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I* INTRODUCTION 

T h i s  q u a r t e r  saw t h e  conc lus ion  of t h e  a l k a l i  h a l i d e  work of Thomas 

H. DiStefano.  H i s  t h e s i s  h a s  been w r i t t e n  and c o p i e s  w i l l  b e  a v a i l a b l e  f o r  

d i s t r i b u t i o n  w i t h i n  a month or t w o .  The a b s t r a c t  of t h i s  t h e s i s  i s  in- 

c luded a s  P a r t  I11 of t h i s  r e p o r t .  

Robert S. Bauer h a s  completed photoemission measurements on t h e  s i l v e r  

h a l i d e s .  P a r t  I1 of  t h i s  r e p o r t  i s  based on new exper imenta l  d a t a  and a 

t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  v e r y  l a r g e  tempera ture  e f fec ts  found i n  

t h e  s i l v e r  h a l i d e s .  Experimental  methods were devised  so t h a t  tempera- 

t u r e  could  be  v a r i e d  con t inuous ly  between room and l i q u i d  n i t r o g e n  tempera- 

tures .  A s  a r e s u l t ,  more d e t a i l e d  in fo rma t ion  on t h e  tempera ture  dependence 

h a s  been ob ta ined .  T h i s  d e t a i l e d ' i n f o r m a t i o n  i s  found t o  be i n  agreement 

wi th  t h e  t h e o r e t i c a l  models p re sen ted  i n  Pa r t  11. 

I n  a d d i t i o n  t o  t h e  work r e p o r t e d  i n  P a r t s  I1 and 111, pre l imina ry  work 

has  been done i n  t w o  new a r e a s :  (1) E s t i m a t e s  of photoemission from t h e  

surface of t h e  moon and (2) development 09 photoemission t o  s e r v e  a s  

s t anda rd  a b s o l u t e  detectors i n  t h e  u l t r a v i o l e t .  
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11. G i a n t  Temperature Dependence of 
Photoemiss ion  from t h e  S i l v e r  H a l i d e s  

R .  S. Bauer  

ABSTRACT: Anomalous tempera ture  dependent photoemission h a s  been measured 

from t h e  s i l v e r  h a l i d e s .  S t r u c t u r e  i n  t h e  photoemi t ted  e l e c t r o n  energy 

d i s t r i b u t i o n s  sha rpens  d r a m a t i c a l l y  as  samples a r e '  cooled from 295OK t o  

SOOK. 
! 

W e  b e l i e v e  t h i s  i s  due t o  a l a t t i c e  v i b r a t i o n a l l y  dependent p-d 

h y b r i d i z a t i o n  of t h e  va l ence  s t a t e s .  Using t h i s  effect ,  w e  have  ex- 

p e r i m e n t a l l y  l o c a t e d  t h e  Ag  s t a t e s  w i t h  a lmost  pure  4d symmetry a t  3.6 e V  

-and 3.3 e V  below t h e  h i g h e s t  va l ence  s t a t e s  i n  AgBr  and AgCl r e s p e c t i v e l y .  

* * *  
The c h a r a c t e r i s t i c s  of t h e  e l e c t r o n i c  s ta tes  of t h e  s i l v e r  h a l i d e s  

are profoundly  i n f l u e n c e d  by t h e  proximi ty  i n  energy  of t h e  &4d e l e c t r o n  

s t a t e s  t o  t h e  ha logen  p s t a t e s .  I n  f ac t ,  t h e  mixing of t h e s e  wave func- 

t i o n s  i s  so large t h a t  t h e  h y b r i d i z e d  s t a t e s  n e a r  L a r e  inc reased  i n  

energy by  a f e w  e V  r e l a t i v e  t o  t h e  I' l e v e l s  t h e r e b y  c r e a t i n g  a maximum i n  

t h e  v a l e n c e  band i n  t h e  L d i rec t ion . '  

unusua l ly  l a r g e  and d rama t i c  changes i n  t h e  energy  d i s t r i b u t i o n  c u r v e s  

W e  have observed (see F igs .  1 arid 2) 

. (Ems) of e l e c t r o n s  photoemi t ted  from t h e  s i l v e r  h a l i d e s  upon c o o l i n g  

from 295OK to 80°K.2 

less well-def ined,  changes upon t empera tu re  v a r i a t i o n .  3'4 W e  f i n d  t h a t  

