can be obtained by not ing  the  f e a t u r e s  common t o  a number of 

d i f f e r e n t  sets of quantum y ie ld  d a t a .  

f o r  CuBr are shown i n  F ig .  128; t h e  f e a t u r e  common t o  a l l  t he  sets of 

da t a  i s  a d i p  a t  about 10 e V ,  followed by a r ise a t  about 11 e V .  J u s t  as 

i n  t he  case of C U I ,  t h e  d i p  i s  due t o  s t rong  t r a n s i t i o n s  from i n i t i a l  

s ta tes  i n  t h e  copper d band t o  f i n a l  states below t h e  vacuum l e v e l ,  

Several  sets of quantum yie ld  d a t a  
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FIG. 128. PHOTOELECTRIC YIELD FOR CUPROUS BROMIDE. 

and t h e  rise i s  due t o  t h e  onset  of photoemissions from the  copper 

d band. 

Although t h e r e  i s  considerable  unce r t a in ty  i n  t h e  ove ra l l  shapes of 

t he  y i e ld  curves of F ig .  128, t he  r e l a t i v e  unce r t a in ty  i s  l i k e l y  t o  be 

much smaller over s m a l l  i n t e r v a l s  i n  photon energy. Consequently, the  

normalized EDCs f o r  va lues  of hv wi th in  about an e V  of each o ther  

should g ive  r e l i a b l e  information.  I n  each of F igs .  129a through 129g, 

t he  EDCs are presented f o r  a s m a l l  enough range i n  energy so t h a t  the 

r e l a t i v e  magnitudes of t h e  EDCs are s i g n i f i c a n t .  

A s  seen i n  F ig .  129, t he  EDCs f o r  CuBr have e s s e n t i a l l y  the  same 

f e a t u r e s  as t h e  EDCs from C U I .  I n  f a c t ,  t h e  s t r u c t u r e  i n  the  o p t i c a l  
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FIG. 129. ENERGY DISTRIBUTION CURVES FOR CUPROUS BROMIDE. 
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0 

FIG. 129. CONTINUED. 

- NOTE: THE CURVES ARE NOT NORMALIZED 

I L 

d e n s i t y  of s t a t e s  of CuBr i s  found t o  correspond with the  s t r u c t u r e  i n  

the  o p t i c a l  dens i ty  of states of C U I .  From F ig .  129, w e  see t h a t  t h e  

magnitudes of t he  EDCs tend t o  be l a r g e  near the  vacuum l e v e l ,  i nd ica t ing  

a high d e n s i t y  of states i n  the  conduction band i n  the  v i c i n i t y  of the  

vacuum l e v e l .  Unfortunately,  t he  threshold func t ion  masks the  exact  

l oca t ion  of t h i s  peak, which corresponds t o  peak @ i n  the  conduction band 

of C U I .  The loca t ion  of peak @ i n  CuBr has been estimated t o  be a t  about 

5 .9  e V ;  t h i s  value i s  j u s t i f i e d  by the  f a c t  t h a t  i t  i s  cons is ten t  not only 

with the  experimental EDCs, but a l so  with the  o p t i c a l  d a t a  and the  d ip  i n  

the  pho toe lec t r i c  y i e l d .  1 

From the  EDCs of F ig .  129, w e  see t h a t  t he re  are th ree  peaks t h a t  

tend t o  follow the  nondirect  t r a n s i t i o n  law AJ3 = A h v .  The loca t ion  and 

s i z e  of t hese  th ree  peaks correspond very c lose ly  t o  the  loca t ion  and s i z e  
P 

of t h e  th ree  peaks seen i n  t h e  EDCs f o r  CuI, i nd ica t ing  t h a t  the  valence 

'The d i p  i n  y i e ld  i s  caused by the  t r a n s i t i o n  @ -+ 0. 
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band of AgBr i s  very s i m i l a r  t o  t he  valence band of C U I .  J u s t  as i n  C U I ,  

t he  photoemission from the  deepest  of t he  t h r e e  valence band peaks, in-  

d i c a t i n g  t h a t  i n  CuBr t h e  deepest  peak should be assoc ia ted  with t h e  

copper 3d bands, and t h a t  t h e  o the r  two peaks should be associated with 

the  bromine 4p bands. 

The loca t ions  of t h e  conduction band peaks i n  CuBr t h a t  correspond 

t o  conduction band peaks @ and @ i n  CUI are i d e n t i f i e d  somewhat more 

c l e a r l y  i n  F igs .  130 and 131 than i n  F ig .  129. The f ixed  peak a t  about 

7 . 3  e V  i n  F ig .  130 l o c a t e s  conduction band peak 0, and t h e  f ixed  peak 

a t  about 8 . 6 5  e V  i n  F ig .  131 l o c a t e s  conduction band peak 0, 

I 

ENERGY ABOVE TOP OF VALENCE BAND (eV)  

FIG. 130. ENERGY DISTRIBUTION CURVES FOR CUPROUS BROMIDE 
INDICATING STRUCTURE I N  THE CONDUCTION BAND. 

An E vs  hv p l o t  f o r  CuBr i s  shown i n  F ig .  132. I n  Fig.  132, t h e  
P 

45" l i n e  (nE = &v) i d e n t i f i e s  t h e  valence band peaks t h a t  obey the  

l a w  of nondirect  t r a n s i t i o n s ,  and t h e  ho r i zon ta l  l i n e s  i d e n t i f y  the  

loca t ion  of f ixed  s t r u c t u r e  i n  the  conduction band. J u s t  as i n  the  case 

of C U I ,  i t  appears t h a t  t he  conduction band s t r u c t u r e  modulates t h e  

t r a n s i t i o n s  from valence band peak @ more severe ly  than t h e  t r a n s i t i o n s  

P 
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ENERGY ABOVE TOP OF VALENCE BAND I d )  

FIG. 131. ENERGY DISTRIBUTION CURVES FOR CUPROUS 
BROMIDE INDICATING STRUCTURE I N  THE CONDUCTION 
BAND. 

from valence band peak 0, i nd ica t ing  t h a t  a por t ion  of t he  t r a n s i t i o n s  

from states near t h e  top  of t h e  valence band are d i r e c t  t r a n s i t i o n s ,  and 

not nondirect  t r a n s i t i o n s .  The o p t i c a l  dens i ty  of states f o r  C u B r  t ha t  

has been deduced from experimental photoemission and o p t i c a l  data i s  

sketched i n  F ig .  133. 

have been loca ted  d i r e c t l y  from the  photoemission d a t a .  A s  discussed 

earlier, t he  loca t ion  of peak @ i s  s t rong ly  suggested by the  experi-  

mental EDCs, and i s  cons i s t en t  with s t r u c t u r e  i n  the  o p t i c a l  d a t a  and 

the  d i p  i n  t h e  quantum y i e l d .  J u s t  as i n  the  case  of CUI ,  the  separa t ion  

between the  t h r e e  major peaks i n  the  o p t i c a l  d a t a  i s  the  same as the  

separa t ion  between valence band peaks 0, 0, and 0, i nd ica t ing  t h a t  

t h e  t h r e e  peaks i n  the  o p t i c a l  d a t a  are due t o  t r a n s i t i o n s  between the  

t h r e e  valence band, peaks and a s i n g l e  f i n a l  state i n  the  conduction band. 

The loca t ion  of t h i s  f i n a l  s ta te  i s  e a s i l y  deduced from the  o p t i c a l  d a t a  

and the  loca t ion  of the  valence band peaks, and i s  found t o  be about 4 . 0  eV 

In Fig .  133, t h e  peaks 0, 0, 0, @, and @ 
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FIG. 132. nF, vs  Ahv PLOT FOR CUPROUS BROMIDE. 
P 

above the  top  of t he  valence band. 

i n  F ig .  133. 

This  f i n a l  s ta te  i s  labeled s t a t e  @ 

Having i d e n t i f i e d  peak @ with t h e  copper 3d band and peaks @) 
and @ with t h e  bromine 4p bands, t h e  r e l a t i v e  he ights  of peaks 0, @, 
and @ were adjusted so t h a t  t h e  area under peak @ w a s  10/6 t i m e s  the  

t o t a l  area under peaks @ and @, j u s t  as i n  the  case of C U I .  

r e l a t i v e  peak he ights  i n  t h e  conduction band were adjusted by analogy with 

the  conduction band of C U I .  

The 

Note t h a t  t h e r e  i s  a one-to-one correspondence between the  s t r u c t u r e  

i n  t h e  o p t i c a l  dens i ty  of states of CuBr (F ig .  133) and t h e  s t r u c t u r e  i n  

the  o p t i c a l  dens i ty  of states of CUI (F ig .  110) .  However, t h e r e  are 

some s m a l l  (bu t  perhaps s i g n i f i c a n t )  d i f f e rences  i n  the  loca t ions  of 

c e r t a i n  peaks. 

Sect ion E of t h i s  chapter .  

These d i f f e rences  w i l l  be discussed i n  more d e t a i l  i n  
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Cardona's [Ref. 681 experimental da t a  f o r  the  r e f l e c t i v i t y  and the  

absorption c o e f f i c i e n t  of CuBr are shown i n  F igs .  134 and 135; t he  arrows 

poin t ing  downward i n d i c a t e  the  loca t ion  of experimental s t r u c t u r e ,  and 

the  arrows poin t ing  upward correspond t o  the  energy d i f f e rences  between 

valence band peaks and conduction band peaks i n  the  o p t i c a l  dens i ty  of 

s t a t e s  of F ig .  133. The th ree  heavy arrows poin t ing  upward i n d i c a t e  the  

energ ies  of t r a n s i t i o n s  t o  t h e  f i n a l  s ta te  @, and i t  i s  seen t h a t  the  

energ ies  of these  heavy arrows correspond q u i t e  c lose ly  t o  the  major 

s t r u c t u r e  labe led  ( B ) ,  ( C ) ,  and ( E )  i n  Fig.  134. Except perhaps f o r  the  

"predicted" peak at about 7 . 2  e V ,  t he re  i s  very good correspondence be- 

tween the  s t r u c t u r e  i n  t he  experimental r e f l e c t i v i t y ,  and the  s t r u c t u r e  

expected from the  o p t i c a l  dens i ty  of s t a t e s  of F ig .  133. 

I n  F ig .  134, t h e r e  i s  a r i s e  i n  

the  experimental r e f l e c t i v i t y  a t  7 . 2  

Q 'I 17 

eV, and i t  appears t h a t  t h i s  rise 

corresponds t o  t h e  "predicted" peak 

a t  7 . 2  e V .  Much clear experimental 

v e r i f i c a t i o n  of t he  "predicted" 

peak i s  evident  i n  the  80°K absorp- 

t i o n  curve shown i n  F ig .  135, where 

a d i s t i n c t  shoulder i s  seen t o  ap- 

pear i n  the  experimental d a t a  a t  

exac t ly  7,2 eV.  

A more complete i d e n t i f i c a t i o n  

of t he  o p t i c a l  s t r u c t u r e  of CuBr 

w i l l  be presented i n  Sect ion E of 

t h i s  chapter .  

The o p t i c a l  dens i ty  of states 

of CuBr i s  compared with Scop's ad- 

j u s t ed  band ca l cu la t ion  of AgBr i n  

Fig.  136. The adjusted band s t r u c -  

t u r e  of AgBr shown i n  Fig.  136 i s  

i d e n t i c a l  t o  t h e  adjusted band 

s t r u c t u r e  presented earlier i n  Fig.  

h 
I 

' I t  - 5 6 7 8 9 

PHOTON ENERGY (eV) 
'O4 

FIG. 134. REFLECTIVITY R( w) FOR 
CUPROUS BROMIDE, FROM CARDONA 
(REF. 681. 

127, except t h a t  t he  energy gap i s  

s l i g h t l y  d i f f e r e n t .  J u s t  as i n  the  case of CUI, the re  i s  a su rp r i s ing  
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correspondence 

and the  "f 1 a t  

( x io5) 

3 
t4 
I- z w u 
t 
8 
W 

z 

(r 

51 
8 

between t h e  peaks i n  t h e  o p t i c a l  dens i ty  of states of CuBr 

bands i n  t h e  AgBr band diagram. Since the  d e t a i l e d  corres-  

pondence pointed out earlier f o r  t h e  

comparison between CUI and AgBr a l so  

d 8 0 °  K 

8 

t 

appl ies  t o  t h e  comparison between 

CuBr and AgBr, t he  reader i s  r e fe r r ed  

t o  the  earlier sec t ion  on CUI f o r  a 

de t a i l ed  d iscuss ion  of the  r e l a t ion -  

s h i p  between the  peaks i n  the o p t i c a l  

dens i ty  of states of CuBr and t h e  

"flat" bands i n  AgBr. 

A s  discussed earlier i n  t h i s  

chapter ,  t he  cuprous ha l ides  transform 

from the  zincblende phase i n t o  the  
I I I I I 4 5 6 7 8 9 wur t z i t e  phase at  e levated temper- 

PHOTON ENERGY (eV) 
a tu res .  I t  w a s  a l so  pointed out t h a t  

FIG. 135. ABSORPTION COEFFICIENT t h e  phase charge was d i f f i c u l t  t o  

a ( w )  cupRous study under high vacuum condi t ions,  CARDONA [REF. 681. 
because the  cuprous ha l ides  tend t o  

sublime a t  temperatures below t h e  t r a n s i t i o n  temperature. However, i n  t he  

process of subl imat ing cuprous ha l ide  powders from a quartz  boat onto a 

metal subs t r a t e ,  t he  co lo r  of t h e  cuprous ha l ide  powder tends t o  change 

from white t o  yellow,' i nd ica t ing  t h a t  under high vacuum, a t  least a 

p a r t i a l  phase change may take  p lace  a t  temperatures lower than the t ran-  

s i t i o n  temperatures l i s t e d  i n  Table 6. 

course of t h i s  i nves t iga t ion ,2  but a few EDCs were obtained from CuBr 

a t  elevated temperatures when t h e  e f f e c t s  of annealing were being s t u d i e d .  

N o  s e r ious  attempt w a s  made t o  s tudy these  phase changes during the  

'This i s  e s p e c i a l l y  t r u e  f o r  CUI. 

2Photoemission measurements can be r e a d i l y  made over t he  range of temper- 
a tu re s  between 80°K and about 800'K using t h e  photoemission chamber 
described i n  Chapter 11, due t o  t h e  l i m i t a t i o n s  of t i m e ,  near ly  a l l  of 
t he  photoemission d a t a  were taken a t  room temperature, and no e f f o r t  w a s  
made t o  s tudy photoemission as a func t ion  of temperature, even though 
t h e  f a c i l i t y  f o r  making measurements at d i f f e r e n t  temperatures was 
ava i l ab le  during every photoemission experiment. 
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ADJUSTED BAND STRUCTURE C 

SCOP, [REF. 72-7 
ilLVER BROMIDE 
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OPTICAL DENSITY OF STATES N(E)  
[ARBITRARY UNITS] 

FIG. 136. COMPARISON OF OPTICAL DENSITY OF STATES FOR CUPROUS 
BROMIDE WITH ADJUSTED BAND STRUCTURE OF SILVER BROMIDE. 
Scop’s ca lcu la ted  valence bandwidth of 4 . 0  e V  has been 
l i n e a r l y  sca led  by 50 percent t o  agree with the  valence 
bandwidth of cuprous bromide. 

These EDCs are shown i n  Figs .  137 and 138. A t  about 15OoC, the  photo- 

emission peak o r i g i n a t i n g  from valence band peak @ seems t o  merge with 

t h e  photoemission peak o r ig ina t ing  from valence band peak 0, i nd ica t ing  

t h a t  a phase change has taken place,  and t h a t  t he  s t r u c t u r e  i n  t he  

valence band of CuBr i s  s e n s i t i v e  t o  t h i s  change. This s e n s i t i v i t y  t o  

phase change implies  t h a t  t h e  d e t a i l e d  s t r u c t u r e  i n  the  valence band of 

CuBr i s  q u i t e  s e n s i t i v e  t o  the  na ture  of the  c r y s t a l  symmetry. 
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8 -  hv = 10.8eV 

SAMPLE OF 2/14/65 

7- 

z 
3 

lY 

A 015 I lO 115 210 215 310 315 410 415 5.0 f 
ENERGY (eV) 

5 

FIG. 137. EFFECT OF TEMPERATURE ON ENERGY DISTRIBUTION CURVES 
FROM CUPROUS BROMIDE. The curves are not normalized, but are 
fitted at 2.7 eV. 

n 

hv = 10.2 eV 

SAMPLE OF 2/14/65 

) 

ENERGY (eV1 

FIG. 138. ENERGY DISTRIBUTION CURVES FOR CUPROUS BROMIDE BEFORE 
AND AFTER HEATING. The curves are not normalized, but are 
fitted at 2.0 eV. 
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Although providing only v e r y  incomplete da t a ,  the  EDCs of F igs .  137 

and 138 i n d i c a t e  t h a t  phase changes i n  the  cuprous ha l ides  can be s tudied  

by photoemission techniques,  and t h a t  t he  photoemission d a t a  are s e n s i t i v e  

t o  these  changes. Consequently, i t  appears t h a t  photoemission s t u d i e s  

can be a usefu l  probe f o r  obtaining information about t he  d i f f e rences  i n  

the  energy l e v e l  s t r u c t u r e  of t h e  zincblende and wur t z i t e  phases of t he  

cuprous h a l i d e s .  Such information might be very valuable  t o  t h e o r i s t s  

doing f u t u r e  energy band ca l cu la t ions  of t he  cuprous h a l i d e s .  

n 
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D .  PHOTOEMISSION STUDIES OF CUPROUS (XLORIDE 

DATA OF 10/18/65 
RELATIVE YIELD CALIERATED 

VS SODIUM SALYCILATE, 
CORRECTED FOR LiF WINDOW, 

NOT CORRECTED FOR REFLECTIVIT7 

Good EDCs have been obtained f o r  CuCl ,  but  t he re  i s  some uncer ta in ty  

i n  t he  quantum y i e l d  corresponding t o  these  EDCs, because of the  lack of 

an accurate  c a l i b r a t i o n  standard a t  t he  t i m e  the  d a t a  were taken. What 

are probably the  most r e l i a b l e  r e l a t i v e  y i e ld  data taken f o r  CuCl a r e  

shown i n  F ig .  139, where i t  i s  seen t h a t  t he  y i e ld  curve has the  same 

c h a r a c t e r i s t i c  f e a t u r e s  as  t he  y i e ld  

curves f o r  CuI and CuBr,  The char- 

a c t e r i s t i c  d i p  at  about 10 e V  i s  due 

t o  t r a n s i t i o n s  from t h e  copper d 

band t o  states below the  vacuum 

l e v e l ,  and the  c h a r a c t e r i s t i c  rise 

a t  about 11 e V  i s  due t o  the  onset  

of photoemission from the  copper d 

band. 

Because t h e r e  i s  considerable  

uncer ta in ty  i n  t h e  ove ra l l  y i e ld  

curve,  t he  EDCs corresponding t o  

the  y i e ld  of Fig.  139 have been 

normalized t o  t h e  r e l a t i v e  y i e ld  

only over s m a l l  i n t e r v a l s  i n  pho- 

ton energy, j u s t  as w a s  done f o r  

CuBr. These EDCs f o r  CuCl are 

shown i n  Figs. 140a through 140h; 

i n  each of these ,  the  r e l a t i v e  

loo I 

0 

magnitudes of t h e  EDCs are s i g n i f i c a n t ,  

295 

P I G .  139, RELATIVE PHOTOELECTRIC 
YIELD FOR CUPROUS CHLORIDE. 

SEL-67-039 



- 
2 
a 
a m .  

- 
Z 

W 
0 z 
W 
J 

3 
(L 
0 

0 k 

W 

a 

2 m a 
> 
(3 
(L 
W 
Z 
W 

SEL-67-039 

n 
P 
W 

296 



n 
P 
W 

297 

n 
0 

W 

SEL-67-039 



a 

298 



ENERGY ABOVE TOP OF VALENCE BAND (eV) 

(g) 

ENERGY ABOVE TOP OF VALENCE BANDleV) 

(h) 

FIG. 140. CONTINUED. 
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A s  seen from the  EDCs of Fig.  140 and t h e  E vs  hv p l o t  i n  Fig.  141, 
P 

the  valence band of CuCl  i s  q u i t e  s i m i l a r  t o  t he  valence bands of CUI and 

CuBr, except that the  s t r u c t u r e  i s  not  as "sharp. The 45' l i nes  i n  

F ig .  141 i n d i c a t e  t h a t  t h e r e  are t h r e e  peaks i n  the  valence band of CuC1, 

a l l  of which tend t o  fo l low the  l a w  of nondirect  t r a n s i t i o n s ,  where 

LYE = Ahv. J u s t  as i n  CuI and CuBr, photoemission from t h e  deepest 

valence band peak i s  s t ronger  than photoemission from the  o ther  two 

valence band peaks; thus,  t he  deepest l y ing  valence band peak has been 

P 

i d e n t i f i e d  wi th  t h e  copper d band, and the  o ther  two peaks have been iden- 

t i f i e d  with the  halogen p bands. 

