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C R Y S T A L S T R U C T U R E S O F CUBIC 
AND TRIGONAL Y T T R I U M H Y P O C A R B I D E S ; 

A D I M O R P H I C A L L Y I N T E R P H A S E D 
S I N G L E - C R Y S T A L STUDY 

by 

M. Atoj i and M. Kikuchi 

A B S T R A C T 

The f i r s t s i n g l e - c r y s t a l s t r u c t u r e d e t e r m i n a t i o n in the r a r e - e a r t h 
and r e l a t e d c a r b i d e s is p r e s e n t e d h e r e for y t t r i u m h y p o c a r b i d e , w h i c h 
exh ib i t s two m o d i f i c a t i o n s : the h i g h - t e m p e r a t u r e - d i s o r d e r e d cub ic s t r u c -
t u r e hav ing the c o m p o s i t i o n Y C ^ (x = 0 . 2 5 - 0 . 6 5 ) , and the l o w - t e m p e r a t u r e -
o r d e r e d t r i g o n a l s t r u c t u r e wi th t h e Y2C s t o i c h i o m e t r y . Both X - r a y s i n g l e -
c r y s t a l and n e u t r o n p o w d e r t e c h n i q u e s w e r e e m p l o y e d in the s t r u c t u r e 
d e t e r r a ina t ion . 

Our q u e n c h e d s ing l e c r y s t a l h a s s t a b i l i z e d t h e t r a n s i e n t s t a t e in the 
m i d s t of t h e c u b i c - t o - t r i g o n a l t r a n s i t i o n , and c o n s i s t s of one cubic and four 
t r i g o n a l c r y s t a l s w^ith t h e t r i g o n a l t r i a d ax i s p a r a l l e l to one of four cub ic 
t r i a d a x e s . The d o m a i n s i z e s of t h e s e five c r y s t a l s a r e d i f fe ren t f r o m one 
a n o t h e r , r e s u l t i n g in h igh ly c o m p l e x d i f f r ac t ion p a t t e r n s for w h i c h e x c e e d -
ingly e l a b o r a t e d i m e n s i o n a l and i n t e n s i t y i n t e r p r e t a t i o n s h a v e b e e n c a r r i e d 
out. The c h e m i c a l c o m p o s i t i o n s of the s a m p l e c r y s t a l w^ere d e t e r m i n e d 
a c c u r a t e l y by m e a n s of the d i f f r a c t i o n - i n t e n s i t y a n a l y s i s . S e v e r a l new s t a -
t i s t i c a l and a n a l y t i c a l m e t h o d s have b e e n d e r i v e d and i n c o r p o r a t e d in t h i s 
w^ork. 

Our cubic s t r u c t u r e , YCo.48» h a s b e e n u n i q u e l y d e t e r m i n e d to be a 
N a C l - t y p e wi th a = 5.115 + 0.002 A and w i th t h e c a r b o n a t o m s i t e s r a n -
d o m l y occup ied . The t r i g o n a l Y2C shows an a n t i - C d C l 2 - t y p e c o n f i g u r a t i o n 
wi th a = 3.617 ± 0.002 and _c = 17.96 ± 0.01 A. The c a r b o n a t o m s a r e 
l o c a t e d at the n o n p a r a m e t e r p o s i t i o n s , and t h e Y a t o m s a r e found at the 
o n e - p a r a m e t e r c o o r d i n a t e s wi th _z = 0.2585 ± 0 .0003 . The Debye t e m p e r a -
t u r e s ob ta ined f r o m the i s o t r o p i c t e m p e r a t u r e f a c t o r s a r e 230 ± 10, 170 ± 5, 
and 233 ± 6°K for Y C Q ^ S ( cubic) , YCo.48 (cubic) , and Y2C ( t r i g o n a l ) , 
r e s p e c t i v e l y . 

The c u b i c - t o - t r i g o n a l t r a n s f o r m a t i o n i s c h a r a c t e r i z e d by a s l igh t 
y t t r i u m - l a y e r d i s p l a c e m e n t a long the t r i a d ax i s and a m i g r a t i o n of the c a r -
bon a t o m s to c o n s t i t u t e a full and v a c a n t l a y e r s e q u e n c e . Our m u l t i d o m a i n e d 
s i n g l e - c r y s t a l s t r u c t u r e d e m o n s t r a t e s an i l l u m i n a t i n g e x a m p l e of i n t e r p h a s e 
and i s o p h a s e b o u n d a r y i n t e r c o r r e l a t i o n . R e v e l a t i o n of s u c h i n t e r p h a s e d 
s t r u c t u r e is a l s o the f i r s t e x a m p l e in t h i s type of compound . 



The cubic Y C ^ s t r u c t u r e h a s p r e v i o u s l y b e e n p o s t u l a t e d and the 
t r i g o n a l HogC s t r u c t u r e h a s a l s o b e e n r e p o r t e d , bo th t h r o u g h the p o w d e r 
t e c h n i q u e . Our s tudy h a s c o n f i r m e d t h e s e r e s u l t s u n a m b i g u o u s l y and p r e -
s e n t s the s t r u c t u r e p a r a m e t e r s wi th a s u b s t a n t i a l l y h i g h e r a c c u r a c y , h e n c e 
p r o v i d i n g d e t a i l e d i n s i g h t into the c h e m i c a l bonding and t h e p h a s e - t r a n s i t i o n 
m e c h a n i s m . A r e v i e w of the r e l a t e d s t r u c t u r e s is g iven to e m p h a s i z e s t r i k -
ing d i f f e r e n c e s in t h e bond p r o p e r t i e s b e t w e e n the r a r e - e a r t h and t r a n s i t i o n 
m e t a l c a r b i d e s . The c r y s t a l s t r u c t u r e of SC2C, p r e v i o u s l y r e p o r t e d i n c o r -
r e c t l y a s hav ing a cub ic s u p e r l a t t i c e , h a s b e e n p r o v e d h e r e to be i s o s t r u c -
t u r a l t o the t r i g o n a l Y2C. 

I. INTRODUCTION 

The c o u r s e of t h i s s tudy s p a n s n e a r l y one d e c a d e , though qu i te i n t e r -
m i t t e n t l y , d u r i n g wh ich we h a v e gone t h r o u g h s o m e w h a t confus ing s t e p s in 
r e a c h i n g t h e u l t i m a t e goa l : t h e c r y s t a l s t r u c t u r e d e t e r m i n a t i o n of y t t r i u m 
h y p o c a r b i d e , YC^^ (x = 0 . 2 5 - 0 . 6 5 ) . I ndependen t ly , a F r e n c h g r o u p ( D e a n e t a l . , 
1964; B a c c h e l l a et a l . , 1966; L a l l e m e n t , 1966) w a s w o r k i n g on s e v e r a l o t h e r 
r a r e - e a r t h h y p o c a r b i d e s , but t h e i r a p p r o a c h •was not s t r a i g h t f o r w a r d e i t h e r . 
As d e s c r i b e d l a t e r in d e t a i l , a m a j o r c a u s e for t h e confus ion in our c a s e 
a r i s e s f r o m the fac t t h a t the r a r e - e a r t h h y p o c a r b i d e f o r m s two c l o s e l y r e -
l a t e d , ye t d i f fe ren t , c r y s t a l l o g r a p h i c m o d i f i c a t i o n s wh ich f r e q u e n t l y c o e x i s t 
t h r o u g h i n t r i c a t e p h a s e - b o u n d a r y i n t e r r e l a t i o n s . In fact , our " s ing le c r y s t a l " 
w a s c o m p o s e d of f ive s i n g l e - c r y s t a l d o m a i n s wi th m u t u a l l y c o r r e l a t i v e a x i a l 
r e l a t i o n s . A d e t a i l e d c h r o n i c l e of b e w i l d e r i n g s u c c e s s i o n s in ou r p r o l o n g e d 
e n d e a v o r s is ou t l ined in Ch. II , s i n c e it w^ould be m o r e t h a n j u s t i n s t r u c t i v e 
to d i s c i p l i n e s in c r y s t a l l o g r a p h i c r e s e a r c h . C h a p t e r II i s w r i t t e n v e r y m u c h 
u n m a t h e m a t i c a l l y in c o n t r a s t to the fol lowing s e c t i o n s . 

Both X - r a y and n e u t r o n d i f f r ac t ion t e c h n i q u e s w e r e e m p l o y e d in the 
s t r u c t u r e d e t e r m i n a t i o n . We s t a r t e d w^ith the p o w d e r d i f f rac t ion m e t h o d , 
for the s ing le c r y s t a l w a s not t h e n a v a i l a b l e . L a t e r , a c c i d e n t a l l y , qu i te a 
few good s ing le c r y s t a l s w e r e found in an a r c - m e l t e d s a m p l e . T h e s e c r y s -
t a l s w e r e too s m a l l for n e u t r o n d i f f r a c t o m e t r y , but j u s t r i g h t in s i z e for the 
X - r a y e x p e r i m e n t . The s i n g l e - c r y s t a l X - r a y d i f f r ac t ion p a t t e r n s w e r e , h o w -
e v e r , u n u s u a l l y c o m p l e x . N e v e r t h e l e s s , w ê h a v e ob ta ined an u n a m b i g u o u s 
so lu t ion wi th w^hich the n e u t r o n p o w d e r da t a w e r e s u c c e s s f u l l y i n t e r p r e t e d . 
D e t a i l e d p r o c e d u r e s of the s t r u c t u r e a n a l y s i s and the r e s u l t s a r e d e s c r i b e d 
in C h s . I l l t h r o u g h VI, w h e r e r a t h e r p e r p l e x e d d e s c r i p t i o n s in Ch. II a r e 
s t r a i g h t e n e d out w^ith a s t r o n g e m p h a s i s on m a t h e m a t i c a l and n u m e r i c a l 
a s p e c t s . 

The r e s u l t a n t s t r u c t u r e h a s r e v e a l e d not only s o m e i n t r i g u i n g c h e m i -
cal bonding s c h e m e s but a l s o h a s l ed to the s u g g e s t i o n of a s o p h i s t i c a t e d 
m e c h a n i s m a s s o c i a t e d wi th an o r d e r - d i s o r d e r b e h a v i o r of the c a r b o n a t o m s . 
In Ch. VII, t h e s e c h a r a c t e r i s t i c s a r e d i s c u s s e d and the s t r u c t u r e s of the 
r e l a t e d c o m p o u n d s r e v i e w e d . 



