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tions produced observations of secondary peaks which could he attrib u ted to
di ffract ion of secondary electrons. In addition , secondary peaks were

observed which are felt to be due to direct electron emission frorr local
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I. I : t  i , l u e . io n

~
‘um u : a b - :  at  i n d i n g  ol  t I i -  e I ’ t i o n i (  and  s t i l l - I  - i ral ~ r ( I p m t  l es

ot ao l u d  sum t - i c  -s l m u : ~ hecomr increasingl y l m ; a ’ r t u l t  , bo t h lI -c~iu5 -

at h t i uibi a- )tii ’ e i } ) I c t s  a t  s u r fa c -s , such as ( - r ) u - - i r t  r d  i n
u m t  e ar  u t  - I  c i r c u i t  f a b r i c a t  ion , and h - c I u S I -  s u r f a c e

p1 es ; I a  snot in important role in aru as such as eital ysis

~md c - I e e - t r o n  e m i t t  i n ;  d e v i ce s .  B a s i c a l l y ,  de :;m j tI - t b -  l a rge  amoun t
of w r i  m -v ( t - i  to  t h r - IT , s m i r f : u ’ - e s  r e m a in  as a p o o r l y  un d - r stood
1st -ct of sr - l id  s t a t - p i m —; s lc s .  To a gr C - at  e xt e n t  t h i s  i s  d u I -  t o
tb . - act  t h a t  s u r f a c e s  u r l . - no t  e a s i l y  s tud i d  C i t  h r  tJI I n r v t i ca l ly
or e:~:p - r i : 1 -r t. I l l y .  Theor u-tici l t r e a tm en t ~ -; a r -  d i f f i c u l t  because
much of  t h ~ sy m m e t r y  t h a t  s i m p l i f i e s  t h e  theory of b u l k  p r o i I - r t i e s
is lost  when the s u r f - i c e  ii ~ e n s i d e r e d . Ex~~ - r i men t a l  d i f t i c u l t i e s
st( m p a r t l y  f r o m the r e q u i r e m e n t  t h a t  the m e a s u r e m e n t s  be c a r r i e d
out under ultrahiqh vacuum conditions using specialized techniques
to i l s u r l -  clean and well characterized surfaces; however , much of
t b -  problem lies in the fact that none of thc- measurement techniques
are able to completely separate bulk from surface effects .

Ideally, an external , nondestructive probe which only interacts
with the first one or two atomic layers of the solid is required .
Although such an ideal probe is not available , the requirements of
nondestruction and small penetration are reasonably well satisfied
by a low energy  e lect ron beam . Desp ite this fact , low energy
electron scattering from surfaces has received little attention.
It was the main thrust of  this experiment , therefore , to exp lore
the possibilities of low energy electron scattering as a technique
for iiivesti -;at ing solid surfaces. Long range interests in such
measurements are concerned with study ing adsorbates on surfaces , but
IS a first step the clean surface itself must be understood and this

st u d ’ ;  was restricted to that goal. It was felt that new and useful
in forr~ ution could be obtained through a comp lete characterization
of the low energy electron scattering from a clean , atomi ca l l y
- u r i c - r e d  s u r f a c e .

Although low energy electron beams have been n eg l e c t e d  to a
1 I r ; I i  extent , electron beams in general have been used extensively
for studyinq solids and solid surfaces. Most of these investigations ,
h - w v r - r , have  h i - n  done w i t h  r e l a t i v e l y  h i g h  p r i m a r y  r -n e r q i e s  (>  100 eV)
and l

~~ i u 5r- measureritents —it lower p r i m a r y  one -riles have  a l m o s t  e x c l u s i v e l y
a - a i r  w i t h  the e l a s t i c a l ly  s c a t t e r u - d  e l ( - c t r n n l ; . F ur t h e r , the  measu re—
~~-~~t~~; have p r i m a r i l y  been made w i t  I large ’  soLd  a n g l e  de tec to r s  or
s m a l l  s o l i d  any l de tec to rs  a t  i fixed scattering angle , u s u a l l y  the
ap r-u l i r  ang le. Restrictions such as these have limited the available
i i t - r : I t  ion . Thus , in t h e  present  stud y an a p p l r I t u m - T  was cons truc ted
i n  w h i c h  l a t h  the ene rgy  and a ngu l a r  d i s tr i b u ti ons of the el ectrons
c o u l d  he s tud ied . M e a s u r e m e n t s  were c o n c e n t r a te d  on p r i m a r y  energ ies
ot 5— 1 0 0  eV , a l t h o u g h  the 1 a p p ar a t u s  was not r e s t r i c t e d  to t h i s  range
and occas iona l  measurements  at h i g h e r  e n e rgi e s  ( 100- 1000  eV) were made.

As mentioned , the p r i n c i p a l  stud y of low ener gy elec tron beams
has been that of elastic scattering from surfaces in the form of low
( - I I I - r gy  electron diffraction (LEED) measurements. From atomicall y
(,rdl-ri-d surfaces , the low energy elasticall y scattered electrons are
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t r - l o m i n a n t l y  c e u n t a i n u - i  in  d i  f t  r u s t - i  b - I r i s , and t h e i r  m a s t n e i l
a r r i l 1 R ’ment  f o r m s  a 1 1-fl -I D p - i t t  t m  w h i c h  is usn i 1 ly  ci ‘ s t -  1 1 7 - i  on a
t h i a p h o r  scre- u - m m  . A n a l ys i s  of the  LEED p 1it  t I - r n  i i  lows he s i z e
and  syminet ry  of t h e  t w o — d i m e n s i o n - i l  sur  f a c e  i t o m i c  ~~l r m r - tar I ¶ - -

be d e t e r m i n e d .  M e a a u r e m u - n t s  of t hese  l~1-fl-I U p a t t e r n s  - i t  u -  q u a l  i t  i t  m v e l y
~m S e f  u l  in  as~ (~ 55 m g the  iegr ’e- o f  o rdr - r of a s u r f a c e , b u t  by f a r  the
most  common a p p l i cat i o n  ot Li -lED has been in m o n i t  o r i n q  t h e -  clm in ;e s
in s u r f a c e  i - - r i o d i c i t y  d u r i n g  a d s o r p t i o n  of f o r e ig n  at o m s  r -r  m o l t - s a l e s
on t t m c  s u r fac e .  In  some i n s t a n c e s  such m e a s u r e m e n t s  can l i - ad  t o
p r e d i c t i o n s  of l i k e l y  b o n d i ng  schemes at  t hr -  surfice but in general
t h i s  is not p o s s i b l e .  Desp i t e  the  qualitative nature of LEED S such
studies have been useful and a number of recent re-view pap’-rs ’6
cover the app lications and shortcomings of the techni que. At ener m irs
lower than those used for LEED (< 20 cv) elastic electron reflection
measurements have been shown to be quite sensitive to chemical and
structural changes in the surface ,7~~

8’51 but the interpretation of
these meas ur emen ts is qu ite comp lex and at present there is disaqree-
ment on interpretation.

I n v e s t ig at i o n s  of the i n e l a s t i c a l l y  scat tered p r i m a r y  e l e c t r o n s ,
although rather few in number , have also shown pronounced surface

~t t - -c t s .  I t  has  been shown , for  example , t h a t  o x i d a t i o n  of m e t a l
surfaces causes the energy of the surface plasmon peak to shift in
en ergy ,9 indicating the changed electronic environment at the surface .
i ’ r op s t  and Piper 1° have observed surface effects in the inelastic
scatte r in g of 4 . 5  cv electrons from W (IO0). Energy loss peaks ob-
served when the clean sample was exposed to controlled amounts of
-; ascs were attributed to the excitation of vibrational modes of
the adsorbed s-iecjes that are related to the bonding arranqement
to the surface . In a similar experiment , Ibach has recen tly measured
t hur low energy inelastic spectrum and found multi p le s u r f ace phonon
losses on Zn011 and Si.12 rhese last two experiments were carried
out with better energy resolution than available in the present stud y
but they s -rye to point out the sensitivity of a low energy electron
P0-1111 to surfice interactions. Interband electron transitions have
-ilso b - - n identified in the inelastic spectrum of low energy d cc—
t rru rus l3 ,14 and , in p r i n c i p l e, el ect ron tr an sit ions  i n v o l v ing s u r f a c e
e l e c t r o n i c  states shou ld also be obse rved but  have no t as ye t been
r -po rt i-l ; however , photon—induced transitions of this kind have been
observed .15

~~
i6 -

-. —. ..~~~ In , dIi jtlOfl to the information contained in the elastic and
inelastic spectra , peaks have also been obs e rved in e lectron energy
distributions which remain at fixed secondar~’ energies as the primary
energy is varied . Two recent experiments ’7’’8 condu cted a t low
pr imary ene rgies have yielded secondary p e ak s  which could be cor—
rela ted qu ite well with enerqies and directions of high densities
of sta tes in  the  conduc t i on  band . Peaks  I i xed in secondary eruerqy
are also obtained throu9h an Au p-r process , and Harrower ,1~ as wel l
as Sche ibner and Tha rp ,l3~~l4 have attributed the low energy peaks
in their secondary electron spectra to such a process.

In the foregoing discuusion some of the possible interactions
of a low energy el ectron beam with a solid have been reviewed . From
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mi s diasua si I I  i t  is c l - - m r  l i - i ’ t b -  ~u m r t i - - j I , 5 - i s I i  1 ro le

~n t h u  au ’ i t t u - r i n ;  01  1-sw e n - - I - : :  I - c t  r u ns  i i :  - •~ 1 j 5  his m u r r v r r f - - d

Pu ’ n 1 ) t  i v a t  i i i  fl t h u m s  I r e sen t  s t - u i 1.  I n t b -  ‘ ol 1 - - w i 1 - 1  sect ion
t b -  c l - - f i r — s o l i d  i n t e i - m c t i u r u i ;  w i l l  I lope - i i n l I c r u -  - lc ” - i i l .

I I  . El - - - - t 11— Sol m if I n  t e r m  c t i o n s

1 P e c o m i d i r y  E - - !  r

l’he d i s t r i b u t  i - n  in  0 1 1 1 ; ; cc e l - c t  n o n s  10 w i n g  - u  t a r  l -  lu-
t o  m t s  l u u ) r i i u i r - l m - - n t  w i t h  ! r l m a r ’  l o r-t r o n s  is i t -  r I t~~~ as i
; -( u l iary e l ec t ron  en - c - : - .- i~~ 5~ r i l u t i o n  ( S E D )  . h r  p r i m a l y - n o r  m o - s

of iP lim: 50 V or ;r e a t - -r , a - ; s - i c a l  P 1 - I )  I I I .  f -  i l l u s r f - :  - i s
t i f l o W i)  i n  f m ; .  1, and  l v  common co ny - n t  i n  is I r k - n  1 ;  j u t .o ¶ h-
t i l l s r e g i o n s  i n c l i c  i t - d P - 1 the Roman m u m I l - r i l s  I n I I I .  R - m ; i O n  I
is r e f - r r e d  to as the  r r - ; i o n  o m  t r ue  5 - - I - i  I r y  . - 1 - c t r - n s  u~~~I

- - :.:t nc ls  f rom E s 0 to a s r - m u - w h i t  u r b i  t r i r y  u~~~- -  r l i m i  i f  I- l = 50 V .
E l e c t r o n s  in r e g i o n s  I I  .ni d I I I  i r e  ru s t e r r - i  t u  is  backsr - - i t t  - r d
p r i m a r y  e l e c t r o n s , r e g i o n  I I  I cl ) l i t i  in i i - ;  t h e  us I cu t  i sa l l y - i s i  - ;uas i —

- - 1 - m i - i t  i c a l ly  s c a t t e r - il - l - - c t r o n s  w h i l e  r -s- m i - - n  I I  c e n t i m n s  ‘he i n —
l i i i l i c a l ly  sca t  t m - u i p r i m a r y  e i - c t r o n s .  I sh o u l d  I v i m t - - h i  om~

t h a t  h u - s e  d i s t in c t  i o n s  -ar - made o n l y - I - - m i - I t t  er of  convenience ,
s i n c e  r - - -- m i o n s  I and  I I  t r a y - a c u r t a i n  a1TI ~~u u m r i ’ ot  o v - r l a l  w h - r  t r u e
ai-c’ a i i r y  el - c t  m o s s  c a r u n a t  be l i s t  i r u m n s h e d  r °n  in l u s t  iu - i l l v
~ c .j t t  r d  c H a i r - , - e l e - t  l u l l s .  I f l u -  i i rk ~~ u - - m t t  I p r i m  i n :  c - i - - - - r u i n s
w i l l  be t b -  s u b i c - c ’ I f  t i m - ne :-: t se-f m iii rich t n -  r a t  of t h i s  a e t m u n
w i l l  be d e v ot e l  t o  the  a - c o n d m r , e l e c t r o n s  i n  r I - ;  ions  I i n - I  I I  i f

t o -  SED.

Virtuall y ill m n r i t u - r i a l s  h : u l - 1 m m y  i i -  s i r - - ; -  n- c - i l s h i t - ’ of the
P 1-li) w~i th  the  c h a r a c t e r i s t i c  l i r p -  hr  i I  - c - ~i k  a t  1 - u w  e - n er q  i s .
These e l e c t r o n s  o r i q i n a t ’  f r o m  -i c ascade  t - r -s~m -ss i n  -~~t i  i c h  t h e
primar -,- elect ’- oni s s c a t t e r  i n - I  a t  ical ly rum l i t  t i ce  e l e c t r o n s,
excit ing the latter to higher ener- m i t - S .  r h u - s - -x ci 1 o l cc t r o n s
then a re  consid -red to d i f f u s e  t h r u u u  lu t h i ’ - soli 1 , s ca tt  -r m i - u ; f r o m
ot h u t  - r 1-i t . t ice e l e c t  rons  a m i d  t h u s  n . m  I t  i p 1 y i f lO i l l  i m u m m u t  - r . Those
w h i r - u i -  e n - r g y  and momentum a r -  t r o; -r - i i i  scip - m u  - - i - m u m  ove r
h~ s u i r t s i c r -  barrier of the  so l d o i l  j~ is I h - cu - w h i c h  i i v e  rise to

t h l -  t r u e  secondary t a s ak  . ~-1 m ri y c - x i -r  im e n t s  h ive  m - -  - - ri - - i r n i s - u l ou t
dea l i ng w i t h  v a n i - su s  aspects  o t  t h t rim- - sec u t - i i r  ics n i  t h i s  work
is i i - p i - i f - l y r ev i ewed e i s e w h r. ~~~~,~ ? l  W i t h  t b -  I - X - - ç t  i on  of some
Au m -r  sp l - u s t i os co p y  m r i e a a u m l - -lT - -n t s , w h i c h  w i l l  i -  ~h i u - i i ’ussed below , t h i s
re-s -li t s t u d y  deal t  o n l y  w i t h  SED ’ s tt l w  p r  i nary e n e r gi e s  where

r eg ions  I and I I  ca nnot  be di  0 i : - ~~i m j a t i - - - i  m d  I t i -  cal - i l -  process
is m i n i m i -a ’-d .

Supe r imposed  on the  g e r m - n a l  ly  ~u i u t  I i  5 u ’ n h i  r y  a c- c t  rum there
is a cer t a i n  amount  of f i n e  s tr im’ t i r - -  as j1- 1 m - - t  1 i n  f i g .  1. These
i r e  neaks  w h i c h  r e m a i n  f i x - i  i n  : - ‘ u n d i r , - e n - r i - - , I-Pu , as the pr i m a r y

en e rgy  is v a r i e d . Such p e a k : ;  have I u - - n  oi :, - r \ n - i  t o r  m a ny  yea r s  and
were  f i r s t  e x p l a i r u - l  by 1 . u i m u i u - r 2 2  i n  195 3 as  u -  i i i ; l u ’  f an Auger
process.  The A u g e r  p r o c ess  i - - i n be e xp i m  1 1 1 - i  1 u s i n g  t he  e n e rgy
l e v e l d i a g r a m  of [ i i .  2 show i ng two d i f t u - r - - n t  p o s sib l e  c o m b i n a t i o n s

— i t  e l e c t r o n i c  t r ans  i t  ions ‘ l i i i  i i ,  - t t o  t i - m o men t  t he trans m t ions
i m i d  c i t e d  by the  sol i i  a r r o w s . For s u f f  i c i  t n t  I y ii i gh  p r i m a r y  t ’ i m - ~rq ics ,
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a n e l i -c t  1 ( 1 1  can ha - r -move l f r o m  t he  ~‘t l ; h i - l i  0 1 ~~u , i  - 1 . t t u i :
s t a t’s  can t h i n be refilled by a h i u ; h u - r  l y m i l - ;  i l - C u  ron , i n  t h i t;

c a st - a ~- a l c - n c - e - e- l u - c t r o n , w i t h  e n e rgy  b e - i n - i  - ; i y -n u s  j r  - 1 - -  of two
w ay s .  E i t h u -r  t h e -  ene rgy  can be g i v e - n u I  f i n  t h e  5!ulSS Ion 51 - u
p h o t o n , ; i v i m i u ;  t h u  u s u a l  x — r a y  l i n e s , o r t l i - - m - r p- c-a n l u -  e ; i ’ ’ ~ - ru
up in  - i n unr u~ i i  i t  i v e  p roce ss where another el - u t  r - r i  r - ; c m / t - s  th e-
enerq-2’ l i i i 15  ex c i t e d  Uf) to a h i g h e r  c i t - c - f  r a n  a l i t - . T h i s  l a t t e r
process I S  c a l l e d  an A u g e r  process and t or t h i s  a i r  t i c ul a r  -:- : i mn:  le
is Ic~~ ictc ’d Li-; an cxc i L a t i o n  f r o m  the  v a l e - m u s t -  h i :  I ;  t h i s  w u u u l d  I
t i - c m - i - I  a n V\-’V A L i g i l t ; rocess. A second ex i m s I u l e  is i nd i ci t - - -: l i -~~

- I

d i c u h u s I am r u wa . lIe -r e - the 1 s h e l l  i s  i n i t i a l l y  e-rn p t I l  Ha iS
n e u t r a l i s~ - h  by an e l e c t r o n  f r o m  the  M s h e l l  w i th e n e r g y  b - i n g

r a r u s t  u - r r e u i  to a va l ence  e l e c t r o n ;  t h i s  is l abe l  l u - il ~~ I~ -IV A u - p - c
r cc -ss

T he u s n u - r u ;  i t s  a t  w h i c h  these e l ec t rons  ap~ i -a r i S  I l l  - P E D ,
u s i n g  the’ vacuum l eve l , Evac , as a zero r e f s r c nc - a r :  given as

l i
~(

Ev 
— Ev 

(1)

‘ LMV 
— tl — I l ~ — E v I ( 2 )

J~s can hi- seen from these expressions , aside- from the hr - - - ude- ni ng
of the  a t o m i c  l eve l s , c - s p e c i a l l y  the  va lence  band l eve l s , t he
e n e rgy  t r a n s f e r s  a v a i l a b l e  are characteristic of the elements I r a n
whi ch the solid is made up. Similarl y, if there were contaminants
on the surface , the same type of Auger processes could t ak e  p lace ,
the erie -ru;y levels then being characteristic of the contaminants
present. A measurement of the energies of these small p - a b S  in
t i m - SED then provides  a d e t e r m i nat i o n  of a tomic  spec ies  DTi-Sd -T) t

n ea r  the  s u r fa c e  of a s o l i d .  Such m e a s u rem e n t s  have led t u a t r i m
of s~~ec troscopy ca l l ed  Auger  e l e c t r o n  sp -c t  r o m u c u g y  ( A E S )  w h i c h  has
b~~ - ni the s u b j e c t  of i n t e n s i v e  work  s i n c e  1 9 6 7 ;  m u c h  of it b e i n - m
:u ’: -r -u i i n  r e v i e w  papers  by Chan cj 23  and R i v i e r e - . 24  A ii - ;e- r s~~ -c t roscopy
measurements are generally made with h i g h  I r i m i r y  u n e r ; i e s  and the
V- -mk s measured involve transitions where - i  c o r k - stat : is i o n i z e d ;
however , the same considerations can ha- appi I -el t o  eh-ctron transitions
i n v o l v i n g  on l y the  conduc t i on  and va l ence  ba i m is , u j i m u l  such processes
have been used to explain structure in pho t u-emis sli u li -tie r -n y distri-
butions. 25

Other processes which lead to st rmuc- t I S ’  i S  t f it- S - u - n u l a r y
e l i - c t  r o n  spect rum have also been proposed . In  a mar ine r  s i m i l a r
t o  t h a t  involved in the Auger process, plasmons may d - - e -xc  i t  e by
transferring their energy to valence or c o n d u c t i o n  e l ect r o n s  f r o m  a
p r e f e r r ed narrow ra nge of initial states. rhese excit ed electrons
may then , i f  energe t ic enough , escape in to  vacuum and cause  fine
s t r u c t - i re  in the SED. I t  has  a l so  been shown by K a n t ’2 1  t h a t
secondary  e lec t rons  occupy the  c o n d u c t i o n  band accord i ng to the
local d e n s i t y  of s t a tes , so t h a t  a t  s p e c i f i c  energ ies  and d i r e c t i o n s
in K-space the  electron densities should disp lay relative maxima .
These would show up in  the 3ED a~ angu ’~~r ly  dep endent  ~~- r u c t u r u - .
Such e f f e c t s  have been observed in  Si by I3~~st .~~7 Peak~, r e l a t e d  to
the band s t r u c t u r e  have a lso been observed in  the  SED ’ s f r o m  g r a p h i t e
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u m a i n g  i im -rnu i ui I u lu -rlcal d - t - : t - ;  ~~~~~~ ( ) ~~~ ‘ l u l u l i f  i o u - i l  u r u u l  SS t
l u - i d a  t i  u t  r i - m c t ~~i n u -  in  t h e  seu ’ o t m u i u r ’ ,’ s~ t r i m  is t h u  - h i  i r a - f  ion
of a c - u t - u  -; el - c f n u n s .  Sec u : i u i m r ’ 1’ C - l u - c - t I l l ; ;  t t m - i t  a r - c  r e i t  u - u i

w u t h  t i m e -  p r c u r u s I  u - h r - ; ,  a nd  - N r a - u -f n on n u n -; 5 - i t  i s f :  a uPn a g :  ( i l l —
I r a c t -j o n  c n u n d i t  i o n  m u  g i ve  u -n h a n c e d  i n t e n s i t y  t u  the’ SEt) in he
d i f f n  - u c t  ion d i r e - f  i o n .  E f f e c t  u : -  5 t u i I l t  ion ot thea - v a r i o us

- u - ’- - ; u s es m - - t u i r e :-; ¶ b a t  b o t h  e - n u e r - ; y  a n i u t  a n u j u l - u r  I i i s t r m b  t i o r i
lu ’ i  a:mmem ents hi-  li i i u l u  -

2 F- i c u s c a t t  - - c - - :  I r i m ar y  -Je ’c t rons

a l : u c - l a s t m c - i l l y  Scat  t , - r u - d  P r i m a r - 1- E l e c t r o n s

hue - u n i o n  I I  of f i g .  1 c o n t a i n s  t h e  in - l a s t  u c a l l y  sca t  t - - r c - d
primary -i u - ctr o rs. The most  prom i m u - n t  St  r u t  - - in I h i s  r eg i o n
is the u ; r uuuI 01 characteristic loss l i-Il k ;; whi -l u o mr within 30 eV

u t  t I elastic 1u eik . Each of t i - la -a u - peaks curtains m ;rm mary electrons
wi- i i u -i; h ive lost a ~l i s c r u - t u -  amount of c -n e r u ;y  in c iu su nq some
excitation O f  N i t - sol id; they ar’s tu rned ch ir m u/ f u - r i  a t  m~ loss peaki-;
l u - u - l m a e i n  u~~- n i t - r a l t h - i r  c m n u i - r q y  s e p a r n t  u i - m u  i F u u r - i  I he e-l - ~stic p c - a k
is sHam a c t e ri s t  ic of t h i -  m a t e r i a l  and i n i d e 1 u r i - t - n u t  u t  p r i m a r y  e n u - rgy

W ( u  t ypes  of -h i r m c t - r i st i c  loss -i- ; ~i n u  - - u r r i n m u u : i l ’ 1’ - u l s e rved
t ic s - due to i n t u r t u l n u l  e l e c t r o n  t r a n s i t  ions  u u u d  t h er - ic- clue to the

exci ti tion of collective osc ihl ati u uns of the valenc e’ electrons ,
s i l t e d  plasma oscillations. A piasmon , whi ch is t h e  u m m si— ;u a rti cle
t ’ - r r ’ i m uc logy for a p 1 -asma osci liation , is often what one refers to
in scat t m - i nq probl e ms. Plasimnon loss ;ue-~iks ir a - usually he d o m i n a n t
F l - l b s  in the inelastic spectrum at high c’n -rg i :i-u and have re-c ’t- ived
a r a t  d - - i I  of interest , both u-x L u - r mm e - r m t ill ’; and thu- - c ” j u i l  ly.
S - --.- u - ral reviews of the subject9~~

? /
~~2R h u e :e  bc- -m u w n j t en -‘ i - -v -ring

‘1 the theoretical us lu eu ’ts and u-x } u u -r i m ; ul-flt al w- - m  ti; - I - i t t  c r  has
lw- - i t  m ainl y on high pr imu r ir y - : m e - r - ; m - s  ( ‘  10 iSV )

Two ‘ Ii ffer: mut t y t u e - s  of lul ismons f i i v u -  l u - e n  d u s t  i r u m u m i s h o d : u - n ’
is ti m - iu u u i h  plasmon m d  ‘or ri-sponcis to a l o n q i t  - u - i i n m I  u u s c i l l u t  ion
of  t a-  - valence electr uun s of t b -  sol i i .  T I i - cx c i it mo n energy of
the hulk plasmon , in tlic- free u l u - c t  l u l l  i i ~~ n - I - i n n-i t ion , is -m m vt’rm i v

~ ui) = 4- i + i-I - — -— - - — —  1 3p po t m u
~~0

w il t - r e ~l is the  wa d - v - I - f e c of the p i - m a m n i o s c i l l a t i o n , h~ is t h e
Fermi e n t - r g y  and j u t  is f l it- plasma fi e u i u i ’ n i u - ; ti lt -r i by

w i e - r - n is the v u -r u - - e l e - c t r u ; u  u l - u m a i t y ,  m i s  f lit- t ree electron mass,
a n a l  - i s  t i n - - p e r m i t  t l v i  t y  of v a c u u m .  I t  may  l u -  ru  l u !  from this

- a _ i  c u r l  t ha t Ne-  p l i s m a  I r - j u e n c y  i s  u k - j u e n d - - u i t  o n l y upon j u r o j u t - m t i e s
mat -r i — i l • f -P r - i  n umbe r c u t  p i t  m i s  1 5 1  some tut- r in i conductors

i ncludin g ( 5 - , ; u u u u u i  i - t r t - i - m ; u u - n u t  i t ;  f t  a m r ~~- u l  l u - t w - - - n  f l u - t u - i s n i r e l p l a sm on
e~.e r u ; y  in ~ I I li - it c i icul i t  - f  by u s i n g  t h e  I m i l l  n u m n m u b e r -  ol  i - i  l - n ’e e le c t r o n s

5
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r it i - I ’  t o  l e t  u - m r - m u t t ’ t i m . -  electron ul -n i s it y . Ii u w u-t’ i-r , in g i muc - r i l
; - - u u i  a - : r  -i - m i t  u s n n o ~ i f  u n t il S ince  i n t u - r h i m n u l  f n I l i l i l t  i o n s  s i n
sli m I t i t  - p i i  smon 1 u t - i k  is u r i s  i der a b ly ~ (A ppend i >: A )

T i m . -  a t - - i - n i  1 , 1 - u -  u i p lasmon  e x u ’  1 tat ion , t he- surface j j l a s n u u i r u ,
is u i - l i t  i n  w h i c i m  f i t- oscillation is asso c iit ti - i  w i th m tu rf ice- w a - -u -
t i m i ’ iS 1 m u a t  imm - ; ~- u n m l l e l  to t h e  s u r  f a c t -  but whose- a mp l i t u d ’ s -
f i t  ls u I  m u  di r t-c t curia norma l t o  t ile- s~m n f ace- . 1- xc it -ation emit -r i - l ies

u t  s u r  f i s’  i m i ~u n u o n s  a r e -  related to the lii i  k plasmon for thick
1 lu -s b y 4

= l (5)
s 2

in the surface - is clean , planar and bounded h-; v a c i m ;n n . S h o u l d  the
a n t  f a r - i-  not Ut ’ c le an , such as when ox id i S c - u i  f u u r  e x a m p l e , then t i -me-

t:>: ; ’ i tIl l ion e - m i u i - n u ; y  is u ;iven by

= t I )
5

- 1+

is the  s t a t i c  r e l a t iv e  d i e l e c t r i c  ‘ c : ~ a t  ant of the- L u c u u m n d  i n - n
m a o - n i l  on t h e  s u r f a c e , e . g .  the ox ide .

c’alc-ula tion of the characteristic loss ~: r - , - u ” r u m  is p O S Si b l e

i t  the primary electron energy is re latit’ u-l y l i r g ’ - . 1- u n  t im - - - m s.’
of t’ iu- u :trons in the energy range of lO -~— l O ~ eV t l u u ’  i ra- i~m I -;t m e -
sc - u t t u n i n g  is reasonably well described by the die l - -u’t r i c  t i i u u u r y

of sol ids , certain aspects of w h i c h  are  d e s cr i b e d  i n  u 1 r - t - : u - i i x  A.
In  t h i s  t heo ry  the response of the  electron ~ ‘i- a t i - r -u of t h e  sol u-!
to the- coulomb fo rces  of the  f a s t  cha rged  ~~i r  c l , -  is it -scr ia  - i  by
the  d i e l e c t r i c  c o n s t a n t , - ( R , i- - ) , where ~ - and ~~l< m m - - t h e - e l - c t  r u n

m - n e i - r q y  and m o m e n t u m  r e spec t i ve ly  of the  t i - i c - c f  r o n  h i - l o n g  m ncj tu- the
s o l u l . In  p r i n c i ple  t h i s  f u n c t i o n  can be c a l c u i n t u - i l  f r n u i i i  the band
s t r u c t u r e  of the s o l i d ;  however , i t  is found  that t i m , -  f u n c t i o n
e (0 ,.) describes the scattering of fast electrons quit , - well mimi - I
is easil y obtained from optical reflectivity umut -asur ements. The
reason that (0 ,ti) is adequate , is that the excitations product- ui
with significant probability , for high energy electrons , h ive small
momenta (e.g. plasmons) or are associated with u-sac- nt iall y ,ne- ro

.- — -‘-- .,..~~~~~ nn uo r tu t u;tum change , as for direct iriterband transitions. t1

From o p t i c a l  r e f l e c t i v i t y  m e a s u r e m e n t s  the  r e a l  and m nn u~m u ; i n a r y
components of the complex , frequency—dependent d i e lt -ct r i c constant

~~~( , )  

~
- i~~

’
~ 

+ ~ t~~~~(~~~) (7)

.
~~~~ ha - d e t e rmined . The principal direct interband electron transitions
are indicated by strong peaks in either t 2 or ~

2, 2 since the transition
r~i t t -  } u t - r  u n i t  vo lume fo r  d i r ec t  t r a n s i t i o n s  is given  by (see Appendix  A)

W ( W )  a 2 

~~~~ 
(8)
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f u n - t h u - case of f a s t  charged  p m r t  i c l et ; , f l i t -  C o u l om b  i n t e r a c t i o n
of t h e ’ t a s t  p a r t i c l e  w i t h  the  e l ec t r o n  Sy : - : t - - ; t u of t h u  solid rep laces
the n u l a n e  w m v e  i n t e r a c t  ion  of op t  ic~a I m e a s u m r u - m ; u u - n t  a . As i n( : i c at e d
in  A l u n u u - n u l m  x A , the  p r o b a b i l i t y  of  m n e n t - r u ; y  loss h .  by - i fast charged
: u r t m c l e  in; producing b u l k  - : - : c u t  i t  ions is ruu l s ur t ion a l to the function

L ( - )
—Inn —

~
-
~~~~ 

= 
- 2 ‘ ( 9 )

L i i )  + u
2 (

~~~
)

t n-n - - i - i the  u - n u t - r u ; - ,- loss function. Using this function , with the
u S - f i c i l l y  determined (u) an d  -) ( - ) functions , the characteristic
los s a c 1r u m n  can he- h i t  ne - a s c u n i mi d y w e l l  f o r  h igh  e n e r g y  e l e c t r o n s .
I n  t h i s  t h u - i cy ,  the  e n e rgy  of t he  b u l k  p lasinon u s  d e t e r m i n e d  by
the condition

= 0 ( 1 0)

w h i c h  f o r  fr .-e e -lu-c tr o n behavior y ields equation (4) for  the p lasma
f n e - ;u -n c : y (App e -nd  ix  A )

l u m u e r 29 has a t t e m p t e d  a t h e o r e t i c a l  ana l y s i s  of low energy
i n e l a s t ic s c a tt -  n u n ;  of e l ec t r o n s  in  w h i c h  he concludes that the
f - o m I t ion e ( 0 , - u )  may n m - s t  be s u i t i - uf to describing the inelastic
s c a t t c - rm n u ; .  He u i ; i w ; ;  t h i s  c o n c l u s i o n  on the bas i s  t h a t  low energy
e l u - c t r u u : u a  tn m v , - i - ; c i t t - - r i n q  probability that is less sharp ly peaked
in the f i - u n~~~ i r u I  - l i r e c t  u o n  t h a n  t h a t  f o r  the  h i g h  ene rgy  e l ec t rons .
I I  t b - n e  is s i - ;nit i c a n t  large angle scattering (~ 20°), then the
- x c i  I i t ion w i ” .- ‘se ct  u r  m a y  lie-come comparab l e  to the  d i m e n s i o n s  of

t h e  r e c t ; - m c i i  1 i t t u i - , - , m nu el ning that non—direct transitions become
S i u n l u u f ; - ’ m n n t .  I n  his anal ysis he derives an expression for the
s - s i t  t o r e  I ‘ u n  i -  r u t  ~issoci i t e d  w i t h  a g i v e n  ene rqy  loss , -E , q i v e n  by

j ( i ~ K )
I ( t ’ l . i  = ~

- 
mow 

~~~ 
‘
~m uv l ’ 1

~~ 
( 11)

u , v l~ ~o -

where j i~~ the inic: ident current and j is the scattered current
for a p~ rticular interband excitation WH~ ch involves a momentum
trans fu-r ‘-1k i ;u going from branch u of band -- to branch v of band m
separated by t-ner -; y ‘ E; this latter term also includes in it the
inelastic scattering factor . The term J - :  is termed a qeneralized
joint density of states function , in anaT&~~ w ith its  counterpart
in optical absorption theory, where - ‘~~~ = 0 (Appendix A), and is
given  by

J ( ‘ E , ’I ~) I 
___ 

dS 
____m - uv j — --—— -——- — - -

. 
— —

~
— ----- - —

s V~ 
E ( K  f K ) — E ( K )

E —F = ~F ( 12 )mu -
V

7

~~~~~~~~~~~~~~~~~~~~~ 
—

~~~~~~~~~~~~~~

__ ,_
--— j . - - - ... - — - -‘-‘, -—.— . - —- — - - -



As u n t l u -  - l a - -  O t  o j u t  t e a l  u l u : ; u u u  -f l u l l , wh( :n t h e  t w  I - - u i - I t ;  n-
m a c a l i t - I  t n  a - ; i v . - u i  tE a n d  K , f l i t  t u m r ~i ‘1 is I u r I c . I ’

m s - - out - n ‘ S c- r u t ’ 1 us u u u n  t ha I - K 1 0 w i l l  m u -  - u~~ r u  I - - m ’ l m u - n  u li - i ml
t h e  ‘ ;-:cu-pt i- sn ; . I l u - w - - --:~~- n , t - : ’ : j u e - r i m n - - n i t 5 l~~~, h i  h a t - u: j n u l i u ’ i t , u i  t h a t
s m al l  a r u i l t -  s c m t t - n  m a :  is of t o n i  u l u t i i i u t - u l  u -ver u I - c  l . i r u ; e -  l osses ;
hen . O n e , u i i - m t -r ’ s conclusion n r u m y  n u t  U. : f u l l y  w a r r i l u t d .

lu E l m s ;  i c I l y  S c a t t e r - - I  r L m a n v  K I t - c t  n i - i - n ;;

K i - - ;  ion I I I  c i  u - ;  . 1 con t i i  mis t - i c - ct  n u n s  wh i ch i l u m v ( -  U. - -

i - i t t - i  i - l a - f  ; s m ll y 01 “ i j t i u i S l t l i i - i t i c m l l y ” s c u t t u- r u - d . “ u ) u l u s i —
, s L i at  i t . ” e l e c t r u u u u s  u n , - t hose p r i n i u m n y  e l u - u ’t  rons whi ch as w e -li
- i s b u-oi m el m : ; t  i c a l l y  s- ’ t t t u - red h i v e  s u f f u ’ n - e u  s m a l l  u - n t - n  i - ; ,

- m a s t - s
or ; u u  1 uS ( 10 m ire V )  iuy phomion s c a t t e r i n g . S ince  the  u ; u ; i - a r i t u s
5 I-i~~~ i in  t h i s  u - > O u t - r u l u u ( n ut was not ab l e ’  t i - u  r u - s o l ’ : u - t h e  “ a s u — ’ - l astu u ’”
el t n -  ns t r u ly t h e  e la s t i c  e l u - - N o i m s , i i i  u - l u u ’t n u n s  i n  r u - u n j o n u  I l l
wi~~l i i - .  c o n s m u i e - r u - - i  ~us elasticall y scat t e- n -ui.

I n  u ; u -n e r a l  t h e - n - - i r e -  u- l a s t  meal ly a u ’.i t t u - r e d  e l u - t  ru ns a t  a l l
an g l e s  of a c u t  I - - r i n g ,  b u t  t h e i r  n u m b e r  :u t  an y  q i v . -n a i r - N e -  i s
stro n i u ml y dt ’pend enu t spu n time d e g r e e  of  a t c u n i c  e n - I t - n  of the s o l i d .
f u r  compl -tely disorder e d solids the e l m i - u t i c  intensity varies
smoothly w ith anq it- of sc -ut tering s h o w m n - ;  l i t n  i t  or no structure .
A t e o u c a l l y  c i rc it -r e d solids , in contrast , gi v t - rise- to difCraction
of e l e c t r o n s -u  f r o m  t he’ “ a tomic  g r a t i n g ” , lead m n u u ;  to  m u t e - m u s e  beams
at  5;ue : if i c  s c a t t e r i n g  a ng l e s , de p e n d i n u ;  upon t i - - p r i m a r y  e n e r g y
and  a n ; l e  of i nc idence .  For “ p e r f e c t ” c r y s t a l s  t h e r e  w o u l d  o n l y
l u  t h e  cob - c u - n t  s c a t t e r i n g  l e a d i n g  to t h e  d i f f r a c t i o n  beams , h u t
r e - ui crystals yield some elastic intensity between the diffraction
beams with the rt - lative intensity dependent upon the de ;ree of
- -r ’ a t m l l i n e -  order , t e n n i p t - r a t u r e , defect densit y , t - t c . The amount
of l u - k  m r u r - m ; i u l  s u n a t t e r i n g  g i v e s  a rough m e a s u r e -  of t h e  degree  of
cr,- a t  m 11 u ; .  - order

W i ; u - m ;  low energy electrons are elastically scatt e r e d , the
i - l i t  f n u i - - t  ion i , u - a n n ~ observed are governed by the two d i m e n s i o n a l
s u r f ace F u t - r m o u l m c j t u e s  of the atoms . This is becuus .- the elastic
a n a l  i r e - l i s t  ic coil  is ion cross sections are so large’ for low energy

l , ; t r u g  t h a t  f h u e -  p r i m a r y  ~~lec t r o n s  o n l y  pen e t r a t e  t h e  solid to
- i i i  t at  u n i t e d  du jut h of 3—1OA ~ before being scattered . The propaqa—

u nr u u lirect ions it the resulting LEED beams are governed by the
I wi- dinn ’ - nm siona 1 Laum ’ - c o ndi t  ion g i v e n  as

i
~

j ~
_ i-
~ , p = ; = 

~o
i (13)

where V u is t i me- incident electron wave vector , 1~ is t h e  wav e vector
4 of the l i t  t n i u ; t s e l  beam and g is a surface reci procal lattice vector.

Il m , - surface reciprocal lattice vector is del m e d  in analogy with
the three dimension al rt -n’ i procal lattmc e vector by the relation

u i  + m~ 2 (14)
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w h e n , - the - h i : u i s  v e c t o r s ,  a m  b , , -sf  t he n ;u : i p rocal  l u - u t  l ice
are u h e n ~- r m ; u t - i - l  t n u n  t h t - b a s i s  t ’eu ’t u r s , a 1 i n t l  -

~ 2 ’  of t h t -  surf -ice
;i - h i  of th e sol u i - I  as

- 
a x n i

U 2ni
n (a

1 
x i

2
)

( 13 )
n i

= 2 ;n —_________

2 
~~~~~~ ~~

where mm is a unit vector in the direction of thu o u t w a r d  n o r m a l
to the s u r f a c e .  Any  g iv e n  r ec ip roca l  l a t t i c e  v e -c tor , uj , is
perpendicular to the surface grating line ide ntified by ~he Miller
indices  ( -  ,m ) ini u l satisfies the property

= d ( 1 6 )

w her e ;  d is t h e  d i s t a n c e  b et w e e n  a d j a c e n t  g r a t i ng  l i n e s  ( ; m )
I t  shout ~ be pointed  ou t  t h a t  t i m e -  basis v -ctors are defined for
a surface mesh where the atoms have t h e  bulk spacings. In
gene ra l , however , the  outer  one or two s u r f a c e  lay e r s  may have
; m n u i t  me shes t h a t  are d i f f e re n t  than the bulk. This is found for
c 1 , -m n ~ surfaces of some materials w h i t - r e  the  s u r fa c e  is r e c o n s t r u c t e d
a n d  is o f t e n  f o u n d  when o t her  a t o m i c  specie- s a r e  adsorbed on a
s o l i d  s u r f a c e .  T h i s  o u t e r m o s t  s u r f- i c e  s t r u c t u r e’  wh en I t  d i f f ers
f rom the  b u l k  i t o m i c  a r r a n g e m e n t  is t e rmed  t h e  s u p e r s t r u c t u r e  and
the first atomic layer which has the’ bulk atomic confiquration is
termed the substrate surface layer. It is q u i t e  o f t e n  f o u n d  t h a t
the unit mesh o f  the superstructure has dimensions which are integer
multi p lies of the substr -i~~e- mesh and this face gives rise to
f r a c t i o n a l  o rder  beams in the LEED p a t t e r n .

Without multiple scattering, a simple two dimensional grating
will not produc t- any change in LEED beam intensity as the energy
is varied , but in practice the beam intensities are strongl y
modulated . Th i n; effect can partly be described by a k i n ema t ical
mode l in which the third Laue condition is used to account for
constructive and destructive interference between parallel two
d i m ens iona l gratings. The kinematical model assumes that the
electron wave field incident on any atom is equal to the primary
wave f ield and only  sing le weak sca tte r i n g  even ts are a l l owed as
gover ned by the a tomic sca tte r i n g fac tor . Such mod els are usef ul
in explaining some of the intensity structure but art -’ u jt - nerall y
inadequate because the large collision cross sections violate the
kinematical approximation of single weak scattering events. An
improvement in the model can be achieved by issumi~ q the primary
wi/ u -  field is attenuated as i t  penetrates the surface; the attenua-
tion partiall y ,iCcoUflts for the l a r g e  collision cross -sections.
What is needed , howeve r , is a mu ltip le— sr att u- rinq model which takes

9
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I n to m~ ’ ’ u u u : u t r h ,  i n c - l u s t  i c  d a m p i m i u n  of t he: u i - i t - c t  r on  w a- s - s .  Such
- i y n e m m m c i l  - m i c u l a t  u r i s  li i ’s , -  b a - u - m i  ~i t t e m n p t e d  u i u h  h ave -  t ’x p l i I l i e u
ex : - n  m e n t a l  n e - s u i t s  \ v m  th  v - i n  y I n ; d t - u ; n e t - s  of success , u , i m t  t b m u - y
a r t - h f  I m e ’ u u l t  a r m - b  ms  ‘1’u t  n o t  r e a u l i l y  a p p l i c a b l e  to u x ; u l a i n m n u ;
t ’x ;-t - r i u r e n t m l  n e - s a l t s .  I n  i - i y n a m l c i l  c s i l c u l - u t  - :15 t i l t  wtit ’ - - field
m m i c l i , - : l u  - I - - m n ; in n t - - u i - i  is nu i u l e -  u ;~ of t b - -  p r i m n m m r - ,’ w i ’ s e  f i n - i d  and
‘ h e  ~ c m t t  u - n - i  w a v e -  I i t - h I s  I r u u m i u  a l l  other atoms in a self consi :-;t u - n t
— a n n e - r ;  in c l a s t  is damp i : l u ;  of the  e l a s t i c  w i u v e  I b i d  is s un iu et l0e~- i
i m ; c l u a m u ; u i  . T h i s  ne- i n s  t h a t  as i l  - from det t- rrni n i n i - n  I h s u r f a c e
pe-r m r u d i c i t i u -s u n - i  t h e  u n i t  c e l l  size it is u s u a l ly not  p o s si l l e  t o
l u : t o r : t u i n e  - - s i t  i on s  of atoms w i t hi n  t h e  u n i t  c e l l .  Thc-se c o n s i d u : - r a —
Ou nS i l  i c - sc r i be - i thorou ghl y in - i number of review articles~-~

’1 and
w i l l  n - u t  h at ’  - t i r s u l u - t I  further here. One a d d i t i o n a l  t h e o re t i ca l

i - u - a m l c - -  di -  a i c - m r  some mention at this point; this is the; intensity
u v e ’ r : u - n u n i - ;  t e c h n i e lu e  employed  by Duke  and T u c k e r 31 ’ 32 f o r  d e t e r m i n i n g

si -m n t ic, ;  s t r u c t u r e -  f r o m  LEED m e a s u r e m e n t s .  T h i s  t e c h n ique re l i es
on thu - I S - !  - : m t  m a t s  t h a t  above a b o u t  100 eV the  e f f e c t  of m u l t i p l e
~a s i t t e n j n u ;  i s  t i - u aci d f i n e  s t r u c t u r e  and e n e r g y  s h i f t s  to  the  i n t e n s i t y
curves p n e - d i c t e --d by a k i n e m a t i c a l  model .  However , s u i ta b l e  e n e rgy
a ver ~m - ; t s o f  t h e  i n t e n s i t y  a round  a s t r o n g  rc ’ I I n - c t  i on  in  t he  intensity
~- r ( u f i l e  l e m i  to m y r u u r a u r e d  i n t e n s i t y  p r o f i l e s  w h i c h  a r e  in  u;ood a u ; r e e —
0, - n t  w i t h  k i n u t ’ r n u a t i c a l  c a l c u l a t i o n s  and  a r e  i n u u h e - ; - - -ndent of the sub—
str.;te. T h i s  then gives a method by which e x p c - n im e n t a l  i n t e n s i t y
n u n - u t  u i-s w i t h  c large number of multi ple scattering peaks can be

m t - a - n i  r e a l  t i - u  y i e l d  i n t t- n s i t y  p r o f i l e s  w h i c h  on l y havts  pea ks  co r—
r c ’ s p - n h i n c ;  to the  k i n e m a t i c a l  peaks .  Compar i sons  of t h i s  p r o f i l e

r ; ; u ; ~~~d k i l -  - n u m t  m ai l model c a l c u l a t i o n s  can them i  j i v e  the  s u r f a c e
st r u c t i u n . - . T h i s  is  a new and so f a r  l i t t l e  t e s t ed  a p p r o a c h  but
his - i : - , W u u p r o m i s e  in  e x p l a i n i n g  some s i m p l e  s t r u c t u r e s .

For the purposes of this work, a convenient representation
of ‘ be  i - l i t  f r a c t i o n  process , which will lend itself n i c e l y t i  the
l a t e - n I I S C U S S 1 Of l  of inelastic diffraction is the Ewald sphere
c o n i a t  c a c t i - m r s  in reciprocal space. An ex amp le of such construction
is c u t u u u w : m  in  f m ; .  3. This diagram shows the reci procal lattice of
-l s im pl u - i am b i c  crystal with lattice spacing, a , for a plane cor-
n- -s~ O I l  I i n n  t i -  one i f  t h e -  cube  f a c e s .  T h i s  is a l so  t a k e n  to be t h e
f u l u m n - -  of inc i dt’nce- of the .‘ l - ’c t r o n  beam.  th e :  clots  r e-pr u ’se -n t
i t - c i l r u u c a l  I m t t  I c e - points of the three—dimensional reci procal

i t t i c , ’  w h i l e -  t il t - ro d s w h i c h  run  no rma l  to the su r f u ce of the
cr -- ; t u i  mr ’ the two dimensional diffraction rod s used for LEED.
lb ..- n i - u  i i  are -re- n i t -  ruted by keep ing the surface periodicities of
t i lt- crystal fix e d whil .- separating the atom layers parallel to the
sur l i u y ’ ;  tu -  infinity. Because the dimension in reci procal space
- m r. m n u ’!- -n : -u u -] y r e f u t e d  ti the dimensions in direct space , this causes
the reu :iproe ’il lattice points in the direction normal tut iii. surface
to Iii t - r -; e- t u - : , - t  hit-n and form a rod . In an Ewald construction the
incident eis -ctr e nu wave vector , I~~, is drawn such that its end is on
a nu-ci p rocal lattice point and it is oriented at its pr u; fue ’r angle of
inltS’ idence with respect to the diffraction rods. The wave vector
lu-ni u l th is gi ven by the f r e e  electron re l ati on

2m I - : 1/2
K = 1—~ J j (17)
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‘s c u n c Ic o~ ra c I  u us V is dr iW:: u i i u u ~~ t , (I , t lie- - u n iq in at the
incid e nt ‘sect on m i - h  u i u’il u n t - r u - ; t ’ u ’ t i o n  o t  his ci  ccl,- v i i  i-i
r t s ; - n m i r o c a l  h - i t t  i ce  rod de l  ines  t i;. end point of t h u  w a v e  v ect o r

u r n  a l i f t  r a c t e d  Ut - ai m;; ; a n u m b e r  of such  : - - u - t ; u r s  a r e  sb uu wni w i t  K
1 : 1 - b r  bu ’ m m  n o t - u t  i o n s  ind i c a t e d  as su b s c r i: -t a .  A l s o  shown is a
su r f acc u r e c I p r o c a l  1.-i t t  i c c -  ‘s- -ct o r , u~ 1 ~~ 

a mi d i t  can hi - - seen t h a t
c o m i u b i t i o n  of e q u a t i o n  ( 1 3 )  : i - u ; u n r m i i ;  : I be r u m r m l  l u - I  c u ur n u o n e - r 1 t s

of the w its- - s o  i - c s  is s i t  m s f  n t - u i .

I h i t -  d i l  f n i i - : t i o n  i n - ;l e s  a r e  ci t - - n - m t - u I  lu ~ ’ f- lie i n c - u-
sect u i - u n ;  01 the Ewalu l sp h e r e  w i t h  t he  n e - c i : u r o c i l  l i t t i c t s  n c u i - I s  t h e
i l u t t s r i s i t y  ~: i r i i t  i o n s  ( ‘u l l l I i t  be u n d t - r i - r t - s e u i f  u n  t t - r n i s  of t h e -  rod s
alone. From a k i n e m a t i c a l  v i e w p o i n t  an m t  - -mu s ity -u i :-: imum occurs
f o r  a m u i r  t i c u l a r  d i f f r a c t i o n  h u u : im w h e n  t h e  I n t e r s e c t i o n  p o i nt  of
t h e  l:v u id sphere  w i t h  t he  re-c l  u ur o c a l  l a t t i c e;  c-si c o i n c i d e s  w i t h
a n - :c i ;u r o c a l  l a t t i ce -  p o i n t . Such i n t e n s i ty  m a x i m a  a re  c a l l e d

I r a - l u ;  peaks and occur when the three dimensional L:iue conditions
c -  sat 1Sf i t ’d , i.C.

— (18)
0

~ i i . n - i~ is a t U n e -  d i m e n s i o n a l  reci p r u u c u l l  l a t t i ce  v e c tor .  For
l b ,  c on d i t  i on s  shown  in  f i g .  3 t h i s  is o n l y  s~~t i s f i e d  f o r  the  ( 0 0 )
diffraction hewn . An mentioned alread y, clue ’ to strong multi ple
s u l i t t e r i n g  the  k i n e m a t i c a l  model is not s u f f i c i c- n t  to desc r ibe
th t ; low energy c-lastic intensity variation; howu vu : r , much of the
m ul u in - Ic-  scutO s -r In ; ; can still he account- - ui for on this diagram .
A m u l t  m r - h e  s c a t t e r i n g  t h e o r y  a c c o u n t s  fo r  the  coup l i n g  between the
se t  a t  i t - i n n :-; p roduced by the int ,raction of! the p r i m a r y  beam w i t h
u i i u -  lat t u c c .  II t c u i u s~t ’ t h e scj t  t u u r i n i u ;  f a c t o r  is peaked primaril y in
t h e  f u n W l r u m  d i r t - c t  ion , two beams t h a t  m a k e  a s m a l l  a n g l e  w i t h  one
m n i o t  h e r  a r t -  n m r u a t  s t ro n g l y  coup led . T h e r ef  o r - , a s t r c n q  r e f l e c t i o n

m I m n i  f o r  one O f  t h e  beams can lead to an i n c r e a s e d  i n t e n s i t y
of tb -  i - I t a r  i - u  u~~~. U n u c h  p e i k - u  in t h e  i ntensit t - p r o f i l e  a r e  c a l l e d
se’con u - i~ur y b r i u t ;  ; u - i k s  (SF3P ‘ s)  and tend t u u  u u - c u u r  as f r a c t i o n a l  o rde r
ir m ’ u n sity maxima wht ’ r u-us the lI r m u t g ;ueaks art’ m t  e - ;er order maxima .
In fig. 3 the-  u , r  u b t - r  n ; e u r t i l i t - r s  of f he (00) beam m a x i m a  are i n d i c a t e d
a l o n g ( 0 0 )  n - u u l  b y n=i:f., an d  m s  a n  ex u e l - i t -  a s u - c u - n i u h a r y  B r agg
p t ’ u i k  1 m t f  ut u - c u m ,  i n  t b -  (10) beam ulue li i  c u u u u : - l  ; n i u ;  with the fourth
on lu ;’— i i i ;  s i - , u t  t ’ - r i n - m  i n  t h e  ( 0 0 )  b u t - i n n , - i r v i l n u l  a~ iproximate1y a
9-2 or- f r u n t e n s u t ; m n i u : ~: i m u m  1- s r  t h u  ( i i i )  u - i n n . Oe n e r a l  c o n d i t i o n s
b r  d13P’s i re - -riven I t - ,

= C ( 1 9 )

a rid

= ( 2 0 )

vi i s  t h u  w i’’ e - ’ ~ . - - f u r  u t  - i  d i f  I n  i - - I d  l a - - m r  , u t  i t - m  t h a n  t he ’
one he m n m i - ;  o h ; m t - r v - e I  a t h u ’  i ni t . u i - I t - r u t  b t ’ m i n n w i ;’.- i - u-c t ti and e~
iS -1 r e - c ~ u j u r o e a i l l i t  t i c  

11

_____ 
-—-—-VI.--. ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ —~. ~~~~~~~~ 

— -
. 

- -‘
~~~



c I n c - l i s t  ic - il lv D i l l  c u u O u - u l  I n i m u r r y  I - Jet ’’ cu rl :- ;