Figure 140 and the  E v s  hv p l o t  of Fig.  141 show t h a t  valence band 
P 

peak @ i s  not  c l e a r l y  i d e n t i f i e d  i n  the  photoemission data u n t i l  the  

peak i s  about 3 eV above t h e  vacuum l e v e l  ( 5 . 3  e V ) .  

of photon energ ies  between 7 . 5  and about 9.8 e V ,  t he  E vs  hv p l o t  

i d e n t i f i e s  only one peak, which does not follow the  l a w  AE = Ahv. 

Also, i n  the  range 

P 

P - 
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FIG. 141. v s  @hv PLOT FOR CUPROUS CHLORIDE. 
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In t e rp re t ed  i n  t e r m s  of nondirect  t r a n s i t i o n s ,  t h i s  experimental evidence 

suggests  t h e  ex is tence  of a broad "peaktt i n  t h e  conduction band dens i ty  

of states between 5.5 and 7 .5  e V  above the  top  of the valence band. The 

shapes of t h e  EDCs of F ig .  140 near t he  vacuum l e v e l  suggest (although 

r a t h e r  vaguely) s t r u c t u r e  i n  the  conduction band at about 5 . 8  eV.  

addi t ion,  t h e  rise and f a l l  of t h e  he ight  of t h e  EDCs of F igs .  140c and 

140d i n d i c a t e  addi t iona l  conduction band s t r u c t u r e  at  about 6 .8  e V .  By 

analogy wi th  CuI and CuBr, t h e  t e n t a t i v e  s t r u c t u r e  a t  5 .8  e V  has been 

labe led  "peak" 0, and t h e  t e n t a t i v e  s t r u c t u r e  a t  6 .8  e V  has been 

labe led  "peak" @. 

In  

The o p t i c a l  dens i ty  of states deduced from t h e  photoemission and 

o p t i c a l  d a t a  of CuCl  i s  shown i n  Fig.  142. 

0, and @ have been loca ted  by the  experimental photoemission da ta ,  

and t h e  r e l a t i v e  he ights  have been adjusted by assoc ia t ion  of peak @ 
with t h e  copper 3d band (containing 10 e l ec t rons ) ,  and by assoc ia t ion  of 

I n  t h e  valence band, peaks 0, 

peaks @ and @ with  the  ch lor ine  3p bands (containing 6 e l e c t r o n s ) .  

The broad peak i n  the  conduction band with l a b e l s  @ and @ on the  

"corners" has been sketched i n  accordance with the  previous discussion 

of t h e  experimental photoemission d a t a .  

The l o c a t i o n  of peak @ i n  the  conduction band of CuCl has been 

estimated by r e l a t i n g  s t r u c t u r e  i n  the  o p t i c a l  dens i ty  of states of 

F ig .  142 t o  s t r u c t u r e  i n  the  r e f l e c t i v i t y  and absorption s p e c t r a  shown 

i n  F igs .  143 and 144. 

A s  seen from a comparison of F igs .  143 and 144 with t h e  valence band 

of F ig .  142, t h e  energy separa t ions  of t he  major peaks i n  the  o p t i c a l  

spectrum of CuCl do not  correspond t o  the  energy separa t ion  between the  

peaks i n  t h e  valence band, as was the  case f o r  CUI and CuBr.  However, 

t he  "broadness" of t h e  peaks i n  the  o p t i c a l  dens i ty  of states of CuCl 

provides a "na tura l t t  explanat ion f o r  t h i s  apparent discrepancy, as can be 

seen from the  following explanat ions.  

_.- 

I An a l t e r n a t i v e  explanat ion might be d i r e c t  t r a n s i t i o n s ,  or matrix 
element v a r i a t i o n  between i n i t i a l  states i n  the  v i c i n i t y  of valence 
band peak @ and f i n a l  states i n  t h e  region between 5.5 and 7 .5  e V  
above t h e  top  of t he  valence band. From the  ava i l ab le  da t a ,  i t  i s  
d i f f i c u l t  t o  d i s t i n g u i s h  between t h e  severa l  poss ib le  types of 
t r a n s i t i o n s .  Whatever t he  cause,  t he re  i s  evidence of broad s t r u c t u r e  
i n  the  conduction band between 5 .5  and 7 .5  e V .  
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FIG. 143. REFLECTIVITY FOR CUPROUS CHLORIDE [Ref. 681. 
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FIG. 144. ABSORPTION COEFFICIENT a(0) FOR CUPROUS CHLORIDE [REF. 681. 
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The d i f f e rence  i n  energy between the  peaks labeled @ and @ i n  

the  experimental r e f l e c t i v i t y  i s  about 3 .9  eV,  and the  energy d i f f e rence  

between peaks @ and @ i n  t h e  o p t i c a l  dens i ty  of states i s  about 3 .8  e V .  

Thus (neglec t ing  f o r  t h e  moment valence band peak a), l e t  u s  assume that  

r e f l e c t i v i t y  peaks @ and @ are due t o  t r a n s i t i o n s  from valence band 

peaks @ and @ t o  t he  same f i n a l  s ta te  i n  the  conduction band; t h i s  

l o c a t e s  conduction band peak @ at about 4.65 e V  above t h e  top of the 

valence band, as shown i n  the  o p t i c a l  dens i ty  of states of F ig .  142. 

L e t  us  now compare the  s t r u c t u r e  i n  the  r e f l e c t i v i t y  spectrum of 

F ig .  143 with the  s t r u c t u r e  t h a t  would be predicted from the  energy d i f -  

fe rences  between the  valence band peaks and conduction band peaks i n  the  

o p t i c a l  dens i ty  of states of F ig .  142. The arrows point ing upward i n  

Fig.  143 i n d i c a t e  the  loca t ions  of s t r u c t u r e  pred ic ted  from the  o p t i c a l  

dens i ty  of s t a t e s  of Fig.  142. The heavy arrows l o c a t e  expected s t rong 

s t r u c t u r e .  The arrows poin t ing  downward i n  F igs .  143 and 144 l o c a t e  

s t r u c t u r e  i n  the  experimental o p t i c a l  da t a .  A s  shown i n  F ig .  143, the  

"predicted" peaks a t  6 . 1  and 9 . 9  e V  agree q u i t e  c lose ly  w i t h  t he  experi-  

mental r e f l e c t i v i t y ,  thereby ve r i fy ing  the a r b i t r a r y  loca t ion  of peak @ 
i n  the conduction band o p t i c a l  dens i ty  of states. I n  addi t ion ,  there i s  

a predic ted  s t rong  peak a t  8 .4  eV,  corresponding very c lose ly  t o  the  broad 

peak i n  the  experimental r e f l e c t i v i t y  a t  8 .3  e V .  

8 . 4  e V  i s  due t o  the  s t rong  coupling expected between the  "center of grav i ty"  

of t he  broad valence band s t r u c t u r e  between peaks @ and 0, and the  

"center of g rav i ty"  of t h e  band s t r u c t u r e  between conduction band peaks 

@ and a. Thus, t he  existence of a broad conduction band s t r u c t u r e  

i n  CuCl  seems t o  expla in  i n  a very ' lnatural*f  way the  broad r e f l e c t i o n  

peak labe led  @ i n  F ig .  143. 

t h i s  "center of g rav i ty"  coupling would be expected t o  be much s t ronger  

than the  @ -+ @ t r a n s i t i o n ,  which i s  the  t r a n s i t i o n  t h a t  accounts f o r  

peak @ i n  t h e  r e f l e c t i v i t y  of CUI and CuBr. 

t he  t r a n s i t i o n s  @ +. @ and @ + 0, and seem t o  correspond t o  a r ise 

i n  t h e  experimental r e f l e c t i v i t y ;  however, a r ise i n  the  experimental 

r e f l e c t i v i t y  i s  not  s u f f i c i e n t l y  s t rong  experimental evidence t o  conclude 

t h a t  t h e  pred ic ted  t r a n s i t i o n s  are i n  agreement with experiment. 

This pred ic ted  peak a t  

Because of t h e  r e l a t i v e  s t r eng ths  involved, 

The two w e a k  peaks predicted a t  about 7 . 3  e V  i n  Fig.  143 are due t o  
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For tuna te ly ,  Cardona [Ref. 68 1 has measured the  absorption c o e f f i c i e n t  of 

CuCl a t  8O0K, and a d i s t i n c t  shoulder appears i n  these  d a t a  a t  about 

7 . 5  eV,  as shown i n  F ig .  144. This shoulder corresponds q u i t e  c lose ly  t o  

t h e  predicted t r a n s i t i o n  a t  about 7.3 e V .  Thus, w e  see t h a t  the  o p t i c a l  

dens i ty  of states of F ig .  142 does indeed account q u i t e  w e l l  f o r  the  

experimental o p t i c a l  d a t a  of CuC1. The energ ies  of the  o p t i c a l  s t r u c t u r e s  

of CuCl  and the  i d e n t i f i c a t i o n s  of t h i s  s t r u c t u r e  are tabulated i n  

Sect ion E of t h i s  chapter .  

The o p t i c a l  dens i ty  of states of C u C l  i s  compared with Scop's [Refs. 

72 and 731 t h e o r e t i c a l  energy band ca l cu la t ion  of AgCl i n  F ig .  145. 

Scop's ca l cu la t ed  valence bandwidth f o r  AgCl i s  about 3.8 e V ,  and the  

o p t i c a l  dens i ty  of states valence bandwidth f o r  CuCl i s  about 6.5 e V .  

Thus, Scop's valence band for AgCl has been l i n e a r l y  s t r e t ched  by about 

70 percent i n  order  t o  agree with the  bandwidth of CuC1; t he  r e s u l t i n g  

"adjusted" valence band i s  shown i n  F ig ,  145. 

f o r  AgCl has  not been a l t e r ed ,  except f o r  a bodi ly  s h i f t  r e s u l t i n g  i n  a 

change i n  the  energy gap. 

Scop's conduction band 

A s  seen from F i g ,  145, t he re  i s  a su rp r i s ing  correspondence between 

the  peaks i n  t h e  o p t i c a l  dens i ty  of s t a t e s  of CuCl  and " f l a t "  bands i n  

t he  adjusted band s t r u c t u r e  of AgC1. The most s i g n i f i c a n t  correspondence 

i s  t h a t  t h e  " f l a t "  bands derived l a r g e l y  from the  s i l v e r  4d wavefunction 

correspond c l o s e l y  t o  peak 0, which has been associated with the  copper 

d bands. 

correspond t o  t h e  CuCl  bands between t h e  top of t he  valence band and 3 e V  

below the  top  of t h e  valence band; s ince  t h e  t h e o r e t i c a l  bands i n  t h i s  

reg ion  are l a r g e l y  derived from t h e  ch lo r ine  3p wavefunctions, 

correspondence tends  t o  support  t he  hypothesis  t h a t  peaks @ and @ i n  

t h e  o p t i c a l  dens i ty  of states are t o  be associated with the  ch lor ine  3p 

bands. 

I n  addi t ion ,  t h e  broad s t r u c t u r e  between peaks @ and @ 

t h i s  

In  t h e  conduction band, peak @ seems t o  correspond t o  t h e  

poin t ,  peak @ seems t o  correspond t o  the  top of t he  lower conduction 

band, and peak @ seems t o  correspond t o  t h e  bottom of t h e  lower con- 

duct ion band.2 A poin t  of i n t e r e s t  i s  t h a t  t h e  X1 po in t  i n  the  band 

'With considerable  p-d mixing, as pointed out  by Scop. 

21t should be noted t h a t  Scop d id  not  c a l c u l a t e  t he  bands along t h e  zone 

X1 

f aces .  
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OPTICAL DENSITY OF STATES N(E) 
[ARBITRARY UNITS] 

FIG. 145. COMPARISON OF OPTICAL DENSITY OF STATES FOR 
CUPROUS CHLORIDE WITH ADJUSTED BAND STRUCTURE OF 
SILVER CHLORIDE. 
width of 3.8 eV has been stretched l i n e a r l y  by about 
70 percent to  agree with the  experimental bandwidth 
of C U C l .  

(Scop's calculated valence band- 
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c a l c u l a t i o n  of AgCl i s  f u r t h e r  from t h e  bottom of the  conduction band than 

i n  t h e  band ca l cu la t ion  of AgBr. 

of states f o r  CuCl, CuBr, and CUI ,  t h i s  t rend i n  the  loca t ion  of t he  

poin t  corresponds t o  an apparent trend i n  t h e  loca t ion  of peak @ i n  t he  

o p t i c a l  dens i ty  of states of t h e  cuprous h a l i d e s .  

A s  can be seen from the  o p t i c a l  d e n s i t i e s  

X1 

E.  A COMPARISON OF CuCl,  CuBr, AND CuI 

As seen from the  d iscuss ions  of experimental da t a  i n  t h i s  chapter ,  

t he  loca t ion  of s t r u c t u r e  i n  t h e  o p t i c a l  dens i ty  of states i s  very much 

t h e  same fo r  CuCl, CuBr, and CUI. For the  convenience of the  reader, t he  

location of t h i s  s t r u c t u r e  is tabulated i n  Table 10. A l l  of t h e  peaks 

i n  Table 10 except peak @I have been deduced d i r e c t l y  from photoemission 

d a t a ;  f o r  a l l  t h r e e  cuprous ha l ides ,  t he  loca t ion  of peak @ was chosen 

t o  ob ta in  agreement with the  o p t i c a l  d a t a .  

W e  have seen t h a t  t he  r a t h e r  complex s t r u c t u r e  i n  the  o p t i c a l  spec- 

trum away from t h e  band edge can be accounted f o r  r a t h e r  w e l l  i n  terms 

of t h e  o p t i c a l  dens i ty  of s t a t e s .  Table 11 lists the  energ ies  of s t ruc -  

t u r e  i n  t h e  o p t i c a l  d a t a  and t h e  i d e n t i f i c a t i o n  of t h i s  s t r u c t u r e  i n  terms 

of i n i t i a l  and f i n a l  states i n  the  o p t i c a l  dens i ty  of s t a t e s .  The reader  

w i l l  note  t h a t  i n  addi t ion  t o  accounting f o r  a l l  of the  experimental 

s t r u c t u r e  t h a t  has  been measured t o  da te ,  Table 11 pred ic t s  s t r u c t u r e  i n  

t h e  cuprous ha l ides  at photon energ ies  where experimental data has not  

ye t  been taken. 

A s  d iscussed earlier i n  t h i s  chapter ,  Cardona [Ref. 681 has associated 

the  major s t r u c t u r e  i n  t h e  cuprous ha l ides  with d i r e c t  t r a n s i t i o n s  between 

symmetry poin ts  i n  a germanium-like l a t t i c e .  Because of t he  importance of 

t h e  copper d band i n  t h e  o p t i c a l  spec t r a  of t h e  cuprous ha l ides  and because 

of t he  success  of the  nondirect  model i n  accounting f o r  both the  photo- 

emission and t h e  o p t i c a l  da ta ,  Cardona's assignments must be considered 

t o  be q u i t e  erroneous.  

I n  addi t ion ,  t h e  appearance of the copper d band i n  the  photoemission 

and t h e  o p t i c a l  d a t a  ind ica t e s  t h a t  f o r  the zincblende cuprous ha l ides ,  

t he  atomic na tu re  of t h e  cons t i t uen t  atoms i s  of primary importance, and 

t h a t  t he  c r y s t a l  s t r u c t u r e  i s  of secondary importance. The above statement 

i s  i n  d i r e c t  cont rad ic t ion  t o  J .  6 .  P h i l l i p s  [Ref. 281 who stated t h a t  
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TABLE 10. LOCATION OF STRUCTURE I N  THE ENERGY BANDS OF 
THE CUPROUS HALIDES~ 

' A l l  values  are i n  e l ec t ron  v o l t s ,  and a l l  u n c e r t a i n t i e s  are estimated t o  
be kO.1  eV,  except where noted,  The nota t ion  iden t i fy ing  t h e  peaks i s  
t h e  same as t h a t  used i n  F igs .  110, 133, and 142. The zero  of energy 
i s  a t  t h e  top  of the valence band. 

" . . . A  wide range of experimental d a t a  now i n d i c a t e s  t h a t  uv s t r u c t u r e  

depends pr imar i ly  upon c r y s t a l  s t r u c t u r e  and only secondari ly  on atomic 

composition.,  . , '' Because of t h e  appearance o f  t h e  copper d band i n  the  

experimental photoemission da ta ,  i t  must be concluded t h a t  P h i l l i p s '  

statement i s  erroneous, a t  least when applied t o  mater ia l s  such as the  

cuprous h a l i d e s .  

The loca t ion  of s t r u c t u r e  i n  t h e  cuprous ha l ides  is  p ic tured  dia-  

grammatically i n  Fig.  146 f o r  t h e  purpose of de t ec t ing  any t rends  t h a t  

might exist  due t o  d i f f e rences  i n  t he  halogen atoms. Since the  loca t ion  

of t h e  f i r s t  exc i ton  peak i s  about 3 e V  f o r  a l l  t h ree  cuprous ha l ides ,  the  

direct gap has been estimated t o  be about 3 e V  f o r  a l l  t h ree  cuprous 

h a l i d e s .  The absorpt ion edge i n  F ig .  146 has been estimated from the  
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absorpt ion d a t a  of Cardona [ R e f .  681 and Coehlo [Ref. 691. However, no 

good band edge d a t a  has  ye t  been made on t h e  cuprous ha l ides ,  and the  

ex i s t ence  of an i n d i r e c t  gap i s  a d i s t i n c t  p o s s i b i l i t y .  

A s  seen from Fig .  146, t h e r e  are no s t rong  systematic  t rends  i n  t h e  

l o c a t i o n  of peaks 0, 0, 0, and @. 
apparent f o r  peaks @ and a. However, systematic  t rends  are 

(1) The Cu d band peak labe led  @ i s  deepest  i n  the  valence band 

f o r  CuCl, and shal lowest  f o r  C U I .  

Peak @ i s  c l o s e s t  t o  the  bottom of the  conduction band i n  

CUI, and f u r t h e s t  from t h e  bottom of t h e  conduction band i n  

CuCl. This t rend corresponds t o  the  t rend i n  the loca t ion  of 

t h e  X1 po in t  i n  Scop's band c a l c u l a t i o n s  of the s i l v e r  

(2) 

~ h a l i d e s ,  as can be seen i n  F igs .  136 and 145. 

One of t h e  most important r e s u l t s  deduced from the  photoemission d a t a  

presented i n  t h i s  chapter  i s  the  i d e n t i f i c a t i o n  of t h e  copper 3d band. 

I n  t h e  pho toe lec t r i c  EDCs from a l l  t h r e e  cuprous h a l i d e s ,  t he  s t r eng th  

of t h e  photoemission peaks due t o  t r a n s i t i o n s  from valence band peak @ 
is  much s t ronge r  than t h e  photoemission peaks due t o  t r a n s i t i o n s  from 

valence band peaks @ and 0; because of t h e  r e l a t i v e  d i f f e rence  i n  

s t r eng th ,  valence band peak @ has been associated with the  copper 3d 

band, and valence band peaks @ and 0 have been associated with the  

halogen p bands. Comparison of t he  cuprous h a l i d e  o p t i c a l  d e n s i t i e s  

of states wi th  Scop's t h e o r e t i c a l  energy band ca l cu la t ions  f o r  AgBr and 

AgCl tends t o  confirm these  peak a s soc ia t ions ,  as seen i n  F igs .  136 and 145. 

However, Scop has  pointed out  t h a t  t h e r e  i s  considerable  p-d mixing i n  

t h e  s i l v e r  h a l i d e  valence bands; as discussed ear l ie r  i n  t h i s  chapter ,  i t  

i s  a l s o  l i k e l y  t h a t  t h e r e  i s  s t rong  p-d mixing i n  the  valence bands of 

t h e  cuprous h a l i d e s .  I n  accordance wi th  t h e  d iscuss ion  above, w e  might 

suggest t h e  fol lowing wavefunction i d e n t i f i c a t i o n s  i n  the  cuprous hal ides:  

(1) Energy bands i n  the  v i c i n i t y  of valence band peak @ are derived 

l a r g e l y  from t h e  copper d wavefunctions. 
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TABLE 11. EXPERIMENTAL OPTICAL DATA AND IDENTIFICATION OF 
STRUCTURE FOR THE CUPROUS HALIDES~ 

CUCl S t r u c t u r e  i n  
Opt ica l  D a t a  

Energy of f irst  
exc i ton  peak 

Absorption edge 
(est imated ) 

I 
3.24 

3.15 

Experiment a1 - 
Calculated - 
I n i t i a l  s tate - 

xperiment a1 

Calculated 

I n i t i a l  s ta te  

@ Fina l  s ta te  

Experiment a1 8 .3  ( R )  

8.35 8.45 Calculated 

I n i t i a l  state 0 0  
Fina l  state 

7 . 5  ( a )  

(4 (4 

Experiment a1 

Calculated 

( shoulder ) 
7 . 3  7.35 

I n i t i a l  s t a t e  I 0 0 
Fina l  state @ O  
Experiment a1 - 

Calculated 

I n i t i a l  s ta te  - 
Fina l  state’ - 

- 
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CuBr 

2.98 

2 .8  

5 . 6  ( R )  

5 . 4  ( d )  

0 
@ 

6.65 ( R )  

7 . 0  ( d )  

0 
@ 

7 . 2  ( a )  
( shoulder)  

7 . 2  ( d )  

8 . 2  ( R )  
( shoulder )  

8 . 4  8 .5  
(4 (4 

CUI 

3.05 

2 . 9  

4 .8  (w) 
4 .8  (m) 

0 
@ 

5 . 9  (w) 

5 . 8  (.a) 

8 . 7  ( W )  
(shoulder)  

9.0 (m) 9 . 0  ( d )  
(peak) (weak) 



TABLE 11. CONTINUED. 