The d i m o r p h i c s t r u c t u r e s of y t t r i u m h y p o c a r b i d e to wh ich we h a v e 
r e f e r r e d a r e as fo l lows: the N a C l - t y p e cubic p h a s e wi th a de f i c i ency in the 
c a r b o n a t o m s i t e s a s r e p r e s e n t e d by YC^ (x = 0 . 2 5 - 0 . 6 5 ) ; the t r i g o n a l (or 
r h o m b o h e d r a l ) p h a s e wi th the o r d e r e d c a r b o n atoirxs l e ad ing to the c h e m i c a l 
f o r m u l a Y2C. When we d i s c u s s y t t r i u m h y p o c a r b i d e in g e n e r a l or a m i x e d 
p h a s e c o n s i s t i n g of t h e s e two d i f fe ren t s t r u c t u r e s , we u s e a g e n e r a l i z e d 
s y m b o l YC^^. The cubic p h a s e is f r e q u e n t l y deno ted by YCx (cubic) or by 
" the cubic Y C ^ / ' w h e r e a s the t r i g o n a l p h a s e is r e p r e s e n t e d by YzC, i m p l y i n g 
a s t r u c t u r a l l y de f inab le c a r b o n conten t . A l s o , w ê e m p l o y t h e t e r m i n o l o g y 
"cub ic s u p e r l a t t i c e , " wh ich r e f e r s to the cubic s t r u c t u r e hav ing the u n i t - c e l l 
l eng th t w i c e t h a t of the cubic YC^. 

The c r y s t a l s t r u c t u r e of s c a n d i u m h y p o c a r b i d e h a s r e c e n t l y b e e n 
r e p o r t e d to h a v e an o r d e r e d , s u p e r s t r u c t u r e N a C l - t y p e cubic con f igu ra t i on 
( R a s s a e r t s et a l . , 1967). H o w e v e r , t h e i r X - r a y p o w d e r da t a a r e m o r e r e a -
sonab ly i n t e r p r e t a b l e in t e r m s of the t r i g o n a l YzC- type s t r u c t u r e . Our 
p r o p o s e d s t r u c t u r e is d e s c r i b e d in the Appendix . 

Th i s w^ork w a s i n i t i a t e d as a p a r t of our c r y s t a l - and m a g n e t i c -
s t r u c t u r e s t u d i e s of m e t a l c a r b i d e s . So fa r , the fol lowing r e s u l t s h a v e b e e n 
r e p o r t e d : the c r y s t a l s t r u c t u r e s of CaCz, YC2, LaC2, LuCz, and LazCs, a l l 
a t r o o m t e m p e r a t u r e ; the c r y s t a l s t r u c t u r e s and p a r a m a g n e t i c s c a t t e r i n g 
a n a l y s e s at r o o m t e m p e r a t u r e of YbCz, Ce2C3, Pr^C^, and TbzCa; the c r y s t a l 
and m a g n e t i c s t r u c t u r e s of CeCz, NdC2, IPrC^, TbCg, H0C2, DyCz, and UC2 in 
the r a n g e f r o m r o o m to l i q u i d - h e l i u m t e m p e r a t u r e s . A m o n g t h o s e c i t ed 
above , by m e a n s of n e u t r o n d i f f r ac t ion , the m a g n e t i c sp in a l i g n m e n t h a s b e e n 
found in CeCz, NdC2, P r C 2 , TbC2, H0C2, and DyC2 a t low t e m p e r a t u r e s , and 
t h e i r sp in s t r u c t u r e s h a v e s u b s e q u e n t l y b e e n d e t e r m i n e d . P u b l i c a t i o n s 
r e l a t e d to t h e s e s u b j e c t s a r e l i s t e d in the R e f e r e n c e s . 

In a l l of the c a r b i d e s m e n t i o n e d above , t he c a r b o n a t o m s a r e d i m e r -
ized , so tha t t he s t r u c t u r e c o n s i s t s of the m e t a l a t o m s and C2 m o l e c u l e s . 
The n e u t r o n c r y s t a l - s t r u c t u r e a n a l y s e s h a v e r e v e a l e d s o m e i n t e r e s t i n g 
s y s t e m a t i c r e l a t i o n s a m o n g the i n t e r a t o m i c d i s t a n c e s . A s i m p l e , ye t t y p i c a l , 
e x a m p l e is t h a t the i n t r a m o l e c u l a r C - C d i s t a n c e b e c o m e s l o n g e r a s the 
m e t a l l i c v a l e n c e i n c r e a s e s . The n e u t r o n m a g n e t i c a n a l y s i s h a s h a r v e s t e d a 
v a r i e t y of new^ i n f o r m a t i o n : for e x a m p l e an a b n o r m a l v a l e n c e s t a t e of Yb in 
YbC2 and of Ce in Ce^C^; the c r y s t a l - f i e l d ef fects upon m a g n e t i c a l l y a c t i v e 
e l e c t r o n i c l e v e l s ; s t r o n g a n i s o t r o p i c e x c h a n g e i n t e r a c t i o n s in the m a g n e t i c 
sp in a l i g n m e n t . 

We h a v e b e e n ex tend ing ou r p r o g r a m to the c a r b i d e s con ta in ing 
i n t e r s t i t i a l - t y p e c a r b o n a t o m s so a s to p r o v i d e f u r t h e r da t a about m e t a l l i c 
c a r b i d e s , of w h i c h t h i s r e p o r t i s an e x a m p l e . An e l a b o r a t i o n of s o m e t o p i c s 

This structure was proposed by the discoverer of this compound, Spedding et al., 1958. 



i s inc luded in Ch. VII. It should be noted h e r e t h a t L a l l e m e n t (I966) h a s 

c a r r i e d out an e x t e n s i v e m a g n e t i c - s u s c e p t i b i l i t y s tudy on R E C x - * 

Recen t ly , l o w - t e m p e r a t u r e n e u t r o n e x p e r i m e n t s have r e v e a l e d the 
e x i s t e n c e of m a g n e t i c a l l y o r d e r e d p h a s e s in E rC2 , Tb2C3, H02C3, and the 
h y p o c a r b i d e of Tb. H e r e , the Tb h y p o c a r b i d e is i s o s t r u c t u r a l to YCx-
Both the c r y s t a l - and m a g n e t i c - s t r u c t u r e a n a l y s e s of T b C ^ h a v e b e e n h a m -
p e r e d b e c a u s e only p o w d e r d i f f rac t ion da t a h a v e been a v a i l a b l e . Th i s diffi-
cu l ty no l o n g e r e x i s t s , for the c r y s t a l s t r u c t u r e s of Y C ^ h a v e un ique ly b e e n 
d e t e r m i n e d as r e p o r t e d h e r e . The r e s u l t s of TbCj^ wil l be pub l i shed in due 
c o u r s e . 

The s t a t i s t i c a l e r r o r s of the m e a s u r e d q u a n t i t i e s in t h i s r e p o r t a r e 

e x p r e s s e d in t e r m s of the s t a n d a r d dev i a t i on u n l e s s o t h e r w i s e noted . 

The symbol RE is used to indicate rare earth. 



II. CHRONICLE O F STUDIES 

A. A m e s P e r i o d (1958-1960) 

About 1955-1957 a t Iowa S ta te U n i v e r s i t y , A m e s , K. G s c h n e i d n e r , J r . , 
u n d e r the s u p e r v i s i o n of F . H. Spedding and A. H. D a a n e , w a s w o r k i n g on h i s 
t h e s i s sub jec t , the r a r e - e a r t h and c a r b o n s y s t e m . T h e i r s tudy (Spedding et a l . , 
1958) r e v e a l e d , among o t h e r new o b s e r v a t i o n s , t he e x i s t e n c e of the h y p o c a r -
b i d e s of y t t r i u m and of t h e h e a v y r a r e e a r t h s f r o m S m to Lu, a l l of 'which 
a r e f r e q u e n t l y r e p r e s e n t e d h e r e by REC^j. S ince x had a va lue in the v i c i n i t y 
of 1/3, G s c h n e i d n e r c a l l e d t h e m the t r i - r a r e - e a r t h c a r b i d e . Our t e r m i n o l o g y , 
h y p o c a r b i d e , is due to L a l l e m e n t ( I966) . Some a u t h o r s e m p l o y " s u b c a r b i d e " 
for the s a m e . Our g e n e r a l i z a t i o n i nc l ude s y t t r i u m a m o n g the " r a r e e a r t h s . " 

Spedding et a l . (1958) have r e p o r t e d t h a t the X - r a y p o w d e r d i f f r a c -
t ion da ta of t h e s e h y p o c a r b i d e s could be r e a s o n a b l y i n t e r p r e t e d on the b a s i s 
of a f a c e - c e n t e r e d cub ic l a t t i c e of the r a r e - e a r t h a t o m s . The X - r a y s c a t t e r -
ing p o w d e r of c a r b o n is m u c h s m a l l e r t h a n t h o s e of r a r e e a r t h s . N o n e t h e l e s s , 
the X - r a y p o w d e r a n a l y s i s on the h y p o c a r b i d e of the l i g h t e s t r a e t a l in the 
s e r i e s , YC-^, could d i s t i n g u i s h w h e t h e r the c a r b o n a t o m s occupy the o c t a h e -
d r a l o r t e t r a h e d r a l i n t e r s t i t i a l h o l e s in the y t t r i u m m a t r i x . It t u r n e d out 
t ha t t he f o r m e r c a s e is s t r o n g l y f a v o r e d . H e n c e , the r e s u l t i n g s t r u c t u r e is 
of the N a C l t ype w^ith r a n d o m l y d i s t r i b u t e d v a c a n c i e s in the c a r b o n a t o m 
s i t e s , o r s i m p l y a n o t h e r H a g g ' s c a r b i d e . H o w e v e r , G s c h n e i d n e r ' s p h o t o -
g r a p h s had a n u m b e r of v e r y -weak e x t r a r e f l e c t i o n s \vhich w e r e a s s u m e d to 
be due to s o m e unknow^n i m p u r i t i e s . T h e s e e x t r a r e f l e c t i o n s v e r y l i ke ly 
o r i g i n a t e d f r o m the c o e x i s t i n g t r i g o n a l Y2C, a s d e s c r i b e d l a t e r . 

F o r l oca t i ng the c a r b o n a t o m s , the n e u t r o n d i f f r ac t ion t e c h n i q u e 
offers a pow^erful tool , s i n c e the n e u t r o n s c a t t e r i n g a m p l i t u d e of c a r b o n i s 
c o m p a r a t i v e to t h o s e of r a r e e a r t h s . The n e u t r o n d i f f r ac t ion s t u d i e s of the 
r a r e - e a r t h c a r b i d e s inc lud ing YC^ and TbC^^ w e r e t h e n i n i t i a t ed . With the 
s a m p l e s p r o v i d e d by Daane and G s c h n e i d n e r , Ato j i , t h e n a l s o at Iowa S t a t e , 
m a d e s e v e r a l b r i e f v i s i t s t o A r g o n n e and Oak Ridge d u r i n g 1958-1959 for 
c a r r y i n g out n e u t r o n e x p e r i m e n t s at t h e s e N a t i o n a l L a b o r a t o r i e s . 