The o p t i c a l  p r o p e r t i e s  a l s o  e x h i b i t  ' s t r i k ing ,  b u t  

t h e s e  changes o c c u r . b e c a u s e  of dynamic v a r i a t i o n s  in the e l e c t r o n i c  s t a t e s  



due t o  t h e  dependence of t h e  large p-d mixing on t h e  v i b r a t i o n s  of t h e  

la t t ice , .  A t  room tempera ture ,  where t h e  ampl i tude  of t h e  l a t t i c e  v ib ra -  

t i o n  i s  l a r g e ,  t h e  energy  l e v e l s  a r e  broadened by a s  much a s  1 e V  by 

t h e  f l u c t u a t i n g  p-d o v e r l a p  A t  l i qu id  n w g e n  (LN ) t empera ture ,  where t h e  

ampl i tude  of ion ic  v i b r a t i o n s  i s  small ,  t h e  hybr id i zed  l e v e l s  become 

s h a r p e r  and more w e l l  de f ined .  We t h u s  associate t h e  observed changes 

wi th  a t empera tu re  dependent  dynamic h y b r i d i z a t i o n  of t h e  e l e c t r o n i c  

states e 

2 

The samples s t u d i e d  were e p i t a x i a 1 , t h i n  f i l m s ,  evapora ted  on to  vacu- 

-8 um heat-cleaned s i l v e r  a t  less t h a n  3 X 10 T o r r  ifrom 99.999% pure  AgBr 

and AgCl powder. The f i l m s  were about 2001 t h i c k  ‘ to  e l i m i n a t e  cha rg ing  

a t  l o w  t empera tu res .  A t  room tempera ture ,  t h e  photoemissive p r o p e r t i e s  

of t h e s e  t h i n  f i lms  were e s s e n t i a l l y  i d e n t i c a l  t o  those of f i l m s  0.6p t h i c k .  

E l e c t r o n  microscopy5 and o p t i c a l 4 r 6  s t u d i e s  have  ‘ e s t a b l i s h e d  t h a t  evap- 

o r a t e d  t h i n  f i l m s  a re  good model systems f o r  b u l k  s i l v e r  h a l i d e  p r o p e r t i e s .  

.- Photoemiss ion  from t h e s e  samples was measured -- i n  s i t u  a t  less t h a n  

5 X 10 

through 11.8 eV. New t echn iques  were developed t o  measure photoemission 

a t  any t empera tu re  between room and l i q u i d  n i t r o g e n  values. €$I u&g forming 

gas and helium i n  a ‘ l i q u i d  n i t r o g e n  h e a t  exchanger,  t h e  sample tempera- 

t u r e  c o u l d  be set and maintained t o  w i t h i n f  4 K .  The exper imenta l  re- 

s u l t s  were r e p r o d u c i b l e  fo l lowing  tempera ture  c y c l i n g  and among d i f f e r e n t  

samples. 

-11 Torr u s i n g  t h e  s t a n d a r d  ac method7 f o r  photon e n e r g i e s ,  hv, 

0 

The most s t r i k i n g  f e a t u r e  of t h e  EDCs i n  t h e  10 e V  photon energy 

range  (see Fig. 1) is  t h e  sharpening  of t h e  s t r u c t u r e  wi th  reduced 

tempera ture .  For example, i n  AgBr, t h e  f u l l  width of t h e  c e n t r a l  peak 
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a t  90% of i t s  maximum h e i g h t  d e c r e a s e s  from about  0.7 e V  t o  0.3 e V  upon 

coo l ing .  from 287OK ID 80 K .  

are r e so lved  i n t o  wel l -def ined peaks a t  80 K.  A t  h i g h e r  photon e n e r g i e s  

0 I n  both  m a t e r i a l s ,  room tempera ture  shou lde r s  

0 

0 
(see F ig .  2) ,  a s t r o n g  new peak appea r s  i n  AgBr  a t  80 K which i s  no t  pre- 

s e n t  a t  room tempera ture .  A s  s een  i n . F i g .  1, t h e s e  changes occur  g r a d u a l l y  

a s  t h e  temperature  i s  v a r i e d .  

