
]2~ S H O R T  C O M M U N I C A T I O N S  

Tab le  1. Final  parameters 

4 Cu  (a) 0 0 0 

4 S (c) 0-185 0.250 0.445 
4 0 i  (c) t).141 0.250 0.755 
4 e l i  (c) 0.375 0.250 0.439 
8 0 m  (d) 0. ! 29 0-069 0.307 

Tab l e  2. Interatomic distances 

Coordination polyhedron around copper:  

Cu-Oi = 2-37 A (2 x 
Cu-()ll  = 2.00 (2 x 
C u - O m  = 1-89 (2x 

Oii--Oii I ---- 2.72 

Sulphate te t rahedron : 

S-OI = 1.54 A 
S-Ol~ = 1-59 
S-OIH = 1-46 (2× 

OFOII I  = 2.48 (2 x 
Oi--Oii --~ 2-49 
O i i - O m  = 2-48  (2 x 
O H I - O H I  = 2.42 

Primes denote equivalent  atoms. 

()II-OIIt = 2.78 .1i 
( ) l -Oi l  = 2.68 
O i - O i l l  = 3.13 
Ot--O~i[ = 2.93 
O 1 - O l l  = 3.46 

T h e  s t r u c t u r e  was  re f ined  b y  F o u r i e r  a n d  d i f fe rence  
s y n t h e s e s  u s ing  t h e  i n t e n s i t y  d a t a  p u b l i s h e d  by  K & R .  
S t r u c t u r e  fac to r s  were  c a l c u l a t e d  us ing  t he  a t o m i c  scat-  
t e r ing  cu rves  for  Cu + a n d  O f rom the  w o r k  of B e r g h u i s  
et al. (1955) a n d  for S f r o m  the  w o r k  of Vicrvol l  & Ogr im  
(1949). T h e  cu rves  were  m o d i f i e d  for O-  a n d  S +'. T h e  
final  p a r a m e t e r s  o b t a i n e d  are  g iven  in Tab le  1. Tab le  2 
g ives  t he  i n t e r a t o m i c  d i s t ances .  T h e  va lues  of t he  reli- 
ab i l i ty  index  R, o b t a i n e d  for t h e  zones  [010] a n d  [001] 
are  0.14 a a n d  0.16.~ r e spec t ive ly ,  as a g a i n s t  0.19 a an(l 

0.19~ o b t a i n e d  by  t he  p r e v i o u s  workers .  F u r t h e r  refine- 
m e E t  of t he  s t r u e t m ' e  was  n o t  poss ib le  w i th  t he  p r e s e n t  
i n t e n s i t y  d a t a .  The. p r o b a b l e  e r ro r  in t h e  loca t ion  of t he  
a t o m s  is e s t i m a t e d  to be 0.03--0.05 A. 

F r o m  t h e  i n t c r a t o m i c  d i s t ances  g iven  in Tab l e  2 i t  is 
seen t h a t  Cu - ( ) i i  d i s t a n c e  has  dec reased  f rom 2.15 ..~ 
( K & R )  to 2-00 .&; t h e  C u - O I H  a n d  Cu--Oi d i s t ance s  
h a v e  increased  f r o m  1.87 a n d  2.36 :~ ( K & R )  to 1.89 a n d  
2.37 ~t. T h e s e  c h a n g e s  in t he  i n t e r a t o m i c  d i s t ances  
in(l icate w i t h  g r e a t  p r o b a b i l i t y  t h a t  Cu has  n e i t h e r  t he  
(2 + 2 + 2) c o o r d i n a t i o n  as g iven  by  t h e  p rev ious  a u t h o r s ,  
no r  t h e  n e w  t y p e  of (2 + 4 )  c o o r d i n a t i o n ,  b u t  t he  usua l  
(4 + 2) c o o r d i n a t i o n ,  a l t h o u g h  t h e  C u - O  d i s t ances  in t h e  
s q u a r e  p l a n a r  c o o r d i n a t i o n  are  n o t  o b s e r v e d  to  be 
e x a c t l y  equal .  

