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EXTENDED FINE STRUCTURE OF BRAGG REFLECTIVITY OF COPPER SULPHATE 
IN THE VICINITY OF COPPER K-EDGE 

I. AREON, A. KODRE, D. GLAVIE and M. HRIBAR 

Department of Physics of FNT and J. Stefan Institute, 
E. Kardelj University of Ljubljana, YU-Ljubljana, Yugoslavia 

ABSTRACT - The Bragg r e f l e c t i v i t y  of a monocrystal  of copper s u l p h a t e  i n  t h e  energy 
region around t h e  K edge of copper is examined f o r  a n  extended f i n e  s t r u c t u r e  
similar t o  EXAFS. A c a l c u l a t i o n  based on a model of a mosaic c r y s t a l  s h w s  t h a t  
t h e  s t r u c t u r e  is der ived frcm t h e  EXAFS as we l l  a s  frcm an  analogous e f f e c t  i n  t h e  
scat ter ing amplitude. The r e s u l t  can be  brought t o  t h e  same form as EXAF'S, b u t  wi th  
d i t i o n a l  phase s h i f t s .  I n  an exper imental  ccmparison of t h e  s t r u c t u r e  t o  t h e  
s tandard EXAFS of a t h i n  copper s u l p h a t e  p l a t e  t h e  e x i s t e n c e  of phase s h i f t s  i s  
confirmed. 

INTRODUCTION 

There have been s e v e r a l  observat ions  of t h e  EXAFS-like s t r u c t u r e  i n  t h e  Bragg 
r e f l e c t i v i t y  of c r y s t a l s  on t h e  high-energy s i d e  of absorp t ion  edges of c o n s t i t u e n t  
atms [I-31. I n  mosaic c r y s t a l s  where both t h e  i n c i d e n t  and t h e  r e f l e c t e d  X-ray 
beam a r e  mainly attenuated by photoabsorption t h e  e f f e c t  is apparen t ly  r e l a t e d  t o  
t h e  EXAFS i t s e l f ,  b u t  a d i r e c t  ccmparison h a s  no t  been repor ted.  Theore t i ca l  
arguments a r e  given [3-41 t h a t  t h e  a t enua t ion  of t h e  beam as we l l  a s  t h e  scat ter ing 
p rcceses  c o n t r i b u t e  t o  t h e  s t r u c t u r e .  

I n  t h e  p r e s e n t  paper e x p l i c i t  r e s u l t s  a r e  der ived fol lowing t h e  path  developed i n  
t h e  t h e o r e t i c a l  t reatment  of t o t a l  r e f l e c t i o n s  EXAFS 141. The e f f e c t  w i l l  be 
r e f e r r e d  t o  a s  BREFS (Bragg r e f l e c t i v i t y  extended f i n e  s t r u c t u r e ) .  Analogously t o  
t h e  r e l a t i v e  a t t e n u a t i o n  c o e f f i c i e n t  i n  EXAFS, t h e  r e l a t i v e  r e f l e c t i v i t y  is 
int roduced t o  r e p r e s e n t  BREFS: t h i s  i s  t h e  o s c i l l a t o r y  p a r t  of t h e  r e f l e c t i v i t y  of 
t h e  c r y s t a l  normalised t o  its smooth, s l m l y  varying average. These q u a n t i t i e s  a r e  
usua l ly  expressed i n  k-space, i. e .  a s  func t ion  of t h e  pho toe lec t ron  wavevector. 

We measured t h e  BREFS and EXAFS o n s c r y s t a l  of copper s u l p h a t e  a t  t h e  copper K edge. 
The exper imental  r e s u l t s  are used t o  test t h e  t h e o r e t i c a l  p red ic t ions .  

THE MODEL 

The i n t e g r a t e d  c o e f f i c i e n t  of r e f l e c t i v i t y  of a mosaic c r y s t a l  151 is given by ,. - 

where U denotes  t h e  f requency of t h e  s c a t t e r e d  wave, r t h e  c l a s s i c a l  e l e c t r o n  
r a d i u s ,  N t h e  number of s c a t t e r i n g  a t m s  p e r  u n i t  v o l d e  and u ( 8 )  t h e  w e l l  known 
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angu la r  dependence of Bragg r e f l e c t i v i t y .  The canponents of t h e  atomic s c a t e r i n g  
f c c t o r  are c w c t e d  [6 ]  by - .  

f l ( q )  ; - L J ~ u ~ " ( ~ )  d(J 
n o  0 % - 3  

( 2 )  

and t h e  absorp t ion  c o e f f i c i e n t  (U ) is propor t iona l  t o  t h e  imaginary p a r t  of t h e  
scat ter ing f a c t o r  

p ( u )  = 4 r, c N f l l ( U )  (3) 
U 

Its o s c m a t o r y  p a r t ,  t h e  r e l a t i v e  a t t e n u a t i o n  c o e E c i e n t  can, i n  k-space, be 
deccmposed i n t o  harmonic c o n t r i b u t i o n s  of consecut ive  s h e l l s  of neighbour a t ans :  

. "  
By d i f f e r e n t i a t i n g  Eq . ( l )  t h e  r e l a t i o n  between t h e  smal l  o s c i l l a t o r y  p a r t s  of 
X ( k )  , Af' and Af"  is obtained: 