These changes upon coo l ing  a r e  an  o r d e r  of magnitude larger  i n  t h e  

s i l v e r  h a l i d e s  than  t h e  changes i n  photoemission from most materials. I n  

a wide v a r i e t y  of o t h e r  s o l i d s ,  t h e  changes i n  the.  p h o t o e  m i s - 
s i o n  EDCs upon tempera ture  r e d u c t i o n  a r e  very  smal l  (comparable t o  t h e  

change i n  kT) and f o r  t h e  most p a r t  can  be expla ined  simply by a b s o r p t i o n  

or emiss ion  of  a small number of phonons.' The e n e r g i e s  involved i n  such 

e v e n t s  a r e  much t o o  smal l  t o  cause  t h e  g i a n t  v a r i a t i o n s  we observe  i n  t h e  

s i l v e r  h a l i d e s .  Therefore ,  t h e  l a t t i ce  must be  g r e a t l y  a f f e c t i n g  t h e  

electronic states d i r e c t l y  r a t h e r  t h a n  simply through phonon abso rp t ion  

and emiss ion  by t h e  photoexci ted  e l e c t r o n .  We must t h u s  examine t h e  

n a t u r e  o f  t h e  f i l l e d  e l e c t r o n i c  l e v e l s  t o  understand why t h i s  e f f e c t  

occu r s  i n  t h e  s i l v e r  h a l i d e s  bu t  n o t  i n  most o t h e r  m a t e r i a l s .  A s  noted 

above, t h e  ove r l ap  of t h e  halogen p and A g  4d wave f u n c t i o n s  h a s  a l a r g e  

effect on t h e  e n e r g i e s  of  t h e  halogen p-derived s t a t e s  i n  t h e  s o l i d .  

S ince  t h i s  wave f u n c t i o n  o v e r l a p  i s  dependent on t h e  s e p a r a t i o n s  of  t h e  

ions, t h e  e n e r g i e s  of t h e  hybr id i zed  s t a t e s  w i l l  be a f f e c t e d  by changes 

i n  t h i s  spacing.  Thus, a s  t h e  i o n s  v i b r a t e  about  t h e i r  equ i l ib r ium l a t -  

t i ce  p o s i t i o n ,  t h e  dynamic changes i n  i o n i c  s e p a r a t i o n  w i l l  c ause  a 

c o n s i d e r a b l e  modulation 
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of  t h e  e n e r g i e s  of t h e  hybr id i zed  s t a t e s .  Such energy broadening w i l l ,  

of cour se ,  be t empera tu re  dependent,  f o r  a s  t h e  tempera ture  i s  lowered 

below t h e  Debye tempera ture ,  @ t h e  dynamical motion of t h e  l a t t i c e  i s  

s i g n i f i c a n t l y  reduced.  T h i s  w i l l  r e s u l t  i n  s m a l l e r  f l u c t u a t i o n s  of t h e  

h y b r i d i z a t i o n  w i t h  a cor responding  r e d u c t i o n  i n  broadening of t h e  energy.  

Thus, w e  b e l i e v e  it i s  the thermal  v i b r a t i o n s  of  the l a t t i c e  which a r e  

a f f e c t i n g  t h e  e l e c t r o n i c  s t a t e s .  A s  w i l l  be  shown, t h i s  e f f e c t  i s  an 

order of  magnitude l a r g e r  t han  t h e  energy s h i f t s  caused by t h e  c o n t r a c t i o n  

of t h e  l a t t i c e  upon coo l ing .  

D’ 

To o b t a i n  a rough e s t i m a t e  of the  magnitude df t h e  dynamic hybr id i za -  

t i o n  effect, w e  made a t i g h t - b i n d i n g  c a l c u l a t i o n  g’lO’ll of t h e  AgCl 

v a l e n c e  band maximum, LA, a s  a f u n c t i o n  of  l a t t i c e  c o n s t a n t .  

d i r e c t l y  comparable t o  any measured EDC s t r u c t u r e ,  t h e  energy of t h i s  s t a t e  

p rov ides  an  o r d e r  of magnitude e s%imate  f o r  t h e  exper imenta l  broadenings 

s i n c e  i ts l a r g e  h y b r i d i z a t i o n 1 2  makes it p a r t i c u l a r l y  s e n s i t i v e  t o  i o n i c  