The n e u t r o n p o w d e r p a t t e r n s of t h e r a r e - e a r t h h y p o c a r b i d e s c l e a r l y 
exh ib i t ed s e v e r a l p r o m i n e n t e x t r a r e f l e c t i o n s , s o m e of -which a p p e a r e d to be 
indexab le by doubl ing the X - r a y cub ic u n i t - c e l l d i m e n s i o n . The n e u t r o n p a t -
t e r n s w^ere of low r e s o l u t i o n , and the o v e r l a p p e d p e a k s w e r e r e s o l v e d by 
m e a n s of a r a t h e r e l a b o r a t e c u r v e - f i t t i n g t e c h n i q u e (Atoji , 1961; Atoj i and 
W i l l i a m s , I 9 6 I ) . A se t of o b s e r v e d da t a w a s t h e n s u b j e c t e d to n u m e r o u s 
t r i a l s t r u c t u r e s . S y m m e t r i e s of t h e t r i a l m o d e l s c o v e r e d f r o m cubic down 
to t r i c l i n i c by p l a c i n g the c a r b o n a t o m s in v a r i o u s o r d e r e d o r d i s o r d e r e d 
m a n n e r s . None of the m o d e l s r e n d e r e d a c o m p l e t e l y s a t i s f a c t o r y a g r e e m e n t 
wi th the o b s e r v e d da t a . The r e a s o n is now c l e a r . The o b s e r v e d p a t t e r n is 
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c o m p o s e d of both the cubic and t r i g o n a l r e f l e c t i o n s ( s ee Ch. VI), w h e r e a s 
a l l the t r i a l a n a l y s e s w e r e c a r r i e d out on the a s s u m p t i o n tha t a s ing le p h a s e 
ex i s t ed . 

B. A r g o n n e T r i a l P e r i o d (1960-1965) 

The p r o g r a m m o v e d f r o m Iowa S ta t e to A r g o n n e in I960 follow^ing 
the t r a n s f e r of Atoj i , who had b e e n a c t i v e l y involved in the c o n s t r u c t i o n of 
an a u t o m a t i c n e u t r o n d i f f r a c t o m e t e r , p a r t i c u l a r l y d u r i n g 1960-1962 . N e v e r -
t h e l e s s , about a dozen add i t i ona l s i n g l e - p h a s e m o d e l s w e r e e x a m i n e d , wi th 
e m p h a s e s on the cub ic , t r i g o n a l , and hexagona l c o n f i g u r a t i o n s . A cubic 
m o d e l which s e e m e d to g ive the b e s t a g r e e m e n t w a s r e p o r t e d at the Vi l lanova 
C o n f e r e n c e of the A m e r i c a n C r y s t a l l o g r a p h i c A s s o c i a t i o n (Atoji , 1962a). Th i s 
m o d e l cannot be c o r r e c t b e c a u s e of the s i n g l e - p h a s e a s s u m p t i o n , but it h a p -
pened to be v e r y m u c h i d e n t i c a l to the r e p o r t e d s t r u c t u r e of SC2C pub l i shed 
in 1967 ( see Append ix for ou r r e i n t e r p r e t a t i o n on the SczC da ta ) . 

In e a r l y 1963, an X - r a y d i f f rac t ion uni t w a s a c q u i r e d . A l s o , the new 
n e u t r o n d i f f r a c t o m e t e r , wi th a h igh p e a k r e s o l u t i o n , w a s r e a d i l y a v a i l a b l e . 

Consequen t ly , c o m p l e t e r e w o r k on YC^; and TbC^^ w a s in i t i a t ed , u s ing 
both X - r a y and n e u t r o n m e t h o d s . The s a m p l e s w e r e f r e s h l y p r e p a r e d by 
J . L, M o r i a r t y of the Lunex Company . F i r s t l y , the X - r a y p o w d e r p h o t o g r a p h s 
of the Lunex TbC^^ w e r e t a k e n . The X - r a y p o w d e r l i n e s w e r e m a r k e d l y 
spot ty , s u g g e s t i n g of f a i r - s i z e d s i n g l e - c r y s t a l g r a i n s in the Lunex a r c - m e l t e d 
b u t t o n s . 

At about th i s t i m e , Yves J e a n n i n w a s v i s i t i ng A r g o n n e f r o m F r a n c e . 
J e a n n i n and Atoji s e l e c t e d a s m a l l s a m p l e p i e c e f r o m the c r u s h e d T b C ^ 
but ton and i n s e r t e d it into a t h i n - w a l l e d p y r e x c a p i l l a r y . The c a p i l l a r y w a s 
then m o u n t e d on an X - r a y p r e c e s s i o n c a m e r a , and the d i f f rac t ion p a t t e r n 
w a s e x a m i n e d to s e e w h e t h e r o r not a good s ing le c r y s t a l had b e e n obta ined . 
The p r o c e s s was p a t i e n t l y r e p e a t e d . M o r e than a s c o r e of the c a p i l l a r i e s 
w e r e m a d e , and n e a r l y a h u n d r e d of the l i n i n g - u p d i f f rac t ion p a t t e r n s w e r e 
t aken . About a dozen s ing le c r y s t a l s l a r g e enough for the X - r a y m e t ho d w e r e 
found. H o w e v e r , a l l gave b l u r r e d d i f f rac t ion s p o t s , imply ing l a r g e i n t e r n a l 
s t r a i n s . T h e r m a l annea l ing could not r e l i e v e the c r y s t a l s f r o m s t r a i n s . 

Th i s s t a g e l a s t e d n e a r l y two m o n t h s ( M a y - J u l y , 1963). It s e e m e d 

tha t a r e f ined , i m p r o v e d p o w d e r m e t h o d would be the b e s t a p p r o a c h . 

J e a n n i n f in ished h i s v i s i t i n g a s s i g n m e n t a r o u n d th i s t i m e , and D. T r e s s i d e r 

s t a r t e d to a s s i s t the p r o g r a m . 

C o n s e q u e n t l y , the n e u t r o n powde r d i f f rac t ion p a t t e r n s of Y C ^ and 

TbCx w e r e t a k e n aga in , u s ing the h i g h - r e s o l u t i o n d i f f r a c t o m e t e r . A l so , j u s t 

for check ing the p u r i t y , the Lunex YCx w a s e x a m i n e d by the X - r a y m e t h o d . 



S u r p r i s i n g l y , the v e r y f i r s t X - r a y s a m p l e h a p p e n e d to be a good s t r a i n - f r e e 

s ing le c r y s t a l (Oct 1963). It w a s s u b s e q u e n t l y found tha t t he Lunex YCx 

bu t tons a r e full of good s ing le c r y s t a l s hav ing a s i z e a l m o s t i dea l for the 

X - r a y t e c h n i q u e . 

A s ing le c r y s t a l of YCx hav ing a p p r o x i m a t e l y c y l i n d r i c a l s h a p e w a s 
s e l e c t e d and a l igned on a p r e c e s s i o n c a m e r a . S t r o n g r e f l e c t i o n s e m p l o y e d 
for l in ing up the c r y s t a l c l e a r l y i n d i c a t e d a cub ic s y m m e t r y , and the m e a -
s u r e d l a t t i c e c o n s t a n t w a s in good a g r e e m e n t w^ith G s c h n e i d n e r ' s va lue 
(Spedding ^ a l . , 1958). Then a s e t of d i f f r ac t ion p h o t o g r a p h s for s e v e r a l 
p r i n c i p a l r e c i p r o c a l - l a t t i c e zones w e r e t a k e n v;rith d i f fe ren t t i i ne e x p o s u r e s . 

The l o n g - e x p o s u r e f i lms sho^wed a n u m b e r of w^eak add i t i ona l r e f l e c -
t ions wh ich a p p e a r to l i e m i d w a y b e t w e e n the s t r o n g r e f l e c t i o n s , so tha t the 
N a C l - t y p e cubic ce l l d i r a e n s i o n s should be doubled in a l l d i r e c t i o n s . How^-
e v e r , the i n t e n s i t i e s of t h e s e add i t iona l r e f l e c t i o n s exh ib i t ed a m u c h l o w e r 
s y m m e t r y t h a n cub ic . We sha l l t e n t a t i v e l y ca l l t h e s e w e a k s u p e r l a t t i c e - l i k e 
r e f l e c t i o n s "noncub ic r e f l e c t i o n s " . 

So as to d e t e r m i n e the s y m m e t r y a s s o c i a t e d wi th the noncub ic r e f l e c -
t i o n s , the e x p e r i m e n t w a s ex t ended to o t h e r z o n e s . E v e n wi th a v e r y long 
e x p o s u r e , the noncub ic r e f l e c t i o n s w^ere s t i l l w^eak in i n t ens i t y . F o r s o m e 
z o n e s , t hey exh ib i t ed c e r t a i n p s e u d o s y m m e t r i e s , s u c h a s a m i r r o r p l a n e , 
w i th a fe-w v i o l a t i n g r e f l e c t i o n s . F o r s o m e o t h e r z o n e s , t h e r e is h a r d l y any 
s y m m e t r y at a l l . H e n c e , the s y m m e t r y of the noncub ic r e f l e c t i o n s a p p e a r e d 
to be a s low as t r i c l i n i c . C o n s e q u e n t l y , a l m o s t a l l a c c e s s i b l e z o n e s inc lud ing 
the h i g h e r r e c i p r o c a l - l a t t i c e l e v e l s w^ere c a r e f u l l y e x a m i n e d u s i n g the 
p r e c e s s i o n - c a m e r a t e c h n i q u e . This c o m p l e t e s u r v e y e x p e r i m e n t took n e a r l y 
t h r e e m o n t h s (Nov 1963 to J a n 1964). 

D i f f r a c t i o n - i n t e n s i t y m e a s u r e m e n t s w e r e m a d e at l e a s t tw ice for e a c h 
r e f l e c t i o n on d i f fe ren t o c c a s i o n s . The n u m b e r of ind iv idua l v i s u a l m e a s u r e -
m e n t s w a s a s m a n y a s 9 ,000. The r e s u l t a n t i n t e n s i t y v a l u e s w e r e t h e n 
i n t e r c o r r e l a t e d u s ing a s t a t i s t i c a l a v e r a g i n g t e c h n i q u e . A f inal se t of i n t e n -
s i ty da t a w a s thus ob ta ined . 

A r o u n d th i s t i m e , an a t t e m p t w a s m a d e to ob ta in m o r e p r e c i s e l a t t i c e 
c o n s t a n t s . The m e a s u r e m e n t s involved the d i s t a n c e s a m o n g the d i f f r ac t ion 
s p o t s . A s t o n i s h i n g l y enough, it w a s found t h a t s o m e noncub ic r e f l e c t i o n s 
did not l i e e x a c t l y a t the m i d p o i n t b e t w e e n the s t r o n g cubic r e f l e c t i o n s . The 
shift f r o m the cubic s u p e r l a t t i c e p o s i t i o n is v e r y s m a l l but is d e t e c t a b l e 
u n d e r ca re fu l o b s e r v a t i o n . 

It w a s t h e n c l e a r t h a t to find the c a u s e of t h i s i r r e g u l a r i t y the m e a -
s u r e m e n t had to be c a r r i e d out on t h e s e s m a l l sh i f t s , bo th in i t s m a g n i t u d e 
and d i r e c t i o n . H o w e v e r , it w a s not an e a s y t a s k to l o c a t e the c e n t r o i d o r 
f iduc ia l e d g e s of t h o s e w e a k noncub ic r e f l e c t i o n s . 