- - I  O u t ~~~~ i a !  IC i d 5 r t  t e a t  in i - i - u - r u t s  of m t  . - c - - : ; t  u n v o l v u ’  s n a m l i
~- st-c u ;v l ea s es  w i t h  r u - s r i - .  c - I  to t i l t -  P u - u n i t - 1’ u - n e - r i - ; -?’ a u u u t  ‘:u rru ;sp ondini- ;ly
ana l I : : u u u n u u - i r t  I i :  c i l i a  : - - : -: . I n  on he -n t h a t  t i m ’ -  i n u e l a s t  m c i h l y  s ca t  t e - re u i
e l t - c t  m om ; i -  b rm c k sc al t i - r e d  u i - u t  of the solu ch , t h u - ni r e - - n - m i r e s  h i t  i t

~l i s o  i - m u le - n  - l u  c ur l , or ra ce u - l a s tj c  s ca t t e r i ng  e V t - n I S .  t i l l S  r u l a t ion—
s h I p  a- - t v ~ - t -n  ~- l m s t  m c  a n u i - i  m n e l a s t u c  s ca t  I_ u - n i n ; - ;  iii l u u i - - : a - ; u a t t e ; r u n u  I
mn- t sa r m i ~ S -~~~ ‘sC ~5 c l s u u  to p r o n o i - n u c e - u I  d i  f i  r i u : t  ion e f f r - c - l  s in t h u ’
i n c - l u s t  ic l o t  c i

In  t U ’ s i m p les t  processes, t he  bj ac  k — u c i t t e c t  - I e l e c t  n-  u n . u n d e ri - ;oe s
i - u r i c -  of  u a c i ;  t - . pe- of s c a t  t e r i ng  e v e n t  b e f o r e  h u t - i n ; - ;  - m - - ’ n - c f - - u .
hu l v i s s uunu il l S . n : t u c ; r  were-  the  f i r s t  t u u  i - n i - : ;  u s e  : 5 :  5 a ide- i in  i 9 2 7 .~~~
‘rhe u r  c - ; - : : u e - c i n u t - n t i l  r e s u l t s  we re  ex~ u l a i n : i i u l e  Lu . u : - 1 a u u : u u n  ‘ h a t  s u u : : ;u -
i - i - f t he  e lm i - ut ica h i ’ ; s u : i t t t ; r e d  e l e c t r o n s  s u f l c - r e - u h  i m i e h a s tj c  c o l l i s I o n s
i -  i - u m c- , ‘sc ;mnri nq the solid. This process vi 11 Ou all l d u l  an LI
(elast ;- :—une ] m: :t uc) ai - :m tterinq process. -Si umu c t hi t - u - l u s t  Ic :-1 i:uf t e r i r l - r

t n t - t ies the i n el a s t i c  s c a t t e r i n g, the  u n t e n s i t i e s  u ,t the loss
; u - u k s  will it -a ch m a x i m a  a t  p r i m a r y  e ne r g i e s  vl ‘- r e  the e l a s t i c
i: :t - i S i t  i- i s  m a x i m i ze d . Also , since the r;usn u - u t  u :  t r a n s f  c r  is
n e l a t i v e - l y  s m a l l , t h e  loss peaks will maximize la ir the LEED b -a:n
dir ’ ct ions

I n  1938 u n u l l  and Farn sworth 34 obtained results which 
~~- i t t - u h  a r u u: r a e :u l  two—step process was taking place , i.e.

t he  u :u u - l a s t i c  s c a t t e r i n g  preceded the  e l a s t i c  s ca t t e -r i n c j ; this
at- mt- a ce ’ is cu lled in IE (inelastic—elastic) process. In such
a -I - i - c t - S O , primary electrons inelasticahl y scattered within some
C u Se:  i t t i - u i m t  t i ; :  f o r w a r d  d i r e c t i o n  are elastically scattered out of
t h u . -  c s u i i i .  Some of these may have the ri ght energy and rnornieu;turn
• i - u u - u t  isfy - u lun i -;- ; scattering condition whereupon they will be

-o m u u n u u j ly scat t u - n i - - c i  leadinu ; to an intensity maximum. Again , since
~~l ; s  ac i t t - r i n g  amu - ; i e is small , the intensity maximum f o r  a u ;y particular
loss , ~~~ , occurs approximatel y when the primary cneru;y is LB + W ,
w h i t - r e  LB is the Bragg energy. The scattering an; le for which the
mmi x i r n u r u i  occurs is nu :-acl y the same as the angle at which the- elastically
scat f u - r t - e i  u ;iaximum with energy EB is found . This process , fherefore ,
u n l k u  t h e -  El  lu r - s c e s s  is d i sp e r s i v e  i n  n a t u r e  w i t h  onl y 0 11,; p a r t i c u l a r
loss ;i - ’sak b e i n g  m a x i n n i u z e d  f o r  a g i v e n  p r i m a r y  e n m c ; c u ; y .

R n - n c h e - r t z  and F a r n swor th 35 
found both El and IL processes

; - r e - s t s n ; t in  some measu rements made in 1949 , but that ended the
m t - n - - S t  i n  t h e  sub j t - c t  u n t i l  the las t  few yea r s  when a renewed
e f f o r t  has  been made to u n d e r s t a n d  i n e l a s t i c  low energy e l ec t ron
d i f f r a c t i t umi (ILEED) behavior. A number of experimental studies 36 42
have b t - e n  u : m r  r i - u i  ou t recen t ly which  comp lement a sen t ’s of
t h e o ret i cr . u l  s t u d ie s  by D u k e  and coworke r s 4 3 48 . These t h e o r e t i c a l
s t n u u l l t - S  i m i v u s  been successful in qualitatively explaining most of
the t ;x h u e- r im e n tah re-sults obtained to date and a quantitative applica-
tiori has Ut-en made in obtaining a dispersion relation for the sur—
fact- plasmon for aluminum. 4 7

C - mle ;i i laf ions of- ILEED behavior require that the elastic and
ir s - l i s t  ic scatter n n - f parameters be fairly well understood . ‘l’o
ht- u ;i nu such a calculation the measured elastic intensity profiles
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( m u  t’n s i t y  \~5 Lu ) mus ’ Ut  I i  i - :  ui  rnu l t i t -  - u t ’  - -r u n - n  c m l c m l m f  l o ll ,
such I h i t  I u u - ; ;d I s  in t h e -  i n t t - n s u t y  : u n u I  i l — s  w i t h  c h i n u - n n n r - ;  - i t ;  ; l e  - n
i n c i u b . - t u u -e m c - -  : - r t ’ s u - r c t - f . ace r u - l l a l u l e  f m t a  m r ’  o: t u l l e - u i , t f l .-

- eb c i ,  a I u i ’O p i t - ;.: 1 1 t- u ,  I - - - ‘~ t i - i u  m u : .  - u m  I ni t  ‘ li s t  i c - u i  - u - i u - i - i c s c i r  t - - n i rig
t~ V t ! u t i -  can be c o n si d e r ~~a . So t i m  m l u m ’ u m u ; u ; : u  m i s  h u - n m  I U0 r a n 1
su i t  ab l e  n m t , - m i u L  f o r  such  u~~i l u ’ i - u l a t  m e n u s  sm n c -  I h i ’ :  m n - l a s ’  u _I _ i m u ’ i
e l a s t ic :  s c a t t e r— i n - ; p a r u m m ’ u u - n u r s  h a ’s ’-  1 x t , ’ n n s i v t - J - 7’ :~~ ii l i t t i .

A u h i s c u s s i o n ;  o f  i-u u m pu - on the t h u - - n t  u - - t i  - -o n i s l i l - - d i t i o t i - u — :  g i v e n
l u .  I- sn - - a s h Lar i : , ; u u l u l i- ,45 is cu n i n u l n e d  in u’-~~- I ‘ - n i - l i x  B .  The- l a u - i c
c u s u c e n u t  s a r i d  - r i - c u c l u s  i o n s  of I l i t  t IS  u r i - ’  i n  - - ti;. t c i  low i lu-

1. As in  t he- - s a c -  of lo w — t - : i - -  i - ; ; ~- i e c t  i t ’  s c at  r u n  i n ; - ; ,  t h e
I m c ; . -  e ] u u - u t :  i t - and i n e] u s t  in  collision cross se;ct ions
rec f u  i r u  t h i t  o n l y  t h e  ; ; m r  i l l — - i  c i - r l u l n u u u n u u n i t  of t ’ i o n r i u - n ; t i m ; n  for

t he d o u b l e  s c a tt i - c i n g  e; ’s t ; t l r , ; - u n r a u - r ’ ’ t ’ u i , . 0 .

+ = p ( 2 1)

K i n t l  P i n c  t he -  n a r m i l e - l  i- u ; n u c ) n i e f l f s  of
time W~u ’ u~ ‘I’ - - c t i - i r~ f o r  t h ,’- p r ; n ; u r ,- ( ‘ l i - c f  l i - i l l , scattered ele:c ;trom ,

m m c i i n e l a s t i c- e x c i t a t i o n  ( u . ; .  p h a s a ni ) r u - s i c-ct i v e l y  and g
is - u  surf ace ct u :  i ;u r o c : l l a t t  i c  - vect u n

2. U n i t - r u ; y  is conse-rt- n:- d in t h u  d o u u h i  u s c a t t t -r  m y p r o c e s s :

= w(p) (22)

w h u - r u ;  f-P is  t he  p n i m i r y  t~~t i u i - ; y ,  !-~~ is f l i t - energy of the
sc II t - r  c i  e l e c t r o n  :1:1 1 w is ‘ he ’  e - n t - n gy  of t b  t - x c i t a t  ion.

3. Each  B r ag g  p f l u i k  i n  the - l a s t  m c  intensity pr -f i le will lead
t o  two ‘ t - n e r u ; y — t u m i u - u b ”  h t - s k u :  i n  t i m . - - u r ; e ’ l a s t i . - i n; t t ’n s lt y
profile ; occuirr ing at ur  u m t i u r  -: t ’ n n t c m ’ s  of 

~~ 
and  E 8+ w .

These i n , :  t i l t  two c a m -I c - s  of ’ i i t  f n i t I l i - r n  l i t - t i - r e -  ( E l )  a nd
s i t u - n  ( I E )  t ;m le; ri;y louis n t - s l t - u - t  its -l i-’ .

-t . itt -s ides the  “ u - n r u ’ r q y — t u n e d ”  - - i k s , t i -  t f ; , - e t n ’ ; c u n l i c t s
‘‘ m o m e n t u m — t u n e d ’ ’  . r n  ‘‘ S i d e - b u - m n u - I — d I f t  r i co  i on ’’ ; i t ’ i k s f u u n

h u l k  loss modes as m r c s i - i  i t  of m u t n n , , - : n i - i nn ‘- riser ;m I ion
n o r m a l t o  t he  s u r f i c t - .

As m e n t m e u u t - d  above , one ’  o f t he ; r e - a l c ’ t u n i S  ‘ ‘ I  this t h i e o r y  is
f l i r t  each B r a ; ;  peak in t h e  e l . m : ; t j c  i n m t , - n i s i  I y f u r u i l  i i e -  c m  1,- m e l  to
four n i - s -u k ; ;  in the inel a stic intensity ;- n - ‘ I  m l . - . It ; un i c t  it ’.’, hu w e - v e r ,
the ‘‘momernt ;m m u—t u i n i u - d ’ ’  peaks ic . mc  i t  u s u a l  ly  o t i a ’ m  i - e e l  l ’ - c i u i s u - t h e
-lusp ersion rd it ions of f l i t- excit ition (v.1. ~u1,1smons) ire rather
“ s ha l l o w ” ; this t - f f e - u~~t- is  u i l l - m c u u s u ; t d i n ;  At p . - t i u i m x  Fl . i n  the- angular
profi le-ri (i r u tt ’ r u- ; it ’ vs sc ’itt erinq mnq lt - ) ot t he’ inel ist: jc elt-ctron s ,
however , t l i t ’ “moment urn—tuned” p u - ik s shou lu l n i t - i n  ly always be obseni-’t - h ,
when the p r i m a ry  t - r u t - r q y  is l u - m r  E R e l i  r-:R iw , u- i -m c i -  by m -ueam nninq the
coil , ‘ct  or  an an g l e  can ta t I u u u m i u l  at which t h e ’  n o r m a l  m o m e n t u m  Conser-
v a t i o n  is sat m a t  m u l .  These l u  m c  c tatm ct - } ut s a n d  p n c ’ n l i c t l  r e i n s  a r c ’  more
easily u ; r m s ; u e t l  by u s i n g  m o d i f i e d  E w a l u i  cons t  r u a c t  i on S  i n  ru-ciproca l

— —  -~~~~T ~~~~~~ - 
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s n - i c e - . t W r  1 1 5 - 5  of - : ~~‘ j t i t  io ns m u s t  b . c o n s u l  u n - u i ;  v o l u m e -
t X ” i t r ’ i u i n i s  ,-s;- - m  e t h u - u -r - u u - j t  i t  ion mo rne ntiut: h is both l - : i 1  - i l l - i  u t i u l
sara -a l - a i - : - : ; - - u m i e ; n i t s  w i f 1; r u s ; u . - c t  to the suit i i - . - , u i - u i s :m r f i c .-

- x c u  L i ’ i on s  wh .-n u : ; :- - : - u . - : I  am is ru st c i c t . - u i  t i - u  Ii- :’ p m r ; l l e l  to the
a u r : i ce - . lii e ’a c i u  c l O t  t h .  e - x c i t u t  ion d is ;u u - rsion r .-l - m t i on W I 11 be

S i l t _ - :  - t I - i u t  n — :  - u c , I . e . W I  I ’ ) - h u u r  u e - n d s  o n l y  
~

ri u : .  1 i i - i i u u ; c a m  is : : b u i - - -.el f o r  an i-i l scat f- u I- n m ; pNucess.
i - in ;  t u e r i - : h t  h a n d  5 1 u l t S  of t h e  f i g u r e  a vol m : ; ; ,  i t u t i o n ;  i s
i i l u ~~I n a - - -: w h m l e  on I ii , - h e f t  h i n d  ~~i u l . -  a :-;im rtace ex i l t ion  is

ier’- u i . The t w  - l u r - ; e -  ci re-los represent t he i m ~ t u - r s e u : e  ion  of
be’ wild i-g b m t - r u - - ; ’~ m th f l u e -  plane of inc i d e n c , -  f o r  w :u ve  v c :c t o rs

c - i - urn u - s : i -u u n i - l m n q  to tht: p r i m a r y  m o m e n t c m m  ~ 1< - a n - h  sci -C o m i u u i c y  I n -  - Slt -flt Uflu ~K.
t~i ; . - ri h i t , a B r a i - ; e ;  condition is s h u o w n m ’1s- u i t i s f r u - d  t s r  t i r e  ( 0 0 )

eli f fraci ion -i U, -m m  and  at the e;muuh of this w mve vector a sa u l 1 s r i - b a t - r e -
is i n d i c a t  1 u - ui r ch d e f i n e s  t u b . -  p o s s i blu s  v a l u e s  of — i  L u r  t h e  v o l u n r u e
, - x c i t a I I - ; : ; .  I- ’or  a - ; i v e n  r e c ip r o ca l  l a t t i c e  v e c t o u  , i n  t h u s c- se
-~~ 

- C) , and a u ; i n ’ e n i  w ( ~~) the possible ~c conuib ir ; w ive vectors , ‘ , c i a
h u e -  1 - f  r m i : ; e - -i from t-i; U i t  r i - u s  (21) and (22). ‘I f;— t S u  t i - u ja ’ - - of t b u -~~t-
vt~ -o  ens l i e- on t he- circle of s e - c u i - n i - L - u r y  victors u l l i l t h i ’ -  b u u m r m h l e l
n n o m e n l t  u ; : i l  co:;se r n m i o n ;  - i :u ; i r e ’m e n t  l i m i t s  K t u u  lie w i t h i n ;  t : c -  sn  u - i - i - h
n -  ; m o n .  i~ h i n  t i ;u ~ s h u i u h ( - d  re- c ; iou two secondary w a - - - -  ‘, - c t O n s  u n -
shown w h i c h S - m t  I s f y i t O  ii t h e -  p e m r a l  id  and n o r ma l  m o m e n t u m  t en s e r—

ution ; conditions ( ‘ ‘ m i- u i - n u t  urn—f ;umu c nl ’ ’ c:i -- m ;dit Ion) sri - i ri - u-aks i-c ulub be ;
obt n i n e - u ]  in  the ir s -L ist u i - 1 i n u q u m i a r  i - n o t  u los at thu : ;; - -. u ; m n u u ; l . - s .

u u : ;  t b -  i - - r t  hand side of fi - ;. 4 t u e Li condit u - - n a  a r t -  shown
fr - r n  a st m n f : i c , -  e xc i t a t i o n  a b o u t  t b m . :  (02) diffraction lu-am . S i n e ’,-
c u u u r f a c u -  - - x c i t - i t  m u  u i;5 h a v e -  rio n o r ma l  m o m e n t u m  t ui n u r e  un c on l y two
poss i - l i - I ’ :  i- u i u e s  o f  K w h i c h  u -eu t m sf y e q ua t i o n s  ( 2  I ) a n - 1  ( 2 2 )  . l u b e - s i  h y
t r u , nit bie r h a r r o w  doublets should i l wu y s  bc; observed in the u r u u : c m l a r
p r o f  il’ s for surf i c e -  e ’ x u j f  ations.

An ii: scat tu ing p r u c t - a s  is i l l ’ m o t r : m t e - u h  i n  l u g .  5 f o r  u b u l k
e x c i ta t i o n .  The vector , I~~, shown re-presents the condit ion for
r U t s  m m ; - :  a “moment In s— f tunI c - u i ” f e-ak in the ir ;e -lastic angular ~u r r i f  i he.
be- t -~~u i : ; . -  of u - - : : ; ’ i ll  anq b u -  s i ’ s t f c - r  i n g , t h i s  w i h i  o c c u r  f o r  a
pr i m a r y  - - n u t - r o y  n i t - m r  I ;~~+ w.  I t  s h o u l d  U t ’  n u t  u - - I  t h a t  I o n  n o n — n o r r n r a l

— p i n c i u I , n u ~ , , as ill i i s t r ~ u t  u - i - b , i t  any u ; i v e f n l  p r i m a r y  energy -int l w(t~)
‘ f u n - -  is onl y one val u e- of ~ wh ich s a t i s f i e s  t h e  “ m o m e n t u m — t u n e d ”

- i ltion. A r r m o r t ’  c i t  i C - - I  u l u ; ; u - m s s i o n  u s  g i v e n  in A ; - j u u - n d i x  B.

-l
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111 . l x ~at _ - n i : t ; t - : i t  i i  \ : - : - i r t t  ~s a r u - i ’ b ’ ’ - ! l i l u  i_ u—- 

~‘1’st -— m n _ u n m : l’r u u — t - u u s u _ r i - n

J\ t u ; . S u c  ct h ; l ) : - ; i u l u t  o ’u ~- ; u t u c u -  l i t - - i s  n . ;  - - n t  s i ; ;  t h a ’ t hur
S u i  ct us, - u i n ’ u - c - - i- - i t  m u : ;  t but  - k - -t t f ru - t - of  i- u n  t i u :  i n  i- - ion I . ur I n -

u n i t  m o n  at  f l u - - : - . - s u m r - , - mt -m m ’ - I n  ord- -c t u -  u 1 1 u u n .~’ ii- s ir - -meri t t u nnn es
u r f su :- : - - r i i  bl urs - - I : -  rmn nen s w u ’ r . -  c n n - I -  u c- u i  it ; : m i f I - u t i i - ; h  vacuum
0 1  u l u ; u - ; f .  1.0 x 10 t o n r , rc’ f : ; iu - in spe ’ c u - m l ; -r -  si m s m u d

u l u p i r u ’ i- u i-c . T h e -  u i t r - u — l ; i u ;}; v a u n m u i n n i  .sy: ; t  ~~ -l1 -~t - 1  4-is I n o n _ cu mn me r c i al
se-st~ - : -u l u S i It especiall y for t h u s  ~~f u - I - -  u r i C is s h u o W n i  sch- - : u u i t i e : al i y

n f i c j  . ‘ u m i — u n r u ~ w i t  h some of — i i -  m u j  u n  i - u s ; : t u : ; t  - r ;I s i : i~~i u Iei -’ . The
maun ‘ —h i u: - u lte- r - its ,— i f is ‘2  cm in ‘ l i - m t ’ s  C r  m i  : b u m s  f u r  If) cm side
r u n t - i  and f o i - u n  5 cm side p .m t u s  a i t - - r : u - i t r - - l  - - e n - n - 1- 4 5 0  i m r - - u i mnd u t.
All I b i t - - a c t s  u , f  t ‘ i- ‘‘ i c i u : l u ; u  s a t  - r e  i-c r . -  m u - i t ’  of  35 ~~t u nless
s t t - u  -l a n - i  i - r o i~~ gssrir t s w- m i - i s - -i for flan - i - i  Is. A 50 liter/sec .
S I u i O  t - - r — i o n  pump W ;: u s - b  i 5  f f 5  ‘ - s i n  p u m n a  - u n - h  w . s  c o n ; i , - c t s - u i  to
one; or t b u e ’  10 cm side ports U-; il - r u t  1 met. - n o f  10 cm pi ts ;  In
O c I l c - r - u  m in in— n i ze the t -t  f t O  of i t ; , -  u ; l m h l t u i I u 5 i e - t  a ran; t h e e :xpe’riment.
A t u c i m I - u t s  i l u t  m a r - i t  i l - n  n u u u n n c , l i-u I I~ u r t m ~~ i h i n s i - l - :  t i m . ’  p m  pe- u ; o i n q  to

s t - o t t e r— ion n um lu n , was -s o s - u i t r u  p r o v i d e  m i - r u b  i t  l u a u  I } u r m n n u r u i m i ; o r
a c t i v e ;ases .  I - o n  r O ; u u n f i  t u ; t t p i  r u g , I we ~ e u u h  1 1 -  s o r n u t  ion pumps  w i_ -r u
u s t - u i  w i t h ;  l i qu i d  n u t  r a p - r u  cool mm m l - u : u u b  w in - r - u n n i u i t s r t u - u i to the system
by a ~ r ; m n v i l l e — P h m I h i pa 2 . 5  cnn u l u  c a h i - n i m  v:iu - uu m l u n ’ i l v t - .

Two w i r ;u l o w : c  w- -r ~ - n ; i u s m n i t  - - n  ‘~~i t b ;  - sy s t  e m ;  on ; - , i 10 cm window ,
4uS m~~e:-ui as a ‘ s i - w i n .  : f a r t  f-a u u l u ;;- - n ’! i nC f S u l i tli h u fel am;uh usni ergy anal y z e r
positions , and tb ,, Ot  l u - c  w -m s a 5 cm quartz w i r i d u w wh i ch  p r o v i _ ded

- i i - l i n t - u i - f - .  view of  t b - -  samp le ac . -  f o r  v i s ua l  c h e ck s  of s a m p l e
t - - r i ; u e - c r t c u r e -  and  w i n  m v i I  t - n i , i e  :;‘ ; n n i l u i  p h o i u u t - i u - c t  m l ;  r n ’ - i s u r c r r t e n ; t s
be ‘U-sir e-uI. A u ;_ is i ul mI ~ m ss u n  s y snr - n ir w~u s  c o i u ; u i e - d  to t i - - vacuum system
by ui 1/2 inch gt ui i u j 1 l t . _ i u i m ~~lli~ i- i - u t y ;u .- C val e— c’ in n -i u - mis used to admit
si ne a r - ; o n  t i - n  u o r ;  Uont ub an h i t - n t  c l e a n i n g  of  I m u -  samp t u- .

I C e ’ c a i - m u ; e -  t i l t -  u i u i - u i s u r e m e n t  s i n v o l v , - u I  l o w  u - n l e - c u ; y  e i e - n -trons ,
m u  e s - t i c  f o l d s  w u - r u - a s e r i ou s  u n u l b i e m . To m i n u r r n i~ r c ’ r n h u u ; n r u - t  l ’s
fm , ichu ; f rom by sf u i f  t i - c —  i o n - n ; u u l f l u u , tb ; u - n u t  i r - n u;u n;u was cnn -hosed in
- i ‘sc ise-  made up o f  t wo layers of  h i g h  ; u r - n : ’ i - - a i u i i  i t  n r t ’ t u l  s p i r i ted
by u h u - ,- ’ - n of aluminum. The I :ir t h ’ s r ’ - - u - ; n n - - t i c  f i e l d  w-i s compens-uted
Lv - u  set 1,1 llehmholtz coils I i i - ’ , -  f . - - - t  in n i  i anr nu - t ue- r , - ‘‘ -n a t - - c r - el around
t ho - mi-i , i i  n c b ,m m b e r  of t he vacuuni u  :-; y stem . Tb. - se ‘so m i s  m 1 i u uw . uI t b;e

n n u - m u ; n u - t  ic I i c - I d to be riulled to within 10 m U l l - i- muss over f-he ru ’~;ion
of u- I t- c t  ron t r m v e r : ; a  1

•

V~i e i u ; u m u p r oc t - s : u i n u ;  ~~t a c t  i - u i with m n i t  r :i s o nmc .- l t ’ m n m n q  r u t  ‘~ ‘‘ t ’ c’
nu i r t in : u . - t  b - - i  a l c o h o l  cu r  b - ; i l i n u u ;  l- ’ r t - a r u  p r i o r  to  ; r-u ; ;. - n n n l . I y .  A t t , -r
-issembl y I I s -  s y s t u - n i  w as  r ; u u ; u ; U — i n t n u } u , - i I  t o  i b u t t u t  1. 0 x 10 i’ u u n  c.
At  t u n a  f m t - : i : ; L m r t -  t h e -  t i t i n i u m m mn u ; t - t t e r S  w t - u e  t , i u t u ; i u i s e - u I  a m n u b  I h e -  i on
Punt) w- s b,ikt ’rl iju t -u f l u e -  sorp t  m ’ . n i  l u u i ; u l u u - u b u r n - s.-’- : u - nai hours. The

— sor t m m m l n ) u u l n n f i-; ‘.~i u - r t -  t h e n  v a l v t - . l  o l  I s n ;u l  t h e - - sp i m t t  ~- r — i o n  pcmmp was
s t a r t ’  - i  w i t h  t i n t -  a i d  of t b .  f i t . u u r j m r r n u  ; u u m i t h i n m u u t o r .  ( I n c i ’  f - U t - nurt ’ssure
r e ich -u i ml ~~~u m t 1.0 x ~~~ Tor n ,i b r i t - f  s l i t  u ; s s s u n q  was u l i V C f l  te ) a l l
‘h e li- u I , u r ’’ -m: t in f i n ’ -  a’~’: :t u - n i l  an d  t i n - -  u - m i t  ~ u . -  s y t : t t -n i wit-i baked at 275’C .
i I b i ’ i u  t h e ’  p r t - t ; s u m r e -  n - - i , ’ i m u - u i  i l a r i t  5 x 1U 1 ‘Corn w h i l t -  i n e r t  t h e  systt ’nn
was COO l -el siowiy - i n t l  a t h u - i - r i - u g h  o ut  gassing wi: ; -l u rn -In all tOut- I ilam t-n ;t s

t

1~i

I 
_ _ _ _ _ _ _ _ _ _— 

~~~
— -~~~

-—  - nr — — - _ - — — — _ a. —
~~
‘ - _ ; —

~~~
- -_



i i i  l i e  n u n  u :  s- ui — i i n l r a t  r a n — s. ‘ le n m t r t u u u v , -  -; a: -n-u ; c’ i i - u n u r b u u - ’ l  on ti;
i - s i l l s  -i ; n i t u - ;  t h i n s  o u t  u ; a a s u u i - ;  that- s v st  u - f l u  was r u  l i u k u - l  at 275”C. i D  is  n n -sse- i - l ; n e  t y r - l u n u l l y r i - h i u c e ’ d  t u u n i l  ; r u :- ; : - nu u n ’ - s  of - u b u o l t  1 . 0  x 10
T o c n  or 1.-as , as n u t - u u s i - m r r - I  w i t  U u i P s y n m u ;  A l - - n t  - a i m- ui - .

2 etC , - - - : i t  i- i ; i - ; i -- u c - ; t  i l S

a El u:’r_ ’ ron m4un ,u ni,I S c i f  t i - n  i f l u f  Ch i u t u h u t

A SCi; ,- m t u uI l ’s  ‘ s I t - S  u u t  t i m e  ‘ - 1 -i f c ’in  g u n  a r i d  scat 0 - r i n g  u ; i m i n r i l u , - n
is 1 :  - .-:- in; m u : .  7; also : u i u i - - w m i  is the ener’;v - im; ulyze ’ r snub r e l a t e - - h
i - i - i s o ; - - ;  conf  I sar a t m u i - m; s . The c - l u - c t  r r ’ n l  gun is a t h r c ’ c ’ — e l u - u - t n u i d u m
- u - -vi ce mci O ; i u a t ’ ;i fri ’ n n u 304 st ,uiuOe- i-c~ ste- c - i wi l e- ce f O c i l S i l a u l  is
c u u n t n o l l e d  u r i m a m - i h y U’1 the- voltage be-tw o -n the second and third
a n o d e - . T h a t ’  t i r s t u  u n ; u u d e -  v o h t a u ; e  has  a l m o s t  no e f f  c - c t  on t h e  f c u c n u u s
l u ; i ’ id  S mainly to control t h e  a m o u n t  of c u r r e n t . A t un ; ’ ;s t ’ -n
r ii u l u u u n ;  I i h u i n i e t i t  S i ;  used as the  t s l e - c t r o n  s o u r c e  and  was  b i t - a  t ed
U; i - i r r u - c t  c u m r r e n t  flow . At the emitting point of tb ; , filament ,
t b -  . 4 0  inch ; mn -2’ .001 inch ribbon was etched to about half its
i~~i t i - u l  size- to ‘u - c o l t  smaller filament currents to be used . This
s-is ira b i ,  U i - ca - i s o  ma n I c - t i c  fields needed t en be minimized and
i n  s--r u len volt i n  - i - : u  I i r u t  occurred decreased the t -nu c ’c - ; y  spread
of the trin ila n - ,- br - inn , . About l.OA of filament curr u-nt was used and
t h i s  i . - - Ue - i::u u - u r n - - n u t s  of about 1 .0 x 10—8 A f c c  10 eV r u c a m a r y
‘ne-rep; - u i _ - i  a b o ut  1.0 - A at 100 eV.

To - ‘ i t  - sin good fcu r i-usinq properties and  a stabh - beam p o s i t  ion
fur e l m  n u n ;  - r u - - n - t i e s  in the range 5—1000 eV , it was necessary to
v s c u u n r i  - m n a r u e a l  t h i ’  t i - l u e -t r o n  g u n  at 1050°C and then; quench it w i t h
- i n O w  01 ur - ; r - n u . This procedure removed residual m a ’ ;nn€ - t iz a t ‘ i l l

- i c e - n  I i i i  t h u  - - n u n  - - u n  t s by machining. lieu; ions where thm -t- a r e - f  ,a I
~ u s  nt a chi: it-ui ‘0  m i  C ; dimensions , such as near the ali-e-c tures of 

lu ;ct co-m e ’s , h i - I  : - i l u ; l l t - L i z a t i o n s  of up to s t - v u - c a l  u ;lui - ;s . h ye rt

‘4--1- ; i r ; - : also - r : l S e ’ u i  excessive- hocallzu ’d magne t I sat ion in t i;e-
st ,i i n ,Ie ’ss st e-i . A i, - amnr size of about I . 5 mm wa s  c ub - t i u tie - i - i  i t  the
t i n - m I ; - . I it I; r i - os i tiorm was stable- with change-s in t rue -r u ; ’ ;  when; -res’d
c a n u c u - i l a ’  ion of the I-: um rth’ s magnetic field was ~rovidt - u h l i v  hlelmhoht :m
cia m is.

/c 3.0 Inn - i l spherical scattering chamber was formed from two
h - - r e  u ; :  b ;  - r  -s r I 304 stainless steel. From these wc’re- I s  u~~u u m r t u ’ c I  the
I r l t u - r n a i l  grids and collector plates. Surrounding the t u r r e t , w h i c h

i - b a ring :tn t ’ ms ;u rt -mn e ’ni ts was positioned it f - l i e ’ cenit us r of t h e  i - I c - u t  t e ’c i n q
chambe r , was a nip h .ricah grid , g1, c o n s t r u c tu -ul from 100 line/inch
‘ iurm n ;u m um p 1 - n rc -ui stainless steel woven mesh. ‘lb-os ‘m id was Li t - u t  at

a r - p i - t rautent ial thus ma intaininq a field free- req i ’m; ,ib ,itmt f- fm ,-f - ui - p - t I -- minimize ; t r ijectory distortion . A batter’2- in t i m e -  t u r - ; u - f
l’s u u i  , u 1 l . , w u - r I  f e a r  e -or r e - ct i o n  of a co n t a c t  p o t e n t ia l  n i h  I ference
b - l w - ,  n u t ten - tarqet and ‘~l• 

A hemispherical collector was p i a c ’ e - e l
Ut - h r  m d  g1 on t l i e - back half of the scat ter ing chamber and was L u  u
- i t  ~i 2  1/2 t r ~ r t - m n u o v - -  electrons which scattered in this d i r t - c t  ion.

n ) I r  t i m e -  s l i t - i  ha l f of the sca tter ing chamber , a second henni—
spherica l - In - i , g - ,  was mounted concentric to t h e ’  first grid with
0.1 inch m-i p~m cinq 1r - f w u s used as a retarding grid for energy analysis
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t i the’ scitter .’ub elect r em us. Thus i- ;r id s- ui - ; u - m u  cm -c f - u i  t o  -u r u e - - s r i ’ ;
comp lete- hemisp herical c o l i c - n t r i - u  us e- -b f ’ rr laru;t - s o l u - I  m mm u l u ’
measurennie-n;ts . To permit m e a su u r em en ; f S of u - n m u - r - : y  i - i  15u ci Li m t ions it

s ue -c i fic angles a slot was cut in; this - -r u b  1. - d r  Ou u I a m i t  t u T h m r : n u - l
was welded in to provid e’ un ‘l , ’c t  r m i - ’ u h l ’2’ sh u t - i - ~ u ’ u b  i- i n  i f  t ; u i i ’ - ,

- - s t u - n u u h i n n n b e y s n i u b  t he  ou t e r  h e m i e n ; u h u - n - - , in w : i - i ’’h - i n n , - r; t n - us c -- t :ibut-

f i n n  t ie- t r i e r - n ’ 1’ an a l y z e -c moe ’ t - c b . i’d 1 t b n e ~~;u  p n t  S s - c ’ -  ilso
chromium platu-d .

U l- ~m ;e n c u ; e ’  An;alyz er

I - ’ i u ;nu n e- 7 shows a schematic v j u - w of t he-  l 2 7~’ u - ’,’ l i n u - ~ r i n - : u 1 ,
electrostatic energy analyzer that w , s  rusec i  n n t l u ’ u:’ :~:ot-r inmu ,- n f

The anal-,’-zer was : n on u n t c d  on a cart which r m u i r -  i n - i slott c;1  tnac .-r
prov i d i n u m  60° rotat ion about t b;e- scattering u t b i , i t n ; b  u - - c  i n  t b . -  b ; ’ r r  m —

zonital plane. A vacuum rotary l e - , - n b t h r o u q h  c u a ; u n  1,-i l to the ‘r un t
by a radial arm served as the dn ivu - r.

The energy anal yze- c was constructed ronin 31)4 St - u nless sO’el
and as in the case of the electron gun i t  w u s  n e c u - s sa r y  to v a c u u m
anneal the entrance and exit aperture p late- s to eliminate magn etiza-
tion caused by machining. Chromium p lated stainless steel n ;rids
with about 75% transmission (100 lines/inch) formed the dun lecting
electrode-s inside the energy anal yzer . These won’- used in conjunc-
t i o n  w i t h ;  c y l i n d r u ’ - ; i h c o l l e c t o r s  p laced  u u i r -  - t l y b e l ; i n ub  t h e m  to
n u n  c - y e - i t t  the cr -ut i n n  of secondary e-le;ctrons inside f :he - analyzer
which could reach the exit aperture ;. On the exit Faia tt - a knife
‘- ‘bqe circular aperture .020 inch in diamete’r was used , while on
the  en t rance  plate a .020 inch by .20 i n c h  k n i f e -  e d ge slit s— ms
‘m ~~u”J. A slit was niecessary because; this type of an;al yz t- r does
not have refocusing properties alonej the direct i-n m of t he  cy h ir; d rr n ’u l
uXis . With a circular aperture instead of the’ slit , snna ll mis-
alignment of the transmitting plane ’ of the anin l y~’ ’ n w n t h  the
trajectory of the electrons entering the aruil y ;r u ’r u - i r u n ; ’ - u l ioss of

signal. A slit provided enough leeway t , u  e liminat e this p r o b l e m .

An analysis of the properties of this f y i ,  nut e ’ lt o ’t ros t u t i u ’
velocity anal yzer was eliven by llugh e-r ; - u m n n l  lien ~~u n i s k y .  ‘~~~~ F i n t ’y i-rhowecl
that 127° 17’ was the optimum defleu t ion - inn t i e ’ f a r  a (rvli m ;; In mu ll
n : r i n n ; I e ; n s o r ;  however , r e c e n t l y  Poy m d  C u r t - f  t t -  .0 hi m - ’ , - shown that
sl m - ; h t  v a n -  l i t  ions on the geometry of tint -  uni t l- ~-ser c m i  n r’l u n u ) v t -  i t s

u - c t ’ ,rmance. The resolution of f-he anal yzer is m r u t u oximately eji\ -u ’r ; by

‘E  P 4 2
—

~~~~~~

= - -- +
~~~0

where t U is the a p e - n  t u r n -  w i d t  h , R0 i s t h u  a n t - m n ;  n - u d i u s  of the an a ly z e r
and  • is the i n i g u i l i r  accep t  inn -i ’ of the an u u iyzer. I - or t l it- anal yzer
as used , ‘P was .020 i n c h  and .88 1. i n c h .  The an q u i a r  acceptance ,
- m , is defined as the maximum anqulan u l e v i a t i u u n u  an  ‘ l o r ’ t  non  can have
from norma l entrance and still I n a s ; ;  t b  r - - - r -  lu  t h e  - i n ; u l y~;er , if it
originator-i from a p n a i n t  s o n u r e ’ . ’ , i t  the ‘ ‘ n u t  r u n ’ ” -  sli t. A value of about
5° was estimated for from the u p t rru e- : j r’nu l  t -  - n I h  t e ’ u p i u t  i o n S  g i v e n  by
Hughes - mmiii Ro~ ansky. Using t h t - s t ’ v m i l in’s ‘r i t e s  a resolution for the
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S

c i f l i l ’ 2 .’,e ’ n  o f  l:~ U = 3%. i - i t  h r e s p e c t  t u f } i , ’  a n u u u l a n  a c e - u - p t  m m c c ’
- i n n  u l v s r - n , i t  s h o u l d  Car - u , j r t t ’ n i  r u t  t h , u t  t h u s  is f u r  e - l t _ ’c t n on m s

efli~u f l s t  m u m  from m b u i - - o n ;t s - - ric e - c - at t h e  e n t n  u n l c c -  ap t ’r ture w i m u - m  ‘- a s  t I n u -
c:’ ’- ’ r r :t ’’ r I c u l  a n n i e -  of d i - - c e p t  a n ;c e , f u r  a pu i n t  source i t t h e  t ,u cu n et

m m d  n - m d i  a l  ClCu ’t r ‘en t r - u j e - c t i -  - r i e s  , is less tb -mn 0 . 4  d e g r e e .  The
,; r ’ , -r s~ I n u n  c b u - u n - u c t - - c i  a t  ics of  t h e  a n a l y z e r  w e r e  in u t i - ’  uu j  m q c  s e ; r t i u - n n t
w u  t h u  - - ,ihcuh at ions , the e’neru ;y p a s s i ng  r o l a t i u u n s h i h u , E : 15, ~; 

- 3 .52 V
wher e - \-‘ is n b - , -’ Ins t e -m; t u - i l  b c - f - s e c -n t h u c -  deflecting qridt~ wb:; m e m n ’ I r e - u :
‘ 0 b r - l e:- :s f i t - u n  3 in e rror l u - n  ~; m 5 S  ene rgies f r om 1.0 eV t o  (~h eV.

T h e m e  a r e  t ecu - m u -des u a f  u i - p u - n  itjofl f - r  this anal yzer. In LI;-
i n s t  - - - - m u - , f - h i - ;  pass Cnme-nu ;\ ’ is f i : - : e - ~ l , u n d  t h e  d e e - L u in s  ure a r e t  - i r d o d

- r e i d  i 1  enu -funre t hey  ent er the’ a n a l y s e r . Since- t h e -  ru - sohut i u u f l

is - u  n i ;-: - - h  r u e - r c en t a q e  of the  pass t ’n c ’n n ; y ,  t h i s  mode l eaves  t h e
r . - s u  - l u t 1 -  nt of t h a i  a na l  ‘2’zer f i> :eci  u m v e - r  t h e  e n t i r e-  e n e r g y  r a ng e  of
th~ - c u - a s i m r .  :T Iu . ; n r t ;  this method was ui - ace -b almost exclusivel y . The
s e c- - n d  m i - u i - b e  of  u u b u e 1 , j t~~OI; c o n s i s t e d  of s e t t i n g  g 1, g2 and the
an m l e - z u ’ r  n a g ’-  a t  the  same n m u u t u ; n t i , a i an d  t h e n  o l n t a i n i n g  t he  e necqy
a i i s t r i b u t i u - m ;  by sweep ing  m’,V. Ener gy d i s t r i b ut i ons  obta ined th i s
v u ’; had t u u  be corrected by .S resolution factor t u .u u ;ive their true
S h - u O ’ . The t r a c -  e ne n i n y  distribution is rela ted to the measured
d i s t n i b u t i u u n ;  by a f s c t m m r  p rop or t ion dl  to E 1 . Enern;y distribution
me u s -m rt ;ni rc -n ts t iken by thct  two different modes of operati -un were
c- m r , n - - i r , -d , m aci t h u  b - ~~~~’ p r o p o r t io n a l i t y  was  verified .

c Acu p.iratus Alignment

~lu chanjc,ul alignment of the parts of the a f m p u r a t U s  Was a
c u n  t i- - u  f m ct ’u r  f u r  obtaining reliable energy and anus ] i ’s
dis tributions. A procedure , utilizing a laser beam , was developed

a l i u n n  tb ; - - pacts accurately. A ji g was constructed that supported
i f r u u n ; t surface mirror ut the sample position such that it could

bi ~ t - f a t e d  about the same axis as the- energy analyzer with accurate
C ( ,f l t  f - u ]  o f  t h e -  a n g l e .  W i t h  the mirror set for n o r r r n . i l i n c i d e n ce
h’- l ua r - r be;,m m was directed down the  axis of thur electron ; gun ,and
o f lected b u i c k .  from the mirror to the laser and back , u q u i n .  If

f - h e r e -  was some mis a l i gnmen t , the reflected beam back to the gun
C - t u l ( i  b u t -  seen d i sp laced from the originally transmitted beam.
The electron gun position was then adjusted until all the beams

~‘ - c t -  c r u i n c i d e n t ;  this was the condition for having t h e ’  e lectron
nun I ’ c u n p e r l y - u l i qned . Next the mirror was r,nt~uted so t h a t  t h e
I - user b u t - u i  w~~S reflected onto the energy .anal yzcr . A mi rror was
mruune ed - r u the t n t  rani -rt plate of t he  analyzer and tli t - u l u r ’r t u re
i~’osi’ ion was m a r k e d  w i t h  c r n n s s  h a i r s .  The r e f l e c t e d  l a s e u  be~am
I n -  n - t h u  t, u r u l e - f  m i r n ’ - r  was  k e p t  be tween the  cn n r s s  h~u i r s  of the

-
• 

-u nnal yz e r mi n r i - n  •and the anal yze r  l u  - s i t  ion was adjusted until l ii.-
l ir :e ’r lw -am douhl enl m uck upon itself. When this conditi on W i S

u ’ u u ~ h mc - -uh  t h t -  c i t - c t ron gun and energy analyzer were in mutual
alignment with the pr u-p e r tdrget positie;n. A final c’heck was made
by a] l ’ r w i n g  I I ; , -  l ,une r r beam t e n  pass  t h r o u q h  t he  e ’ nt  rancr e aperture
an- i r u f lu - c t - u f f  the back W a]  1 of the an,i l y z e -r O f l t r m  the ex it p lat e .
Wh -- ru t l ; i r ,  reflected beam was at the same he ight as the exit aperture-
then t hen -  analyzer was mounted properly on its movable cart .
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aseu  ‘ - - en ’ 1 - c n u i  nu n e i S

, u  ~ . m n ; :n ’le P - - u - u n i - n n l n u n  n n n h ( n n j u , ; u i i  I ’ S

The t a m  - n -  - t c-,’ u s  m ’ ’ u u n  m u - - h  i t  u i n - t i - u -] - C 5° - i  n g  I . -  to t ha-  - i r n  u n o n  t
,

~ 

- l i e -  u ’ n ; u b  f u n i u f l i n u i m  l i t  - - r  sh ,ut t - i i - ;  sh o w n  su ’ h ; e - n — n , m t icdlly in
n i - n .  ~u . T h u . - ma n n  i- t i n y  m t c l s  u u f  t he  m a n l n u u l a t u u r  5-a s co i n c i d e n t

v u ’ h  t b ;, e l e c t r - u - n  - u - i n n m : - : u s , so t h u t  r n n i  ions of t h u  t ir gua f left
he- i n n c u  h - n t  n n r - : l ’ - un ; c h i n a - t - - - b ;  S U u i l  n i - - f i t  i u - n ; s  i m  u -  u ’ - ; r r u ’ ; u l e n t  to

f- u ’  tn n t h lu ~~~,~ n i , r ;r 2 ’ n n u n~~ ’u ’:’’ c ,ibout t h e -  n - l u - O n - t n ;  I r e - i n n  i t- ; u s .
bu - s i i ’ -s  ‘ h e ’  n O  n r y  no t  u r r n , t h i r -  m dni ;u u Li! r - i l l  w c i - ~ the c r y n f u l
• U , -  l i  u n s i n t u - i  ‘ -  mm in; ,~ u i h i n t ’ u t i - -n ; s  per ; . : - ; i u i m c u l u n c  f r -  then
ro ’ u n e ’  i t c is  i t :  b the n - u t  u r y  a x i s  i t se l f  r i - a i m b a r - t n p ; i ’ ’ i - b .

f - l i - - I i : ;  ~u i c  w u s  ‘ l u ; m r i e d  b u y  l i - - n a  b , - u n n n b n c c h m e n t  it  had t i - u  
- ‘ ; n  c ; . r in n n t ;. 5 C n ’ r u - n  I n i -n u ; i m m n n b a n n . T h i s  necessit uted

u - n ; : . - i nn , - u r i s  - f  - u - — I _ _ t i  i t  ‘ -lv n u - : - - i s i t i o n i n u u ;  t a b ; - -  s i r - r n - l u - i n  o r d e r  t en
- - - n t i n ;  m u  - rn - a s h  I - - t i - u t  n t  : 1  . An - o: r - u 1 t cruns l ut i - ri t - i i -  n - - sr i  t h e
t a - u ; ; ; n i - n i l - u ’ r i ll s-ri en t - ,  c u t - f -  to b. - w i t  h i - ; r n w n ;  7 cm v i m - c a  i t
- - - u n m i : ~~b u  ii b- t i p n - - -d in  n - n i t  of  l b  ion iu ni n ; l n ;dfli ent u n i t .  To

- ; i - o s u ’  i t - mn n - i t t  I c ’ , t h e  rn ; u m i i n u u l ,m tn a r s h u n t  s u e  a n i j u s t u - u b  t - - bu-
- - i n ’ : i n l  w i t h  t h -  - l u - c r  c- - u n  i u t - ,u n : -and the t i n - m t w ,ms t huar; reinserted

- i t  S c - u t  f - - n i n - t  “ t a m n t ; l , e - r  as ~m c i - - c i r a t e I y  - is p -s a m  b a l e -  w i t h  e x t e r n a l
rn t ~a su n - - r u t - ’ ; t s .  C i n c u l - n n l j i i s t t ; i u ’ n ; f - s  w e - r u : - n u a i - i c - b y  mo n i t  u - r i n g  the

; ; u t e u ] r ly  s - i - f  t e n r ed  n b t - u ’t - ra b , u n u n n - . it i f - h  t f i n  e n e rgy  an a l y ze r

~‘ ‘ - S m t  i : C O  n- - i - t i e- , - t h e  -15 ° a ; ‘ u - c  i ; b , u r  I , r - u m u , tb ’ s in rp in was
u - i j i n sf - - - 1  m n ’  i l  - u  r n i u x i m r u n m m I l  s i c ; r a , i l  w ,u s  - - l i - t u n e d . T h i s  f u r -  u ’;r cb to

i i - . ’ - u  ve ’ c’; i t -  l i,ab nlt- w m y  t - r e p r u u u i l m u ’n t u r - t . - t  ! u - - s i t n - - n .  I n  addit iu i - n
• n n ’ - n t t ( - ‘ l u  C - :  l u ’  t r a n s l m t  u - u i  in; i - f l  n c - t i - - n ; — ; u ,~ n n u , r ; c h i cu l a r  to the
‘ 1 - - ’ bun .um u n t i l  the be um; i missu ’cb l i i -  t m  r i - n t - f - .  Tm ; this way the

— u n - n C e  ‘ - - h - t t - n ;  e ’uu uld be c - n f  i n ~~-d , m n n i b  t h o S i r - p l c  c i - u t  I d  easily be
c t -n ’ - - ’

Prior f -  m - u u n t i n q  t h e -  : ; n m ; u l e -  r t n m n n i p u l m t - u r , t h e  c on d it i - i n s  f - i - r -
u - u n i - ’ - l l i n ’ r  f h t -  n i u ~ n s- ’t  i n ’ i e l d  s t - n e  d e t i - c n - ! I u i e - i .  A ne ’mc ;te p c u a b e

- ‘Pu - u  - ; r ’ u n -; : ; t n ’ - t  -r was ins t - ct od i n ; t  - i -  t b ,  cent u - r of  t l i e ’  su , u t t n r n m a c m
ch it- -i - ” ; suc h th , i t i t  w u s  r u t - r ; r . ; n ; d ; cu l a r  ta - t han a x i s  of  - -no set of
‘he  } l t - l n ’ : t n -  l t  s u ’ - ils. ‘ l i n t -  cu r n u -n t w a s  t h u - m n  a i l u s t c - u i  t b m c u r u i - ; h ;  t h e s e
‘-- u s i - u n t i l  , u n u l l  r e - , m c i m n ; u ;  was r r b a t n j n u ’ u i .  C u e - l a  set of c -- u Is was
b ju elt -cI i n  t h a t  wuy uni t i i t h e - bu u-:; t c,m n u u ’’ - i  la c u -- n a  was achieved.

