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The r e f r a c t i o n  o f  p-polar ized l i g h t  a t  a metal surface leads, 

under ce r ta in  circumstances, t o  a large peak i n  the spa t i a l  d i s t r i b u t i o n  

o f  the normal component o f  the e l e c t r i c  f i e l d  near the surface. The o r i -  

g i n  o f  t h i s  peak i s  explained both i n  terms o f  a c l ass i ca l  corresponden- 

ce and i n  terms o f  a theory based on the non-local d i e l e c t r i c  responseof 

the metal surface. The s ign i f i cance o f  the large magnitude and rap id  va- 

r i a t i o n  o f  t l ie surface e l e c t r i c  f i e l d  i n  e x c i t i n g  p h o t o e l e c t r o n s  from 

surface states i s  discussed. 

A refração de l uz  p-polarizada em uma supe r f í c i e  meti1 ica leva, 

sob certas ciircunstâncias, a um grande p ico  na d i s t r i bu i ção  espacial da 

componente normal do campo e l é t r i c o  per to  da super f íc ie .  A origem desse 

p i co  é expl ic:ada tan to  em termos de. uma correspondência c lãss ica  quanto 

em termos de uma teo r i a  baseada na ;esposta d i e l é t r i c a  não- local da su- 

p e r f í c i e  do metal. A re levância da grande magnitude e da rápida variação 

do campo e l é t r i c o  na supe r f í c i e  na excitação de fo toe lé t rons  de estados 

da super f íc ie  é d iscut ida .  

Photoemission from surface states o f  metals as a func t ion  o f  

the frequency o f  1 i gh t  has generated considerable i n t e r e s t  and contro- 

versy i n  recent times. I n  t h i s  paper we study the r e f  rac t i on  o f  p-pola- 

r i zed  l i g h t  a t  a metal surface t o  see what inf luence r e f r a c t i o n  has on 



the  process o f  p h o t o e x c i t a t i o n .  We conclude t h a t  the  r e f l e c t i o n  and re-  

f r a c t i o n  o f  l i g h t  can h e l p  us understand and i n t e r p r e t  c o r r e c t l y  c e r t a i n  

i n t r i g u i n g  aspects o f  t h e  exper imenta l  photoemission d a t a ,  e s p e c i a l l y  

those regard ing  t h e  frequency dependence. 

l h e  b a s i c  d i f f e r e n c e  between t h e  r e f l e c t i o n  o f  s - p o l a r i  z e d  

l i g h t  and p- p o l a r i z e d  l i g h t  by a d i e l e c t r i c  medium l i e s  i n  t h e  d i f f e r e n -  

ce o f  boundary c o n d i t i o n s  a t  the  r e f l e c t i n g  su r face .  Whereas t h e  compo- 

nents o f  the  e l e c t r i c  f i e l d  p a r a l l e l  t o  the  su r face  a r e  cont inuousacross 

t h e  boundary, i t  i s  the  component o f  t h e  displacement f i e l d  normal t o  t h e  

su r face  which r n ~ s t  be cont inuous.  i f  the  d i e i e c t r i c  medium can be repre-  

sented adequate ly  by a l o c a l  and i s o t r o p i c  b u t  s p a t i a l l y  v a r y i n g  d i a l e c -  

t r i c  constant  

where X i s  the  wavelength o f  l i g h t  and a i s  a l e n g t h  c h a r a c t e r i z i n g  t h e  

d i  f fuseness o f  the  su r face ,  Here we have made use o f  the  t r a n s  1 a t i o n a  1 

invar iance  o f  t h e  problem i n  t h e  q - p l a n e  t o  Four ie r- t rans fo rma11 f i e l d s  

i n  t h a t  p lane  and i n  time, so t h a t  

+. 
where v stands f o r  any Car tes ian  component, p = & + i&, Q = (w /c )  S i n  0 i 
= ( 2 r / ~ )  S i n  Bi, and Oi i s  t h e  ang le  o f  inc idence.  Equat ion ( 1 ) shows 

the  z-component o f  the  e l e c t r i c  f i e l d  f o r  p - p o l a r i z e d  l i g h t  wi11 be s i n-  

g u l a r  i f  the l o c a l  d i e l e c t r i c  constant  (assumed r e a l )  vanishes. T h i s  fe -  

a t u r e  o f  l i g h t  p ropaga t ion  i n  an inhomogeneois d i e l e c t r i c  mediurn i s  w e l l  