An op t i ca l d e n s i t o r a e t e r w a s u s e d to s e e w^hether p r e c i s e m e a s u r e -
m e n t could be c a r r i e d out. The d e n s i t o m e t e r t r a c e w^as of d i s a s t r o u s l y p o o r 
qua l i ty b e c a u s e of low s i g n a l - t o - n o i s e r a t i o , A t r a v e l i n g m i c r o s c o p e w a s 
a l s o t r i e d out; s i m i l a r diff icul ty w^as e n c o u n t e r e d . E v e n t u a l l y , it w a s found 
tha t a s t aged , low^-magnif ica t ion c o m p a r a t o r w^as b e s t s u i t e d for t h i s p u r p o s e . 
The s t r o n g cubic r e f l e c t i o n s w e r e u s e d as the f iduc ia l po in t s in m e a s u r i n g 
the shift m a g n i t u d e . 

The m a g n i t u d e of t h e shift to be m e a s u r e d w a s in the r a n g e f r o m 
0.02 to 0.7 m m , and s y s t e m a t i c c o r r e l a t i o n s a m o n g the shif t ing m o d e s could 
be m a d e only w^hen t h e a c c u r a c y of t h e m e a s u r e m e n t w a s b e t t e r t h a n about 
±0.05 m r a . E s t i m a t e d m a x i m u m e r r o r in the ind iv idua l v i s u a l r n e a s u r e m e n t 
w a s as l a r g e a s ±0.3 m m . H e n c e , t h e r e w a s no cho ice but to m a k e as m a n y 
m e a s u r e m e n t s a s p o s s i b l e in o r d e r to d e c r e a s e the s t a t i s t i c a l e r r o r . P a i n s -
tak ing m e a s u r i n g w o r k w a s t h e n p u r s u e d . A p p r o x i m a t e l y s i x m e a s u r e m e n t s 
on one spec i f i c d i s t a n c e w e r e c a r r i e d out on d i f fe ren t o c c a s i o n s . M o r e t h a n 
one t h o u s a n d m e a s u r e m e n t s w e r e m a d e . 

In t h e i n t e r i m , t h e L o r e n z - p o l a r i z a t i o n c o r r e c t i o n and t h e i n t e r z o n e 
c o r r e l a t i o n s on the o b s e r v e d i n t e n s i t i e s w e r e be ing c a r r i e d out u s ing the 
p r o g r a m w r i t t e n by H. G. N o r m e n t (1962). In the c a l c u l a t i o n of the L o r e n z -
p o l a r i z a t i o n f a c t o r , t he noncub ic r e f l e c t i o n s w e r e a s s u m e d to be a t the cub ic 
s u p e r l a t t i c e p o i n t s . The shif ts a r e so s m a l l t ha t the e r r o r c a u s e d by t h i s 
a p p r o x i m a t i o n i s by no m e a n s s ign i f i can t . 

T h e r e l a id a n o t h e r h igh h u r d l e to c o n q u e r . The c o m p u t e r p r o g r a m 
con ta ined a m a j o r e r r o r w h e n app l i ed to t h e p r e c e s s i o n c a s e . C o m m u n i -
ca t ions w e r e e x c h a n g e d b e t w e e n N o r m e n t and Atoj i r e g a r d i n g th i s m a t t e r . 
A p r e s u m a b l y a m e n d e d p r o g r a m w a s sen t to A r g o n n e f r o m J . K a r l e of 
Nava l R e s e a r c h L a b o r a t o r y . N o r m e n t had m a d e f u r t h e r c o r r e c t i o n s . 
J . Gvi ldys of A r g o n n e ' s Appl ied M a t h e m a t i c s D i v i s i o n h e l p e d wi th r e p r o g r a m -
m i n g . F i n a l l y , t h e c o r r e c t c o m p u t a t i o n w a s c o m p l e t e d a r o u n d J u l y 1964 a f t e r 
a few m o n t h s of s t r u g g l i n g . 

In p a r a l l e l t o t h i s p r o g r a m i , t h e n e u t r o n d i f f r ac t i on s t u d i e s of o t h e r 
r a r e - e a r t h c a r b i d e s and r e l a t e d compounds w e r e a c t i v e l y p u r s u e d . B e c a u s e 
the p r o b l e m s on YCx s e e m e d u n a t t r a c t i v e l y c o m p l i c a t e d and b e c a u s e o t h e r 
p r o b l e m s w e r e of fer ing m o r e exc i t i ng r e s u l t s , i n t e r e s t in the Y C ^ p r o b l e m 
b e g a n to fade . N e v e r t h e l e s s , t h e in t en t ion of c o m p l e t i n g the sub jec t m a t t e r 
w a s n e v e r d i s c a r d e d . 

In the l a t t e r p a r t of 1964, C. P . K e m p t e r of Los A l a m o s Sc ien t i f i c 
L a b o r a t o r y c a l l e d Atoj i and a s k e d about the p r o g r e s s on YC~^ and TbC^^. 
A l s o , K e m p t e r s t a t e d tha t a F r e n c h g r o u p had j u s t p u b l i s h e d a p a p e r on the 
s t r u c t u r e d e t e r m i n a t i o n on RE2C (Dean et aJ. , 1964) -which ye t could not 
exp la in t h e p o w d e r X - r a y p a t t e r n ob ta ined at Los A l a m o s . Now, t h e A r g o n n e 



group b e c a m e a w a r e t h a t t h e r e w e r e at l e a s t t h r e e g r o u p s w o r k i n g on e s s e n -
t i a l l y the s a m e sub jec t . The A r g o n n e g roup w a s , h o w e v e r , the only one who 
had a c c e s s to the s i n g l e - c r y s t a l da ta . 

Th i s c o m p e t i t i o n did s t i m u l a t e the A r g o n n e ac t i v i t y . Dur ing 1965, a 
c o n s i d e r a b l e effort w a s m a d e to find s y s t e m a t i c r e l a t i o n s a m o n g the shif t ing 
m o d e s of the noncub ic r e f l e c t i o n s . The d i s t a n c e m e a s u r e m e n t s w e r e r e p e a t e d 
f r o m t i m e to t i m e so as to i m p r o v e the a c c u r a c y . F i n a l l y , a r e l a t i o n w a s 
found and w a s inc luded in a d i s c u s s i o n of the g e n e r a l i z e d r e c i p r o c a l l a t t i c e 
(Atoji and Gvi ldys , 1966). At t h a t t i m e , the shif t ing c h a r a c t e r i s t i c s w e r e 
thought to be c a u s e d by a s t a c k i n g d i s o r d e r o r the s a t e l l i t i c effect of an a n t i -
p h a s e d o m a i n s t r u c t u r e . 

In the m e a n t i m e , the F r e n c h g r o u p c o r r e c t e d t h e i r ow^n e r r o r in the 
s t r u c t u r e d e t e r m i n a t i o n of H02C by doubl ing one of the u n i t - c e l l d i m e n s i o n s 
( L a l l e m e n t , 1966). The p o s i t i o n s of t h e c a r b o n a t o m s w e r e d e t e r m i n e d by 
m e a n s of n e u t r o n d i f f rac t ion ( B a c c h e l l a et a l . , 1966). The r e s u l t a n t s t r u c -
t u r e is an o r d e r e d s t r u c t u r e hav ing a t r i g o n a l s y m m e t r y . All of the F r e n c h 
r e s u l t s w^ere e n t i r e l y b a s e d on the p o w d e r da ta . 

The A r g o n n e g r o u p had s u s p e c t e d tha t t h i s s t r u c t u r e m i g h t s t i l l be 
i n c o r r e c t , s i n c e the s i n g l e - c r y s t a l p a t t e r n s did not c o n f i r m the F r e n c h 
r e s u l t s in the e a r l i e r s t a g e of our i n t e r p r e t a t i o n . H o w e v e r , our final 
s t r u c t u r e of Y2C ob ta ined f r o m the s i n g l e - c r y s t a l da t a t u r n e d out to be 
e s s e n t i a l l y a r e c o n f i r m a t i o n of the F r e n c h r e s u l t tha t w a s deduced f r o m 
the powde r da t a a l o n e . F o r t u n a t e l y , as d e s c r i b e d l a t e r , ou r s tudy h a s 
y i e lded a n u m b e r of add i t i ona l , un ique s t r u c t u r a l i n f o r m a t i o n s wi th s u b -
s t a n t i a l l y h i g h e r a c c u r a c y . 

C. A r g o n n e F i n a l P e r i o d (1966-1967) 

Kikuchi s t a r t e d work in g on th i s sub jec t in 1966. S t i l l r e t a i n e d w a s a 
p r e s u m p t i o n t h a t bo th cubic and noncub ic r e f l e c t i o n s a r e o r i g i n a t e d f r o m one 
c r y s t a l . F i r s t l y , t he s m a l l shif ts of the noncub ic r e f l e c t i o n s w^ere n e g l e c t e d , 
and it w^as in tended to inc lude t h e m in a re f in ing p r o c e s s . Along th i s d i r e c -
t ion , a l l conce ivab l e m o d e l s w e r e aga in t r i e d out m o r e s y s t e m a t i c a l l y . The 
ind ices w^ere c o n v e r t e d to the h e x a g o n a l and r h o m b o h e d r a l s y m m e t r i e s to 
s ee w h e t h e r o r not s o m e a c c i d e n t a l ex t inc t ions o b s e r v e d in c e r t a i n zones 
give s o m e h in t as r e g a r d s the s t r u c t u r e i n t e r p r e t a t i o n . This a p p r o a c h l ed 
to no p l a c e . In fact , t he a c c i d e n t a l ex t inc t ions m e n t i o n e d above w e r e f r e -
quent ly found to c o n t r a d i c t one a n o t h e r . A l s o , p o s s i b i l i t i e s of s t ack ing faul t s 
and the a n t i p h a s e d o m a i n s t r u c t u r e w e r e e x a m i n e d m o r e t h o r o u g h l y t h a n 
b e f o r e . A few m o n t h s p a s s e d by wi thout any conc lus ion . 

When the i n t ens i t y m e a s u r e m e n t w a s be ing c a r r i e d out in 1963, it 
w a s no t iced tha t the s i z e of the d i f f rac t ion spot of the noncub ic r e f l e c t i o n 
is s o m e w h a t s m a l l e r t han the s t r o n g cubic spot . T h e r e f o r e , it w a s a lways 



in our m i n d t h a t t he noncub ic r e f l e c t i o n s m i g h t h a v e o r i g i n a t e d f r o m a c r y s -
t a l d i f f e ren t f r o m tha t p r o d u c i n g the cubic r e f l e c t i o n s . C e r t a i n twinning 
m o d e l s w e r e t r i e d out, but not v e r y t h o r o u g h l y . A l s o , it w a s thought t ha t 
the s m a l l e r s i z e s of the noncub ic r e f l e c t i o n s m a y be due to the fact t ha t 
t h e s e r e f l e c t i o n s a r e s l i gh t ly off f r o m the r e c i p r o c a l p l ane con ta in ing the 
s t r o n g cubic r e f l e c t i o n s . Th i s i n t e r p r e t a t i o n w^as a l s o fut i le in i t s r e s u l t s . 
It t hen b e c a m e obvious tha t the i n t e r p r e t a t i o n should have to s t a r t f r o m the 
s h i f t i n g - m o d e a n a l y s i s wh ich had thus far b e e n s t u b b o r n l y avo ided . S u b s e -
quent ly , i t w a s d e c i d e d to u n d e r t a k e the s h i f t i n g - m o d e a n a l y s i s m o r e 
i n t e n s i v e l y . 