S t ruc tu re  i n  
01 ical  Data 

dajor 
Peak 

Experiment a1 

Calculated 

I n i t i a l  s t a t e  

F ina l  s ta te  

Experiment a1 

Calculated 

I n i t i a l  state 

F ina l  s t a t e  

Experiment a1 

C a l  c u l  at  ed 

I n i t i a l  s t a t e  

F ina l  state 

Experiment a1 

C a l  c u l  a t  ed 

I n i t i a l  s ta te  

F ina l  state 

cuc1 

10 .0  (a) 
9 . 9  ( d )  

Not 
Observed 

9.45 ( d )  
(weak) 

0 
@ 

N o  d a t z  

1 1 . 0  ( d )  

0 

N o  d a t a  

12 .0  ( d )  

CuBr 

8 . 9  ( R )  

8 . 7  ( d )  

0 

9 . 5  to 10.0 
vague shoulder)  

9 . 8  ( d )  

No d a t a  

1 0 . 6  ( d )  

0 
0 

No d a t a  

12 .0  ( d )  

0 
63 

C U I  

7 . 7  ( w )  

7 .7  (m) 

0 
(9 

10 .8  (m) 
(Broad peak) 

10 .5  10 .5  
(La) (..I 
0 0 
0 

x- 

11.75  ( d )  

’The experimental d a t a  are taken from Cardona [Ref. 681, Coehlo [Ref. 691, 
and the  present  work. The energ ies  of t h e  i n i t i a l  and t h e  f i n a l  states 
involved i n  the  o p t i c a l  t r a n s i t i o n s  are given i n  Table 10. The nota t ion  
(@, @, 0, e tc . )  i d e n t i f y i n g  t h e  experimental  s t r u c t u r e  i s  the  same 
as t h a t  used i n  F igs ,  114, 115, 116, 134, 135, 143, and 144. Trans i t ions  
t o  t h e  minor peak 0 are not included i n  t h i s  t a b l e .  
i d e n t i f y i n g  t h e  type of o p t i c a l  d a t a  i s  as follows: 

The nota t ion  

R = from r e f l e c t i v i t y  
LLW~ = from CDC(W) 
€2 = from E ~ ( w )  
a = from absorpt ion c o e f f i c i e n t  
d = energy d i f f e rence  between s t r u c t u r e  i n  t h e  valence band and 

s t r u c t u r e  i n  t h e  conduction band. 

*There i s  evidence of a small peak i n  the  experimental  r e f l e c t i v i t y  d a t a  
a t  11.75 e V .  However, not  enough d a t a  po in t s  were taken i n  t h i s  region 
t o  d e f i n i t i v e l y  say t h a t  t h e  peak w a s  experimentally observed. 
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‘ 3  

F I G .  146. LOCATION OF STRUCTURE I N  THE ENERGY BANDS OF THE 
CUPROUS HALIDES. 
and 0 denote s t r u c t u r e  t h a t  has  been deduced from the  

The l a b e l s  0, 0, @, @, @, @, 
preseGt work. 
to  t h e  energy of t h e  f irst  exc i ton  peak (see a l so  
Tables 10 and 11. 

The d i r e c t  gap has  been taken t o  be equal 
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( 2 )  Energy bands i n  the  v i c i n i t y  of valence band peak @ are 

der ived l a r g e l y  from the  halogen p wavefunction, but  with con- 

s i d e r a b l e  p-d mixing. 

(3) Energy bands i n  the  v i c i n i t y  of valence band peak @ are 

der ived l a r g e l y  from t h e  halogen p wavefunctions, but  with a 

s m a l l  amount of p-d mixing, 

A s  discussed earlier i n  t h i s  chapter ,  Cardona [Ref. 681 found a c l o s e  

correspondence between t h e  experimental exc i ton  s p l i t t i n g s  and the  one- 

e l e c t r o n  sp in  o r b i t  s p l i t t i n g s  of t h e  halogen atom. However, t h e  observed 

s p l i t t i n g s  were somewhat smaller than t h e  halogen s p l i t t i n g s ,  and Cardona 

a t t r i b u t e d  t h i s  e f f e c t  t o  s t rong  p-d mixing. Because of t he  correspondence 

between t h e  observed s p l i t t i n g s  and t h e  halogen s p l i t t i n g s ,  Cardona 

associated t h e  top of t h e  valence band with t h e  halogen p l e v e l s .  This 

conclusion i s  cons i s t en t  with t h e  f ind ings  of t h e  photoemission s t u d i e s  

presented i n  t h i s  chapter .  

A s  seen i n  Fig.  147 and i n  Table 10, t h e  experimental s p l i t t i n g  be- 

tween peaks @ and @ i n  t h e  o p t i c a l  dens i ty  of states  i s  roughly 

1 . 0  e V  f o r  a l l  t h r e e  cuprous ha l ides ,  i nd ica t ing  t h a t  t he  o v e r a l l  width 

of t he  halogen p bands i s  not due pr imar i ly  t o  the  sp in-orb i t  s p l i t t i n g .  

However, t h e r e  does exist a t rend  i n  t h e  manner i n  which peaks @ and 

@ appear i n  t h e  EDCs, as seen i n  Fig.  147: 

ftsharpestlr  i n  C U I ,  and " l eas t  sharp" i n  CuC1. Multiplying the spin-orbi t  

s p l i t t i n g s  of Table 9 by 312 t o  obta in  the  s p l i t t i n g s  expected i n  a zinc- 

blende l a t t i c e ,  w e  ob ta in  sp in-orb i t  s p l i t t i n g s  of 1 .4  eV f o r  C U I ,  0.68 

for CuBr, and 0.17 for CuC1. Note t h a t  t he re  is  a c lose  correspondence 

between these  sp in-orb i t  s p l i t t i n g s  and the  "sharpness" of peaks @ and 

@ i n  the  experimental  EDCs of F ig .  147. A poss ib le  explanat ion f o r  the  

1 - 

Peaks @ and @ are 

2 

r e l a t i v e  ltsharpnesstl of peaks 2 and 3 might be a s  fol lows:  

'All of the  discussion i n  t h i s  chapter  has t a c i t l y  assumed t h a t  one elec- 
t ron  absorbs a l l  t h e  energy of a s i n g l e  photon, and t h a t  no energy i s  
given t o  the  l a t t i c e .  
energy does t o  t o  the  l a t t i c e  i n  i o n i c  ma te r i a l s .  

'See Cardona [Ref. 681. 

However, t he re  i s  a d i s t i n c t  p o s s i b i l i t y  t h a t  some 
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CUI, hv=11.4eV 
DATA OF 2/18/65 

- 

( E - h v l  IN eV 

FIG. 147. COMPARISON OF EXPERIMENTAL ENERGY DISTRIBUTION 
CUXVES FOR CUPROUS CHLORIDE, CUPROUS BROMIDE, AND 
CUPROUS IODIDE. 

(1) The 1 . 4  e V  sp in-orb i t  s p l i t t i n g  of I s i g n i f i c a n t l y  reenforces  

the  "sharpnesstf of t h e  %a tu ra l "  1 .2  e V  s p l i t t i n g  of t h e  va- 

lence  band s t ruc ture  i n  C U I ;  

The 0.68 e V  s p l i t t i n g  of Br reenforces  the  "natural"  1 .3  e V  (2) 
s p l i t t i n g  i n  CuBr,  but t o  a lesser ex ten t  than i n  CUI; 

The 0.17 e V  s p l i t t i n g  i n  CuCl  has l i t t l e  e f f e c t  upon the  %at-  

u r a l "  1 . 2  e V  s p l i t t i n g  i n  CuC1, which has broan s t ruc ture .  
(3) 

As seen from the  E vs  hv p l o t s  f o r  CuCl  and CuBr and from the 

success of the  q u a n t i t a t i v e  non-direct  t r a n s i t i o n  ana lys i s  done i n  C U I ,  

the model of non-direct  t r a n s i t i o n s  seems to  expla in  the  bulk of the  

o p t i c a l  and photoemission da ta  f o r  t h e  cuprous ha l ides .  However, as  

pointed ou t  e a r l i e r  i n  t h i s  chapter ,  c e r t a i n  f e a t u r e s  of the experimental 

photoemission and o p t i c a l  da t a  do not fol low t h e  model of non-direct 

t r a n s i t i o n s ,  i nd ica t ing  the  d i s t i n c t  p o s s i b i l i t y  of matrix element var ia-  

t i o n  and/or d i r e c t  t r a n s i t i o n s  i n  the  cuprous ha l ides .  

P 
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As seen i n  t h e  E vs  Hv p l o t s  f o r  CuC1, CuBr, and C U I ,  t h e  t r an -  

s i t i o n s  from valence band peak 2 tend t o  fo l low t h e  model of non-direct 

t r a n s i t i o n s  much more c l o s e l y  than t h e  t r a n s i t i o n s  from valence band 

peak 0. Since' peak @ is  probably made up of mostly p-like wave- 

func t ions ,  and s i n c e  peak @ probably has considerably more p-d mixing 

than peak 0, one might deduce t h a t  t h e  "direct"' t r a n s i t i o n s  from bands 

i n  t h e  v i c i n i t y  of peak @ a r e  t r a n s i t i o n s  from 

and t h a t  t h e  more non-direct na tu re  of t he  bands c o n s t i t u t i n g  peak @ i s  

due t o  the g r e a t e r  p-d mixing. This a s soc ia t ion  of p- l ike  wavefunc- 

t i o n s  w i t h  *Idirectt1 t r a n s i t i o n s  and d- l ike  wavefunctions with non-direct 

t r a n s i t i o n s  i n  cons i s t en t  wi th  t h e  s i m i l a r  a s soc ia t ions  made wi th  t h e  

wavefunctions of Cu, A g ,  and Au, a s  discussed e a r l i e r  i n  Chapters I V ,  V ,  

and V I .  

P 

p- l ike  wavefunctions, 

A s  a concluding remark, i t  should be pointed ou t  t h a t  t he  exper i -  

mental r e s u l t s  and t h e  i n t e r p r e t a t i o n s  made i n  t h i s  chapter  should be of 

considerable i n t e r e s t  t o  t h e o r i s t s  making f u t u r e  energy band ca l cu la t ions  

of t h e  cuprous ha l ides .2  

t i o n  presented i n  t h i s  chapter  w i l l  he lp  l e a d  t o  a b e t t e r  understanding 

of t h e  " intermediatef1 na ture  of t he  zincblende cuprous ha l ides .  

I n  add i t ion ,  i t  i s  hoped t h a t  t h e  new informa- 

'A b e t t e r  desc r ip t ion  might be l'unexplained. It 

2F.  Herman is  p r e s e n t l y  engaged i n  c a l c u l a t i n g  t h e  energy band s t r u c t u r e  
of t h e  cuprous h a l i d e s  (p r iva t e  communication). 
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I X .  PHOTOEMISSION STUDIES OF CESIUM CHLORIDE, 
CESIUM BROMIDE, CESIUM IODIDE, AND POTASSIUM IODIDE 

Quantum y ie ld  and energy d i s t r i b u t i o n  measurements have been made 

from f i l m s  of CsC1 ,  C s B r ,  C s I ,  and K I  prepared and t e s t ed  i n  vacuum of 

t y p i c a l l y  2 X lo-' t o r r .  

photon energ ies  up t o  11 .9  e V ,  t h e  high energy cu tof f  of t he  LiF window. 

I n  t h e  case of C s I ,  t h e  measurements were extended t o  16 .8  e V ,  us ing the  

knock-off tube  techniques descr ibed i n  Chapter 11. 

These high vacuum measurements were made a t  

Although a considerable  amount of photoemission d a t a  has been obtained 

from these  a l k a l i  ha l ides ,  t h e  i n t e r p r e t a t i o n  of these  d a t a  appears t o  be 

somewhat more complex than w a s  t h e  case f o r  t h e  noble metals and t h e  

cuprous h a l i d e s ,  A s  a r e s u l t ,  an ana lys i s  as d e t a i l e d  as t h a t  made f o r  

t h e  noble  m e t a l s  and the cuprous ha l ides  has not been ca r r i ed  out  f o r  t he  

a l k a l i  ha l ides .  Nevertheless,  t h e  photoemission d a t a  have l e d  t o  a g rea t  

dea l  of new infoimation concerning (1) the  absolu te  energies  of valence 

states and conduction states, and ( 2 )  t h e  i d e n t i f i c a t i o n  of t h e  i n i t i a l  

and f i n a l  states respons ib le  f o r  s t r u c t u r e  i n  the  o p t i c a l  absorption and 

r e f l e c t i v i t y  da t a .  

A.  PHOTOEMISSION STUDIES OF CESIUM BROMIDE 

The re la t ive quantum y ie ld  of C s B r  i s  p lo t t ed  i n  F ig .  148. The 

s igni f icant  features t o  be noted the re in  are t h a t  (1) the  threshold i s  a t  

6 . 0  e V  or lower, and ( 2 )  t h e r e  i s  a s t e e p  rise at about 7.4 e V .  

perimental  EDCs corresponding t o  t h e  y i e ld  of Fig .  148 are shown i n  F igs .  

149 through 158. 

s t r u c t u r e  i n  t h e  EDCs i s  p l o t t e d  as a func t ion  of photon energy i n  F ig .  

159. The o p t i c a l  dens i ty  of states t h a t  has  been deduced from t h e  photo- 

emission d a t a  i s  given i n  F ig .  160. 

Figure 149 shows t h e  EDCs i n  t he  range of photon energ ies  between 

The ex- 

As an a id  i n  i n t e r p r e t i n g  these  EDCs t he  loca t ion  of 

6 . 6  and 7.4 eV;  t hese  EDCs are unusual i n  several ways: A l l  have a width 

of about 1 .5  e V ,  independent of t he  photon energy. Also, t h e  lead ing  
- edge of t h e  EDCs does not  move according t o  the  l a w  edge - 

n h v ,  
cuprous ha l ides .  

which w a s  observed i n  t h e  "normal" EDCs of t h e  noble metals and the  

Only f o r  photon energ ies  g r e a t e r  than about 8 .5  e V  does 
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NOTE: THESE CURVES ARE 
NOT NORMALIZED 
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FIG. 156. ENERGY DISTRIBUTION CURVES FOR CESIUM BROMIDE 
IN THE RANGE OF PHOTON ENERGIES BETWEEN 10.6 AND 10.9 eV. 
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3 

FIG. 157. ENERGY DISTRIBUTION CURVES FOR CESIUM BROMIDE 
IN THE RANGE OF PHOTON ENERGIES BETWEEN 11.0 AND 11.8 eV. 
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FIG. 158, COMPARISON OF THE PRESENT WORK WITH THE ENERGY 

FOR CsBr. The 11.3 eV curve is the only curve obtained 
by Philipp et al. 

DISTRIBUTION CURVE OBTAINED BY PHILIPP ET AL [REF. 851 

the leading edge of the EDCs follow the law 

can be seen in Fig, 159. Note, however, that the 45O leading edge line 

indicates that the onset of photoemission from the top of the valence 

(aE)leading edge = & v ,  as 

band to energies at (-)0.8 eV1 begins at a photon energy of about 7.5 eV, 

which corresponds to the sharp rise in the quantum yield at 7.4 eV. Thus, 

it appears that the photoemission at photon energies less than 7.4 eV 

is due to some other effect that the "usual" photoemission from the 

valence band. 

photoemission" in this chapter. As seen in Fig. 161 there is a strong 
exciton absorption at a photon energy of about 6.7 eV, and it might be 

possible that the EDCs of Fig. 149 are associated with this exciton. 

and Taft [Ref 91 ] discovered and studied extensively exciton-induced 
photoemission from F-centers, and the present "threshold photoemission" 

'Referred to the retarding potential, 

This type of photoemission will be referred to as "threshold 

Apker 
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FIG. 159. E vs hv FOR CESIUM BROMIDE, 
P 

may be due to this effect. 

emphasis on photoemission away from threshold) were not sufficiently 

extensive to establish definitively that this is the emission mechanism. 

In future work, this "threshold photoemission" should be studied more 

extensively. The possibility that it may be due to direct dissociation 

of an exciton should be recognized. For the sake of "keeping track" of 

this "threshold photoemission" in the discussions to follow, the final 

energy of the threshold photoemission has been designated by peak @ in 
the optical density of states of Fig. 160. 

However, the present studies (because of their 

As seen in the EDCs at photon energies of 7.4, 7.5, and 7.7 eV, a very 
strong peak rises out of the threshold background. This peak is labeled 

peak @ in Fig. 159. 
(-)0.8 eV, which is at a lower energy than the peak due to the "threshold 

photoemission." This very sharp rise at about 7.7 eV seems to correspond 

to the peak in the room temperature optical absorption that occurs at 

Note that the location of this peak is at about 
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FIG. 161. OPTICAL DENSITY FOR CESIUM BROMIDE. 

7 . 7  e V ,  as seen i n  F ig ,  161. In  addi t ion ,  t h i s  sharp rise corresponds t o  

the  s t rong  rise i n  the  quantum y ie ld  a t  7 . 4  e V ,  i nd ica t ing  t h a t  t h i s  

t r a n s i t i o n  is of the  type normally associated with t r a n s i t i o n s  between 

valence band s t a t e s  and conduction band states. This  reasoning i s  

supported by t h e  f a c t  t h a t  t he  45' l ead ing  edge l i n e  i n  F ig .  159 i n t e r s e c t s  

t he  loca t ion  of  peak @ at  

i n  t h e  EDCs a t  photon energ ies  of 7 . 4 ,  7 .5 ,  and 7 . 7  e V  i s  due to s t rong  

t r a n s i t i o n s  between the  top  of the  valence band and states i n  the  con- 

duct ion band a t  7 .4  e V  above the  top  of  t h e  valence band. This conduction 

band peak is  labeled peak @ i n  t he  o p t i c a l  dens i ty  of states of F ig .  

160. 

hv = 7 . 4  e V ,  i nd ica t ing  t h a t  t he  sharp rise 

The conduction band peaks @, 0, @, and @ i n  F ig .  160 can be 

r e a d i l y  located from t h e  experimental EDCs of F igs .  151 through 158 and 

by examination of F ig .  159. In order  t o  understand how F ig .  160 w a s  

deduced, t he  reader  w i l l  perhaps f ind  i t  easiest t o  examine f i r s t  F ig .  

159, i n  which the  pos i t i on  of s t r u c t u r e  i n  t he  EDCs i s  presented as a 
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func t ion  of hv. I n  C s B r ,  t h e  conduction band s t r u c t u r e  modulates the  

energy d i s t r i b u t i o n s  s t rong ly  a s  hv is increased.  Because of t h i s  s t rong  

modulation, s t r u c t u r e  tends t o  appear a t  t he  energy of t he  f i n a l  s t a t e  

independent of photon energy. This  produces po in t s  t h a t  l i e  along the  

ho r i zon ta l  l i n e s  i n  Fig.  159. These hor izonta l  l i n e s  a re  intended to  

"average" the  loca t ion  of these  po in t s .  The approximate pos i t i on  of the  

conduction band s t r u c t u r e  is  given by the  photon energy corresponding t o  

the  i n t e r s e c t i o n  of t hese  hor izonta l  l i n e s  wi th  the  45O "leading edge" 

l i n e ,  This  value of t h e  photon energy gives  the  loca t ion  of t h e  conduc- 

t i o n  band s t r u c t u r e  i n  terms of e l ec t ron -vo l t s  above the top  of the  valence 

band. 

f o r  hv > 8.6 e V  must be due t o  e l ec t rons  exc i t ed  from the  highest  va- 

lence s t a t e .  A more exac t  l oca t ion  for conduction band s t r u c t u r e  can 

sometimes be obtained by examining the  EDCs and f i n d i n g  the  energy for 

which the amplitude of t h e  s t r u c t u r e  is l a r g e s t .  