I a m  g r e a t l y  i n d e b t e d  to  Prof .  J .  Z e m a n n  for sugges t -  
ing t he  p r o b l e m  a n d  gu id ing ,  to  l ) r  ~,V. H.  B a u r  for  m a n y  
he lp fu l  d i scuss ions  a n d  to  t he  F ree  a n d  H a n s e a t i c  Ci ty  
of H a m b u r g  for  a w a r d i n g  a scho la r sh ip .  
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T h e  X - r a y  p o w d e r  diffracti<m l )a t t e rn  of M a l l i n e k r o d t ' s  
UO:~ has  r e c e n t l y  been  i n t e r p r e t e d  (Connol ly ,  1959) in 
t e r m s  of a rn<moclinic uni t  ee.ll. Conno l ly  d rew  a t t e n t i o n  
to a n u m b e r  of r e m a r k a b l e  spl i t  l ines an(t a sc r ibed  these  
to p s e u d o r h o m b i c  s y m m e t r y .  H o w e v e r ,  this  i n t e rp r e t a -  
t ion  is w e a k e n e d  by an  o v e r w h e l m i n g  n u m b e r  of mul t i t ) ie  
index ings .  T h e  t o t a l  n u m b e r  of tr i t) lets liste(t is a b o u t  
()f t he  n u m b e r  of ava i l ab le  t r ip le t s ,  bu t  th is  f igure  (lrops 
to  10% if t he  n u m b e r  of o b s e r v e d  lines is p u t  ins tead .  
Moreover ,  t he  f i rs t  ' spl i t  l ine' ,  cons i s t i ng  of t he  s t r o n g  
4 th  a n d  5 th  line, is n o t  even  r e m o t e l y  a c c o u n t e d  for by  
t he  indices  s t a t ed ,  for  w h i c h  w r o n g  cMcula ted  va lues  are  
g iven .  On ly  (300) w i t h  sin z 0 = 0 . 0 3 1 4  is acce i ) table  here,  
s() t h a t  one  s t r (mg  line r e m a i n s  u n e x p l a i n e d .  

A n e w  i n t e r p r e t a t i o n  for t he  s a m e  d a t a  is prop()se(l 
now,  based  u p o n  t he  q u a d r a t i c  f o r m  

104 sin -~ 0 = q =  124"75(h 2 + k  2) + 2"Shk + 14-95l", 

w i th  h + k + l  even .  I t  a c c o l m t s  for 44 lines, which  is 

36% of t he  n u m b e r  of ava i l ab le  t r ip le t s .  Six lines m u s t  be 
asc r ibed  to impur i t i e s .  T h e y  occur  a t  t he  h i g h e r  ang les  
a n d  the i r  i n t e n s i t y  is f rom 'w' to 'vvw' e x c e p t  for q = ] 896 
a n d  2109. These  two  f igure  as ' m e d i m n '  in Conno l ly ' s  
list, b u t  t h e y  are  n o t  men t ione ( t  a t  all in ear l ier  o the rwi se  
s imi la r  d a t a  ( ] )awson  et al., 1956). 

I ' os i t ive  f ea tu res  of t he  p r e s e n t  i n t e r p r e t a t i o n  are :  

(a) T h e  spli t  lines s tan( t  ou t  u n m n b i g u o u s l y  as hkl, h~:l 
d o u b l e t s  c a u s e d  by  p s e u d o s y m m e t r y .  

(b) T h e  n m n b e r  of molecu le s  in t he  b o d y - c e n t e r e d  u n i t  
cell 

a = b = 6 . 9 0 ,  c = 1 9 . 9 2 A ,  a = f l = 9 0 ,  7 = 9 0 . 5 T  ~, 

cor respon( t ing  to t he  a b o v e  q u a d r a t i c  f()rm, is Z = 15 
a c c o r d i n g  t() t he  d e n s i t y  used  by  Connol ly ,  and  
Z = 16.7 if t he  UO:~ v o l u m e  is t a k e n  to be  equa l  t() 
i ts va lue  in ~-U():~. B o t h  f igures  sugges t  Z = 1 6 .  
T h e  la t t i ce  is a c t u a l l y  f ace -cen te red  o r t h o r h o m b i c  



S H O R T  C O M M U N I C A T I O N S  323 

~C 
,~. 