Subsequen t l y , a n u m b e r of add i t i ona l i n t e r r e f l e c t i o n d i s t a n c e s w e r e 
r e p e a t e d l y m e a s u r e d and a l s o t h o s e m e a s u r e d p r e v i o u s l y w e r e r e - e x a m i n e d 
V a r i o u s s t a t i s t i c a l t r e a t m e n t s w e r e t r i e d to find p o s s i b l e s y s t e m a t i c m o d e s 
a m o n g the m e a s u r e d shift v a l u e s . 

In A p r i l 1967, a s y s t e m a t i c r e l a t i o n w a s f ina l ly found in the sh i f t -
v e c t o r m a p s . A d e t a i l e d a c c o u n t of t h i s is g iven in Ch. V.A. E v e n t u a l l y , 
it b e c a m e c l e a r t h a t our " s i n g l e c r y s t a l " is c o m p o s e d of one cub ic c r y s t a l 
and four t r i g o n a l c r y s t a l s wi th def in i te i n t e r c r y s t a l a x i a l r e l a t i o n s . The 
s u b s e q u e n t s t r u c t u r e a n a l y s i s w a s r e l a t i v e l y s t r a i g h t f o r w a r d , and i t s d e t a i l s 
a r e g iven in C h s . IV t h r o u g h VI. 



III. E X P E R I M E N T A L 

The s a m p l e w a s p r e p a r e d by a r c - m e l t i n g a c o m p r e s s e d m i x t u r e of 
99.9% p u r e y t t r i u m m e t a l f i l ings and p o w d e r e d s p e c t r o s c o p i c g r a p h i t e e l e c -
t r o d e s . The m i x i n g r a t i o w a s 95.69 and 4 .31 w / o for y t t r i u m and c a r b o n , 
r e s p e c t i v e l y , c o r r e s p o n d i n g to the c h e m i c a l f o r m u l a Y3C. The p r o d u c t is 
b r a s s y m e t a l l i c and is so b r i t t l e t h a t it c an r e a d i l y be c r u s h e d into p o w d e r s . 
It d e c o m p o s e s slow^ly in m o i s t a i r , l i b e r a t i n g v a r i o u s h y d r o c a r b o n g a s e s . 
Al though t h e d e c o m p o s i t i o n r a t e of YCx 1^ m u c h slow^er t h a n tha t of CaC2, 
a l l p r e p a r a t o r y and hand l ing p r o c e d u r e s w e r e c a r r i e d out in a v e r y d r y , 
i n e r t - g a s a t m o s p h e r e . 

The c h e m i c a l a n a l y s i s of a r c - m e l t e d bu t tons gave 94.0 ± 0.2 and 
4.9 ± 0 .1% for Y and t o t a l C, r e s p e c t i v e l y . The f r e e c a r b o n w a s l e s s t h a n 
0 . 1 % . The m e t h o d of F r a z e r and H o l z m a n n (I960) w a s i n c o r p o r a t e d in the 
m i c r o d e t e r m i n a t i o n of c a r b o n . The s p e c t r o s c o p i c a n a l y s i s r e v e a l e d the 
fol lowing i m p u r i t i e s , in %: Al , 0 .08; Ti , 0 .041 ; E r , 0 .03 ; Cu, 0 .02; Na, 0.02; 
a l l o the r m e t a l l i c i r a p u r i t i e s , 0 .03%. Som e of t h e s e i m p u r i t i e s a p p a r e n t l y 
c a m e in d u r i n g the s a m p l e p r e p a r a t i o n and w^ould be too s m a l l a quan t i ty to 
p l a y a s ign i f i can t r o l e in our sub j ec t m a t t e r . To r e c a p i t u l a t e , the f inal 
p r o d u c t a s a bulk m a y be r e p r e s e n t e d by YC0.39 °^ ^2.6^-

Single c r y s t a l s m i n e d out f r o m the a r c - m e l t e d bu t tons w e r e e x a m i n e d 
by the X - r a y p r e c e s s i o n - c a m e r a t e c h n i q u e . The s i z e of the c r y s t a l s e l e c t e d 
w^as a p p r o x i m a t e l y a c y l i n d e r , 0.17 m m in d i a m e t e r and 0.22 m m in l eng th . 
The c y l i n d r i c a l ax i s w a s n e a r l y p a r a l l e l to the [110] ax i s of YCx (cubic) . 

P r e c e s s i o n p h o t o g r a p h s w e r e t a k e n w^ith t h e u s e of M o K a r a d i a t i o n . 
The [110] ax i s of YCx (cubic) w a s s e t p a r a l l e l to the sp ind le o r h o r i z o n t a l 
ax i s of the p r e c e s s i o n c a m e r a . A p r e c e s s i o n angle of 30° w a s u s e d m o s t l y , 
but s m a l l e r a n g l e s , 25 and 21°, w e r e a l s o e m p l o y e d so as to e n h a n c e the 
i n t e n s i t i e s of c e r t a i n r e f l e c t i o n s , u t i l i z i ng d i f fe ren t a n g u l a r d e p e n d e n c i e s of 
the L o r e n z - p o l a r i z a t i o n f a c t o r . S u c c e s s i v e , t i m e d e x p o s u r e s w e r e m a d e of 
e a c h zone . B e c a u s e of an e x t e n s i v e i n t e n s i t y r a n g e to be m e a s u r e d , the t y p i -
ca l t i m e e x p o s u r e s w e r e 0 .25, 0 .5 , 1, 2, 4, 8, 16, 24, 32 and 48 h r . 

I n t e n s i t i e s w e r e e s t i m a t e d v i s u a l l y wi th the a id of s t a n d a r d , t i m e d 
s c a l e s p r e p a r e d f r o m s i n g l e - c r y s t a l r e f l e c t i o n s u s ing the s a m p l e c r y s t a l . 
The i n t e n s i t y r a n g e m e a s u r e d w^as as wide a s 1 to 1000 in a r e l a t i v e s c a l e . 
By m e a n s of N o r m e n t ' s c o m p u t e r p r o g r a m (1962), L o r e n z and p o l a r i z a t i o n 
f a c t o r s w e r e app l ied , and the s t r u c t u r e f a c t o r s w^ere t hus ob ta ined . 

The a b s o r p t i o n c o r r e c t i o n to the p r e c e s s i o n d a t a ( B u r b a n k and Knox, 
1962) and the s p r e a d i n g and sp l i t t ing effects of the d i f f r ac t ion spot due to the 
Kxi and Ka2 c o m p o n e n t s h a p p e n e d to be v e r y m u c h r e c i p r o c a l to e a c h o t h e r . 
H e n c e , no a b s o r p t i o n c o r r e c t i o n w a s app l i ed . A l s o , no s ign i f i can t e x t i n c t i o n 
effect, both p r i m a r y and s e c o n d a r y , w a s d e t e c t a b l e . 

The e x p e r i m e n t a l p r o c e d u r e in the n e u t r o n c a s e is d e s c r i b e d in Ch. VI. 
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IV. ANALYSIS ON CUBIC YC^ 

A. NaCl-type Model 

As mentioned in Ch. II, our "single c rys ta l " diffraction pat tern con-
sisted of the cubic and t r igonal ref lect ions. The s t ruc tu re analysis of the 
cubic c rys ta l is very elennentary. Despite this , we shall p resen t the ana-
lytical p rocedure in considerable detail , s ince it is based on the f i rs t s ingle-
c rys ta l data ever obtained in the cubic r a r e - e a r t h ca rb ides . 

Let us a s sume a NaCl-type s t ruc tu re for the cubic YCx- We a s sume 
that the carbon atoms a r e randomly absent so that the s t ruc tu re factor is 
obtained by multiplying the carbon contribution by an occupancy factor x. 
Hence, the NaCl-type s t ruc tu re factor per unit cell for YCx (cubic) is simply 
given by 

F = 4(fY±xfc), (1) 

where fy and {Q a r e the X- r ay scat ter ing amplitudes of y t t r ium and carbon, 
respect ively; the posit ive and negative signs a r e taken when the (hki) in-
dices a re all even and all odd, respect ively. 

The observed and calculated s t ruc tu re factors a r e i n t e r co r r e l a t ed by 

KFobs = F e x p | - B ( ^ ) ' | = F^^i^ ' (2) 

where K is the scale factor and the exponential function is the Debye-Waller 
t empera tu re factor. 

The l e a s t - s q u a r e s refinement using the logar i thmic conversion of 
Eq. (2), 

i n (F /Fobs ) = ^n K + B ( ^ ~ ^ ) ' , (3) 

was ca r r i ed out for determining the best values for K and B at a given 
carbon occupancy p a r a m e t e r x. The observed s t ruc tu re factor, Fobsj was 
obtained from a weighted average of at least a dozen independent m e a s u r e -
ments . The calculated s t ruc tu re factors were coinputed using the Ha r t r ee 
atomic scat ter ing factors (Cromer et al . , 1963), which a r e l is ted in Table I. 

An overal l s ta t i s t ica l d iscrepancy between Fgbs ^^^ F^a lc i s m e a -
sured ei ther by 

Ri = X w|KFobs - F c a l c l / l w K | F o b s l (4) 



o r by 

R2 = X w ( K F o b s - F c a l c ) ' / Z w K 2 F ^ b s - (5) 

The l a t t e r i s e m p l o y e d p r e f e r a b l y h e r e b e c a u s e of i t s d i r e c t r e l a t i o n to the 
l e a s t - s q u a r e s r e s i d u a l s . 