Th i s  deduction i s  poss ib l e  because the 45O leading  edge of the EDCs 

Poss ib l e  evidence of conduction band peak @ is  seen i n  t h e  EDCs a t  

photon energ ies  between 11 .4  and 11.8 e V .  However, i t  i s  a l s o  poss ib le  

t h a t  t h e  shoulder labe led  peak @ i s  a c t u a l l y  due t o  s t r u c t u r e  i n  the  

valence band. This  ambiguity i n  the na tu re  of peak @ can be removed 

by f u t u r e  windowless measurements of t h e  EDCs a t  photon energ ies  g r e a t e r  

than  11.8 e V .  

Due t o  t h e  severe modulation of t h e  EDCs by s t r u c t u r e  i n  t h e  conduction 

band, i t  has  not  been poss ib l e  to  i d e n t i f y  any d e t a i l e d  s t r u c t u r e  i n  the  

valence band of C s B r .  However, t h e  gross c h a r a c t e r i s t i c s  of t h e  valence 

band o p t i c a l  dens i ty  of states can be obtained from inspec t ion  of the 

EDCs i n  F ig .  157, where t h e  po r t ions  of t h e  EDCs between 0.5 and 3 . 5  e V  

are probably a f a i r  r e p l i c a  of t h e  genera l  shape of the  valence band 

dens i ty  of states. I n  accordance wi th  t h e  EDCs of F ig .  157, t h e  valence 

band dens i ty  of states i n  Fig.  160 has  been sketched t o  have a maximum 

width of about 3.0 e V .  

The magnitude of the quantum y ie ld  i n  F ig .  148 at  a photon energy of 

11.0 e V  i s  very l a r g e ,  about 1 .0  ( e l ec t rons  photoemitted per  absorbed 

photon).  

t o  t h e  unce r t a in ty  i n  the y i e ld  of t h e  s tandard tube  N o .  (1-15) which 

However, t h e r e  i s  a l a r g e  unce r t a in ty  i n  t h e  y i e ld  of C s B r  due 
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w a s  used t o  c a l i b r a t e  the quantum y ie ld .  

d i c a t e s  t h a t  a l l  t h e  photoexcited e l ec t rons  are photoemitted, even those 

t h a t  have i n i t i a l  v e l o c i t i e s  d i r ec t ed  away from the  sur face .  Such a l a r g e  

quantum y i e l d  i s  perhaps not  su rp r i s ing ,  s ince  C s B r  has an energy gap of 

(roughly) 7 .0  eV,  and i n e l a s t i c  e lec t ron-e lec t ron  c o l l i s i o n s  are impossible 

a t  energ ies  less than t w i c e  the  energy gap, 

i s  poss ib l e  if the  photoexcited e l e c t r o n s  t h a t  have i n i t i a l  v e l o c i t i e s  

d i r ec t ed  away from t h e  sur face  are d i r ec t ed  toward the  sur face .  A 

poss ib le  mechanism for  t h i s  phenomenon i s  electron-phonon s c a t t e r i n g ,  i n  

which the  energy l o s s  per  c o l l i s i o n  i s  q u i t e  s m a l l  ( t y p i c a l l y  less than 

0 .1  e V ) ,  and where the  d i r e c t i o n  change per c o l l i s i o n  could be q u i t e  

l a rge .  The high quantum y ie ld  and the  poss ib l e  electron-phonon s c a t t e r i n g  

seem t o  be cons i s t en t  with the  experimental EDCs of F ig  157, where a peak 

of slow e l ec t rons  c h a r a c t e r i s t i c  of e lec t ron-e lec t ron  s c a t t e r i n g  i s  con- 

spicuously absent .  In  F ig .  157, the large s t r u c t u r e  wi th in  about 3 . 0  e V  

of t h e  lead ing  edge i n  each EDC i s  probably r ep resen ta t ive  of t he  primary 

e l ec t rons  i n i t i a l l y  d i r ec t ed  toward the  sur face ,  and the  s m a l l  number of 

slow e l ec t rons  are probably r ep resen ta t ive  of those e l ec t rons  t h a t  have 

encountered a l a r g e  number of electron-phonon s c a t t e r i n g  events  before  

reaching the  su r face  and being photoemitted. 

A quantum y ie ld  of un i ty  in-  

N e a r l y  un i ty  quantum y i e l d  

Figure 158 compares the  present  work with the  earlier work of 

P h i l l i p  e t  a1 [Ref. 761, who measured only a s i n g l e  EDC from C s B r .  

seen from Fig .  158, t he  agreement i s  q u i t e  good. 

A s  

Figure 161 shows t h e  o p t i c a l  dens i ty  of C s B r  at room temperature and 

a t  10'K. 

temperature d a t a ,  and t h e r e  i s  a s i g n i f i c a n t  s h i f t  i n  t he  loca t ion  of some 

s t r u c t u r e  wi th  temperature.  The arrows i n  Fig.  161 i n d i c a t e  the  photon 

energ ies  a t  which s t rong  t r a n s i t i o n s  a re  seen t o  occur i n  the  experimental 

EDCs of Figs .  149 through 158. I n  Fig.  161, t h e  abbreviat ion "P.E." 

s i g n i f i e s  t h a t  t he  loca t ion  of t he  arrow has been deduced from the  photo- 

electric EDCs. The explanat ion bes ide  each arrow i n  F ig ,  161 i d e n t i f i e s  

t he  conduction band s ta te  involved i n  the  t r a n s i t i o n .  A s  seen from F ig .  

161, t h e r e  i s  a very good correspondence between s t r u c t u r e  i n  the  o p t i c a l  

dens i ty  and t h e  photon energ ies  at  which s t rong  t r a n s i t i o n s  are evident  

i n  the  experimental EDCs. This c l o s e  correspondence ind ica t e s  t h a t  the  

The lO 'K  d a t a  have considerably more s t r u c t u r e  than t h e  room 
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peaks i n  the  o p t i c a l  dens i ty  of s t a t e s  of F ig .  160 are indeed represent-  

a t i v e  of t h e  f i n a l  states t o  which t h e  valence e l ec t rons  are exc i ted  

during t h e  o p t i c a l  absorption process .  

The l a r g e  number of peaks i n  the  conduction band of C s B r  i s  

reminiscent of t h e  many absorption l i nes  seen i n  the  absorption s p e c t r a  

of gases .  For t h i s  reason, the  conduction band of CsBr  has been compared 

wi th  t h e  absorpt ion spectrum of krypton i n  F ig .  160. Krypton i s  an 

i n e r t  gas t h a t  l i e s  next t o  bromine i n  the  per iodic  t a b l e .  The comparison 

between krypton and C s B r  i s  j u s t i f i e d  because krypton has an outer  e lec-  
2 6  

t r o n  conf igura t ion  given by ( 4 s  4p ), 
i o n i c  CsBr  has  an ou te r  e l ec t ron  configurat ion t h a t  i s  approximately 

(4s 4p ) A s  seen i n  F ig .  160, t he re  i s  apparent ly  a c lose  correspondence 

between the  conduction band of C s B r  and the  absorption spectrum of krypton. 

For example, t h e  exciton-derived peak @ has been associated with the  

t r a n s i t i o n  (4p 5 s ) ,  

ated with the  t r a n s i t i o n  (4p54d). This c lose  correspondence between 

C s B r  and krypton may imply t h a t  at  photon energ ies  up t o  10 e V ,  t he  

fundamental absorption c o n s i s t s  of atomic-like e x c i t a t i o n  between atomic- 

l i k e  l e v e l s  of t h e  ( B r ) -  ion,  and t h a t  the  ( C s ) +  i o n  i s  not  involved i n  

the  fundamental absorpt ion.  

and the  bromine ion  i n  the  very 
1 

2 6 -  

5 and the  conduction band s ta te  @ has been associ-  

B. PHOTOEMISSION STUDIES OF CESIUM CHLORIDE 

The experimental quantum y ie ld  f o r  C s C l  i s  given i n  Fig.  162. One 

very important f e a t u r e  of C s C l  i s  t h a t  t he  quantum y ie ld  i s  very high; 

at a photon energy of 11.3 e V ,  t he  y i e ld  (uncorrected f o r  r e f l e c t i v i t y )  

i s  about 0.88 ( e l e c t r o n s  photoemitted per  absorbed photon).  The e r r o r  

i n  t h e  quantum y ie ld  of F i g ,  162 i s  estimated t o  be about f 1 5  percent .  

The l a r g e  magnitude of t h e  quantum y ie ld  seems t o  be i n  good agreement 

with the  d a t a  of Metzger [Ref. 881, who f i n d s  t h a t  t he  quantum y ie ld  i s  

However, i t  must be emphasized t h a t  t h e  absorpt ion spectrum of krypton 
represents  t he  energy d i f f e rence  between states,  and the  peaks i n  the  
conduction band of C s B r  represent  absolute  energ ies .  Thus, the  comparison 
of an absorpt ion spectrum with an absolute  energy s c a l e  i s  s t r i c t l y  
co r rec t  only i f  t he re  i s  a s i n g l e  i n i t i a l  s t a t e ,  which i s  not  the  case 
i n  C s B r .  Nevertheless,  t he re  seems t o  ex is t  a s t r i k i n g  comparison 
between krypton and C s B r .  

1 
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FIG. 162. QUANTUM YIELD FOR CESIUM CHLORIDE. The curve 
labe led  "present work" w a s  ca l ib ra t ed  using Koyama' s 
thermopile r e s u l t s  dated 11-9-66. 

about 0 .7  ( e l ec t rons  photoemitted per  absorbed photon) at a photon energy 

of 12.5 e V .  

quantum y ie ld  would be expected for CsC1,  and the  earlier d iscuss ion  

explaining t h e  nea r ly  u n i t y  quantum y ie ld  i n  CsBr  a l s o  appl ies  t o  C s C 1 .  

Another in te res t ing  f e a t u r e  i n  t h e  quantum y ie ld  is the  i n f l e c t i o n  point  

t h a t  occurs at about 7.8 e V ;  t h i s  i n f l e c t i o n  poin t  seems t o  correspond t o  

the  s t eep  rise i n  the  quantum y ie ld  of CsBr  at 7 . 4  e V  (Fig.  148). 

Since the  energy gap of C s C l  i s  about 7 .0  eV,  a very high 

The EDCs corresponding t o  t h e  quantum y ie ld  of F ig .  162 are shown 

i n  F igs .  163 through 167. The E vs  hv p l o t  used as an aid i n  in te r -  

p re t ing  the  EDCs i s  given i n  F ig .  168, and the  o p t i c a l  dens i ty  of states 

deduced from the  photoemission d a t a  i s  presented i n  F ig .  169. 

P 

The EDCs i n  Figs .  163 and 164 bear  a resemblance t o  the EDCs for C s B r  

i n  F igs ,  149 and 150, i n  t h a t  a s t rong  peak appears t o  r ise out  of the  

threshold background, j u s t  as w a s  observed i n  CsBr .  A d i f f e r e n t  photo- 

emission mechanism f o r  t h e  threshold and for t h e  higher  hv regions i s  
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RETARDING POTENTIAL (volts) 
D 

FIG. 165. ENERGY DISTRIBUTION CURVES I N  THE RANGE OF 
PHOTON ENERGIES BETWEEN 9 . 2  AND 10 .2  eV.  

suggested by the  i n f l e c t i o n  poin t  of t h e  quantum y ie ld  of C s C l  a t  7 . 8  e V ,  

i nd ica t ing  t h a t  t h e  quantum y ie ld  between 7 . 3  and about 7 . 6  e V  might be 

due t o  exciton-induced photoemission, and t h a t  t h e  quantum y ie ld  a t  photon 

energ ies  above 7 . 8  e V  is  due to  "normal" photoemission processes .  The 

o p t i c a l  dens i ty  of Fig.  170 i n d i c a t e s  t h a t  t h e r e  i s  a broad exci ton 

absorpt ion at about 7 .6  e V ,  corresponding c lose ly  t o  the  "background" 

photoemission evident  i n  the  EDCs of F ig .  163 f o r  photon energ ies  of 7 . 5  

and 7 .7  e V .  The f i n a l  energy of t h i s  threshold photoemission i s  repre-  

sented as  peak @ i n  t h e  o p t i c a l  dens i ty  of states of F ig .  169. 

An i n t e r e s t i n g  and very s t r ange  f e a t u r e  shown i n  F ig .  163 is  t h a t  an 

EDC w a s  measured wi th  no l i g h t  i nc iden t  upon t h e  sample. This "no l i g h t "  

EDC was measured after t h e  sample had been i r r a d i a t e d  f o r  several hours 

by a high i n t e n s i t y  mercury arc (quar tz  jacket) '  and a f t e r  t he  quantum 

-- 

I This  i r r a d i a t i o n  w a s  p a r t  of an unsuccessful experiment t o  make C s C l  con- 
duct ing at temperatures of 80°K by the  c rea t ion  of F-centers .  A s  w i l l  be 
discussed later i n  t h i s  chapter ,  t h e  a l k a l i  ha l ides  tend t o  become in-  
s u l a t i n g  at 80°K, thus  preventing t h e  measurement of pho toe lec t r i c  EDCs 
from a l k a l i  h a l i d e s  a t  80°K. 
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FIG. 169. ESTIMATED OPTICAL DENSITY OF STATES FOR CESIUM 
U-ILORIDE. The conduction band of cesium ch lo r ide  as 
compared with t h e  absorpt ion spectrum of argon (Teegarden 
and Bald in i )  . 

y ie ld  of F ig .  162 had been measured, The t o t a l  cu r ren t  i n  the  "no 
-11 

l i g h t "  EDC w a s  about 1 . 5  X 10 

the  "no l i g h t "  curve corresponds c lose ly  t o  peak @ i n  t he  o p t i c a l  

dens i ty  of states of F ig .  169, and was apparently due t o  e l ec t rons  m i -  

g r a t i n g  exceedingly slowly toward t h e  sur face  before  being photoemitted. 

The t i m e s  involved i n  t h i s  "delayed" photoemission were a t  least severa l  

minutes--the t i m e  required t o  measure an EDC. Unfortunately,  t he  poss ib le  

s ign i f i cance  of t h e  "no l i g h t "  EDC was not appreciated a t  t he  t i m e  the  

d a t a  were being taken, and the  t i m e  required f o r  t h e  "no l i g h t "  EDC t o  

disappear  w a s  not i nves t iga t ed ,  

amperes.l The loca t ion  of t he  peak i n  

'This i s  a s i g n i f i c a n t  cu r ren t ,  but  i t  is s m a l l  compared with the  t o t a l  
c u r r e n t s  of 5 x 10-1O amperes used i n  measuring most of t h e  EDCs i n  
F igs .  163 through 167. 
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PHOTON ENERGY (eV) 

FIG. 170. OPTICAL DENSITY OF 
CESIUM CHLORIDE. The l O o K  curve 
i s  from R e f .  86, and the  room 
temperature curve corresponds t o  
cesium ch lo r ide  (I1 ) i n  Ref. 87.  

i 

A t  photon energ ies  g r e a t e r  than about 8 e V ,  t h e  EDCs f o r  C s C l  seem 

t o  fol low t h e  

as can be seen i n  F ig .  168. Two "peaks" i n  the  conduction band of C s C l  

can be i d e n t i f i e d  i n  t h e  EDCs of F igs .  163 through 167. One peak, labeled 

peak @ i n  the  o p t i c a l  dens i ty  of states of F ig .  169, i s  a r a t h e r  broad 

peak and i s  i d e n t i f i e d  by t h e  f ixed  peak at about (+ )0 .5  e V  i n  t h e  EDCs 

of F ig .  166. The o t h e r  conduction band peak i s  obscured by the  l a r g e  

number of curves drawn i n  F ig .  166; however, t h i s  second conduction band 

peak can be seen as a r a t h e r  vague shoulder at (-)3.15 e V  i n  F ig .  167. 

This second conduction band peak i s  labe led  peak @ i n  t h e  o p t i c a l  

dens i ty  of states of Fig.  169. The valence band o p t i c a l  dens i ty  of states 

of C s C l  has been i d e n t i f i e d  as the broad s t r u c t u r e  t h a t  appears between 

about (+)0 .5  e V  and (+)3 .5  e V  i n  the  EDCs of F ig .  166 for photon energ ies  

g r e a t e r  than about 11 .5  e V .  This  s t r u c t u r e  has  a maximum width of about 

3 e V ,  and appears t o  fo l low t h e  l a w  AJ?, = &v, which i s  c h a r a c t e r i s t i c  

of photoemission from t h e  valence band of a material t h a t  i s  described by 

the  model of nondirect  t r a n s i t i o n s .  For photon energ ies  g rea t e r  than 

about 11 .5  e V ,  t he  slow e l e c t r o n s  i n  t h e  range of energ ies  between ( - ) l . O  

and (+)0 .5  e V  are probably e l ec t rons  t h a t  have encountered many 

"usual" photoemission l a w  i n  which (&)leading edge = Qhv, 
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electron-phonon scattering events ,  and t h e  e l ec t rons  i n  t h e  range of 

energ ies  between (+)OB 5 and ( + ) 3 . 5  e V  are probably primary e l ec t rons  t h a t  

had i n i t i a l  v e l o c i t i e s  d i r ec t ed  toward the  surf  ace. 

I n  Fig.  167, d a t a  from t h e  present  work i s  compared with the  d a t a  of 

Ph i l ipp  e t  a1 [Ref. 761; t he  EDC at 11.3 e V  i s  the  only d a t a  obtained by 

Ph i l ipp  e t  a1 f o r  CsC1.  A s  seen from Fig .  167, t he  gross  f e a t u r e s  of 

both EDCs are t h e  same, except t h a t  t h e  d a t a  of Ph i l ipp  e t  a1 has 

not iceably  sharper  s t r u c t u r e .  

In  F ig .  169, t h e  conduction band of C s C l  i s  compared with the  absorp- 

t i o n  spectrum of argon, which i s  the  i n e r t  gas t h a t  l ies next t o  ch lo r ine  

i n  t h e  pe r iod ic  t a b l e .  The correspondence between krypton and C s C l  seems 

t o  be q u i t e  good, implying t h a t  t h e  fundamental absorption i s  l a r g e l y  

due t o  e x c i t a t i o n  wi th in  t h e  ch lor ine  ion  f o r  photon energies  less than 

about 10 e V .  

The arrows i n  Fig.  170 denote the  photon energies at  which s t rong  

t r a n s i t i o n s  are evident  i n  t h e  experimental EDCs. The arrow a t  7 . 6  eV 

corresponds t o  t h e  poss ib l e  exciton-induced photoemission seen i n  the  EDCs 

a t  7 . 5  and 7 . 7  e V ,  and t h e  arrow i n  t h e  v i c i n i t y  of 9 . 0  e V  corresponds 

t o  the  broad range of energ ies  i n  which valence band peak @ couples t o  

conduction band peak 0. 
t h e  EDCs of F ig .  166. A s  observed from Fig .  170, t h e  s t rong  t r a n s i t i o n s  

seen i n  the  EDCs correspond f a i r l y  w e l l  t o  the  gross  f e a t u r e s  i n  the  

o p t i c a l  dens i ty ,  but  t he  EDCs do not  account f o r  t h e  f i n e  s t r u c t u r e ;  t h i s  

discrepancy may very w e l l  be due t o  t h e  general  broadness seen i n  the  

EDCs of t h e  present  work. 

EDCs with sharper  s t r u c t u r e  than found i n  the  EDCs presented here ,  i t  

i s  poss ib l e  t h a t  more information about t he  e l e c t r o n i c  s t r u c t u r e  of C s C l  

can be obtained by f u t u r e  photoemission measurements on C s C l  samples t h a t  

have been prepared i n  a manner d i f f e r e n t  from t h a t  used i n  the  present  

work. 

dens i ty  of C s C l  due t o  annealing, i t  i s  poss ib le  t h a t  the  s t r u c t u r e  i n  

the  EDCs of C s C l  might be "sharpened" by some annealing technique. 

The s t rong  t r a n s i t i o n  a t  10.5 e V  is  evident  i n  

Since Phi l ipp  e t  a1 [ R e f .  851 have obtained 

Since Eby e t  a1 [Ref. 871 have observed changes i n  the  o p t i c a l  
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C .  PHOTOEMISSION STUDIES OF CESIUM IODIDE 

The experimental  quantum yie ld  f o r  C s I  i s  shown i n  F ig .  171. J u s t  

as i n  C s C l  and C s B r ,  t he  quantum y ie ld  i s  very nea r ly  un i ty  i n  the  v i c i n i t y  

of 11 e V .  The uncer ta in ty  i n  t h e  quantum y ie ld  labeled "present work" i n  

F ig .  171 i s  est imated t o  be about +25 percent ;  t h i s  r a t h e r  l a r g e  uncer- 

t a i n t y  i s  due l a r g e l y  t o  the  unce r t a in ty  i n  the  transmission of the  LiF 

window, which de te r io ra t ed  somewhat during t h e  experiment. The magnitude 

of t h e  quantum y ie ld  obtained i n  the  present  work i s  i n  r a t h e r  good 

agreement with t h e  d a t a  of Metzger [Ref. 881, as can be seen i n  F ig .  171. 
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FIG. 171. QUANTUM YIELD FOR CESIUM IODIDE AT ROOM TEMPERATURE. 