-known i n  c l a s s i c a l  electrodynamicsl.  i t i s  ã l s o  c lea r l  t h a t  t h e  presu- 

med s i  n g u l a r i  t y  o f  ~ ' ( z )  *i 11 be rounded t o  a peak when one recognizes 

the  f a c t  t h a t  E (z) i s  i n  genera l  complex and n o t  r e a l .  F i g u r e  1 snows 
W 

the  s p a t i a l  v a r i a t i o n  o f  t h e  normal component o f  t h e  e i e c t r i c  f i e l d  near 

a metal su r face  i n  a i d e a l i z e d  model c a i c u l a t i o n  where t h e m e t a l  occupies 

t h e  ha l f - space  z <  0, and i t s  d i e l e c t r i c  response i s  assumed t o  be g i v e n  

by the f u n c t i o n  E. (z)  = 1 - 471 e? nC(z ) /mw2 ,  n o ( z )  being t h e  l o c a l  e lec-  
w 

t l -on densi t y .  We consider  a s imple model where n o ( z )  = no, the  b u l k  e lec-  

t r o n  degs i t y ,  f o r  z -< -a/2, and í t goes ZinearZy t o  ze ro  over  the  reg í o n  

-á/2 < e 5 a / 2 .  I n  t h i s  i d e a l i z e d  problern, E (z) w i l l  van ish  i n  t h e  su r -  



face region,  l z l  a/2,  pi-ovided w i s  below the bu lk  plasma frequency w 
P 

= (4nno For the ca l cu la t i on  shown i n  Fig. 1, we have chosen w 

= w /a, ei = rr/4, and a l l  f i e l d  have been expressed r e l a t i v e  t o  the am- 
P 

p l i t u d e  E. o f  the incident  e l e c t r i c  f i e l d  o f  l j g h t ,  f o r  the sake o fcon-  

ven i ence . 

The purpose o f  t h i s  paper i s  t o  explore the m d i f  i c a t i o n  of the 
Z 

c lass i ca l  s i ngu la r i  t y  i n  E (z)  when one takes i n t o  account recent ideas 

about the transverse d i e l e c t r i c  response o f  a metal surface. Wealso wish 

t o  p o i n t  out how our resu l t s  may be used p r o f i t a b l y  t o  understand cer-  

t a i n  aspects o f  recent photoemission data, i n  the d i r e c t i o n  of the sur- 

face normal, f o r  emission from surface sens i t i ve  e lec t ron i c  features,  e. 

g., surface states.  I n  the presence o f  a rea l  surface, ~ q . ( l )  must be mo- 

d i f i e d  i n  two important respects. The d i e l e c t r i c  response i s  given by a 

nonlocal t e n ~ o r ~ - ~  whi ch, a f t e r  appropr iate Four ier  transformat ions, can 

be expressed as y ( z , z l )  becomes a diagonal 'tensor whi ch, however, i s  ani - 

I n  the long-wavelength l i m i t ,  then, the boundary cond 

s t ra igh t fo rwerd  general i z a t i o n  o f  Eq. (I), v i z .  

i t i o n  becomes a 

This i n teg ra l  cond i t ion  i s  e a s i l y  recast i n  terms o f  the conduct iv i ty  

tensor def i ned through 

-+ -+ 
and the vector  po ten t i a l  ~ ( r , t )  where 

We choose a gauge where the sca lar  po ten t i a l  

and descr ipt ions i n  terms o f  the e l e c t r i c  f i  

$($,-L) i d e n t i c a l l y  vanishes, 

e l d  and the vector  po ten t i a l  



Fig.  1 - P l o t s  o f  the s p a t i a l  v a r i a t i o n  o: the  rea l  p a r t  (dashed curve) 

and the absolute magnitude (so l  i d  curve) o f  the normal component o f  the 

e l e c t r i c  f i e l d  o f  p- po la r i zed  l i g h t  on r e f l e c t i o n  from a model semi-in- 

f i n i t e  system character ized by a l o c a l  d i e l e c t r i c  response varging l i n e -  

a r l y  i n  the sur face region.  The d i e l e c t r i c  constant i s  assuned t o b e  E ~ ( Z )  