TABLE I. Observed and Calcula ted S t ruc tu r e F a c t o r s p e r Unit Cell for 
the Cubic YC0.48. The calcula ted va lues for the ca se w h e r e the ca rbon 
a toms a r e placed randomly at the oc tahedra l i n t e r s t i c e s a r e des ignated 
as "NaCl mode l , " and those with the ca rbon a toms randomly at the t e t r a -
hed ra l i n t e r s t i c e s a r e denoted as "CaFz mode l . " The s t andard deviat ions 
on the obse rved data a r e given. The a tomic sca t t e r ing fac tors employed 
a r e l i s ted so as to faci l i ta te our d i scuss ion in the text . 

d ices 

111 

200 

220 

311 

222 

400 

331 

420 

422 

511 

333 

440 

531 

600 

442 

620 

533 

622 

444 

711 

551 

640 

642 

553 

820 

644 

^ c a l c 
(NaCl model) 

113.1 
120.0 
99.3 
80.7 
84.5 
74.0 
60.3 
63.3 
55.8 
47.3 
47.3 
44.4 
37.8 
40.0 
40.0 
35.8 
30.6 
32.2 
29.2 
24.7 
24.7 
26.2 
23.7 
20.1 
17.5 
17.5 

F c a l c 
(CaFz model) 

112.0 
107.8 
99.3 
84.2 
77.8 
74.0 
62.8 
58.5 
55.8 
49.2 
49.2 
44.4 
39.4 
36.9 
36.9 
35.8 
31.9 
29.7 
29.2 
25.8 
25.8 
24.1 
23.7 
21.1 
16.0 
16.0 

Fobs 

113.3 ± 

125.9 ± 
97.3 ± 
81.3 ± 
82.2 + 
77.2 ± 
62.3 ± 
61.3 ± 
59.3 ± 
46.0 ± 
48.0 ± 
47.3 ± 
38.0 ± 
42.3 ± 
39.0 ± 
34.0 ± 
32.5 ± 
34.0 ± 
26.2 ± 
21.6 ± 
24.3 ± 
28.0 ± 
25.2 ± 
22.3 ± 
20.1 ± 
18.3 ± 

4 .8 

2.5 

2.1 

2.2 

3.2 

2.5 

1.2 

2.2 

1.3 

1.1 

2.4 

1.1 

0.6 

2.1 

1.1 

1.3 

1.1 

0.9 
1.0 

0.8 

0.7 

1.6 

1.9 

0.9 

1.1 

3.2 

fy 

31.47 
30.36 
26.99 
25.10 
24.58 
22.97 
21.97 
21.70 
20.55 
19.84 
19.84 
18.83 
18.30 

18.19 
18.19 
17.47 
17.07 
16.87 
16.38 
15.90 
15.90 
15.81 
15.34 
14.97 
13.99 
13.99 

fc 

3.84 
3.47 
2.59 
2.24 
2.15 
1.94 
1.84 
1.81 
1.71 
1.66 
1.66 

1.59 
1.57 
1.56 
1.56 
1.52 
1.50 
1.49 
1.46 
1.44 
1.44 
1.43 
1.41 

1.39 
1.32 
1.32 
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A plot of R2 a s a function of x i s n e a r l y a p a r a b o l a hav ing a m i n i -

m u m at X = 0.44, for w h i c h B = 1.97 A^. Th i s c u r v e i s shown in F i g . 1 

a s A L L R E F L E C T I O N S c a s e . H o w e v e r , at low s c a t t e r i n g a n g l e s , the o v e r -

lapping effect of t h e i = 2n t r i g o n a l r e f l e c t i o n s i s s m a l l ye t a p p r e c i a b l e . 

The g e o m e t r i c a l a n a l y s i s s u g g e s t e d tha t t h e i n t e n s i t i e s of the f i r s t s ix r e -

f l ec t ions given in F i g . 2 and T a b l e I w e r e s l i gh t l y o v e r e s t i m a t e d owing to 

the o v e r l a p p i n g . When t h e s e s ix r e f l e c t i o n s w e r e d i s c a r d e d in the a n a l y s i s , 

t he R2 m i n i m u m o c c u r s at x = 0 .48, wi th B = 1.85 A^. The c u r v e l a b e l e d 

- 1 — I — I — I — I -

- R 2 (ALL REFLECTIONS)/ 

Fig. 1 

Determination of the Carbon Occupancy Parameter x in the 
Cubic YCx. The discrepancy factors R2 obtained from the 
least-squares refinement are plotted against various x values. 
The R2 (LOW ANGLE) curve is obtained from the first six re-
flections in order of decreasing scattering angle, since the 
intensities of these reflections are slightly overestimated due 
to inclusion of the overlapping, weak trigonal reflections. 
All but these first six reflections are free from the trigonal 
reflections and lead to the R2 (HIGH ANGLE) curve. For the 
R2 (ALL REFLECTIONS) curve, the LOW and HIGH cases are 
treated as a whole. 

NUMBER OF CARBON ATOMS ( Y C , ) 121-2695 

Fig. 2 

A Graphical Representation of Eq. (3). Solid 
line is obtained from the least-squares pa-
rameters for the HIGH ANGLE reflections of 
YCo.48 (cubic) (see Fig. 1). Note that the 
first six reflections with (sin 6/A.) smaller 
than 0.175 A"^ lie consistently below the 
solid line. This is due to small contribu-
tions from the overlapped £ = 2n trigonal 
reflections. 
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as HIGH ANGLE in Fig. 1 r ep re sen t s this case . The R2 curve for the f i rs t 
six reflections is given in Fig. 1 as LOW ANGLE case . These LOW ANGLE 
values, X = 0.48 and B = 1.67 A^, a r e a lmost ident ical to the HIGH ANGLE 
case except for the different scale factor. The minimum discrepancy fac-
to r s a r e Rj = 7.5, 4.4, and 2.1%, and R2 = 0.63, 0.22 and 0.072%, for ALL 
REFLECTIONS, HIGH ANGLE, and LOW ANGLE case s , respect ively . In 
this sequence, the rat ios among the scale factors a r e 0.950, 1.000, and 
0.942. 

An example of the l e a s t - s q u a r e s fitting is shown in Fig. 2. The 
re la t ive intensi ty contribution of the overlapping t r igonal reflections was 
found to be nea r ly the same in all of the f i r s t six ref lect ions . This man i -
fests itself in the LOW ANGLE and ALL REFLECTIONS p a r a m e t e r s being 
very closely equal to those for the HIGH ANGLE case (except for the dif-
ferences in the scale factor). 

The bes t set of p a r a m e t e r s thus obtained a r e x = 0.48, giving the 
O J 

formula YC0.48 ^-^^ B = 1.85 A . No s t rong evidence as r ega rds the differ-
ence in the t h e r m a l p a r a m e t e r s of Y and C was detected. The final values 
of Fca lc ^^^ ^obs 3-̂ 6 l is ted in Table I, where the data for the f i rs t six r e -
flections were obtained using the best p a r a m e t e r s for the LOW ANGLE case , 
and the r ema inde r s were computed using the HIGH ANGLE p a r a m e t e r s . 

B. Other Models 

Let us now compare the NaCl model with the CaF2 model, the la t ter 
of which places the carbon atoms in the t e t r a h e d r a l i n t e r s t i ce s of the y t t r ium 
ma t r ix . We call the NaCl and CaF2 models the octahedra l and t e t r ahed ra l 
ca ses , respect ively . The l e a s t - s q u a r e s resu l t s for the t e t r a h e d r a l case a r e 
also tabulated in Table I. The overal l d iscrepancy factors for the t e t r ahed ra l 
case a r e Rj = 5.7% and R2 = 0.44%, whereas for the oc tahedra l naodel Ri = 
3.7% and R2 = 0.15%. The discrepancy factor favors the octahedral case , but 
this is hardly conclusive. This smal l difference between the two models is 
due obviously to a smal l scat ter ing amplitude of carbon in compar ison with 
the y t t r ium scat ter ing amplitude (see Table l). 

A f i rm support for the octahedral model could be found through the 
analysis given below. F o r a reflection with h odd, k odd, and ^ odd, the 
difference between the s t ruc tu re factor per \init cell of the octahedral model 
and that of the t e t r ahed ra l model is equal to -4xf(3. Hence, we have 

E {^calcCoctahedral) - Fca lc ( t e t r ahedra l )} = J (-4xfc) = -120, (6) 

where the summation is c a r r i e d out over the al l -odd index reflections in 
Table I excluding the f i rs t six ref lect ions. Now, 

file:///init


E {^obs - Fca lc (oc tahedra l )} = 1 = 0 , (7) 

which indicates a lmost complete agreement on the bas i s of the octahedra l 
assxamption. On the other hand, 

X J F o b s - Fc^ ic ( t e t rahedra l )} = -118, (8) 

which is essent ia l ly equal to -120 of Eq. (6), lending strong support to the 
octahedra l model . 

We extend this type of calculation to the reflections with (h = 4 n + 2 , 
k = 4n + 2, i = 4n+2) , those with (h = 4 n + 2 , k = 4n, £ - 4n), and their equiva-
lent ref lect ions. F o r these ref lect ions, we have 

2]-(Fca]ic(octahedral) - F^a^l(,(tetrahedral)]- = J^ 8xfc = 144 (9) 

This is now compared with 

Z J F o b s - Fca lc (oc tahedra l )} = 4 = 0 (lO) 

and 

I f ^ o b s - F ^ ^ i J t e t r a h e d r a l ) } = 145. ( U ) 

Again, an excellent endorsement of the octahedral case r e su l t s . The octa-
hedra l and t e t r ahed ra l models a r e indistinguishable for the reflection types 
(h = 4n, k = 4n, £ - 4n) and (h = 4n, k = 4n + 2, i = 4n + 2). In this category, 

I f ^ o b s - F ^ ^ i J o c t a h e d r a l ) } = I ( P o b s ' F^^ i^ ( t e t r ahedra l )} = 33. (12) 

The ideal value for Eq. (12) is zero and the observed smal l value can well 
substantiate th is . 

Similar ly , other probable models , o rde red or d i so rde red in the c a r -
bon dis t r ibut ions, could be d iscarded as well, thus conclusively affirming 
the NaCl-type s t ruc tu re for the cubic YCx-



V. A N A L Y S I S O N T R I G O N A L S T R U C T U R E 

A . M u l t i p l e D o m a i n S t r u c t u r e 

In o r d e r to f a c i l i t a t e t h e d e s c r i p t i o n , w e h a v e e m p l o y e d t h e t e r m i -

n o l o g y " t r i g o n a l " p r e m a t u r e l y i n m a n y o c c a s i o n s . N e e d l e s s t o s a y , i n 

o r d e r t o e s t a b l i s h t h e c r y s t a l s y m m e t r y , o n e h a s t o d e t e r m i n e n o t o n l y t h e 

g e o m e t r y of t h e c r y s t a l l a t t i c e , b u t a l s o t h e s y m m e t r y i n t h e d i f f r a c t i o n i n -

t e n s i t y d i s t r i b u t i o n . T h e l a t t e r c o m e s i n m u c h l a t e r i n t h i s c h a p t e r , b u t t h e 

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

m e t r y d e t e r m i n a t i o n . 

T h r e e t y p i c a l p r e c e s s i o n p h o t o g r a p h s a r e g i v e n i n F i g s . 3 ( a ) , 4 ( a ) , 

a n d 5 ( a ) . T h e i r e x p l a n a t o r y d i a g r a m s a r e s h o w n i n F i g s . 3 ( b ) , 4 ( b ) , a n d 

5 (b ) , w h e r e s m a l l d i s p l a c e m e n t s of t h e t r i g o n a l r e f l e c t i o n s f r o m t h e c u b i c 

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

w e f r e q u e n t l y c a l l t h e s h i f t v e c t o r s . 

