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ANISOTROPIC THERMAL EFFECT ON Cd SINGLE CRYSTALS 

E. DARTYGE and A. SADOC 

LURE ( C N R S ,  CEA ,  M E N ) ,  B 8 t .  2 0 9  D ,  F - 9 1 4 0 5  Orsay C e d e x ,  F r a n c e  

Resume : L ' e f f e t  de l ' a g i t a t i o n  t h e r m i q u e  s u r  l e s  s p e c t r e s  EXAFS d u  cadmium 
e s t  e tud ie  p o u r  2 o r i e n t a t i o n s  d i f f h r e n t e s  de m o n o c r i s t a u x  e t  en  f o n c t i o n  de l a  
t e m p e r a t u r e .  Les  d e p l a c e m e n t s  m o y e n s  s o n t  e v a l u e s  p o u r  l e s  p r e m i e r s  
v o i s i n s  a l ' i n t e r i e u r  du  p l a n  hexagona l  e t  h o r s  du  p l a n  hexagona l .  

A b s t r a c t  : The t h e r m a l  m o t i o n  i s  e v a l u a t e d  f o r  o r i e n t e d  Cd s i n g l e  c r y s t a l s ,  
and  f o r  t h e  f i r s t  s h e l l s  o f  d i s t a n c e s .  A s e p a r a t e  e v a l u a t i o n  i s  g i v e n  f o r  t h e  E 
atoms o u t  o f  t h e  b a s a l  p l a n e  and f o r  t h e  6  a toms i n s i d e  t h e  hexagona l  p lane .  

I - I n t r o d u c t i o n  

When s t u d u y i n g  t h e  l a t t i c e  d i s t o r s i o n  a r o u n d  Z n  Cu a l l o y s  ( 1 )  we 
r e c o r d e d  t h e  EXAFS s p e c t r a  o f  p u r e  Z n  s i n g l e  c r y s t a l s  a t  v a r i o u s  
t e m p e r a t u r e s . f r o m  300 t o  60 K  i n  o r d e r  t o  e x t r a c t  Z n  p h a s e  s h i f t s .  Two 
o r i e n t a t i o n s  w e r e  chosen,  t h e  h e x a g o n a l  c  a x i s  p a r a l l e l  t o  t h e  p o l a r i s a t i o n  
v e c t o r  e  o f  t h e  x  r a y  beam and  t h e  a  / /  e  o r i e n t a t i o n .  E v e n  a t  60 K, t h e  
c o n t r i b u t i o n  o f  t h e  t h e r m a l  m o t i o n  seemed i m p o r t a n t  f o r  t h e  c  / /  e  s p e c t r a  
s i n c e  t h e i r  a m p l i t u d e  w a s  s m a l l e r  b y  a p p r o x i m a t l y  a  f a c t o r  o f  t w o  o f  what  
s h o u l d  b e  e x p e c t e d  f o r  t h e  6  Zn  a toms l o c a t e d  ou t  o f  t h e  hexagona l  p lane .  ( th is  
was n o t  t r u e  f o r  t h e  a  / /  e  s p e c t r a )  However ,  an  a n a l y s i s  o f  t h e  t h e r m a l  mot ion  
v e r s u s  t e m p e r a t u r e  i n  t h i s  d i r e c t i o n  was  no t  p o s s i b l e  because  t h e  c r y s t a l s  d id  
n o t  s u p p o r t  l o w e r  t e m p e r a t u r e  t h a n  60 k  w i t h o u t  b r e a k i n g .  We r e p o r t  h e r e  
s u c h  a n  EXAFS s t u d y  o n  c d  o r i e n t e d  s i n g l e  Cd c r y s t a l s  w h i c h  s u p p o r t  
t e m p e r a t u r e s  v a r y i n g  f r o m  30 t o  300 K wi thou t  any  p r o b l e m .  Cd c r y s t a l s  have 
a  h . c . p .  s t r u c t u r e  w i t h  a  c / a  r a t i o  = 1 .886  a t  r o o m  t e m p e r a t u r e ,  wh ich  
i m p l i e s  a  l a r g e  d i f f e r e n c e  f r o m  a  c l o s e  p a c k i n g  o f  Cd a t o m s .  I n  fac t ,  a t  r o o m  
t e m p e r a t u r e  t h e  f i r s t  s h e l l  o f  12 Cd a toms a r o u n d  t h e  c e n t r a l  a tom c o n s i s t s  of 
6 Cd a t  3.29A ( o u t  f r o m  t h e  h e x a g o n a l  p l a n e )  a n d  6 Cd a t  2 . 9 8 A  ( i n  t h e  
hexagona l  p lane) .  Th is  d i f f e r e n c e  f r o m  an i d e a l  h c p  s t r u c t u r e  i s  g r e a t e r  t h a n  
i n  t h e  c a s e  o f  Z n  c r y s t a l s  w h i c h  w e r e  s t u d i e d  b y  B r o w n  e t  a1 (1 ) .  There fo re ,  the 
a n i s o t r o p y  o f  t h e  t h e r m a l  m o t i o n  i s  e x p e c t e d  t o  b e  m o r e  i m p o r t a n t  i n  cadmium 
t h a n  i n  z inc  as was shown b y  T h u l k e  and  Rabe (3 )  on p o l y c r i s t a l l i n e  Cd : at  77 k 
t h e y  o b s e r v e d  o n l y  t h e  Cd-Cd d i s t a n c e  c h a r a c t e r i s t i c  o f  t h e  6 Cd i n  t h e  
hexagona l  p l a n e .  The absence  o f  a  c o n t r i b u t i o n  o f  t h e  o f f -p lane  a toms was 
e x p l a i n e d  b y  a  l a r g e  damping e f f e c t  due t o  t h e r m a l  m o t i o n .  I n  fac t ,  one o f  us 