Though not  

s e p a r a t i o n .  From c a l c u l a t i o n s  made wi th  a n  unscreened S l a t e r  exchange 

p o t e n t i a l  i n  the c o u r s e  of t h e  work r epor t ed  i n  Refs.10 and 11, Fowler 

e s t i m a t e s  t h a t  each of t h e  two-center  i n t e g r a l s  changes by an  average  of 

abou t  5% upon a 1% change i n  l a t t i c e  c o n s t a n t .  l3 W e  have c a l c u l a t e d  t h e  

rms disp lacement  of t h e - i o n s  as  a f u n c t i o n  of tempera ture  us ing  t h e  Debye- 

Wal le r  theory.14 

i o n s  and one atom p e r  u n i t  c e l l  wi th  a mass which i s  t h e  mean’’ of t h e  

two c o n s t i t u e n t s ,  t h e  rms disp lacements  a r e  found t o  be about  0.26i  a t  

Assuming an equa l  d i sp lacement  for t h e  two t y p e s  of 

room t empera tu re  f o r  both AgBr  and AgC1. T h i s  i s  w i t h i n  10% of t h e  , r m s  

d i sp lacement  of  each i o n  i n  AgCl determined from neu t ron  d i f f r a c t i o n  

measurements.16 Using t h e  c a l c u l a t e d  r m s  d isplacement  t o  e s t i m a t e  maxi- 

mum and minimum v a l u e s  

- 5 -  



f o r t h e  l a t t i c e  c o n s t a n t ,  w e  c a l c u l a t e  a v a r i a t i o n  i n  energy of t h e  AgCl 

L' s t a t e  of about  1.1 e V  a t  room tempera ture .  
3 

Because of t h e  s i m i l a r i t y  

of t h e  band s t r u c t u r e s  of AgCl and AgBr, 11'17 w e  would expec t  t h e  broaden- 

i n g  of t h e  AgBr va lence  band maximum t o  b e  of a comparable magnitude. Our 

s imple  c a l c u l a t i o n  t h u s  i n d i c a t e s  t h a t  t h e  l a t t i c e  v i b r a t i o n a l  modulation 

of t h e  o v e r l a p  produces f l u c t u a t i o n s  i n  t h e  energies of t h e  hybr id i zed  

s t a t e s  which i s  of t h e  same magni tude .as  t h e  observed broadening of t h e  

photoemission EDCs (e.g., 0.7 e V  for AgBr a t  287 K seen i n  F ig .  1). 
0 

0 Upon c o o l i n g  t o  80 K, t h e  rms i o n i c  d isp lacement  i s  reduced t o  0.141 

r e s u l t i n g  i n  a s m a l l e r  c a l c u l a t e d  L' broadening o f ' a b o u t  0 .6  e V .  3 

d e c r e a s e  of 0.5 e V  i n  t h e  dynamic v a r i a t i o n s  o f  t h e  AgCl L'  energy i s  

comparable t o  t h e  0.4 e V  sharpening  of t h e  c e n t r a l  AgBr EDC peak i n  F ig .  1. 

I t  i s  t h e  changing ampl i tude  of v i b r a t i o n  of t h e  i o n s  which causes  t h e  

T h i s  
I 

3 

t empera tu re  dependent broadening r a t h e r  t han  t h e  AgCl l a t t i c e  c o n t r a c t i o n  

of 0.033.!!18 s i n c e  t h e  c o n t r a c t i o n  produces an L' s h i f t  of less than  0.1 eV 

upon cooling from 295 K t o  80 K and, of course ,  no change i n  broadening.  

3 
0 0 

Thus, o u r  rough c a l c u l a t i o n s  i n d i c a t e  no t  on ly  t h a t  t h e  dynamic f l u c t u a -  

t i o n s  i n  t h e  wave f u n c t i o n  o v e r l a p  produce modulat ions of t h e  e l e c t r o n i c  

s t a t e  energies comparable t o  t h e  observed broadenings,  b u t  a l s o  t h a t  t h e  

changes of t h e s e  energy  v a r i a t i o n s  qmn temprature reduction are  of the same o r F  

of magnitude a s  t h e  measured EK! tempera ture  dependences. I n  a d d i t i o n ,  

since t h e  broadening depends on t h e  ampl i tude  of t h e  i o n i c  v i b r a t i o n ,  

t h e  gradual dependence on t empera tu re  seen  i n  our exper iments  (Fig.  1) i s  

t o  b e  expec ted .  