Fig. 3(b) 

Explanatory Diagram for Fig. 3(a). Small 
circles represent the cubic reflections. Per-
tinent principal axes of the cubic and trigonal 
systems are shovm. Arrows point out the 
directions of the shift of the trigonal reflec-
tions from the points corresponding to the 
cubic superlattice. The length of an arrow 
is proportional to the amount of the shift and 
is enlarged ten times the distance scaled for 
the cubic reflection pattern. The fiducial 
scales are given accordingly. The arrow with 
shaded tip and shaded shaft represents the 
shift vector of the Type IV domain. Also, 
the trigonal reflections with Z odd are our 
concern here, since those with H even are 
overlapped with the cubic reflections or are 
too weak to give reliable data. 

121-2689 

Fig. 3(a) 
Precession Photograph (zero-level) of the Cubic 
[h, k,-(h + k/2)] Reciprocal-lattice Plane. Both 
the cubic and trigonal diffraction spots ate seen 
here, but the latter spots are hardly visible. All 
trigonal reflections here are originated from the 
Type IV domain (Ref. Fig. 7). 
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Fig. 4(a) 

Precession Photograph (zero-level) of the Cubic 

(hhJl) Plane Showing Both the Cubic and Trigonal 

Reflections. The cubic reflections are generally 

stronger in intensity and larger in size in com-

parison with the trigonal reflections. 

121-2620 

Fig. 4(b) 

Explanatory Diagram for Fig. 4(a). The trig-

onal reflections belonging to the Type II and 

III domains appear here. Shaded arrows rep-

resent the shifting modes of the Type II do-

main and open arrows are for the Type III 

domain. The trigonal reflections with £ odd 

are treated here. The notations A-1 , A-2, 

. . . . B-1, B-2 L(lll)cui3, and (003)t].i are 

given in conjunction with the lattice-constant 

determination of the trigonal structure as i l -

lustrated in Figs. 8 and 9. The shift-vector 

distribution exhibits two twofold axial sym-

metries. However, because of different do-

main size, the intensity distribution shows no 

twofold symmetry, but a center of symmetry 

(see text). 
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Fig. 5(a) 

Precession Photograph (upper-level) of the Zone 
Corresponding to the (h, k, -1/2) Reciprocal-
lattice Plane of the Cubic Phase. Here, no cubic 
reflections appear and the diffraction spots origi-
nate from all four trigonal crystals. Also, all 
trigonal reflections observed here should satisfy 
a odd in (hk£). 

121-2622 

Fig. 5(b) 

Explanatory Diagram for Fig. 5(a). The shading 
scheme of arrows belonging to the domains II, 
III, and IV are explained in Figs. 3(bJ and 4(b). 
An arrow for the Type I domain is shown as a 
bottom-shaded arrowhead with open shaft. A 
large circle encompassing the origin confines a 
blind region, where no reflections are recorded 
owing to the geometrical screening-out in the 
upper-level precession setting. 
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The v e c t o r d i a g r a m s shown in F i g s . 3(b), 4(b), and 5(b) a r e for the 
t r i g o n a l r e f l e c t i o n s wi th £ odd in t h e i r i n d i c e s (hk/2), s i n c e t hey do not 
o v e r l a p wi th the cubic r e f l e c t i o n s . The t r i g o n a l r e f l e c t i o n s wi th £ even 
a p p e a r v e r y c l o s e to the cubic r e f l e c t i o n s , and t h e y a r e i n s e p a r a b l e f r o m 
the cub ic r e f l e c t i o n s a t low s c a t t e r i n g a n g l e s . At h igh s c a t t e r i n g a n g l e s , 
the t r i g o n a l r e f l e c t i o n s wi th £ even s t a r t to s e p a r a t e out f r o m the cubic 
r e f l e c t i o n . H o w e v e r , the i n t e n s i t y of the £-even t r i g o n a l r e f l e c t i o n fades 
away v e r y r a p i d l y as the s c a t t e r i n g ang le i n c r e a s e s and b e c o m e s u n a c c e s -
s i b l e to a c c u r a t e m e a s u r e m e n t . Th i s s i t ua t i on i s i l l u s t r a t e d in F i g . 6. 
B e c a u s e of r e a s o n s g iven above , we d e a l wi th t h e t r i g o n a l r e f l e c t i o n s w i th 
£ odd only u n l e s s o t h e r w i s e no ted . 
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Fig. 6 

General Characteristics of the Scattering-angle Dependence of 
the Intensities of the H Even and I Odd Reflections of Y2C 
Are Shown Here Using the Structure Factors per Unit Cell for 
the (OOg,) Reflections. The final parameter set was employed 
in the calculation. The £ even reflections are much stronger 
than the I odd reflections at low scattering angles. In this 
region, the I even reflections are inseparable from the cubic 
reflections. The intensities of £ even and £ odd become 
comparable near £ = 15, around which the £ even reflections 
tend to separate out from the cubic reflections. For I > 15, 
the a odd intensities become considerably stronger than the 
£ even intensities. The radial distance on the precession film 
is also given as a reference to the diffraction patterns shown in 
Figs. 3(a) through 5(b). 
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T h e t o p o l o g i c a l a n a l y s i s of t h e s y m m e t r y c h a r a c t e r i s t i c s i n t h e 

s h i f t - v e c t o r d i s t r i b u t i o n h a s p l a y e d a m o s t c r i t i c a l p a r t i n t h e s t r u c t u r e 

a n a l y s i s , a s d e s c r i b e d i n C h . I I . H e r e , o n e m a y s u r m i s e t h e d i f f i c u l t y w e 

e n c o u n t e r e d b y i n s p e c t i n g F i g s . 3 ( a ) t h r o u g h 5 (b ) , w h i c h r e p r e s e n t a t r a n -

s i t i o n f r o m a s i m p l e c a s e t o a m o r e c o m p l e x c a s e . In s o m e o t h e r z o n e s , 

t h e v e c t o r m a p s a r e b y f a r m o r e c o m p l e x t h a n t h e o n e s h o w n i n F i g . 5 ( b ) . 

T h e s e e x c e e d i n g l y c o m p l e x c a s e s a r e d i f f i c u l t t o i l l u s t r a t e a n d a r e n o t 

s h o w n . 

A s r e g a r d s t h e s h i f t i n g m o d e , i t w a s i m m e d i a t e l y s e e n t h a t t h e m a g 

n i t u d e of t h e sh i f t i s l a r g e r , o n t h e a v e r a g e , a s t h e s c a t t e r i n g a n g l e i n -

c r e a s e s . In t h e r e c i p r o c a l p l a n e s c o n t a i n i n g t h e o r i g i n of t h e r e c i p r o c a l 

l a t t i c e , b o t h t h e d i r e c t i o n a n d t h e m a g n i t u d e of t h e s h i f t i n g v e c t o r e x h i b i t 

t w o t w o f o l d a x i a l s y m m e t r i e s . H o w e v e r , n o s u c h s y m m e t r y e x i s t s i n t h e 

i n t e n s i t y . T h e s e r e g u l a r i t i e s w e r e a l l w e c o u l d f ind a n d p r o v i d e d n o h e l p 

i n r e v e a l i n g t h e o r i g i n of t h e s h i f t i n g . 

A b r e a k t h r o u g h c a m e a b o u t w h e n w e f o u n d t h a t t h e d i r e c t i o n of t h e 

s h i f t i s p a r a l l e l o r a n t i p a r a l l e l t o t h e c u b i c b o d y - d i a g o n a l a x e s o r t h e i r 

p r o j e c t i o n s o n t o t h e r e c i p r o c a l z o n e of s p e c i f i c c o n c e r n . T h i s e v e n t u a l l y 

r e v e a l e d m u l t i d o m a i n a x i a l r e l a t i o n s w h i c h c o u l d e x p l a i n u n a m b i g u o u s l y 

a l l t h e o b s e r v e d s h i f t s a n d i n t e n s i t i e s . T h i s m u l t i d o m a i n s t r u c t u r e i s 

d e s c r i b e d b e l o w . 

A s d e s c r i b e d i n C h . IV , o u r " s i n g l e c r y s t a l " c o n s i s t s of o n e c u b i c 

s i n g l e c r y s t a l a n d f o u r t r i g o n a l s i n g l e c r y s t a l s . T h e a x i a l i n t e r r e l a t i o n s 

a m o n g t h e c u b i c c r y s t a l a n d t h e t r i g o n a l c r y s t a l s a r e i l l u s t r a t e d i n F i g . 7, 

w h e r e t h e [OOl] a x e s of f o u r t r i g o n a l c r y s t a l s a r e d i s t i n g u i s h e d b y m e a n s 

of s u b s c r i p t s : t r i - I , t r i - I I , e t c . T h e o r i e n t a t i o n a l c o r r e l a t i o n s b e t w e e n 
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the cubic c rys ta l and the t r igonal c rys ta l I a r e as follows: (a) the ( i l l ) 
plane of the cubic c rys ta l l ies para l le l to the (001) or c-plane of the t r i go -
nal c rys ta l ; (b) the cubic [iTo] axis is para l le l to the t r igonal [iTo] ax is . 
The c r i te r ion (a) defines the coherent in terphase boundary between the 
cubic c rys ta l and the t r igonal c rys ta l I (see Ch. VII.C). The c-axes of the 
t r igonal c rys ta l s II, III, and IV a re pa ra l l e l to the [T i l ] , [ iT l ] , and [ i l l ] 
axes of the cubic c rys ta l , respect ively. 

[l00]cu 

[00l],ri-i [00l ] ,n-n 

[ i l l ] cub [Til] cub 

[llljcub 

[00l],n-I3Z: 

Fig. 7 

Axial Relationships among the Trigonal Crystals 

Relative to the Cubic Crystal. The cubic axes 

have subscripts "cub." The trigonal c_-axes of 

Type-I, -II, -III, and -IV domains are given 

with the subscripts tri-I, tri-II, tri-III, and 

tri-IV, respectively. 

121-2685 

We call the volume occupied by the t r igonal c rys ta l I the domain of 
Type I, and this nomenclature extends to other domains . The volumes of 
four domains a r e different from one another, causing a dismaying asym-
met ry of intensity in the precess ion photographs. 

B. P rec i s ion Determinat ion of Lattice P a r a m e t e r s 

Small shifts of the tr igonal reflections as shown in F igs . 3(b), 4(b), 
and 5(b) imply that the dimensions of the t r igonal unit cell a r e approxi-
mately given by â j.jĵ  = a c u b / v 2 and c^ ĵ̂  = 2 v 3 a^xib, where the sub-
scr ip ts abbreviate t r igonal and cubic. The p r e c i s e determinat ion of the 
t r igonal latt ice constants was not an easy task, since the t r igonal ref lec-
tions a re general ly very weak (see Ch, II.B). 