Note t h a t  t h e r e  i s  a broad d i p  i n  t h e  quantum y ie ld  i n  the  v i c i n i t y  of 

14 e V ,  which i s  s l i g h t l y  more than twice the  band gap of C s I .  A s  w i l l  be 

discussed i n  more d e t a i l  later i n  t h i s  sec t ion ,  t he  d i p  i n  t h e  quantum 

y ie ld  i s  apparent ly  caused by the  onset  of e lec t ron-e lec t ron  s c a t t e r i n g .  

The r e l a t i v e  quantum y ie ld  of C s I  at a temperature of 80°K i s  shown 

i n  F ig .  172. A t  80°K, the  C s I  f i lms  became insu la t ing ,  and meaningful 

EDCs could not  be obtained.  However, t he  photocurrent from the  i n s u l a t i n g  

C s I  d id  not  saturate f o r  c o l l e c t o r  voltages less than (+) 40 v o l t s ,  and 
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FIG. 172. RELATIVE QUANTUM YIELD 
OF CESIUM IODIDE AT 80'K. 

t h e  quantum y ie ld  d a t a  of F ig .  172 were obtained by using a c o l l e c t o r  

vo l tage  i n  excess of +40 v o l t s .  A t  photon energies g r e a t e r  than about 

6 . 6  e V ,  t h e  shape of t h e  quantum y ie ld  has  t h e  same general  charac te r  as 

the  room temperature quantum y i e l d ;  at  both temperatures,  t h e r e  i s  a 

s t e e p  rise i n  the  quantum y ie ld  a t  about 6 .5  e V .  However, at photon 

energ ies  smaller than about 6 . 6  e V ,  t h e r e  i s  s t ruc ture  i n  the  80°K 

quantum y i e l d  t h a t  is not present  i n  the  room temperature quantum y i e l d .  

A s  seen i n  F ig .  172, t h e  80°K d a t a  have a shoulder at 6 . 3  eV,  and a very 

sharp peak a t  5.90 e V .  Before d e t a i l e d  measurements of t he  quantum y i e l d  

were made, t h e  inc iden t  photon energy w a s  scanned over the  range between 

5 and 6 eV,  and the  two dashed peaks i n  F ig .  172 were observed. However, 

a f t e r  t he  peak a t  5.90 e V  had been c a r e f u l l y  measured, t he  peak loca ted  

a t  (approximately) 5 .6  e V  had disappeared. S t ruc tu re  i n  t h e  threshold 

region of C s I  has been observed earlier by Ph i l ipp  and Ta f t  [Ref. 921, 

who a t t r i b u t e d  t h e  s t r u c t u r e  t o  exciton-induced photoemission from un- 

con t ro l l ed  impur i t i e s  and imperfect ions.  

The experimental EDCs corresponding t o  t h e  quantum y ie ld  of F ig .  171 

are shown i n  Figs .  173 through 180. J u s t  as i n  C s C l  and CsBr, t he  EDCs 

at  photon energ ies  very c l o s e  t o  the  threshold f o r  photoemission have a 
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FIG. 173. ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE IN THE 
RANGE OF PHOTON ENERGIES BETWEEN 6.7 AND 8.8 eV. 
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FIG. 175, ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE IN 
THE RANGE OF PHOTON ENERGIES BETWEEN 9.4 AND 9.7 eV. 
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F I G .  177. ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE I N  
THE RANGE OF PHOTON ENERGIES BETWEEN 10.0 AND 10.6 eV. 
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F I G .  178. ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE I N  
THE RANGE OF FXOTON ENERGIES BETWEEN 10.6 AND 11.0 eV. 

SEL-67-039 342 



35 

c--l 

2 30 
\ z 
2 
a, 

25 

w z 
U c 
V 
W 
-I 

0 20 

w 15 

E;1 IO 

u - 
W 

5 

0 

FIG. 

RETARDING POTENTIAL (volts) 

179. ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE IN 
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FIG. 180. ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE IN 
THE RANGE OF PHOTON ENERGIES BETWEEN 11.4 AND 11.8 eV. 
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width of about 1 . 5  eV,  as seen from t h e  EDC a t  6 .7  e V  i n  F i g .  173. A t  

photon energ ies  g r e a t e r  than about 7.3 e V ,  t h e  EDCs from C s I  follow the  

"usual '' 1 aw where 

p l o t  of F ig .  183. A t  photon energ ies  below 11.8 e V ,  t he  EDCs from C s I  

show no evidence of inelast ic  e lec t ron-e lec t ron  s c a t t e r i n g ,  as indica ted  

by t h e  absence of a peak of slow e l ec t rons  i n  the  EDCs of F igs .  178, 179, 

and 180. EDCs from seve ra l  samples of C s I  are compared i n  F ig .  181, 

where i t  i s  seen t h a t  t he  EDCs are almost i d e n t i c a l  i n  shape, t he  only 

d i f f e rence  being t h a t  t h e  s t r u c t u r e  is  s l i g h t l y  "sharper" i n  some samples. 

Two EDCs from t h e  present  work are compared with t h e  p r i o r  work of 

Phi l ipp  e t  a1 [ R e f .  851 i n  F ig .  182, where the  agreement between both sets 

of d a t a  i s  seen t o  be very good. The EDCs a t  11.3 and 1 0 . 3  e V  i n  F ig .  182 

are the  only EDCs obtained bv Phi l ipp  e t  a1 f o r  C s I .  

= n h v ,  as can be seen i n  the  E v s  hv 
(m)leading edge P 

(hv=I1.4eV) 

SAMPLE OF 2/27/66 

SAMPLE OF 12/6/65 

SAMPLE OF 3/10/66 

-5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1 0 -0.5 0 
I I I I I 

-5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 

ENERGY (e") 

FIG. 181. COMPARISON OF THE SHAPES OF THE ENERGY 
DISTRIBUTION CURVES FROM SEVERAL SAMPLES OF CESIUM 
IODIDE. 

The o p t i c a l  dens i ty  of states for C s I  i s  shown i n  F i g ,  184. Except 

f o r  peak @, t he  o p t i c a l  dens i ty  of states has been deduced from the  

pho toe lec t r i c  EDCs using t h e  E v s  hv p l o t  of F ig .  183 and the  model 
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ENERGY (eV) 

FIG. 182. COMPARISON OF SHAPES OF ENERGY DISTRIBUTION CURVES 
FOR CESIUM CHLORIDE. The curves a t  1 0 . 3  and 11.3 e V  are 
t h e  only curves obtained by Ph i l ipp  e t  a1 [Ref. 851 for 
cesium ch lo r ide .  

of nondirect  t r a n s i t i o n s .  

band of Fig.  184 is intended t o  represent  t he  energy of t he  " threshold" 

EDCs t h a t  are observed at photon energies very c lose  t o  t h e  threshold 

f o r  photoemission. 

i d e n t i f y  valence band peaks t h a t  fol low the  l a w  CIF: = Ahv.  The valence 

band o p t i c a l  dens i ty  of states i n  F ig ,  184 i s  essent ia l ly  a r e p l i c a  of the  

s t r u c t u r e  t h a t  fol lows t h e  l a w  CIF: = Ahv i n  t he  experimental EDCs a t  

photon energ ies  between 10 .8  and 11.8 e V .  The o v e r a l l  width of t he  

valence band of C s I  i s  about 3 eV,  and the  separa t ion  between peaks @ 
and @ corresponds c lose ly  t o  the  atomic sp in-orb i t  s p l i t t i n g ,  as seen 

The loca t ion  of peaks @ i n  the  conduction 

The 45' l i n e s  labeled 0, 0, and @ i n  F ig .  183 

P 
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FIG. 183. E vs  hv PLOT FOR CUPROUS IODIDE. 
P 

i n  F i g .  184. 

assoc ia ted  with the  nondegenerate sp l i t -o f f  band, and t h a t  peaks @ and 

@ are assoc ia ted  with t h e  doubly-degenerate sp l i t -o f f  band. 

In  addi t ion ,  i t  i s  tempting t o  specula te  t h a t  peak @ i s  

Xenon i s  the  i n e r t  gas t h a t  l ies  next t o  iod ine  i n  the  per iodic  

t a b l e ,  so the  conduction band of C s I  has  been compared with t h e  absorption 

spectrum of xenon i n  Fig.  184. J u s t  as i n  the  cases of C s C l  and C s B r ,  

t he re  appears t o  be some correspondence between the  absorption spectrum 

of the  i n e r t  gas  and the  conduction band of t h e  cesium ha l ide ,  implying 

t h a t  t h e  fundamental absorption i n  C s I  at photon energies smaller than 

about 9 e V  i s  due t o  e x c i t a t i o n  wi th in  the  iod ine  ion .  Hqwever, t he  

correspondence between xenon and C s I  i s  not as convincing as the  cor- 

respondence between krypton and C s B r .  In F ig .  184 the  t r a n s i t i o n s  
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5 
(5p 6 s )  

and a (5p 5d) 

band peak 0, which i s  t h e  lowest energy peak i n  t h e  conduction band 

o p t i c a l  dens i ty  o f  states. 

have been associated with t h e  exciton-derived states labeled @, 
5 

t r a n s i t i o n  has been assoc ia ted  with the  s t rong  conduction 

The o p t i c a l  d e n s i t y  and € (a) for C s I  are shown i n  F ig .  185. The 2 
arrows poin t ing  upward des igna te  t h e  photon energ ies  a t  which s t rong  

6 
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FIG. 185. OKTICAL DATA AND IDENTIFICATION OF STRUCTURE FOR 
CESIUM IODIDE. 
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t r a n s i t i o n s  a re  evident  i n  the  experimental photoemission d a t a .  The 

symbols iden t i fy ing  the  arrows are t o  be in t e rp re t ed  as follows: 

"Q.Y.'' i n d i c a t e s  s t r u c t u r e  t h a t  i s  evident  i n  the  quantum y ie ld  of 

F ig .  172; ( 2 )  "D" means t h a t  t he  energy of t he  arrow corresponds t o  the  

energy d i f f e rence  between s t r u c t u r e  i n  the  valence band and s t r u c t u r e  i n  

the  conduction band of F ig .  184; (3) "P.E." means t h a t  s t rong  t r a n s i t i o n s  

are evident  i n  t h e  pho toe lec t r i c  EDCs. A s  can be seen from Fig .  185, 

t he re  i s  a c l o s e  correspondence between the  loca t ions  of t he  arrows 

deduced from photoemission d a t a  and the  loca t ions  of s t r u c t u r e  i n  t he  

o p t i c a l  da t a .  

(1) 

There appears t o  be an important inconsis tency i n  the  d i f f e r e n t  types 

of o p t i c a l  d a t a  i n  F ig .  185, as can be seen by comparing Roessler's 

E (LO) 
6.75 e V ,  t h e r e  i s  a sharp exc i ton- l ike  peak i n  the  curve t h a t  i s  

not evident  i n  the  o p t i c a l  d e n s i t y  d a t a .  I t  i s  i n t e r e s t i n g  t o  note  t h a t  

t h e  energy spacings between the  t h r e e  exc i ton- l ike  peaks i n  

correspond c lose ly  to  the  energy spacing between valence band peaks 0, 
0, and 0, as indica ted  by t h e  arrows t h a t  po in t  downward i n  Fig.  185. 

This correspondence implies  t h a t  the  exci ton peaks i n  

due t o  t r a n s i t i o n s  from valence band peaks 0, 0, and @ t o  the  same 

f i n a l  energy. This conclusion cannot be made using the  o p t i c a l  dens i ty  

da ta ,  which appear t o  be incons i s t en t  with the  r e f l e c t i v i t y  d a t a  t h a t  

were used t o  ob ta in  e 2 ( u ) .  

with Teegarden's o p t i c a l  densi ty:  A t  a photon energy of about 2 
E ~ ( L O )  

€,(LO) 

E ~ ( L O )  might be 

I f  t h e  work func t ion  of t h e  metal c o l l e c t o r  i s  known, the  loca t ion  

of t he  fermi l e v e l  i n  t he  emitter can be deduced from the  contac t  

p o t e n t i a l  between t h e  emitter and the  c o l l e c t o r ,  and from a knowledge 

of t he  threshold f o r  photoemission. The contac t  po ten t i a l  i s  determined 

by inspec t ion  of t h e  experimental EDCs, and the  threshold i s  deduced from 

t h e  quantum y ie ld  d a t a .  This has  been done f o r  one sample of C s I ,  and 

the  r e s u l t s  are shown i n  F ig .  186, where i t  i s  seen t h a t  t h e  fermi l e v e l  

a t  t he  su r face  of t h e  C s I  i s  very c l o s e  t o  t h e  cen te r  of the  energy gap. 

Figure 187 through 189 show the  EDCs measured from C s I  dur ing a 

knock-off tube experiment of t h e  type described i n  Chapter 11. Unfortun- 

a t e ly ,  a copper pinch-off was not used f o r  t h i s  experiment, and the  

pressure  rose  t o  about 1 x 10 
-5 t o r r  when the  g l a s s  stem on the  knock-off 
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Au 

cs I 

FIG, 186. LOCATION OF FERMI LEVEL IN CESIUM IODIDE. 

FIG. 187. ENERGY DISTRIBUTION CURVES FROM THE CESIUM 
IODIDE KNOCK-OFF-TUBE EXPERIMENT. 
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FIG. 188. ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE 
( KNOCK-OFF-TUBE EXPERIMENT) . 

FIG, 189. ENERGY DISTRIBUTION CURVES FROM THE CESIUM 
IODIDE KNOCK-OFF-TUBE EXPERIMENT. 
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tube w a s  sea led  of f  wi th  a torch .  Consequently, t he  C s I  f i l m  was somewhat 

contaminated, and t h e  EDCs measured before  t h e  LiF window w a s  knocked o f f ,  

had a long, low energy t a i l ,  as shown i n  F ig .  187. In  s p i t e  of t he  con- 

taminations,  some very i n t e r e s t i n g  phenomena were observed during t h i s  

experiment. A s  shown i n  F igs .  187 and 188, t h e  " a f t e r  knock-off" EDCs 

tended t o  fol low t h e  l a w  nF = Cihv for photon energ ies  up t o  about 

13 .0  e V .  A t  13.0 eV,  a low energy peak of s c a t t e r e d  e l ec t rons  becomes 

evident  i n  the  EDCs, thus  s ign i fy ing  the  onset  of i n e l a s t i c  s c a t t e r i n g  

between the  photoexcited e l ec t rons  and t h e  valence e l ec t rons .  As seen 

from t h e  sequence of EDCs between 13 and 14 e V  i n  F ig .  188, the  low energy 

peak of s ca t t e r ed  e l e c t r o n s  grows i n  amplitude a t  t h e  expense of t he  high 

energy peak, as the  photon energy increases  from 13  t o  14  e V .  This  

evidence f o r  severe e lec t ron-e lec t ron  s c a t t e r i n g  at  14 e V  is cons i s t en t  

with t h e  quantum y i e l d  of Fig.  171, which has a d i p  at about 14 e V .  

The "windowless" EDCs i n . F i g s .  187 and 188 were measured i n  a 

hydrogen atmosphere, and do not seem t o  have the  de t a i l ed  s t r u c t u r e  t h a t  

i s  seen i n  F ig .  189 for the  EDC a t  16 .8  eV, which was measured i n  a neon 

atmosphere. Apparently the  hydrogen d i f f u s e s  i n t o  the  C s I  and s c a t t e r s  

with t h e  photoexcited e l ec t rons ,  r e s u l t i n g  i n  a b lu r r ing  of the  de t a i l ed  

s t r u c t u r e  i n  the  EDCs. The same e f f e c t  w a s  observed i n  a knock-off 

experiment on gold.  In  F ig .  189 i t  i s  important t o  note  t h a t  no high 

energy e l ec t rons  are evident  i n  the  EDCs, i nd ica t ing  t h a t  the  e lec t ron-  

e l e c t r o n  s c a t t e r i n g  length  is  very much smaller than the  absorpt ion 

depth.  In  addi t ion ,  note  t h a t  t h e  s t r u c t u r e  i n  t h e  EDC f o r  hv = 16 .8  e V  

seems t o  co inc ide  almost exac t ly  with t h e  s t r u c t u r e  i n  the  "before knock- 

o f f "  EDC f o r  hv = 10.2 e V .  Thus i t  appears t h a t  t he  EDC at hv = 16.8  e V  

r e t a i n s  i t s  shape a f t e r  t h e  i n e l a s t i c  e lec t ron-e lec t ron  s c a t t e r i n g  takes 

place.  

r ep resen ta t ion  of t h e  valence band o p t i c a l  dens i ty  of s ta tes . )  

a t  16 .8  e V  can r e t a i n  t h e  shape of t he  valence band dens i ty  of states a f t e r  

c o l l i s i o n  only i f  every photoexcited e l ec t ron  lo ses  an energy equal t o  

exac t ly  (16.8 - 10 .2 )  = 6 . 6  e V .  The value of 6 .6  e V  i s  a good approxi- 

mation t o  the  energy gap of C s I ,  and a l s o  seems t o  correspond t o  t h e  

energy of a s t rong  peak i n  the  o p t i c a l  da ta ,  as seen i n  F i g .  185. Since 

a l l  t he  photoexcited e l ec t rons  appear t o  l o s e  6 . 6  e V ,  and t h e  e lec t ron-  

P 

(The s t r u c t u r e  i n  the  EDC a t  hv = 10 .2  e V  i s  a f a i r l y  c lose  

The EDC 
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s c a t t e r i n g  length  is  very shor t ,  i t  i s  tempting t o  propose the following 

atomic-like mechanism f o r  the  e lec t ron-e lec t ron  s c a t t e r i n g  event i n  C s I :  

Since the  conduction band of C s I  below 9 e V  seems t o  correspond t o  the  

absorpt ion spectrum of xenon, and s ince  the  peak i n  the o p t i c a l  data at  

6.6 e V  seems t o  correspond t o  a (5p 6s ) atomic t r a n s i t i o n ,  i t  may be 

t h a t  the p r e f e r e n t i a l  energy l o s s  of 6.6 e V  i n  the  energy of t he  photo- 

exc i ted  e l ec t rons  i s  due t o  the  s t rong  p robab i l i t y  f o r  the  valence e lec-  

t rons  t o  make the  (5p 6s ) atomic-like t r a n s i t i o n .  T h i s  mechanism would 

explain the  apparent d i s c r e t e  l o s s  of 6.6 eV, and the  s t r eng th  of the  peak 

i n  t h e  o p t i c a l  dens i ty  a t  6.6 e V  would suggest a s t rong  p robab i l i t y  for 

the (5p 6s ) t r a n s i t i o n ,  which would r e s u l t  i n  a sho r t  l i f e t i m e  and a 

sho r t  s c a t t e r i n g  l eng th .  

5 1  

5 1  

5 1  

D .  PHOTOEMISSION STUDIES OF POTASSIUM IODIDE 

-9 
A f i l m  of K I  w a s  evaporated i n  a vacuum of 2 x 10 t o r r ,  and a 

complete set of EDCs and good quantum yie ld  d a t a  were obtained wi th in  a 

few hours a f t e r  t h e  evaporat ion.  During t h i s  t i m e ,  t he  EDCs seemed t o  

d e t e r i o r i a t e  i n  two ways: 

an e V ;  ( 2 )  a long, low energy " ta i l "  began t o  appear i n  t he  EDCs. The 

s h i f t  i n  the fermi l e v e l  i s  i n d i c a t i v e  of a charging e f f e c t ,  and the  long, 

low energy t a i l  i s  c h a r a c t e r i s t i c  of a material t h a t  has a very high 

r e s i s t a n c e .  These e f f e c t s  might have been caused by such mechanisms as  

(1) d i f fus ion  of a fo re ign  gas i n t o  t h e  K I ;  ( 2 )  su r f ace  charging due t o  

u l t r a v i o l e t  r a d i a t i o n ;  (3) bulk changes i n  the  na tu re  of t he  K I  f i l m s .  

For tuna te ly ,  t h e  d e t e r i o r a t i o n  of the EDCs was only s l i g h t  during the  

per iod of measurement, and meaningful r e s u l t s  w e r e  obtained from the  

photoemission d a t a .  

surements, t h e  experiment was discontinued due t o  the absence of t h e  

author .  Several  lengthy power shutdowns occurred during t h i s  period, and 

t h e  vacuum i n  the  photoemission 

A t  the end of t h i s  t i m e ,  t he  K I  f i l m  had become h ighly  in su la t ing ,  and 

"normal'r EDCs could not  be measured. I n t e r e s t i n g l y  enough, t he  quantum 

y ie ld  i n  the  i n s u l a t i n g  state w a s  somewhat higher  than t h e  quantum y i e l d  

i n  the conducting s ta te  when a s u f f i c i e n t l y  l a r g e  vol tage (= 14v) w a s  

appl ied.  