(4) has  a l s o  r e m a r k e d  t h a t  a l though  t h e  z e r o s  o f  t h e  p o l y c r i s t a l l i n e  Cd at  room 
t e m p e r a t u r e  a r e  c h a r a c t e r i s t i c  o f  o n l y  t h e  s h o r t  d is tance,  t h e  amp l i tude  i n  t h e  
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100-200 eV range cannot be w e l l  f i t t e d  using on ly  t he  6  Cd-Cd pa i r s  at 2.98 A : 
t h e  second d is tance had t o  be taken i n to  account.  So the  con t r i bu t i on  of the 
Cd-Cd p a i r s  a t  3.29 A i s  not comple te ly  negl ig ib le,  even at room temperature .  
However, as was po in ted out b y  Thu lke  and Rabe, it i s  necessa ry  t o  do the  
measurements on or ien ted s ing le  c r y s t a l s  i n  o r d e r  t o  measure  separa te ly  the 
t h e r m a l  mot ion f o r  these two  d i f fe rent  d istances.  
I1 - Sample p repa ra t i on  and exper iment 

The bu lk  cadmium s ing le  c r y s t a l s  we re  p repa red  by J. Godard (5). They 
were  g r o w n  wi th  a  Bridgemann method, Laue or ientated,  cut at - 0 .1  mm thick 
and then  etched t o  obtain a  p la te le t  of - 25 p.  Two or ien ta t ions  
w e r e  chosen : one c lass  of c r y s t a l s  had the  a  and e  axes p a r a l l e l  t o  the 