T h i s  t empera tu re  dependent dynamic h y b r i d i z a t i o n  causes  t h e  l o s s  of 

o 19,20 
wel l -def ined  s t r u c t u r e  i n  t h e  a b s o r p t i o n  edge above approximately 15 K 
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( i . e . ,  f o r  T > approximate ly  0.1 0 ) *  I n  a d d i t i o n ,  t h e  l a r g e  p r e s s u r e  
D 

dependence of  t h e  s i l v e r  h a l i d e  a b s o r p t i o n  edgeZ1 i s  expected from t h e  

s t r o n g  dependence of t h e  hybr id i zed  s t a t e  energy on i o n i c  spac ing  i n  o u r  

model e 

There i s  a n o t h e r  way i n  which t h e  dynamic broadening can  be  e s t ima ted  

from exper imenta l  d a t a .  The p r e s s u r e  dependence of t h e  i n d i r e c t  band 

edgeZ1 gives a measure of energy l e v e l  v s  equilibrium ionic seperath. One can 

u t i l i z e  t h i s  energy v e r s u s  p o s i t i o n  d a t a  t o  e s t i m a t e  t h e  dynamic broaden- 

i n g  e f f e c t s  due t o  t h e  rms disp lacement  of t h e  i o n s  a t  e l e v a t e d  tempera- 

t u r e s .  Using t h e  r m s  i o n i c  d isp lacement  t o  compute an  e q u i v a l e n t  f r a c t i o n a l  

volume change, a t o t a l  energy v a r i a t i o n  of t h e  va lence  band maximum a t  

room tempera tu re  of  about  0.9 e V  i n  AgCl and 0.8 eV i n  AgBr i s  deduced 

due t o  t h e  f l u c t u a t i o n  i n  h y b r i d i z a t i o n  produced by t h e  l a t t i c e  v i b r a t i o n s .  

T h i s  broadening i s  comparable t o  b o t h  t h e  c a l c u l a t e d  and exper imenta l  

values p resen ted  above. C o n s i s t e n t  w i th  o u r  o t h e r  f i n d i n g s ,  i t  i s  re- 

duced by o v e r  0.3 e V  f o r  bo th  h a l i d e s  upon c o o l i n g  t o  80 K .  Thus, t h e  
0 

p r e d i c t i o n s  of  o u r  dynamic h y b r i d i z a t i o n  model f o r  t h e  magnitudes of  

bo th  t h e  dynamic broadenings  and t h e  changes upon c o o l i n g  of  t h e s e  broad- 

e n i n g s  a r e  q u i t e  comparable t o  t h e  cor responding  EM: magnitudes when 

computed e i t h e r  from p u r e l y  t h e o r e t i c a l  c o n s i d e r a t i o n s  o r  by e x t e n s i o n  of 

o t h e r  exper imenta l  r e s u l t s .  

I t  i s  impor t an t  t o  n o t e  t h a t  t h i s  model p r e d i c t s  t h a t  t h e  amount of 

change of  t h e  photoemission E X s  upon t empera tu re  v a r i a t i o n  w i l l  depend 

on t h e  amount of h y b r i d i z a t i o n  of  t h e  s t a t e s  from which t h e  e l e c t r o n s  a r e  
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photoexci ted .  T h i s  e f f e c t  is, i n  f a c t ,  seen  i n  t h e  d a t a .  In t h e  re- 

p r e s e n t a t i v e  Ems presented  i n  F i g .  2 f o r  AgBr, it i s  seen  t h a t  on ly  

c e r t a i n  t r a n s i t i o n s  sharpen  d r a s t i c a l l y  upon c o o l i n g  t h e  sample. The 

s t r u c t u r e  on t h e  l e f t  s i d e  of t h i s  f i g u r e  shows no s i g n i f i c a n t  changes 

upon t empera tu re  v a r i a t i o n .  C a l c u l a t i o n s  show t h a t  t h e  uppermost A g  4d 

s t a t e s  produce very  f l a t  bands; 11'17 t h i s  i s  u s u a l l y  i n d i c a t i v e  of s t a t e s  

which are  n o t  s i g n i f i c a n t l y  hybr id i zed .  S ince  t h e  energy o f  such "pure" 