(1) The fermi l e v e l  s h i f t e d  severa l  t en ths  of 

During the  seve ra l  weeks fol lowing the  o r i g i n a l  mea- 

chamber undoubtedly became q u i t e  poor. 

A poss ib l e  explanat ion f o r  t h i s  increase  i n  quantum y ie ld  might 
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be t h a t  a f o r e i g n  gas d i f fused  i n t o  t h e  K I  and acted as a t r a p  for 

carriers. Subsequent heat ing of the  sample returned the  K I  t o  i t s  or ig-  

i n a l  conducting state, perhaps because the  hea t  drove the  fo re ign  gas 

out  of t he  K I .  The experimental d a t a  recorded during the  sequence of 

events  descr ibed above w i l l  be presented i n  t h i s  s ec t ion .  

The quantum y ie ld  f o r  t h e  conducting and i n s u l a t i n g  states of K I  a r e  

shown i n  F ig .  190. The quantum y ie ld  f o r  t h e  i n s u l a t i n g  s ta te  reaches a 

CONDUCTING STATE (PRESENT WORK) 

INSULATING STATE (PRESENT WORK) 

- 
---- 

DUCKETT AND METZGER [REF. go] 

METZGER [REF 881 

-.-.- 

I I I I I I I I I I I f f I I 
7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 

PHOTON ENERGY (eV  1 

FIG. 190. QUANTUM YIELD FOR POTASSIUM IODIDE. The d a t a  
labe led  "present work" w a s  obtained using R .  Koyama's 
c a l i b r a t i o n  curve dated 11-9-66, The "present work" 
curves were cor rec ted  f o r  r e f l e c t i v i t y  using t h e  d a t a  
of Roessler.  
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maximum of 0.80 a t  10  e V ,  and the  quantum y ie ld  of t h e  conducting s t a t e  

reaches a maximum of about 0.50 a t  10 e V .  The maximum y ie ld  of 0.50 f o r  

the  conducting state suggests  t h a t  t he  photoexcited e l ec t rons  with i n i t i a l  

v e l o c i t i e s  d i r ec t ed  away from t h e  sur face  did not s u f f e r  electron-phonon 

c o l l i s i o n s ,  and consequently were not turned around before being co l l ec t ed  

by t h e  metal subs t r a t e .  The increased y i e ld  i n  the  i n s u l a t i n g  state may 

be due t o  fo re ign  gas atoms t h a t  t r a p  t h e  photoexcited e l ec t rons ;  t he  

p o s i t i v e  c o l l e c t o r  vo l tage  then provides a s t rong  enough f i e l d  i n  the  

K I  f i l m  t o  tear the  photoexcited e l ec t rons  away from the  t r a p s  and cause 

the  e l ec t rons  t o  be photoemitted. The magnitude of t he  quantum yie ld  of 

t he  i n s u l a t i n g  K I  i s  i n  very good agreement with the  da t a  of Duckett and 

Metzger, as seen i n  F ig .  190. This c l o s e  agreement suggests t h a t  Duckett 

and Metzger measured the  quantum y ie ld  of i n s u l a t i n g  K I ,  and not the  

quantum y i e l d  of conducting K I .  

The EDCs f o r  t h e  conducting K I  f i l m  are shown i n  F igs .  191 through 

195. A s  mentioned earlier,  t he  fermi l e v e l  of t he  K I  f i l m  changed by 

22.5~ 16* 

20 0 

I7 5 
c 

2 

6 
2 15.0 
0 

125 
v) z 
0 F 10.0 
8 
-1 W 

75 Y 

W 
I e 

5.0 

2.5 

0 

FIG. 191. ENERGY DISTRIBUTION CURVES FOR POTASSIUM 
IODIDE IN THE RANGE OF PHOTON ENERGIES BETWEEX 
7.7 AND 8.5 e V .  
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FIG. 195. ENERGY DISTRIBUTION CURVES FOR POTASSIUM 
IODIDE IN THE RANGE OF PHOTON ENERGIES BETWEEN 
10.4 AND 11.9 eV. 
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seve ra l  t en ths  of an e V  during the  course of measurements, Consequently, 

t he  energy of t h e  EDCs r e l a t i v e  t o  t h e  c o l l e c t o r  was cons tan t ly  changing. 

I n  order  t o  circumvent t h i s  d i f f i c u l t y ,  i t  has been assumed t h a t  t he  

EDCs i n  t h e  range of photon energ ies  between 7.7 and 11.9 e V  fol low the  

= (nhv). Consequently, t h e  EDCs have been put on law (&)leading edge 
t h e  same energy scale i n  Figs .  191 through 195 by loca t ing  the  leading 

edge of each EDC at an energy corresponding t o  t h e  photon energy. 

I n  F ig .  196 an EDC from t h e  present  work i s  compared with t h e  only 

EDC obtained by Ph i l ipp  e t  a1 [Ref. 851; t h e  agreement between the  

shapes of both curves is  seen t o  be very good. 

I 

FIG. 196. COMPARISON OF PRESENT WORK W I T H  THE WORK 
OF PHILIPP, TAFT, AND APKER. The energy d i s t r i b u t i o n  
curve at 11.3 e V  i s  the  only curve obtained by 
Phi l ipp ,  Ta f t ,  and Apker. Only t h e  shapes of t he  
energy d i s t r i b u t i o n  curves are s i g n i f i c a n t .  

An E v s  &v P l o t  f o r  K I  is  shown i n  Fig.  197, and the  o p t i c a l  
P 

dens i ty  of states for K I  i s  shown i n  F ig .  198. A s  seen from F igs .  195 

and 197, t h e r e  are two valetlce band peaks labeled @ and @ t h a t  follow 

t h e  l a w  & = bhv.  I n  addi t ion  t o  t h e  valence band peaks, t he re  are 
P 
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F I G .  197. E vs hv FOR POTASSIUM IODIDE.  
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F I G .  198. ESTIMATED OPTICAL DENSITY OF STATES OF 
POTASSIUM IODIDE.  The  conduction band of potassium 
iodide  i s  compared w i t h  the  absorpt ion spectrum of 
xenon (Teegarden and B a l d i n i  ) . 
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t h r e e  conduction band peaks evident  i n  the  EDCs. 

i s  easi ly  de tec ted  as t h e  f ixed  peak a t  about 7 . 1  e V  i n  Figs .  191, 192, 

and 193. Peak 5 i s  loca ted  a t  about 8 .9  e V  i n  F igs .  194 and 195; s ince  

t h e  amplitudes of t h e  EDCs tend t o  peak at  8 . 9  e V ,  Conduction band 

shoulder @ i s  somewhat more d i f f i c u l t  t o  l oca t e ,  bu t  can be r ead i ly  

i d e n t i f i e d  as a shoulder at about 8.05 e V  i n  t h e  EDCs a t  hv = 9 .5  e V ,  

9 .7  e V ,  and 10.4 e V .  I n  addi t ion ,  t h e  amplitudes of t he  EDCs tend t o  

increase  i n  magnitude i n  t h e  v i c i n i t y  of 8.05 e V ,  as seen i n  Figs .  193 

and 194. 

Conduction band peak @ 

0 

A s  shown i n  F ig .  198, t he  separa t ion  between valence band peaks 9 
and @) corresponds c l o s e l y  t o  t h e  atomic sp in-orb i t  s p l i t t i n g ,  j u s t  as  

i n  the  case  of C s I .  Note t h a t  t h e  conduction band s t r u c t u r e  i n  K I  

c l o s e l y  resembles t h e  conducticn band s t r u c t u r e  i n  C s I  (F ig .  184),  in-  

d i c a t i n g  t h a t  t he  conduction bands of both K I  and C s I  a r e  due l a rge ly  

t o  the  iod ine  ion ,  and not  t o  t h e  cesium ion  o r  t h e  potassium ion .  The 

absorption spectrum of xenon i s  compared with the  conduction band of K I  

i n  F ig .  197. Since the  conduction band of K I  is  s imi l a r  t o  the  conduction 

band of C s I ,  t he  assoc ia t ions  t h a t  were made between C s I  and xenon have 

a l s o  been made between K I  and xenon. 

The o p t i c a l  dens i ty  of K I  i s  shown i n  F ig .  199 where the  arrows in -  

d i c a t e  the  photon energ ies  a t  which s t rong  t r a n s i t i o n s  a r e  seen i n  the  

pho toe lec t r i c  EDCs. The correspondence between the  loca t ion  of t he  arrows 

and s t r u c t u r e  i n  t h e  o p t i c a l  dens i ty  i s  q u i t e  good, i nd ica t ing  t h a t  t he  

s t rong t r a n s i t i o n s  seen i n  the  EDCs are r ep resen ta t ive  of t h e  fundamental 

absorption process .  

EDCs from t he  i n s u l a t i n g  state of K I  are shown i n  Figs .  200, 201, 

and 202, where w e  see t h a t  p o s i t i v e  c o l l e c t o r  vo l tages  of more than 14 

v o l t s  are required t o  c o l l e c t  a l l  t he  photoexcited e l ec t rons  i n  in su la t ing  

K I .  There is considerable  s t r u c t u r e  i n  the  " insu la t ing"  EDCs, and at  

photon energ ies  g r e a t e r  than 11.0 e V ,  t h e  EDCs from i n s u l a t i n g  K I  bear a 

c lose  resemblance t o  the  EDCs from conducting K I ,  as seen i n  Fig.  202. 

Apparently, i n  " insu la t ing"  K I  t he  e l ec t rons  exc i ted  t o  low energies  a r e  

somehow "trapped" and a r e  not photoemitted, whereas the  e l ec t rons  exc i ted  

t o  high energies are not as t i g h t l y  bound by the  traps and a r e  photoemitted 

i n  the  normal manner. 
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FIG. 199. OPTICAL DENSITY OF POTASSIUM IODIDE [TEEGARDEN 
AND BALDINI,  REF. 861. The arrows l o c a t e  photon energies  
a t  which s t rong  t r a n s i t i o n s  are seen i n  the  pho toe lec t r i c  
energy d i s t r i b u t i o n  curves.  The l a b e l s  of the  arrows 
i d e n t i f y  the  i n i t i a l  and f i n a l  s t a t e s  involved i n  t h e  
t r a n s i t i o n  (see Fig .  198) .  

Heating t h e  i n s u l a t i n g  K I  apparently drove the  " t raps"  out  of the  

K I ,  and the  K I  f i l m  returned t o  i t s  normal conducting s t a t e .  Figure 203 

shows t h a t  a f t e r  hea t ing ,  the  EDCs from the  K I  f i l m  were e s s e n t i a l l y  

i d e n t i c a l  t o  t h e  EDCs measured from t h e  f r e s h l y  prepared K I  f i lm .  

E. CONCLUSION 

The photoemission d a t a  presented i n  t h i s  chapter  have l ed  t o  the  

cons t ruc t ion  of energy l e v e l  diagrams loca t ing  the  absolute  energy of 

valence and conduction states i n  CsC1,  C s B r ,  C s I ,  and K I .  I n  addi t ion ,  

t h e  photoemission d a t a  have l e d  t o  the  i d e n t i f i c a t i o n  of the  i n i t i a l  and 

f i n a l  s t a t e s  involved i n  much of t h e  s t r u c t u r e  i n  t he  o p t i c a l  spec t r a  of 

these  materials. The apparent correspondence between the  conduction 
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POSITIVE COLLECTOR btlLTAGE (volts) 

FIG. 200. ENERGY DISTRIBUTION CURVES FOR INSULATING POTASSIUM 
IODIDE IN THE RANGE OF PHOTON ENERGIES BETWEEN 7.6 AND 9.2 eV.  

bands of t hese  materials and the  absorption spec t r a  of t h e  corresponding 

i n e r t  gases  suggests  t h a t  the  fundamental absorption i s  due l a rge ly  t o  

e x c i t a t i o n  wi th in  the  halogen ion .  The observat ion t h a t  t he  conduction 

band o f  KI i s  s i m i l a r  t o  the  conduction band of CsI supports  t he  con- 

t en t ion  t h a t  t he  conduction bands i n  these  ma te r i a l s  a r e  derived l a r g e l y  

from t h e  halogen states.  

The r e s u l t s  of t h i s  chapter  i n d i c a t e  t h a t  photoemission i s  an excel- 

l e n t  t o o l  f o r  i nves t iga t ing  t h e  e l e c t r o n i c  s t r u c t u r e  of t he  a l k a l i  ha l ides ,  

and i t  is  hoped t h a t  t h e  successes  of t he  present  study w i l l  s t imula te  

f u t u r e  workers t o  undertake more complete and exhaustive photoemission 

s tud ie s  of t h e  a lka l i  ha l ides  than has been poss ib l e  during the  present  

work. 
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10 I 

POSITIVE COLLECTOR VOLTAGE (volts) 

F I G .  201. ENERGY DISTRIBUTION CURVES FOR INSULATING 
POTASSIUM IODIDE I N  THE RANGE OF PHOTON ENERGIES 
BETWEEN 9.5 AND 10.6 eV.  
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POSITIVE COLLECTOR VOLTAGE (volts) 

FIG. 202. ENERGY DISTRIBUTION CURVES FOR INSULATING 
POTASSIUM IODIDE IN THE RANGE OF PHOTON ENERGIES 
BETWEEN 11.0 AND 11.8 eV. 
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- FRESHLY EVAPORATED SAMPLE y \ hv=IlOeV 
(12/19/65). 
(BEFORE BECOMING INSULATING) 

I \ 
SAME SAMPLE AS ABOVE, AFTER ! \. - ---- 111 

I I I 1 I I I I I 

5.5 60 6.5 7.0 7.5 80 6.5 9.0 9.5 10.0 10.5 11.0 I 
ENERGY (eV) 

FIG. 203. COMPARISON OF ENERGY DISTRIBUTION CURVES 
BEFORE AND AFTER POTASSIUM IODIDE SAMPLE BECAME 
INSULATING. The curves are not normalized or 
f i t t e d .  Only the  shapes are s i g n i f i c a n t .  
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X .  A COMPARISON OF THE NOBLE METALS, THE CUPROUS HALIDES, AND 
THE ALKALI HALIDES 

The photoemission c h a r a c t e r i s t i c s  of t he  noble metals,  the  cuprous 

ha l ides ,  and the  a l k a l i  ha l ides  have a s i g n i f i c a n t  common property:  In  

no case are the  majori ty  of t h e  energy d i s t r i b u t i o n s  character ized by 

the  type of t r a n s i t i o n  t h a t  would be expected from d i r e c t  t r a n s i t i o n s  

between s i n g l e  Bloch states,  

For the  noble metals and the  cuprous ha l ides ,  the  bulk of the  EDCs 

a r e  w e l l  described by nondirect  t r a n s i t i o n s ,  i n  which nE = @hv. This 

appears t o  be e spec ia l ly  t r u e  of t r a n s i t i o n s  from the  valence d bands, 

perhaps as a consequence of t h e  loca l i zed  na ture  of the  d wavefunctions. 

Although nondirect  t r a n s i t i o n s  dominate i n  the  noble metals,  t he re  is  

evidence of d i r e c t  t r a n s i t i o n s  between i n i t i a l  and f i n a l  s t a t e s  derived 

l a r g e l y  from s- and p- l ike  wavefunctions. In  the  noble metals ,  the  

i n i t i a l  s t a t e s  involved i n  d i r e c t  t r a n s i t i o n s  are located between the  

fermi l e v e l  and about 2 e V  below the  fermi l e v e l .  I n  the  cuprous ha l ides ,  

the  bulk of t he  EDCs are a l so  w e l l  described by nondirect  t r a n s i t i o n s ,  a 

no tab le  exception being the  t r a n s i t i o n s  from the  upper p band,' which 

seem t o  fol low the  l a w  nE = a h v  only a t  high photon energ ies .  Tran- 

s i t i o n s  from the  deeper ly ing  s t a t e s  i n  the  cuprous ha l ides  seem t o  follow 

the  model of nondirect  t r a n s i t i o n s  q u i t e  w e l l  a t  a l l  photon energies;  i n  

the  nota t ion  of Chapter V I I I ,  these  deeper ly ing  states cons i s t  of the  

following s t ruc tu res :  

s t a t e s  derived l a r g e l y  from d wavefunctions; and Peak 0, which i s  due 

t o  states derived l a r g e l y  from p wavefunctions, with the  l ike l ihood of 

considerable  p-d mixing. Thus, i n  t he  noble metals and t h e  cuprous 

ha l ides ,  i t  appears t h a t  t r a n s i t i o n s  from deep-lying states associated 

with d wavefunctions are almost always nondirect ,  whereas c e r t a i n  t ran-  

s i t i o n s  from the  higher  ly ing  s- and p-derived s t a t e s 2  do not follow the  

'Labeled peak @ i n  t h e  no ta t ion  of Chapter V I I I .  

2N.  Smith [Ref. 931 has suggested t h a t ,  because the  r e l axa t ion  t i m e  of the  
"hole" associated with t h e  deeper l y i n g  valence state i s  l i k e l y  t o  be 
s h o r t e r  than the  r e l axa t ion  t i m e  of t h e  hole  associated with t h e  higher 
l y ing  valence states, t h e  deeper ly ing  l e v e l s  a r e  less l i k e l y  t o  be w e l l  
described by a s i n g l e  Bloch state than a r e  the  higher l y ing  states. The 
r e l axa t ion  t i m e  involved would be the  r e l axa t ion  t i m e  associated w i t h  
the  Auger process described e a r l i e r  by Berglund [Ref. 7 1 .  

Peak @, the deepest ly ing  peak, which i s  due t o  
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model of nondirect  t r a n s i t i o n s  a t  low photon energ ies .  A t  high photon 

energies ,  a l l  t he  t r a n s i t i o n s  seem t o  be nondirect ,  even those from s- 

and p-derived states. The nondirect na ture  of t he  t r a n s i t i o n s  from s- 

and p-derived states at high photon energ ies  may be associated wi th  the  

very sho r t  s c a t t e r i n g  lengths  at energ ies  w e l l  above the  fermi l e v e l ,  

s ince  the very s h o r t  lifetimes associated with these  shor t  s c a t t e r i n g  

lengths  r equ i r e  a more complex desc r ip t ion  of the  f i n a l  state than does 

a s i n g l e  Bloch state. 

In  the  a lka l i  ha l ides  s t u d i e s  i n  t h i s  r epor t ,  the  o p t i c a l  t r a n s i t i o n s  

and t h e  EDCs seem t o  be much more complex than i n  t h e  noble metals and 

the  cuprous ha l ides .  One i n t e r e s t i n g  f e a t u r e  i s  t h e  s t range  "threshold 

photoemission" t h a t  may be associated i n  some way with exc i tons .  

addi t ion ,  t he re  is  considerable  modulation of the  EDCs due t o  conduction 

band s t r u c t u r e ,  making i n t e r p r e t a t i o n  of t he  EDCs q u i t e  d i f f i c u l t .  A s  

discussed i n  Chapter I X ,  a poss ib le  explanat ion of t he  complicated be- 

havior  of t h e  a lkal i  ha l ides  i s  t h a t  t h e  fundamental absorption process 

i n  t h e  a lkal i  ha l ides  may be more governed by "atomic-likef'  s e l e c t i o n  

r u l e s  than by "band-like" s e l e c t i o n  r u l e s .  Another point  of poss ib le  

s ign i f i cance  i s  t h a t  t h e  EDCs f o r  t he  a lkal i  ha l ides  tend t o  be more 

nondirect  at high photon energ ies  than a t  low photon energies ,  j u s t  as 

was found t o  be t h e  case f o r  d i r e c t  t r a n s i t i o n s  from s- and p-derived 

states i n  t h e  noble metals and t h e  cuprous ha l ides .  

I n  

In  addi t ion  t o  t rends  i n  t h e  o p t i c a l  absorpt ion process,  a comparison 

of t h e  materials s tudied  i n  t h i s  r epor t  r evea l s  an i n t e r e s t i n g  character-  

i s t i c  i n  the  e l e c t r o n i c  s t r u c t u r e  of t he  cuprous ha l ides  [Ref. 81 1.  A s  a 

f i r s t  approximation, t he  o p t i c a l  dens i ty  of states for t he  cuprous ha l ides  

can be constructed by simply adding the  o p t i c a l  dens i ty  of states of 

copper t o  t h e  o p t i c a l  dens i ty  of states of t h e  appropriate  cuprous ha l ide .  