‘r h —  f i t - I r i s wc- rt - c u a u h n i ( n e ~d t o  t i n e -  e n n u i - i  o f  10 m i l l i - n n r j u -us or lt-s s b~’
mi s u i  - ‘c’t ’r lur c- .

—~~ 
_

~~~ 
b Sc’u ’u und~i ry !-~ i u C l  n - u r n  Mu - u i - n i - I n ,  inn - a ’

rn m aking t b u t - s i -  l ow  t - n e c n ; y  m o a s u r e - n i r t - n u t  n ; , it W~~ S i mportant f-er
r u . u l n u t m i r u  a I ~~‘ 1 - l  l i c e ’  n t ’ u ; i u t n  h a r t s - e r ;  t i l t -  f i r - n I t and th e in ;ner grid ,
q 1 , a ’-  t i m - i t  f l i t -  & ‘ l u - c t n  n a t r m ; e u t - u r y  n l n s t - ’ n t  i sis were minimized.
‘f Uj i ;  in n , - m u th at - t n u t  p i t  e n t  j u l  l u  f t  u’n - . - n i c u n t  h i t h  t u m  bue cancelled

The n ; . u r u d i n  i o n  f r - n  no ; r e u t c ’ n t i u l  ( l i t  I t - c r - n I - c -  b u ~ ’ t w e u - n  t h -  t a n . n e t
- u n n d  0 m ( ‘ i- r u l d I, ’ ( ) s t , I h l i  she ’u i  by meu se ur i u i m n  f l i t -  l w  en;t’rqy c ri t u u f f  of
the SI~l) . E l  t h t - r u ’  is r u - u ; ‘ u t . - n n f i - il l i t  f , ’ n u - n n t -  between the t-ur qet
and q 1 , t l Ie n , an el i - -f n orm t i

_ u _ u t  o r i q u r ; , u t u - s  , u t  t in t m u a ; e t  with se -ru n
k i i; ’’ t u c ene n y  will pass t im u ru ’ ; i u  t i m e -  i l l _ u  1~ -se n whe’n; the sweep voltage ,
‘- ‘ , as dr f inin u i i n  f i r ; .  7 is g u y - n  b y V t ;  — V p m ; s , whe re Vpass is
Pb i r u e d  i c y  Vpasa=eEpass. In ‘ i - t i m - - c  s - u n i S  ~i no r- ’ t - n u - u r ; y  e l e c t  ron m u s t

a- 
- 
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b u t ’ m c u ~ u [ O t  m l  ‘ b  U I  t u -  t n  n t l ’ u ’ t  u i - i  I - ,iS Sim l-; e r l t ’ i i - i ’ ,’ n i l u i i u c u t - n - n y
m : n u l ’ n ’ s e c.  l w  , if t h e n , ;  is a c r u n u t a c t  I t - I t t - n t  i i i  (II f - - c c - m m - ” - ,

- 
, s u m - -h  f - h i t  e n

1 
u S ~ u u t ;  i t i yen wi th Ct -spu n I t - ‘ n I i  - - I ~~~ f b o n n

:~~-~  n -  k i n u c o  ic . - n m e r u n y  elect c - m u  a t  the f n r u ; u - t  w i l l  be - ‘ n ” -  1 .- n i t - - b
b - ;  t h u s  b u u t nl i i i  and 1-;j} 1 PuS S f-hn~~uugh th e ’  u im n u l y z u ’ m  w h - - n u

~~~ \ •,~ ; r C ’ , . This wi l l b -  evicb-;n t in t h u - a  Innu a m s u r i - - u b ‘ - m m - r  ny
l i s t  ribui t mn - m m  ~~~ a s h i f t  in  t h e -  1 m w  e r n i e - u n ; ’ ;  cutoff a l e n n n - t  I I ; - era - r n - 1’
-nt is. In l i e - f - , t b ; -  entirun . - n ; e c u ;y  d i s tn i b u t  i - . m u  w i l l  1” -  s i m i  f t - - i
b a ’ m m  amount ~~~,,  • 

t swa n d h i g h e r  energy. If on f-he r u t h ’ -  h a n - b
t h a t - c i - u u m t  t m u u t1c~~m t  i - i l  is such t h a t  the t a r u ; u - t  i s  V c s i t i v u -  w i t h
res n , e ’ u - t  t i -  u t ~ by S-  ‘ni ne’ u m ; m u r r u n i t ~~Ty tlaen this t-;ill u c ~ as  u p u t  ent ial
b a r n  u e n m t n  c l u e - t r a i n s  which o r i qi n a t u -  , i t  f-ho target. An eIe~~tn - u r m
1- -a v i n- : t h e -  f - u  c - n e t  with k i n - - f - n c  e n er gy ,  e 

~~T 
w i l l  just n - - se - h

w ith nc r - i -  kine t mc en e : ’r n n y  and electrons with ~ nw ’r r  c - n t - r i - n y  w i  11 n n
ba- i-,’ m i u l e f - u  n t ’ m n ’l ; g 1 a t  all. ll nmu h er these e - i - u n i u l ; t i ’u nms t h e n  i - i - n t  i n ~-
c - r a e - c - n y  - i n  atcibu t i - un ; will be shifted by an amount 

~T- 
f - u  1 - u s e r

t ’n u u - r c ;  u - s  wb ; i le t h e  low e -n c ;r c ; y  c u t o f f  w i l l  o cc u r  whew 
~~~~~ 

= 
~~~~~~~ 

- - -
~~~~~-: i i i S  : -  c ’ :: .  u f - u n  e- c u to f f  n n u u k e s  t h e  e n e r gy  d i s t ri b u ti o n  n a r m -  u W t ’r

b’’ t h e n -  mn nount t ,1 . T her e for e  f-he low e r-m e a n l y  c u t - n f f  is fixed f i r
all c- rich m t ions c~~c’u- ! u t  those whe re the turget is ne - ’ ;~~t i Vc ’  w i t h
u n s i u u a — u ’t  t i - r  u ; ~~~. This then pr- -w iled d method of correctir.’; for

u ’- - n i t a c t  p -L- i-n f-ia ls by use of an externaal p - - t e n t  i u l , VT , be tween
tn ; e t , m r - r i - - t  a n a l ‘

~ i . The e x t e r n a l  v o l f - a n ; e , 
~‘Tcn ’ w as adj u s te d  : u n u t  m l

th en t m c u l e t  WdS sufficiently neu ;atie’e- f-hat a d e f i n i t e  sb -i ft  could
• be - n ’ - u sured an t he- I - i - s  u : - u i u ; c ’ n y  cut- i - f  f towards larger s t - c - c -ni - ‘‘u a l t u rm e - .

Then ~~~~~~~ was b a c k e - - I  oft c u r e - f u l l y u n t i l  the  l i - n w  energy c n u t - u f  f
j t m s f -  S~~O ; n p e u I  shi  f t i  nag ; t h i s  i i b u i u l l y  was  t he  c o n d i t ion  f - i - n -
‘ ‘

T 
— - - and a f n e - l d  f ree cu n u l i f - i u u n  b e t s - e r a  t h e  t a r - n u t - m d  i-; 1.

S u  ~~~~~
‘
~~~‘ i;~~

ch e-lean Ge t , ur -n ’ - t was i s s u n n e - u b  t - - h av e  .u w - - r k  f c i n c t  i ’m ! ;

of -C . 7~ eV , the +0. ( . eV Va] - m m - n e c ’ e e n s ur y  f o r  V,rc rnc ;ar ; r; t l m n t  the
w-urk fu nction ; of t Im. - u - i n r o m n r i n u n ’ n  p l at e ’ u h  n ; r n u i , r

1~ ~W~us sb ot 4.15 .‘V.
This v u ]  ue agrees w e l l  wi th a v u l u t -  u b t - t  e n r m i n n t - ’I by l i i i -  u t  - ‘ - n ’ ; i s s i u u n i
r c ’ a s u r e men t s  f r i - - n -  s i r n i L u r  -in i .ls 1m m -i b me C- u w l e ’ r  t c ’ c h n i i - i e u e .

M ’- , m s u c c ’ n r n e - n f - s  of t h e  sec- i - m u d m r y  e l e c t n f l  c - r a e - r u n e ’  , m r u ( i  , u n ; - ; e u l m r
dist ributi ’rns were u’ ar n ied -i - ut  u n t i-i - w u ys , the  ip p u r a t u m s  f - - n
f-bc— t irst method is shown schienmu t icall y i n  f i g .  8 . In th is
t:e-ch n i que , t hose  s e c ’u n n b u r y  , - l e - c : t  u - u s  w h n ’I; u u r i v u -  i n a t o  t h e  s rr l Id
a r n ’ n l e  accepted by the e ne r g y  u n i u l y s e - r  • u c u -  r e - t a n  lea- I  by u n r i d  - t ~~

u i - - n  t i - u e n t e r i ng  the u - n i t - c - m y  a n u l y z t - n  m mm i t he-use whose’ k i nr t - t  H
t ri er -;- >’ is cor rect pass f-hrou h the crier -;y m n m u l y t t c ’ r  m a d  nw’ , n n ’h the-
e l e c t r u u n a  m u l t i p l i e r .  A Ch~un n elt a i u u n  e n l ec t r c .n  m u l t i p l u u - c  w u s  u s - i - I

-
~~~~~ i fl ~ P~ I Se’—S

atur,u f-u- cl mci c l i ’  ,und t h i -  - m in t on’ t j ut ; t ec h n  i qu ’  - was one
of pul so cr -unt i ng . The ~imp l i f i n d  p si  ses we-re fec-I I rite) an i l l  n - i  t a l
d u 5e r imi nator whose output went f - u n  ~ ra f-emet - -r which ~-m - -v u mbe ’ u b  in

m n u - u l o e ;  signal in counts/Sec . By sweeping t h e  t , i r c ; e - t  and inner n ; ’  i-i
po t t - n t  i -i l a direct plot u - f  t he  en e _’r . ;y  ru st ributi i - rn i - n i  r;ec ’n ;u l u r y
e l ec t  rons was obtained .

The sectrnd method of measurement was basically quit e ; similar ,
but utilized u FabriTek model 1064 signal digitizer for data

u ccumu lcut ton and ma nipu laf-ion; the schematic is shown in fig . 9.
In this type of meas~~rem eni t , an output ramp which was synchronized
to the memory advance of the signal dig i tizer was amplified and
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n u n - - b  - m c ,  t h e  r e f  - m c c l  m m - n  v o l t - i ’m , ’ . P n m l s , a - n  fr-am t I n t -  i n f - - - - n n a l  dis cri—
m i r m i t - — r -  w e r e —  t i m e — r i  f e - - b  d i n t  t 1’,’ m n t o  f - h ’ -  a m  r n - m i  - h ; - ; j t  I n  - n - - -
t h e  s l u t  n - na nt u -n was stor e-nb . Typ ical le- , (‘u u u f l i :  fr’nm - u i - - u t
h- u u a u n ;- : sw’-c ~~~S were - i ’ n n ’ I ; : ,  n m i u t - ’ i - b  in t P - m u - I n n  - n ’ 1 f m - n  a sr n’;i’- - u n r u l y

b u n ’ n ibutiutmu . Onl y one fourth of the nm - m r - ny S -n: ; u s - - u i  t i - u  -mc e n m i l  i to
in ‘-rue-n - ; ’ ; i - i n  a t  n u i - u  I t  I - na so that f-lao n m - S  I on t he memo r 1’ c u n ; [ d  i n . ’

: m a u - l  f - -  st  n i -  o t h e ’r  d i s t r i bu t i - ’ n s  or t i - i - c r I h a m -  p u rl - u s e S  of su ’ . u l i : n - ; ,
m u l d i n ; . ;  or s u b t ra c t  un; ; d i s t r i b u ti o n s  or n n ; t u ; - ; c i t  n m  the data.

I- : id b m f  imi - na to the s e ; i - u n i - h n r y  u- I c - ct  c - - n ;  o n e - c - n y  c l i s t  c i b u t i -o n
L- i h ) )  m ’ u e . i s ; n - u ’nr n ena t u; n i , i d e  a t  sp e cm  f i c  - i n i - ; l c  a us i ni-n  f-he 127° enu -ri - ;y
u n - m l y z i - -r , Sl~D ’ s and the -; first den -n - mt ive ot hc SED’s were
m im i - in n i - -i - b f - - c  n i - c u r l y  hem ispheniur i I c - - l l e a i - ’ t  i - n .  The:;n nn uc a- u s : i r e —

m e - n u t :; ;~‘cn made by ,m modul atu:un techni que that will be desccibed
in ‘P- next section. Useful i - u u n f - r u s f - i r a u ;  int ’m rmat ~~’n was provru feu i
- mr au di ‘ mh a.m r i-sons of these measuremer;t ;m with ti;’ S r- i- -bt -u jned
s u b  i b ~ 127° energy analyzer at various scatf-erinq -angles.

A r i u n u m l i r  distribuf -ior;s of the s u c - mn d u r y  el i -- c n t r on s  w u : r c -  - b t a i ne d
wit P tb , - ap; u .ur m mtus as shown in f in n . 8. ~-J if-h thcn swu ;u-p v u l t i u f i - -
so t - be tu -c t electrons with a particular ene rgy, m n ; u n c n i a r  d i s t n i —
L u f - l u n s  i - n - - i - m i d  be obf-ained by rotating either the energy um a u ly z e r
or - t he ’  C m r - i t wi th motor drives connected to the respective u - f - a n y
f u o ’ u l t h  r- - im - i h a . The ~iriqul~m r m - a t i o n  was d etect u~u.l by coupled potent m -mne t u  - rs
- in - b this sie;nal was used to drive the x—axis of in x — y  recorder for

l u  rt~ u nt p 1 - u  tt ln g .

c Au ger Measurements

As mentioned in Section 1, Auger spectroscopy is a method
of -l u - ~ ernining the atomic species present near the surf ,ucm ’ of
- m s u l m b .  Because of t h e  short escape depth f- i - c in A ug e r  e l e c t ron ,
it b a - m n ;  b m - - -~ na shown that only the first few a t n u m  layers are analyzed
by this techni que ,51 making it ideal for measurements of surface

- - - r i - f  - I n a n i t io n .  I- ’ i ’ ;n mr e 10 shows the schematic ’ of the u m i n b u a c a t u S
is u m r ; ’ - m b  to meuus ure Auger spectra . The ac n n nu u - l u l - ition technique for 51- h i f f u - c e n i t i a t i o n  of the collector signal has be en descr ibe ’el elsewhere .

B r i e f l y ,  f-he t -m r q e t , third a n - u r I c  and grid , u ;
1 , ire modulated with

-i small sinusoidal voltage in series with ti;.- r~’t- u cml in q vo lt mm ac- .
The modu l-ita i - - n m  produces an ac signal - it f-he c c u l le e - tmur which is
p c u - n u u r t  m u m n a l  to t h e  energy distribut e-n of f-he 5 u ~~u ’u i - n; uh m r y electrruns.
b- - c h i s  - i n g n u r i - u f - n u t ;  f-he c u r l  l e c t i - n r  was c o n n e c t e d  t i- - f-he c u - t i r d i n - ;

* ~~~~~~~~~ - ; r i d , -u, resulting in a l - i r i - ; e  u ’ ipam n i ’ i V ~ s i - n n n i l  ~l l i r -  f- u t  the
c u p u i c i t  i m m u n e  i , u - t w e u - n n  - m u d  ‘ i ,  t h a t  w u s  s c u f f  l i - - l e n t t - - overdrive the
u l r ’ t n - c t i ’ m i i  a f m p u i r i t u s .  T - i  c’i u rrt-ct this , a c , u l u m n ’ I  f u r l - n b r i u b u n e ’  c i r c uc t
W , m s  f u n r r n t ’ c h  U -,’ t h u . -  v - u n ab l e  c u ;  nO t n , C , m m m l -a c e -t n t  t n—tapped
n m m h u j l , m f -  i - c n n  t n m nasf orme r . By tuning C~ i~ was u m m s s  j i u l u ’  t n -i effectively

• n i - i l l  u~~u j i  the e - - i p u m : i t i V e  si gnal. After b r t - u r n m r u l  i f i , ’ i t i - - r n , f-he ac
• - s i q r m ~u l  w e - m t f - - u  a i r e - k — u n  ,m~m 1 m fjer where ’ t im , - : - n . ’ m ’ u i - n i m b  harmonic was

n i -  ma c i n - - m i .  It c-a n lie- shtuwn Sd that f-his i -s b r u n t  r t i t u n a l  t - u  t h e ’
- b u n - .’ it i ve- of the c - n m e n . ; y  c h at rihu ti ’m n. This is Inu r e - desirable
than t?r ’’ .- m m c - r- ny d istribution if-sel l , b u - c - u n m : n t ’ s ri - u - uI 1 oc-aks and
sh- -nml d e rs on a Lu r t ; ’ h ,, ic k . n r- u mm r m nl in thea- ‘ ‘ r u m - r i- - l i s t  n i l n n u t  u - - n  show
- u p  n ; u ; u u j t e ; p r - u nnn u r n e - n n t f -aturos in the m i n t  f e - u  - n t  i , u I  c u r v e ’  m a k m n q

- i i : ,  ‘ - u t  i on  - u r n - I  i - l u - r u t  i f  I c u t  n u ll much ‘ - mn ; i or.

-
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b El cc t n - r n  Di I I r ict u - i - i a  - m a d  Cbs  r -  i C t  - ‘ n  i a t
I,. nsa I- , l 5 m I  I u - n i - u t ’ na ’ 5

u : a n m n t - m n u . - n t m m  o r  l i - s  ‘ ‘ra t : i - n ’ > ’ c ’ l ’ - m ’t  c - - n m c l i  I t r a c t  1 - - r n  ( L E I - b )
n h - u n  u c ’ n r i n r c  n - - l eases - ma - b  i m n u ’ 1 i s t  ic - b i b  I n u c t i c n  W e - r i -  t - m P p n
W i  ‘ ,i t h e i n ar ,,t - s  i S  sb um u r n  l i - n . 8 . To n n u u - n s u r — -  f l i t -  L i - i : D
; i~~ t n i-— m s  ~~ -~~

— ia - m r -n m r a t u - m i a n t  n. ’~m , t h rn t t - t u i u h i r i - - r  v o l ’ s- r u -  W I S  5 o t

S u m  I b m ’ - l i n t ia’ - - I c - c t r o n m i - ;  ~~i s~~’ ’ i - h  I h r - - i - n d; ‘ hi t ’ en nm - r ’ n ’,’ - ill
, m n ’ h  1- - ’.- i~e - u a L 1 n d ;  I i ’  t a u i - ; r - n a  mm ; n b ‘ - ‘ l u - n i - m y  a n m - u i ’ ,’n e n  i t  was pns sula .I r’

i- ’ad~~m - - : m ’ t t ; u ~- ,b l I u  - i t t - -rn (i.e . to c i t  - u i n ;  - n I l  - 1 , m a t j -  m n t u - n s i t y
p ro : i l ~ -) - ‘A -  m c i - m r - m r - n t  a oIl thi c ’ el a stic i n t u - n s i t ’,’ v u - n a - m s  p r i m - m n - ,-
- n a - - n - ; :  i s - - n t ’  t i P - - n ; I n ;  - ,  p i nt  i m y  f m u m i n t  f a s h i o n  S i r i m n e -  1 m m -  Lb - I D

lie - ui - ri p si~ i ons - ‘ h n m : - n ’ - i  w i t h  n u n i n n u u r y  m i - n; y ,  c-- up - m i r i n g  that the
- - n c - n  i -v  m r m u l v ; n t - r  m l S ’ m i- - nc’ ’, t:-d t c m  trick the I nu ’ m t ; n .

‘ ‘ i c u r , u c t t - n i : f - i c  l ast-s w - - c - measured lc -’ n W e r - ] i - m n m ;  t b -  retardin g
V i - . r l  n - n . -  - i - r e -~u n f; .m n m n u - i - t -  of c -n e - n - r u ’s n a t - m r  tiie c - l u s t  ic p ’- u a k  and

-1 - I t in ; - ; t i - h - - ‘-i i i - ’  c- n y di sf -ri b u nt u on f - l i e - n ’ - w - r ’-  i - i - u n i t : - ~u t  spec i ~ ic
sm ’ a t t e n i n n  m n - n l u - r ; . V u n i , i t  i o n  i n  t h a i -  l u u s s  p c - u k  i n t e n s m t  i c - s  w i t h
c m - n i t -  anu i ; u n i n m u r y  e ’n ; u r - m y -,-I u -c- - ul s° n ” u c i s u r e d  and ‘nave i rnf - u rm , a t l i - u n ;
a lanu t i rue 1 i i- ’ - Ii 1 f t  - n - t I cnn u~vi-— c i r s - kit tie r a s~ 

- n I es of u n n u n  r:;y
- l i S t  rib s’ m -i - is w u - r t -  t m k. -n mt inc n - I n n - m t S in S c u t t u - n i r m - ;  angle , or
the n - - f u n d i n g  voltage s-us -o- t - n - c  , i l l u u w  u l u - m a t r o n s  from a p articular
le-ss i i - -  - ck to pass I hr um m a ~;h t b c ;  c- mer ry analyzer wh m in the -m n ;;le of
i-~~ i e- n e ni m ; ; t~- s  v, m n n e d  w i t h  a motor u i r i v u ’ . t h u s  y n e - i d i n u n  d i r e ct

s ‘ - 1  u n i - ; n m l u r  p r - f m  k-s of h u , i r t i m ’m m l , ur l u - s a t - s .

4 T u i c m ; t O  Pr ep -mn i t  ion tind C I u - mnl  r i m

A (100) f u i c u ’ o f  (~~ ‘ i-V~~5 :‘h;’’se n i s  t h e  s u r f u u c c ’  t - -  b- . s f - rum b l e - i - a l-- - n u n  isr Ge- ia  S i . e - e n  W i - -  11 St  ud i u n b  i n f-h i s li i  - I t m ry  by of- her
t ’c l ; n ; i - ] u e ’ s  , a u n n n b  ‘h e  ( 1 0 0 )  f a c - u -  gives a simple LEI-Jm ; u ~m t t u - r r a  th u s

- c c m e n  ine],,st ic cli I f r - m e - t i - - n a  m ea sure nnm , -r ; t s i m p l e r . The sampl e
S i S  c m l  f c - n u  - u i- ’ m m nu n m c rc jul si rIg I ci i-’cysts I of 4 fm — i - nm ge’ rman i urn
‘ C ) a S d I J u c u -  f , u c e -  0 . 7  cm c . n  am s u m b r - . T h i s  s a m p l e  w i- is o r u t - m n t t - n l t u m

w n t i u i r u  + (( .5 °  by u t e ch n i q n m t -  u s i n g  i p r e f e r e n t i a l  u - i  ci; a n d  op t i c a l
r ’ - f ler -t i - n , p - u t  t t - n n n s .~~

2 A f t  or ~~~- n t a I i u - -n it was nnech~m n i c a l l y
! m r t l l S b u ’d  ‘ - - - in u~~m t ~~ ca i 1y  flat mm c ’ - n finish . The C.- cry stal was
m o u n t e-r~ - rn a t u i - - I t  - m I urn b- lock machi net] f - m u  Ii t the c rys  t a 1 . Tan I - u 1 urn

a b ut ; , which fit m a t - u s I - u i  mm c u t  i n  the sides of the crystal , were
w ’ - I n h e - d  ‘cm t i m e- t a nt a lum block , ii -’ l - hin q i t  in ; 1i- ice . A I t O  w utt

l - u ] e ’ u ’ t  i n n  l , m n n u p  f j l - u n r u m - r n t , nn u - ’ u n t u v h  m a i d . - the f in a l - u l u m  bl ink , was
uric- m b to m t - a t  t i n t -  bloc -nh - m ci cc mnn ;t le by r u u h i , u t - i u u r m .

~~~
‘ Ann i - r u  i- mi - i - b i n 1 m m - n t  m~~t i c u - d  was use-i l f - m n  clea n ini ’; f - b i t ’ f ur - l e t

- u r i C  - i  S C P e ’ n : , t i C  of  f-he’ u ] m ] t m n a t n i s  is shown in f i- ; . 1 1. This n i n e - t h u - u i
c’-ns u u s  of b u - - m n n i m m r - h m n - ;  t h a t -  n u m r f , u c e  t o  be c le, n ’ - n n  w i t h  i m n s  which

I er ’ he surf -m ci’ . iW l y ,  i . ‘‘ . surf -ice i t -- i n n s  - m u . -  nj e c t e u l  clue
C e ,  - ; nn c ; m m c t  of the ions; in this u ’x ]n e -r im ent a r u ; - i n  i - m iS wor e

- n i - c - - b .  T hus i ] r ] c m n - m t  u _is is r u - f h u t n m ;  run - n- c’ th ,unn an 1 - - n l a u t  i - r i  chambe r
I n ., mr n ’.-~- t , irh t ime- j - u n s  c n - u  h i -  d i , m w n u  t - t h e  I u r . p - t  s e m n f - u i - ’t ’ . It c - ’ ! lS i St S
of a u ’i u r u r i r i - - i l I ant alum erac loacm r (- wit im .m sc~ u m r e  t i m e - f l i n g  , u t  o n e ’
‘‘ot i whe r e- t he’ t m r - ; u ’ t  is p m m . S i t  i e i n ed . I n s i de  - u  e I . m u i h l e ’ f i I - u n m t - m i t  o f
. O O P  i i - e l i  t c u n u ; a f  i - n ;  w i r e  p r t m v i u l u - s  - i  source u - f  c ’l e , ’ t r o n s  mci a
si f l n u a i - - u h - u l  ly u i u u p e ’ u I  .010 inch t n m m n u n s t  u n  w i re  t n m c n n s  the an’’dc’ us e -mi

— f -m r ~ic e ’ , ’ I t ’ ~~~u t inn - ; e lectrons t m  jn niso the argon.
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This c- n - i n - i t i - i s  w i n  use- - I a t a - n e - s s t I r e  cu t IG~~ T u r n
ol ar -non i- s hnii’ln n m - i - I  b - - n m c i t i~~u i; u - r u - f m u - u l l y  c i ’ - - i n n u - i - l 5

~ prior f u n

adm i as m - - r u  t n  I 1a v - u c u u r i a  s’2 ’;nI u n;,. A - i r s  di s c h - m r - n ’ . - S-us struck
j o s H  i c -  t h n e  ion i m o n u n b i m - i n ’ c m - n f  i- - i n u m n i - i m . - r  l u > ’ r u n r i  i n ; - ;  t h e  I j l a n n n u - n a t at

1’- u t  5. 0 A dull 5u -t I ni - i - ; f-u i- u n n u a b o  vol ta -n’ - i - ut ;jf, m - m a t  30 V. Ions
s r i m c n w m u  to f h c -  t a c - ; c - t  iuy u~ u~u l y1ne ; u r ; ’ - - r n t  i ve  p o t - - n t  i - u i  I - -  t~~n ’-
f - m m ; . t  i - b  t a  n e n ; ; ur ’ i - t  to t hi- . m m n u m b - . Two m. n d - -s c - f  n b i s c h i c  m a - s - n , -

n - i - i w i t h  this u b u b - a c u t U s , one w- us chara - . I c c r u  ‘i r a -m I by low
t a n  - n - I  c u m n - i- - n t c i -  and u n i  f n u r m  s ] m u t  t m - i  i ng  u i m n u i  t i n u e  c u f - i a e - r  b y l i rgea ’

I c’ u m n r e n n t  a and  n o n ; m n i  f o r m  s n - u t t e r;  n i - n .  The  h i g h  n i u r  ru-nt
i - a u  - i ’  w n ~n the- l a n e  i - m s c - m i  and w i - m u obtained i a - i- - raising I h c - Iri - im u l u-
vol t a -n c - - m m  - t i - i - i- HI - c- -i - I  80 vol t i - n mmmcm entar ilv , th u s  ~ t n i h  i i i ;  • he
h u i - ; h  i - u m n , -n t  mm md c , u i - n d  t h u - n a  n e- nb ;u cinq the m a e ni - l i - voltage to
t h a t -  dc - s i -  c u - i - f  u m n i - ’ - r a n  i ng  v o l t i u ; e  of a b o u t  27—30V. At an  m n a m u m b e ’
vol t u - n e of ~~i . o u n f -  ~I5 V t he- diachange usuall y m c i --nt i -ni - i  1- 0 t hi - - low
m ’s rr - n  t i-r i - Ic ’ . Thu  an o d e  - ~‘c ;l t s u i t  - was kci -pt a i -c low as poss i bli--
I - m ini ml ir - sputt u -n in q of tI; - filament and f - ant - ulum enc losure.
For I ’ >’pical oper~ut in ;- :; conditions , i.e. us imng 4.8 In filament
c :;r r ’ - i - u t  , 30 \~ i- am n a i m , l c n  r iot - n t  i a l  a n d  50 V t s r - n i - - f -  n c o f - c i - r m t  c-al , an ion
n ; m c r - - : n t  d e n s i t y  01  a l - - u t  100 A/cm 2 was obtained .

m i t  I ii i - i - i - -n i t  I e u  c l - m n  lo gs r u - m c i - u  I s i - u n i t  one thousand a t o m
l > m ’ - ( - r s ;  t i u -se w e r e -  f o l  l ow u - ul by Ie ra- ;t h a - i-i- hu - u tin g s ~u t  about 600°C.

A >  I m r r : t , t h i s  n - r - a i - ’ r - d m n m -  l e f t  tk -  surface’ with some carbon
u ’m n n t am ina t ion as d u - t u - n n c m i n e - d  liv Auger s;m e ’u :tm uu sco p y; however , after
sc ”H- r i l u i - - i t  t - - r - i n n r i e - a l  cycles this carbon contamination disappeared

u i -~~1 i t  is s : n s n , c - c t  u - n b  that t he i - -j r b o n  was  m i g r a t  m l i i ;  o n t o  t he  s u r f a c e
f - r u  u m nu f - b ; ’  - s a n n n p l c ’  holder and samp le i- - i - l i - re - s during t h e n  anneal stage
of the  t r u - a f - n n t ’ n I t ,  A f t u - r  a clean surface was established the
a m n n n n u l e  wa S  , u n u n u - u 1 ’ - d  each day prior to making measurements , in
order to desorb any CO or other contaminants t h a t  may have been

i u l n - n u c b c - u .l can the sU rfac e- . P e r m n : n n i i c a l l y a s u u n n i f i c -m m a t  amoun t  of
, n b , u - t r could h e ’  d , - t , - c t m - ; i  Lu ’. m n n c ’ u i s u r e m e n f -  of an Auger spectrum as

: n b ; ~ m w n ;  in f i - n . 12; this s t - t i - n u t - c - b  I n  he - u i i - ’ c O f l i - l i - i f l  ic -el by some degradation
of ti n . Ll-~ED bear-n inf-ensi l i c - s as w e - i l .  ‘ I b i s  l m i m i l - l  up of carbon was
I - - I t  f ’ b e -  the nc-suit of electron beam cracking of CO molecules
on the sur f - a c -n c ’. A I n - n u t  s p ut t e r i n g  of t h e  s u r f.a ce  (~ 100 atom layers)
was s c m f f u c i u - n u t  t o  r e e s t a b l i s h  a c lea n  s u r b a c - n e ’  as demonstrated by

t i e :  A u - n c r  m a l u e a m - t  r i- n I l ,  of f i n ; .  13. In  t i m : f i q ; u c - , each section of
f i n ’ - I’. n l - ( t - r  a ; u r - c  c c - m i - m n  is labeled with t i m . - r e  [a ti v e  a t t e na f -u a t i o n , A ,
t i m e -  t j n n n u - c o r u n - u t  m i n t u sed , n , the peak to 1ut -s k modulation voltage , V
- u r ; i - i  t i n ’ -  p r i m a r y  e lectron current , 1, ; whence they  have been omi tte~

b u y  - m m ’ -  t h e -  same as tim. - prev ious ; ;bc t  u i - u  of the  sp e c t r u m . To
c - - i  m e - c -  I l it - c 1r ’~ r t i ;  u - I c-i i m a i - ; c -  dur incj sputter u ng and make anneal ing
e ’ .msit -r , ‘ b u t -  ion t ni u ’r g’v’ was kept u t  80 eV for all but f-he initial
s p ut  f t - r i  r n - n  w h e n  2 0 0  c-V ions were used .

5 C o o r u b  I m t  ; y m-n t c - m I s  and L i--m~ u e - r m n u e ’ m a f - a l  V a r  n i - m b l es

b l u r  ‘ u - u - I n -  t i - i n  the m nu e i n - ; i - m r e m m n , - m u t  S it was necessary t o  r e t  e-reri ce
I t u e ’ ’>’.~ u ’ ’ r  n r n - - n u t  m l  ly nm e - , u s u n e - d  ,an u ; le s  to the crystallograp hic
or m e - n t  u t  ion of t ilt -  sample . Figure l-1 ,i mn i m mm wn ; the orientation
- u f  t l i t ’  inc u n c - m t c - i t - c f - r o n  l , e ’ a r n  w i t h  t he  pr  i n c a r y  crystallographic
i - i n r e - I  i ( t r u - ;  i n  a ( 100)  p .I i m i e -  of  the (~e- c r ’1’ s f- aI  . The p r i m a r y  beam
Wi -i S 1 l i e - i ( i t - l i t  e u f l  the (100) fare’ 01 the nu i mm i] - e at m u m  a n g l e -  of 4 5 0  such
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t h a t  m t s  n - u -jei --t i - t n  o n t o  t h -  sur  - i c e ’  s u n  in f L -  1 1 1 0 1  d c - r u -c t ion i
A l so  sh- m ’ .sn i u n  n l i - c ’  I i q : n n  - - a n t -  t i n t -  su r l  -ice  c u f l i f  n e - I  ‘‘ , - -~~r i - u n  S ,

m t  t h , m t  i n ’  U~~u - i - I  I c - m r  liTh u , : t t u ’ r n  i n - - i - i f  u u ’ , m t  u - - m n .

In t i - i .  1-ft. t i m . - e ’ x b u . ’ r i ; i - u r  m n f - a l l y .  a l  I ,Wu - u I u ; a g l e a  - u r t  n ; i n u u s n u .
[‘li e- t v , r m  u a l  i - w u - - . h  r u t  m t  l i - u i - u n - u , (-t~ a c - m i - b  ‘

~ ‘ r i - ’ s r i - -  m n ’ t  f -h ’ - usual ~4,
c - - i- - n d ; i - i -  i f - e s  ot  a sph em ic -u i c i - n u n u l u n , i ’fe ’ system since- the angle
or  i n c m u ? i - - r m c i - -  is i - u u m n — i - i i - u n m c n - i1 . T l n i s  u i - u n r n u ; - l i c , m t  u - u I  e~~;e- n i - n e - - u s - ~i - r ’ - ’, c i u - i - i - t S ,
-as m i - i - - m n  u I - - m ; m 1 i - - a n  f - i u u L m r  c r ’;n-ut u l u> :is in; c - ce - mn - n i l  r r i - u i m u i n u u i
cn m m : u - n i n i - 1’ t h e - n :urqet a n g l e - , ~~~~, . ,  as s - - l i  as I hae a n a l y z e - c  a n n i - ; l e ,

C-m rves of const ant ~ : and ~~~~ , w r e n  c - m l i - n u m i c u t e d  and ; a l ~~ t t u b
- m i s  a - inct ion of t h r- spherical L n n m i i n a f - t - s  ~ a n d  T in a solar
p i t  us s i i u m w i - ;  in f l u ; .  15. T h e ’  cr ’,’ sf -a l  logr a ph i c  d i r e c t i o n s  a re
d c-f I m a e- C ny t m ; e - ~~~ cuo u r u l  u n ;  utes - ni - i - ;  some - ml the low index directions
are ic - u - i in ’ i t  r I  i n  t h - -  t u i - m u m  ru . 

u l ~~~~ - super  imposed cur~- iii ni--ac net of
cm -nsf - ant 8. an d  l i n m e n - m  S-iS used to g r a p h i c a l ly f - r i - u r m s f o r m  t h e
a n ; u l ar  i i - m /~ c - I i n ~ u t  ‘ - S  ~~a S u  -d on i- . cr-cat -il axes to f-he expenimenta lly
d - - ’ u - r m i n n c ’ u b  - i m m u ; l e s , I h - — s  n i l - u s ; m a ;  ui - m i -,’ (- r - - ’st a l cI c - n e - u ’f-ion t - u  ho

i n c i t e- i - i  f o r  m e a u u u m r r - m m m c - n t  a .  m l - ~t I )  l ie -a r - a  p o s i t i o n s  were  a l so  ea s i l y
- r i - n i n at -i - I usi i - l u ; this slot

I’;. L:’:n c’nimental Resul ts i - m d  busc’ussion

C h i n  uc t c-n i z~ut ion of t i m e  Se’lmp ie Surf ace

u i - i c e  f I a t -  - ; t a m l  i- m b  this exluc -cirn ent was to assess the low
e i - l e - z ’ - ; y  eli- i-n t r u u m n  scattering from as near an  id -cu l Ge (lOO) surface
u a S pos s ib l e ,  q n - u - i t  care w-m s t mhe -rm durinq the course of experimental
measum- -ments to insure- tha t the samp le surface was clean anad well
‘ u r u b ’ i - r e - - b. Surface c l e - an i in a t - ss w i n ;  checked per iod ica l l y by Auger
Spe c .-t r i -ms c ru ;u y w h u l e -  surface or- Ic -c was checked continuousl y by
LEI-:D i - r e  - - usu c-’ ru t -ta t a . Argon m m m l i  b ombardmen t  and a n n e - i - c l i n g  procedures

o u u b u C - ‘ in cle ’aru ordered surface’s are descr ibed in section 111—4.

The !si - ; - ; ’ - r  spectrum from thc’ Gc- (100) surface before its initial
s pa t  ten in ’ ; is shown in Ii-;. 16; ms expected for the oxidized
surf - u n ’ . - a I m nu ; t ’ K1,L ni- .;yu ;. ’ rn n m e u k  was observed and the KU. carbon
h m ’ ik W u u S q u i t u ’  lu i nu b ea’ while’ a l l  the (‘,e Augu r peaks were small.
A t ’ - n s;~L m t t ’ - n i nmu ~ the samp le with Argon ions at energies of 135 eV
so t h , u ’ ii) ouut 600 monolsyu-rs of Ge would be removed , the Auger
s;a-ctrum of I I -; . 17 was obt ,uinaeeb . Although this sputter treatment

-
~~~~~~~ nt - i - - m u n”c-u j a ll tr ue - c - s of carbon , the oxygen contamination was still

S (”Je:n (-. h ;uu ttt-cin q alu m ; ’- was not s u f f ici en t fo r  remova l  of th i s
o xy - ; e - n ;  however , by heating f - l i e n  samp le to abo ut 550°C subsequent
to sputterin g all traces of the oxygen disappeared . Apparently
what eve r oxygen remains on tb i u - surface atf -e ’r spUtt c-ring is c-luite
loosely bound and is perhaps mobile ’ enough to move about the surface
rather than -u be e~ ccted during m r -; o ni ion bombardment .

( > r m m ’ ( n  the oxygen wus rernsuu ’c’.l the Auger spectrum appeared as
shown in fir ;. 13 , and is the Auger spectrum of clean Ge. However ,
- m l t u - r periods of prolonged measurements a buildup of carbon
con tam ina t ion was observed f - n ta k e pl ace; a severe case of such a
buildup is shown if fig. 12. Th i s  carbo n pr esumably  r e su l t ed  f rom
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CO mol e-c Ic - i; b - t  - i nq c c - i - k -  - I m mrm I tnt sun I i c e ’  I ’ ,’ t h ’ r - I t n t  n u n  b u t  - - i nn .
As - I -m c ‘ra t- n n 1 n le • w I n  -nu n’ - r t ne - V i r u - u - ,  i - ’  - u S m i - m O I - ju l . - - - i- anna -

c -n I m o m ;  om ic t w c - n t  i ’  t m I h n u a  t o  ; --  - k m t - I  u t u n i c -  ~~l the
106 , nV Ge- n i - u  ak , t i n t  s u n i -  be w u s  ni u i - t - n u  - i I n - - S i - n  a ; - ; ’ ‘ r - r — - u n n i - i - -  - i i
f - n - - i t ; t u . -fl t

‘-i ’ i - i - u i - I -  i - i - i - u - r a t s  of f - l u .  L E I l )  1 1 , - n ;  a ; , ; c - l tis t mc ‘-it-c f - r o n
m u  - i - s i t y -v r t-  i- i - u - uI t - -  dc -t t c :i - n ne r lie- re- la’ nv ’ ui - t u n e ’  u t ;arl mc.-
i-an u - n  c- n~n - i - n  t he ~ u t - (l 0 0 )  u-i - - m c f , i  m , u l  p r - _ i o n s  - n e - s  u f

t i - i ’ -  - 1 1 0 0 )  I l - l E l u  ; c t  f r -m i- s I n n ’ . Ii - - maden , ‘,- u r - l d i r -  i- ‘ s’ i - ; i f f ’ - rm -r nt :
ru - s c - n i t  s. J- m n a i 51 c l e a n u t - u l  h n a  sam p les  I :  l u - - u t m r - n i - n  ,:j l u i - ; , ,  ~, n

n t , - m l  i n n - i  1/1—or -lia r d i f f r a c t  l i - m m ;  3 n - u ~~ - n i v m r m - ;  a G t - ( 1 0 0 )  2xl

~- a t n  i- -rn. I , , u l i - I t ’ i  a r md  - i i - u r n  ison 5 - using iota l u - i - i - u  m e - i - i - - na t m I a n ; m u u  d i n g
- u r e a; t O  cl ’ - , a nn  f l u e - i n - Ge , u - h - - u -  m n - u I  jn n j - i - i t  iQ f l  t o  t Ime i n ’ - - c c  m l
- in i 1 /2 — - u m i u r  si- - - 1 : - u , s f - r u - i t s  I h n m a m i q i m  t I n , -  u i -~~ m - S i -  1 ,/2 o r I r  r s pot s
w l a i - ’t at low t-nc -m m ; i e s could be - b - a c t  i,a l l y r e i -- a - i- l y e -n b into 1 / 4 — m a c i - l u - c
sm- of - a . They postuisl t 1 i Ge ( 1 0 0)  -1 :-: 2 i -n u n - I 1 f u m r  t h e -  s u r f , m m ’ t -  s t r u c t u r e
s l u m - r n -  t h ’ -  f-op atomic [aye -n , a n  th a 4 i--: 2 u m n n i ’ ( n c - i l , w i - u s  ; i - - i r t i a l l y
d i s o r d e r e d L -  iu i ini - 1 to sf - r i - - uk I n i - n .  n ’ Ia , n n h  a l so c l - - i n n - - m b  his sample
l u ,  i r u i - m — : u i - m ; u n l u - u r - i n n u u - n I  s i - u i - b  a r ; n n , - - a l i n - ;  u r n - b  i - u l ~~- ’ i - H u - - ;  f l u ~~t r e i k s  bu t
ci- mum IC not  c sol ‘,c ’ in n -1’ 1/4— - m r - I ’ - r spo t s

In f-his stui -b y f-he i- ut ne ni kin u n as Wi --il , m S  t b .  1/ ‘u — u  -c- i- -c S 1u o t S
a- . - r ~’ -  c r - m i - l i l y u u b ; u i - - n v c ’ml for c--nergles b e - l w a i n i - - i - O  30 r ’V. Compl ea -ti --
5 e c c - a k i n - ;  u i - u s  m a u l  obse rved , p r u -; -m n u n ; n i - a b i y h u t - c a u s e  o f  the rican—normal
i - nc n i - b - n i - c - ;  i n s t t - - m i - b  t h e -  i - n f  n u - - m k s  w e r e  o n ly  u p p a c r - r n t  n i - u r a l l e l  to
‘ i - l u  n - l a n e  of i n c u d e u n u ’u . bum -sides t m e -  usual 1/2— - - c - i u - r  ; u b u e m l  s, i - u t  h e r
s i - u - I  i - ;  were n hse r ’-’ c ; i -b in the (1/2 1/4) , (1/2 l,-’2) , (1/2 1 4 )  and

~ 4 1 - 2 )  p o s i t i o n s  w i t h  the streaking b - - I  we - -na the (1/2 1/4) and
(1/2 3/4) spots. A second G e ( 10 0 ) n a o m i - n - i c -  was also examined in a
v i s u a l  d i s p lay I CED : n m i - ; n i - m n : m t n i s ,  whe-re i m c m ’ l i -  t I n t - at  r r - , n k j n m u n  a n d  t he
l / -i — i - u m - I c-n spots  w er e -  c-- l en a n y  o b m t - n u ’ r u . - i - l i c - u - - I n n ;  n I o t i n t -  c o n c l u s i o n
t I n - m t  t h e  c l - - u n  Ge ( 1 0 0 )  sc - i - i f , m c , ’  c ; u i t u -  l i ke ly  d o - -s  possess a 4x2
c - ti n t ace struct c --e. Figure 18 shows i i l n m u a t n u t  i o n s  of the ’ observed
LE E D  : u , m f - t e r n s  f o r  f-hr -c’ di f t - r e n t  c:n u . rg u e s  - i t  n -  m u  ni - i - u I i r ;c  i den c e
in p i - m m a i - l  ( a )  the ; , , i t  t i - - r n  a t  40  eV m-u h ow m m o n l y u n m t t - ; r  m l  and  1/ 2 — o r d e r
b e - - m i - n u n -; and f-his - ml N - c n n  has oft -n 1 . -i-m a  cu m i n - ; i d t ’ r t - c I  i i - -; t h u -  comple te
d c - - m i - u  t ; ’ - - ( l O O )  p a t t e r n  h u t  at  20 eV ( r i - i n t ’l ( b )  ) f - l a- Stre aks through
t he  l o w e - S t  1 / 2 — - u n  i c -n s 1u o t s  . u n t  ; t ’ 5j d t ’ i - n t  an ad s ; t n mt s can be
resole- .  - i  in t i nc 1/2 1/2 posit ions. When I l i e ’  b r  i n n - i  r y  e r s - n ~;y iS
l u . w t - r e - n i  to :i b .omu f - 4 cv t h e -  1/2 1/2 spots  I i C c ’  a w a y  b u t  the ’ 1 / 4 — o r d e r
s~ n t  a t n n c - r g e  u l i s t i r I n a ’t l y i - us  m u m - s m  in parael (en).

u’- ; ;  i m n l ; ’ ’ck umnn t lme ~- n il f fr - a ’t ion c t - r n t b i t i o u a s  - i c - i d  . - l u ’ c t  n c  ~inci
m a m ; n i t - t u u n I m t - b i b  c a n n n ’ e -I 1sf-ion , t h e -  a n g l e - s  i - u t  I mc- I l-d1) f m - i - m n — ;  were
rni , , m u ; n m n u u l  t u u u  \‘, m n  y inq  p r i n n u a n y  . -m i .’ngy and v , ’ n’ i-’ u ; o u m m l  u u ; t c - t mnne ’rm t was
i - t b a t  m u r a l w~ t m u t ic - use- t h e - u i r u - t i i ’,u l l y c , u l m ’ i l l . i t . -uI o ct - c  t i m .- ‘-na-n -ny range
5 — 1 5 0  c -V. This snm - m - ; e - m m t s  tim - mt t l m i - r e ’  was l i t  t i n - t r , m j . - ’ - t u m n  y distortion
r . f  t i - - -  scat t er eu l  t - l , - n ’ t  n t i - m m ; ;  in t i - u ’  e ’ x p e r i m e - n n t .