s u r f a c e  of t he  p la te le t  ( ( o l i o )  planes) and the  o the r  was cut  perpend icu lar  t c  
t he  c  axis, p a r a l l e l  t o  the  hexagonal p lane (0001). The p la te le t s  we re  put inside 
a  c ryos ta t ,  perpend icu lar  t o  t he  x  r a y  beam. 
Acco rd ing  t o  Beni and Platzmann (6) and consider ing the  hexagonal s t r u c t u r e  of 
z inc,  c / / e  EXAFS s p e c t r a  g i v e  an e s t i m a t i o n  o f  a b s o l u t e  mean  squa re  
d isp lacement  o f  t h e  6 Cd out of t h e  basa l  hexagonal  p lane only,  and a/ /e 
spect ra ,  of t h e  6 hexagonal atoms w i th  a  sma l l  con t r i bu t i on  of t he  o f f  plane 
atoms. The spec t ra  were  reco rded  f r o m  300 K t o  30 K a t  DCI wi th a  channel cut 
Si (400) monochromator  which gives a  reso lu t i on  of about 15 eV at t he  Cd edge 
(26.7 keV). The EXAFS spec t ra  were  obtained a f t e r  subst rac t ing  a  background 
cons t ruc ted  b y  smoothing the  absorp t ion  spect ra .  
I11 - Resul ts and discussion 



F i g  1 shows t h e  EXAFS s p e c t r a  f o r  b o t h  o r i e n t a t i o n s ,  F ig  2 t h e i r  
F o u r i e r  t r a n s f o r m s  (FT). It c a n  b e  s e e n  t h a t  t h e  a m p l i t u d e  o f  t h e  c / / e  s p e c t r a  
i s  l o w e r  b y  a  2 f a c t o r  t h a n  t h e  a//e, e v e n  a t  3 0  k. This c a n  a l s o  b e  o b s e r v e d  
f o r  t h e  F T  o b t a i n e d  i n  t h e  s a m e  c o n d i t i o n s  f o r  t h e  t w o  o r i e n t a t i o n s .  This  
a m p l i t u d e  c o m p a r i s o n  i s  m a d e  f o r  t h e  c r y s t a l  p a r a l l e l  t o  (0 110) p l a n e s .  The FT 
c o n s i s t  m a i n l y  o f  one peak (2.5-3.5A) .  Besides a  bump t o w a r d s  l o w  d is tances  
due t o  t h e  s t r u c t u r e  o f  Cd b a c k s c a t t e r i n g  amp l i tude ,  a  s m a l l  peak a p p e a r s  at  
7 0  K t o w a r d s  l a r g e  d i s t a n c e s  f o r  a / /e  o r i e n t a t i o n ,  due t o  t h e  c o n t r i b u t i o n  o f  the  
6 o f f  p l a n e  Cd a t o m s .  

DISTRNCES R 

YINDOW 1.08 1.38 7.05 7 .32  flTonlc UNITS 

DISTRNCES A 

WINWW . B I  1.00 7.08 7.82 RTORIC WITS 

f ig  2 

I n  o r d e r  t o  e v a l u a t e  t h e  t h e r m a l  m e a n  s q u a r e  d i s p l a c e m e n t  a / /  and  ol (D// 

p a r a l l e l  t o  t h e  b a s a l  p lane,  al c-oncerning t h e  a t o m s  ou t  o f  t h e  b a s a l  plane), 

t h e  b a c k s c a t t e r i n g  a m p l i t u d e s  A T  w e r e  e x t r a c t e d  f r o m  t h e  i n v e r s e  FT o f  t h e  

f i r s t  s h e l l  o f  n e i g h b o u r s  f o r  t h e  t w o  o r i e n t a t i o n s  a t  t h e  d i f f e r e n t  t e m p e r a t u r e s  

I n  t h e  c a s e  o f  h a r m o n i c  a p p r o x i m a t i o n  f o r  t h e  t h e r m a l  mot ion ,  a / /  and 
al a r e  t h e  s e c o n d  m o m e n t s  o f  t h e  g a u s s i a n  d i s t r i b u t i o n  f u n c t i o n  o f  d i s tances  

and  t h e  EXAFS m o d u l a t i o n  x (k) i s  p r o p o r t i o n a l  t o  : 
h'.lf .(k)l C w e x p  (-2R,/h)  cxp (-2k2cr;) sir; [ 2 k ~ ~  i- sj(k)l 