This add i t ive  f e a t u r e  suggests  t h a t  f o r  t hese  materials, t h e  na ture  of 

t h e  cons t i t uen t  atom may be more important than t h e  long range pe r iod ic i ty  

i n  determining t h e  energy l e v e l  s t r u c t u r e ,  J u s t i f i c a t i o n  f o r  t h i s  state- 

ment can be seen i n  F ig .  204, where t h e  o p t i c a l  d e n s i t i e s  of states of 

Cu, CUI ,  C s I ,  and KI are compared. A s  seen i n  F ig .  204, t he  s t rong  peak 

@ i n  CUI corresponds t o  t h e  s t rong  3d band peak i n  Cu, whereas the  

s t r u c t u r e  i n  t h e  v i c i n i t y  of peaks @ and @ i n  CUI corresponds c lose ly  
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FIG. 204. A COMPARISON OF THE OKTICAL DENSITY OF STATES N(E) 
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t o  t h e  valence bands of C s I  and K I ,  which are derived from the  5p wave- 

func t ions  of t he  iod ine  atom. 

correspondence between t h e  conduction bands of CUI ,  C s I ,  and K I  i n  the  

region between 6 and 10 eV above the  top  of the  valence band, suggesting 

t h a t  these  conduction band states may be associated with t h e  iod ine  atom. 

The comparison between CUI,  C s I ,  and K I  seems t o  be q u i t e  remarkable, 

since a l l  t h r e e  materials have d i f f e r e n t  c r y s t a l  s t r u c t u r e s ,  as indicated 

i n  F ig .  204. Note, however, t h a t  t h e  3d band i n  CUI is s i g n i f i c a n t l y  

narrower than i n  Cu, suggest ing tha t  t h e  d wavefunctions i n  C U I  are 

considerably more loca l ized  than are t h e  d wavefunctions i n  Cu. 

I n  addi t ion ,  t h e r e  appears t o  be some 

Although t h e  d iscuss ion  above appl ies  s p e c i f i c a l l y  t o  the  case  o f  C s I ,  

the  general  s ta tements  a l s o  apply t o  t h e  cases of CuBr and CuC1. I t  i s  

worthwhile t o  note  t h a t  i n  CuC1, CuBr, C U I ,  CsC1, C s B r ,  C s I ,  and K I ,  t he  

valence band o p t i c a l  dens i ty  of states derived from halogen wavefunctions 

i s  a s t r u c t u r e  about 3 e V  wide. I n  t h e  cesium ha l ides ,  t he  separa t ion  

of t h e  peaks i n  the  valence band seems t o  correspond t o  t h e  spin-orbi t  

s p l i t t i n g  of t h e  halogen atom:' 

separated by about 1 e V ,  t h e  sp in-orb i t  s p l i t t i n g  of t he  iod ine  atom; 

i n  C s C l ,  only one p e a  i s  observed, corresponding t o  the  very small 

(0 .1  e V )  s p l i t t i n g  of the  ch lor ine  atom. 

two valence band peaks separated by about 1 e V ;  however the  peaks a re  

t 'sharpestl t  i n  CUI ,  and l e a s t  ;;sharp" i n  CuC1, i n  correspondence with the  

spin-orbi t  s p l i t t i n g  of the  halogen atoms, 

I n  C s I ,  t h e r e  are two major peaks 

A l l  the  cuprous ha l ides ,  have 

From the  discugsion above, i t  i s  apparent t h a t ,  f o r  t h e  noble metals', 

t he  cuprous ha l ides ,  and c e r t a i n  a l k a l i  ha l ides ,  t he  bulk of t h e  op t i ca l  

t r a n s i t i o n s  are not  w e l l  described by t h e  "conventional" explanation of 

d i r e c t  t r a n s i t i o n s  between s i n g l e  Bloch states. In addi t ion ,  there i s  
s t rong  evidence t h a t  i n  t h e  cuprous ha l ides  and t h e  alkali  ha l ides ,  t he  

atomic na ture  of t h e  cons t i t uen t  atoms may play a dominate r o l e  i n  the  

e l e c t r o n i c  s t r u c t u r e  and i n  t h e  o p t i c a l  absorption process.  I t  i s  hoped 

t h a t  t h i s  new experimental da ta ,  t he  analyses of these  da ta ,  and the  

observat ions presented i n  t h i  s r epor t  w i l l  not  only be of use t o  t h e o r i s t s  

making f u t u r e  energy band ca l cu la t ions ,  but  w i l l  also be he lp fu l  i n  leading 

t o  a un i f i ed  theory of t h e  o p t i c a l  absorption process i n  s o l i d s .  

'As noted i n  Chapter I X ,  severe  conduction band modulation prevented the  
p o s i t i v e  i d e n t i f i c a t i o n  of poss ib l e  valence-band s t r u c t u r e  i n  CsBr  i n  
t he  range of photon energ ies  below 11.9 e V .  
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APPENDIX A .  UNIQUENESS OF THE PHOTOEMISSION ANALYSIS 

I n  Chapter 111, Sect ion F, s eve ra l  methods were out l ined  by which the  

q u a n t i t i e s  N v ( E ) ,  N (E)  and T(E) could be ca lcu la ted  from the photo- 

emission d a t a .  I n  t h i s  s e c t i o n  w e  show t h a t  only i n  certain cases are 

these  so lu t ions  unique. I t  i s  assumed, of course,  t h a t  t he  ca lcu la ted  

N V ( E ) ,  Nc(E) and T(E)  are i n  very good q u a n t i t a t i v e  agreement with both 

t h e  shape and t he  magnitude of t h e  experimental  EDCs. 

C 

In  addi t ion ,  w e  assume t h a t  t he  width o f  t he  valence band i s  g r e a t e r  

than t h e  d i f f e r e n c e  between t h e  vacuum l e v e l  and t h e  bottom of the  con- 

duct ion band. If t h i s  i s  not  t h e  case, a por t ion  of t he  conduction band 

cannot be uniquely determined. 

Case I .  

[ u ( ~ ) L ( E )  >> 1 i ISOTROPIC 

From Eq. (3 .94 ) , t h e  experimental  EDC 

CONDUCTION BAND ] 

i s  descr ibed by 

J N ~ ( E )  N ~ ( E  - aw) dE 
E, 

where Ef i s  the  energy a t  t h e  top of t h e  valence band. For convenience, 

w e  set E = 0 .  L e t  u s  assume t h a t  two sets of so lu t ions  ex is t ,  labeled 

by supe r sc r ip t s  1 and 2: [N:(E), N:(E), T1(E)] ;  [N:(E), Nz(E) ,  T 2 ( E ) ] .  

If two such s o l u t i o n s  ex i s t ,  then they can be r e l a t e d  i n  the  fol lowing 

manner: 

f 
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I f  the  two so lu t ions  ex is t ,  then w e  can w r i t e  

Using Eqs. (A.2) ,  ( A . 3 ) ,  and (A.4) i n  Eq. (A.5) ,  w e  can cancel and re-  

arrange t o  ob ta in  

The t u r n  on the  right-hand s i d e  of Eq. (A.6) i s  j u s t  a func t ion  of 

which we s h a l l  c a l l  e(5u): 

Tiu, 

f ( E )  z ( E )  g(E - a w )  = E(.Iiw) (A.7)  

Equation (A.7) must  hold for any (nu), a t  f ixed  ( E ) .  So we can wr i t e  

Taking the  r a t i o  of Eqs. (A.8) and (A.9) ,  

[(*uj) g(E -*wi) = e(nwi) g ( E  - * m j )  ( A .  10)  

W e  now solve Eq. ( A . l O )  by t h e  use  of Fourier  Transforms. 

form of g ( t )  be G ( y )  

Let the  t rans-  

g ( t >  ++ G ( y )  ( A .  11) 

From the  " sh i f t i ng"  theorem [Ref. 981 
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Applying Eq. (A.12) t o  Eq. (A.10) 

so 

( A .  13) 

( A .  14) 

s ince  the  lef t -hand s i d e  of Eq. (A.14) i s  a func t ion  of w .  alone, and 

the  right-hand s i d e  of Eq. (A.14) i s  a func t ion  of u) alone.  Thus,  
J 

i 

f o r  any o Applying Eq. (A.15) t o  Eq. (A.10),  i '  

A t  E =.lie, Eq. (A.16) becomes 
j' 

S(fi(-JJj -3k-Q = 

Since Eq. (A.17) i s  t r u e  for any 

( A . 1 5 )  

( A .  16)  

( A .  17) 

(fkui) and any (Timj), w e  can w r i t e  

( A .  18) 

S ince  g(E) i s  spec i f i ed  (by physical  reasoning) t o  be real ,  ')' must be 

imaginary. Thus, 

where f3 i s  real ,  and 

( A .  19)  

( A .  2 0 )  
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I f  t he  e f f e c t i v e  number of e l ec t rons  i n  the  valence band i s  spec i f i ed  t o  

be No, then the  quan t i ty  g (0 )  can be determined from the  normalizing 

re1 at i o n .  

where ( v . b . )  i n d i c a t e s  an i n t e g r a l  over t he  valence band. Eq. (A.7)  

now becomes 

or 

- 6' [(K - f ( E )  g(0)  e @ E ]  N2(E) C N2(E V -fu) dE = 0 ( A .  22b) 

There i s  one s o l u t i o n  f o r  f ( E )  t h a t  a lways  s a t i s f i e s  Eq. (A.22): 

f ( E )  = -&j e+FE ( A .  23) 

Since Eq. (A.22) must be t r u e  f o r  a l l  w, Eq. (A.23) i s  the  only poss ib le  

s o l u t i o n .  This can be seen by r ewr i t i ng  Eq. (A.22) i n  the  form 

NV(E 2 - IhLu) dE = L- f ( E )  e -@E Nc(E) 2 N:(E - 5 ~ )  dE (A.24) 

2 2 
Since N ( E )  and Nv(E)  are assumed t o  be known, the  lef t -hand s i d e  of 

Eq. (A.24) i s  a known func t ion  of w, and w e  can so lve  f o r  f ( E )  using 

t h e  "unfolding" procedure of Eq. (3 .99 ) .  

Eq. (A.24) N ( w ) ,  

C 

Cal l ing  the  lef t -hand s i d e  of 
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From Eq. (A.25a), 

f(Aw) = ,--& e+mw ( A .  26a) 

Using Eq. (A.26a) is  Eq. (A.25b), 

( A .  26b) K +&Ii2nw f(2Aw) = *TJ g o  e 

Using Eqs. (A.26a) and (A.26b) in Eq. (A.25c), 

I n  t h e  l i m i t  A +  0, w e  ob ta in  by induction 

f(w) = ,--& e+ww ( A .  27) 

which i s  t h e  same as Eq. (A.23). [In t h e  case of a semiconductor, t h e  

"unfolding" i n  Eq. (A.25a) would start at E = (E + m w ) ,  r a t h e r  than 

a t  E = + a w .  1 
g 

= 1  (A.28) 5 (*a) 
z ( E )  = f ( E )  g(E - %w) 

Thus w e  have shown t h a t  i f  a set of so lu t ions  

found f o r  Eq. ( A . l ) ,  then t h e r e  ex is t s  an i n f i n i t e  set of so lu t ions  t h a t  

can be generated from t h e  r e l a t i o n s  

[Nc(E) ,  Nv(E), T (E)  1 i s  
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( A . 3 0 ) ‘  

T B (E) = T(E) ( A .  31) 

where g ( 0 )  i s  found from Eq. (A.21), and where f3 i s  real ( p o s i t i v e  o r  

nega t ive ) .  I n  the  case for a metal, w e  r equ i r e  cont inui ty  of the  conduc- 

t i o n  band and valence band a t  t h e  f e r m i  l eve l  (E = 0) ,  so  Eq. ( A . 2 9 )  

through Eq. ( A . 3 1 )  become 

T@(E) = T(E) ( A . 3 4 )  

Thus, w e  see t h a t  t h e  so lu t ions  t o  Eq. ( A . 1 )  are not  unique, un less  

add i t iona l  c o n s t r a i n t s  are placed upon the  s o l u t i o n s .  
-- 

One add i t iona l  c o n s t r a i n t  would be t o  r e q u i r e  t h a t  t h e  ”op t i ca l  den- 

s i t y  of states” s a t i s f y  Eq. (2.50), 

( A .  35) 

where X i s  a cons tan t .  L e t  u s  assume t h a t  t h e  matrix element /MI (u) l 2  
corresponds t o  t h e  set of s o l u t i o n s  [N1(E), N:(E), T1(E) l .  Then, 

n 
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‘i 

,.j 

L e t  u s  a s c e r t a i n  i f  t h e r e  e x i s t s  another set of so lu t ions  such t h a t  

( A .  37) 

where 

and Eq. ( A . 2 )  through Eq. ( A . 4 )  apply. 

Using Eq. ( A . 2 9 )  and Eq. ( A . 3 0 ) ,  Eq. ( A . 3 7 )  becomes 

( A .  39) 

Comparing Eq. ( A . 3 9 ) ,  Eq. (A.36), and Eq. ( A . 3 8 ) ,  w e  f i n d  t h a t  

m B (a) = K e + B h  ( A .  40) 

so 

1M1(U)1 2 ( A . 4 1 )  

Thus, i f  a set  of so lu t ions  [Nc(E), Nv(E), T ( E ) ,  I M ( c u ) l ]  i s  found 

t o  s a t i s f y  Eq. ( A . 1 )  and Eq. ( A . 3 5 ) ,  then t h e r e  ex is t s  an i n f i n i t e  set 

of s o l u t i o n s  
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E < O  ( A . 4 2 )  - 

E > O  ( A .  43) - 

E > O  ( A . 4 4 )  - 

( A .  45) 
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where @ i s  r e a l  ( p o s i t i v e  or negat ive) .  

I f  w e  r equ i r e  t h a t  IM(cu) I be a constant ,  then the  

@ = O  

and from Eq. (A.21), 

( A .  46) 

(A.47) 

S u b s t i t u t i n g  Eq. (A.46) and Eq. (A.47) i n t o  Eq. (A.42) through Eq. (A.45) ,  

w e  f i n d  t h a t  

for E < 0 - ( A  . 48 )  

( A  . 4 9 )  

f o r  E > 0 ( A .  5 0 )  - 

(A.51) 

I n  the  case of a metal, w e  can r equ i r e  con t inu i ty  of the  valence band and 

the  conduction band a t  E = 0, so K = 1, and the re  i s  only one 

so lu t ion .  

Thus, w e  can see t h a t  un less  w e  apply t h e  cons t r a in t  t h a t  ~ M ( L O )  l 2  = 
cons tan t ,  t h e r e  i s  no unique so lu t ion  to  Eq. ( A . 1 ) .  However, the  p o s s i b l e  

so lu t ions  are not a r b i t r a r y ,  but a r e  spec i f i ed  by Eq. (A.42) through 

Eq. (A.44). I n  the  case I M ( c u ) l  = cons tan t ,  Eq. (A.35) i s  found t o  p u t  

an add i t iona l  c o n s t r a i n t  on the  so lu t ions  of Eq.  ( A , l ) ,  and i f  a set  of 

so lu t ions  can be found t o  s a t i s f y  Eq, ( A . l ) ,  then 

t h i s  set of so lu t ions  i s  unique (except  f o r  a constant  s ca l ing  f a c t o r  i n  
the  case of a semiconductor). 

2 

[N ( E ) ,  Nv(E) ,  T ( E ) ]  C 

(The author wishes t o  thank A. Yu f o r  h i s  he lp fu l  discussions con- 

cerning the  material presented i n  t h i s  s ec t ion .  ) 
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Case 11. 

[ a ( ~ . )  L(E) >> 1 ; ISOTROPIC CONDUCTION BAND; 
SMALL VELOCITY CONE 1 

From Eq. (3 .103) ,  t h e  experimental EDC i s  given by 

N ( E )  N ( E  -a) 
( A .  52) C V R(E,c . )  = a(o )  L ( E )  T ( E )  

[f+'u Nc(E) NV(E - a) dE 

Ef 

The uniqueness argument proceeds i n  a manner i d e n t i c a l  t o  t h a t  used i n  

Case I ,  and w e  o b t a i n  a unique so lu t ion  only i f  

I n  the  case I M ( ( u ) l  = constant  

l M ( ( u ) I 2  i s  a cons tan t .  
2 

Thus, w e  are not  ab le  t o  sepa ra t e  t h e  func t ions  L ( E )  and T ( E ) .  

Only t h e i r  product i s  unique. However, L ( E )  can be obtained by indepen- 

dent experimental  measurement. If t h e  shape and magnitude of L ( E )  were 

ava i lab le ,  then t h e  shape and magnitude of T(E) could be obtained i n  a 

unique manner. By use  of Eq. (3 .18) ,  and a knowledge of t h e  appropriate  

group v e l o c i t y  Ivg(E) / ,  t h e  shape of L(E)  can be ca lcu la ted .  If the  

shape of L(E)  i s  known, the  shape of T ( E )  can be ca l cu la t ed .  If t he  

ca lcu la ted  shape of L(E)  i s  normalized t o  an experimental po in t ,  both 

the  shape and magnitude of T(E) can be obtained.  
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C a s e  I11 

[FREE ELECTRON CONDUCTION BAND; 
SEMICLASSICAL THRESHOLD FUNCTION ] 

The expression desc r ib ing  t h e  experimental EDC i s  Eq. (3.83), or 

( A .  5 7 )  

where TF 

N ( E )  has t h e  f r e e  e l e c t r o n  energy dependence of (E)-'. T F ( E )  

t h e  envelope of N c ( E )  

p o s i t i o n  of t h e  bottom of t h e  f r e e  e l e c t r o n  band. 

i s  t h e  semiclassical threshold  func t ion ,  and the  envelope of 

and 

are spec i f i ed  by one a r b i t r a r y  parameter, t he  
C 

If [ a ( w )  L(E)  1 >> 1, then uniqueness can be shown according t o  t h e  

arguments of Case I f o r  l M ( c u ) l  = cons tan t .  I f  [a(cu) L ( E ) ]  << 1, then 

t h e  uniqueness arguments of Case I1 apply; i n  t h i s  case, t h e  product 

ETF(E) C [ a ( c o )  L ( E ) ,  T F ( E ) ] )  i s  s p e c i f i e d  wi th in  c l o s e  l i m i t s  by t h e  l i m i t s  

imposed upon t h e  s e l e c t i o n  of t h e  p o s i t i o n  of t h e  bottom of t h e  conduction 

band. Thus, uniqueness of t he  product 

would determine L ( E )  and TF(E) wi th in  c lose  l i m i t s ,  without havihg a n y  

experimental values for L ( E ) .  The use of an experimehtal L ( E )  would 

r e s u l t  i n  a unique s o l u t i o n  f o r  a l l  t h e  q u a n t i t i e s  of i n t e r e s t .  

2 

( C [ d w )  L b ) ,  T f ( E )  T f ( E )  L ( E ) )  

I f  t h e  q u a n t i t y  [a(cu) L ( E ) ]  i s  of t h e  o rde r  of un i ty ,  and no ex- 

perimental va lues  are a v a i l a b l e  f o r  

of uniqueness i n  Eq. (A.52) s ince  L(E)  i s  a r b i t r a r y .  However, t he  

l o c a t i o n  of t h e  bottom of t h e  f r e e  e l e c t r o n  band i s  d i c t a t e d  t o  within a 

r e s t r i c t e d  reg ion  by physical arguments, and t h i s  would seve re ly  r e s t r i c t  

t h e  poss ib l e  va lues  of L ( E ) .  

L ( E ) ,  then t h e r e  i s  rlo assuiance 

L e t  u s  consider t h e  case where t h e  following r e s t r i c t i o n s  hold: 

(1) L(E)  i s  ca l cu la t ed  from Eq. (3.18), and normsilized t o  one experi-  

mental po in t ;  ( 2 )  t h e  v e l o c i t y  cone i s  s m a l l ,  so t h e  co r rec t ion  f a c t o r  

( c )  i s  approximately u n i t y .  Under these  condi t ions ,  L ( E )  i s  s p e c i f i e d ,  

and Eq. (A.21) becomes 

SEL-67-039 380 



N c ( E )  NV(E - %LO) dE 

f 

I n  t h i s  case, t h e  uniqueness of Nc(E),  N v ( E ) ,  and TF(E) can be proved 

by fol lowing t h e  procedure used i n  Case I .  

L e t  us consider  now t h e  case where L ( E )  i s  ca lcu la ted  from Eq. (3 .18) ,  

but t h e r e  are no experimental  po in t s  f o r  normalizat ions.  Then the re  a re  

t h r e e  a r b i t r a r y  parameters (see Table 1: (1) t h e  magnitude of L ( E )  

a t  one poin t ;  ( 2 )  t h e  r e l a t i v e  peak he ights  i n  t he  valence and conduction 

bands; (3)  t h e  pos i t i on  of t he  bottom of the  f r e e  e l ec t ron  band. I n  t h i s  

case, i t  i s  not  obvious t h a t  Eq. ( A . 5 8 )  has a unique so lu t ion ,  due t o  

t h e  complicated na tu re  of t h e  co r rec t ion  f a c t o r  (c) . 
Thus, w e  see t h a t  i n  t h e  region where a(u) L ( E )  i s  of t he  order  of 

un i ty ,  w e  are not  assured t h a t  Eq. ( A . 5 8 )  has a unique so lu t ion .  However, 

i f  t h e  ca lcu la ted  L ( E )  can be normalized t o  experiment a t  one poin t ,  and 

the  v e l o c i t y  cone is s m a l l ,  w e  are assured of uniqueness. 