s t a t e s  does  n o t  depend on wave f u n c t i o n  ove r l ap ,  one expec t s  from o u r  

model t h a t  t h e  energy  of t h e s e  states w i l l  n o t  be g r e a t l y  a f f e c t e d  by 

t h e  v i b r a t i o n s  of t h e  l a t t i ce .  Hence t h e  photoemission from t h e s e  

s t a t e s  w i l l  e x h i b i t  a much smaller tempera ture  dependence t h a n  f o r  t h e  

hybr id i zed  states. I n  f a c t ,  t h i s  s m a l l e r  tempera ture  dependence i s  com- 

p a r a b l e  t o  t h a t  found i n  most mater ia l s . '  We t h u s  a s s o c i a t e  t h e  -3.6 e V  

peak i n  AgBr2 (and s i m i l a r l y  t h e  '3.3 e V  s t r u c t u r e  i n  AgC122) wi th  t h e  

h i g h e s t  Ag 4d-derived s ta tes  ( a l l  e n e r g i e s  are r e f  e r r e  d t o  t h e  

v a l e n c e  band maximum).' The tempera ture  dependent t r a n s i t i o n s  from i n i t i a l  

s t a t e s  of 0 t o  -3.2 e V  i n  A g B r  and 0 t o  -3.0 e V  i n  AgCl are be l i eved  t o  

be from t h e  more hybr id i zed  halogen p-derived l e v e l s .  Th i s  -3.6 e V  

11 pure" Ag 4d l o c a t i o n  i n  AgBr i s  p r e c i s e l y  t h e  energy determined for , t h e s e  

states i n  h igh  photon energy (hv = 26.8 eV) room tempera ture  s t u d i e s  

we conducted. 23 

max 

I n  fac t ,  t h e s e  d l o c a t i o n s  i n  both  s i l v e r  h a l i d e s  ag ree  

remarkably w e l l  wi th  t h e  cor responding  f l a t  bands i n  t h e  s p e c u l a t i v e  

e l e c t r o n i c  s t r u c t u r e s  of  Bassani ,  Knox, and Fowler.  
11 

F u r t h e r  c redence  f o r  t h e  dynamic h y b r i d i z a t i o n  i s  g iven  by Green ' s  

f u n c t i o n  approach t o  t h i s  problem by Doniach. 24 This  theory,  which t a k e s  ' 

i n t o  account  random v a r i a t i o n s  i n  t i gh t -b ind ing  ove r l aps  induced by t h e  

i o n i c  motion, p r e d i c t s  t h a t  s t r u c t u r e  i n  t h e  d e n s i t y  of h y b  r i d  - 
i z e d  s t a t e s  w i l l  n o t  o n l y  v a r y  i n  

- 8 -  



width,  b u t  a l s o  w i l l  e x h i b i t  h e i g h t  changes and s h i f t s  upon c o o l i n g  t h e  

s o l i d .  This formalism may e x p l a i n  some of t h e  more complex f e a t u r e s  of 

t h e  photoemiss ion  d a t a  which w e  have no t  d i scussed .  S u c h  f e a -  

t u r e s  and t h e  d e t a i l e d  dependence of t h e  EDC broadening on t empera tu re  

w i l l  be f u l l y  exp lo red  i n  f u t u r e  work on A g I  a s  w e l l  a s  AgBr and AgC1. 

The a u t h o r s  g r a t e f u l l y  acknowledge s t i m u l a t i n g  and f r u i t f u l  d i s c u s -  

s i o n s  w i t h  A .  D. Baer, F. C. Brown, T. H. DiStefano, s .  Doniach, W. B. 

Fowler and L. S u t t o n  a s  w e l l  a s  o t h e r  c o l l e a g u e s  a t  S tanford  Un ive r s i ty .  

We are p a r t i c u l a r l y  indebted  t o  W. B .  Fowler f o r  provid ing  t h e  e s t i m a t e s  

fo r  t h e  a f f e c t  of l a t t i c e  constant v a r i a t i o n  on t h e  t i g h t - b i n d i n g  band 

parameters .  

- 9 -  



References  

1. T h i s  f e a t u r e  of  t h e  e l e c t r o n i c  s t r u c t u r e  h a s  been v e r i f i e d  both 

2. 