2 El i - m t  i C  l i e - n a t  r on  l u n t e ’ m u ; ; u t y  A m u a l y s u s

A l t  ho uqh  i - u  ci ’ - t  m n  It’ d S I i - i - - I - :  o I I I n  - ci c - I m u  - ci. - n t  r u - n m  u ntens i t ies
was not sri i nt , -ndc-d part cml t his i r a c e - s t  l u ;  i t  ion , t he- i n f  l t u c ’n c t ’  el the
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e1~ m s ’  n - ’ s- a’ t t - r n n n - c  - i - n m  t h e  m n n i ’ l m u a t i c  - m l ’ ’ e - t  m m  - m i - n - i  n a u - n ; . u n 1 - t a r ’ .- el - u n non
s n ’ - - ’ u s r i - s i - I . - i f  n a t - c ’ u - s s a r y  t o  i n m ’u ’u ’ ,s t i - ; - u t c -  the ’ c - l u s t  icr i n t e n s i t m u - n a
r , m t ; t - r  r ’ > i - t e u l i - ; i V e l y.  Th ’-  m , m i n m  ; u r u u i u l t m  w u  I i ;  u - l i s t  ic ni - i - t a u ’ n u s i t ,’

~ n udje’s is t I n , -  cu m n n ~~ l c - x n t y  of t int- m n : u i y n -i n o ; u c u u t i - I ’ - n n n , w h . - n e ’  u n n a n n u l l y
m n y * i u i m n u m  a l a - u n ’ - m t  u m u l n i p l u n  S i - n I  t - - r m n g  m n isl ysis i s - - u n - i  I n n  i n ’ -

i - u r I s c ia f - n ‘ t n ’ 1’ ;  t h i s  is r -; -m p t ’ e - i i l I y f - r i - n ’ -  - i f -  l ow - n  m m  L r m n : u r y  , m u u - r - i e ’ S
s - mu ’la as us- - I  i n  this ta ’ x ri - r i - ni me ’ r it - Al lhou -;l a - i u ’ u m m n ; u l e ’t i _ - a n - u l - / s i s  of
i - h , -  c - l a n a ’ Ic u e - ,m ’ t ’ - r  m i - n- ;  is urn I u n r n n m n n i - n S  1 - m a t , I t 15 nu (n n- u sl bl e to

I i ’ /  ,a’ , - m t a n n  f e:’ :u tu r - a a s n n ; u I  t n - - n i - I s  l ay  S 1 i - n n ; - l m - r  a m i - . u l ’ : e i e - a l  m e t h o d s
use d in I his st u ;I ’ ’

E l a m a t ic i n t u - n s i t - ,’ u r n u f  i l ’ s  of l w - l y e  LEE D b u - am s  w e re ’  ri-n - m s u m - ’l
f - i - ar u - m a r - n i t - : - ;  b u - i m u w  150 i - - ’.’ - u - - I  ,u u- .- shown in fi gs. [‘1— 21 , cronrected
u - m r ; - c l n n m a r ’ 1’ - n r c - r u t  v - a r m - u t  I - u ;  w i t h  ‘ ‘ n ’ - m - c v .  h i - m e - h  i - a t  t h o s e  p l o t s
ais I n ;- - n - u n n u - , I n e l at  i-ne m t - - i - m a l t -i- ’ scale: I n c  direct comparison

01  i n a t u - i m s i  t ic- s : u m n u n n m u ;  pro f ii u - S .  It is  m i u p a r t u m n t  from the lan-cc-
, u n r n o u n i - t  of S t  c a ’  t n n c t - that ri - mm c, than; primar y I t r ; u u ; u ;  scattering is
i r u ’~- n ,1 ’~’ .’d . A m ; m i - -t hod  f o r  i- > i - m r n j n  m ne; this b i t ; , c i e s c n  i b i - nu l  by Seah ,
f -h a t  w i l l  be f ol  low - i - I  h e r e , c i - - m n a i s t s  n n f  r e - n u r u - m a - - r a t i nq ea ch r u m - i t
in t h e  e l  aus I Ic i n t e r n s i t ’ i-’ p r o f  i le by u dot on the slanc of incidence :
in K — n u r u u c a c n . Eac h u l u n t . n e ; a r c - i-; i- - n f - s  one - - in - i of the incident wave-
-:1-i-n t or ora l I h e - ne t - i - c- - u u m r m  esponds to the cent u-r of the Ew-nuld sphere-,
with t i i - -  - w.’u ’,’i - - u’t-u ’tor i c-n - c f - i n  b a  1 ng determined f r o m  the  f ree :  e l e c t r o n
n e l i f - m o n s h i j i -  ( t ’ -

~~~
. (17)) with suitable inner potential correction.

‘[‘hi-- relat i v i - -  size of the d u u t a  - ; iv es  a u ; m m s  1 if-stive relations lailu to
t h e n  s t r e n g t h  of  f - h i - -  . - - m k  it c ’ :; i - nu - sc -r mt s . Only peaks for a given
LEED be ’~~m a i - - m r - n  ; n l m m t t c - u i  m u n  any -;iven diagram. On the same diau ;n~ann
a r c -  p 1- L I - - m i re l e v a n t  l i n a c - s  01 i r n t r ’c s e ’c t ion  of Bni Ilouin zone p l a n e s
w i t h  t h -  ; u l u f l t ’  of incid enu ’u ’ . These lines of intc n r si --ct ion are
c n u l l - - l  B r - m g - ;  a n i m a l -  i i  r u e - n a  :u nd d e f i n e -  the ’  l ocus  of t h e  E w al d  sp h e r e
center for a q iv em n lu ni -; - c nt-f lect ion us e n e r g y  is v:u r ied

‘ i ’ h e - s r -  d i : u - ; n a n i n a can i n n  i - m a n f u l  i n  u b u t e r m i n i n a - ;  w h e t h e r  u n
i n a t u - r n n -;if-y p r-ak for - i  - n m - n t - n  L I E D  In ~~ann i s  a B r ag g  ;n e : m k  or is a 

u u n n u l u n y  Pc i -u i - ; - ;  ; m c ’ m k  ( S B P )  - 1 m m ’ - to coupling w i t h  a n o t h e r  beam .
it it is -m b uns ;- ; peak , then f-he .1-m t inn k — s p a c e  s h o u l d  f a l l  on a
Bra-;- ; zu , n u e -  l i n e  - i s s o c ia t  c -m i w i t h  ta b . ’ beam of m t - c c - n-n t . h owever , if
it m u; an SBP f-hen the dot should f - mi I on - i  B r , u i - ;~; a n n i e -  l i n e  a ssoc ia ted
with u d u f f e - n c - r m t  fm u - , im:u .

Fm ; umrt - 2 2 u  shows the p lane of incidence in K—spare for the
Ge(lOO ) s inai - ic used in f-his stud y. The d u m t s  represent the reciprocal
1a C tic e~ points of the cry st :u i arid i re- labelled accordinq to f-he
usual - in n - ; - i m ’ i - .- -l u - ui - I , m c unit cell of th e face cc -r af t -r e -n i cubic B r a v a i s
li-i t I ice . A l t - a -n a ;inown i - ire- f-he- di f fran ’t i onu rod s used fo r  LEED
srnc ifica t ion with the indices shown abumve each rod . In fit;. 22b
- i O  1 111 ;; t n - i ti v - p lot u - I  t b  - t ype dta s’r i t.c d ,mbrm ve is shown for the
(00) - l u I I n  a c te-ub beam. A ‘ -‘e - ry  t a u p t ’ r  L icial intensity p lo t is a l so
shown m a u i ; ’ .  - r  m i - m n ;  - ni - na -m i on I h e -  ;no  n t  i i i  i - m t  I i rig in K — s p a c e , fo r  e li -ct  cons
i n c i c i t - n u t  ‘ m m  a s u r f a c e  ut an gle- 0. The f i r s t th r o u gh the f o u r th
o r - i t - n  I t t - m i - ; - ;  ~~ - i k s -ire indicated along with some half int c ’m ;n ,a l
secondary bc - i -; - ; p eaks. The n l n , t s  a l o n g  t he  ( 0 0 )  d i f f r a c t i o n  rod
ire ; rec ipr e-na- m i lat t ice - points.

2’.
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In  t h e  , u n ’f -u s l k — s p a c e -  p i n t ; ;  t i a u - r e  s h o u i u l  be B r - i - ; - ;  zone
l in e s  - - n  r ’ - :- u ; - u m n n ~I i n i - ;  N m  c o u c h  r e c ’ m ; u r u n u i l  l u t I  i c - t~- point both ic-u
and  u u ; m t  of the plane of i n c  m i - i c -n i - ’ . - ;  f n - u w ’ - ’ -’ u - m  , mit t m - r  o n l y a few
of t l n , - m - ; . -  u n _

c ’  u i - n m ; u c u n t i - m n f  . It i s  r a n t  c i t - a r  how t i n . -  e l e c t r o n  f l u x
is u l a ; m c e - u i  l u - l w - t n vsnnn ’us ; u n o ; u a - ; - i f - i n g  w avt :s  i n  t f - m u -  c r y s t a l ,

l u - i t  t i - n c r 2 ; u c - u ; u t u s e s  t h a t  b e - c , u u s c -  f u m r w , m r c - 1  ; ; m n s t t e r u  n - ;  is  p r e f e r r e d ,
i - r i -  n m u n t ’ - m I  b e- nm uu ; a l u m ; mu d m o - n t  c - l i t  f r a ct  I - - m n  r i - u - i a  a r t -  1 1 a m -  ( ; m i u - s
which an r ~~t . r i-i-- c lv  coupled . I I f - l u  is is tine- ‘ u  Sc - , the nmimber
of  b u m - i -  comi c’ lines that n e - m d  to b i - -  c o n s i c a u e n m c ad  is  r c - i b u m i - c t n m l
c o r n s  i ‘i c - r ib ! i - .

In prepar ing ti n t- K— t -nm a,icc - plots , e ach pu-o k in tia ’ li -u t u ’ r n s m t y
i - n c n a f j l u . - of a c ; m u ’ i- -n LEE D b c -:u mnm was c-~ua l it i - i t n m ’ualy ma sess emb us being
we-ak or strong , thus def -erminin - ; the size of tIne dot in K-space.

i i - u am l lu cs on the side of i-i l a r u n e ’  peak s u c h  us I la - ones a n t  61 eV
and 100 eV for the (00) beam i- ire’ consun li - - r ’ ’ -- b ,us w u - u t  - c - u P s .  The
wave vu-cf -or lc’ nu ;f-h was then determ ine-c-i from t h e -  ‘ ‘i - nc r -my of the
i-mi- ak along with an  n u p a r o p r i a t e  i n n e r  n i - m i t  u - i - n t  is! i- i-r c t - c t  inn accord in-i-

u u  tin ’ - r u - l a t  ion

2m (E+eV ) 1/2
K = L - I ( 2 3 )

where V 1 is f-he inner potential. Assumiru g I n n  m u I , ’~~l i c - u - u I  m a t e r :
; u n t e a m nt i -- il change at the sur f - u t -c- i - mi - I c o n u s - r v u t j o n  of f - l i e ’  wave
‘‘ t u r f - c a r m n u n a l l e l  to the s t m n f : i c - u - , I l ae ’  angle of the a - :uv t ’ ’:t - c t u u r
uns i d - - the -  solu d , 0~~, was ba t e-m ini - m b  f r o m  the a r a - ; ! t -  cu t  i n c i - a l~-r a ce ,

49~~, b’~’ apply m n m- r m r e f r - m - - t n y c -  c o r r e c t  I n n  - ; i ’ - m a n n a  as

2 -sn_ n 0 i , + u - v
-a ~~~~~~~ 

(_
~ 4 )

sin ’0 -
I

Plots of the p e ’ i - mk r-u in K — n a n - - m m ’. -  t o n  t he ’ (00), (10), (01), (11),
m i n i  (0 2 ) LEED b ut-m i - m s are- showum a f i - ;n mne ’s 23 , 24 and 25a fo r  da ta
obtained in two - b j f l e r u - n m t  w i ’ s .  c-ne set of d o t s  was ob ta ined  f rom
f-he untensity profiles shown in figs. l’ )—2 1 , measured at 45° angles
of inc’~ dence using the- i ; - p u u r a t  nms described in se-action III. The
norma l and r i - - m r  n o rma l i n c i d e n c e  uhita shown ira the K—space plots
was obtained on a second Ge (lOO ) samp le us ing  a v i sual d isp lay LEED
- u }-; u ~iratus . Energies of intensity maxima in f-he l a t t e r  case were
( t b t t . u i n e d  by visual inspection of the I,I- 1-~l )  spot b r i g h tness and
could  ‘ - u n - ;  i l y be de termined to wi thin one eV . For the case of the
( 0 0 )  beam , norma l i n c i d e n c e  could not be used since the beam re tu rns
directly back to the electron gun; therefore -i 5° angle of incidence
was used for most of this data wit in f-he excepf-ion of some norma l
incidence data obtained from the work c-I Chon. 56

The normal incidence data was used to determine an inner
po t - - ntia l correction for the ani-ulysis. An inner potential correction
is Us”tb to account for th t- change in the average potential which the
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c ’l . ’ct  ren a , ‘ m n c - n ; i r a t - ’ r r m  w u n - - m n  -~~n m t n - ;  I r u - m m ;  c - n c n m m m n n n u n i t e  I h. c r - / st  - m l
m m m c i  - - - ;  - - I .  - - mm l b . -  i- n c - n u t r m i -  n _ e r a  o r  t~~i - i -  ~~ n m i  i i . ,‘u m a  i -u s : ; u u n n i p  i o n  w i - a m ;
n a - l i - - f -h -  it ti -h. - r n ;c- r i - i -- - t c n n  t~ i I r n i - a t  - : :  I n m  u rn ;  - u v i  line - - - p a n  1 I o t i n .  -

w i - i - r h  ‘ - i - a c t ion  i-al Z e - r -  l i - i n c - I  m c  e - n u c r m y  - u n n d  i - i -  u t - n r - u I . - n a  - i t  n- ;onie
- i ’ ,’c ’i i- -; t ’ value t o n  l m i u ; m i i - - m  ~‘ : n c ’ n i - ; u . - a ;  u l i - p t — o i l  v a l u n - -  i - j i a t - i l l~ u i n - ;

m b i - t m ;  15  i- -V. By I i i  t i m - ;  t I n - - St  n - u i - ; m n t u n ’n ; n i f y  n n n s x i m , u  of  the
m m m l  I i - a c -’ n i - i n ’n ce - u i - r u t - u  t m  c m l - ’ n n i , u t . ’ d  B r - i - ; - ;  i-,- i - - n u -  I u t i n , ~ cs , t i - c ’ b i t s
po m n n t i - ;  of i- i - n .  2 5 f -  w e r e -  u i - m i m I  a m - i - I .  The s o l i d  — ‘ i - n  n a i n u w m n  mj r nv , ’n
I h r o — . i - - c l u  I l l -s. - p o i n t s  ;%‘- n S  - n - m m  - m a - n - - ’ i  - is I I : - -  m m n a ’ - n  p - u t e u m L  L u
n i - i - l i t  m o r a s h i p  , i i - a i - ai - a - ar . I 1-am na s I n  i l l  i - I n , ’  d m t a  L i - i  f - i n c a  K — : - ;p r r--
r - l o t s ’~,’ - - r  e ’ I - n u t - -al on I m i s  . ‘ u j 1 ’ i - ’ . ’ .

As sm ;rmwi-; b i -’ the K— - - :  - i - - - - i - l o t s  of I m i - ; s  . ~ 3— 2 5 t h u  n o r m a l
m n c i J t - n n r t :  d a t - i  ; iv c - s  - m ‘ ;t mod f i t  - i - f  I ink - strong e - l i S l  ic  u n t u - m m s i t y

mn n a x i m a  c - u  n ;‘~
- pr - t - nb m c i  - - i - i  Br a m - ; - ; con - It t io r n ; -;. The si - a - a le on t he  r i g h t

of I n _ - n .  3 m  u ; j V O S  1 l i t -  w a v e -  v c - c - t m u I  l c - n m m ; t h  as a I n j m n c t i o n  of c m u i e n r q ’ i-’ .
T b - - c - ’ is a l so  a n - i - - i - - i  it t i  mos t  o f  t I ’ n t - w n a k e  r n - i - u -~-: m m n - a u to B r a - ; - ;
Z o l i m :  l i m i t -s N u n  - - t h e n  b arns , :; m - ; - ;’ - s t  ir ig  sI  ronq l - ~ t h a t  I h- - si- are:
S b ; -  ‘ ma (s - u -  c - i - n .  ( 1 9 )  ) - Th i s  is r e i n f o r c e - i - I  by u ’n r n p m r i n q  t he  f i v e
p l o t s  - n o b  n o t i ng  t i n . . - ‘ : - - r r . - l - m f - i o r i  bc: f- ’ s m n ’ ’n ;  s f - r m : u r a m ;  l a c - s : a c : ~ r i n d  w ’ - a k
i - n m a : - : o a n u  n m - u  o u n n , r  beams . V i s u a l  i n s p e c t i o n  of t he  LId ) a u n t  an
t h i s  i - ; a m m ti - gri’- h i - all y, in I i - n u t  n - - n r l y s i m u l t u r i - u c - u n i s  m a x m n n u - m  o c c u r
i i - ;  d i f l t - r  u-n a t b- nams  -,~‘ m n i l c -  o n l y one o f them sat isfi c ’s -a u r n - r u ;

c’ u u n u L ’  ion , s i - u - ; i - ; t - m a t  i r a q  t h n m t t h u - r u ;  is u s i a n a r i n - ;  of the  ‘- l e c f -  r on  f l u > :
q i v n m m ; rise to SBP ’ s.

A j n r e ) ~ m f r  ~nn ~u lysis ot t .h- - LEED in tens u ty  prof i lu’s ~i - i -  - - n l d  m a c l i - i - i -
d~~’ u t - - r  man ’;  , m n , - n l u ’ s  of i r a c a i m i u ’ r n n : u ’  inu :l t n mu i of i-c-a l t i me ’ tw u -
,i ’ ’mjl,i b le- i m e - r u ’, a n d  studit - ma of I h i s  kind h s ’m ’ e ’  bt ’t~n c m r r j c - u l  ou t
i n ’: - - ,ih 57 i -m o d  Re-id58 on Aq md Cnn resptaau ’t iv i- l y .  A t ren d  i : a u b i c a t c - u l
in  i m m u tl a S t ‘ i i u ’ 5  was t b - u t  c -ru mm y of t h e  i n f - - - n s l l ’ j  m n n - u x i l i n a r - - i - n ; a i r a e - - b
m o - - a n ’ .’ f i  - : 1  in e i - n c ’ c q y  as the- - m n a - ; l e of incidence was varied . In
f-he K— sp -m - - ’ - plots t i n i s  i n c - u i - n a f - l i - u t  t h e  clots  ct ’;u ru -u ; ’ - m n t  m c ;  the maxima
t , - • i - - 3  t i - a  t i - i l l  m i m i - n ; c i n c u l m n  - u r c s  r a t h e r  f - h - u r n  I c - I  i-nw Bra -c nn cc - nm .-
li nes; ‘ li - is is r - s v - c i : u l i y f r a u -  for low ‘ -rue r - ; i e s. A true B r a - ; - ;
n c - i t ;, n_ n cent m - n s l  , wi - ni -mid shift in u r I c - n c i-’ ~~S I L u ’  a n g l u ’  at incidence
w i t ;  c h - i i - c - ; u - d  so t h a t - u r n  K — s u u i c c -  I he l i t  s would f o l l o w  th . ’ ; u m~~t i cu I a r
B r a i - ; e ; z u r n ”  l i n e  in a v o l ’ ,’ - - - l . C - u l c u m l , u f  ions i c~’ ‘ l n i c k e ’r s o u l  I n - n , : , -  - haven
r c n ; r n i n i ue - . ’ch t h e  b t ’lm n u ’i m o n obse rved Ln ’i d c c i i i  and  Re m m:l . In- t i m e - m r

m ’ - u l c n m l , m t  ions t b - /  u I , ’ t , - m m m n u m m u -  I b i t  most 01 t hai - - t eaks In ’ a low e-n er c - ; i -
t i - L a s t  ic int e nsity n - c ’ n f i  Ic s u e ’  i n m t c - c l - u y e n  m u i f - i p l t ’  s c a t  l u - r i n g  ; - e - a k s
which r’-mai n nt-l i - i t i’-’u-I y I j r - i - c - mi in energy as the ang ie of in cm;l ’ -nm c t -

is - ‘ l u - i n n - c t - u I  b u t  whose m a qr a i t .u d e s  v i - u c y  - j r - m t  ly .  These c a i ct i  h u t  i ons
- —.--~~~~~~~ also show t b - u t  t h e  r n — m i t  i p le S m - i t t  e - n i m u m ;  p t ’ i - ik s  a c t ’ u m a n m a l l y o n l y

s’ n - c n n ;  in t ine- v i c i n u i t y  of a m k u n n , ’ n n n i t  i c al  B r , m u ; u ;  e - n c ’ r m l y ,  and as I h . ’
~in  d c  of i n c i d en c e : - is c h a r a - m t - u b  t he  mu ll i - be sc~m t t e ri n q j i - t ’i k ne i ce:a t
f-he  b r - i- ; - ;  c n r u c n ’ ;y  I . - r a d s  t o  i t t -  enl m n q em l , so that f-he ij e - h a v i m m u  i s  m s

b e- u i - i - j i m  an in t e r n s  it-; e n v e l op e -  fol lowini - ; I he kinematical lirsu~~; unnner ~;\
passes throu gh t i n t ’  i u u e - k u l n o n u n n . l  of m u l l  - l i -  m a c - u t t e r i n g  p c - ak s , v a cy i r m u ;
th e ir m m ; n r , l i t  much’s . They also cond u i t ’ f in - i f -  i t  is very d i  f f i c u l  I

; - u - - - ’ - t  possibl y i - u t  n o r m a l  i n i e ’ i d e m c c t ’ , to labe l a n y  15 -i - a k in  t h e
el mi - al ic int r ’ n nsi f - y profile tu s a ltr , i - ; - r ; - t ’ i - i k ; i n n a t e - i - i c - i  t h e y  i - u m m a t , ’ r m - i
t h e r e -  - i n c  c iu s t ’ - r s  of r i - m u l t i p le 3m - el t e - r i n nm ; iuemn ks ,unound t h e
kinematical Brag ; ; ‘ .uk l,.- n i - ;i t ions , some of which i n  m i -  q u i t e  strong .
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I r a  f i g .  2 l i - i  t i n e -  ( 0 0 ) i n - - i nn  n n i m x i r n - m  - m i  n ; I n r - w n u  f u r  m i - m i - i l
m c i - f e n c e , 5° an n ; le  o f  i m n c i n l m - m u - ’ u -  a r c - I  -15 ° n i - ,  ;l e ’ ol i m n e ’ n d t ’ m m u ’ t - .
l i m e  : n u i - c : i - m , m l  j n n c m - b e i- m u ’ u -  - n r n i - l 5° mn - n I t -  of u r a n ’ i u i u - m n m ’e c I - u t a f i t  low
u i - i - h e x  a u - r i - - - l i n t ’s a m -n y c - l ’ u n -u - - l v .  ‘l Im e-c ’ B r - i - n - c  , ‘u u m u ; u i t  i c - m s - c c c -
ro ut is ; ir’d by sf-rn-rn - ;  i u e a k s  w h i l . ’ t h u  w m - n k  - t - - n k s  f a l l  n m ; u o n i  t i m e ’
set of ‘ - i - r a e -  li n ac - s for f -h e  (0 1 ) ,r i nuu l t - u ; i - J i v m i ’ - n m t  i - l u  b c e - s r i - u s .

i- ’ u - n n i - n - , a r j s - - r m  w i t h  f i e ; .  23b a j n m u w m - ;  t h a t  t i n - (01) b - - - um dot-s hi - - m a c-
o f  n o n - n i - a u u X u i - n u u a l - n  f - b u t - s e  l f c a m p ;  u ’ o r a l i  t i n m n s , I c - m c i u n c j  t o  f lu-
i- ’ o r a , ’ lu s j u i - n i -  I n u t I heia c ’ pc- u P s  i r e ’  SBP ’ s caus. - - m  b - . ’ ( 0 1 )  L u-ar i a
r’m a i - - ; n n m - rm . 7-, t - ’- 5 °  aa i - a - n l e  of i m ; m : u u b e m n , ’ m -  t h e n ( 0 0 )  l u  i i - -  - c - i t a  - c - c -  S r a o t
; n l n i - u w  u rn’ .’ ~i - m - f e r a jt ca tm -mis I u n ’,.,’ , arc i  f o l  l - n w i n u ;  spec- i  f i c  c - c a r l - -  l i n e s
si  t l n u c u m i t h  some of f - h i - - L’ mk S do l i - i l l  mac- -na n i - I -- o ’n , - c a c  ; - i - n of zone l i nes

U’; Se- a h. 5 Thu l:unu ;e dc-f- re- b n c - s c - r i - t i m ;  r t h e  120 eV
n i - c - a k  for tha i - a (00) I - u i - i - mm i - b C e - S  fall close to - u  (00) B r ag g  zone-  lina c -
so it is l i k e l y t h a t  f-his is a B c a - ; - ;  p c - i - u k .  A d d i t i o n al  e v id e n c e
in su n - n - u n t Of  tlais int e- rr c - t-t ,atio m a will be- h u r c - s c ’ m t i - ’ i in tine later
cha scussiom a of inelastic diffraction. The (01) bc - i - u r n -  is more
consistent in h a v i n g  t h e - -  strong maxima l ie  a l o ng  B r a g g  zone lines
of the ( 01) b u m  - i - n a - n and w e- a k maxima corr c’sc - n nn ul irmu.n t o  r eg i o n s  of
i- i c - u ; e ’ m n t - r a c y  in z c ) ; n c ’ li nac-s of other b c e - i n n s .  rlth r e c ,  s t r o n g  p c u a c i - s in
t i -  -15° i - i o t a  s ; - ; - e n u r  to  s s ti s f’i-’ i n n s - ; - ;  r e lat i o n s  w h i l e  t he  w e a k e r
ja-riks are: most  l i k e l y  S B P ’ s.

The N—space plots for the’ (10) ,and (11) beams are shown in
f i g .  2 -h i  and  2 4 b  r e s p e c t i ve l y an c - n  a c e -  s i m i l - c r  i n  luc- ’r ai - iv jor -to
t be - - ma u i - f o r  f - m i e n  ( 0 0 )  a n n ul (01) beams. /\-;ain t i n  u ’ r ; u i - c ’~n u a l  i n c i d e n c e

m , t ; m  s b m - - ’~:ma a c-los . - c o r r u - m a ; ) c u m n u l ( ’ m ) c u -  b e a t w u - m n  — f -r a n g  m a u x i m a  and
b r a - n - ;  co n d i t i o n s .  We ak  m a x i m a  f o r  t h e - a ( 10 )  bc -ann do not f a l l  as
m m - - a r  to c c - m e l i n e s  as Ion  f - l i e  of-ta r i i - u i - u- i - n :  but those of the (1 1)

- r m 1  e’ on zone lines. At 4 5 °  r m n u ; l e  of i m n i d e n c e  t h e r e  is
f - a i i l y good co r re spondence  b e t we e n  zone line- s and intensity maxima ;
a ;  b e f o r e ’  t h i s  is e s p e c ia l l y t r u e -  m n u : i - m m r e - i - ; i o n s  of d e ge n e r a cy  in
m b a -a - zone lines.

Figur e- 25,j shows d r m t , u for f lat- ( 2 0) diffr ,u i-- t e d  beam . As f o r
t i n ’ - u i - t i n e - n  beams the m n m a n m n m , m l  i n c m u b - m ; u o  d a t  a I its time- m i - m m  Bragg
Zone l i ne s  y en- i  we l l  w i t h  f-he ur’xm ’e i - u t  j o in  ma : e lm ’ - second s t ro n g  peak
w h i c h  does not  f i t  a n y  zone l i m m m : - s .  At 4 5 °  i n u ; l c - 01 incidence
l i t t l e  d a t a  was a v a i l a b l e  b : u ’ c i - r m m m s u -  of the lim i t e d  s w i ng  of the
- r i c a n - n y  a n a l y z e - n  , but the three maxima sli m w i n  l c m l  low the  t r end  of
l y i n g  i - m i - m r  d e - u ; - n n e - r a c i e - s  of zone l i n e s .

A l l  of th i s  ‘b a t  -~~ is in  ; ; e-n c -r a l .  ac~n , - t - m e m n t  w i t h  t h e  r e s u l t s
c-L I -i m e d  by Le ,aim 57 and is in k -c-p i t n t ;  w i t h  a m u l ti p le scattering
c ’ i - - p - I ; m r n ; u t i o n . ‘PLc c n n r c s ; m n m n u l ’ ’ n a c ’ c -  o f  w c - m k  pc’- u k s  to B r a g g  zon e -  l i n e s

m a d  i e - m ; i o n s  of Brag ’;  zone l i n e  d e g e n e r a c y  seems t o  i n d i c a t e -  t h a t
e l e c t r o n  f l u x  is d i . r c ’m” t c a m b  into One ’ di ffraction bc -ann at a given

t h r o u g h  a c i > u n n l  i r a ’ ;  with one cur m o n o  n a t } n , ’ n  l u e , i r n s  whi ’ -h ,-ire
m a t  r u a m - ;  , u t  or ru t- i - m r the s anu u- c- mn -r u ;1 ’ .

b c-me very law r’ne’rn;y e-lastic i i a t e ’ m n ~~i t y  ; n m u l  l i t - s  were  a lso
mn - msur cd and i - i r e - shown in I i u ; .  26. Two nnn m i~ n n  ; - . - i k s  i r e -  seen in

1mm s f g or e  ; t he 21 (‘V peu k I 01 t he ( 0 1)  t a- - u m n  s i  I m s t i  c-s a (01
in - m m  B r a g g  cor adi  t ion and is cons i mit-ned -u I m u . - b r , u , ; mr ;mto a k - It can
be’ macm e - r i f r o m  f m c ; . 26 that there i ma u Ce r i m ; ; - ’  m i n i m  ‘ m m c c  - be tween some 
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4

mi-l u m a n n - u  in cmrm e - h ut-ann i nn- ; m ax im am ,i m n  m m - - u  m n - n  l u  - m i - u . T h i s  u - - u i -  ‘ p’ u m u u b s nce
cci I i  c t - n ,’ w i - - l i  i i - .  s u i t ’  t o  i l u x  - - ‘ n n i - ’ - m ’ ’ , m i -  inS i - -  C I n - -  imt ’ i - a m s, w i n e - m u ’
i- u ric- b at - a m c - c - c - c r m n c - r; Sc  - - a - - n  i t  I bae ‘ - x b ~e - n u s t -  O t  m m m c ’ n - - n  b - n i - u . T h u  i- i-
t _ _ i -  fee -n w mi - ml d ben especi -u lly c - n i- i c - n u n mm ; hese l - w ’ ’ n ; . - n - ; n t ’ r ;  wi n - - c - -
t h i - re - u n — c i - c n n ) ’,’ . m f t - i - V  , m l j m n w . - c i  - I n _ I  f r . u c ;  ion h u t -  m i - nc . An u c  h - n  e-i - - : r~ l n m - i t u o r i
for S’ n - I c I ar e  n m  ca l m: - ; I ic m nt o- n ;; n t y curves , c-s- l i - - i n h - m s  1 

c - s u m s- i - - i - i  , us Us-f - i f- is - I , ;. - - - e n n e c - ; u - m a u - u -  o f  i - , - - - ~, l , t n a m s  f r  mm - u I I n c ’

s — i n  ace - Pu  ‘ m N  s , d 1 ; - r ;  m rid comb .u t i n l  n - n m  s or Un - I s’ u h a - c  - -- -c-rn measured
U- : -at huu ~ n ma f-hat m a- u- m n - t- - b. - n-c n n mc- I - n I - i in mar;’: i a n ; - t - ne-co ma Ic -n t i n e -
- i - m z i r m  ; u - rn cc ; r  - m t  i - n e - u’ of ,m i-new l u - n u n  I t - o i -~ t in e  n n u r f i - ’ u - . ‘ f ’ i n e c - ; - -  pc -caNs
and d u n s  laavc ’  k u e ’ , n r a  i n t e r i - - n - ’ f - e d~ ~~~~ u s  l i - m i - u r n - ;  d im e’ C - n  m m a t - ’ n f e r t - r n c - .-
u i - s i -  -- s i r a g t v  a n m d  i - l mu u h i y mac of - t i - - r e-- b beams . In f - h i s  i n t e r ; ur c - t a t  ion
a b’’-a m ’ i - r i - s r i - a l ic-I to t I n - -  s i n  c :sn ’c’ is most  l a k e -  ~y to ;;i - ’ m :- rise to
msa t - - c f e - r . n r ace since it encounf -rs i-I maca n y p c - r b  c-ct  n i o d i u :  i - n t  cucture
i - i , t b a r , - i u u m e , s h u c u l u f  scs~~v c ’ r n i - I  c c u n c ; l y .  l i - i  I b n e  p r - - m i - c - i - n I e ’ : - : m m e - n m m n n . : n t

t h e n u - i - r m ’ ’ r - ; c - -  rice n : r m c o r c - u’ mi  o f  a n n n r r u m ’  l i - t a r i n g  a n - c -  3 . 3 , 5.0 , 7 5 ,  12 .5 ann ul
1 -  i- nV i - - n - the (01), (1/2 0), (0 3/2), ( 0 2 )  - m d  ( 1 0 )  beams r - s ; u c - c f - i v e ly .
T i a u - r t -  is some con - r e l a t i o n  b el, w u - e r m  t hese -  c a n n e r ;  m i - s  ,u n d  ; m t - u m k s  and d i p s
in  t h a i - a i n te n s i t y  n u n - m r  i I c - s  - c - i - i i t  cou ld  w - ’ l l  i t - f -h a l  f h - - s e  -a c e ’  Ui-ic -
to h a - -  earne r ; - ru c c ’  o f  new b c- i- m i - i - u s .

It is gau it e probable that t ti c - st -ca- p r i s e  in ( 0 0 )  beam iritonsil ; -i-’
at aa~ e - c i - l t i eV is due to potent ial n enfi ecf - m e cmu of e lu :c f - r o n s  f r o m

a - . - - mu :. - mi - i - i crier. H e ’ c - a u u s e ’  of the 45° snm i - ;l e u t  in c idence
-u 1 e , t u  e l e c t r o n  wou ld  on l y have 0. 7 eV norncai  n ’ c a m m u ; u o n t n r n l . to the
s u r f  i - iCc -  and c a r n u a m s in t i m e  ; m m m t e n t i  al  d i  I i e- r u o m n u e -s b c - t w e e n  the  t ar g e t

, n n i - 1  t i n - ’  t u m n q s t e n  I l l a m a - n t  may well iu~ ’,’u: i-a i cc - a c-m i the energy to be
- w c - r  - n t  - I  by several tu i - n f-h s  of  sri- c - I  c-ct  n e - rn ‘‘alt. l i n a c -  poss ible

maC ai r-nun of .-r r o r  was t h a i- n u ’ f e a n u ’ m u c e ’  pOt i- - m t  i - m i  caf t he- -lectron gun
which was the cent u-u tap pu ul a--m ;L ia i on a ;notta’ntiomef-er across f-he

I i l a m a u c : m m t  - Th is i m u n t i - - n i t  u~ a l  ni - n.m easil y have  l i - c - c - n  s e v e r al  t e n t h s  of
a volt di f Ic - r i - i - m i - I  than the .- - a c - t i -n i l  u - l i - n e - I c o n  source’ poecent h aul.

3 Ch - mm - ccr t c - n in- n L m c  Losses

L x t u - n s i v e ’  measurements of tiae characte rimat ic loss spectra
of Ge ( 10 0 )  we re made f o r  a wi - ic- c , m r n - c t -  of e m m c n n n ; i e s  and s m n u ; l e s ,  and
in this i-t m -f c - i - r i t h u - m r  u ;nnnc - - rsl behavior w i l l  be d i scus sed  and the
v - m x ious i c - m e - a t - s  w i l l  he i d e n t i f ie d i-I S much as possibi ’- . in discussing
t I m e  i - h u , m n j ; ’ c - ’nj s t  m c  losses i t  is v e r y  d i f f n u n i u l t  m m c c -.. t m  involve
m e l - m i - t ic  d i f f r a c t i o n  : n f f . - c t a a , bu t  s ince ’  they will be- covered
I h na n c - -uglml y in f -b c ’  n ex t  sec t ion  such  e f f e c t s  w i l l  be’ In v o l v e d  here
c-ni-i- - in ; much as necessary.

er ic -  i i i  f i n  t i - n c -  r u e - r d  I observa t j oins t h i , i  t can - u  b, - mi - i c c - i c ’ about  the
ch an ,amat:t- r i - mt  m m-  losses at low pninmnary u - r a e - n c ;  i e m s  i s  t h a t  t i n e - 1 ’  are
i -u s u a l l y  s t r u m u . ;  o n l y  f u n  . i - r n b c - r -- l  s u r f - m e -es and then o n l y  m u  close
prox imi I -

i- ~o t h e  LEED beams. The c-tic - c t of the m a r c - I c - r i n g  is
i i 1 ; m m ; t r i t e - - I  i n fi- ;. 27 w h e :n e ’  f-he  c h a r a c t e - r i s t i c  loss $ ; i - c -c tr a  are
shown for  sp t-c n i li - mr m i - t i - m I t t  ring Icc-r a n - i  ,i iqht l y S ; m u i t  I & ‘nc’mi (80 eV ions)
s u r f a c e  and  the subsequentl y annealed surface . Along with the very
sj z e i - .m b l e  i m a c r o c u s e -  in  c i  . us t i c  u i - u r n - - m i t  i n  th e  ( 0 0 )  LE ED beam for the
a n n e a l e d  su r f ace , t h u  c h , m r i - m m i - t c - r i s t j c  loss ne-m ;ion of the spectrum
was - j r e - u t  ly  enhanced i - m n - !  t i m i d  i t  i o ns l  losse s m p l m e ’ a r c U  - The bulk
p lasma loss p e n u k  at about 1 6 . 5  eV was nt - - l a t i v e ly  u n a f f e c t e d  by the
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si - m i-sn:.: J ms o n - l c - i  ~- - ni - u s c - u l  i - v  s r i - n i - f t - n i n a - i -  b - i - m t  u n ,  I - i - s - - n  l y i n u ;  surface
; - 1 m a ; n ’ n m l oss  i m i u m  t h u  i n t e r  l u n d  loss--s w u-r e ’  v i m t  a u l l y € 1  j’ni- n m i - i t e n d  by
t i n ’ - a ; ; - Ui - f u r  I n -; ul u n-e m ’ m e’ . With the s.:mmp l e- in i t  i- : s p u m t  t - r t - u l  s t, a te
‘ In . - n - n i l ’ ,- i- di m - i - - f  - r n _ s t  ue loss c - c- i - iN s f - n - i n c - i  w ’ - n - -  f - t n . -  b u l k  n u l a s m a  loss

n i - , u  - m ln- ’,ik a t  7.5 cv , t h a i- l , i t t c ’ c  b a t - u r n ; of c - i - i - - a n t  n m - n , i l m l e  c - r u - t i n .
l is possible - u i - n c r  t h e  7 . 5  eV loss  is - l i m e  I - u  e x m  I - i t  ion of u
n m u r r  i r a -  p I c m s m o n  .s n r a i - - t - - - n i t - c  m y  loss  v a l  i - s  o f 8 c-’! h ive  b i t - s n rnc-a surcd

L m a  h i - r h  - - n - m - , - ’ i- m n s r - , s sj o n  m n e ’ s s a n n , - m ; u u - n n t s  on c - n r a - - m a t - - I  f u l m s c - 1  and
s u e - : i - n i -’ s , m a a t - i - I  t o  Ia. - sm m rf ,-n , - t - p l u m -i- n m  losses. An- m i - h a m - u m a n _ m a - i t I lais

i i - n t c - r ; - c t - C m f - n o i - i -, n - - s - - v - - n , i s  t h e  I i c f -  t i n - i t  l i - I n - -  7 . 5  ta -V l o s s  f c u r
sr - i - m t i - - m d s m r n n ; u l e s  is ii  d y  - n  n ’ c n n - ;  e , ’ c n a  mt p r u i - nr’,’ . . m u r u ;ies as low

15— 20 t V , s’hn i he in t In. - c- i -use of an a n n a - - c l - - n i  m a - m i - i - n d ’- e I n c -c u - us no
u u t  - ab le -  su r f a c - c -  plasma loss me - mk i - m t  I t a t - a c e ’  c n n n m r m n c - s  - m d  n r a

- c  - c a l  t i n e -  losses a n e ’  en~~~ cc-cl or. ordc- r c - - h  n - n i - m i - n i -  I c - s .

A ma - m a ~ i i m a t - ’c ;- r t -I i t  ion  stern s f rom I I n ’ - fad I h m t  -is well
i-as l uu ’iflu ; - b i s m a - i  d -’r c - m b , t h e  s p u t  I t - n r a - b s u n  f a ce  h- i-us -a rgon em bma- i - ] u l u - ul
i r i t .  I t  is  c o n c e i v .m b a l e ’  t h a t  t h e  7 . 5  eV loss -c - u i - i  h u m  - l i - i c - -  u- u i -

e x c i t a t  ion  of m n ’ t -l e ’c t n n n a a  from ama ar c- cu ; cf - cm f - u )  t he’- c - u r n - I  a - ’’ ion
h n - c - u i  of the LIe- . A f r e e’ a i c u p m n m  a t o m  ha s  a f i r s t  u n a r m  i / a t  a i - n ;  I - n t  i,a l
of  15.7 e’V; but i f  thc ’  i - i n n ; o n  lc ’vc - l v inc i-n c ’ n n u h u ’ u h u l ’ -  1 i n c  L I e -  s h ’ i - u m l d  is-
a l t t - c . - c m  f - u - occur about 12.2 eV lie - - l o w  f- he v a c u u m  lu ”V ’-l or 7 . 5 ct’
he low t h e ’  c o n d u c t  n c - u n  b and  cad ge , f -hen  e>r c: i t  a t  m e - m n  o t  f-he  k m  t ad
r i - r n p o s c~ci cou I U account  for  the  obse:rc’eci loss.

Ln u c - m l i z s t j o n  of the loss p e a k s  to t h e  v i u - i n i t y  of t I m e -  LEED
l a m - s r i - m s is  u r e s u l t  of t he  a p p a r e n t  snm nall - m nu ; le scstte-rin q of
e l - - I rons. Elm m n f c - 5 l l~ ’ scaf-t:c- r. 1 n - l u : ’ c t c i - n s  e ’ m r n u ’ r u i - i m ; u n  in  a d i f —

r - I  j on  b . : - a m n m  c - u~i i - i -  u rm dcnr u ;cu In c - l i - n s f_ ic collisions through small -mngles
nt-m o , ;  1’ m m - ;  ira i - mn n m e - c e a s e  i n  t h e  i n e l a s t i c  s i m m ra i - n l near  t h e  LEED
t e a r ; . S i m i l a r l y, electrons which lose enern;” and arc- contained
in a n m - - s  c - i -c rc - of inelastic electrons m i - - i l  t he  i n c i d e n t  beam ,
ri- m i -  l u - m l  m fI r - m m t t i - b  out of f-he samp le and  . ip- ; u c ’ i c  n ea r  to a LEED beam .
Fi c - Inc 28 shows t ime- behav ion of the loss spectrum about the (00)
di f I n act mc i - n  ta t - - u r n  f u n  ,- m n i - ; u l a r  v a n i a t  ion i n  - m  direct ion perpendicular
to  t h e  i - u  I t i - n e -  - - in c  i u b e m i c t - . As can be seen , u ’ > a c : u - m u t  for the bulk
r ’ l m s i - a c - u  loss n e-ak , the i n e l a s t i c  i n t e n s i t y  in  - ; c ’ - m n e - r a l  b u t  p a r t i c u l a r ly
t he- low energy loss  peaks  m c -  n :ery  much d e q r n c d - - u i  w i t h i n  a few
i c - n r c - e s  - i f  f -he  LF IED beam.  T h i s  b e h a v i o r  is “ i - - n y  c h a n a c’t e r i s t i c  of
i l l  f -he  losses , and i t  is f o u n d  f -h a t  f-bc ’ e q u i v a  I c - n u t  of a d i f f r a c t i o n

; - -utf -ern exists I - a n n  c - a c - i - h  i n e l a s t i n  loss , as w i l l  l u ’  discussed in
I ii. se-ct non on ILEI-ID .

a P lasmo n l - x c i t i - m t i u u n i s

In  j u l - - m t  i l  y m n u ;  t i c - -  c h a rn c t c ’n i s t  ic l o s i - u c -  s , mnira scmr emenf -s were
over , m W i d e ’  c u m i n . - of c - n  c r i - i n ’ , -  c - r au: ’ r~ ; c -e s. ‘l in e ’  i n t i - ’ r - l n , c n a d  and

s c mnt i - c - i  ; i ems m o n  1- - r i s c- s w e - r e -  ice-st ; - r ; m n n n i rmemn t m t  l i-nw p r i m a r y  i - - m i e n - r u e’s,
w h i  lu I I i ’ -  b u l k  p l m r ; r ’ r numn and m u l t i ; u l t ’ - i a s m or m  l u u m ; n i - c - m ;  we ’r e - s t r o nge r  at

n m - ; h m  i - r n _ m a r y  c r i e r - n u t - s .  in m i t - n  l u  s f - i - n - b y t i n t ,  m i m i - a n t i - n u n  losses,
I t a u n t - I  r u - , u n n m m n m b . c - c  O f  i n m - ; t n  t - n m u - m n~’ me,usi - mc ,’n nm t-n t m -m wri - f - i k e - r u l i - u n
s~u ’c u l - i r  i - c - u t  f t - n  i n c - n  . n f  t h e  c i t - u - I  c - m n n m a ;  a i - . i n i - n m - i  i r a q  of f-he lu n g 5 r ;pectrnn
is shown i n  f m u ; .  2~~. 1,1 1 1 n i - n i - m r  a -ra t - n - n y of l 2 ( )  cv t i m e ’ 10 i -V  loss ,
which is I c - m t - m l iv e -l y n - n - - i - n t  i t  m e - n b  m m  t hi’- i - u h f ice p i a s m i c o n  loss , d o m i n a t e s
t h e  b u l k  ; - l a sm o n  loss an n u l I l i e -  n t - I -i b u , u m n , b  l o s i -u t ’ s  - m r . - r t - l m t  i ve l y s t r o r a - m .
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In  : - m r t , t h i s  u s  I - -c- a - m t  110 ‘- V  t i - m u -  c - i  i - t i c  m n f - , - n m s i ’ , i - m s
i-n ’ n - - i - c ;  n i - i - m i - — i -  im an c - m: t n  wh i c h  1 , - i d i - ;  - - i - n - - l a s t  i c  d i  t I r - u u  f - u — m n  ‘ - m m - m e - - -  r i - m t - n i t

o r  I n — ;  l - : c s s t u s ,  c - i - p c - - r n  m a l y t ln i- i-- n u ; u . c l l e r  l o a a : - ; u - a ; , i _ n  u - i - c - a-i- - i m s l r i b i - i t  i c -n
- n t  rd -u ’ l u - / c ’ l i -~~t u  ‘ i - s n _ t u e - s  i s  - i - m i - ’ i i - i l l .’ t U e  i i -  l i n u s  e - n ; u ; r u ; 7  n - n n n - ; e .

I n , - i - n i g h - - n  n n i m i - i m a ’  . ‘ n u e - r m ; n - -s , t i n - -  icc- - n  i , c n c - l  I i -  i - i - s i t  i - - r i- i n , u n o r n ,e
-a u, m~~i - c i s I n t _mal , c-s- m i n i , ’ t h u  bc -i l l-; - l a s m i 1 -a s s , i t u t  i - u~~~5 eV , - I - - m ’ ’ m n a t u - s
‘ a -  s - -u _ - t m  i , s i - u i rn - u t i p i m ’  1 - - a -i- s t - s  I man na  n - - i - -  r u u : m m u i - m c n a e - i - i .

I-I. ’ , m s i - m m - r n u , - a n i - m a  ma I ’  w i t h  n _ m a c n - m s  n _ ma u ; l uu u r n s  y e -n a ’ i - n m ’ i - ;y i n n i m u r a r - 1
a - ; c . i i a i . m I  n _ m n i - r n -- a a n - - I n ;  l in t -  v,3 l i - m t ’ of t in , - l u l k  n l a c n r m n - m  l u n s s  f r o m

‘ h n u uit 1~u .O ,mt’ if - r i r r u c m - ’_ ’ u - n i - u - n  i - i e ’ S  - ; t u u ; i - - I  100 u ’s’ ~ LC .5 eV at
- -i - - ’ ’n-; ies of 700—1000, eV. V -ml ue s i- - -  i ’ - . O  I i - j  1 (u . 5  eV

i - i - i - n Y - b e e - n m  m e , a a m ; m r - ’d b y many  - I n c  . - n - a - n s~~’ - - i s i ng  m n i - ; h  - ‘ n i e~~_ t i --
e l t n u c - r ons , s i tu  r~h u -  1 c m  ‘ ‘ s l u t -  l m u ’ i n m . ;  ~ 

n f - - n  s in  i - l u ’  cr-i--soils. 
I i i - - ;  to I re -i - ’ el ’-i - - t ron i- ic - slat ion f-n , . - i - a - I k  a - i  n - n i - i - n i - i - r n  t a m e r - c -i- ’ ,

pa~ Is c -mind  I n c a ’ ’  equatiurn ~ - )  t~~ Is- 1 5. 6  ci- ’! ; - u s- - a - - n , if t muc-
u n ~~l a u - - n c i - -  of f-b ni - :- d — b a ; i i - i - -ii - in LIe ’  i - m n - - c u u n m s m - i u - c . - - i , us  J i s c a : c s c - u b  i n

; i - I u ’, - u - r a u i i x  A , f-hen a c a l c u l n L - : - l  - n i l — i - ’  ol  I ’ m . ! -V is  - I - i -  a i r - - i , which
u s  i n  m u m - i  a g r e e - r i - n c - n u t  w i t h  t he- n m nc n , m s ; r . u b  ‘n a l  n - - u . A l s o , ‘ i - h u e  u - i - - i - p c - c a t s
to  a - -  5 ; i ’o , -  a Sc i - u1 i - n c-c - ’~’ i m i f  h i . ; he i -r  - a i i m -  ‘h a n  pi-- S i r - - - - t i n . -  a n n u m m n l a r

i- l 1 ’ - - c  c - r a m - i- - of I_ ha d~~t u ’ u ’ i - u I c - l i - i - i - i - t n - n i - i s  a l l  ; . I i s m n n - m  l o s s - - s  I ~ i - f - h a m - n
c - a t  on t i m e  - ii s ; - e m a i o n  r - - l , n f -  n c - I l  ( - i - ’  e m ; .  ( I j )  - -  l i e - i- - u s n m c . - d . In
t h i s  r - - - - ; , m n - - i - , r- m c - a s e m m c - i - - - n n t s  i - i - i  I - ’  f o r  elect r i - u i - n a n  S - I  0 - n - - u i  inc
1u ’ m n m i s r - i ; - - m  u - - i l  so l l e ct o r  l i ve  ‘ ‘ m i - i - - n ;  f o r -  ‘ P -  m I l k  r m l n s n ’ n u u m ;  t - u n n i - ; l m n g
f r o m  I ’ i- .u  eV t i - u  i - m i n i - c u t  1 7. 0  t n V .  A c ;  i n _ f l  l t ’ n , m u i s t ’  ~‘ f  t i n t - i a n - m e ’  r - m n i - ; u a
c- f  - mrn u nl e s allowed , tin ’ - - l m s i - ’ . ’ i i - m n ) n  i - e li - i’ m e - n ravors a i - m r ; i - -m v clue
f o r  t i n t ’ b a l k  n - I m s r i - ; c an  le ss  u - i - n c - n - n ’ , ’ .

A c c u r _ u l  - i - n e , m s u t e ’ n n n . n ) t  s 01 n _ m i - s u n  i - - i - en 
~ 1 h s n a m i - m  loss i - t n  - ;y ,at

m i - n un c r y  i - n m n e - ’ - ;j e S  of 15 0 — 1 0 00 ~~- ‘, w- re d i n :  i c u i n  m-c L mnce , a no - iis tinmm -t
c - , n - i k o c c u r r - - i  - I - n - ’  t u  t a - -  ove : m - I - m ; -  i - i n  I ,  I i-me l i i  n -  1 -  ~lk ; - I  m ; - ; i - n n , i  loss .
‘ a c e - f u u l m i - i - i -n - i - m m, m ‘ m m c i -  c - I  f - t i e -  I -.i- l - , si--;~ ’s i n n  n s- a - u i - - c - n  ~‘ - i-~ - u - n - n- -~ l
r t i i-rs , howeven r , y m c - l c I e - e I  ‘ - i l - n - -  - I t s  - c  10. - — u .S  c’-V t u u r  Ii. -
a - n i m r f u c ’n - t - i s m n i - c n m n .  ‘ I _ b u s  m m m i - ’ ; ; -  n r ’ - m ;  i - m n  ‘ i i  w i ’ h  O n  - - i - n t - - i
v a l u c - , ;9 , , i u ui-s w e l l  ‘i- m s c--i- ic- h f - b i t -  n h ’ - i - - I  m c i - m i  v , ulc - m .- of l l . c) m ’ V
m u l e - - u i - m t c c i  f r o m  g i s t  n _ n i - r n  ( 5 )  n_ n tlc - e’ ~re -c - e l e c t  n - i - r n  n i - - n  n - a - : m m n c , m t  t i - i - i - .
A ‘.‘-:u l m c -  ot ; u l a m a i t  1 1 . 0  eV is ,u l a ; m n  u - I  ‘ i  - - j n t ,-d r u m  I a , - ene m -; i ra -u ;  - i - n
l b -  r e - m i t  n i - h -  loss o aks a t  27 e-V i n ;  - 1 3  c - V  c - m d m  r ‘ -S -u i - u s i n g I - -
a - ;u c f  - i - -n  i- i - i s m - ’m l oss c - u n u r , h - d  w i - t h  ca n , -  m u ,  I f -w ’c  m m u l k  n - i  m i - a m a _ _ i  l o i- ;s e - s
c - - i - u 1 d m - i - a t  t -i -el y

— _ _ i t  I m n  - - n u c f l ( l  l-Ixc it m i -  mc i - mis

A t  l t n w t r p r i m a r y  u - r i - c - ;  i c - s  t I n , -  l u n i - t i -  - ‘ a k s  l i - u t - f u n  m m u f - e - c l u  ci - ;. l
e ’ l t - i - - t  no rm - - i - c i t - n t  n m - m i s  b , e ’ i - c  -mt m u c h  m o re  t - ’ _ ’ m c b e - m m t  m s  ; i - l u u m w m a  by f i n ; .  30
t i - n  n : a ; - . - c u l a r  S - n . i t l -  m i m i - ;  m m  - m  ; - u  n n m n m m y  c_ - m e - n - v  01 70 t - V .  I n f - h i s
I i -pa r - - , t i - n - - , n b c -  m u  en m t  . - n l m , m n n u j  - ‘ - a N n ;  , m r . ’  m m m d  u n , i t e ’ ci . T h c - , s &’ f l u m e ’ , -
r~ - - i - m k a ’ ’ ~e -  r e ~ a l m l u - u s t  i l w u ’ ,’ a n m , b u a c t - n  v t - c l  i n  t i m , ’  loss s ’ m a n n t m u , i-i- i t i n
t - m n . - n - ; l a ~~ c- n 5 . 0 — 5 . 5 , 2 . 8 — 3 .0  , u m m - i  1 . 1 — 1 . 7  c V . A l s o  siaown m m ’ ’  t he -
f i r s t  - i n n - b  i - n ’ ’ m : u n i m i  b , m u l k  l i l i sma l c n m ; n ; ’ ’s a t  i l - u i - i t  i f i - . 0 cV a nd 1! eV as
s t - i  I - u s  - m  I _ t i - m t  i t  i v e l ’ , i ’ It i - c - i f it-cl m ; n m r t , i c e -  pi - m an mnc m loss pe n~mk a t  10 eV.
m m  - u - l i - I n _ f - i o n  I t  t i m e ’  I I n n  i - ’ ’ m a  m m  i n t o - c h a n n e l  pe aks , o t h e r s  am — u ’- so m e t i m n m e u;
‘‘b n - - r ’ ,’ . - - - I  i f- , i h c , u i t  7 . 5 — 8 . 0  t V , c- .c- e- ’st , 13.0—13.5 c - V  a n d  14 . 5 CV ; but
o f f - u - m m  f - h m . - ’~ m i - - -  on!- ,’ , m p l n , m r ( ’ m c t  as a se n i - n e - -, v i n a f -  m n m e r c usec ! i n ’ u f - e n s i t y  in  the
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I

v i c i n n i t y  0 i -  l In t - i - -n t -  ‘i- m i - m t - s .  As c - ’  i i  I - -  u t n i m i ’ i - m i t 1 - i - c - n , h ’ - a -;.-
i m n l  - - r i - c m - I  lQ5Sc’s n i - i - i ,’ l u ’ - m n i  t i - -  ~- n — i ~- u -~, m - u i - i - m a- ; , m a m - ; I  ;m nnnu - -n ’ of  - I n ’  _ l _ i a _ n n n c u n ;
loss -c- , m c a  c - n e - n - ;  m e - u  Pu - c - - i  i m si- - o f  I he - c -v u  - m 1 m m  m m  - I in.  - nss i - i - i  I or
l b s  r u - u i - n u n  i- in . ~ 5 - m m ;  t c - n t i - , n t m v t ’  i s  i - n i - a c - u I  n_ n n - - - ; a n n i  to l i i ’ ’  s-~rI c u ~~t-

I - 1 ~ m snaona loss m t  10 c- i - ! . All 01 t I  i t - a n t -  l i - - d a n - i - - mr.- i- - - 1 i t-I’ .’ a c t  i-c
,m nn l m m f t  u i - i -  b - n - i - c u r ly n t - i - m i - l i - i - -I m l i i i - ’  I _ m u  I lu r - ; .- I i -  n e - k - i - r e a m - I  “I  m u l l  n _ ; - h -
los ms ca s m a u i  l i m I t , , u l  c a--i -pt - i -  n _ m n n e - n n t i - i l . ‘ n m m - r - ; y  r c - s t t l u t n _ o n .

‘rhcn l i e - u t  m m - :  I n c - l e a r  on c u - s m u l u i t  i ’ m  i n  - his ‘ a a - i - i - u u ’ r i a m n i - n n t  a; m S

‘ ‘ i - n m - m a  s ; -r -su of t l n e ~- p r i m n n a m  y - ‘ i c - m I r n - r n  li - - m m ’ , .  bc- n u i - n a i l
c - a - n r c  i - , I~ le’ i-- ’ e ’ l ~ t i n u -  w n _ d f - I n  of f-he  . ‘ I s i - m t  m c  i m e ’ , i k  i t  h a l f  m - n u i - - i -  u n - i - m I c a
c-c is ,mli - n n ’ m I 0.5 ‘f-! ; c-5’ln j l c a  it  l i m e -  h i - a s e n  of the c- l a s ’  n i -  n m - - c ia f_ In c - - l i ’ -
u - a - a ’ ‘ ‘n d e - i - i  m a ab o m u t 1 . 2  c v , ni - i - d ann y u nmt - - m a un. ’m mn , - nm ’ i-n i - il lc ’sS ’nS less l 1 m m
i - h i - s  i r n ; - c - i - s i l j i ,- . 1r i - i ; r m ) ’ ’ e ’c ’u r i - n i - i c l i -m I  n i - u  c - u - a u d I  1 m t  m i n t - i - i  b a

d c — c a n - c - i - u s  i n - - ;  f - b c -  c - i c - n - f  n c - n a  - ;u n  f u  l a m e n t  c u r  m - - r a f ~ , l i - i n  c -n i -,- a t  - m
d r - m s f -  ic r e u l u c t  i o n  i n  beam c u r r e n t , f loce ;i - s I I c- i r a - u  c - i--i- t~ r i - i - r i - mc i - -  1 / Ic-nc;
a i - - , ’ i - m s u n ’ c - mrn . ’r n t i nc . ’ s. By m a k i n g  a 1.-s of t h e s e  n i - n c _ - n i --m a c ’  m n u t - n n t e - ; , I n c - w e - n c - i -n ,
n - u - u P s  S u n  uu b a i - m ’ 5 ’ ’ a . - m h  m t  abou t  1. 2  i - -V and 1. 6 — 1. 7 - f - ’ , su m - n ’ - : ;  I i n ; - ;

i - i - I  t h e  S u i - a ; l i - - n - c _ - ak  o r d i n a r i l y  f o u n d  a r o u n d  1 . 3  c - V  n - m y  a c t u u l  l y
b t -  t m ; , ’  r e s u l t  01 m i - m ac - n ct-solution. F i u ; u m u ’  31 s h u u w i - c  f - c - ,’ ’ -  mp i -57 f -r a ,
f u r  s n u c - c m i l a c  s cat  0 - r i n g ,  where ; a u n n n c ’ w n ; i t  1 i - ’ a i - c u u ’a u - m I r e - m a c - l i - c -  i c - r i -  was

‘ u i ~i , i j n i - a - , i  b’, 1 . - i - i - c e a s i ng I_ l i t . - f i l i u n a c a n t  c u r n  d a m n  — In  bo th , I_ l i
‘ i - c ’ - - r l a i m n u l  l i - i - n - am - a u - mi -  i f -  1.2 , 1.7 , 3 . 0 , 5 . 0  m a u i  7.5 s m i - -  c l e a r l y
i - l i s t  ii - m - ;im ish e- d while f-hose at 13.0 , i i - o : l- .c- m m r i m ; .  3 l b  m u ’  weaker

m i - i - i - h  f-he - m r  ( i - m i - c r - i - l u - s  i a m c -  as we l l  c_ ’Si - m i u i j s l n t ’ i - i .  f - h - - l n n c - , i d l  1;u ~’i- l-a s t
10 c-V - - m i - i  if. - f-he s u r f a c e -  p lasma loss , I - t m ’ i - l i - u -  u u:o ns n_ ona l ;i ;i-p tn - Jr ----
a i - i - i - a c i -  of ,m ~e - , i i - ’. at 9.0 cV i - a - m i s c - s  I _ l a ’ -  p n u s s i b i i  i f y  I _ m i t it is clue to
a ‘ c - r c b , c - r u i - mt m ci - i - ef a los s a r u n i - u n i - n I  9.0 c t . ’ , m r u d  a s u r f s c - - ; - l a s m o n  i - n c - a r c _ n
t o  1 1 . 0

In  s i - l i - i l tion i i -  m e a s u r e m e n t s  i n  t~~ m u -  sp u - u n l I u r  d i  r’ e - m ’t I c - m m ,
u ’ i ~~m c at - t t - c n _ s f - j c  l n - s s  ‘; ;u - n - f - r m  were c - n t  - m i n e d  f i n  S c - u t  t i - n n m n i - ;  in  the
- i i ru ’ - : i j ons e f :-i-- t ” - n u - r a j  o t h e r  1, l b l l  he ’ ,nm ns n  w i t h  ‘ ‘ c u c y u m u u ;  r r m n ’ i - u r ’.’ energy.
o m c m n  n m ’ a ” u s u r c i - n n i e m i t u  I c - c  the  ( 0 0 ) ,  ( 0 1 ) ,  ( 1 0 )  a m u c l  ( 11)  LE ED beams are
i l l u s f - n , u t j c - m b  in I ig s .  12 — 35. -I c-r ca  lev e ls f - a n  I i n . -  v a c i o u s  curves
in - m i - i - - l i e - at e - n b  along tb. - right hand side of each fm - r i - i r e .  In all
of these m ; p u n c t  na , the three basic i m ; t m - m b , i r a u m  - i - u i-a s  , u t  about 1.5 ,
3.0 - m d  5.0—5. 5 c-V arc obsc-nveni -l without S i -i - nm L I  ic_- s ui t changes in
- - n e r - r y  c-u ’ad , in a n n mrn n l u ear of t h e  spec t r~’ , p c - a P i -n  if - abouf- 7 5, 13.0
and 1 4 . 6  eV can be seen.  I f -  is a lso f o u n d  t i a s t  due  to inelas t ic
- I I I  f n a c - f - m c - m i  enhancement f-he unterband Structure- is strongest at
pr m i - m ar y  e - I m t n f n ;  i es  where the  elastic intensity is l~m c n ; c -  (see figs. 19—21)
I t~ m a

in  b u m  - si -i-cnn from these four I i qures t h a i  i - a t  such pr i n n a r y  energies
~~~~~ P 1 i - - c .  - f-ends  to be s ig n i  I i c - i r a t ch an ges in f - i a . -  sp e c t r a  f o r  the