I t  i s  poss ib l e  t h a t  t h e  so lu t ions  of Eq. ( A . 5 8 )  are unique under con- 

d i t i o n s  more general  than those spec i f i ed  he re .  However, t h i s  remains 

t o  be shown. 
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APPENDIX B.  COMPUTER PROGRAM FOR ANALYZING PHOTOEMISSION DATA 

This s e c t i o n  b r i e f l y  descr ibes  a computer program wr i t t en  i n  ALGOL 

f o r  t h e  Burroughs B5500 computer a t  Stanford,  and inc ludes  a copy of the  

program and a set of r e s u l t s  obtained i n  the  ana lys i s  of copper. The 

program incorpora tes  Stanford Computation Center Library Program 159, 

which e f f e c t s  a p l o t t i n g  rou t ine  f o r  t h e  CalComp P l o t t e r .  The author of 

t h i s  i nves t iga t ion  i s  indebted t o  M r .  Alan Maurer f o r  incorporat ing 

l i b r a r y  p l o t  159 i n t o  t h e  program. 

Given t h e  proper input  parameters, t he  program w i l l  cause the  

fol lowing parameters t o  be p r in t ed  out :  

(1) L( E ) ,  t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  [ca lcu la ted  from 

Eq. (3 .18) ,  where the  group ve loc i ty  i s  given by 

(11) T ( E )  , t h e  semiclassical threshold func t ion  [ca lcu la ted  from 

Eq. (3.11)] 

(111) EFFTH(E), t h e  e f f e c t i v e  value of t h e  threshold funct ion 

[ca lcu la ted  from Eq. (3 .108)]  

EPSILON[:-hw] - E (cu), t h e  imaginary p a r t  of t he  d i e l e c t r i c  ( I V )  2 
cons tan t  [ca lcu la ted  from Eq. (3 .98) ,  with t h e  momentum 

matrix I M ( c u )  I 2 assumed constant  ] 

( v )  ENERGY DISTRIBUTIONS - n ( E , w )  [calculated from Eq. (3.83) 

(VI) ABSOLUTE YIELD - Y(5cu) [ ca lcu la ted  from Eq. (3.86)l 

I n  add i t ion  t o  p r i n t i n g  out  t he  energy d i s t r i b u t i o n s  n ( E , w ) ,  i n  

t abu la r  form, t h e  program w i l l  cause the  energy d i s t r i b u t i o n  t o  be recorded 

on magnetic tape,  and subsequently p l o t t e d  on the  CalComp P l o t t e r .  To 

save t i m e  (and expense), t he  axes have been suppressed i n  t h e  p l o t  rou t ine ,  

so t h e  graphs (as p l o t t e d )  do not  have axes. 

e l e c t r o n  v o l t  per  inch ,  and the  v e r t i c a l  scale is  described la te r  i n  t h i s  

appendix.)  

GRAPH PAPER" on t h e  i n s t r u c t i o n  card at the  Stanford Computer, s ince  t h e  

EDCs are d i f f i c u l t  t o  read when p l o t t e d  on p l a i n  paper .  

The hor izonta l  axis  i s  one 

The programmer w i l l  f i n d  i t  bene f i c i a l  t o  w r i t e  "PLOT 10 
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I f  t he  r eade r  wishes t o  use  t h i s  program, he must change seve ra l  

punch cards ,  and put i n  t h e  proper d a t a  cards ,  a s  ind ica ted  below. (The 

numbers a t  t h e  l e f t  of t h e  statements below correspond t o  c i r c l e d  numbers 

i n  t h e  margin of t h e  sample program included i n  t h i s  appendix.) 

PUNCH CARDS I N  THE BODY OF THE PROGRAM 

Change "copper" t o  t h e  name of t h e  material  being s t u d i e d .  

Change t h e  s p e l l i n g  "YEILD" t o  "YIELD. " 

"EB" denotes t h e  energy of t h e  bottom of t h e  f r e e  e l e c t r o n  
conduction band below t h e  fermi l e v e l .  The program requ i r e s  
t h a t  (EB) > 0 ,  because t h e  group v e l o c i t y  vg - E + EB 
must be ca l cu la t ed  a t  a l l  po in t s  i n  the  conduction band. 
(The fermi l e v e l  i s  defined t o  be t h e  zero  of ene rgy . )  

EXAMPLE: EB = 1 2  means t h a t  t h e  bottom of the  f r e e  e l ec t ron  
band i s  1 . 2  e V  below t h e  fermi l e v e l .  

"EA" denotes t h e  energy d i f f e r e n c e  between the  vacuum leve l  
and t h e  fermi l e v e l .  

EXAMPLE: EA = 45 means t h a t  t he  vacuum l e v e l  i s  4 . 5  e V  above 
t h e  fermi l e v e l .  

"TMAX" denotes t h e  number of d i f f e r e n t  photon energ ies  f o r  
which i t  i s  des i red  t o  p l o t  EFFTH(E). 0 - < TMAX - < AMAX ( see  e). 
"AMAX" denotes t h e  number of d i f f e r e n t  photon energ ies  f o r  which 
i t  i s  des i r ed  t o  c a l c u l a t e  EDCs. The maximum number of EDCs 
i s  24, or 0 < AMAX < 24. 

SQRT(EFF + EB) 

- - 

def ines  t h e  group v e l o c i t y .  

"NORM't normalizes t h e  e lec t ron-e lec t ron  s c a t t e r i n g  length  at 
8 . 6  e V  above t h e  fermi l e v e l .  

EXAMPLE: 
e l e c t r o n  s c a t t e r i n g  length  L ( E )  
t h e  fermi l e v e l .  

This  card sets t h e  v e r t i c a l  scale f o r  t h e  CalComp P l o t t e r .  

EXAMPLE: 
electrons/photon/eV, or t h a t  1 inch = 0 . 5  X 
photonlev. 

Change ''copper" t o  t h e  name of t he  material being s tud ied .  

NORM = [ (24)  X 1.0 @ -08/L(86)] seis t h e  e l ec t ron -  
equal t o  27 A a t  8 . 6  e V  above 

M S [ O ]  = 0.0045 means t h a t  9 inches = 4 . 5  X 
e lec t ron/  
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DATA CARDS AT END OF PROGRAM - 

Photon energ ies  a t  which i t  i s  des i red  t o  have EDCs ca l cu la t ed .  

EXAMPLE: "112" i n d i c a t e s  a photon energy of 11.2 e V .  There 
must be "AMAX" cards .  The maximum photon energy i s  1 1 . 6  e V .  

a(o) ,  t h e  absorpt ion c o e f f i c i e n t .  There must be "AMAX" 
numbers, and t h e  nth number corresponds t o  the  nth photon 
energy i n  @ . 

EXAMPLE: ( 7 . 2  @ 05) means ( 7 . 2  z l o 5  c m - l ) .  

Numbers spec i fy ing  t h e  valence band dens i ty  of states, s t a r t i n g  
at 0 . 1  e V  below t h e  fermi l e v e l  and extending t o  11.6 e V  below 
t h e  fermi l e v e l .  There must be 116 cards .  

Numbers spec i fy ing  t h e  conduction band dens i ty  of states, 
s t a r t i n g  a t  0 .1  e V  above the  f e r m i  l e v e l  and extending t o  
11 .6  e V  above t h e  f e r m i  l e v e l .  There must be 116 cards .  

Labels descr ib ing  photon energ ies  a t  which EFFTH(E) i s  t o  be 
p l o t t e d .  

EXAMPLE: '*Srr i nd ic  
photon energy given 
t h e  sample program, 

ates c a l c u l a t e  and p r i n t  EFFTH(E) f o r  t he  
on t h e  eigh.th number i n  cards  @ . 
"8'' corresponds t o  -?io = 7 . 7  e V ,  and "16" 

In  

corresponds t o  4'iu = 10.2 e V ,  as seen from the  d a t a  cards  giving 
t h e  photon energ ies .  Note t h a t  i n  t h e  sample program, t h e  
photon energy i s  i n c o r r e c t l y  labe led  rr8rr, r a t h e r  than t h e  
corresponding photon energy "77." (The numbers i n  the  t a b l e  
correspond t o  a photon energy of 7 .7  e V  only the  l abe l ing  i s  
i n c o r r e c t  - t h i s  can be e a s i l y  cor rec ted  by t h e  programmer.) 

The sample program i s  presented below f o r  convenience of t he  reader .  

I t  i s  h ighly  recommended t o  anyone wishing t o  use t h i s  program t h a t  he 

add a "pr in t  statement' '  t h a t  would p r i n t  ou t  t h e  d a t a  cards  along with 

t h e  c a l c u l a t i o n s ,  The sample program does not  do t h i s ,  and t h e  d a t a  

l i s t e d  below were obtained from a p r i n t e r  t h a t  d i r e c t l y  read the  punch 

cards  i n  t h e  computer deck. The sample program took about 5 minutes 

( inc luding  compilation t i m e )  on t h e  B5500 computer. 
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WHIT t  C CDBL 1 3  J 
F U R  E c ( E A + l )  STEP 1 U N T I L  (HCAMAXI-1) 0 0  

BLGIN 

END; 
WRITE(FMT4rEiFCR A+9 STEP 1 UNTIL  16  DO M I E j A 1 ) J  

b H I T t ( C P A G E 3 ) I  
W H I T t ( C D E L l r F M T 5 ) i  
W N I T ~ ( C D H L l r F M T 1 ) I  
WHITL(FMT2)I 
~ R I T t ( F M T 3 r  F U R  A * l 7  STEP 1 UNTIL  A M A X  DO H I A I I I  
WHITt(CDBL1)J 
F O R  E c ( E A + l )  STLP 1 UNTIL  (HLAMAXI-1)  D O  

B t G I N  

END; 
WRITE(FblT4rEiFOR A * ¶ 7  STEP 1 U N T I L  A M A X  00 M L E j A I ) ;  

END; 
EA0 e 

PRECEDES E5000  AND I B J O B  D A T A  C A H f l S  
@ {?32 5 6  55 6 0  6 5  611 

7 1  74 77 6 1  84 8 7  9 0  9 3  9 6  9 9  1 0 2  105  1 0 8  1 1 2  1 1 6  
9 0 0 @ + 0 5  9.5@+05 9 * 1 @ + 0 5  8 r 3 6 + 0 5  7.8@+05 
7*26+05 7 * 2 @ + 0 5  7#26+05 7 * 2 8 + 0 5  7.26+05 @ {  7 e 2 @ + 0 5  7*26+05 7r2@+05 7 r 2 @ + 0 5  7 r 2 @ + 0 5  
7-2@+05 7 1 2 @ + 0 5  702@+O5 7 r 2 @ + 0 5  7 1 2 9 + 0 5  
1 s t  1.1 l e 1  

1 1 1 1 1 1 1 1 1 I 1 1 1 l e 0 4  1.2 1.5 2 r 2 5  5.0 6.5 6 0 9  
6,95 6.7 5.23 4 . 7  4 r 7  4 . 7  4.35 4.0 3983  30'75 3.76 3.85 3195 4.0 3 r 9 3  

3 8 6 7  3 0 7 8  3 . 7 5  3.77 3.81 3.9 4.0 4 r 0  3.95 3.82 3.65 3.5 3043  3.37 3.25 
3 r 1 5  3.0 2.87 2 . 7  2.53 2.37 2.1 2.05 2.0 
2.6 3.05 3 . 3  3 . 5  3175 3.85 3.9 3.95 4.0 4.0 5.95 3.9 3.8 3.6 3 . 4  3.2 
3.08 2.95 2 e 8 5  2.73 2.62 2.52 2.43 2 0 3 5  2 - 2 0  2.17 2.10 2.00 1.95 1.90 
1 - 8 5  1.80 1.75 1.70 1 - 6 5  1.60 1,55 1.50 1.45 1.40 1,35 1 0 3 0  le25 1.20 
1.15 1.10 1605 1.00 0.95 0.90 0 . 8 5  0.80 0.75 0.70 
1.8 1.8 1.8 1 9 8  0 .85  e65 r85 e85 0 8 5  0 6 5  e85 e85 - 8 5  0 8 5  r 8 5  1.8 2.7 3 r 6  
2.92 2 0 4 7  2.35 

1.62 1.59 1.56 1.53 1.50 1.47 1.44 1.41 1.38 1.36 1.34 1.32 1.30 1628  
1.26 1.24 102.3 1 0 2 1  1.20 1.20 
1.20 1.20 1.20 
1.2 1 0 2 1  1.22 1.23 1.24 l e 2 5  l e 2 6  1.27 1.28 1.29 1.3 1.31 1.32 1.33 l a 3 4  l i 3 5  
1.36 1.37 1.38 1 - 3 9  1.4 1.41 1.42 1.43 1.44 1.45 1.46 1.47 1.48 1.49 1.5 1.51 

2 0 2 5  2.10 1.97 1.85 1.60 1.75 1.71 1.68 1.65 

1.52 1.53 1.53 1.54 1.55 1.56 1.57 1.56 1.58 1.59 1.6 1.61 1.62 l o 6 2  1663  1.64 
1.65 1.66 1.66 1.67 1.68 1.69 1.7 1.7 1.71 1.72 1.73 1.74 1 r 7 4  1.75 1.76 

@ 41 3 5 8 11 1 6  1 8  2 0  
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APPENDIX 6. A PRACTICAL METHOD FOR NORlVLALIZING 
ENERGY DISTRIBUTION CURVES (EDCs) 

The single most important type o f  data in this investigation is the 
photoelectric energy distribution curve, or EDC. During the photoemission 

experiment, these curves are traced by an x-y recorder on a sheet of 

graph paper (see Fig. C-1); the horizontal scale is in electron volts, 

but the vertical scale is arbitrary. In the analysis of photoemission 

data, it is imperative that the vertical scale be specific in (electrons 

photoemitted per absorbed photon per eV), so that the area of the 

"normalized" EDC equals the absolute photoelectric yield at that photon 

energy. 

photon). 

energy, so that in the range from 4 to 12 eV, a single set of data may 

The absolute yield is given in (electrons photoemitted/absorbed 

Typically, EDCs are taken at ( 0 . 2 )  eV increments in photon 

consist of 35 o r  

was necessary to 

axis of the EDCs 

tried (including 

technique shown 

more EDCs. Because of this large number of curves, it 

devise a rapid, accurate method of scaling the vertical 

A number of different "normalization" techniques were 

optical line followers and hard calculation), but the 

n Fig. C-1 has proved to be the most successful. This 

method is described below. 

The original raw data curve is placed on the x-y recorder in the 

upper right-hand corner of Fig. C-1. This x-y recorder has "retransmitting 

potentiometers" on the x and y axis, so that any position on the x-y plane 

corresponds to a unique position on the x and y potentiometers, When a 
voltage is placed across the potentiometers, each point has coordinates 

(Vx,Vy). 
into the vertical input of another x-y recorder (upper left-hand corner 

of Fig. C-l), and adjusting the vertical gain to the desired scale factor. 

Thus, there is a one-to-one mapping between the original curve and the 

"normalized" curve, except that the vertical scale is multiplied by a 

constant scale factor (Sy). 

in the same manner. 

potentiometers was not always available, an equivalent "trace" was made 

with a moving slidewire and smooth rolling linear ball bearings. This 

inexpensive machine was adequate, but not as "smooth" as the costly x-y 

recorder mechanism.) 

Thus, the vertical (or "y") axis can be scaled by putting (Vx) 

The horizontal axis can be scaled independently 

(Because an x-y recorder with retransmitting 

395 SEL-67-039 
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Unfortunately,  t h e  "zero" on the  raw d a t a  curve does not  correspond 

t o  zero v o l t s ,  but t o  the  coordinates  

y-axis with t h e  y-gain con t ro l s  of the  second recorder ,  scales the  

quan t i ty  (Vx) and not  t h e  quan t i ty  (Vx-Vxo), which is the  vol tage 

t h a t  r ep resen t s  t he  " t rue" coordinates  of t h e  o r i g i n a l  curve,  as seen 

from F ig .  C - 1 .  The n u l l  br idge i n  F ig .  C-1 so lves  t h i s  problem by nu l l ing  

out  t h e  "zero" vol tage  (Vxo,Vyo),  

(Vxo,V ) 
(0,O). 
t h e  second recorder  t o  scale t h e  vol tages  (Vx-Vxo) and ( V  -V ) ,  which 

are t h e  " t rue" coordinates  of a poin t  on t h e  o r i g i n a l  curve.  

(Vxo,Vyo) .  Thus, s ca l ing  the  

so t h a t  when t h e  po in te r  i s  set a t  

on t h e  o r i g i n a l  curve,  t he  vol tage i n t o  the  second recorder  is  

Thus, w e  can now use  t h e  v e r t i c a l  and hor izonta l  ga in  con t ro l s  of 
YO 

Y YO 

The scale f a c t o r  ( S  ) i s  obtained by f i r s t  us ing  a Keuffel and 
Y 

Esser "Compensating Polar  Planimeter" t o  f i n d  t h e  area A ( i n  square 

inches)  of t h e  o r i g i n a l  curve.  

"normalized" curve are t o  be n ( e l e c t r o n s  photoemitted per  absorbed 

(ev p e r  i nch ) .  Thus, i f  t h e  o r i g i n a l  photon pe r  e V  pe r  inch)  and 

hor izonta l  scale i s  Ex ( e V  per  i nch ) ,  then 

L e t  u s  say t h a t  t h e  scales on the  

Y 

EX 
0 

E:: s = -  
Ex 

The pho toe lec t r i c  y i e ld  Y ( e l ec t rons  photoemitted per  absorbed photon) 

i s  known and corresponds t o  

where 
An 

square inches on the  normalized axes 

An 9 
The sca led  curve must have an area ( i n  square inches)  equal  t o  

so 

are t h e  o rd ina te s  of t h e  o r i g i n a l  curve,  and the  & are where the  'i i 
a r b i t r a r i l y  s m a l l  increments i n  the  absc i s sa  of t he  o r i g i n a l  curve,  

3 97 SEL-67-039 



s o  that t h e  measured area A ( square  inches)  i s  given by 

A =  1 YiDxi 
i 

Using Eqs. ( C . l ) ,  ( C . 3 ) ,  and (C.4), w e  ob ta in  f o r  t h e  t h e  

scale f a c t o r  S 
Y 

(c .  4) 

The scale f a c t o r  Sy(5w) must be ca l cu la t ed  f o r  every EDC. 

( s p e l l e d  out  f o r  f u t u r e  undergraduates who w i l l  be doing t h e  "normalizing!").  

I n  p r a c t i c e ,  t he  normalization i s  c a r r i e d  out  i n  the following inanner 

1. Place  t h e  o r i g i n a l  d a t a  curve on x-y recorder  @ i n  the  upper 

right-hand corner  of F ig .  C-1, and a blank p iece  of graph paper 

on x-y recorder  @ . 

Se t  t h e  po in te r  of @ (no ink! )  t o  the  coordinate ( 0 , O )  of the  

o r i g i n a l  curve. 

2.  

and V by ad jus t ing  the  h e l i p o t s  

on t h e  n u l l  bridge,  and us ing  x-y recorder  @ as a n u l l  meter, 

( A t  proper n u l l ,  no d e f l e c t i o n  should be observed when t h e  y-null 

switch or  t h e  x-null  switch are depressed, i . e . ,  opened. 

vxo YO 
3. Null ou t  t h e  vol tages  

4. Se t  t h e  po in te r  of x-y recorder  @ t o  t h e  o r i g i n  des i red  f o r  

t h e  normalized curve.  EXAMPLE: E = 0 . 5  eV/inch, N = 12, 0 

X 

N E = 6 i n .  xo 

5. Move the po in te r  of x-y recorder  @ t o  ( N  E:) inches .  A d j u s t  
0 

t h e  gain of x-y recorder  @ 
S = 0.5,  N '  = N E S = ( 1 2 ) ( 0 . 5 ) ( 0 . 5 )  = 3 i n .  

Se t  t h e  po in te r  of x-y recorder  @ onto a poin t  on the  c u r v e  

a t  he ight  ( h ) .  

(hSy) .  

t o  ( N '  = N Ex Sx) . 
0 

X x x  

6 .  

A d j u s t  t h e  y-gain of x-y recorder  @) t o  height 

EXAMPLE: h = 6 i n . ,  S = 0 . 6  (hS ) = 0.36 i n .  
Y Y 

SEL-67-039 398 



7.  Sca l ing  adjustments are complete. Move the  po in te r  of x-y 

recorder  @ along the  o r i g i n a l  curve; t he  ink  pen of x-y 

recorder  @ w i l l  trace out  t h e  normalized curve.  
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