= 1 - 2 / ~ 2  fo r  z <, -a/2; E ~ ( z )  = 1 - w 2/u2 1/2 - d a ,  fo r  I z I  C a/2; 
P P 

and E,,,(z) = I f o r  z ? a/2.  The frequency i s  chosen t o  be w = w / f i , w h i l e  
P - 

ei = angle o f  incidente = n/4. Also shown as the dash-dotted curve i s t h e  

z-dependence o f  the magnitude o f  the e l e c t r i c  f i e l d  componentparal le l  t o  

the sur face i n  the same problern. AI1 e l e c t r i c  f i e l d s  a re  expressed r e l a-  

t i v e  t o  E o ,  the amplitude o f  the e l e c t r i c  f i e l d  of  inc iden t  l i g h t .  



are equivalent. To evaluate the constant i n  Eq.(3), we imagine a po in t  Z 

ins ide the metal f a r  from the surface (z=0) and ye t  121 e e h ,  such tha t  
< 

f o r  2% 2 ,  the e l e c t r i c  f i e l d  assumes i t s  bulk form, i.e., i t  describes 

a wave trarismitted i n t o  the bulk. I n  t h i s  region the d i e l e c t r i c  tensor 

must be i sotropi  c6-7 and short-ranged 4, and wi 1 1 lead t o  the long-wave- 

length d i e l e c t r i c  constant o f  the bulk, E(O,W) when integrated over one 

o f  i t s  var iables.  Taking advantage o f  the short-ranged nature o f  the non 

- loca l  response, we a r r i v e  a t  the boundary cond i t ion  der ived by Feibel-  

Here we have suppressed the momentum 

&O, f o r  s imp l i c i t y .  

2 
~ W ( ~ t ) d z t  = E(O,W) A ~ ( z )  . (4) 

argument o f  the vector po  t e n  t i a 1 , 

. Instead o f  so lv ing the i n teg ra l  equation (4) nurnerical ly f o r  

model po ten t i a l s  descr ib ing the metal, as was done i n  preGous -work "', 
we sha l l  solve the the equation approximately i n  an attempt t o  underst- 

and how the nature o f  the c lass i ca l  s ingular;  t y  i n  ~ " ( z )  changes i n  the 

presence o f  a real  surface. To t h i s  end we assume tha t  the metal can be 

represented by a semi- in f i n i t e  square wel l ,  i.e., t h a t  i t s  e lectrons may 

be regarded as non- interact ing moving quantum-mechanically i n  the poten- 

t i a 1  V(;>) = ~ ( z )  = -Vo e(-"). Phys ica l ly  t h i s  means tha t  we ignore crys- 

t a l l i n i t y  o f  the s o l i d  and regard the metal as a semi- in f i n i t e  j e l l i u m .  

w i th  the boundary cond i t ion  o f  specular r e f l e c t i o n  a t  the surface. Also 

i n  the conduct iv i ty  tensor, f h i s  impl ies using the Random - Phase Appro- 

ximation (RPA)= i n  t rea t i ng  the electron-electron in terac t ion .  Electrons 

populate a l l  s tates o f  the we l l  up t o  the Fermi energy E and the bu l k  F' 
elec t ron densi t y  no = kF3/3n2 can be expressed i n  terms o f  the Fermi mo- 

mentum KF.  'The work funct ion of the,petal  i s  given by + = V. - EF, wh i le  

the long-wave-length d i e l e c t r i c  funct ion  assumes the f a m i l i a r  fo rme(0,~)  