8 

N 
,5, 

(.) 

qo qc bkl 

139 140 101 
238 239 004 
259 260 103 
307 307 112 
312 312 I I2  
500 499 200 

499 105 
560 559 202 
635 634 21-1 
643 644 211 
758 754 213 
761 764 213 
783 785 ll(i 

I qo 

m 858 
Bvvw 1036 

w 1224 

u, 1255 
u, 1303 
w 1310 
w 1337 
m 1357 

Bvw 1459 
vw 1491 
m 1622 
~n 1652 

T a b l e  1. X - r a y  data  

qc bkl ~ 1 qo 

858 107 i w 1741 
1037 206 i w 1760 
1227 2:24 Bw 1771 

1258 303 w 1788 
1300 312 w 1856 
1315 312 m 1896 
1336 10t,} w 1914 
1354 217 w 1947 

wc I !164 
1456 208 w 2000 
1494 314 vwv 2031 
1622 321 m 2109 
1652 321 w 2158 

qc hkl 

1742 323 
1747 1,1,1o 
1772 32:) 
1778 3~6 
1793 316 
1856 307 

1945 228 
1965 228 
1996 400 

2 1 5 3  0,0,12 

I qo qc hkl 

m 2229 2223 330 
2235 404 

s 2326 2328 332 
vw 2490 2485 415 
m 2529 2534 406 
w 2545 2535 422 
m 2569 2575 422 
vw 2740 2734 3,1-,10 
m 2767 2761 3,~6 
w 2853 2848 329 
w 2944 2953 408 
vw 2991 - -  - -  
w~w 3076 - -  - -  
• a' 3165 3164 431 

w i t h  a u n i t  cell  (a '  = 9 . 7 0  ~+~, b' = 9 - 8 0  A, c' = c )  t w i c e  
as  l a rge  as  t h e  b o d y - c e n t e r e d  m o n o c l i n i c  u n i t  cell  
w h i c h  is u s e d  here .  S ince  t h e  f o r m e r  can  a c c o m -  
m o d a t e  32 a s y m m e t r i c  un i t s ,  t h e  v a l u e  Z =  16 for  
t h e  l a t t e r  i n v o l v e s  no  a n o m a l i e s .  
I n  t h e  b o d y - c e n t e r e ( l  d e s c r i p t i o n ,  t h e  ind ices  of  all  
i n d e x a b l e  l ines  fo l low t h e  r a t h e r  s e v e r e  spec ia l  
r e s t r i c t i o n s  of  t h e  s p a c e - g r o u p  I 41 /am d .  B e l o w  q =  
1800, for  i n s t a n c e ,  t h e s e  r e s t r i c t i o n s  a c c o u n t  for  19 
of  t h e  31 a b s e n t  ind ices  t r i p l e t s  on  a t o t a l  of 58 