3. 

4.  

5 .  

6 .  

7 .  

8 .  

9 .  

t h e o r e t i c a l l y  (see Refs .  10, 11 and 17)  and expe r imen ta l ly  ( see  

R e f ,  19  and a l s o  A s c a r e l l i ,  Phys. Rev. L e t t e r s  20, 44 (1968);  J o e s t e n  

and Brown, Phys. L e t t e r s  17, 202 (1965);  and Brown, Masumi and Tip- 

- 

- 
pins ,  J. Phys. Chem. S o l i d s  22, 101 (1961)).  

R. S. Bauer  and W. E. Sp ice r ,  B u l l .  Am. Phys. Boc. 14, 1166 (1969). 

Y .  Okamoto, Nachr. Akad. W i s s .  Got t ingen  Math. Physik.  KL. I I a  14  

- 
- 

-, 
275 (1956). 

S .  T u t i h a s i ,  Phys. Rev. 105, 882 (1957). - 
L. E. Brady, J. W. C a s t l e  and J .  F. Hamilton, Appl. Phys. L e t t e r s  

76 (1968). 

C. J. Koes te r  and M. P. Givens, Phys. Rev. 106, 241 (1957) and 

N. Car rera ,  p r i v a t e  communication (1969). 

- 

C. N. Berglund and W. E. Sp ice r ,  Rev. S c i .  I n s t r .  35, 1665 (1964). . _ .  

Examples of m a t e r i a l s  whose EDCs change on ly  s l i g h t l y  upon coo l ing  

t o  LN t empera tu re  i n c l u d e  G e  (T. M. Donovan, p r i v a t e  communication, 

1969),  Cu (N. V .  Smith, p r i v a t e  communication, 1970), V02 (G. F. D e r -  

benwick, p r i v a t e  communication, 1969), L i I  (T. H .  DiSte- 

fano, Ph. D. Thes i s ,  S tanford  Un ive r s i ty ,  unpubl ished,  1970),  and 

2 

/ 

CuPc (B. H. Schechtman and W. E .  Spicer ,  Chem. Phys. L e t t e r s  2, 207 - 
(1968) . 
J. C. S l a t e r  and G .  F. Koster ,  Phys. Rev. - 94, 1498 (1954). 

10. R. S .  Knox, F. Bassani  and W. B. Fowler, Photographic  S e n s i t i v i t y  

(Maruzen and Co., Ltd. ,  Tokyo, 1963), Vol. 3, p. 11. 

- 10 - 



11. F. Bassani ,  R.  S .  Knox and W. B .  Fowler, Phys. Rev. 137, A1217 (1965). - 
12. I n  fac t ,  t h i s  p-derived s t a t e  h a s  about  30% d-cha rac t e r  (see Ref.  11). 

13. W. B. Fowler, p r i v a t e  communication, (l970), 

14.  J. M. Ziman, P r i n c i p l e s  of t h e  Theory of S o l i d s  (Cambridge Un ive r s i ty  

P r e s s ,  London, 1964), p. 60. 

15, R. W. James and E. M. F i r t h ,  Proc.  Roy. SOC. (London) A117, 62 (1927). - 
16. P. R. Vijayaraghavan, R .  M. Nicklow, H. G .  Smith and 111. K .  Wilkinson, 

Phys. Rev. B (to be  pub l i shed) .  

17. P. hl. Scop, Phys. Rev. - 139, A934 (1965). 

18.. B. R. Lawn, Acta C r y s t .  16, 1163 (1963). - I 

19'. R .  C. Brandt  and F .  C .  Brown, Phys. Rev. - 181, ,1241 (1969);'K. L. Shak- 

lee and J .  E.  Rowe, t o  b e  publ i shed;  B .  L. J o e s t e n  and F. C. Brown, 

Phys. Rev. 148, 919 (1966). - 
20. F. C. Brown, p r i v a t e  communication (1970). 

21. R.  B. Aust, Phys. Rev .  170, 784 (1968). 

22. R. S. Bauer  and W .  E .  Spicer ,  Bull. Am. Phys. SOC. 13, 1658 (1968). 

- 
6 

- 
23. R. S. Bauer and W. E.  S p i c e r , . t o  be publ i shed .  