= 1 - w 2 / w 2  i n  terms o f  the bulk plasma frequency. It i s  convenient t o  
P 

express the vector po ten t i a l  i n  Eq. (4). i n  dimensionless form, e i t h e r  by 

tak i  ng i t s  ra t  i o wi t h  A;(Z) o r  wi t h  A the arnpl i tude o f  the vector po- 
o '  

t e n t i a l  associated w i th  the inc ident  wave. We def ine the dimensionless 

f unct i ons 



and 

The former f u n c t i o n  goes t o  un i  t y  deep i n t o  the bu lk ,  Ã (z  + --) = 1  , 
W 

w h i l e  t h e  l a t t e r  i s  more p h y s i c a l  i n  the sense t h a t  i t  i s  r e l a t e d  t o  the  

ampl i tude f o r  photoexc i  t a t i o n .  Eq .  (4) shows t h a t  

We s o l v e  Eq .  (6a) approx imate ly  by a s s u m i  ng  t h a t  Ã u ( z r )  i s  

smooth and v a r i e s  weakly over  the  range o f  non- local  i t y  o f  uZZ (z, z  I )  . 
Then t h e  f u n c t i o n  can be eva lua ted  a t  any convenient  - p o i n t  o v e r  t h e  

range o f  n o n - l o c a l i t y  o f  c o n d u c t i v i t y ,  and taken o u t  o f  t h e i n t e g r a l  s i g n .  

The components o f  the  r e l e v a n t  c o n d u c t i v i t y  tensor  f o r  t h e  square w e l l  

model have been worked o u t  wi t h  - i n  the RPA i n  a  p rev ious  paper 6, where 

i t  i s  shown t h a t  



I n  the  l a s t  equat ion,  f ( ~  ) stands f o r  the  Fermi occupa t ion  f u n c t i o n  o f  
3 s  

an e l e c t r o i i  o f  momentum K i n  the  xy-plane and quantum nurnber K f o r m o t i o n  

a long z, and G* represent  one-dimensional Green's f u n c t i o n s  o f  t h e  semi- 

- i n f i n i t e  square w e l l  probelm w i t h  the  a p p r o p r i a t e  boundary c o n d i t i o n s o f  

ou tgo ing  oi- incoming waves a t  i n f i n i t y .  The dimensionless f u n c t i o n  ~ ( z )  

1 and ima- 

approx i  - 
n e a r  a 

i b e  t h e  shape o f  Aaw(z) and i t s  rea 

c e r t a i n  choices o f  w i n  Ref.6. The 

1 equa t ion  f o r  the  v e c t o r  p o t e n t i a l  

has been in t roduced  t o  descr 

g i n a r y  p a r t s  a r e  p l o t t e d  f o r  

mate s o l u t i o n  o f  the  i n t e g r a  

su r face  i s  then 

We can compute Ã (z) s imply  by c a l c u l a t i n g  n o ( z )  and ~ ( z )  f o r  the  mode1 
w 

o f  meta l  discussed above. 

Equat ion (8) shows t h a t  the  c l a s s i c a l  s i n g u l a r i t y  i n  A W ( ~ )  can 

be recovered i n  accordance wi t h  Eq. ( I )  by s e t t i n g  ~ ( z )  = 0, and the  

s i n g u l a r i  t y  occurs when n o ( z ) / n  = w2/w 2 .  T h i s  r e s u l t  should be expec- o P 
ted  because F (z)  measures the  an i  so t ropy  i n  the  d i e l e c t r i  c response cau- 

W 

sed by t h e  sur face,  which i s  a quantum rnechanical e f f e c t .  The c o r r e c t i o n  

vanishes f a r  f rom t h e  sur face,  i .e .  F (2) = O as l z l  + m ,  and p h y s i c a l l y  w 
i t can be r e l a t e d  t o  photon a b s o r p t i o n  by t h e  su r face  p o t e n t i a l  v a r i a t i -  

on6. 

Since ~ ( z )  i s  i n  genera l  complex, t h e  presence o f  t h e  su r face  

i n  a r e a l  c :a lcu lat ion has the  t w i n  e f f e c t s  o f  s h i f t i n g  the  l o c a t i o n  o f  

the  s i n g u l e r i t y  and making the  v e c t o r  p o t e n t i a l  f i n i t e  everywhere,sothat 

an e r t s w h i l e  s i n g u l a r i t y  i s  now tu rned  i n t o  a peak. T h i s  behavior  i s  il- 

l u ç t r a t e d  i n  F i g s .  2 and 3, where we have p l o t t e d  t h e  r e a l  and imaginary 

p a r t s  o f  Ão,(z )  as w e l l  as the modulus ~Ã,(z) I aga ins t  K z when Ew =5.0 
F 

eV. For oui- c a l c u l a t i o n  we choose V. = 10.7 eV and $ = 4.5 eV, as i n  Ref. 