7 7 r- -I 

Xp'k) = &%!- = l F ] A f i k )  + 1 3$j,9 )]nrll(k) (5) 
55 

The r e l a t i v e  r e f l e c t i v i t y  is expressed by t h e  f i n e  s t r u c t u r e  of t h e  canponents of 
t h e  sceiltering f a c t o r .  While Af" is d i r e c t l y  p ropor t iona l  t o  X ( k ) ,  t h e  i n t e g r a l  
operator  d e f i n i n g A f l  i n  Eq.(2) reduces ,  wi th in  t h e  same l i n e a r  aproximation, t o  a 
nega t ive  d e r i v a t i v e  of Af"  in t roduc ing  t h e  phase s h i f t  of 3T1/2. Conseqently, 
BREFS can be expressed as a sum of t h e  same harmonic terms a s  EXAFS: 

where ( f"2 - f t 2  ) 
g(k) = 

and ( f1lZ+ yP) 

Apart frcm t h e  s m a l l  i n c r e a s e  of t h e  amplitude, t h e  s h e l l  c o n t r i b u t i o n s  of EXAFS 
a r e  canbined t o  BREFS with  a d d i t i o n a l  phase s h i f t s .  

THE EXPERIMENT 

A monocrystal  of copper s u l p h a t e  pentahydrate  (CuSO 5H 0 )  is i n s e r t e d  f o r  t h e  
B r a g  c r y s t a l  of t h e  X-ray monochranator wi th  a conv&tignal  X-ray tube. A c r y s t a l  
p l ane  wi th  2d = 0.964 nm is used and t h e  r e s o l u t i o n  of 20 e V  a t  t h e  copper K edge 
(8.980 keV) is  achieved i n  t h e  t h i r d  order  r e f l e c t i o n .  The r e f l e c t e d  beam is 
analysed by a G e  d e t e c t o r  t o  d i sc r imina te  t h e  t h i r d  order  from o the r  r e f l e c t i o n s  
and f r a n  copper f luo rescence  of t h e  c r y s t a l .  More than 100 scans  of t h e  500 eV 
reg ion  above t h e  copper K edge a r e  superinnposed t o  e x t r a c t  t h e  s t r u c t u r e  from t h e  
s t a t i s t i c a l  no i se .  

The r e l a t i v e  r e f l e c t i v i t y  is obtained frcm t h e  exper imental  d a t a  by s u b t r a c t i n g  t h e  
smooth p r i n c i p a l  p a r t  def ined a s  a b e s t  fit th i rd -o rde r  polyncmial. The r e s u l t  is 
shown i n  Fig.1: f o r  c l a r i t y ,  t h e  s t a t i s t i c a l  e r r o r  i s  only given f o r  m e  d a t a  
p o i n t ,  being cons tan t  over t h e  region.  For a canpar ison,  t h e  r e l a t i v e  a t t e n u a t i o n  
c o e f f i c i e n t  is  shcwn bes ide  t h e  BREFS: it is t h e  s t andard  EXAFS of a t h i n  copper 
s u l p h a t e  p l a t e l e t  measured on t h e  same apa ra tus  wi th  LiF (220) c r y s t a l  i n  t h e  f i r s t  
order  r e f l e c t i o n  and i n  the  same r e s o l u t i o n  and s t a t i s t i c s  a s  above. 

CONCLUSION 

Taking i n t o  account t h e  s i z e  of t h e  s t a t i s t i c a l  no i se ,  t h e  two s e t s  of 
exper imental  d a t a  p o i n t s  i n  Fig.1 run remarkably w e l l  i n  parallel .  I n  copper 
s u l p h a t e  [7] t h e  EXAFS spectrum of t h e  copper a t a n  is governed by t h e  c o n t r i b u t i c n  
f r a n  t h e  f i r s t  s h e l l  of oxygen a t a n s :  The sums of Eqs. ( 4 )  and ( 6 )  a r e  daninated 
by a s i n g l e  s i n e  term, d i f f e r i n g  only i n  its phase. The average s i z e  of a phase 



Fig. 1 

k ( n m l j  
EXAFS spectrum ( + ) and the  r e l a t i ve  Bragg r e f l e c t i v i t y  (BREFS) ( o ) a t  
a t  the copper K edge. 

Fig. 2. EXAFS spectrum ( + ) transformed accordingly t o  Eq. 6. canpared t o  the  
BREFS ( o ). 
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s h i f t ,  a s  can be estimated f ran  the p l o t ,  i s  a l s o  i n  accord with the  t h e o r e t i c a l  
value of+. 38 rad (Eq. 6b) .  

To make t h e  t e s t  more s t r i n g e n t ,  we transformed the  experimental EXAFS spectrum 
with the  help of Eq. (6) and with t h e  phase s h i f t  ca lcu la ted  f r a n  s c a t t e r i n g  
f a c t o r  t a b l e s  [ 8 ] ,  i n t o  t h e  BREFS spectrum. I n  t h e  ca lcu la t ion  t h e  value of 25.0 
is adopted f o r  g ,  t h e  normal d i s p e r s i m  p a r t  of f' , t o  take i n t o  account t h e  
scattering angle of 40 degrees: The r e s u l t ,  t cge ther  with t h e  experimental BREFS is 
s h a m  i n  Fig. 2. 

It should be noted t h a t  the  abso lu te  value of t h e  Fourier  transform, as routinely 
used t o  i n t e r p r e t  EXAFS spec t ra ,  destroys t h e  phase informaticn. Thus, BREFS and 
EXAFS a r e  l a r g e l y  equivalent  when transformed t o  r-space. 
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