24. S. Doniach, p r i v a t e  communication (1970). 

- ii - 



Figure  Capt ions  

Fig.  1 

Fig.  2 

Comparison of energy d i s t r i b u t i o n s ,  N, normalized t o  quantum 

y i e l d  ( p e r  i n c i d e n t  photon) f o r  e l e c t r o n s  photoemit ted from 

AgBr  (0 144OK) and AgCl (OD 162OK) a t  80°K through 

287 K for photon e n e r g i e s  of  10 .2  e V  and 10.4 e V  r e s p e c t i v e l y .  

D 
0 

(The e l e c t r o n  energy i s  r e f e r r e d  t o  t h e  va l ence  band maximum, 

E .) Caut ion  should be t aken  i n  comparing t h e  h e i g h t s  of t h e  

curves  since they  are  normalized r e l a t i v e  t o  t h e  i n c i d e n t  

V 

r a t h e r  t h a n  t h e  absorbed photon f l u x  ,due t o  t h e  l a c k  of 

low t empera ture  o p t i c a l  d a t a  i n  t h i s  (photon energy range. 

Comparison of energy d i s t r i b u t i o n s ,  N, normalized t o  quantum 

y i e l d  (pe r  i n c i d e n t  photon) f o r  e l e c t r o n s  photoemit ted from 

AgBr  a t  80°K and 295'K for  photon e n e r g i e s  of 11.0 eV 

through 11.8 e V .  
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111. Photoemission and O p t i c a l  S t u d i e s  o f  
I o n i c  I n s u l a t o r s  

T. H .  DiStefano 

Photoemission measurements i n  the  vacuum U.V. a re  reported f o r  t he  

a l k a l i  iodides, with some emphasis upon determining the  general  nature 

of ion ic  insu la tors .  

spec t r a  from very t h i n  films, information was obtained about the 

e lec t ronic  s t a t e s  i n  both t h e  valence and the conduction bands. 

a technique of photoinject ion was developed t o  determine sca t t e r ing  

of hot e lec t rons  i n  wide gap insulators .  

By a reso lu t ion  of d e t a i l s  i n  the  photoelectron 

Also, 

In narrow band materials,  there  i s  a p o s s i b i l i t y  t h a t  e lectron-  

e l ec t ron  co r re l a t ion  w i l l  cause a loca l i za t ion  of the e lec t ronic  wave- 

function. 

energy than the Bloch s t a t e .  Intensive photoemission measurements on 

CsI shows evidence f o r  Bloch valence s t a t e s .  Three s a l i e n t  peaks i n  

photoemission from CsI are  wel l  explained i n  terms of o p t i c a l  exc i ta t ion  

from th ree  branches of the  valence band dispers ion curve. 

hand, only a doublet could be produced by exc i ta t ion  from loca l ized  ionic  

l eve l s .  Calculated photoelectron’ specsra based upon interpolat ions of an 

ex i s t ing  band s t ruc tu re  compare favorably with experiment. No concrete 

evidence f o r  e i t h e r  Bloch o r  loca l ized  s t a b s  was found i n  the fcc  

a l k a l i  iodides. 

I n  Hartree-Fock terms, the  Wannier s t a t e  may l i e  a t  lower 

On the  other  

Trends i n  e l ec t ron  a f f in i ty ,  photoelectr ic  threshold, and valence 

band width a re  found i n  the  a l k a l i  iodides. The average spin-orbi t  

s p l i t t i n g  of t h e  valence bands i s  seen t o  range from 0 . 9  eV t o  1.6 eV. 

In all of these mater ia ls  but RbI, ;arrow conduction bands were found i n  

t h e  first severa l  eV above t h e  band edge. 

s i b l y  comprise d-symmetry wavefunctions concentrated near the ionic cores.  

These f l a t  bands qui te  pos- 

A technique was developed f o r  i n j ec t ing  electrons from a substrate,  

through a t h i n  in su la t ing  film, and in to  vacuum. Sca t te r ing  proper t ies  

of t h e  f i lm  were’deduced from the d i s t r ibu t ion  of emitted e lec t rons ,  

In LiF, e lec t rons  of 5 - 10 eV were found t o  have an a t tenuat ion length 

of 65 a 2 10 8. Hot e lec t rons  i n  C s I  have an at tenuat ion length con- 

s iderably  longer than 80 8. 1 
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