6 , m d e s c r i b e  the m e t a l . l n  t h i s m o d e l , &  = 9.813 eV, K F =  1.2748 1-1, 
P 



and the expected locat ion  o f  the s i n g u l a r i t y  i n  F (2) when z = O i s  i n -  

d icated by an arrow i n  Fig.3. The important fea ture  t o  note i s  the peak 

i n  lÁ,(z)  1 close t o  the surface, which occurs i n  c lose v i c i n i t y  o f  the 

c lass i ca l  s i n g u l a r i t y  and i s ,  indeed, a mani festat ion o f  the l a t t e r  i n  

the present ca lcu la t ion .  The other peaks i n  1Ã ( z ) l  ar i se  from Fr iede l  
W 

o s c i l l a t i o n s  i n  no(z) o r  from o s c i l l a t i o n s  i n  F W ( Z )  as discuss else- 

Fig. 2 - The rea l  p a r t  of Ãw(z) p lo t ted  against Kf near the surface by 

solving Eq. (8) w i th  Rw = 5.0 eV. The metal i s  represented by a semi-in- 

f i n i t e  square wel l  occupying the region z É 0 ,  having a well-depthof 10.7 

eV and a work function o f  4 . 5  eV. For t h i s  model, hw = 9.813 eV and KF 
P - i .275 a-'. 



Fig.  :l - Graphs o f  Im Ã w ( z )  and Ãu(z) versus K? f o r  Ro = 5 . 0  eV ( c f .  

Eq.8) . The paramters  describing the metal a r e  given i n  the caption for  

F ig .  2. The v e r t i c a l  arrow denotes the expected locat ion o f t h e  classical  

s ingular i ty .  



where 6.  S imi la r  peaks have been found by ~ e i b e l m a n ~  i n  a  more complete 

ca l cu la t i on  o f  Ã (2) c lose t o  the surface. We be l ieve tha t  ours i s  the 
w 

f i  r s t  e f f o r t  t o  g ive  a  physical  i n te rp re ta t i on  t o  the o r i g i n  o f  thesesur- 

face peaks, and tha t  i t  i s  the cor rec t  one. 

As the frequency o f  l i g h t  i s  increased the c lass i ca l  s i ngu la r i -  

t y  ( f o r  w< w ) moves toward the i n t e r i o r  o f  the so l  i d .  Fig. 4 shows the 
P 

resu l t s  o f  our ca l cu la t i on  f o r  IÃ,(z) I when h = 6.0 and 7.5 eV, and we 

c l e a r l y  f i n d  tha t  the surface peak i n  IÃ,(z) I moves across the surface 

and i n t o  the so l i ds  as the frequency i s  raised. Once again, v e r t i c a l  

arrows i n  the f i g u r e  ind ica te  the expected locat ion  o f  the s i n g u l a r i  t y  

i f  surface- induced quantum e f f e c t s  are ignored. F i n a l l y  i n  Fig.5,we show 

resul  t s  o f  ca l cu la t i on  based on Eq. (8) when w exceeds w and the c las-  
P 

s i c a l  s i n g u l a r i t y  i s  no longer expected. For Ew = I 0  eV (@ ), the l i g h t  
P 

f i e l d  i n  seen t o  penetrate a  great  distance i n t o  the so l i d ,  and the peak 

near the surface has a11 but  disappeared. For f im = 12.5 eV, however,there 

appears t o  be a  prominent peak i n  IÃ (z)  1 i n s i  de the so l  i d  Q, 2kF-l f rom 
W 

the surface. This peak occurs because o f  Fr iedel- type o s c i l l a t i o n s  i n  no 