a v a i l a b l e  t r i p l e t s  in t h e  s a m e  r ange .  Th i s  s u g g e s t s  
t h a t  p s e u d o - t e t r a g o n a l  s y m m e t r y  a p p l i e s  n o t  o n l y  
to  t h e  l a t t i ce ,  b u t  t o  t h e  s t r u c t u r e  as  wel l ,  in ac-  
co r ( t ance  w i t h  t h e  e q u a l  i n t e n s i t i e s  of  hkl  a n d  hkl  
in t h e  ' sp l i t  l ines ' .  
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In a r e c e n t  p a p e r  M a y e r  & H i e d e m a n n  (1959) d e s c r i b e d  
v a r i o u s  u l t r a s o n i c  m e t h o d s  for  t h e  d e t e r m i n a t i o n  of  t h e  
e l a s t i c  c o n s t a n t s  of  t r a n s p a r e n t  s ingle  c r y s t a l s .  T h e s e  
m e t h o d s  w e r e  ai)plie(1 to  u l t r a s o n i c  v e l o c i t y  m e a s u r e m e n t s  
in v a r i o u s  c r y s t a l l o g r a p h i c  d i r e c t i o n s  in saf)l)hire.  F r o m  
t h e  m e a s u r e d  ve loc i t i e s  a n d  f r o m  t h e  o r i e n t a t i o n s  s u p p l i e d  
b y  t h e  m a n u f a c t u r e r  of  t h e  s a m p l e s ,  t h e  six e las t i c  
c o n s t a n t s  of  s a p p h i r e  w e r e  calculate<t .  M o r e  r e c e n t l y  
\ V a c h t m a n  et al. (1960) r e p o r t e d  t h e  w f i u e s  of  t h e  e las t ic  
m o d u l i  of  s y n t h e t i c  s a p p h i r e .  A c o m p a r i s o n  b e t w e e n  
the i r  d a t a  a n d  t h e  r e su l t s  o b t a i n e d  b y  t h e  a u t h o r s  
showe<l s o m e  discx<~pancies w h i c h  ind iea te ( t  t h a t  t h e  
a c t u a l  o r i e n t a t i o n s  of  s o m e  of t h e  s a m p l e s  c o u l d  h a v e  
b e e n  dif ferent :  f r o m  th<)se c o m m u n i c a t e < t  to  us  b y  t h e  
m a n u f a c t u r e r .  A s u b s e q u e n t  r e d c t e r m i n a t i o n  of t he  
( ' rys ta lh>graphic  o r i e n t a t i o n s ,  p e r f o r m e ( l  b y  t h e  N a t i o n a l  
B u r e a u  of  S t a n d a r d s ,  s h o w e d  th i s  w a s  t h e  ease  f()r one  
s a m p l e .  

T h e  v e l o c i t y  m e a s u r e m e n t s  t a k e n  previ(>usly  b y  t h e  
a u t h o r s  can  n o w  be  i n t e r p r e t e ( t  on  t h e  bas i s  of  t h e  
c o r r e c t e d  or ien ta t i<m of t h e  s a m p l e s .  T h e  e x a c t  Chr i s to f f e l  
e q u a t i o n s  a re  u s e d  to  c a l c u l a t e  a n e w  se t  of e las t i c  
c o n s t a n t s  of s y n t h e t i c  sa t )phi re .  T h e  e v a l u a t i n g  l ) rocedu re  
g i v e n  in t im ea r l i e r  p a p e r  is in p r i n c i p l e  i n c o r r e c t  a n d  
shouh t ,  t h e r e f o r e ,  n o t  be  u s e d ,  a l t h o u g h  it lea<is to  p rac -  
t i ca l ly  t h e  s a m e  v a l u e s  of  Cpq in t h e  ease  of  s a p p h i r e .  

October 1960) 

T a b l e  1 l is ts  t h e  c o r r e c t e d  v a l u e s  t o g e t h e r  w i t h  t h e  a v e r a g e  
v a l u e s  g i v e n  b y  ~ V a c h t m a n  et al. (1960).  

T a b l e  1. Elas t i c  constants  of  synthet ic  sapph i re  

In units  of 1012 dyne/era.  2. 

W a e h t m a n  Presen t  
(Ypq et al. work 

(~l l 4.968 4.96 
C33 4.981 5"02 
C44 1.474 1-41 
C12 1.636 1.35 
(71:~ 1 .109  1-17 
C H -- 0-235 -- 0.23 

'.Fhe a u t h o r s  wish  to  t h a n k  J .  B.  ~ ,Vachtman J r .  an(l  
11. (; .  L a i n  J r .  of  t h e  N a t i o n a l  B u r e a u  of  S t a n d a r d s  
for  he lp fu l  d i s c u s s i o n s  a n d  for  r e d e t e r m i n i n g  t he  o r i e n t a -  
l ion  of  t h e  smni) les .  
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