8.0—11.0 eV energy loss region. This c-ba s e-: ‘i - , a tie n mu seems to add
wu - i - c - i t  t n )  t h e  idea t h a t  the  peak near 10. 0 eV is ai--t nc_a ll y the result
of intenhanu d los-ics from 7.5 cv tem 9,0 eV comb i m ne ’,i with -ì surface
p lasma loss ceraenred somewhat hi m ; h i - - r  f - i u , m r n  10 c--I . For example ,

- , the a 70 , 80 and 100 eV spectra of tiut- (00) beam m I - h e-a t e  more than
c - mI ca peak in this region i - ma - do f- he 60 and 70 eV spectra of the (01)
1. - cn n , t he  cm O eV spectrum of the- (10) bm e ’ ,n m nm inc-I the 50 , 70 , 80 , and
tb c-V spectra of f-he ( 11 ) beam . Sim i l a r l y, s h i l l s  in  t h e  apparent

p o s i t i e i - m m  c-f the  b u l k  p lasma loss could I c e ’  r c - I , m t c ’c l to f-he enhance—
mi - u -mi t of overlapping loss peaks in t h e  13 .0—1 5 .0 eV re-c-ion , although
in  i r a t - li-i i-i- ti- ii - ’ d i f f rae - f -  ion i - f  f i - - c f  w i l l  ic - d l i --n c -ui - sc - el i ru t he  next section

t i n m I  m a y  also  m c i - c - e m — m t  f o r  such  s h i f t s .  
-
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I

I - - m 1 - m r  i t i  i c - g u t -i- ; c - nm di - hi-nv- - - ‘ - - - u - l u  - n” - - - I - n ’-” m c - n m  mm i i-
i i -  h i  ; in u - n ; . ’ c - ; ’ i- ’ S e - i t I c - r i m ;  m m n a c ’ i - i S u r - n a , , - n i - u S  h -a ~ m -:i - : - ’ - m n t c i d  -i - a P m  ‘ lm ’ - n  ,

‘

- u  5 c - f - ’  i m , - ,u ) c u r n - b  c l i n t  m i l l ’ a  r ’ - s o l v c _ ’c i - i o i m l - l e -  ‘ i - i - u - I  u r e
c c - n a t  - n  ‘ - l i P - u i - i t  3 ‘ - V  c- - n -  I ’ m ’ i - n i - I .  ~ t i s  ‘ i - i - m i - - i l  nm t i m - - i - c -  h - r h  - - u ’  c - n - , ’
a ;  ‘ i t  t i-- m m - i - n i - - u t - m n - i - m i -c t - r i - i - - i - n  s n o  - - i n n - - i r e  i l u c -  - i - i -  c r i - u - c - c n n I s  c - ’ lo ss - i -- - - - ’ r i - i nn

- - f-lie i- — i  la- - a . I n n  c -el  c -n c r  i- ,’ ic -sn -; -ma - c t i c - n a , - — I n n  i /  as - 1 . - n  r n c n’a
f- i i ei - H ~~~j i-  i l l ’ ,’ l , - e , ’ r m n i i n m e ’ ’i t c , m a ,  i - - i - a - - n i- S of  ‘ h e - ~~~~~~~ i c-i- - l i e U - c ’  me-
c e a , n s t ; u : c t , 

~,
( )  m n - I ‘H I (Sc-C u’n ic -~~’ n u u i m x  : e- .  ; ‘ i i - - t m i - m n a  i - - n -  - c - i s

- I I ! m t ’m i  b a  P h i i i  c- i - - m a - t m  I- i a n  i- ’n n  - i - ba  ‘ ‘ - m i - i -  I i s  S u c - w m u  n ‘ - i - - c ’ . - l i - u n -- - - -, I  i i -~
t i m .  36. H ;. ‘ na a ’ _ - - m s - ; n , - - ;  i-- i - - n i t - i- - -  rvi -~’ i s  q i ’ ’ e - n  m n  r u ; .  m - i n - I  hi--

m a ;  1 2 c - a  n ’ ’ t i -  S I c - i - i  i - i - ’ - I I rum t he -  r - - 1. c- n n c-i- m ‘ y i-u c ‘ - shown
m u  I - i - i - .  3 i-h i - . A l so i n - I — i-n e c-n - l~~-r  t i - J u n ! -  tla u m  ~cmmm u n - a- i - - n m - r n ’ .’ loss
f u n c t i o n;  — J n n  1/ u s  p l o t t m - b .  A :~n a a t i u w n ,  I i - - , ’ k ì , -t lac ’r f t j

~ los s
f i n e - f - i o n  m u a -c- ba t ’ r e - a l t  m a - - l i e - m i  i c -  ( 1 /  E ) ~~ 1 - m m . .1 )  i n  -i - - n 1 c r  t_ ’-

i- - n - u-~i-~~u 1 m e  i t ~ d i n - - i - t i - ,’ ~~~ i - h i -  c h - i r s ’ o t n i - r i s t m e  I ,  .-.~~~ 
m-~ i~ i ! u m .  :- t . i - - i - - - r t - - 1 i - i

m i - u i - _ i P m - - I _ P c - i’ n i - s - I ’ -  I b i s  n - u i - n i - I  r i s c - n  -~ i t h t l ,  i r  m m n t - i - i s ’, m r c - ;n e ’’ • u i - i - - b  u

c- :-;ce1li- r m t i u ; :~ - m - i - ’ - - -n ’ f o r  f -he  h c , t e r b u , m n u - i  1 — ; ; ; ; -  5 , i - i - u i -  m l  m a r  - - m a t  • i - i c
s ,m m . ’ d i r e c’  n m u m s i t m o n ~ i n c  i n v o h i - ’eacl - u s  ‘, a u f -h  - ‘ - i - - m i  .-:-: - m - I  n - - i - i - .

Wh i l e -  f i t t i n g  ‘H -  m i t , ,  t -  m l  is , m m : u a ’ - m - t , m b u l . _ a or h u h
c m a e ’ r g y  e l c _ - a a t n m - n ;  sca a  f t - r i n g ,  f f , n u m c - r - -  - u u~~~’~~~n~~ s c- ;~~ I it is m e a n a r m

i - - - - - ; - n , i l - 1 e  i - n i - t n t  b u n k  0~ amm m u l y si s  r u - n  1 - -ni-a - - i - i - u - i -  ; ‘ i-
’ s c - i f - t e n -  - S i n e - n  t in-

i m : c n m m m u ’ n ~ - i n - ; t r i - i c - s r  t i - m S  r i - n - m y U. - conmpmr m i i v . - l y l _ m n i - ; c _ n -. i n n  his a n a u l - ,- s i s
0 1 1-nw e.a r m e _ r u ;’i- ’ e l ec t ron s e - c t  ‘ e r r  m m i -  n - - r i- Si he n sc-i-- l i - u  - a r - - m r . -  loss ’s
d n c t ’ct l y w it i m ‘ I - - , ( i - )  i- b m ’ d .  I -a t c - u n - i - ;  s f - r u m - - l i - i ce ’ i n  ‘-2~~-~ 

iS

m a t , r : r - ‘ - a u , a due  r u  t i n _ ri - ’’- ’ tri - m mnsi ’ ions ac-ri wt - i - m k  st_ - u i - - c - i - i c - - t e e
; t r n i - ” - t t n - a n u u : m t  ions .  H was  h i s  - - u n m u c i u . i- n o n  f-ha n r i - n c - s t  r - ’ - a i- a s

co r u c - l a t e - - I  w i t h  w._ ’ - k  st i a l - -f i r. - i n n ‘he 2 (- ”
~ 

f a u n - - ’  ion i m i i - I u - - m  i n n
r t i t m d i  m t - - I  t rans; • ionus ‘5’ mc-  m a  - - a -  - - u m n  i n ’ . H-i - -  , c l s o  - i - l u — n c - n  ‘, ‘ ‘ - - i -  a :

loss ~u ’ - u m k s ,  l i - m w - - n -  r , ‘ l i - n t  w t ’ m c  in f airly ( t m - t b  a q m  ‘ a - n i  w u t h  u l u u , - -~ t
- n ; ~~f- i i - - .  I tr ins - I _ i o n s .

The ch ,mr ’ - i n d e ’ i j s n  i - -  I n n - n i - e s  ob u t au r n - -c l i n  t h i s  n - m e - i - e n t  at i i ’ .
w il l -~ l— ;’; be i- ’ a m r n p i ’ ~c - u i  c u - h  i -u ; t i c - i - il u I - n I _ a  i - a n n  I I- b .- l i - i - b s e n — i- ’! m n u .
b - a n  ( ,~- the e m m u I  ic - ,m l d a t a  h -m s 1 c c - c - - i - n  st  m m m c d  . - r . a e e~n s 1 \- c~ ]y  c n n - I  ‘ t i - -

m a -nc - icul-ir :1 -n t n ,u r ;S iI ions i n v o l v e - t b  - m m . -  I t ’ l l  ‘ m c  I - . - i n - i - n s f  
u r n  t u n r m i - n n a  of i i ; .  ( i - n ’ - u ’ f ~n - - i - ,  - i - a - -n - i- b a n - u I s’ m m ;  - t i - i r e .  A m c i - a l ; ! ‘ i t  - I r e -
d i a g r a m  as c a l c u l a t e d  by Il - -rn- ni - ,  c c -  - - i l . 1 - 3  i n i - m i n m m w m i  i n  t i - n .  37
m m d  t i m . -  m m !  i~ i - 1 .~ i ;ma l d m  m u  - C ij a  t i -; , 1 . - I - - n i - i -’ r i - c - I  f r o m  - ( - )  t n ’ ’ - ;i v c—m n
in  ‘I’ o, i c ’  I .

.~—. 
p ‘l i i i .  -

~~~ 2 5 l L~ ‘ 
c_ _ I _ i  2 m ~~~ 15 ~< 4~~ s~ H L 3
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In .Am~n - a , - I n ~ A - Pu ’ 2~ 
- m m f l c~ I i- i S  - i - t i -  - W a -  t i - i  b u t ’ m m  n ’ i - u l

m r .  I c c - n - i ’ c n n m l  I • I i .  i c - h a t  - b - - n i - n  ty --I  m m ’ i t t - S  I n  c h i n  ‘ - c - f  I nc - nm-nit m o l a r; ,
—
‘ 

— n ) , win I - iu ui - n n u r - mc - w in -  - m m  t he ’ m t - I - , t - un

~ ( E c- ( K ) - i 1
c-,

( ;~~) )  = 0 (2 ~ i )

i s s — I  n s r - - - i . i- - n  t h i -’ m — , m a i - ’ ’ i f  I w - n . m - i - v  el ,’ -? c- i- a s c , m ’ t ’ - r i n a ’ r ,
,u, t ’ n 2’ ’ i - m e - -s i - i s m m i l m m -  c- - ; r ’ - s si- n t  (- - - ; .  (12)) w i n - - c t ’  n h .

‘ ( t i  I t  n i - m y c - I  s u t e r ;  t t m n u - m n t c u ’ t  I n - i c - i - i f  i - - i - m s  i s  l a n - i - u -  wh e n
• n -  i - -I m l  i c ’ i - i

K )
~~ F e ( K )  

E - J ~~~~ 
= ( 2 i - m )

ms , isf i - i - , 1 . c ’ . w i n c - m u  I l a ’  b a n d s  a ‘ - m m  dim - i f - - n  an u ai - ; - ’r
a m - - n - i c  i t  n _ n ,  ~ m a u l , c-c c - - ’  V e ’ c - t  i - t m  a a ’ - ; u , m n  ,i ’ i -u r n  ‘I - . H - n i - i - - l u  f l u ;

-ma ‘h e  i ll v - ,a •,‘ , u l u i . ’ m t  ! n - — n e - - m m l i e  m r n ’_ n - n i - i - b - - n  c a t  ( ‘ - - i - ,

c ‘mli i m e - mn m - - am an ‘.~‘fn m c -h  a m - i ti-a i-t ‘, - f .t - - t I - - I i - a - n 1 i nn  it c - t i  I-I I I n-  - p r i -  h I m - r i - - 
es n i t - m r  ly - i - a ’ ; - - nna - mhlca - n f-he ’ rim S i - il -n - i - I - -i - - u. in ’,’ ins p .- c-t i -n

c - f  ~~~ u - u r n  I i - h i , m c - m mr ’ ’  i t  c - i n n  lw i - m , - i -’ n n  t I m - u t  i r u m h n i - t - - - t  t n _ i c - s i t  i -n i -
- i -  m n u b  a ; ’ ’ m m m n i -  - t r i -  p i - i n  I s 1 m b e ’  tb - ; c -  - m n f- w i l l i m a c - n - c- - i i-; c - e i - ’  - . - n i - c - n - H

- m l  t n , loss c u i - ’ ; i n c - i - I  I - - d i c e - f  f- m i n i - s i t  i r s , u c t n i l c - t r u ’ a- -, m ’ ions
ml - ‘ n; ; ‘ i - n . - - ‘ ‘ a ‘ i - - i - - i -  1 c i - l i n - - S  i c - c - S  w h e r  u ’  t i m - ’ I - a i m - l u ;  h ive t h e  sa r i -m e -

- i - t i n ‘ - i f - m i n t - , ic - ca i n n m -er ’ t n m i- n i t n c - m s  c - i n  - - ‘ i i - ; : ; ’ -  - m  I ‘s- - n i n a - i -  c - I  I i i - - e n e n u r v
1 ui - S ‘ i - m i m e ; l cu u ’ for i-’-- - m l l  Am ’ ‘ m I n u s - i  i - u o  i- a - m i - I t - m e - c  .~- j t h I _ la ,-
pnc’ r n i t ’ s  c a t  ‘ t - i m l ’’  I r i - n - c - u t  h ’ ea- i-;cc-n - t c - u l .

I n n  t I n ’  m I c - m t t - - n  i n - n  ;n r n c r i - s , l b .  p r m m n n m c l -  eU-cr r i - t n  I u a - e - s  u r n
i a-u - ‘ i - n ’  m a f  t ’ m n t - n m m y  ‘ i  - m i m i  i t s  v - m v . - “c-i-- I - - r  iS d ! u P m O X i i - i - m f  - - l v  c e - c l  n i - c - c -u I ,

f ~r i- m i - i - i l l  I u s s e — i -~; , I ’  t h e  - m u ’’ - - i - m t

m
= ‘ I ’  ( . ‘7 )

1-1

Tb . ’  i c - t i -n i l  ‘,-.‘ - i v I • I n , m n i - t u r I - - t i c . ’  l , c t t m ; - e -  c- I c - c-  f r -rn H - ; u e - n d s
u i - c - - u r n  I h e ’  f l , m l  m I r e ’  c- I the i - c i t  t e n  i n - ;  m i - i - m i  t h c ’  nm u - - n n - ’ n l  i - n ” -  ,“--nscrva t n _ cn n

n - l i e - t i -  assn mm ni - i - m i I ’ ’  hold. I t n i - i -  i j Sn i - .i I - - m i - p - n i - u - , u i - n i - - m c - n  Vi-m c- i- -n ‘ I
‘ - I i i  i- “- ‘ r i - t i - i n - a -  - i - n  m i k e - 4 l— 4H Corc I- ’ i - n u I S that in is am n ly th e-

a ’ u ’ - m a c - m c i  ir a ; m u n m  i l - - I  I - I a - ’ sur l - im -e I i n , , t  m a e - c - u i  I’. ’ c~~u - m m s e - r e - , ’ c - b . In
ci t h r  c - m n - c - - , i f  f — h e— c ’ I c u t r u c - n  is sci -m tt • i . u I  t I i r - c n c i - ; l i  , m i a r c r c ’  u r n - i - i c ,

m i - u- - n u n - n i  in ’- r m n u a - f . - r -s ar e  ; i - - s s ib l e ;  h c i - w c ’ e ’ e a -r , Sc ’- m 1a 40  h,us f - - m i n i - i - i
I l i i i  t h u  inelast m e  SC d n  I c i n g  i n  s ly e r  - - - - i- - n i r s  w i t h  mac- - n i  i - n i b l c -

- m m m q ’ i l - m n  u m ’ - f l m - r t  n o n .  This u m } - s e ’ r v a t  ic - fl i i --; i n n  m m t - n r r . u i i ’ ; r e-e rnnt ’nt
w i t h  t I n  c ’ . - a - i - c - r n n ’ m t ’ n t - c l  y a - - i - n u l t n - m  o f  f-his s t n i , I ’ a  cs  j n d i c , u t c - t i  l i - i
f i t ; .  4.13 - m r a m l  as wm 11 i n ’ - s i n - - w n c  m n u n  c - i - a ; .- c - n t  mm - i l ly in f - h e - nn. ’’.at
Sect ic -n. Some 1 . - f  l c c t  i - - n  I - ’ w - , r - l  the s u r t - m n - e ’  n m - - r i - n i l  w , m s  g e ner a l l y

i - n t  m l  - - - - a t  t he  , m m n m m n i l - i r  u i - - v  n u t  ir a n f o r  w- - l  1 d c - f i n c H  a n t e - r -
I - i n — I 1 - - s - m t - i - ;  ~‘ , c a u  - i t t - — n u t  3°.

I f  • - I  a l  mnmen t n _ m m is c i - a n n m r m u c - e l  n ’- n r n r a t -r v c d  m d  I l i e -  n a c , c t t ’ e i  m g
i s m t i - m n n i u b ’ r t - c h  t - ‘ c c - n i t  w i t  I n ’  i t  - i n c - t ic - m r d m 1  l .a-S ton , t h t rn

e . ;  n~ m C - u i - n 127) c - l O t - S  t i e ’  W a V e ’  V ( ’n S  u - n  t n . m n s f c ’ r s  s h - i wr m  i n  ‘ I c - t i , - I i
I - r  ‘ - - i n  i .U 5 p n n n ’ m i r y  c - r i - - r i - p i n  , inei c - n e - I - n y  i - - s i - i - - s .  I f  on l y  t h e

-35

— - - - - - ~~~~— . -- ~~~~~~~~~~~~~~~~~~~~~~~~~



i - i - - m i - n i - - n u t  - m m ‘ m 1 I c - ; I - a t i a ’  - i - m e l t  f - - c j s n - — u ~ t n ’.ne ~ - ‘ -- .1 , bu t- p m — n c - ic- n t t - i n ’ -
‘ i - i n n - ,; I ma r c-c- - u l  - I i - • ’ m e ’  n i - m  i - n ;  - n - ‘ he SC m l  l ‘ - i i i - i -  a i - m i  ma -u - I i c-in — As - m m
( — x m m ’ t m ‘l&� I o n  t Iau: I - - i n  - i - ‘ i  I m m— t i - - n i- c - 0 S f .’ c - n i I - i t  i - ; m  ‘ c - t I - - i- l i - n  r , -

v~m l m ’ ’s c-n m ve n u i - f l  T - i i a l e -  I I  w i - - i - H  m I - - - ; ‘ n i - - m , ’ - - - l  by a ~ , i c t u u r  c - I  .707.

i I

t ’,K (~~-1 )

‘,I:ft- ’-~’) i 1 = .15 50 75 100 125 150 S c - b  l0~ 10 ’

1.5 .078 .055 .045 .OH .035 .032 .017 .1) 12 • n i -a -

3.0 - l 5e , .110 .0 e .078 .070  . 0 - 4  035  .025 .008

5.0 .2’cO .1 8 1 .150 .130 .111- .lOl ~ .058 .041 .013

7.5 . 3-1 0 .27- i- ,22’- .1- 5 .17-1 .15 -3 .087 .0’-2 .020

tm c . 0 .468 - 3 3 1  .270 .23-1 ~200 . 1 3 1  .105 .073 .023

13.0 .1,76 .178 • 3 ’ e ( u  .338 .302 .276 .151 .107 .03-i

i ” u ’  t h e  pci n p uu sc - s - ;bis cuss i - ar; , a psc- n a i - l--— d i n c - c - f -  t n - i c - situ- i - i -
. . i - 1 1  be - I c - f i n e d  ~iS - m u ’ -  i n  -,ca u i c h  f h c  c - - i - m v ’ ’ “ c - - I - t n  t n , m n s f e - n  f - u  t l m -
1 if -t jcr’ c ’ l u -  - t n - - r i -  i s  l e s s  t I i - u i fl - - n a - - I - - n i - t b  t he  sr ’ - i l i es t  I n c m i i ’ u u i n
s- -n a - - cl i m e n s j - r .  -‘u,r c, ’ I _ ! a n- i -m a i i l ’ i - s t  z - n r n . - d i m - i - c - a m m a n - m n  is - m lc ) n -r
f - lu .- [111 1 :a tm rat a d i r - -u i- a r m , m m n t e - i - - m t a l ’ l j s h e s  a ni - ua ;-: l r n i - u ni - n c-v~~’ç - vm -c - t ; ur
t n  nn s fe -r f - i - n ; - s - ’ u u l c n — ; I i r e - - c- t t r - m n s i t i - - n i s  it c - I - u n i t  0.1 ~~~~~ - I f  c , m m u
Ia-c- seen fc c-mn ; T a b l e  I I  I i -  ;t ~ c - m i - -  1 .5 m a u l  3.0 -- V l u u m-; m ;c t s s~m t i s f y f -he
p s e u u i ’ i - — - a i r e i - - c : ti- r-: ’; ’ ni m - - r i - ; . ’ i - a t c , a t t n e - n  ~.- -ll bu t the 1 - , n n ;e ’ n  los sc--s
i n v n 1 V t ~t i - a m - i - r i - n c - m i - I  a - i - ’  t r , i m a stn- r s t m u  n i  m m ’ , ’ ,m s u o r a i f j c , a n t  n i - c- r a t a u i - c -  - m f
t h e -  s- - m i m - ; I m m i - - u - r i - s i o n . I - c  h i gh c rn n . ’ n m n y  Sn’ , n t  e ,~~r i i - n , ;  ( i , .  l0~~— 1 D ~ eV)
it - - - m l  be i - u ’e ’ r i -  I l a - a t  v e a- y  smeul l m a - a , m e ; a I _ c m m n a  t r,  i r a . m f ( - r  S a n t -  m m a v - m l v n -c b ;

* this :nm c- ,uns c - m n f -  m b i r c t m o  j r m t a ’ m  b a a - i - b  t r c - n m s u t l  - n i - S  o c c u r , t h u s  ic c - - c l in t ing
r tb- gt a ’ . c J  i - i - u r l e t s i n ( m m i - m i i n nu ’. wi t ; - - m t  i c -  .1 mc m m n m i n c - i - a - - i - n t - S. In m ; - t ac -cc - l

h - w e - a c - c , i l  I - m w  p r i m a r y  c a m n t - r n ; i c s  t I m e  i - - I c -c t n - u i - n I _ m c - n s m t i u n m m s  w i l l  be
a i n d i c t - u t - m n n l t h i s  f - m c i - I  u-i- ; 1 1  lmav t - i . ’  be f - m m k c - n i  j m n t u -  a m : c ’u i - u m a t  i n n

- -i t ’ . i - H i - I  inq  I — u  u m n ; u t y ’ i e ’  f-he c ’ l ’ ’ u - t n i - m n  I r m n s i ti - u n m s in ternnS - nf t he
i t - i  r d  St  r u m :  t u r  c

In vi - -w of in c - d c - gum- u i. e the- - r u - I  j c-a I i nm ri - ni t  i - u r n  on low energy
c - I -  - c t  n - u r n i - n c - i t t  c ’n i n g  , the jn tecband t r m n s i t  i - m n n n ;  i nveulved f - a r the
um ia s m - r ’ -jc’ ml I. ss ;u ’ ’ -iks c - c m ;  manl y l n u ~ - m n me - s seml ,ut , u s m n n q  the wave vector
tr mr ir ; f e -ns t ;I’J t- - ra in ‘I’ , m h i . -  II ems ,m nc -ide . Since’ t i n e  scatt -rinq
in v o l ve n l  i - r u t - u i  1 c - m u - c - n I , i t  c 1 c - V i u i t  u r n S f i n e - a i m -  v a l u u c - m-; c-re probably close
I _ i - u  c o r r e c t .  Fu r t !n c -  ; ‘ a - e ’ n i i - i - ’ — ’  I l m t ’ c t  l u - s i - o s , t h e ’ less energy will not
deviate ore-a l l y f r om t i m .  -

~~~
u l  in - a lly measured c rap enerqics so that

- a cornein t j u nT a w ; th the ‘ n - m i - c-nc - n c - i -n ; of Table- I i- i a -na - id be expected .
I t i -  i s n u i s t c  l i k e l y  t m - i t  bec - m n m i-c - of tin e 1,tck m . f  resolution and
indirec t natur e- ‘‘I t ie- t i - , n n n s j l  l t c f l S , f l t u c S t  u ) f  these peaks conta in
r i - u n i t r ihut i - - r i m - ;  f m u , n i - u  mi - ate- f - im , un one i t u i - i n f -  in the Bril inuin zone . In
this N - c - i nc h , li-- u r n . -  (5 l u ,i s shown specifically f u r  ~~i t hat  extended
rca -; m mm m i - a a  of tint ’ i-c-lam.’ cor ct r m l t u i l  e -  t e a  a si c - c- Ic - peak in ( - - )

3 I c
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u e c ;  - l j s c - i m - i -a-i — - I c— u t - l i e - n , I t m -  m ut alk wh n c - l i  I i - ’ m n i u ’ m l ly  is a l u m , ‘c - c l
m r - - m i n I 1 . 5 — 1  7 . - ‘, is u — --n n a m m  i ’ c m ’m l  I ’ ’  n - -p m - sem i - u f-wma - - ‘a - ku - ; - i t

- - - m n - i  1 - - ‘c ’ c -n d 1 . ‘- —1 .7 c i - , ’ _ ‘i - l i- - 1 .2 c-V ; t e- .nl i - is a’’ -m ; t l i k e l y  a
i - -i -m i - u - i - - - —  l i m e - i- -t t a n m n s i  t i - i -  mu f m - i - r i - n  , i c-j .~ m d  ,n ; n tn cts n c  t im - - i — well
W i - i t; t h e ’ i - - a - - m a n - m m - - I  - m d  - - il cu i - il . -i  ‘ - m l  i - - S in T - iI - l ’ n I . A ps --u - I , —
ii I - - ‘ 

- ¶ - - c- i - S it m - t i i  I r i - u r n  i - u ’ , m r L I - - 
H 

is - i i i - - -  c- i - mis as I ‘ - n i t  c--i n t h
i t  l . t , _ l . 7  - -V i a n - b  is  , m ~~i- - - inn r u _ _ m i - m u _ r i -  m m u l . - i - i - r u - c - ’ ~’ u ( ’ n a l with

t i c , - ‘,a m  l i - i c - n ;  - ‘ 1  ‘ ‘  m i mic I . ‘I ii. ’ 3.0 c-V ;nt -ml ’_ is in c ;  -- -ci - m - m r i - — - v u m - n n t
w i t h  a , ‘-~~~ 1 1r  r , m n s u e  i nn , l u - i l  i n c - c - m i - a - u i ’  caf i l a ;  i , c c - c - n l t l m  i t  i - c r - - b c i i m l y
i ” - - i udes  t i - . i c -~~j ’  u - u r n s m i - - r n - ;  the mi u ’ n r i ’ 1’ ; - m r - i i l c - l  11

3 
, m i - n - i -  ti - 1 b n , mi - ìc - i n o s

ma~~~ !ht ’ ile -f l u , -  - m i - n i - I  c - t r n c l m i u f - i - - n m  l i - i n c - i s .  In n  c - i - - I  i n - - u i  ~~t m l  n c - s  t i n - -
- n m n n a - n i f - i - - rn a , i l m u u n m t  2 . 2  ‘r i-,’ i s  ; u m n l u -  s t m  - a n - i - . A s i m i l m r

- - n n a - n i d c r m ’ i - - i n  u m - u b n b l y m ; - m - l i t - i -  I - -  t I m e -  i n - - c t - t~~ 5.0—5.5 eV , which
‘ c li - c - - - — m m ; m -  ma has i n c - u t — a c e - u I  I - n  n t - i - i - - i - l a n’ i l - i - - I t  i c - I t - c-c u -  i - n - i t S  i t
- 1 .5 - intl 5.S 0eV , ‘ .q .  i-;.~ e ti c - . 3 1 b - . e w i n ’ ’  -:‘- - - t  u r  - t a - i n n - m u -  a - f

i l - - u i ’ 0.15 A~
1 - - - - i- - :ir s  i - n  t i - m s  I c - i - m s  c -nd  is ‘ - - - m a u i - f - u - n t  w i f - I n  a

rana it n a - r n f r u -rn ‘ lit- l u n - i n n e S a  n a - a - m r  L’ t - ,  t h e ’  i - a t - - i r ] \ ’  - - i n i l l el
- - i - i  - t n  ra n - m r  L 3 u r n  f-he - ‘ - u n ;  I - - f~ i i - - m m i- - - m i - n - I  - u’u n  ; -  - I  In- - n -- - a; a m m  - 1 - -  t c - u r n s  i t  i - - m a

mi -; ht be tic - rn H t m  ‘
~~~~~. Pa’- r u t t ie r s• n - n i - a  ; u . ’ak it -1.4 5 c-V in

‘t at- - n a- i c - i l  me as -um - - nmn c- - n t s ,mSsc - c1 - u t ’’- I w i t h  X, — X 1 I_ m i m i - i - n i t  i n s  is
a ’env 1 n bc - i - : n m - m n ‘ ‘ i - t u r n t ‘u I i i - ;  - h i - ; 5.0 t V  ic - si-a i - - c -  c i ’ . ~uS i m n -ii m i - ’ - I_
I n  n r a - m I  i i - m i s  i n  t in — x 1 — :-:

1 
n m - - i - l u - m a -  of ‘I n . ’ B r - i ll - m i i i  a-one.

The in a - bu u ’ r ly i r n r i- - li , m r . i i - - e , ’i -is t tc  1 - -S i -ne -s a n t -  a l so  c - - m i - m i - a n  n - n e
v i ’  a ;  - r i m ‘ - i - m t - r e ; i e s  s hown  u n  ‘ ‘;~~ ‘ I t - i c - m b  n u t  r u n e ’  i - i n - ’ -  - l i i  r r  cmi -’ c m l f m - i - .  37 ,
1 , - u t  I t  - - u i - u t  i u e ’  k - - ; m t  i n  m m m l  e I n - i l  c - a c -  - m . - c - u i i i c -y  of snuch c - il - c - m t ml u - - m i s

11 a ’ g u I  a : ; - u  t t e -y  m u . - ’ .ly I , c - m i - t u b  as  i r - m m - ; b a  - n c - i l I - - . ‘I’he
i - n s s  i - l i- a - i t  7.5 c-V - ‘ m i - I  i . -  u t t n i l m i ’ ed ‘ n n - i i r e - - t  t_ m u n s m t u - u n n s
f r - t m  — 

~~~

‘ ‘ u -  tb n e c - n i na , i - h i -’ r i - m e - n  - ‘ u n . ’  r u i n  u t m ii I n t c- i - m r  m m ; -  -a n n — n i t - - I - :
r n - n h ’  ~~~i - , i c-c . i v  e ’  e - n  I - c a  ‘c - u ,  i n n - ; . -  o t  m l -  - i - m t  0.15 H _ Ti m ’ ’ ; n e - _ u k  ut
‘1 .0 eV wh i - - in h i s u t - - n - ml 1 - m I d  n - sev r -t - l 1 m i — i-t i is - ‘ - n  v n— - m i - i - i c - nt - -nt
w i l t ;  , u w i - I . -  r ai - i i - ’ -- c - i  ~~- a- - i h i c ’  ‘ n . m n i S P  i - i - cs . ~~i ’ i - - m , -.’ i : - - ’ ’ - - n - I - - n
-0 mm - t i -- ’ cc ! - u i m l  0. _ l 5 ~~~~ , I ru nsi l i - -in s in t - ’ c - . c ; -  -r;. m blm _” t m  - P u 1 i -
b u m  na - — I—i 0 ’ r n ; — -  m I . - m ; n e ’  n m  r i - u I  l i - ) 1 ’  c um i mci ’ u -n - in n -n a - ;’  ct —S ml - n m
t i - i - - -  [ 1 1 1 1  c l u  n t  i - u r n  r a e - m m  8 _ S  c~ t,/ l m , m n i  t - r , ’ - i  - a-1- . Ai m ; , i n n - l i ’
• ru nsi I i n n s  I r - a m u  A 3 f-n I_ ,, ~ - n n m I . i  c - n v - ’  ‘ lie - n n - m n ’ c - n r c - n  - m ’ ,’ loss , as

- m t n , m n n s i t  u - - n m  t n - - t i - ’ t h ’  d c - e — ; m e - t  ._~~ v.il c m m , — , -  I ’ m n a , I  n - - m m - - r i  - c-a-
c o r ; m i n u m - t  i t n  l u , m i - i - - i  n c - - n m - m m . u - . l  t h . . - ;  f-i t i - u  c — n - - n  - ; y  I -  m in I e l m  u - i - i c - i n n

n - u t  ‘ ; i - u h i m i h  c-nm- - ni i - tm e - - ‘, t ’ r  t b -  i -- si - - - i ~~~~~~~~~~~~~~~~~~~~ .-~~
-
•

cl ear t m - - n ’  u i - m i d ’ -  c —n-S ri; - I it i o r a e t ; , t  h - ’ . -  i , . -  - m  n u i - l - c - r  r> ’ f i r m _ m i
i - i -  - i l  - s in t hi s ‘ ‘ i - a . ’ n - ’.y i- i i -  i- ‘ - i t  t n ’  I m m m ’ I X ; - -  iii t s c’ f i n n  - - i m 1 1 -t m m m  n
-a - i - m a c -  which c- ‘ci li - I - - - m i - n t  • r 1- , - - i - i - n - n  ‘ ‘ - - a - - l a s t’s  —

I c - f - n - ’  1’’- i v  m m m - n  I h is se - I n - m m  m u s  m a t  i t  - I - St I ma c - x , i m l i -  i n n ’ ’ I me -

low ‘ - i - m r - ; ’ . C! ;  i n  n - - I - - r u - - m t  m u ’ I - u m - ;n ;c ’s  I i - n  - m a  c , x i - b i i c -tI c ; -  i - i - n i  t m n ~~~ . In
f m m ; . I H I h a ’  - cia- i n - mm ~~$ - r mi - i - f  m e 1 - mi - me I - ‘ n - I I isa cv - - m e  - r- m i - s  C) I 5 — S
7 . 5 , 1 2 - m m c l 1 1 , c-V -m r ’’ shown ; he -‘ c - i - i  h - - I s  c t  i i - a t e - n s m e y  f u c  c- cc -h
cu r  - ,‘ . -  i c e -  i rid m - - mm - - u I i i - u  I P - r - m I n t  h ,ima. I - u I - n .  - - - I t i n ’ - I I - n nm I - - - [ i n c - i
loss ; n c - m ia r m  i i . -  I - - m i m I at 3.75 , 5.1 in ch 7 _ S  . - ‘~- ‘ . 1 1 . -se s ; e m ’c t  n c  - m m  e-

m id - i - I ’ d i - u t  ri - I I - ,’ a— ; i-n m’’ ’mnt of m t  - n c - i - m t  u n - I  i i . ’  n c - t e n n ’ r c ’ t  c - I  i - - r n
in m i - i -  f u c ’ c - n n  it I • - i - i - ; - I . - i - b  f - - n  t i m e - i - m e —  ; u c - m k ; ; . ‘ l i i ’ - ’,’ c t ’ ’ St i- - n m - n -  i- t ii,i Tu t iie _a
1- -w ‘ - n u t - n - n y  h - u a ; n ; e - n  t - u cm n d i-a rt e n l c ’ , u r i  c - c -  m m m c i  t i n . - l os s  S ; ’ . - m ’t ruiti is
m - I c - n u t  i c _ _ u I Pu - I h on t hu m ’ m m  t i c - I ly c m x  n u b  i-c-cl a - a - r f u c i - -  , u n d  . un ‘ m e  -

t 
surf m c . -  w h ich  h~is i n c - i - r n  i - ; } . c i t  t i  c — c l  Pt a -f is m i - f  iii i c - i - u t c n n  - i - n d  - ‘ - I  ,~ u tIn
— m >-y- ni-n ( i - a r ’ , -  S e a t  u - - n c  I V ,  1). it l i - i - n i n , u i i - i - i - c t . i Ia - .  i - e n  i-m t n - c n n ; Iossc’ s a t
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- - i - a t ’  n — c- u - - s ‘ l a m ’  m m  e — a I - , m - m ,  ‘ I r - i ‘ — i - - c -  - - I I 1 ; . -  p n  u ri -n i n  ‘a- . - ma c - c - n ’ .’ , b u n
i - t i n - i -, ’ 5 ne’ ’ - I t i a i - - ’ , I c - i l ’  a- - 1 m m  t h a i n-a r - - ;a~~ u l

- l i - i -  - ‘ l i i - ’ m c T . - - w I n c  - n ‘c- I c - c ’ ’  u - - m n Di I f i - n c - I  u -

1- inis ,i - t - , ’ I  i - c n n  c - i - - i - ; - - n i m e i - ’ - m l  r - - m ; - ; l f - s  w n  11 1, - i - r e - s e - n t - - I  w t i c ’ I n  
-n i - - ; ’ c i t e  c -n -  5!  - r i - - I ’ -  i n c - i c - i - a’ i - n u t  t r a c t )  - n n  u - t I e - c - I S  h - m y

ifl , l e ’ ! c r r m m n ; i - i - ’  r i m , -  m t  c - s i t 7  - 1 ; s t r m i - u n t  i - - c - s m c - ¶ b u e ’  inc -la s ’ it-
t - i , -  - c - - m a i - a ; - c -c - r , i .  ‘ I ’ l m u -  ‘ u n m i ’ ’  t I n . -  - n - - I  i i - - . ,  I w rk  wh m m - I n - m a  I-- m i - a - i