(2) i n  Eq. (8 ) .  I t s  l oca t i on  i s  essen t i a l l y  frequency- independentinour 

ca lcu la t ion ,  whi l e  i t s  s t rength  r ises  a t  f i r s t  w i t h  frequency when w z w  
P7 

but then f a l l s  sharply.  I n  the r e s t  o f  the paper we conf ine o u r a t t e n t i o n  

t o  the frequency region w > w 
P' 

the peak 

argument . 
the e lec t  

the bound 

We next t r y  t o  assess the r e a l i t y  and physical  s ign i f i cance of 

n  lÃ,(z) I close t o  the surface w i  t h  the help o f  the fo l lowing 

The rap id  v a r i a t i o n  o f  the magnitude o f  the normal componentof 

i c  f i e l d  near a  metal surface ar ises  from r e f r a c t i o n  through 

r y  condi t i o n  o f  Eq. ( 3 ) .  The la rge magnitude and rap id  var ia -  

t i o n  o f  lÃz(z) 1 a t  the surface suggest t ha t  r e f r a c t i o n  o f  l i g h t  may, un- 

der c e r t a i n  circumstances, lead t o  an enhancement o f  coupling o f  l i g h t  

t o  surface e lec t ron i c  features, e.g., surface states o r  adsorbate energy 

leve ls .  The per turb ing  Hamiltonian produced by l i g h t  and responsible f o r  

photoemission i s  known t o  be 



Fig.  4 - Plots o f  the absolute magnitude o f  Ãw(z) against KFz f o r  (a) hw 
= 6.0 ,?V and (b) h = 7.5 eV obtained by solving Eq .  ( 8 ) .  Pararneters of 

the metal are given i n  the caption for  F ig .  2, and v e r t i c a l  arrows shown 

i n  thii; f i g u r e  ind ica te  the expected locat ion o f  the c lass ica l  s ir~gula-  

r i  t y .  



Fig.  5 - Plots o f  IÃ  (2) I versus Kf for  (a)  Ew = 10.0 eV and (b) Fw = 

12.5 eV, both greater  than the plasmon energy Fzw = 9.813 eV. See the 
P 

caption f o r  Fig.  2 for the parameters describing the metal i n  the calcu- 

l a t i o n .  



For photoemission i n  the d i r e c t i o n  o f  the surface normal, the q t i t u d e  

( i  .e., the square root  o f  the d i f f e r e n t i a l  cross section) w i l l  depend on 

the ma t r i x  element o f  pZ A ~ ( Z ) / A ~  between the i n i t i a l  and f i n a l  e lec t ro -  

n i c  state-vave funct ions,  i.e., i t  wi11 depend on the mat r ix  o f t h e  quan- 

t i t y  ÃW(z) def ined i n  Eq. (5b). Recall  ing  the formula o f  Eq. (6b) and the 

resu l t s  expressed i n  Figs. 2-5, i t  i s  p laus ib le  t o  argue tha t  i f  there - 
i s  a peak i n  A ( z )  occuring w i t h i n  one o r  two Fermi wavelengths o f  the 

W 

surface, then i t  w i l l  couple s t rong ly  t o  a surface s ta te ,  Arguing i n  the 

same s p i r i t ,  i t  a l so  appears l i k e l y  t h a t  the he ight  o f  the surface peak 

i n  IÃW(z) I w i  I 1  be a crude measure o f  the s t rength  o f  photoemission frm 

the surface s ta te ,  i t s  square being r e l a t e  t o  the d i f f e r e n t i a l  photoemis- 

s i on  cross sec t ion  along the surface normal. Thus from our c a l  c u l a t e d  

surface peaks i n (Áw(z) I, we can draw c e r t a i n  general conclusions about 

photoemission f rom surface s ta te ,  provided we can determine (<(z) 1 . 
Note t h a t  our conclusions w i l l  no t  be based on a se l f- cons is tent  theory 

where r e f r a c t i o n  o f  l i g h t  should occur a t  a metal surface having a sur- 

face s ta te .  Rather i t .wi  11 be more i n  the spi  r i  t o f  the e a r l y  theory o f  

surface photoe lec t r i  c e f f e c t 8  9 9  where one considers a surface but  ne- 

g lec t s  r e f r a c t i o n  e n t i r e l y .  Here we take r e f r a c t i o n  a t  j e l l i u m  surface 

i n t o  account and use i t  t o  p r e d i c t  the s t rength  o f  normal photoemission 

from a surfece s ta te .  The determination o f  1ÃW(2) I i n t h e  long wavelength 