w i t h  ~ j t h e  h e a n  d i s t a n c e  be tween t h e  c e n t r a l  a tom an f  t h e  jUne ighbours  ; u .  = 
3 

u / / o r  01, Bi t h e  a n g l e  b e t w e e n  t h e  p o l a r i z a t i o n  v e c t o r  and  Ri, 6Sk) t h e  phase 
- -1 

s h i f t  and  h t h e  m e a n  f r e e  pa th .  F o r  a  s h e l l  o f  a t o m s  hav ing  t h e  same cs, t h e  
p l o t  o f  l o g  (AT/Ao)  v e r s u s  k 2  g i v e s  a  s t r a i g h t  l ine,  t h e  s l o p e  o f  wh ich  i s  equal  

t o  Z ( O ' ~ - G ~ O ' ) .  A. 1s t h e  a m p l i t u d e  o f  t h e  f i l t e r e d  l S t  s h e l l  a t  t e m p e r a t u r e  T ~ ,  

A T  a t  t e m p e r a t u r e  T. (Ratio method(7)). 

The Rat io  m e t h o d  i s  a l s o  u s e d  e v e n  i f  a  non  n e g l i g e a b l e  amount  o f  
a n h a r m o n i c i t y  i s  p r e s e n t .  I n  t h a t  case,  t h e  h i g h e r  o r d e r  c u m u l a n t s  o f  t h e  
d i s t r i b u t i o n  c a n  be e x t r a c t e d  and  

4 
L O ~ ( A ( T )  / A ( T , ) ) ~ ~ L o ~ ( R ( T , )  / R ( T ~ ) ) - ~ ( c ~ ( T ~ ) - c ~ ( T ~ ) ) ~ ~ + ~ / ~ c ~ ( T , ) ~  

C, a:,? C a r e  cu~i>ulnn;s cf o r d e r  2  and 4 o f  t h e  J i s t r i b u ~ i o z :  . - 4 
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f i g  3 ! 

The f i g  3  shows l o g  CA(T)/A(To)l v e r s u s  k' a t  d i f f e r e n t  t e m p e r a t u r e s  f o r  both 
o r i e n t a t i o n s .  I n  t h e  c a s e  o f  a / / e  s p e c t r a ,  t h e  c o n t r i b u t i o n  o f  t h e  l a r g e  
d i s t a n c e s  was n o t  s u b s t r a c t e d .  

I t c a n  b e  seen  i n  f i g  3  t h a t  h a r m o n i c  a p p r o x i m a t i o n  i s  c e r t a i n l y  no t  
v a l i d  f o r  185k and  300k (al), n o r  f o r  300k, a / /  . However ,  as a  f i r s t  a t tempt  of 

e v a l u a t i n g  t h e  t h e r m a l  d i s o r d e r ,  o n l y  h a r m o n i c  a p p r o x i m a t i o n  has been  
app l ied .  Tab le  I g i v e s  A D  f o r  t h e  t w o  o r i e n t a t i o n s  and  d i f f e r e n t  t e m p e r a t u r e s .  

T h i s  t a b l e  i n d i c a t e s  u n r e a l i s t i c  v a l u e s  f o r  h i g h  t e m p e r a t u r e s  
m e a s u r e m e n t s .  It w i l l  b e  n e c e s s a r y  t o  c a l c u l a t e  h i g h e r  o r d e r  c u m u l a n t s  and  
t o  u s e  a  m o d e l  o f  d i s t r i b u t i o n  o f  d i s tances  ob ta ined  f r o m  a  k n o w l e d g e  o f  phonon 
d i s t r i b u t i o n .  I n  t h e  case  o f  o l ,  r o o m  t e m p e r a t u r e  s p e c t r a  do n o t  ex tend  o v e r  a  
l a r g e  e n e r g y  r a n g e  and such an e v a l u a t i o n  w i l l  b e  d i f f i c u l t .  
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