~- - c  i- - -- n u p c - n i s ’ -n ; - u m m  ; t  -sc-s is l I m i t  01 hu h-c- a n a l Lar amca -cn , ’iS ,n~ i - i - mt
l h i s  m n m s ’  I n - ’ r e - i l - - I S n - r n n c - w t m , m t  d m n ; f - J - n n m i - l y  S l u i c e :  f l at- t h u - ny nn l y
c - i - a n  p ’ ’ . v i t l . - a ‘ i I . c - i t i I  i ve  u m i - i i d e - l m r m e -  c - c - a l  is best f r  sri - ac - il ic-ale s

- f i n c i d - - n a c - . ’ , w I n  iS  t h i s  e x p c - r i n ; n e ’n t  was d -cn e ’ al the 1 - m r - m r
u i m ’ i - I c~ c - t  4 ° . M i - m a , m s w.;m ; inc lic i-m ted in s e t - t m - i - n  [ V . 2  i t is d i f f i c c m l t
- C C c - J u l . -  S f - n - - m i - - :  elastic r a i -~n :-c- mn n u I _ m u  J a r a u n c -  ma xima c-f- t h i s  i n c - rh - -

u m m c - ; - - - u i - - c - , m - m k n m n - m  m u c h  of t iv -  s n m p i i f u - d  ccnalysis - l c - s c - r n i n . - d
i n  i- - u v - - I  i - - r n  1 1  .2c i r a - i  A ; ui --- i - c i - i l X  B h a r d  t u n  ] n a s t i f y .  i I m a w i - - ,- e - r , i c - n much

- i- c- e x ; u e - c i m e i n t a - mI c i , , t  ‘i , - m m m i i i  I i f - i a - c -  i n e - h n v i m a r a l  , i m n r c m a e m e n f  was
u h t , a i -  m i - c m l ! n  n h -  p n c - - I u i - - f  i - _ i n s  .cf Duke’ and Lcu m annn u ,u m, : , In A p p en d i x  B ,

- i sa m n - u ; - a m r - i-’ ’ t I l i e -  n ’ - t  n n i - , u l  c - - - r ; s i d e r n i - i f - i o n s  i_ s  p n e s e n t t ’ d _

‘i’hr’re’ i r e ’  t h u . - .- calegor ucs of m e a s u r e m e n t s  in which the
i n c - l a s t  i u ~ - i i f f r m c - t a m - t n n  ‘ ‘ff u - i - ’ lS i - ri - - -b s e r ve d . Thesm- c -r e  t he

n t - I  mi - a t n m~ i m n t c - m m s  u ty ; a - r u u f  i les , cPa c c - c f - c - r i  sf-ic  loss spectra and
he- l i - n e - l i s t  ic - i n q u  j a r  j i a t e n s il ’,- pr o f i l e s .  C h a r a c t e r i s t i c

b e h av io r a l  ; u . m t t  - - m i - a m  ‘ u t u s e - r v c - t I  in i-mu ch type of measnuren ’aei--nt will be
- 11 , 5 - i - i a - i - - a c - - I  I - c - l o w  an d  i-a- - r n n ; n c - r  u s c-s with the thec ry will inc mtf-empted
‘is rnnim ch m s ~m - -m a m a lb ie.

a 1 m m - l u s t  m m -  l i - n t  u m n m ; i t y  n - c-- files

As p c n i n t . - - u I  ‘- c - f - in i- c - c l i c - rn II.2c and in Appendix B , the inelastic
m n t e - n a ; m n , - ; - n  u f  m l ’ -  I i - u n -  - u  9 1 v t - n ;  loss c-n c-rq y she’uid sinew at least

- i t S  I - - n a - - ic -h  n i - u  m r i- s ;n - ‘ma c - i n - n c-la st ic maximum . These- two peaks
n - - i - - n  - - i - i - u i - u t  c~~] - - u -i r- -ns wh ich h ive- h i - n mi - t energy i t - f -  ‘ c t a -  and a fter the
- ii I f r , u , -t i --r n  p i c’cess c-nd ‘ ‘ c c - u n  a t  e nme cm n i es Emux and Em~ x 

+ AT - ’
n - - c c -  i i-~~~ is t h a i - -  n - n c ’ r u ; v  c c f  t i n t - c -l ust ic intensity maximum . In

A; p c ’ r n d i x  B t i m e -  [i-nn i X  t c - t m n n  is culled i’~ but because it is neat
us c -all y pos s i l nic I-.  assicun the m i m i - t i c  maxima to Bragg maxima ,
1 ri- n , m a - ’ w i l l  l u - - m i - c - m i  in t h i s  c h i s c u s s i i - n n .  finde r  p rope r  c o n d i ti o n s
i t W m a - ~ ~n r t - d i c t e - c I  by tlai - - ory ( A ; . j n m ’ r m  lix B) that four p ea - i - ks may be

- i , i - n c - r v e - - I  n n c r a l c - ,nej u - f  t w o ; the ext ra peaks , resul t i ng  f r o m  the
l , t l  i-’ c - m m s t - r ’,’ . i t  ic-n of mm n c mentaum , lac-iru - ; called sideband diffraction

i c - a k s .  This  c - f f c - e - I  has been v e r i f i e d  i n  a recent  expe r imen t  on
- m l n u m i r u uj nr n , 4 2  but in - n c - m i c r a )  is n cnt found em c-’xpi--cted because of
- he s lo w l y  m r c c - u  c. ’ i s i n - ~ d i s pe r s i o n  r - L m t i o n s  for cxc i ti-utions such
- u S  ; u l a s m c e n s .

l n n c ’ I , m i - a t i c  i rm I , -nsi I - i- ;a ,n t t fi ]t-s in this exlaeriment were - .htained
1’ ’,’ - c n n - m i - i s i s  of t he  . m n q c i h - m r  p r - m f l  ic-s  l i ken  at  5 c-V i n t e r v a l s  i n
; u r i r r c u r y  energy . Figure 39 shows inelastic i n t e n s i t y  profiles
-- P t c- i i - i c - n h  i n  t h e  ( 0 0 )  d i  f f  ract i o n  Pc-ant direct i on with energy losses
of t O  (‘V uric ] 16 eV; m I s -  shown is the (00) beam elastic intensity
f - m r  ‘ - m r  i - - ’s ’- s  of c - . m n n ç n u r  i s c - n .  Two peaks are c le a r l y  observed ~n the
i n c - - l u s t  m c  pr o! m Ic fm . r  c—ac -h - I the c - l a s t  ic peaks as predicted by
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l bae ’ , c m \ ’ ; b - m t  t h e  h i q i a c - - m -  u - m u m  - ; v  ; m e ’ - m i- a s for l i i . -  10 (‘V loss , t h at
c’ - - r u - . - s p - - m n u l  I - - e a i - c - r i n y  ioss 1 Ic-ri- d i  f f r R - t  a- -n ( IE Fm rc-c-e-ss ) , are-
m m - i - n i - m n - - b  i i  i- 

- - + 10 ia ; the mu ry p r e - I l cI  a ; .  T h i s  is c - n u t -  I u u

I I n - ’ c-c ’ f - l i - - i t  t l m -  n o n — n u rma l l i - n c -  m m l o n n e ’  e . f  t:hc- e l eu t c - - c m  m c i - m n loads
h iqhlv u n i -y ra r i - n e - t  rin i- - ml ic - f - cc - sit 7 d i i - t r i l , iu f - i - - m n s  ,i b m ut f-he ( 0 0 )

ho u ’ - - - i n i s munc ; the ’ TE ; u m ’ i - k S  i - u n  I h c -  10 c-’,’ l ’ - i - ai- I - -  ‘ > u  nir h m - m h t - r  f - h - in
tI me- a ’ ,- ‘ u m i n I  f- ~c nm - u ’ r a a , m  I, i nc  i - I c - r i c o .  The w’- m - ; n e - ft. i l  c - b c -u I  110 eV

n- - c-i- - Pa- the r- -m ; - u it of s u i t - b i n - I  I i  I f r i - a t  ion m n n m i  the i r a - m u i r  p c - - f m  i c - s
t u m  he i-h- ‘,-~- a 1 m t c ’ r  w i l l  show evidc ’nc-- ira su ;m ; n m ’ r t of f-his i n t e r —
n u n - i - n t  c- ’ i - i - a  —

1’ C h i r a r t e a - r u  i - f -  Ic I - - u i - s  Sjm c -c t m m

T i - i a - I - m i - i - f - i n- e - i e u t r ’ - m m d i f f r - m c t  i - - r n  e f f m ’ m -t s  arc’ usudily c - - v u - I - - n i - I
inn the c- -la ura c t c - ni st m n l u - i - s  sp a - c t  r i  ms -n i nac r e- ,u st ’ci I i - u I c - c - S l t ’n- ’

i - c f  a i- nt i --n 01 I ii --  u ’ l a , m r u c ’ t e - r i s t  u c  m ass i - ; c a - m - f - n u m .  T h i s  i n n - r e u s e - c ]
i c - I ‘n i-i f - V  0cc-mars i ’ c -;’ , m nu s e ’ e l i - n - f -  norm s in I hal p a r t  a ua-ular energy
t~~ r i - t  sat i s t — ,- a d i f f m , u u - t i on  c- - - m a n i i t i o n  ( I F  J a r c - c - c - s s )  c a n i s i n cj  f -h e m
t m n  i - au - c t ten O i l  - - I f - iic n- c -li d w i t h  i r n c r e c m c - m : i  ic - I ensity. The
I c - m c I  i t i - i - u l - u r  p e r t  i n of the spectrum which saf-isfie -s thi s IE
scat f - e m  i n n - n  p r  i - n - . - S i -  I S  St n c m r a u ; 1 7  ( I c -p c - c - d en t  u ; a n - n n  t h e  an q i e  a t
wt c i c - i -n - c-c m e a s u c t - m e n t  is made as well ms the p m  m i r y  o n i e - r q y  u s e d .
Bei- ’- m n m s - a -  I P. - ic - i -lust i u ~ t I I f f c u c - t~ i — -  m m c i - u r u d i  t i u n n s  c - h u m a i - ; e  w i t h  p r i m a r y
en .-r’;v m a t  i - mi - c - i - n u n -  ri--a -nt an cn l-- , each characteristic I-m ss spectrum
n i - c - m i -m i t , - I w u 11 hi-’ c - f t  m u m - f  c - u i  d i  f l a r e - n t  l v,  m c -  t h i s  m a k e s  i t  d i f f i c u l t

- m - i - i i-i - e- - m i - a -,- C- m m a u l i - ; s i v c -  i- I  - i t e m e n f - s  a b o u t  how ch ar ~m c - t e r i s l -  i n ’  loss
a p i - -I c - i in; e nt - r m , ’ral ire - i  ff ee:f-ed . However , ti-ends can be identified

in this i - c c - f -  ic-n i-a c n n n c -  examples of inc lastic di ffraction in
c -h - ir a - rust ic l oss spectra will be disn ’uss,- nl.

Two t . i - n , - i - - of s c c - t t ’ - m i n n n  p c i - o -e - s s e s  won --  d i s c u s s e d  i n
s~- - -L i c - e n II - 2 - ; t a h c - m - a - -  w e - n . -  t e - u ’ m nnt , -d E l (elastic—inelastic ’) -i r an - I IF
(i m me-l as t i c - —d ust i c - )  p r o c - c- s i - i - s .  In the i i  ; -  c u -cc -ss , the  elec trons
In s-- .- ra t” r n m y ,m f l or i - c - i c - m m ;  di ffc - uc - to -h so that in f-he diffract ion

u i t r t - - , - t  i n ns c l i losses , ic-dependent of e -ruemqy, she-aid h ne  increased
i n  i n t t - n s i t y  w h en  t h e  d i f f ra c t e d  i c - t m - c - c i t y  is l- mr ’ ; e -’ . This , of

I ’ m U  c a- ic -  , 1 S ~~t r l n - t  l y t r ue  o n l y  i f  t in e - el’’ci- I c- c-s i nc -last i c - a l l y
s c - u t t e r  w i t  ia - - n u t  m n - r n u l a r  d e f l e c t  i o n .  An IF pr ocess is c-in c in
w h i c h  t in ’- - - e l ’ c - t  n n ns  1- m i - c -  er c e ’r c -y  b e f o r e  d i f f c m c t  ic -n . 1” m n r  such a
n i - c  - - i - i — i - s  t he  i n c - I c - s t  ic  i n t e n s i t y  w i l  I v ar y  m a r k c ’ c - l l y  w i t h  - ‘ m a c r i - n y
i en ss - u n - b  s c - i t t  - -n i c - e n i-ura c n lcn , depend i n n - n  upon  w h e t her  St c - i - n . m  or weak
d i f t r - i i - - t  i - - m m  u- -- m u u l i t i o n s  are satisfied .

-~~~~~~~ 
p 

Thi-- char ,ic- tc ’r i stic loss spcc -f-ra I - uk c-mc in the (00) beam
-Ii r -a’c~ i’’n , shcmwn inn f i c ; .  32 , c- m n  he ’ mn ,. mly zecl l.y n c - fe ,-rrjnq t a - the
c - l a st i c - i n t e - m n s i t y  ui - u t  etf the (00) beam , shown u n i i q .  i n c . A
1 mu -p  e l - u  a m  I i c- m c - f - c c - s i  I - i- max imuna i s f -m un i c h a t  nh ’- nit 76 c-V so it
‘
~~~

- - i - n  i l  Pc’ exp (-cted that , fca r pr  m n n n a r ~ ’ c - n c - r u; i c ’S n n  c e at e r  th a n  76 c-V
i;; i - a - -m t t i -- ring pr— cc-c- i-sc- s would ic’ad I - n  an  c ’m m h a n c e d  i n t e n s i t y  i n
I 1 c r - cha r -u - -I c — r i  st mc loss spc-i ’t rum r m e u I ‘m.’ c ’r- r m n l i r y  energy of 76 c-V.
As seen in fi g. 32 , ‘is the prinnnur y e nu c n m ny approaches 76 c-V there
is - m c - ‘m w - n i h  increase of the loss spectrum due t u n  the increased
el m i - tic n u n ten s ity and the occurrence -- I [I scatterinq processes ,
-mm; in t ine- (-Carve f i - u r [ ;n  = 70 c-V. When F = 80 eV , the elastic
in tensity is ~ t i l l  large In nu l decrcasinq~~s.a- there is still an overall
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cnn h ~i n m c - i --m n me _ - a n t  o f  t i n ’ -  loss m ; ; - m - c - t  c u r - n , hi-i l f - I n - - n . -  i s  r i m  ~u ddm f-n on - i

s~ r - n n m i m - ’ - ,iki nai-i in 1 n 1 ,  u - - n m  u r n u -  - E =  4 c-V f r o m  I F  su - c - t t e m n i n n u n .
For - = i-0 c’V , t b n . -  f- I si- - i l  l u - m um-I is c-ens u c l e - n i k u l y r - - ’ i n i u i - - - - i ,
I i - l i - h -  I f -  conI n i l - - nm ’ i c - nun rue - m r  14 - -V - ;nv cs this m t - - I n c - r n  - in n increased
i c - t e r m s  i t  - i- . Wi n  - i - i -  I , = 1(10 eV , it i- - mum i c c - s e - c - n  that ne-i then El  unor
J E c- - r ; t  n i - h - i - u t ;  c-m is i~~.’ signi f I c , m u i t i n  t h e  nanu ;ei of losses shown ,

- i n - i  a a ; -  - o - : i - - m - m l  1 i - n I  e - m n s i  f -y  is reduced cons ide rab ly .

t .  sim i l - i m  an~u l ysis of t i n e loss s p e c t r a  t m k e a n n  in  the ( 0 1 )  
- i -  - i i  m - - - t  i on  ( f i u ; .  3 3 )  c~n i - n  be ’  made  with the- aid of the

c-l id  ic  i n ; t - - n n m m i t y  p l o t  i n  f i u ; . 19. For time- energy r an - ;c-
- - - - :c- ci- -c - jam f m  . 33 , there- are two elastic intensity maxima ,

i - - cu ,- u r r  m i - n  at hO c-V c - m i n i  about 82 c-V. The E~ = 60 c-V loss curve
shows f-he strong inf ln -m c- -nce ot combined JE and El scatt -ning
processes on f-he low e l ae - ryy losses (0—4 cv) and the  ovn -- i-a l l  El
ennlmanncememn t of ;m i - u m a - t~ of f-i n ca i-p- a-cf-rum. The analysis of the rest
of the m ; ; c - - i - t r a  is more difficult , since unlike the (00) beam the
d i i - i - i - i c - t m - m a n  ,mm i - ; It:- changes w i t h  p r i m a r y  energy  so t h a t  in  q e n e r al
i ’ is d i f f i c u l t  to  pred ic t t he  ene rgy  losses t h a t  w i l l  be

n - - m n t n , u m ; u , - u i  ; t m - - w m - c u - r , a s f - r a i - ; l i t  f o r w a r d  g r a p h i c a l  a n a l y s i s  in
K—s p uc-e does 3 c c - i c - n at f o r  most of the structure. The low ene’rq’ i
losses I - i - r I , = 80, 90 c-V ~m nc- ic-creased over the E = 70 c-V
c-irve as c- i - -i - p ‘ Ct - i - I  n -hu e t o  f-he  elastic intensity increase with the
~1 ’ t e - i - i - - i - i r m t  t i  n c - ’itt e rin g. The enhanced in t ens i ty  at about ii eV ,
in f-he curve i - m r  F 1 . = 80 eV , is predicted by p lotting the K—wave
aa-a ’ - t - - r a ;  in - i  K — s p a n - . -  d i a - n r  c-i -n m , where inner potential corrections
t n - m V e  been I I I  l i e - c - .  Similarl y, this graphical procedure predicts
- i nn u i - n c - u - - m s - - u I  u r t -  t a - j I ’ , at about F = 18 c-V for the F = 90 c-V
c - u m r v t - . This i - I cc- i - s I m i n l y w e l l  w i t h  the measured re~ ul f- , where

- mi - n  li - c - i I i n , it t h e ’  m i - i t  c ’ m n s i t y  e n h a n c e m e n t  is centered a round
I-. = 17 - - V .

i c - n  t i n - ’ ( 1 0 $  - i i i  f r - u  - -  
- - a b c- c -n .m direction the characteristic

1 - m i - s  aap - c I  r i  - m r  , -  - , i - m - c ~~ in , I i - j  . 34 u r n - I  aga in  t h e  e l a s t i c  i n t e m n s i t y
i s  r a ‘ ‘ - a n  a r i  i- - I - - , 

-
~~ a n -  - r e m r i m  - r i - i - n i l  y i - m i - _ i  x i- r i -n m occur at  60 c-V and

~0 eV w i t h  u : m n i b s i  a - m m - . m ’ - - m : - :  i i - n m i r u  m l  7 1-  c-V. For the low ly i ng losses ,
- m c -  i t  n -  u S c - i  j f l t u i - , i - ; c . 1S - h f n r  p r i m a r y  enerq ie s  of 60 eV
- m r-id - c - i - n - - ma I - u  t I m  - - m t n n i l n i m i - e - u l  i F  and  El processes; a lso

a i- 
c i -  - V c i - a c - ’ . - s b m t e w i - ,  ‘e v e r - m i  1 increase ( ‘ x ; m - : m - t c n c i  for El

S C m ’ - ~- n i n n ; .  In th e 
H ~ 70 c-V m - - a r v e -  t I n - n e ’  g - n ) ( -- J m n m  t o  be e n h a n c e d

m r 0 - - r c r m  m m -I - 10 - - V .  T h i s  is  - x ; - . - - ’ t  c - - I  for ii -  scattering ,
c - V t - m m  I t m u u m ; t ,  l i i , - - 0 - V I m - , l ,I  o - i - - m , ~: ,  is m n e n t  i Pc i - n ; m a x i m u m ,
s i n c e -  t - - r  t . c r w , i r m i  Se - , ) ’  ‘ . - n  i r a - n  ‘ I i . ’  c i -  , - ‘~‘ i n n - - l ast Ic c - I- ct r o n  wave will
b_ - I c  u -  w r y  rn - i - -h I i - . ’ ‘h  - 0 e~V ; - r i m u r y  w i n - c - . The u n a i y z e r  ; - o s u t i o n
a u S  c - f - m a n n - , u e u l  I - -, i i . ’ ’ m~ 1.5’ , 1 m w- i-a- ’ u , so u t  u s e - i - - a ; - e - u - t  c - i - I  that t im e ’
ene r a 1 - - a - S  - - -  1U i i - ’ - I 0 - ; - m • i S t  y - t i -  I - r a e  - t ion cond i t  ion would
ti-- a h m ~ 1 * -  ma Ss - h u r t  10 eV , m n d t i c  i s  is - .tcse- rved . In f-he 80 c-V
c u r v e ,  t - , t h L E m i - - i  1 . 1  ; - r i-— seg - u ’ be - c t  m v e , the l a t t e r  inc reas ing
1 me Ic-i-sc ’s c rie r i l l  i c - a  ‘ i n . -  f ’ r m i t - - r  m u l l i n g  i-a rn ie - i n t e ns i t y  c - f -  h i gh e r
eni er-;m ca - s a r - n t m c - , l  18 - - ‘

~
- . I n  I i i - -  ‘ i - n  c - n . c - - u i  vi ’ t i m e - r e  is  a s t rong overall

in - m a ; ’ ’  1 I I i i .  - a ; ;  - c - u  - I n urn - l m ae - ‘ - i- I .  I - - - - - m t t- - u u nq , w h i l e  in the 100 c-V
- - - m r-i. - I t i .  m a i m  - 1 I m u  - c m  - I ac - u ,m 1 1 - i c - - n  i n c  i n t ens  i ty again r e f l e c t s
t i e -  l . m r - ; c  ( I r e u l t  I n  c - L i — I  ic i n I e - n r - ; m t y ,  i n d m c . m t  i c - q  the importance of
t h e -  El s c - c I t - - r i n g  ; - r c - c - . ’ s s ;  some J E  enh mnc ement may be presen t around

K = 10 eV in t i m e  1 
- 

— 100 - - V  c m m r v , - .
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F i - r m m r c -  35 : ; I n u m w c - i -  I l a —  ch a l e t - t i  i a - i - n  I c ’  I e m u ; e; i - - n - c l r i - c for l i n t ’
(11 ) b. m mii i - h i  u , - , I  i c c - r n , m i - c l l int- (11) I c ’ ’t a . t it ’ u’ ; t - ‘m t s i  ty  is

c- i c- - n a  by f i n .  1 .  T i m e -  SO c - V  c u r v e -  c - t m - m w ’ s  t i n e - e t c - t i - m c I  I 1n i - :n e-~lso

i m .  ima ’ - - n s u t y  t romn i-: i a u - . u t t o r m n m n n  - i c - c l  ~In c r - . - - ; i u u r n  i n c - l o w  m E  4 c-V
i- I n - r i - n i - a n s I  r , m l  t - , a t i n ’ -  s - comb m n e - I  E l  c - r a i l  i i-: i - n i - i t t  e r a  c-c- u s s o c i - i f - e d
-~-j t Im t im- . - m i - h i m - ‘ - l i s t  m e ’ m a x n r n ’ c u m  - m l  - i (~ ‘ - V .  As t b -  n i -n iman y cc -en -n y
i s  m m c m ’ -  u i - - c -  is mar t h e  c ( )  m i n i 70 c-V na-l r ’’m -s t I n e - n — c— is a shiftin g

i - t  t i n - - - a t h i m r m i - - e - , I  n - - - ; m o n l i - c  h i - n i n e - m  l e n — s - -un mC i - - n e - w h it mndicat ive of
IF i t t  - - c u - n - n ; 1 ; -  - w i - - m r . 1 1  m u s t  I n c  k op t  i n  m i n d  t h a t  t he

c-i - - a c - m I n t  ion i - i - c - - c -i l - i  l i t , i c - m n .a b u l k  p l a s m o n  s a l so  i n c r e a s in g
cci h ; n r  m i - n a n - ’  - -  rn e r gy ,  so some i c - c r c - i s o  i r o u n m i  11 , c-V is -‘xpecf-ed
c c - e a r n  i n  I l i e -  ,i b , i - c- i - c - c- o~ mm nt- l a s t i c  di I f n a a n I i o n  e f f e c t  mm . In f-he
‘10 m -~- cur’’- - , f- he - I m n w e - r  c - m a e -  m ;y loss - i --n , u ct - i c - c - i n  m n c - c .  u s c - u i  due to
f-he i- - o i - m i - L n i n a f - i m n m  o t  I F  and El processe s assoc iatc ’nI with the ela sli c
i c - I  - i - m i - m i  t y  r n a a x i r n u m  at 90 c - V .

Another c- I fect which is p rt -nii ct e c l by the Theory of D u k e
- i n n - i Lar m i -n o rc - 4f- (sc-c- Append i a-a B) is the sh i ft ic-c; of loss n.m -c-ks as
t im ’ ’ l u c i m a r y  c - c - e r - n y  is  v ar  i c - n I  n e a r  t h e  - n n i - - r q y  of an c - l a s t  L

i - i - i - c - a -i -  imum . As t he  p r i m a r y  ene rgy  ;t ~iSSc - i -  t h r ou qh  the  e t c - o r g y  of
t h e  e l a s t i c  i n t i - - m n s i t y  m a x i m u m , th n i - wave  i c - c f - o r  l e n g t h  fo r  the
n - - a < c i t - r t  ion t h a t  is needed f-c) c o m a s er v e  momen tum becomes less.
l I e - c c - u s e  of t he  d i s p e r s i o n  r e l a t i o n  fo r  t i~m e - ex c i t a t ion , e.g. p lasmons ,
this decreases the v a l u e  of f-he c ’u n e - r q y  loss.  So , at or slig htl y
a b e , v c -  tine value of an elastic maximum the plasma loss peak should
be at its minimum value. In fig. 33 such a shift of f-he bulk
p l a s m a  loss  peak r n - - a r  16 .0  c-V may be present in the 60 and 70 c-V
c - t u n v - s .  Similar shifts seem to be present in the 60 c-V curve of
Ii - ; .  34 and f-he 50, 60 and 90 c-V curves of fiq. 35.

l I e - c r u i S e ’  of the inelastic diffraction effects , caution is
r .a-;-iired in m i te -n i - ce-f - m g peaks in a characteristic- loss spectrum .
( e m i l y those peaks which persist un d er a variety of primary energies
- u n d  - a n a m n l c - s  have significance i-ni - characteristic losses. It is
c-ca l f - c - common to i - i - n e - c - s u r e  s t rong  peaks w h i c h  a r e  s t r i c t ly due to
diffraction and h ive no si -inific ance in terms of hi ghl y probable
loss f - c - - c c - c - i -n - s - i - .  As an examp le of the strong chanqe in the  charac te r -
i s t i c  loss spectrum with scatt e n inq ,mnqle due to ILEED effects ,
f i g .  40 shows spectra taken a t  E~ = 50 eV in tin e (11) diffraction
beam dine-cf - ion (curve A) and for about m u  2 0  devm ,i I ion toward a
l m r - m e ’ r  diffraction angle (curve B). At tine l , mcu n e r diffraction
-i nc-ic , -m large increase in intensit y occurs I n c  a loss ot about

P 4 . 5  eV , -m is c , the surface amnd bulk plasma le n i - as e ’s have shifted to
1 - m r - r i - n  -,- ,u I ucs . The peak j r - i c ;  at  4 . 5 c— V i s f - t i - ira n - i to be consistent
with I i - . sm - u t t e r i n g  as u l r-te - cnn ui nc ’ d f rom -i g raphiu c - il -m na l ys i s in
K — S p a c e -  - The ( 1 1 )  beam has - m  l I r e ; - ;  b n e c - m k  u t  -18 eV (sc-c- fig. 2 4 b )
so u r n  m - n n c ’ i-’e A of f ig . 40 the—ru— is strong ii- & - n l a , u r a m a - - u n u c - m n t  around

= 2 c - V.  When the m m n m l yzer is m i - n . t v e - c i  t I m .  Bragg energy becomes
about 4 5 . 5 c m v  and I i mc- !!-~ maximum c - c - c - mrs - m l  . i - ~ = 4.5 eV La curve B
i n  -uccord ance with this , - j i , u c - tp- in 1 1m m - n . ; condition. The shift in
f-he p lasma loss peaks I e.wc- cml higher ec-erc ;v is corn s rstent with an
E l  in r o c e ’s s  in which scatt e r ing from I h o  d m 1  f u a ” t v d  beam at larqer
,unu iles requires - i larger excitation wave vector and hence , f rom the
dispersion relation , ~m largia r Inn -m s e - n c - r m ; y  (see fig. 68).
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I n c - i c - m t  m c  n i t I t n , i u ’ lo a m e t a e - c - t a (  con  u t - a -a I n n n u ; i n ; - ;  l~ I L  SC-i t I - -n in - i
pi ’ o Cc ’ c - m i - m ’ S  - i n -  ~‘- - r y  cle a rly - c in m m u ’ m ’:e’d i I i - h i t - c - n e ’  m m - i- - - m n - i l - - i c - n  is
i t t I in  i- s i t  ion t . n  r , -i - - , - 1 c - ’  - m m i - i -  r i - m a u l  l i i i  l u - -m m ui - t i - I  l i - n  i - m i m i - n - n c -, ’

- - i - e r ‘i- is m i - n c - c e a s e - i - I  P1 1: . 1 , 1 - - n t h u s  i s  - l u i - n - , t I n - - s  1 - - c l  n - n m n : m
wh i c h  I - u sc- c -mn - i - m e - c - n ’;’ ~‘- I - i n  a a - i - m i - i - i l l  - i a m - m l e a  s u c - e l t u r i n ; ’ :  ‘ c - i t ’ u - n f l
n-a a i - i - , - t h e  same d n m t n i t f - i o n  c - i - u i - n u i i t l o n s  m m m i  ~s ‘- ise I - u

i i - ’  - m n - c - c - I  in’ - ‘c - s i  t y  in th nc - loss spei -trum -it ‘ i h n  b- ia - -ivior
is c~~- - - m r lv  i l i a u i - m t c i t c - i  Pc- f n u ; .  4 1 , w h e re t i m c -  n i - : i l y - - r  was left
mm: t i - n c - posit i - c - m a  of l hne a (01) LEE D bc- n i - i - i -  f - n c  H -  ~ cv , - L m a - a h
co r r e: t i - - - -m n n i - i s  t i - u  I i - n m -  e n c - - m -~~’.’ i - u ’, , m m u e’ 1 - m i - a l i u  i c - I n - - c - i - i t  v mim a-a i i- ’ i i - n n- u _ le a—i-
‘ he n i - u - m i - i - i - - n m -i- - c-ne -n - - n ’ ,’ is i n c n ’ . ’ a se ’ i -u , i l  c - a r m  li e’ m a c - c - c - t h a I  t i - a c - n c -  is i-mn
i a - n  ‘ - I m ; e - i n n  I hi-i i nc-Lust n i -  l n n t u ’ n n s i f - y  f o r  c i a-ne d s e c o m i - d - i c y  e l i - n - c n n . ’

- - I  n i , u : U t  36 c-V ( i - a i - i t c - n I  b ’, t he- a m r m ’ -i wm- ) w h i c h  ci c -icly i n m n t i e : a t  c - n - i- r i :
Sn.’- i t I c - c l i - n - ( .  A l S O  n c - i c - W a :  i m n  t in e - f i i - ; m i c ua i s  c s e r i e s  o t  a n t - c - k s  i c - d u c ; m t , - n I
m m . ’ - n r a - - w i - a  -,~Ini ch e i-acur a n t  a m i x t u l  e n e rgy  i - n t  a l - o m i t  23 c - V .  ‘l ’h ’ase
pe a k - ~ n - - i -  n - - i - c - i - i t  i - e n - u u m m m i , m r ’ 1’ c - l t ’ - t  cc-c-s w h i c h  s a t i s fy am P r a m - n - n  c - i f —
- ratc a i - i - a  c - c - n i - i - i - l u  t i - a r -  c n n  t i s -  ( 0 1)  be - mm f o r  e l e c t r o n s  w i t h  55° a m n q l e

‘ m l  u i - i - i - a c - - r i c e - . A m a y  e l t - c t c on s  w h i c h  s c a t  t c - r  b y ama  a n gle  o f  100
rom - a , - n- n i m - i r v  m i - - u i - m m, in :i’ -’u c-c- an c - m n - c - n y  of 23 eV , c- un s a t i s f y

t h i s  sn  r c - cnn- r Br i-n c u u i - n t l  i f - I - c c - a , T h i s  same O n - n - n - n  c o n d i t i o n  f o r  the
am a-i- u - i - u i 4 5 °  a n ’ ; le of i n n n i - j - l . ’ m a c t ’  is shown  in  f i n ; .  2 (  o c c u r r i n g  at
2 1  . 5 c-V. 1~c-m -n t a t ’  lu f fc ,uc - I  i om n t i - m i mi if-ion c-onresponds to tine c - n c - r u ; ’ 2 ’
c n f a i -- art i c - a l u m  c - i m m m ra n - m  c - n  i st  i n . - loss , t i m e -  loss in n f - e n s i t y  becomes
much s t r - ~ m n - p - r , i - i -  f o r  I I i - - - 1 .5  c-V loss in the  37 c-V cu rve , the
3 ~

-
~
mJ loss in f-he 37 -- V curve- , i n n - i  f-he b u l k  i u l a ~~~ 0n,.1~~s~ rn c-ar -

17 c-V ~~ l i - c -  4 1  n _ -n.  cc- n ‘a t- . Very s i m i  la r  u n b i - e - r v a t i o n s  of d i f f r a c t i o n
- i - . l a , i i - -  - - - :  - i - m t  h ay .  - i n .  - t  -n i - a m a - I t -  b y I m or teus  - m d  F a i t h 37 f o r  t u n g s t e n .

Li u m m n l u - ; i l , m e i omas
4 l  am c - d i - n n n - , m s c u r e m e u n t s 38 have  shown t h a t  t h e r e

i s a s f - c - - a ,  i- m i - ’ c -’ m :’ i - t - t r - -  c ci - f - i - n e  u i m m m r i c - t e - r i s t  i c  loss i n t n - n s i t i c - s
i n n  t int i- - 1 i - m n i c ,~- c -- n m i - n c  u ’ i , ’ m i c -- c- w h i t - n m  f-he p r i m ar y  e l e c t r o n  beam is not at m
i - n - - r i - m i - _ m i  m n n c u n i c - n m c c - . TI - i n - i - i m - m -,’ i - i - u m i - n e ’ I_ c ’ _ ’ i - l i - i - c - a l l y  f a v o m - s s c a t t e r i n q  towards

hi - i- n - i - ar t  mc - - n orm -il - F i u ; m m n e -  4 2  s i n m u w i -  -imir acter i — n t , i c  loss spectra
f - u k - i - m n  - i- ’ t h e  ( 0 0 )  i - c - m m  i - l i r e - m t ion a m i d  2 °  to e ach side of the (00)
mm- - i

j- - in t h e -  p 1-inc of i c-c  i ; l e i - n c - ;  with a posit i c - c’ 2 ° b c - i c - c -  t o w a r d s
- i- S :m ~~~un - - ’ - m m - u n  m i - n i l  - ‘ l i - m e -  m m r  i n m r y  energy used for the se  cu rves  is
1 2 i- ) c-V c-ru n-i u ’ - c r c ’  a m m u n  un d s  to u n - i - t m  r u ng c- l a s  f- I C  i n t, n n s  l t y  max 1 mum ,

W h n i - i i c  u m - m - - - - u n s  to  be a O n e ; ;  r i - m i --: m i - a n n - . In  time- ( 0 0 )  l n e ’ i u n i  e i u  n - c- c - f - i o n
i - c ’  l e e w  n - a m - - n - n y  i m n t e r b a n d  I m u s s e s  — ur n - ’  i - Im u~~) r m c ;  rl ni e ,- f - u n  tine - - c o m b n u i ~m t i o n

c c -f  1.1 - m i - m i - I  I E  ; t n i - n c c s n ; e - u ;  w h m  c-h n , u n c  n e - i - a r .  A n-i- t he  a c - a l y z t ’r  is moved
-a - . c - I  t h m - - n i u m n r i - n u l  m y 2° , e l c - u - I  n o r m s  whose e n n m c r m ; n . t  i s  abou t  110 eV

u - i n ; m m mt isfy I h e  I t n a m u n c ;  d i f f r a c t  i o n  c o n d i t i o n , and  t i - h i s  i s  w h a t
u S  u k , a i - e cc-’ c m I . W h e n t h e  - uui - n l ’izr’ n is moved the oppOsi to direction ,
none ot t n - u - -  e l e c t r o n s  , u r c a  -ip ahle of satisfying the h 3ra m n c n d i f f r a c t i o n
c-u , i - ; i - i i i i m m n  so the intensity is considerabl y less. Figure 43 shows
th e - k-space uI n.a gr am s represe nting conditions for the three spectra
of I i - ; .  4 2 .  I m m t  B of f i g .  43  represents  the case where 

~A = 0 ,
i c - n I i I~ i s  c I t  - ur t h u t  any c l i  f fr .icted electrons which ic -elasticall y

i- mi - - - m t ~~ - r  i n  the f o r w a n u l  direction will be detected independent of
the , m m e c i - m n u t  of c- n c - r u ;’1’ ] r t i - i - f- 1 and in ~‘ademl i f-ion electrons which lose
small , m i - Iut un j n ;tm; of enere ;y i c c - f o r e ’  diffraction will still nearl y sa ti sf y
thi n - II c , im ; u n COfl (Iitiofi c-nd also l i e ’  detected . This gives rise to the
m )’-J€- r ,amll i~ i enhancement and the I E enhancement of the sma l l  l o s se s .
When ‘h e  - 1 - - t n - a c t o r  is moved toward the surf- -ice norma l , the cond i tions
shown i n  ; n a n t  C of the f ig u r e  m r c -  set up.  U n d e r  these cond i t ions
c - I c - n - I  m mcc - ; i n m n ’l. i r a c - - I  toward the sur li - ice norma l from the primary beam

~ 
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by 2 ° w i t h  a m ~ - ‘n - - n ay oF 110 c - V  S i f - i i - t ’n- - m  i l r - u - ; n - , - - - m t ~~~~~
- i n n - ;  c o u n u l i t u - u m ;

I - i i c - -n to - m s I r - - n ; ; ; - . - ~i~~: , m u ’ m u i - m m u u i  E 10 e ’ V _  ~‘‘m m m  f i n - -  c - i - i c - - I l l  i mi - ;

w a n - - n — c ’ I I nc - - I t  — I c - c a t i - - n  m S c -m a n r a t  ml - m W  n , I rm  cc - m n I l i t  - i - a j ~ m c -  - m n i - r i - - a  i i , I i a n ’
c’u m n ; L i l i  io n S o t  ; u i r l  A n u t  t i ne ’ I i n c - r e  h u l u l .  I i c ~u t , it .  in - ; i n i - n ; u - n i - - i - s i l ; l e ’
t oi— - - i - - i - - I  r - - n n m m ;  w in  m c i n  i a , i v - e n e - m n ; n .  I - c - i - - c  I I n - m i - i -  121 ) c-V I n  i- , i~ i S t  ~ l i - i - ’
B r ag g  r , ~~i , a e i c - mn u r n - I  so t h e  s ; u t - - r u m  in ; pro [~ a i . 1 ’ -  ni -m im i ’ - c - n i - o n  e m e - c t r ’ u n m s

- u c ~ - :an - m t t c - r e a l b’ 2 0  f r - n a n  f -h e  i n n  n a c i - l - u I  01) ) b - m an n .

- -A m- - i - :  t h e  - c n n - m m -  u ’ m n m - r - r y  i s  r c i a - m n - n I  1 10 eV , t h e  - i- m r e n c ’
s ; - . - c l r a  s I i - u ’,~- - i -  i n  t a g .  14 c r - -  m d u t , 1 1 m - ’ - l .  ‘T i m - ’  -n- r i m c i i  n a m - - n i s i t y
sc a le s  of  f - l a ’ - i n n . - l c - s l~ Ic ;m o c f - i o u n s of t h i s  u n ;r e  c - c e  t n . - same- as

t e n  u - n .  - 12 , so di m n- u ’t c n nnm n n u; u n ison ( ‘ a r m  ~~ r n - i - n  0 - 0 so
- hi- i l  I he - m i - m i l y z n -r  is  m i - n c - c - s u n  i c - c -  inn l I m e  ( 0 0 )  1 1 : 1 : 1 )  1 - -  i rma m i - r i -- c l  i o n ,
- i a- - c c -  can  P- c - m ) I c - i - 1  a s i c ;n i f m c - i n t  d r on  in i n c - 1 , u u t  1 ’  l u n ’enn si - 7 i n
- Inc - c c - c - ion  be I i -  uw 1 0 c-V loss as c- n i - i - na -a r u - n I  t o  I i nn - -  I) _. nc-c’ U t
m m - ; .  4 2 .  T u i u s  is c-a-c- -c - - et c - i - I u i - i c e ’ ‘ a n t -  p i m i m a r n . -  C - a : ’ - r - i V  m s  no  1 - u r n  ;ca r
c- n i l  I c - n  a Br - mu ;-; u - i - m t - n - n y ;  so t h m t  i n en th I m T  - m n n ei IF m - r i - n m ’ -ss e -S m m :

‘h i s  ca ne r -ny r urn  i- u i n - i -  d i m i n i s h u m - n I .  E i c c - t  ram s a-i- h m u -h  m a : -  Io i--; I aho-~ ’
10 c-V . howeve r , m m m i  r n - n w  s a t  i s f y t , h i - ~ O r - i - ; - ; m m - i tt. -r 1m m - n  ‘ c - c - l i  I L C ~~~ m d
h i s  i~~~c - n u i - a t i -  f o r  t h e  f - i c - I  that f - P e a  m c - n . - a m u  ‘/ a m i - - - l m - .l F = 10

i s  s m . m 11 q u i t - -  1-n c rrhe a m m m ; n r m c - u r i a l ,- wa-i - - t ’ . - c t - , r  - h - ; - i r - n i - m - u s  n m b i - ’ m w a m
i n  t i - n . -1 - I - . i - A n - -n  t h e  c i t - t i - c f - o r  is n i c o v u - n i  i c c - i - c r :  ‘ ma- - s i c f m c - - i - n - t c a - - u l ,

i- l i - n - ’  H r a - ; - n  c a l  a i t i o n s h i p  i s  s a t  i s f j u - - l f n n c  c - I c - c f - r o n-c -
~~ i f -h  c - m m - n - l i e s

i - n i -  1 1 7 — 1 1 8  c v , u c - c - - u u n l  i ng  f m n  t i - a t -  i i-: enh u ni - - e m en i -  r a t  t h e  cm i r , m m - t - - r —
ia L i c  loss i - m c c m c t c n i m i - n  in tiue L — 13 oV loss re-n iOn - l i n e ’  - ‘ ‘ i - a - l i t  ions

u i - - m~ c n u c - r i a t e  to t i - i - i s  p r o c e s s  a r c  a i c - p i c l e d  in t h e -  w ,u’ a- e - - , t ’ n : t m u r  i - l i , m - : r - i m
ot  f i g .  45c . W h e n  t ine i - i i -- t  c - c - f - c -er is mov i- - i - h 2° n w m ’s’ f- ron the s u r fn c c -

‘ - m a c i , the ean ’ m - i - ; i e s  of the c - i c - c - I ron c- r i- i ll too l ow  i n  satisfy
t he  Bra ;-;  rd -a l i o n  so TE a - ; c a nt t e r in c .j  is m c -  ; u m’ - ’ i - c - n t  ama - - i  t i - in c E l
s c - u t  t c - r  i n n  n is weak  b - - a m - i s - -  I H -  d i f f r a c t_ c l i n n t c m u s m  f- y is n l c - i - ’ r e a s c c l .
‘ i b i s  c-c- mln ;e -m i - In - ’ e n ; f i r - ~ - m i - u - - c - f - m u m ’ ;  t o  be u i i m j t n i s h e t t  m m  c o m par i s o n  to
i t ~~ i - i - ; a t I - r ~;~ m t i n  t m y .  - 12 .

I-. s i m i li - r  se-f - u i - I  n m m . - , m s u m c - m e n t  s fo r  m w  u r - i m n a r y  c - n m - c - l i e s  is
si m c . w a n  in  f m ; .  l E n , i - - i - h a t - c u - - u - n - u n as t i m , -  a rn i-i l y a a e - n - is moved - - - w i n d s
t b - a  norma l t h e - n - l i t  f r a r -t  ion  n - a c - n c - cl  i t  ion is  s i t  c s f  i c - - h  f t n r  l a rg er  loss
v - n i - n  a;; th u s i s  t h e -  conch ion i - l u  - i - - i ~~ t u - t I  in  i - m a r t  c- c- i  f m - n -  - 13. The

‘ - - h-a m~ about  ‘ F  = 7 c-V i s  f e a’lt to c cr r e s ; i i -  cn n - I to l i ; - -  c - l a st  ic
i f l e f l S 1 I  y ; n c ’ i k  m t  - i i c c n cm t 19 c-V f o r  the  ( 0 0 )  b e ,um m n n m 1  -1°c-s not  have
m y  s i - ; n i t i c u n i - -c as a c h i a r a c t e - n i s t j u - l o s s .

C I n c - l a s l i c  A n n c ; c m l u r  I n t t - n s i t ’ n- - P r o f i l e s

• -~~~~• In’’ l , m : a f mc a r n q u l a r  i n t - - n i s i f v i n l c - l  i l es  i - c  . ; - m U V I - I - ’cl tin e’ best
- u - m n - - a m - - n t wuth t i n - ’ t heoretic.il ; i c e - m l j c - t  ions - c i  Duke- auad I , m r :c m n a r e 45 ,lt

S i n e - -  t h e -  i - i d e - l i - i c - u I  n l i f m n a c - t  ion p h c - u i o t n -  m i - m  .u c -’ e -xp -c~t o- - l ti-cc i.e c-a l e ir l y
e x h i  0 1  f e - e l  c - v o n  w h e n  ab sen t  in  f - l a m ’  m a c - l a s t  ic- e mae - r c T y  m u m - i - d u e s .
I x p e n r u m e n I  ml sI u d j e - n - ;  h i - - c - b e - e n  n a m n m i e  b ’- Port -u s  i mici I-’,m ith 18 on c - r n
A l  ( l i i )  samp l . - , . i n i m l  l i ~ Bu r k i - ; I c - m d ac-cl P n n m ; n m a i~~

2 i - o r c-n  Al (100)
samp l e - , wI n~~ l ii - A rm c - ic a c - f - e - ; n u u l i t m t _ i v c -  c - e ; r u - e - r n l i ’r - t  W I  t i n  t i n  u - - c  . t j ’ u l
sI u d m c - a - ;4 ‘~~~ - i n c - I  e x p c - n i m e n t m l  n c - s u i t s  c i - I t t i i n e - cl  i c y  P o r t e u s  have
a l s i - -  1, - c- r n m i - c - - I  to) oPt  - m m n  , u  s u r f - i c - c- p I i :i - m n nm ufl c I i u ; m e - r s m . c - n r e - l a l  u e a r a  f o r

m l u m i m u i m i - t . 17
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l a - n t i _ i s  en - : - - in c -m i ’ - n - a t c - m m s i v e  m m ; c - 1 , c m - ; t m c  a n n o u l a r  i n t e m u s j t - -
n i - n e i s n - - a n , c  t n t  s’ W - r e i - -  a- - n - a c - : f -h  i n  , c m m - i  m u  m l  c-f i - i m u -  p l a n e -  of i - n c - i - i - - a m ’ --
:‘ u i o n- ;e m i - ; a d e -  i - m i  t i m u -  ; - I  , i m m c -  c - mi -  i u i c - i , l c ’ r m c - i  m~ i l l  i - c -  c o r m e a c i - n t n , i t - - i- i - c - i - c n n ;

h n t ’ y  i re  1 m m . -  1. - a u - c u - u - - m i - i - ;  I i - i - - i t ’ d  t o  e m i u l y z e  i n n ) m u mni - i - ; i m  - -  to
t i m e - o c y .  ,- m a i - - ; a ; l a r  m n - - f i l e s  w c m r e a  l i k e _ -n - i t  5 c - V  i m n c r e - m n n e ’ m n l s  i n
l i - n  1 i - i - u c - t  ‘; c - a - ’’  - a .’ 3 i - m - i  m e - i - - n  c - n - i - c - r i - i -  a t  i c - c ’  m a t ,  l a m  of  d c - I n t i - i f - c - m u  in  I n  p 1 
U t  ~m i - n ’ i J , ’c - n ’’_ - m n r  1 -- u s ‘ a i i ; i t s u - I  10 c - ’ ’  -c - n d i f -  c-V _ i m - -  s h o w n  i n
I i- ;s. - l i — S O . ‘ I c - n - - a n . -  j u l - - a m  sho--~’ m i-most of t b m i - ’ h a s  ic - i f - I  c - r m n m - m - , i, a - ; e ’ m ’’- : t-c -

- i l l  c - I  - b u t , m i - m t  c s U i u - a ’ c -  i - n t  a-a umn d I b u y  i c - m i - u m c - s t c i t n .’ r n n u c h  o t  I_ l i e -

-~ :I~ m I i t m i - i ’ : e  i - - - b ; a v or I u m e ’ i u c t c - d  by  t h e o cc - .  T m u wu - -- : c m m , i t  s h o ul m i hi--
m c - - 0 - n m  m i m s  t i - - u i  t h a t  t u e  t i u c - o r e a t i n n u l n r - - - u i c f -  i o n s  c i - n e  ri- u c - I c i -  f o r  i n c - n H - i -

n i c ,  i - - n u ’c -  c - i -  l b -  or -b - n of lYi- and so sane of t i n - - l n , - h - u ’ -,’i on
- d i n. - ’ c - - i is not a c - c - m i  m c -  i- h a - n - c - - n. ’ a - a ; i - e - r i i - - n c ’ n - t _m l  r e s u l t  i- n i -  - - a a l m n- , - of

i - n e  - 1 ~i c - m ’  - a n n - ;  i e of i nc - i - h e -  m n e c  - - 
4 6

l b i c - s ,  t - - u c  f i - ; u m t ’ s  m c c i -  ~~~. - i - n i - l  i - u i - c  o b f - a j n u r n q  a u i n u a l i t u i _ i v c
• ‘ - 1  n o n  t h e  m n c - i - n i - t i c  , m i - n - a i - m l a n  1 m n ’ u ,u f i l c - s  and  how t h e y  v a r y  w i h

ji m .  n c y  c - n m - - n  ‘i-~ The  - P - t m - a on ‘ i - c - i n  c c - cn n -  m i - l i - i - - a l e ’  t in e ‘ u n - i - i c -  of
1 - - -  m m s , l i n e  (00) Pc i - err -  l i - u - i n n ;  at  4 50  and tine- (0 1/2), (01)

mcc i ( 0  3/ 2 )  h u t - h i - a - ;  a t  s a n  ssively smal ler ang les. Parc-nation of
nie i c - e o n S ’  i c  - a u - m i - n i - I c - r a i n  t of a LEED p a t t e r n  is c - i e a a n l y e\’ident in
a i - -  Se’  - h a  ,‘ n , u i - ’ a i --m , c’ sj~u ’n ’ i i i  ly for f - Inc a 10 c-V loss. This is a r e s u l t

of he sm - i l  1 c - m u g i - ; l a r  s c - i c  i - ’ n  i n _ u ; f - l i - a t  a c c o m p a n ie s  i n e l a s t i c
s c n t t e - r i n q  f or  s m a l l  l i - n c - s c - s  so t h a t  l i;c- combined two i - f - u u ILEE D 

-i-s l i - c - a n - - h i - u  s Iii ’ - i m m e ’ l a n a c -  i c  r n i t e n s i t i - v c-lose  t m  t h e  LEED beams .

In n - mi - i - ct i c - fl 2. -l at  n’e i n ; e - nd i a-a 13 t l i e  c- a-c - ic -et c- cl v a r i a t i o n  of th em
ic -c -i c - i - ti : i n t - -n sity pr c a f i i e -s with primary c-n n c - u~-j y  is  d e s c r i b c - d .
l i - n  - n t -c orral , t m nu c a m - n c - l a n  ; n r n m f i l c - s shown in  f ig s .  4 7 — 5 0  - i i s p la y
- his - u m l  l n - - h cvio r - Looking at the profile-s about then (00)
t i - c - c - n i - u  1e = 4 5 ° )  , i t  n - un be- a-i - c -c-r i that as the pr imary -n a c-c -ny approaches

mn t a l c - s f - i c  m u n a x i m u u n  ( 7 7  c-V c - m d  120 eV) a i-c-a k is found on each
s n - i- - a t  f - h -  - 00 b e - a m  w i t h  t I c . - hi gh - - m n m ; i e  jmm ’ ak appear i n - n  i - cs a
s i - i c - m i  l u l t a r  . in. t  h i - n h - - n  p r - m i - c - c r y  c - m m - - , -i u i - s  t h e -  s h o u l d e r  goes away  w i t h
t h e  i - - m i - i n c - I  i o n  o f - u  s i n g le- l ,nrnr e p c - u k  t m m w u m c u i  t h e  low angle- side e n f
i - h - -  J . i ; i : D  I n - - c r a m . l-’or - i  n i r a m a n ‘~‘ e ’ a ; u - c u ; y  - - c m  i - u i - u r i c - I  Em ax  f ‘ E t he  s h o u l d e r
n ’’a u ; - c c - m r s  - i - r i - I  h u m  p r i m n c a r y  c i - m o - r u n c u ’ s  l m e y c c n i - u I  Emax + E i - c s m a l l  s i - i - n b
‘ c - - i f -  is I m , n i i - i - i - i .  Th i s  l n e - ? u - n v i o n i l  p c - f - t e r n  ‘ u - n m - a t ’ s  w i t h  t h e  p r o - d i c t i o n s
o f  u i - i k e -  -in n - I I - m r a i - n u u r c - ’ s ’ 1 I i m e - i m n y .  A s m m i h i r  o l m n - n , ’ c v a t i o n  can be
nrc-ide ton f lat - 10 c-V an -i lb  ‘-V losses about he (01) L E E D  beam for
p r m m m  i t  a- c - a - - n  - n  i n - - s  bt ’tw o t ’n i 105 c-V • m m ; n i  140 t i - V . The elastic m a x i n n n u m
i n n  t i m - -  ( O H  li - - u mn i -  oce e l n S  m t  1 2 3  - V  cc-cl t i n e -  c h a n qin q  c i - s u n n a n i c e -
cond i f -  l m n n S  m m ’ -  r c a - u i i i y  ap ;u -urent i n  t h e  a u n g n i l a r  p r o f i l e - s  ,u r o u n d

i m i s  o r o ’r . ;y .  A j i e - - i k  b e - - ; u n s  on t i n , -  high - m n m n l e  side of the LEED
i t e ’ i n n c , b u l  n m - - m r  l i i i -  c - - l a s I  Ic  m m c m x  imum - i  c - i f -  ~n f-he low angle— side ’
b’-q ins I - ‘ -n r c -w - in - il b c - m : u m r i - n e - m ;  d o m i m n - u n ; t  i t  u primary eunercjy near
‘ i - ’) aX  - F .  A i - a u  u m u e ’ w l a a t  s i m i l a r  i n .  ~l n u v i o r  c - i n c  be observed for the ’
I - 2 — u n i t - r i - n m - m m - n a ’ , l i - n i l  j I  1 5  n m c - v e -r  m m ;  i - u  m m m i m c m m n i n n - i - I

The n l , i t , i  as s i n c n w n m  in I igs .  47—50 ire u m-a c-ful inn m ; e t t i n q  a
n - i l i I  i f - i c - c -  f e e - i  m m - ;  f o r  m e w  l i c e ’  a n g u l a r  ; u r m c f i l e s  v a r y ,  b u t - t c t u

a n rc - nu t- - ;mu. i n t t I , u t  ic-c- c I c - m a m i - r i p t  i c c n i  I i i ’ -  ~m flqu i - i n  p r o f i l e s  - m r -  - l o t i - t e i l
d i r e - r a t ly , u1c - c ’~- Onc- i c - e e l  i n - - n  so I h i t  c n n u ; u l m i - s hi f  f - n i -  a r - c-  e- m n n ; m i n : i s i z e d .
‘-l c ’ a su r e m c n i l  a; w - - n t ’  m - - ,~- I c ’  in  l i m e -  p l ia n - - of i n c i d e n c e  to u m l u l  c - i r a  t i n e -
an nul e r ; i - c - . f  i Ic-s for c - m i t - n - n y  losse-i- i - m t  10 , 12 , 14 , l ( m , 18 , i m i t , l  20 c-V
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‘ i f  p r u i - a n u r v  - n m y  c r c - - n - c - I s  c - i - 5 - - V Iu - - I w , ’, - i - 70  - - \ - ‘ i a - - i -  i - l i- i c - V .
This t_- X t - - m i s i~~’ - -  c - c - l i e - ct  m c i - m a  c- i- - l , m ’ m i i -  s i - n - - a - i - i - :  t n - t n .  5 1 — ’ i ,
i- ’iaene - tine ’ m c - a  c m  r i -- i - -i - i -  u - m c  ‘ t i e -  m n n - - s  h e - m r  t -  ‘h e  I F E I c  ~- e - m fl

i - u d S i e  i o n s  u i - n i - i  . a e r u n  i i - a ’ ’ - n i i - i y I t c- c-is mu - ’  i a , - m ; m a - i t , ” i  c - rn t I n , ’  i c - f t

~~ i-nd c -e l i - m u  - - ‘ I  cc-ic-l i i m i - u n

C u u r m u u - n l  n i t  i c - c ;  inn - h- i-0 0 ) i u ’ - i -  , t i n -  t r . - m ; - m : i -  c l - - s i - - n  i i - - -  - I  - i h i - c oj e
c - m i - - n-i- c-t’c- i- i- n - - n  c - m i -  - I t~~ n c - - i - h 01 a h e - losse s a m I i - - ’,~- m n a n - n ’ ’ .
The i- m t  c - i -  c - mum c - c s  -I ’ m i - n O  i b - i n g  h i - c -  m n i - - n m u l u n -  j i -  m I t - s  m l  ; - r i m a i - u r -,-
i - - r i - -r que -a - i - - i -w 1 05  c-V i re ’ i - j u l  a u i - - n i t  i - i - - c - o n i - - p m r - ’  ‘n i - h  i - h i - c - a -i-- ,
s u mnc ~- ‘ a ; ’ - ,~l u , e mci - mi - u i a - : i m u m  u t  77 eV b r  n c -  ( 1 ) 0 )  a -  ‘ i - i -
c a c - r r c - m — i -~ - o m n :  l o  ‘ u  1’- r a  - n  mi- u , i x i i -— m i - ; m n  l i - n _ h  ~s m n - u t  t’ - - n - i j i ~_ ’ m~~l -  a m ’ i f  n u - m h
as i n - u n  m - m I u -  I n  - m y  — u l I i c - r  a t  n m - r i g  l -  m i - - i - .  Fl is ; - - i l ’ , i ; - ~~~m n c - m n t l y

i d - a , - : ;  i - m i - n m - n  c - - m a - - - 
~i - : i - ;  l u - a - i t o - - i m u m  i j - i e ’  S u i t t - - n  H;-; process. All

lii i , ; I - . ’ m i - m id , is  f - h - i ’ w O e - n a  - 
a 77 c-V t i n t  El m u i - u i - m a s h o u l d

m c -  r . - ; r c’i - ea n l - .l ~m s  - in I n n - r e - a c - e d i~~- e ’ m n n - i - i t y ,  i - a ;  t h e  I c - c - n e - c i c - n - m a-m m - n - a
sI n i -~ u ld  -~~~c-e i - - i f - :  u h i S p i i u i - c ’ u :  n - i -  I c - n - m -  n a m i - - ; l e s , - i s  is i - u l i - : i -  - - r ’, - -i-
M a ~ m-m , w h c ’ m m  i - , n 77 - ~~j ;  t h . -  I i- ; s- - a t  I t - n c - - n  s h o u l d  ~ r m - u i o n m u m n u t c
- u i - n - I  an in’ - a l m a  m e ’ ; m aximum shou l-l I.c ~- u - i t ic - n e - a n i t  t I m — s  e n l r - n u p ~- ,
S i n i - e a c -  fo r  u u m . ~’ n m - i  5i- ’ , n l  i- r i m - i -  - h- i u c e - l u s t  i - c _- wi-ive should i - i m ; u i . - n u b m
t i n - - same sea’ I t  - ic-c; c- c - r i - l it jona s - us I h n ~ on - a  n - c l  ; m i m i - m r -,- w i - m n - c - .
This ~- c- acinq m l E, 77 4 ‘ F u s  c b n m , - n - ’ taJ I - u n  i - i l l  t i n e  losses
t’ xce - i- -t  ;-- ss il- i y - he- 20 c-V loss.

i - c - n  t h e  r - n r i - a - -  of n m n  i n n - m r - -i-’ e c - o - n i - ; m e s  - d u n n - a u -  1 05 ‘ i - V ( f i t s . 5T— c2 )
t- h -  angular ~i- r u m t i l c - : :  c - m e  s i m b - ~~ect - I n  a m n - m i l y s i s  be~cc- m u s t ’ I h i -  c - l i — I  i u ’

mr,, m x j m i - J m . m ’  120 c-V c - r i - e n; u n n r r  - ‘i - r e m - r i d  I - - , i  li - n- i - n m ; m n . i x j m u n n n . The low
m i - n i b  i - n c i - - , m f- u _ _ m a _ u i -  m u u i - i -  c - m i . -  I n n  I !  S u m ’ I c - r i n g  can 1 - - - ca lu:mil - n t euh ,
f- c- king i c - I n i-u (-c -c - u u fl t in i - c --r ; - c t  e - n f - i m l  corn. - -- l ions to thc-’ e i e ’ n t roc-

- n -  r ;’: and a n n - ; i e  of in c i d . - n n c - -  c - c - - h  a s s u m n i r c - ;  t ln a l  e l m . - Il u - i ; u ; r .’laf-ion
is s a l i s f m c - n l , i.e.

2K = 
2 - m n

Thei -n e- caul cu li t - n b  m n - ; i e - n - ;  nd l i i , ’  n i - n e - - m i - i - n , - - i  .n mn i - n c u  La - n j e o s il  mans cmi - the
low - i n m - ; l c  ;n c; ab- s am - -  shown in l , i i c I t ’ II I .  ‘ l i m e ’  r a n t - , i m - ; m u c e ’ , i  anqle of
t i m ’ -  peak for = 105 c-V has not i -- m cl i - I c - i  b m , m c - m ; i S c ’  i t  overlaps
f-he ; u c a . i k  : un - a s o c i a l t ’ d  w i t h  f - h - -  l/2 e c u l t r 1,t -~ c a m u  u ’ - u u s i n u - n  u i - n c e - r t c - i n t y
in i t s  p o s i t i on . i m - ; n ’ t - e - n n c e - n l . l c c ’ t w e - e ’ n ;  tl a c- rr cc_ ’ - ; u m n ’ t ’ u l  c - mimI eaalcuia e-d
a m;- ; lc - a; is f a i r l y - ; m n c m , I  w i t h  I i n c  c - a - a ’ - ; t  n i - i - n ,  a t  n h m - n a n ~— ’ ,i- n c’ m n- ;urcnd fo r

115 c-V c a n - I  f- , = 120 c - V .  T hi s  - h i - er - - a  - i - n c - n -’ r e as n u l t s  l t e c c - c u c - e

~hc- l ow a n m - ; l c  n i b  for I I n - - u ’ -  t r n c - n u ; i e -n ; i s  e , o ’  c i -  , m m m  E l  m ; e c - l t i - t e - r i m i ; ;
;n r o c c - s s  t h a t  - i c - n - i - e n s  I_ he p c - i - k  t e d  i t . - mucnh n ’ l - n s e - r  f-n -) l i i i - - ( 0 0 )  l i - c -am
I t i c - r n  w c m - u l i - I  b , I h e -  case f o r  I E  S C i t  t t - t  ing . In I he  n~i - u c ’u e s  f o r  1 6— 2 0  c-V
losses a t  ; m n 1 a n n ~m r ’ .’ c -nc -r n - ;  i c - s  m m  ounn - i  110 c-V t h e  i - 1  i - i - m i t I c - r e - e l  i m n t e r m s i t y
can  be m- ac -eru a r o u n d  the ( 0 0 )  li - inn c - m i - m I  u r i c - 1  i - i- - i - - i - - n m  - n t - - I  I rom the  I F
pc-c -k  w h i c h  is di  spl iced t e>w i n I I he n u t  c r  m , u  1 I n i- , i  f - m u  u I -i- La r u l e ’  anq Jo

- T h i s  m n c l _ c - n a S i f -y  d m i c -  to El S c - i l  1 . - c - i n n - ;  i s  w e - a k  i - c c ’ m u s e -  l i m e -  c- hun - m t ic
intensity of the (00) beam is u n - i  m l  i c - e l y small. I- , t r p r i n n m r - i- ’ ea fl er qicS
of 115 c-V and 120 c-V , how. ‘‘‘c - r , - h. - ‘ c m i -  - ‘ u - I  I l i e  - It m u - r n m ax  j mun a
c : - c m in - ;c-s I h e ’ IE intensity 1c-  l i e - c -  - a - i - -  H u n - i c - , j - n t  mlso, in i - n - i - nc , - of the
- ‘c- nv ’ s , I cnr c - x , j m i - u i e - , the 1 1 5  e~~ , m - n m r ’ v e , - at l u - n .  t a O  m m c l  l i m e ’ 120 c ’V
- ‘ i - n  of f i g .  61 , I h e -  m m-: ; u c - m k  is vi s i b l e -  as - e s h oc mlnle- r on t ho low
angle si - it- of th e - dom i r i .mn m l [I
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i - i -.~ c- m i - r h - - i k i -  u - m m - I  t h ~ - ( 0 1 )  b . c - m m  i c r  I - - i- = 70 , 75 ,
80 el a m .  a i - = 10 , :, 1 c - V - c m -  b c - u i - i i - n - - i -- c : i c n - h m m ’ i ]  - m n - m l y s is
I_ c c-Qu’r e - S ; - c m i - i u i  - - I F  S C - i l  c c _ n  i n n - n  ‘.n i i e - m e -  t H c ’  R n  c m - n  r e - I n c i - u r n  i - ; n l i s f  i c ~~u a

l a ;  t h e -  ( m i - e ’  -.~- : , i ch  m ; m \ - ’ 5  t i n , -  i i - -  - ‘~‘ m ’ e ’ c -~ i n n  ~ he c - I  e n - - I cc  m b - -c - S i t - i .
a m -  - h m r i m ’ m I c - a ;  Sc - a :  t h e  - ~~c - - m k ~~OS 1 1 - m u : - - c m  - m ‘ 1 - . - - i - - - - i n  t - ‘ u i  i- -

htm l c-OU In I l u  c - i - u  - - I - i- a i - u i - n i - m o  - i n  - i n o ’ a a c - e  f m ’  ic-t n f - la .’ Ii i/ 2 ) h u e  - - c a m  . lot
h i - ma ; - -r p n im a r- -,’ c -n - -d r i e s, th e - n -  us u i - - l i t  i V e - i n m o - n a s u t ’ /  m a x i m m m c m r i -

m a  : 80 4 I ,  u b u i ’  I i - ,  I F  Scal I- t i n - i  c - e n m m d i ’  ions w h i c h  m - c m r r t - m : a u m u m n u l

1 -  mult mp le n- ;- ’ c I t ~-i~i ni - -l n - c - - i F  n ’ 80 c-V inn Hi - c - - d , m ~~l m c  m n t e - m a s l I n ’
m u  lot -

r iThe a m i q u l a n  pro f He -s  m m - - u t  1 1 a m ’  ( 0 1 )  b , - , m m : :  t i - - n 1 - m - i m a r y
- ‘ a t - r i - l i t - i -  i h u c - v .  105 c m l - ’ c - m o - ; u , c r t i a l  l y -c - - u i - n c - i -n t c - i - I  f o r  U’; the

c m  ; i c - c - l  i - m m a~u 1 v s i s  i n  F — s ; c - - t - . f - i c r  i i ’ i t i - i - i d n ’ e nuci - re ;ici - ’~u c - b  u h r n; it
1 15— 1 25 , - ‘- , ‘ t h e  f-I n ,re ;c- .- sses d o m u m m - m t o -  t h e -  n n n - i - m i b u r  p t m u f i i e - s  U nit

c - h i -c-c-c i- m i s  ;- n a ni-n mr y ener m n y bE s c a tt e r i n g  b c - t u r n s  to t - ikc - c-- ’, cc -  j f l

i - m a -or - i - i - , c -a u si n i i - i  t I m e -  q r o w t m h of a i u ( - u i ~~ to the low an gle S m u i c n -
of the L L 1 : I i -  be n nnn . T h i s  pc-ak becomes a m a x i m u m  at  ab c - m i t

- - l~~ 
4- - i-’ F , ,  an hc- r c - H i- = 122 c-V - c - m r r € - s i u o i - m m l s  to t h e  B r - c u i - ~

i - o r  t i n t ’ ( 0 1 )  : t - : I ; D  b e a m .  The a m n m ; n ; l u m m r p o s i t i o n  e~ l i - h i s
i - a n - n a - ’ c ’  imp l i t  m d c i -  ~i- - - a k  is c o n f i r m e d  by c ; r - m a n h i c - u i  - i n a l y s i s  T h i s
c x , i c -  h - c - h i ’; it m r  h a s  f cc - cc- ob se rved  by B u r k s t r -ac- d 4 - ~ i - n i  i nc - l a st i c

m ma - ;ular i - n u b i l e - s  measured around t ime- (11 ) amad (10) diffraction
I - ’ ’ m : m m s  on - in; Al (lOO) sac-i-p lc with norma l incidence of the primary
b c ’ u m a i - i - . Ba i - c - l i 48  l i - u n - a  a n a l yzed this da ta usin ; ; I he f i a t - c - n y  of Duke
- m a n - i  I - m n  , m m a c n u m , 4 i , 4 1 c-nd u;ots u l n i a l jt :mtlVe aqr ’-e rn enmt between theory

i n - I  cx ‘‘riment -

In i - mi , the 1 / 2 — e r n i e - n  p e a s a k s  h ave  a r i - m a x i m u m  in  i n e l a s t i c
i- e , m i a ; u t - 1- a t a 1 - r i m a r y  o a n i e n c ; y  of Emax ~ ~~~~, whei -~d c’ Emax is an e l a s t i c

j n u t t - m n a ; j I ,’ ranaximum for the p a r t i c u la r  1/ 2 — o r d e r  d i f f r a c t i o n  beam .
T h m s  - c - t - i i f l  i s  t i m e -  r e s u l t  of h c l V l f l u ;  ~ f o ~~w , m r d  s u : i - i t ’ u - r e ’ci i n e l a s t i c
w~ivc~- S - u ’ i : m f ; i n ;  ~ I n . - same condi tions which i c - n i  t c  a naam n-mi mum in the
c i a  - - ic  u m m t  - -n si I -; - I c - i~ t he ( 0  1/ 2 )  Ui - -am , c - 1 c m ;  t m e ’ m i - m i x  im a occur at
83 eV a m i  127 cv c-a ; shown in f i g .  2 0 .  I f -  c - u n  be Se c-c- t h a t  fo r  the
various losa -a n ’ s , maxima  u i - c  occur ,ut ib m -i - it: F = ~ 3 + ‘F - m d  F = 127 +
‘ i .  Sim iI ,arl v i c - n  tic- - (0 3/2) bc-am with a~ e la stic max imum~ at
80 c - c: and a i- - ; - - c c n m m m l  weakc-r maximum at 95 eV the i n c - t m - u S e  in  e l a s t i c
ui - I ’ c - S jc y b e - n i n s  sudd en l y i t  E~ = 80 + F c - mm d c u e S  ot f for energies

mm b cc ’, e ’  - c ) i - , u i - i l  ~ 5 + ,~ u-: -

O m u r t  c - m i s  a n d  1 - a i t h 38 have  a t t c a m p t o - i - h  t m  ext r m n - t .lis ;mersion
n i-i c t j c,nis for f-h’’ macm r f n c - c ’  an d  b u l k  plasmou m s in Al from their
i n c - i - ui - h m c - mn nm ; nuli’u r intensit y m l , u t a hut t h e -  t rou t a ; w e - d c ’ r a ther

u n n a s - I I u i - i - t i - i c - I  cry .  , ome i t  tempts were c-iso m i m i c -  i n - i this }nfesOnt
s l u m - I- 1- t i - u (Ic- t ,C r m i mn - t ime- d is p e rsion r e ’ 1 - m t  i c c - i s  for t,hc- surface and
b u l k  ; n l - m a ; i - n - m n u s  b m m t  l i . - -1’ w e - u  e u n su  c-cc- s s fu l  - T in e- nt ic ’ ; i s u u c-’d i - i c - g i n s
ot the ;-c ’a k~~, m s shown an Table III , a m m m c c - ~ i r  I n -  be con t ro l l ed

•1 - 
b-~ the diffraction conditions and are n m - n t  m;i m ;n ifi c a n t l y influenced
b-,i - i cy  c-a - a cm t a t  ion  wave  v e ct  -t r s . T h i s  n na .c y  I s -  d uo  t o  the fac t  that
t h e r m -  ar e - no domi n ant loss peaks  , m t c o h  t i m e -  back ground at multi ple
i n c - t m - i - I  ic i c-si-c-s is q u i t e -  i c - r i - i c -.
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4

- - - i - i - ; c - ’ c - , u- ; 1 ; - c - L t  - u  , i - l u t ’ i - i -t t i

: 1 - m m - ;  e c - e ’ C i -  n - u i - u  c c - c r - ; ;  - i m n - n t t  i h c i t i o n s  ( S E D ’ s)  i-

ma :c - , ms- - m r -  I c c - c r  - u  \ c i u u e  m o m - a - ’  of c - n - n b - s  - ur ic - u t  l i - - i m i t - n - n m - i - - s  with
- m n ~ - c - a - :  - ‘ c t ic - n m c)~ - n i - u u i i -” n i n e - n  ot S - c - - i - n u l u r y  n e c k s , i . - . ; u c - , i k s
w h r - ’h m - - : a u u m n m  f m - - m e - i -  in : - ;e n r y  c n n u ’ n c - ; y  w i n e - i - i -  t h e  ! - n m m a c u m r ;  o m e n - ; 1
is - - b c - a m  c - h .  ‘-~e ’ - : ; - i m m  u sc-as f-u n - I _ I n u t u l : i c ’ tiim mi of such a - -m i m i- h m i c _ ” ’
I - :  i-an _ - n a t  c - u i - .  - a i r - - u i - i c  i n  ~ec t_ i o c -  11.1; t i m - s c -  w i l l  I n u n s u u l c - r c - c I
h c~~~e’ r i - i  more- - i - -I iii in n i t l m - a c - u t i c - - ;  t m  i c - c c - m i n t  f o r  t h m  u l s t r ; c d

c - -  i i - ;  t m u -  ic- m w e n ; c — i  i - ;
~~~