1 W i t  poses:; no great  d i f f i c u l t y .  I t fo l lows from Eqs. ( 4 )  and (5b) t h a t  

i.e., the boundary condi t ions i s  the same as the c lass i ca l  boundary con- 

d i t i o n  except t ha t  the surface here i s  d i f f u s e  ra ther  than sharp. This 

impl ies that  ]ÃW(2) ]  w i l l  be given c o r r e c t l y  by the magnitude o f  the z- 

-component o f  the A- f i e l d  j u s t  ins ide  the s o l i d  f o r  the c lass i ca l  pro- 

blem o f  r e f r a c t i o n  o f  p- polar ized l i g h t  a t  an i d e a l l y  sharp r e f l e c t i n g  

surface. ( ~ h e  cmponent o f  b ( z )  para1 l e l  t o  the surface ir o f  course 

knorwn t o  be constant across i t .)  I n  Fig. 6, we have p l o t t e d  lÃW(Z) I ver-  

sus W/W by s o l v i r g  the problem o f  r e f r a c t i o n  a t  a sharp surface separa- 
P 

t i n g  vacuum from j e l l i u m  o f  d i e l e c t r i c  constant E(O,W). The angle of i n -  

cidence h,as been chosen t o  be 45'. Using t h i s  r e s u l t  i n  conjunct ion 

w i t h  our previous ca l cu la t i on  f o r  IÃ,(z) I, f o r  any frequency. F i g u r e  7 
shows the v a r i a t i o n  o f  lÃYkl the r t r e n g t h  o f  the surface peak i n  lÃ,(z)l, 



F i g  . 6 - Absolute magnitude o f  ~ ' ( 0 - )  , t h e  normal component o f  the vec to r  

p o t e n t i a l  j u s t  i n s i d e  the  surface, expressed r e l a t i v e  t o  the  ampl i tude 

Ao o f  the  i n c i d e n t  vec to r  p o t e n t i a l  and p l o t t e d  aga ins t  w/w i n  the re- 
P 

f r a c t i o n  o f  p-polar ized 1 i g h t  a t  a sharp boundary ('=O) separat ing  vacuum 

( z  3 0 )  frorn j e l l i u m  ( z  5. O) o f  d i e l e c t r i c  constant  E(O,W) = 1 - w '/w2. P 
The angle o f  inc idence 0; i s  chosen t o  be ~ / 4 .  Eq. (10) shows t h a t  t h i s  

f u n c t i o n  should represent  A (2) .  ( ~ e e  argument i n  t e x t ) .  

f o r  any frequency w.  Figure 7 shows the va r i a t i on  o f  ! ~ ~ ~ ~ ~ ~ l a s  a func t ion  

o f  w f o r  w $  w As argued previously,  t h i s  curve ought t o  m i r ro r  theva- 
P ' 

r i a t i o n  o f  the amplitude o f  photoemission i n  the normal d i rec t i on ,  froma 

surface state,  w i t h  the frequency o f  l i g t h .  I t  i s  c l ea r  from t h i s  f i g u r e  

tha t  ! ~ ~ ~ ~ ~ ~ l  goes p rec ip i  tous ly  t o  zero as w approaches o thus sugges- 
P' 

t i n g  tha t  photoemission from a surface s ta te  i n  the normal d i r e c t i o n  w i t h  

p-po lar ized l i g h t  must be very weak near the plasma frequency. Evidence 

f o r  t h i  s k i  nd o f  behavior has been. reported experimental 1 y 1 0 9  l 1  f o r  pho- 

toemission f rom the surface s ta te  o f  ~ ( 1 0 0 )  . We therefore,  conclude tha t  

the peaks 

face are 

metal sur 

f requency 

òn a meta 

f requency 

i n  lÃ,(z) 1 discussed i n  t h i s  paper and l y i n g  close t o  the sur- 

ndeed rea l ,  t ha t  they a r i s e  from the e f f e c t  o f  r e f  r ac t i on  a t  a 

ace, and tha t  they may be o f  importance i n  understanding the 

dependence o f  photoemission cross sec t ion  from surface states 

surface, espec ia l l y  f o r  l i g h t  frequency c lose t o  the plasma 
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