’ f i - D ’ s.

a t a ; - - st r m m m i  n - m r . -  n i - i -  f -h e  ~ i - :I n ’ s was  u I n s c - r — ,’e—mi in t in t ’
- a c - c - ui - mr sea ’ t ’ - n  i - t i e - l i m e - e a t ~~~~ ~

4-
~A 

= 0)  m m c m l  in the c - i n c - - c - I _ i o n
- h e -  - r y s t - c l  r i - c - n a - - u I  ~~~:, = 45° 1 . Em n nures 63 arc-h 6-i

i l l u s t  i- m t -  m FI)’s i - i - u n  \‘ u n i u m i - ; i - i u r m m i - m m y  c -n c r q i e s  in these two
i- m i - c C .  i - u n;m ; _ i lu . sn , - c - c n u l a i ’ h i r e - c - f  i c - r n  Si- h’ s (fi n .  1 — 3 )  show the

c of i - a ’ - c c m a n u h , m n ’ ’ a - c - c k s  - i t  - -rat-u les of about 3.5 , 5.7, and
11.5 c-V c - m i n I  a H -  SED ’ s n n e - u n - m , u m e ’ c h  in t i m e -  d ire ction of t h , i - -  c r ’y s t c - l
no r m- - m i  H u -; . - ‘ ) b c - c _ c- a ; ’ ’ u u a u u  t a r , ’ l u c - - i k S  if - about 4 c-V , 8.7 CV and
2 1 . 5  - - ‘1. TI n - - a ; ’ -  a - , -  c-c-a r t ’ i - m n , c i  ri f i a - : c c - j  in  m a c l e a - o n e h a r y  e n e n - qy  with
m n - c - n e c - i - m c i - i - :  ;-r c a n - m r y  - r i - c  n ny but lu--come Ic-c- - n u j r a m n - c aa r acc-ul _

m i - n ,  common i n n  e t C .  ‘S i -  - -; wi mcli n-u m m m u i i -  ry ç u e i k s  c-r e  &r o d u n - e - u i
S t in . : .- \ u u - ;  i - m i - n - -  - - u s , - i — u i  this im.i s c-ee c- u i - c - u I  by some 1 3 , 14 , 19 to

c-c-c- )i - m c -’ i - - n  t i n t -  c -xis 4 of i - n c - u, : e u m i u l , m r c ’  n - c - c - k s  a t  low c - i - ne-r i - l i e-s. in
‘his ‘ - a - i - i - c m  ‘‘ - a n ’ , - e - u , ‘ u - u i - I  ‘ ‘ 1 t i n e - i - u ’ - i k i-—a ac_i - n i - i -u n -  at ‘ n - i n T c a r -y

- - a - - u i - m a - s  wtm i ch ~i r ’  t m ’ - I c c w  f o r  n u n ,  u i - a t  m m ; n n  01 m ic- y e -i s u f f i c i e n c y
i ’ ’ t i - u  m t  - m m -  A u - n c r l r O C e ’SS c- c - i d  , i u - c - u m m m n m f  f o r  t he  mn - - - m s u r e - i  p e a k s .

The m - - m ~~n-; i I i .~ e c - V  in t ime- = 0 e s c -u i - c -  t h e  pe c k s  a t  8.7 c-V
- mi - i - - a  2 1 . 5  e V  m c -  t u e  c-° i-eS° - ‘ i - i n c - - s  w c i n m l u i  r e - c i c u i r e  u i - n  ~-1YV Auger process ,
but ‘ I ; - -  ‘i- l v i  is : -c  c T  i n t ’ l -  -W t i - i c  t o I u  c - f  I u i - c - c_- c - i e m i - n ’m -  band and
• u - - n i - c ’  - ‘  i d a - a  m i - c ’c - i - m r  - m 1 pr a a : , m  n 

~~ ‘ - m e - r n  j e ’s less than 29 CV . Therefore ,
-5 At  h - i- ;-rocess us r u l e - u i  m i - i l  f o r  l l i ~~Se i - u e- ,iks. Simi larly, in the

- ‘ i ’ m ’ - - - t i - c - -  1 - w e - n  c - c - - n  i- i-
- i m c - . ukn - m , t r m o ’ coul uI i - u m r ns f-ruc t a set of Auger

- a n S i -  i c - c - s  ‘ni - n m g  I n -  m m i i - - :  m na - - i i nn the vi-- l’c-i b ind d c-ri - s i t i -v of states 
i c - c c - i s .  ‘I’h-- t w - - I - :1 maxim a in ti m - - c _ - c - len - mi - - band density

of s c~ - - for - c -  0cm -nil i t  u n  1 7 . 5 eV m i - m c I  1 0. 5  cc-V h u - - i c w  the  top
H- c_- i It-ne:. ’ m c i - n I .  I~ c h c -  n i e - t u t r i -m i i z m n - ;  e l e c t r o n  and t h e -  Auqer

c - I c - - - ’  n c- m i  bc- f h c : . n m m n , -  f r - m n ’  t h e -  l - g -  i - u t  t i m e -  v a l e - n n c .- bc-c-el , then A u g e r
- m  - 2 .  i-b - - e ’ a n d  ~c i -b - - I T  c ’ e m c u I d  -- ‘ ‘ i - i t .  l l m u w c ’ c _ - t - r  , t i m e -  se - e c - m m i - n h u r y

c c 3.5 e l ’  is muu m m n t i  for ~ n i m a ry  t - n i t - r q l e s  I n c - l o w  7 c-V and Lime’
5 . 7  - - V  - m e ’ c - c m n u  i i i ; pt -c-k occ u ri - a t - i - n  Icrimar y n e - r - n i e s  of i-u i - u n i t  7 c - V.
Tt n - -  pr m i - i n -,’ c - i c e - n - ; ’ ,’ is , I c - - r e - i c - u i - , t u ’ u u low for i or mi za t con 01 f-li-c’
Im k ’ ’ly 1-- --- . is a c - - i - u - - c -  I . -  - i - - c o u n t  b c u r  I_ l i t -  observed  pe c k s  as A u u u ; t - r
p t - c - k s .

- ‘ i n c - n i - n  m d  , I c - m n k m m i a m ’ i - ”  h av e  u l O F u c c i - e m I  ,m characte-u istic - - n - i - in
r)r’)c-c-ss ~o - u r n 4 c c c  - i - m i - h u m ’ ;  i m c - , m k i - m  They propose f-hat  cxc- if -c -el
: - , 1 - m l  c -S  - ‘ i -  t b -  u ’r y s r - i 1 c l - c - m y by t n ac-ste — c r  inq their energy to electrons
- m l  n h u , u m a n  l evel , n c - : ; u u i t i n q  in n s - c a c m r n u l _ u n y  peaks at ener gies

- i n - m n  - l i - r i m -i - I  i c-  01~ t i n t -  c - X i S t ~ m u g  C X C i I - i t  ions. In their ana l y s i s  t hey
- -Ft ‘ i i rm i - n c - -i - u I - ‘ m r  r e  I i t  i c -n  be tweera  the  s e c o n dary  I t e c - k  e -c - e r q i e S  and
H i - - -  c - t u m r u - ’ l c - r  u i - a t ic  loss e - t n - u ’ - ; i c s _  ‘rh i s  i n c - c - c - s i -, dc’sp i I _ t m  f-he good

- - - c r u e l  l ion of , c ’ , i k  e n n c - r  - ; i e s , is ha rd to j u s t i f y  since  i t  presumes
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— t a u c — - h - i r y  ‘ l t d  r u u n n s  m l  I t i - c -  c _ , n c ’m m n m n a i -  I c - c - - I  i n - -  c _ — u n - , -  - i o v . - r —

m ; m r - i- ’ el- -ct nc - c - s of mn- i-,’ c-I l i - c r n y ,  - m i - n i - h  4 h i s  i s  c c -n - ;  u r a l i k e i y
- i a m l c -ss a Ian- ;c’ ic -tm _ c i t y  of i- l utes i - t i - u - i - u i - - -  n~ H;’’ v - c - n i u r n  ic-ye-- i .
m\ si m j l - c n  c c - n r c - i d  c - i - n -, b e - t w e - - n i  m ; - - c a c - m i m l m r y  p c - u k  - c - m r - l i e s  and ic-i - s
c -mit -i - ;ces c - i c -  b e -  t c - u u c - e J  in t i m e —  i - l i l a  01  I b i s  t a-c- - m n n i - n u t - r u t , l u - ; ~ t h e
se - ~- c - r u : i n - ;  n u c - m k s  i r e -  r i o t  f - i t t m m  c - c -  c i u m c -  i - -  ,j c h i c - u -  r u s t  mci - - ; a m r n
l - n -

~)c-eSs , e - s ; u e - c ’i a l l y as there is t i c - I  a 1 c m - n c -  u l u - n s i t y  ot i- ;t~ i 1 - ’ s V-c-~
’
~- h e -  ‘-~‘ - u - u n i m  level -

u i - i - ,  -n c - c t - a-c- n t h at  does seem to f i t  i - i - n m , m m l  O t  t i m e  i t - i - i - i t S  I S
- a m - -  - l i f t  n c - c f - i on c - nbc -n i - cement  c-m I p ar t s  of t i n - -  SIm D i - i n - u - -  f - u  i - m t  n c -rn ;
i - h i -  t r a c t  i - c n n  ut some of t h e  s e c o n dar y  e l - - u - ’  n - - n - m s .  I f  m -m - - - : u n a n u l , m n  i c - s

i r e ’  c r t - u t  t i - i -  w i ; m - t n  have f-he con e e’ 4  c - r a t - n  qy i n c h d i r t - i - m I  i c - m m  ti -o
i - m i t  u m-u f y i st r c - n - r  d i f f r a c t i o n  c o nd i t  i on  ti n. --; will l u ,  e l a s 1  u n - u l l y

;u ’i-u t l t - n ’ -eI i - c u t  of the crystal in the h iffrac t ion Iirection w i t h
n e - a c t - i -  ; n m t c - - rm r-ni t y than those -’ e l e c t r c n n n s  c - f  other c-i - n c r ny i - i - i - i i r c - m ’ t i o n .

‘ l I n u s  i t - c - u I _ c  I i -  a c-r - i k  in t h e  SED f o r  I _ l i - c ’  d i f t  r - i - L i - m n  u h m r - n ’ I  u - u r n  n t
a a-i- - - n - c . n n I a r y  c - r n - - r n - 1-- c o r re s pon d i n q  to a st rang el - -i- st mci - max i c - u i - m i -. T h i s
; - m u u c e -Ss has been used to c -xp t a in  secondary p-c- cks in I he SE D ’ s f-c- n
n c - i - i - - i - S I _ e n67 c-nd silver 68 single crystals.

In the s~m e -cul ar direction , it is e x ç m t i - ’ c - t c - c i  t h a t  a-n h i - a r c_i-
m e - u k _ c  d m u e - to d i f f r a c t i on  would  co rn e - sp one l  c lose ly in  e n e n i - n y  t m u
e hr- ( 0 0 )  hoc-rn elastic intensity maxima . Also , for p r i m a r y
e nergies approachinq the secondary peak energy f-he secondary peak
should became sharper and more intense since the ic-elasticall y
scattered electrons are more concentrated in the primary beam
direction. The SED’s of fig . t,3 can be compared with the (00)
beam intensity plot of fig. 26. It can be seen that there ar-mt
elastic maxima at about 3.5 eV , 6.0 eV , 11.0 c-V ac-cl 19 .0  eV c-nd
these correspond ver y w e l l  w i t h  the enerqies of the secondary t i - c ik s .
The c- nc -n a y range is not large enough in fi g. 63 to show the 19.0 c - V
peak , but in fiq. 46 there is a pci -ak at E 5 = 19 eV which is believc-d
to be due to diffraction of secondary electrons. The relative
intensities c-re qualitativel y in aqreement as well , with the 5.7 eV
secondary peak being the strongest in accordance with the elastic
intensities. It can c-iso be seen f-hat the secondary peaks are
sharpest when f-he primary energy is near to f-he secondary peak
erac-rq y; this is demonstrated for the 3.5 cv peak by the SED for

7 eV and for the 5.7 c-V peak by the SED for E1, = 9 c-V.  These
ire c-iso localized near to the sls-c -uu l ar direction , as is

expected if they are associated with Lb - . - n m p e c u l a r  d i f f ra c t i o n
cond i t i ons .

- In the direction of the crystal c-arc-cal the two peaks  at
8 . 7  c-V and 2 1 . 5  c-V shown in f m q .  64 a lso u re a accoun tab le  to
d i f f r a c t i o n  of secondary e l ec trons .  Th e c c - r n n i i - u m y  peak at 21 . 5 eV
corresponds to the strong (01) beam elastic maximum at 21.5 c-V
(fig . 26), which appears at about 

~A = 45° . Since this (01) beam
maximum appears to satisfy a Bragg condition (see fig . 23b) , the
variation of the secondary peak energy with an qie n - in the plane of

-
~ 

incidence should be predictable. The right hand side of figure 65
shows the calculated and measured peak eu -m c - r c j i e s  w i t h  the  K-space
diagram below depicting the situation for two assumed wave vectors.
In t h e  c a l c u l a t i o n s , inner potent ia l  co r rec t ion  is taken  in to  account
and the pe - ik  energy is g i v e n  by
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re G is H i m  ~ h ir c-u d i m c n s m e c n n m i  re ’c -mp ro c - ul lat t ic - c t v e c t o r
ex m rL-si -e- i - I i n  A m i- nd V 1 is ti me unti e -n 1 u c u t  c - t n t  i i i  l i v e - r i  n f l  c-V .
T i - c-  ~c n n c - c - mi - e m i t  is n e - csonably -~~m oc l  for  c - i n c - u t  a 6° i ’anqe f r o m  t h c ’
s i - i n : a c e -  m n c - r n r n i I h u i u t b e e ’ m n m i - m e ’ s  u n o . m r t - m ’ t o w a r ds  s m a l l e r  

~~~~ _ _ At  I_ h i - s c -
s i - i - c l  1 - n  , u n n - ; l ’ - m m  t he  c-c c R  w i _ c  b e c o n a m n n m i  q u i t e  w e - a k  a r i d  m m  c m i i ,
m n c m m - i i - m i m u ;  t i m - - ; - u m s s n b i  l i t y  of e r ro c  , bu t mo n-c likel y the
d iscre p i i -n u ’y l i - ;u i i c - a t ’s t i me - b r e a k d o w n  of k i n e mat i c a l  b e h a v i o r
t a r  a n y t h m  m n - n  m o r e ’  I _ m i a m i  a sm i - l i  r m n q e  O f  a n g l e s .  A l s o , t h e r e  is
t h c ’  possibi  1 i t  y t l m - u t  the s t r o n g  w a v c -  sei- t u p  norma l to the crystal
c - i - m n — m i a m i - c -  a u t - i - a k t m  a c - n u n - m r  t h a t  is c h a r a c t e r i s t i c  of a n o r m a l l y
ir’mcide - nmt l u - - i - i - . El m -tic reflection measurements made at norma l
i n n c u - i - -:;e :e u d  (m i - c-c- t m - ; .  23) ; a m u h u c a t c -  a peak at about 20 c-V which
sec-m s t - -  b e -  a SBP i - i c - c - to a B r c - cj e j  c o n d i t i o n  f o r  the  01 1 set of
i - u - - i n -c - ad . I f  such a pc--ak w e r e . - p r e s e n t  it would cause the measured
; e  i- u k  e m n ~ - r - i -  ; c 5  to bc ln cw c- m- e - c l

‘I ’h c -  c - m i - c - n y v a l u e  of this  p e a k  for a given eA d id  not change
~s i t h  c a m - n i  c w h e n  i - i - me a s u r e d  p e r i u c - u d i c u l a r  to t h e  p l ane  of i n c i d e n c e ,
n - m t  ti n e- i nc t - - a :sn t ’; did  drop o f f  to about half its ini t i a l  value
‘-‘ i t l u i n a  ab o u t  7° t ram the plane of incidence , for  the p r i m a r y
r i - i  t n  ni t -s s Im i - uwn . This may be the con e ang le over which  the
s u c a)m n ei c - rm e -s can u n d e r g o  coheren t scat te r i n g  for this particular

u u u t r , i c - t  ion cc )i-m ;h i t ja n. If this is the  case , then t h i s  could
also - i - - i - a - I  m m  why the  i - ru e -c - i -n  u red p c -i -u k energies diverge from the
c a l c u l c-  c - c l  K u  n - ig g  e c - e r n ;y  f -  -r  a m i e nles greater than about 7°.

‘ j ’ t m e -  peak at about 8 . 7  eV i n  tn -he SED ’ s measured normal to
f h ~ c -  5 c c -  i c o r re l a t e s  r a t h e r w e l l  w i t h  the s tron g Braqg peak
H n occurs at this same e n m c m r e ; y  for elastic reflection i-ut normal

Inc - c - Ic - i - ic - c’. A - ; c - i n  the angular variation of the peak energy can be 
- i t  this Era- u ; condition is responsible for the peak.

‘ ii ‘ - l c - n ed m mm d i - i - ne - - i sur ed va lues  a re  shown on the le f t  side of
f m - n .  c 5 , alan-; wi th the appropriate wave vector dia g r a m , and
n t i - n c m n i - i b l ’ c -  good ag reement  is obtained . In this case secondary

c - f - u - i r o n s  -,- i ith wave c_’ e - c t n m r s  directed nearl y normal to the crystal
are - i i t t r - m c : t c - e i  out q i V i f l ( j  r i se  to the peak .

A n l u h i t i o n i l  evidence inn favor of a diffraction process is
‘ f m ’ i - a c t  f - h u t , the secondary peaks are not present when the surface
has h i - - c c - r n  disordered Ly light sputtering. Figure 66 shows energy

- .  - --— , f i st r i b u t i o n s  t - i k e n  in t h e  specular  d i r e c t i o n , eA = 0, and in the
I ,  i- oct ic - ri of the crystal norma l , 0A = 4 50 , for  both a sputtered

s u n  i- ace and t h e  subsequ en t ly , ic -n c -a le d  surface . The sputtered
i-m n n n f , - m n -  H!-d)’ i-; i - nc - found to he gene rall y free of structure except
fo r the 11)_cs peak  it  A E = 7.5 c-V which was discussed previousl y;
also , ti m e - n c- is ,m remnant of the 8.7 c-V 1i-eak. This latter peak was
also c - i , i - i - ’ - r c _ ’ e - d  by Chen 56 I ccr his sii-utt c-red surfaces and presumably
remains lc-- cc-us e the sputtering damage is so shallow that the
u n d c - r l y i n q  atomic l ayers  can s t il l  g i v e  r ise to some peaking at
this energy. When the sample is annealed a LEED pattern is re-
established arud the usual set of secondary peaks reappear. In
f m- ; . 66 it is onl y coincidental that the loss peaks in the sputtered
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i - m i n t - i c c - ’  :ThI)’s a i u i - t - ~ c r  c t  n e - a r  lv t i n -  same c - m m  - ‘ r - ~~ - i s  the  secondary
j i - c c - k _ c  in  t h e ’  , i n m n u e ’c- h-cl s u r f  a c - c -  Sl- 1) ’ S. Wi ce - na the pn  u : i - u - m r y  energy
is m i - c r c - - c m- n c - c l  t h c - n ; - p c - a k n -  se p a r a t e -  a n d  i t  is ch ar  that there
i s  no c c -n i -n e-ct  ion be - I W e - c - f l  them - It can be not c - n i  t h at  the re
is a w o r k  a i m s - f  ion l o we - r i n g  when  t ime  samp le is spu ttered c-nd
this is c-v ident by the s h i f t  in the elastic peak.

One o t l u e ~ r process that gives rise to secondary peaks in
t h ~ - ~-ED is the direc t (i-mission of electrons from local maxima
i - m n  t he  dens i t y of  s t a te s  of t h e  conduction band . Such peaks

1i-ac_ ’- ’ ~n e - e -n  r e - ; n n r tn - d  for measurements on S i 17 an d g r ap h i t e . 18
K~ m n - ’ has shown Hi - - at the density of secondary electrons in the
c o n d u c t i o n  band is  p r o p o r t i o n a l  to the local  d e n s i t y  of states.
S i n c - ’ -  m a x i m a  i n  t h c -  d e n s i t y  of s t a t e s  u s u a l l y  occur a l o n g
_c ; i - i - l m n c - t r y  directions and Bri llou in zone boundaries it would be
e a . : r u c m c i c i - i  that a lti - rc;er number of electrons would be emitted
w i t h  momentum along the symmetry directions at energies character—
m i - t i c  u i - f  re c-;ions of the band structure where the density of
S t a t e S  ~cre large . The density of states is propor tional to

so that flat regions in the conduction band structure
c a u r v c - s  are likel y places for large densities of states.

Referring to the band structure diagram in fig. 37 and
i - i - l a c i n g  the vacuum level at about 4.7 eV , m a x i m a  in  the  d e n s i t y
of  s t a t e s  f o r  the  [ 1 0 0 ]  b r a n c h  m i g h t  be expected  f o r  e n e r g i e s
of about  2 . 5  c-V and 4 . 5 - 5 . 0  c-V above the vacuum level .. As can
be seen from the SED ’S of fig. 64 maxima do occur at these
c - t i e - n u d e s .  S i m i l a r l y  for the [111] branch of the band structure ,
there is a flat region 4.0 c-V above the vacuum level (8.7 c-V
band e n e r g y )  w h i c h  m i g h t  be expected to g i v e  a l a r g e  peak.
~ete~asurements made in the vicinity of the [1111 direction did
indeed  show a s t rong peak at 4 . 0  c-V in the S E D .

Band s t r u ct ure  c a l c u l a t i ons by Brust  and K ane , 69 ex t end ing
to hi gher energies , indicate that a large density of states
might occur in the [1001 direction at 7.0-8.0 c-V above the vacuum
level. If there is a peak in this energy range it is masked by
t h e  secondary electron d i f f r a c t i o n  peak at 8 . 5  c - V .  Their
calcul ations also show a region of large density of states about
6 . 0 - 7 . 0  c-V above the vacuum level  in the [ l l 1~1 d i r e c t i o n  and
measured SED ’ s in t h i s  direc tion did have a peak at about 7 . 0  c-V.
P e ak s  wer e a lso observed for di rec t ions  ot her t han the symmetry
d i r ec t ions  bu t th ese cannot be compared d irectly to the band

—. structure.
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\, I_ ’ - i - n t I i - i i - i - e n u s  c r u d  i~~e ’ c u i - ’ u m l m c - f l - t , i t  j - c m n n ~

l o w e ’ r m u - r - ; y  e l e c t  r - c m n  a ; -  i t t - - n - u  i - i - ;  :n n e - , c a ; i - u r  - - r i - m t - m I _ m a  w e - n e -  conducted
- u  ~i - m c  c on  0 i -  s- - m t  C r u n - i -  a n m - n l e -  a n n ’ ~ ~~~~ i - i - -i - - c r y  e n i t r ay  f o r  an

c ’ e-im n i C I I 1 ~ ci t m m i ’ e  ( 1 0 0 )  n- m u : ;  i c . ‘Ih c - m i - c -  a a u e -  m s m u r c m t n e f l ts  ~‘ u ’ u e ’
- m m  l u - - i  c c i m t  in i-in c t  i - t - r n ; u t  n - h u m i d  c - r i s e  t i c - ’  n h u f f e r t m t  ty p e s

o - 1 n f - r t ) i - i c -  t u r c ) ~ 5 _ c c - S  t h , u t  n m c - m i - i r  u n n u i c - r  1 m m ~~ c t I ( i /  h n u u i - i - c b c r d m e n t
u ’ - :  a , u _ c s e - s s  h i - c -  i - d c ’  t : ~ s i - m u  f c u - c ul m ym- ; i n  t i m - a ; - i - c t  t c - n i n q

- - - s_ cc-s. A l t  i m u u n u u ; i )  t i - c - t i - c’ of  t i m e -  obse rve- mi m - f f e - m i - t S w e re  found
b- p c- c c - m i  m a r  e c n u l ;  t c c  ~~e , s i - i c -h  low c - i n c - n - n y  c - i c - I _ m o n  sC ,m t t e r i n u ;

I c t c -  has i- ic - I :-- ‘~ - tn - m i m t ~~~ j a n t - j n t - ’ ’ u c - ’ i m a i 1 f o r  K .

c - s u m - - i - i - c -n u t  i - a of  t I n e -  Li-T i) - - u t t v r m n  t n m n  t ti - c ’ c i t - - c n n , a n n e a l e d
c - - m r i a c - t-  i n - i - l u - u i - u t i m e -  } u r i - n i ; ~m m t 1 e n  c - : u s t c n c e  c - i -  a n c - ( l 0 0 )  4 x 2  s u r f a c e

n t  r u ct  i - i r e .  T h u s  u - c - t i c - i  u s i o n  is  b a s c - c h  on t i m e  e x i s t e n c e  of a set
01 1 / - i — u  r : m - u ~ i - l i t  f r , m e : n ion in c - u i - i - i - a m f- li - at have In e e n  i n  - ; n m e - S t  ion from
i - i c  : u a m a n s  e i - - : ; -~~r i i - i - i - t- i - m t  s.  A n m m l y s is  o t h e  h E E D  beam i i - m t e ; n s i t y  max ima
w - m s  a c c u u i - i - ; - 1  m s i m e ’ i - i  ic- - i- ’ plott ing th e’ i n c i d e n t  e l ect  ron wav e -  vec tor ,
com e ‘c-t e l f o r  i n m n i c - r  po t - - n m t ~ m a l  , on a K — s p a c e  d i  a - ; r a m  f o r  t he  p lane
of i n m c i d e n - - - - . A i m  m i - m t - - t -  i m t i a l  of 14 c-V was o b t a i n e d  fo r

- 1  i i - a a a n i - c  n — n ic-s - ;  F e c - ct - - r  t h a i - i  30 c-V. Through such an anal y s i s ,
mo:;t c - l a s t  m c  m aa- :im a w e n n dc -  te rm i mi - c- nh to be B r - m m ; ; ; - - - u k s  or secondary
B r - i - m i -; un ; i -~i- - - i k s  d i m e -  to m u l t  i p ic- s c - mt t e r  i n n - ; .  T h i s  i - m e t h o d  of a n a l y s i s
shi- -w c- ch t i - c ’ ; u u n t e -n t in -u l f o r  e - ; c s i l y iden t i f y i ng the d i f f r a c t i o n  beams
t i n  i t  c r c -  c c - i - m i - i - - u i  inn t he  m u l t  i p le  s c - c - f - t e n  m i - i - ; process .

I n - - I  c s t i c -  c i t - m i - i - I r o n  c - t i - e ’ r m v  d i s t r i b u t i o n  measurements showed
t i i - ( ’  e ’m - m i s t e n c e  of a nunaber  of  e n e n u ;y  loss peaks  t h a t  a rc  a t t r i b u t e d
t i - n  i n t c- r icm n cl excititions of lattice electrons. These losses were
o n l y  - m i m i - n e r ved  when  the  samp le surface was clean and well ordered .
Some of t hic - sc - losses werc- in f a i r  c - g r e - c ‘ m n m ( - n m t  with band miaps
- I t- -r m in e d  by optical measurements and w i t h  band s t r u c t u r e
c a l c ; n 1 m t  i c - n m _ c ;  however , positive assignment of some electron
transitions w - us not possible. I n  a d d i t i o n  to the i n t e r b a n d  losses ,
b u u t h  i - i - m r- f ccc - c - nn l bulk plasmon losses and combinations of these
I i -  u i - ;i -~c - ,; wer n- observed and their energies were in good agreement
w i t h  r e ; u r t - U  values. Future measurements of the inelastic spectra

l u -  made w i t h  improved e n e r g y  r e s o l u t i o n  fo r  the p r i m a r y
c - i c - c t  non  be - m i - i - n  i - n order to separate the losses more effectively.
I n c  p r i n c i p le- i t is possible , wi th better energy and a n g u l a r
r ’-so luti c-tm , to - b tain the E vs. K dependence of the energy bands
Lv u - m r u - f u l  measu remen t  of the indirect excitations.

I a n t - l , m i - m t j c  c - h t - c - f -  n c - m u  d i f f r a c t i o n  e f f e c t s  were observed in
i - c - c :- ; a m r - ’r m n c ’ n n t s  of both the t- mcc - rgy and an gular distributions of the
ine1a :~ t i c  e l e ct r o n s .  R e s u l t s  were obtained corresponding to

i ) r e ) c - t - n - ; s e -~ w i n e - r e -  t he  p r i m a r y  e l e c t r o n s  were d i f f r a c t e d  be fo re  and
- i f  t o - i  c - r u c - r  ;y loss .  The q u a l i t a t i v e  behavior observed in these
n n c m m i - i - m r c - m T n e - m n t n -  i s  in a - j r e e m e r m t wi th  c u r r e n t  theoret ical  models and
f o r  c e r t a i n  m n s t a n n r c - s , where  p a r t i c u l a r  Bragg r e l a t i ons  could be

i - i - c - n m t m  t i e d , q u m a m i t i t a t i v e  - - v a l u a t i o n s  of peak energ ies  and angles
w - - r e  p o s s i b l e . Any additional work done in this area should be
cm r r i t - n I  out on an A l ( 1 0 0 )  sample to complement th e theore t ica l  work
b c-i n - ;  done .

j  
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ii-’ m - i - c - i i t S  c - i - t b -  n e -m: c- m n n i c r v  ‘ ‘ I c - c t non  - i - i - n - - n - m y  cjj5t r i h u u m t  ion
ni-ac-c - s i - m t  c-mr- r i - I s  m d  Ic - mt c -  t h e  c a-m u s t c n n i - c -  of  s e c o :m u i - n r ’ ;  p e c k s  m iu e  to

we ni -cc-han  sms . I ni- c - m i - i - c -, - - - i k s  i r e -  f o r med  by a n t  - u -n m n d ,c t ‘ , e -  l c - c - t r o n s

i- l i - a t  s i t  i - s t - I  s I _ r o n - ;  d i f f ra c t  ion u n c u t ions. Thc- im e 1,e c- k s were
fo n m : m i - I  to c - o r r t - l i t e  very w e l l  W a  t I n  t i m e  e - n n m - r - ; i e S  a n n u l  nfl r e -- ct  ions
of e l a s t i c  i m i - t c ’ n a n i t y  m a x i m a . \‘ , n i  i a t  i o n s  o f  he  i - n c - i - u k  r - r a e m q y  w i t h
scat t - r i  n u ~ a n n i - l e  wc re c a l c u lab l e  i n  t i m e ’  cases of  two peaks  w h e r e

h e ’  t i c - n t  i c u l a r  B r a - ; - ;  r e l a t i o n s  I n v o l v e - n I  cc - i - i l l in , : d e t e r m i t n e u h .
- ‘ er c l i m i t e d  a n g u l a r  r a n q e , k i i - m u - r r a t j c , m l  B r a g g  s c - c t t r - r i t n - ;  was

f - - i - m i - n d  I c c  d e s c r i b e  the  m e a s u r e d  j u m - c - k  v a r ia t i o n .  The : an - - c o n d
: u u m ; s i b l e  m e c h a n m i s m  g i v i n g  r i s e  to second a ry  1~~- c-ks is one in
w h i c h  s c - i- c - m n - d i m 1 e l e c t r o n s  a re  d i r e c t ly e m i t t e d  f r o m  r - - - ; i o n s  of

I -  - m l  i - 1 i - i - i X  m i - i - n a  in  t h e  c o n d u c t i o n  band  d e n s i ty  of s t a t e- s .  C o r —
ne , h u t  m c i - n i - s  w e r e -  n - b t  c - l i n e d  be tween the c - n c - m u ;  ic-s  of secondary p e a k s

i-a n - c - c _ c a i n e - m i  in  t he  [ 1 0 0 ]  and [111 1 crys ti - i l d ir u-c tions a n d  p red ic ted
c - n e a r - u i - -s  of  d ensit - .’ of states m a x i m a  o h t a i m i t i - - d  f r o m  band s t r u c t u r e
cal canl at ions. Such measurements show promise -i-a s a method for

~i - i- t u r r i - n i  f l i ng  t i m e ’- s hap e  of t h e  c o n d u c t i o n  b ands  and are  wor th pursum rnq
i n  more i-l i - - I - c u . For both mechanisms a well ordered surface was
n c - i - i - - s i -n c - m v  or  m t h s t - r v a t  ion  of s t r u c t u r e.

A f u t u r e  ex p c - n i m e n t  t h a t  cou ld  be done  w i t h  t h i s  ap p a r a t u s
is i-he measurement of secondary electron enerqy distributions
f o r  s u r fi c e s  w i t h  o v e r l a y e r s, e . g .  a ces ium o ver l a y e r .  The
accompany i n g  work f u n c t i o n  l o w e r i n g  would a l l o w  the deeper ly ing
c o n d u c t  n o n  bands  to be e x a m i n e d . Also , by m e a s u r i n g s h i f t s  in the
e : r n e n - ;v b a n -mci ; n - c - k _ c  with overlayer coverage , t h e ’  band bend ing  could
h i - c - u he te :rn ui mn - a - i d i rectly . T h i s  la tter meas ur emen t has impor tance

m a ;  t b -  a n t - u i - i -i- - of negative electron affinity photocathodes. The
a d v , e n t c ; t -  t t i i s  m e t h o d  has  over t e c h n i ques  l i k e  p h o t o e m i s s i o n, is

f i - i t  w h e r e  p h o t o n s  p e n e t r a t e  deep l y i n t o  the so l i d , low e m n e - r c ; y
e i - - l c - c t r o :m s  ç n e m n c ’ t r a t u a  on l y the  f i r s t  fc- w a t o m  l a i-r - r s ;  t h u s , f e a t u r e s
i n  , u n c -  e - i m - c t n o n  s c a L t e rln g  measuremen ts r e f l e c t  en e r gy  s t a t e s  near
c i- t h e  _ c u r f c c - - . In  n e g a t i v e  a f f i n i ty pho toca thodes the  space
c h i n - ; - -  r e g i o n  a t  the surface is often very thin so that electrons,
u n l  i k -  - ;~lmc - t n m n s , cou ld  be c-f fu -n- f ive i n  n a - - u n - c - j r  i ng  i- hanqes i n  the
electron s i - n t c- m; of this reg ion .

I-
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A P P E N D 1 <  A

i - ’ u  m i - t i c -  i - c :  Lit n - i - i a - m i m i ps Bet w c ”- ’ n I h e -  Comp lex  Die-  U - c - t r  Ic -  C o n s t a n t
n - m i - i Ens - mu;-; Absorp t  ici -) n

A l  Int - - r ac - t ion of a Dielectric with an
ii- 1 c -c-tront aqne t m c  Wa ve

A 1 i tn k  h i - c c - l w - c-n the  mac roscop i c  b e h a v i o r  of a d ie l e c t r i c
i- a - - n t - c - t i c - I  i n  i- in  e l e c t r i c  f i e l d  and i f - s  microscopic  or a t o m i c
a r - j r t i e s  is  a f f o r d c - cl by the  f r e q u e n c y  dependen t , complex

-, i u e I . - c - t m - u c  constant defined as

= i-~~~~~( i )  + j  c~~ L )  A.l

t i - n - -n c - sn - n i - - i c - al l y the  d i e l e c t r i c  c o n s t a n t  ac t s  as the coup l i n g
f a c t o r  in  a linear relationshi p between the electric field and
t b -  c - l e c t n i c -  d i sp lacement function as specified by

D (-s ,t) = ~i - f c - )  E ( n s , f - )  A . 2

From ‘-neral electromagnetic theory, t h e ’  r a t e  of ene rgy  loss per
u i - m i t  v o l u m e  f r o m  a p e r i o d i c  e l e c t r i c  f i e l d  is g i v e n  by

1(t) = -

~~~ 

i-~(t) 
P~~t) d ( - , t )  A . 3

where the --le ctric field is assumed to be

1(t) = e~~ 
- 

A. 4

i- - a ’u u , j n i i - i  L i c e - s c ’  n c - i c - i  i o n s h i ps and  t a k i  ii-; t h e  r e a l  ; u a r t  gives W (t) as

r c i- , ( w )
= — ° 

2 A . 5

so that t he rate- of en t rcny loss by f-he electric field is proportional
to e~ - ( - )

2

In  o p t i c a l  absorpt ion theory [ma r so l ids , C~~ (u )  can be related
~~- - the ba nd s t ruc tu re  and d i r ec t  i n m t e r b a n c l  electron t r a n s i t i o n s .
A t n , i r m _ c j t i o n  r a t e  per u n i t  vo lume i s  d e r i v e d  f r o m  t i m e  dependent
p e r t u r b a t i o n  theory  to be 64

= -4uh(e/m) 2 A~ J ~~~~ I M vc I
2 E c h- v~~~~

) A . 6

where the matrix elemen t 
~~~ 

is icc- fin ed by

‘~ -1

- 

—

~~

—- —— - -

~

.- - 
_______ c-~~i-i--~ - ~i’T~~~a’~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- - —i k’ r * fl- ’ n  - -
= dr e mc- ( K  , r ) cm . -e u (k ,r) A .7c v

v

w h e re u~ c-n d i - i n i r e  B lo c -h  f u n d  i o n s  f c n r  t h e  m i t  t a l  a n d  i n - c l
e h c ~ u: n i - i -  st i t c h -  and  t i c - c -  wave v e c t o r  of t i m ’ -  p h i - c - t o n  has  b e - -i - i -

n c- u ; l c c t c - n h .  tlul t ipl y ing  t h i s  t r a n s i t i o n  n c - t n ’  by t h - -  c - n c - r i - ; / ,  --

o f  t 1 m m -  t r c t m i - ;  m t i o n  ; i v t - s  f -hr  n~m t c -  of en o n - ; - i- - los s

~c (t) = —1’ A.  B

S ince t 1at ’ e le c t r i c  f i e l d  in f-li-c i - u b s e - n m i - c -  cm a s c a lar  p o t u - n t i a l  is
- l V c i - f l  by t h e  v u - c t  u r  p o t e m n t i a l  a cco rd ing  to

L~~~~— - -~~~= — - A  , A . 9

then b-i- combining equations A.8 , A .9 and A . 5  g i v e s  the  ei-•:nression

2 W  h2~~~ ( )  = A .lO

r e l at  i n n  t h e -  transition r a t e  f o r  d i r e c t  i n t e r ha n d  t r a n s i t i o n s  to
th e- imaginary part of the die lectric constant. It is possible
to associate maxima in the c 2 (- ) function with specific interband
transitions in rn - u i - i - ’.’ instances. In particular when the assumption
is i - m n , m m I c -  t h a t  M is a slowly van ‘/in-; function of the wave vector ,
e l _ c -  d e l t  func~~ion pr o p e r t y  c - b c - m i - m i t  - - e q u a t i o n  A . 6  so that

2 2  2r
~
- C . )  = —-— ‘- ‘

~ 
J A . l lvc vc

0

where the term 
~ vc ’ c a l l e d  the jo in t  d e n s i t y  of s ta tes , is given by

1 1 dS
= h —i- -- — A. l2vc 4~~~ V * ( E  — i - :

S k c v E -E =c v

wi th  the surface of integration being the constant energy surface
in ~~— i - ; t - c - c c - -, K (~~) — E  (1k ) =

- c v

A . 2  In te rac t ion  Between a D i e l e c t r i c  and a
F a st  Charged P a r t i c l e

to the dielectric constant by determining the response of the

$ 

Inelastic scattering of fast charged particles can be related

electron system of the solid to the coulomb force of the moving 70;u - m rt ic -l e ; this anal ysis was carried out by Frohlich and Platzman.

______   _____________________
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Tu e - ’ L u i -  i - m i -  n i i _ c p h c c - e ti- m c - i - n t  ‘ c - c u t - i - n  as -m i - u i - -n ~ cra c-f I m i - a n - -  u s  c - ; c l c i j l c - t e a i - j
t or a - n c - i - n - n i l  - u u i n t  , P, d i s c - i - ’ ’  t h - -  mov m n i ;  - i c - c c  - n c - n h  ; - a n t i c - l c - .
I - i - a n i c r  i - i -  ans i - i - mm i - t i - i - i -  c - f  t f n  u s  i - n i n a - - ’  c u n n  i n n - i  I ce’ - h c - c - i - r  mu - field —_-c c-tc-n
a r c -  r e - i - e t c - n i  1,’; ti n ’ - e- m n r n i u l e x  c m - - I c - c ’ c i;  i - i  c i - , t  as

D - ( . )  I A . l 3

l I m e - i - ’ - t h m ’ ’ e - i - n e - r - ; y  L r a n n s f e - r  i n  ~m i - i - i - i t vol i - a ; -  m t  i - h e - n i - c - n t , P ,
is u ;  i v t - r n  I - v

= E(t) . - f l i t ) 
~~~ A . 1 4

p 4 j - t

w h i ch , when  using tint : Fourier Transforms , is a a hm u u wtm to -rive n

c , ( - ~~i - )  
*

= “
~ - - - - - -~~~ u D •[) ci -  . A . l 5

i i - I 2 u -
- r

1
( - ~- )  +

‘rho t o t a l  c - i - n ea r -n y t r a n s f e r  is f o u n d  by u n m t c : u ; n a t i  n n - ;  i- m : ’ - r  t h ~ - c -an t 1 to-
v o l u m e . I t  has  a l so  been shown 7’ t h a t  i-n - ; i - n n i - n L n l i - i - a - i - c n t - c l mm n e c a l  t n t - a r —

n - - n - i f - i o n  u ; i v e s  t he  p r o b a b i l i t y  of a c b i - c - r - ; e d  p a r t i c l e  I m u s i r a u n  e n m e m i - ; y
m i - e tw c- --n •~~~i- and ( - .  +d- ) , in a single “collision ” , i-cs h:e’i na u ; propor-
tional to the factor

c
2 ~ 

- )
—I m 1/- ( . ~ ) = ______ — -—

~~
- A. 16

L l
() ~

I n c  d ross  mm -c - t i - c - a m  - e r  e ne r gy m t - r n - a l , i n t o  an  i - t m - n i t -  4~, i n
causing bulk e - x c i t c t i o n a s  i s  g i v e n by 9

h 1 2

-~~~ 
m ( ‘~ i - )  Im 1/c A. 17

w i m - ’ n  measured w u  t i -h an a n g u l a r l y  s c c - l c -~a t  i vc- e n m e r i - ; y  a n a l y z e r .  U s i n g
equat u u u n n  A — 1 7  and t i m e -  r e - m i  mi - n - h  m m ’n m u;in a ry ;arts of t h e  dielectric
coni--at - m t i t , c - h u t -mined from m u ;  - t  m - i i  m n n t a d s u r e m e n t s , good agreement has
bc - c- r i - i - I t - i  Ln ed  wit h c - i n - - i -  i n - t  - n  ist ic - loss spectra for fast electrons.
F r t c i a c  this i i i -  c _ m i - i  be - n-c - - c - n m  t b - m t  i n- n i -  wu 11 ic c : m close cmmm respondence
b e ’t  w e t - n i  e n e r ; i c - u-n o f  stron g m u ;  I u - - u i  m I s - n y  ; - t  i c - m i  ( m a x i m a  of ;2 (m- )  ) and
c i - l e n t r ’) nm loss ;-e - - m k s h i m  t t h a t ’  h e  m i--i- S ~

m , - u k _ c  w i l l  be shi  f t e d  somewhat  due
to the denominator t e n - n a n  u - i -  Im I

A .  3 Re I - m t  m o n  of the D t c ’ I - - c - t n i c - Constant to Atomic
Proper t  i C - . ; o f  a m S o l i d

A connection between f-he c i m e - l e c t r i c  constant and the atomic
properties of a solid can be developed according to a rather
simplified model 72 in which the atoms compris ing the solid are
considered independent.  If the perturbin q potential is considered
t c - bc

56
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‘-/ = c- ~~ n In.18

\ \ i l .  ‘n - t-

i - i-t ie tm ~ + c-~~~~
t ) y , , A. l 9

- t i n -  n i -se of t i n a c - — c h e - p - r i - u u - - a , ’ ; u e ’ n i-~~m n  b -a ’ i c - i - i -  t h e - r i - n ’ ;  i - 1 c,c t~~S c n n  7)‘ai - -m : - n c - S S u n n n i  f u r  t i m i -  u i i p c - l e  mome~n e t cc -  c - t i e -  - c - i - i - n m  of i - h r sol li ‘is --

e x ( t  ~ H - x 0~ i 2 
~~~~~~~ 

~ t 1 t
) [- . 2 0

3

‘s h € ’  r (  - - r= E - —E . Tin i s  m i - c - mn l i - c - ‘i-~n i  f - t c  n i  as
3 ] 0

‘e x ( t ) ,  = - L ) E ( f - )  A . 2 l

no a r u n l a r i z a b i  I n f -y  m , has i i - -  - n d r - f in c - - l by

2 2 .
= —~~~~~~~~~~~~~ A . 2 22 2

3

I’ is usual t ’; ui c i - - f i n e  an - ‘c-cjllato r s~~r e— n q t - h , f ., by

‘r e- 2
f . — — - H.i- - I  A .7 3j ~~2 j  oj

w h i c h -  ‘ a a t j s f  i c - s  a sum rule

f . = I 2\ . 2 4
j J

T b - - n  e tnt ; u cu l a r i z a h i l i t y hecom -s

2
- -

- = -~- a, 
- - — 

. A .  5
j  

- 
2 _ 

- 
2

When a l l  ~i a t o m s  of t h e ’  s o l i d  ir e  c o n s id e r - u i  t h e - i - n  t h e  d i e l e c t r i c
u , r m s t cn n t is given by c’i - - i c - c - t n i c -  fi e l d t i m e c - n n i -’ as

-- ( - - )  = 1 + i-—~--~
-- -

~
-- A.  2 t- o

wh i” h  b c . - c c - c r r u e  m n

— . 2 f.
- ( - , )  1 c-~ • 

~. -~~-~ - -~~ . A. 2 7

0 J c~~ -

— -.--,a — -r 
— “ - ‘~~~~~ J - 

~~ 
‘ ‘

~~~~ 
- 

~~~~~~~~~~~~~~~~ 
-
~
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I n ; l i e ’  , u h u u \ e -  i - n -  - n i - a ;  - i - m t  , ela ing a r i - - n  w - i s  i i t - q  l e - c - t  c - u n  - - c a a - a  m m r s-re t n c - : c - i  i - u i
‘ r e  c- t a - - a n t  ‘~s u u ; l u 1  - ; i V e i -  - u n  t - i - - m n n m - s s t m c - f l

I ~ + ~ 
-

u ( - )  = 1 ~ ~~~
‘ - i - c

c- 3 — - —

1 , t h i n s  r c - u i u c e s  t i - u  t i m e - c a x i - - r c - s s l o n n  ( i - t  - ‘ i - i - i c - L i o n  I~.27 ,
w i n e - n  - c-ow i i - )  is t he- pro ;-t -r - -mm tee u r m e - .

F - i  frc electrons all - - i - m n ’ -  z- ro so ‘ h i - - i t

2

1~~
’ -
~ 

= 1 _ 4 Y  / .29

w i n e  n - ~’ t b e -  r e - c  electron plasm re-;uermcy, 
~~~~~~

, u s  - j i v e -n  by

u = ~~~~- - - , A . 3 0
n c - n rn

0

I t is - c  result of the diel e ctric t heory ~hat t h e n  p l asma f r equency
is determn nm e - d by t i m e ’  condit eon - - i- 2 wLi cba , when neg lec ti ng

n i m i - ’ a ; u i u m - ; ,  i s give- an by sc-f -tiny e 1 ( e m ) = 0. When this is done for
c ” , i - i - m c t l O f l  A ..i9 t~~c- p la sma fre am i cc - - i -nc y becomes - - i-()~ 

th e free
c- ic- ti - f- ron plasma f r e u i u c a i n n y .  It can be scorn I ~ oni -i e~~u at  ion A. 27 ,

nc - i -w v-c - n , I hi -at if interband transitions i-ne presen t that in up i--nc’ ral
may  not c- q nm - m l a

~~0

11 - u -i - considering an i n t r i n s i c  m a c - n a c i c o n c h n i i - a t . mi - j r , like Ge , wh e re
va l . - i - c-ei- ’ , c o n d u c t i o n  an d  d l , , m n n n h S  ar - c - c - n s i - - i t ’ r c - d, a u n e n e r a l
r - a - m n - r e s s i o n  ni - ann  be g i v e n  as ’

~

2 f 2 fe cci
= 1 na- 2 un 2 2  A . 3 1

0 u 0 - -
CV c-el

w b n -  nc i i m W  the sum r u l e  on osc l l - m t o r  s t n c - n - : t h s  i.-. - r iven by

-- f ÷ ~. f = N A . 3 2cv clv v

with 1,1 be ny the  density of v , c l e - n i c - e -  c i t - c - t i m - i n s .  In  the  case of Ic- ,
the ci banm (l .~ are J O eV b e - low the top ot the valence band so the
l ust term of A. 31 is w - ~mk a t  l ow e -r  c - r a e - n - n m es . Also, the osci- ll atc ni
S t  ren y th , 

~~~ 
, is found to I_ c c - x i c ~m u n - n  t c c - I  ais ui -i- c - - 7 oV~ there-fore ,

I n c  t h e  n o - - j i o n  between the i -_ c - two e n a c - r d j i e s  t h e -  l c c ’h a v i o r  of - 1 ~~~~~ is
n e a r l y  f ree  c - i  c -c t  ron 1 i ke so f - h - u t  t l i e  c i  a sma t r e - m j n u c - r a c - y  [ ti-c r Cc- is
i - n e a r ly  e - u j u c l  to - -  , i f s -  f re e ’  c - i c - c - i  non v ,cl ue.
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i e i t ! ’ I N i ) I X  B

i n m e - i - m _ c t i c  ow I n n - n  i - v  E l c ’ i - a t r o n  D i f f r a c t i o n  ( I l I - t I t h )

‘l i c - -  only c - c - n n n i - r e - i - a e’n s i ve a  t i n e - - n r c - t i c - a l  f-rn -at a n - - i - n t  01 t i m - -  t o p i c -
e m  IL [-:i-:D i~cs i n c - c -n a ai rr med out by Duke- i - m i - i - n i  Larannore ~~~~~~ - i  rm-
th e— in mode -l has bc - c - n m  l a i n -1- s u c c e s s f u l  in  -~ u a 1 i t  f i v e - i ;
descr m b i n - ;  t h e  c - x } - r ’ n i n m e n t a  1 r t - m i - n n u l t s  w h i c h  h i v e  l u - - c - n  c -b i t - c j  
t h u s  f i r .  t i - c - m e ’  i u m n i t  i t - c t  ive usc- of the t h - m u r - i- has i i - ’ ‘ ‘ i -
i n  t i n - - c - u n - a c -  of a l u m i n u m , b u t  m a t  p n e - s c - n t  i t  i s  n- c - n ’ . u h i f i -  i cu l
t en a ;up l; u i - ca t heory t o  - - t i m e r ma c - n i m m l s  c - x c - t  p i -  i n  a - ; J u m i  m t a t  ive
n a , c i - n a a c -r  . A l - m i - i - u i - m i mi - i - u was chosen as t inc - mater ian 1 for in i t i - i l
t heo tm t - t i - - i - c l  S t  ud un - s because i i t i l i i -  It -c-ti c m t  m ‘fl~ u I - .‘ ci ic -am 1a m - mi - n an
have  b e- t i -~ni - c l - t a m ed tha t i - - m u - - h j ct t ime- r i - c - i - a n t -  - i - b beam i n a n e - i - _ s i t  i e - s ,
c-s a f un- - i -  io n r i - f  - n m - - n - m y  a nd - c n n - t i e ’  of m n n - u u l c  n i - i - c - , w i t h  t o - a s - i - nm d u l y
u3ooO su -cess. T h i s  u s  t a n s - - i - n t  m a l  i - - n  t i a - - m r  t h e - c - t v  . I n  - c - i - l u  - m - i - n i
i -he  i n e l a s t i c  s c - i t  t e r m - ; f u u m c - m i - a a e ’ t - n  s t o u r  t he  p l m i - m n m i - n  l u n n - a s c - s  i i ,c ’j cc -
been s tud  ict d e x t e n si - ; c - l y t i - u i ’ u l i - mi - i - nm nmi - mn i -m c - i - m b  c o u l d  h i - - - i n n n e c n F ~u n r a t  -

i t o  t b nc a  c-alculat u - - n m .  I n  w h a t  f n l i u m w a a , i - n -a a t ’ u - a ’ - a t i s  r u m - h - o
s a m m m a r i z c -  some n i - f  t he  t in c: m r c - t  i u - , i l  cons i  l e - r i t  i ons  of D t i k , -  - u nd
L a r , a m o r c  and s u n - n - i c - m e - n t  t h is  w i t h  some additional i n n - r i - - n  c - t a e  Ion
i n  t t ’ r n i - n s  of mcd i tied Ewa luh d m - ’c g r m r n n m-n .

B . l  C a l c u l i - m t - mi C ross  S e c t i ’ n m n

‘l i n e -  inelastic cross sect m m i - n n , c m - ; c a l c u l i - c t e m  Lv Duke mi - a - h
Lan c-more, f c - r h u l k  e X d i f - a t i c u i - n S  takes time - tu n a

= (~~~~~) 2 
( 2 ’ ) 3 A 

)

I , ( 1 ~~~) + A ( P ~~) 1~~ + ~-1 (I ‘~~~ ,-P ,- u ) [ \ ( P )  \ ( — P ) 1 2 i B . 1

w t m - - r e c -  - (w , P,1 ) is a dens m t y  of St  a t m - n - a  f u n - u  - 
- - - ;  - —; i ve ’nm 1

- I , h, ) ~~~~~~~~~~ 

* 

B . 2

In t i m e  t h e o r y ,  i t  i s  ms m u m c ’ u l  t h a t  - e n l y t i - h e -  : - m r a m i id c - m a i - 1 i - ! c c n , f l f  S
‘p 

u f tb n c momenta n e - - i be c - m f l i - a c - r c ’t u i  a I - - n m - i -  w i t  h i - ‘h e  - n - - r u - -; - ‘- i - nser -~~t~ u -n

- u s  e n i ven by

I — — I ,, = q B. 3

~ 
(j, , i~ ) = w

wine - r - - ~~ is  t h e  j~~m r - m l  id cm r t c j c - c t c -  ‘ nd  of  t he  c - x c -  i t c -  t ion  wave’ ye-c t car
intl W is the energy l e ) S t  in t i m ’ -  l i m e  l a s t  m c  m m - c - i t t  c-i ine j even t

‘i- c)

- -. -..- - 
‘ 

-- -~~~ —-



l i n e - r e ’  - mr ’ n w  t i - i - c c - n - n  01 i - ; m u n a n , i - c ’ a a in t i - j  c X i - u r e s s i r m m n  I — i - n
in-i-’ - - n - c - m s sc -n o  ion , i - h~- -‘ g i -  m d  A . t e r - i - n m - i - u  l i v e  m i _ c e ’  i i -  t h cj  a-m o -— c a l l e d

- - - a ” n c - n m - n c - i n c - c - s  i - n u b  i - u - - a r  a t  e n - c u ; i c- s  i - t ~ m ud E 8+w
r a-a p e - c - i - m e t -  l y .  ‘ i f u c - a c e ’  n i - - i -~ r o s e - t n t  t i n t ’ - ‘ ‘ c - — c - s  i - c f  c - I c -c t r i - a m - i i f f r a c t _ i o n
u - - m o r e  c - i - n i -h a f t -  r u - n m c - r ;y 1 ’ m i - mm and  ire- c s u -; e i - m t i a i  l y i n de p e - n n i - b e - n n t  c - f  P
The m i - - p c  o i -  re sonance  i n - ;  i - u u -_ ’ - r n n u - u i  I ;  the t- t m v c - I m i - p c -  function

- ~~ ,
‘ , , . Rea - ; ’- i - n i - cn c -- c ’s in t i -m is to rts m a c a  t illed “ momentum—

n i - i -  - 
-- r e - n - a - i - r i - i n c - e s  c-nd i c - c - t i  to a ~u i n c - u m m i - n n n c - n o n  cal len - i s ideband  di f —
u - i - n i - . The-_ce’ re -sc u n nac nn mi - - e-s c - i c  t h e  r e - s u i t  of “ a c c i d e n t a l ”

cn ns~- r v m I i o n  n u t  m o m e n t n n - i- norma l c c- t~ m e- s u r f ~i ci- .

B. 2 ILEED [cur the (00) Bit n r a c t i c m n a  i n c - c - n i - n

ha . 2 . 1  Inn - -lam-a t ic Ens .- Profiles for Bulk
Excit mt j u n n s

lnt l ,m a ;t ic u h ~~~i f t  i- uc t ion in’,-c-lv in ej i b m - - (00) diffraction beam
i _ c  t i n c -  s i T i i u I e - S t  t o  uliscuss - m d  so t i m e ’  s c - l i t - n i t  c- , c t m m r c - s  w i l l  be

c i - - e i - - n i - n - t b  a rou nd th is i - c - c - i - i - a. Also f u r  simp licity tine- incident
c - i c - c t  n - - i - i - i - he’,m n _ c wm ii It- as s u m e d  t u u  have norma l inc itbt- tnce . For
the b~u 1 k excitations a - i a u u c u h r m m ta cc d u a n j n c - r s  i i - m u m  r e l a t i o n  w i l l  be
a s s a u r n e d  m i n d  i n  p a r t i c u l a r  t h e  b u l k  j c l i - a s u m o n  w i l l  be c o nsi der c ,i- rI
t~~~ h a v e  a d i s p e r s i o n  r e l a t i o n  g i v e - n  - u s

= h + p
2 

. B . 4

A s s u m i n g  f-hat the electronic j n n t t - r , m c c - t ion is similar to the case
u t  a u l u m i n u n ’ c , t hen  f r o m  n e - f e - r e - n c - c -  4 ( -  t he  f - m r - i - i -  of  t h e  enve lope
e i- m i - n~ t jon u s g i ve n  as 

—

~ p 2 i ( R  + K~ —[i -a ) d

~t ( E  ~~~~~~~~~~~~~~~~~~~ ,O ) = (~~~~~~~) ~~~ I l - i -  
i - i -

~~ I . B . 5

f - o r  u i - i t t - n i - si t - 1- u i - n e - a s u r e m e n t s  in  t i n t ’  ( 0 0 )  beam d i r e c t i o n , the
i i - a ( - I - i _ c t l C  enen~ry profile for a m ;iven energy loss , w , w i l l idea l ly
c - ; - m h i b i t  four re sonance peaks for each i t r a - ; i - ;  peak in f-he elastic
- - n c - n j - ;  n , n o f i l m - . A r e sonance  in the  Ab t e r m  occurs  when

2 1 ( i t t  = 
2 n n  B . 6

‘ -j  ci

wh e re- ci is the atomic layer  spacing . This  -j i ve s  a resonance when
the f u r  i n i - n i - m r 7 eme nd- ;  is  c - g e m  1 to a l i - n c - u - l i - ;  energy, i. e. E = EB.
S i m i l a r l y  L l c c - - A

~ 
term u t ’ J c - S  a resonance- when

2 - -~~( i - — w )  = —

~~~

-

~ 
B . 7

-
‘ 

I which is t h -  condi t m c i - u i  for a Bragg resonance at E = EB + w . The
‘ t i V - l c - j c c -  funct ior ~ pr ovic h - nm two additional rc-sonances g ive n by

(I-: ) + KL (E—w) + 
~~ 

= B . 8
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N ( I t )  - t ’~ i-~— . 1 - ; -
~~~ = B. i- i-

which re- f - r u - S e - i - nt t i - i -  s i u b - - b , - m i - c - l  - h u t  I r i - - I  u i - i - n  n - - : a - a ,  ri c e - s .

The t w m i- n c - n - ; u i - n u  m i - l c c _ - m - - j i v e - m m  i c -1’ c-g a m L c - c f l s  13.8 ,cnd [3. ’) f t-n i - h
i - i - u  occur m n - - , u n  1 - u i - n u b  i- ’

~~ 
r i - g u m - c t  i -- e l y, bu t b -muse -

~~_ is  -na- ~u i i - l l y
m i i i -  t - - r t - a i - t  e l i -an  t i n - - w i - - c-  e c - - c t - i -r- c l i f f  e - r c - i - m m c - -  ~~~~~~~~~ 

c h ~
, l i n t  i c i - m h a c r

e i - i - t i i -  ies ml which b u y  occur  w i l l  - ‘ I c - p m - i - n - I  u u u a c - t I - -  e - n i - ’ r - ; y  loss
v a lu e , w , - m m d  t k\ c -~~~h i a ; n u e - n  i m u n i -  m t - I - c t _ i o n . Ir a n - - m n  t i c u l a r , i f  t i n t -
i - l u  m m i - u e - r s u u n m  r i - i - i f - i -  - i- i s  “ st- - c -i - - ” (l a n - nc- ~) i- inc - i - n  ‘c i c r - r u -  eu- - r i - ’.- loss
co r t - ’ s ; - c - t w m s  to ~c lar ge valu e ’ of n - ~~ a i - i - ub -r t in _ -se n u i - u n u a u h i t  ions t b mt-
to~~- i -  s u d - - i i - c un i - h  r - - s o a m a n n m : e - i - - n  occur  a t  c - n e r c j i e a s w h n u - ii - - ire su Et i c n - - i - n t l y
r c - n n - to -i-’ed f r o m  1n c m i i i  I-: B -s- W t h a t  t i m  - - ,- show U n -  i n  the inelastic -- n - mi - - n - dy
c - n c - f i l e  as a u - - a t ni - n u t ~ut c -uka; seap -m r - i tc i- f rom t in e - “ m- n m e - n - j ’ 1 t i - u t - m e - i - I ”
r ’ - a c m i - i - n - c n c c s .  An illust r a tion of this sort ‘ i - n  bit -h -c’ ; i - a r  u s  s h n u - w n
in  f i n ; . (-7 f u n r  c - u n  i d m i -u l i z e d  case c - ut  an  C x i ’ m t i t  ion with m “ i-i-n t  c - c - i - - ”

d n a - i - n i - c  - r n - m u - - nun re - I  a t  i on .  In  f -h i s  ci t m - ;  n a m  t i m e  - - - u n  - - - - I - u r  I I-; - loss , W 1
i l l u s t  r c t a u ’ s  t h e  c i s c -  i c -f  a small loss ni - n h  h - - a  u s m u i - ha - i s n t a l l  - ‘ u l i n e a
o f  I~ _ t i - m a t  the  s i d - i - - b a n d  resu n , c n ~ ci- - i s  a I s c - l i t  f r - - r i -  c b m - - -- ny—

i - n i - c - u i  resonance.

B. 2 . 2  A n g u l a r  P r o f i l e s  t i - m r  l i - i - ilk itxc i l io n

A n -  ~ m la r p r o f i l e s  a re  de te n - i -n m ti - c - i - b nun u i - i - m a r  i I y b u ’~. I he - t i - u i - i c -ct
of t h e  envelope f u n c t i o n , ~t , w i t h  t i n e -  densi t’ ; On stan ’ s f - u i - i - - t i -- u n ,
l - c-cr quadratic dispersion r e— i - if - l oi n s the mit-n i - s i t ’ : of a ;~ m t c - i - i - i -  i S  i i  c- i--n h i - - :

- 
-

and t h i s  a u l t i n n i  i c - cl by the eunv ele pt f u n c t i o n  of e - lu a  t i - i -  ni B .  5 - n e- - -s

_ a ~ i(K + + I~~~)ui 
_ e

— (—i ) —---
~~

-— [ 1— c  ~~ 1 13 . 11
— ‘ 2A

w h i c h  is e s s e n t i a l l y  t he  c o n t r o l l i ng  te rm f o r  t h e ’  a n mj u l a r  p r o f i l e - .
It can be-  seen that a m _ c P~ 0 the angular d i  _ c t i - n i h _ c a t i o n a  w i l l  go
~ r i zero mnd if f-he term in brackets is small , i . e .  off resonnanee- ,

P then t i m e ’  angular distribution will be r-e- -mrly proportion al to P~~.
i - ’ - u r  no rma l inc  id ‘ i - m n - - - w i t h  9 measured r e ’L i t  i ye to t i n e ’  sur t ic-c-
n u c - c r ni - n m I , t h e  corrc~ m c - n c - n n t  s of t i m e ’  secondary w , c V O  v e c t o r  a r c -  g iven  be’

= 1< c-os 9
B .l2

• E~ = K s i n  9

U n-; i n m - j  n t - i - c t  i ons  1 3. 3  g i v e s

~ - - K 11

- m d

(- c i

- - —
— 
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= 
i - ,  

- ‘
~~ 

f P~
2
) 13.13

I c - a - l i n e n  t o  - i- - exp r e s s  ion

- 
1W , - 2

— 
i - i ,  ~ 2

= - — K~ sirc ~ I B.l4

S i c - c t -  i- tu e : n - m t c ’ n s i t ’ ;  a n - m e ’  a to ze ro w h c - n i  = 0, a cutoff ang le ,
— , can be defmn - - - i as

C 
1/2

— = s a t i ~~~ (
- - - ± ) B.l5

C - K 2

From t he  ,uhove- relations , the  a n g u l a r  d i s t r i b u t i o n  as a
i- u n - i- i - c - rn  i - m t  n - n i m a r y  e n e rgy  can be i l l u s t r a t e d .  When the primary
en -n -n y a 5 I u r from t h e -  e r n c : r i - ;y  tuned ne- sonances , then the overall
c-r i - as section is small and the annular distribution , as governed
i - - :  I c , -j i v e s  am s i n g l e -  s y m m e t r i c  peak w h i c h  v ar i e s  as P~ . When
‘ i - n i  n - r  n m - - c r y  c - i - i c - r I -a is n - n c - a i r a re sonance  tb -me o v e r a l l  cross sect ion
is  m c i - - -  i s t - u b  e l i - m n -  t m  t h e  A 1 or A c term but also the G± term can
r e - s e , n m a m t c - c an i _c- i n ~ - i -  peaks s’~’mma nta f-rica l1 - ; d i s p laced about the (00)
b e - a m . I l lu s t r a t  av e  d i a g r a m s  of ang u la r p r o f i l e s  a re shown in
f i n ; .  e R , t o -j e f - h e r  with modified Ewald diagrams depicting the

- - - -i - b i t ion w h e n  E = EB. Cc-tnservat ion of pa r a l l e l  moment um leads
t a  i-he l i m i t e d  scathe-ring cone shown by the shaded region. For

i- - i - _ i - m i - i l l  w t i m e ’  n - _ c u r i - n e - n t m j r n m  v e c to r  P is too small to a l l ow a s ideba nd
n - -s - c - m i - i - ” ’ , bui - in tine- two cast-s of med i um and large w the sideband
n a - s - m n - n i - n c - - s  °, c n a i ce ’  t u n i c - m i  and lead to peaks  in t he  a n g u l a r  p r o f i l e

m t  angles  w b n c - n c - - the n o r m a l  momentum is also conserved .

It t i m e ener- ;y loss , w , is fixed at a moderately lar ge va lue
- m r m d i - t n  - n  m m a r y  t - n n c - r g v  is cha mnc;e- d , f-hen the behavior illustrated
in Ii-;. ( ‘ )  is uTh t c - i r u e _ c l f o r  t i m e -  a n g u l a r  p r o f i l e s  - When the  p r imary
c- r i - 7 u s ~~ - - i 1 I c - l i - u w  t i n t -  i i - r n m - ; c ;  e - r n t - r m j y ,  E13, the ang u l ar p r o f i l e  is
a a n - - i l l  Si t m - i - i c - I  l i - i t  m a n  the s i - n ic - i - i - c ry e nergy passes through EB the
c - n - c -m s se ct  m o n  i n c - r e - ,m n - me-s  c r m l  t h e -  sideband resonances appear causing
t a n , -  i a m - r u m i u r  d i s t r i b u t i on  to become a doublet. When the pr i ma ry
ener gy - , m S S L ’ s It-yc-nel E 13 - i s i n g l e t  i s  obtained aga in , but this

c - i - ;  m - ~~ m i n  i i - , -a double-f - r u - u n  E 13+w i- ms the resonance cond if- ions
-. 

__...., P - mn a g - m m  l i - c -  sat  i s f u e - e b .  For p r i m a r y  e r m c ’ r g i e s  beyond t h i s  a weak
s i i - t l - - t  a s  o b t a i n u - m i  i - m t - i  i f l .

13 .2.3 E n e r g y  Loss P r o f i l e s

‘c h i f t s  c - f  t I n e -  chiiract - r i s t i c  loss peaks in energy are expected
w i c - - rm e -nne - r - j y loss profiles are m e- ,msured ,mt d~~fterent scattering
- m n c - ; l e - s .  In  bi g. 70a the cases of measurement in the (00) beam
- I i  t i c - i nc  c - i - i - ui s l ig h t l y  o f f  t h i s  d i r e c t i o n  - ir e  i l lus t ra ted  for
E = E B .  As the detec tor is moved of f of the (00) beam d i rec t ion ,
- i  i - u u ’ ~~ - value- of P and hence w is needed to satisf y the resonance
c o n d i t i o n  ar i d so the peak in the loss p r o f i l e  moves to a larger
energy loss v i i  m m c i - .

62
-C

- 

~~
- :~ 

- —



u-~in n a I a r l y i f th e- d c - t e a t  m u m  is I m a - a c - u i  i n  the (00) bc - c n n
i - b c  r ’ - -- ic - n a and t i n t -  p r i m a r y  c - n c - n - ~ y i s  v i - u r i  - - - t ar  - u i - n i - n i - i  t i n - -  [in n ju;

u r n ; ,  t h e”  loss i - u t - a k  w i l l  sl-u i, f ta r i - n  u - i - n m - r u ; ’ ,’ ms t i m ’ -  r c ’ i - n c - n n a n e ac-
c- m c i - n i - h i t  c o m a s  c h a n g e . l-’ i c ; c u n c  7 O h n  i l l - n s f  n i t -S t i m e -  cond i I m ’ ntis
w i n - - t m  t h e  p r i m a r y  ene rgy  i s  a i - c - n n i - e - w h , m t  i - -low E1 i - - u r n - b  a a i - - i - i i - - - w t m , i t

m l - - - : , ’ E 13. ~‘ i a e - n t i m - -  p r i m a r y  c - r i - c - r u ; ’1’ is b c c ’ l m ’ w  I t 1 t I n c - r n  i - g n u - u t  ion 8.8
a s  Suit lSflc-d for a l a r u ; c a  v a l n u e - o f  P~~ and  c o r r m ’ a m ; i - c - i -n u b i n m - l l y i c r -; ’-

c - n i - c - r n ’: loss w .  As t h e  p r i m a r y  e n e r g y  i ni - m a n c- usc’s , t he n e c e s s i - m n y
v - m i n t - s  u - f  P~~ and w t i - u  c a n u s e ’  r e u - c - i n i u m n n t i - e  d t ’ c i t - - m s t ’  m m m i  so t i m ’ -  ; c c ’ , m k

s h i f t s  u s  t h e  loss ~i- r c - f i l c -  t c _ a w a r i - b n m  s m a l l e r c - n c - n - i - - ;  loss ‘:amluc ’s .
li - l i l l y, this shift mr m uj continues until !‘~~ = 0, b m u i t  th e ’- i n t e n s i t y
c-m an es ~ - i - zero when P~ - 0 so the max inmum sh m f t  us n e c - e n  n b - s e r v e d .

B .2.4 Non—norma l Angles of m ci - ic -n c- - -

lbs-n t im e primary electrons c-re incident on the sample- at
- ui - her than normal rn ta id ence the ’ symmetric bc -ia: m e- ior about f-he (00)
diffraction beam is lost. Whi]e ’ Ge remains the same as qie— e-n by
eq ;imtion 8.11 th e - results ,mn e’ modif i c- mi bccausc - K0, is no lon-;er
m’ e ’ r m ) .  Conservation of parallel momentum now is g i v e n  by

• I = K + P 13.16
u _a le II

Using expression B.16 with the same sort of analysis as for
equations B.l2 — B ,l4 , leads to the expression

w— ~a -e 1/2
P = I ~~~~ — (K sin 9 — K sin Qr ]  .

1 0 0

As before when the prim a ry energy is f a i n removed f rom the
reasonance energies therm the a n g u l a r  d i s t r i b u t i o n  w i l l  be a s ing le t
wh i ch is propor t i o n a l  to P.L. . The maximum of this singlet will
occur w i n e - n e -  P11 = 0 which d ives

K
- 0 -s i n  9 = —- s l u m  9 B . l 8max K 0

T h i s  angle depends on both the primary energy and f-he energy loss
value , w , so the angular behavior becomes more  comp l i c a t e d  but

• - j i - i m l i t a t i v e l y ~t is similar to f-hat discussed prev iousl y for  nor ma l
incidence . A cutoff angle can also be defined as

1 - 2
K w— ~~~u -

= [ s i n  9 + ( 20) 1 3 . 1 94 c 0 -

The r esonanc e c o n d i t i o n s  of e q u a t i o n s  B . 6 - B . 9 can be
r e w r i t  c e n  i n  t e r m s  of 9 n  t h e  resonance  becomes

2 K  cos 9 B . 2 0
0 0 d
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0

— w f n j  I i- l u e -  ~i- r e - s e u a i - m n m c c -  i u - - u -

IF: cos ~ 
I n  8.21

i-I

Th e ’  I _c - ‘ S 1i -~ t - m c i - m i - b  r - ‘ a m- u i - n -  m r i c e - -s - i re - i - gui - - - i I i c-mi b y

- 

2 
1~

K cos — 4 K c-Os i-e-e 1 ( (  ~~ )
) — (K s in  ‘~ —1< s i n  9)

0 0 0 0

-- 2 ‘i- B.22

a la n a
w — i  

- 2 1/ 2
I-a c c - s  — - K cos 9 + ( (  

~~~~~~~~~~~~ 
— (K s i n  c,~ —K s i n  9) 1

- - 0 0 0

1 3. 2 3
d

As - m n c i - n t c - m t out in  n e - f e r e n c e  46 the  f i r s t  resonance  to occur
i n n  t h e  a ngu l a r  p r - i - f  i I t ’  as t h e  p r i m a r y  e n n t ’r qy  is  i rccreascd is due

i - - u  - -  i - c t  ion 8 . 2 2 ;  t h i s  g ives  a low a n g l e  peak fo r  E c E B as depic ted
in t u - n . 7 l a .  As the energy is increased this peak moves toward

~ m n - n i e - s ,  m r n i - b  a second peak on the  o the r  s ide of the  LEE D beam
occunm m  i -u i - nd moves toward larger angles, At the same time a
r t - s , , n , a i - a c e -  i n  t he  A b t e rm g i v e s  an o v e r a l l  i nc r ea se  to t h i s  d o u b l e t .
Th i s ‘ u i - - b i t  ion is  shown in  f i g .  7 1b f o r  t i n t -  case where  K = E B .
The loss b -I  i - _ an - - di I f  r a c t  ion r c - s c n m , m n m c c -  c;iven by equation B. 23 is
s t i l l  no’- i - - - i ~~- a m b , l e -  e~ l i - c - i n n ;  t u n e d ; however , as the  e n e rgy  is r a i s ed
, m b m - u v e -  it 8 ,m I - m w  , i n m ; l e  p e a k  b c ’m t i n s  i - l i - m i- - to t h i s  n ’esonanmce .  T h i s  new

m e - i - a ‘ - a - i n s - c -  combines  w i t h  t h e  low a r m - j i e  resonance- of equation B.27
- - - - n c - i -  c 1 - m r  c -  low - i n i mj t’ -c cl i -  as shown i n f i n ;  . 7 lc . As the

pm m i - i - u m n  7 ernt ’ n - ; - i-’ us in c r e a s e - u i  f u r t h e r  the  r e s o n a n c e - s  due  to eq. 1 3 . 2 2
m i n i  i - t i e  A~ t e r m  d ie  i - n u t  bu t  tine- low angle peak due  to t h e  resonance

of eq. 8 . 2 3  moves t o w a r d s  ‘i - l i t -  LEED beam and f - b c -  A i-. resonance causes
t i m e -  i n n t e - r n s i t y  to u ;r o w . T h i s  c o t i - e h i t i o r i  is dep i - a t e - c i  in fi g. 7ld
t u m  a p r a n i - u a l r -i-’ energy a little below E8+w.  For K - EB+W the low

i- u r n - n i l ’  ~u u k  Ices out and i-u high a n g l e  peak is a l lowed by c -n ~ . B . 2 3 ,
h i - - i t  C h i c ’  m l e’cn ,c i~-me in  the  Ac n e - s n _ c h a n c e  causes  t h i s  peak to be weak.
li m .  ri e n _ c -  pr  m i - a - m v e nergy is f a r  above E3+w the anc-ular distribution
f u - - c ’ m n - u e - a m  m w c - - u k  asymmetric sing let centered about  t he  an g l e  s p e c i f i e d

j ’ -~~~~~~~~~~ ion B. 18.

8. 3 m -m c m n i .  ice Losses

ILFIED involvin g surface- losses differs from the bulk loss
c - , i n s -  i n  tha t i - h o -  m o m e n t u m  of  the su r face  e x c i t a t i o n  l i es  para l le l
I - c t i e -  c - m m  r I - I c e  - m~ n -i i- m i nce f - l i e - r e -  is rio normal momentum the sideband
r ’ - a - ; e c n c I n m c - e  i ’ m  i - i c - i - .  e x i s t .  Neglec t m g  Ii o~m e b o n j n q  effects there are
onl y i - w i )  ~m m m ’ ; I e s  t e n t  a given I c e _ c s  value , w , for wh ich  p a r a l l e l
momentum m m m l  ener gy cc-n be conserved . This leads t o  two narrow
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n c c - i - c ks in the anc iular distribution , f o r  , u l l  p r i m ar y  e n e rg i e s ,
i- i t  t he ’ sc a t t e r i n g  an q l e s  w h i c h  i - m c i t i s f ’ - , ’ C l u e - i - m c i -  con s e r v a t i o n
c o n dit i o n s ;  t h i s  is  i ll u s t r a c e d  on t h e ’  l i - f t  h a n d  s i d e  of f ig .  4 .
The r e l a t i ve  i n t e ns i t y  of t h e s e  p e a k s  d c - p c - r i d s  on t h e  an q i e  of
i n c i d e n c e  and e x c i t a t i o n  cr oss s e c t i o n s , a l s o , s i nce  the A b

m m-i A
~ resonances still occur , they are c ’ :~:V- ei-: t ed t o m a x i m i z e

near  p r i m a ry  e n e r g i e s  of E B and  E
8
+w.
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