The shift-vector maps F igs . 3(b), 4(b), and 5(b) show that the 
shifting direct ions a re along the cubic pr incipal axes . In some other zones, 
the vector direct ions have no simple relat ions with the pr inc ipa l axes . 
Nonetheless, a relat ively s t raightforward deduction from the shift-vector 
analysis was that the a axis of the t r igonal c rys ta l should be very closely 
equal to the (llO) spacing of the cubic c rys ta l . The s ta t i s t ica l numer i ca l 
t r ea tment to to a(trigonal) = 3.617 ± 0.002 A, which turned out to be, within 
the accuracy cited above, equal to the d-spacing of the cubic (llO) p lanes . 

The c lattice constant of the t r igonal phase was determined as fol-
lows. Fo r instance, we select the shif t-vector distr ibution of the Type-II 
domain as shown by the shaded a r rows in Fig . 4(b). The shaded a r row 
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v e c t o r s a r e p a r a l l e l o r a n t i p a r a l l e l to the cubic [111] a x i s . The v e c t o r s 

l abe l ed a s A - 1 , A - 2 , A - 3 , e t c . , a r e poin t ing t o w a r d the cubic r e f l e c t i o n s 

(111), (222), (333), e t c . , r e s p e c t i v e l y . The m a g n i t u d e s of the shif ts of A - 1 , 

A - 2 , and A - 3 a r e p lo t t ed in F i g . 8. B e c a u s e of a l a r g e u n c e r t a i n t y , the 

shift m a g n i t u d e of the r e f l e c t i o n A - 4 i s not g iven in F i g . 8. The t r i g o n a l 

i n d i c e s of A - 1 , A - 2 , and A - 3 a r e ( l l 5 ) , (227), and (339), r e s p e c t i v e l y . 

T h e r e f o r e , in F i g . 8, the po in t s r e p r e s e n t i n g the shift m a g n i t u d e s of t h e s e 

t h r e e r e f l e c t i o n s should l ie on a s t r a i g h t l i ne . The i n t e r c e p t i n g po in t b e -

tween th i s l ine and the t r i g o n a l [OOT] ax i s g ives the shift m a g n i t u d e of the 

t r i g o n a l (003), Aj, a s i l l u s t r a t e d in F i g . 8. L i k e w i s e , t he da ta on B - 1 

t h r o u g h B - 6 led to the A2 va lue [ s ee bo th F i g s . 4(b) and 8] . A se t of A 

v a l u e s w a s thus ob ta ined . 

-0.2 
(333)cub (222)j„b ( l l l ' cub (000)c„b (HDcub (222)cub ^^^^hub 

[l l l lcub 
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Fig. 8 Observed Magnitudes of the Shifts for the Domain-II Trigonal Re-
flections Which Appear in the Fig. 4(b) Zone Are Treated Here. 
The designations A-1, A-2, etc., are referred to the reflections 
with the same designations in Fig. 4(b). The statistically aver-
aged shift values A]̂ , A2, etc., are correlated in Fig. 9. 

A l e a s t - s q u a r e s t r e a t m e n t h a s b e e n e m p l o y e d i n o b t a i n i n g t h e p a -

r a m e t e r s of t h e s t r a i g h t l i n e s of F i g . 8 . A s a c o r o l l a r y , f o r i n s t a n c e , t h e 

s h i f t m a g n i t u d e A3 i s m o r e r e l i a b l e t h a n t h e d a t a f o r ( 0 , 0 , 1 5 ) a l o n e . N o w , 

t h e s e A v a l u e s r e f e r r i n g t o r e s p e c t i v e £'s i n (OO^) a r e s h o w n i n F i g . 9 

w h i c h d e m o n s t r a t e s e x c e l l e n t l i n e a r r e l a t i o n s h i p s i n e a c h A s e r i e s . T h e 

AL v a l u e a s g i v e n i n F i g . 9 w a s o b t a i n e d w i t h a h i g h a c c u r a c y b e c a u s e of 

t h e l a r g e n u m b e r of o b s e r v e d d a t a e m p l o y e d i n t h e d a t a d e d u c t i o n . T h e 

A L v a l u e h a s t h e f o l l o w i n g r e l a t i o n w i t h L ( T l l ) c u b > r e p r e s e n t i n g t h e a v e r -

a g e d i s t a n c e on t h e f i l m b e t w e e n t h e c u b i c r e f l e c t i o n s , (hk i ) , a n d 

( h ± l , k ± 1, £± 1): L ( I l l ) c u b + ^ L = L ( 0 0 6 ) t i . i , w h e r e L ( 0 0 6 ) t i . i i s t h e d i s -

t a n c e b e t w e e n (hk .£) a n d (h, k, £+6) on t h e f i l m . T h e o b s e r v e d r e s u l t s a r e 
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g i v e n i n F i g . 9 . T h e r a t i o b e t w e e n L ( l l l ) c - u b a n d L ( 0 0 6 ) t r i i s 1 .0134 ± 

0 . 0 0 0 9 , w h i c h g i v e s t h e r a t i o b e t w e e n t h e i n t e r p l a n a r s p a c i n g f o r t h e c u b i c 

( i l l ) p l a n e s a n d t h a t f o r t h e t r i g o n a l (006 ) p l a n e s . 
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Plots of the A Values in Fig. 8 against £ 
in the Trigonal Indices (00 £). L(ill)(.ub 
indicates an average distance between two 
nearest cubic diffraction spots along the 
[Illlcub direction. 1(006)^^, which is 
equal to L(Ill)cub + ^L, corresponds to 
the distance between two nearest trigonal 
spots along the [Hllj-y], direction. 
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T h e i n t e r r e f l e c t i o n s d i s t a n c e s o n t h e p r e c e s s i o n p h o t o g r a p h a r e i n -

f l u e n c e d b y a s l i g h t e c c e n t r i c i t y i n t h e c r y s t a l s e t t i n g , v a r i a t i o n s i n t h e f i l m 

m o u n t , d i f f e r e n c e s i n f i l m s h r i n k a g e s , e t c . H e n c e , t h e d a t a p r o c e s s i n g w a s 

c a r r i e d o u t u s i n g t h e m e a s u r e d v a l u e s o b t a i n e d f r o m t h e s a m e f i l m . M o r e -

o v e r , t h e r a t i o L ( l l l ) c u b v e r s u s L (006 )^ . J . J ^ i s , t o a l a r g e e x t e n t , f r e e f r o m 

t h e e x p e r i m e n t a l e r r o r s d e s c r i b e d a b o v e . 

B a s e d o n t h i s p r i n c i p l e , t h e d a t a p r o c e s s i n g w a s c a r r i e d o u t w i t h 

f i v e r e l i a b l e s e t s of d a t a a n d t h e r e s u l t s a r e s u m m a r i z e d i n T a b l e I I , w h e r e 

u n b e l i e v a b l y l a r g e n u m b e r s of m e a s u r e m e n t s e m p l o y e d i n t h e d a t a d e d u c t i o n 

TABLE II. Data Employed for De t e rmin ing the Rat io be tween the Cubic ( i l l ) 
Spacing and the T r i g o n a l (006) Spacing, Leading to a Highly A c c u r a t e ^ - l a t t i c e 
Cons tan t of the T r igona l S t r u c t u r e . L ( l l l ) c u b i^ the d i s t ance be tween the cubic 
(hk.2) and (h± 1, k ± 1, i ± 1) re f lec t ions on the p r e c e s s i o n f i lm. L(006) t r i i s the 
d i s t ance be tween the t r i gona l (hki) and (h, k, i ± 6) r e f l ec t ions and has a r e l a t ion , 
L(006)t3.i = L(lll)(-.^^, + AL. E a c h group of data was a c q u i r e d f rom the s a m e 
f i lm. Slight d i f fe rences among L(lll)f.y}3 a r e due to the v a r i a t i o n s in the e x p e r i -
m e n t a l se t t ings as expla ined in the tex t . The r a t i o s , L ( l l l ) ( . u b v e r s u s L(006)^ . J . J , 
a r e highly r e l i a b l e on accotont of e l imina t ing m o s t of the e x p e r i m e n t a l v a r i a t i o n s . 
The s t anda rd dev ia t ions and the n u m b e r s of m e a s u r e m e n t s employed a r e a l so given. 

Domain 

II 
II 

III 
III 
IV 

L d l D c u b 
(mm) 

14.396 ± 0.008 

14.393 + 0.009 
14.425 ± 0.006 
14.406 ± 0.007 
14.387 ± 0.008 

AL 
(mm) 

-0 .191 ± 0.004 
-0 .172 + 0.002 
-0 .204 ± 0.006 
-0 .195 ± 0.004 
-0 .193 ± 0.005 

L{006)tri 
(mm) 

14.205 ± 0.009 
14.221 ± 0.009 
14.221 + 0.009 
14.211 + 0.008 
14.194 ± 0.009 

L ( l l l ) c u b 

L(006) t r i 

1.0134 ± 0.0009 
1.0121 ± 0.0009 
1.0143 ± 0.0008 
1.0137 ± 0.0007 
1.0136 ± 0.0008 

N u m b e r of 

Data 

109 
113 
112 
117 

64 

Weighted A v e r a g e 1.0132 ± 0.0004 



should be noted. The final resu l t that we have been after is the weighted 
average on the rat io values for L ( l l l ) c u b ve r sus L (006 )^J . J . It is 1.0132 ± 
0.0004. Using the cubic lat t ice p a r a m e t e r obtained by means of the powder 
technique, one finally obtains the t r igonal _c spacing. 

The latt ice p a r a m e t e r s of the t r igonal s t ruc tu re a re thus given as 
follows: 

In the t r igonal sys tem, we have 

a t r i = 3.617 ± 0.002 A; 

£ t r i = l'7-96 ± 0.01 A; 

c t r i A t r i = 4.965 ± 0.003. 

In the rhombohedral sys tem, the lattice p a r a m e t e r s a r e 

arhomb = 6.339 ± 0.003 A; 

a = 33°09' ± 4 ' . 

These resu l t s a re of very high accuracy on account of the weak reflections 
with which the measu remen t s were ca r r i ed out. Our Y2C values may be 
compared with the H02C data, arhomb = 6.248 ± 0.010 1 and a = 33°04' ± 20 
(Bacchella e t a l . , 1966). 

In Fig. 9, the intercepting value of the s t ra ight line with ver t ica l 
axis i s supposed to be ze ro , but it is -0.15 m m . This difference is very 
smal l but significant. It is par t ly explained by the absorpt ion effect. 

C. Determinat ion of Space Group 

A survey of the indices of the observed reflections failed to give any 
genera l extinction rule , except that the observed indices satisfy -h+k+.£ = 3n, 
implying the t r igonal symmetry . 

About 9,000 independent intensi ty m e a s u r e m e n t s of the t r igonal r e -
flections with £_ odd were t rea ted by the following crossl inking-weighted, 
s ta t i s t ica l averaging p r o c e s s e s : an intrazone normal iza t ion on different 
t ime-exposured in tens i t ies ; in terzone in te rcor re la t ions ; a data deduction 
using F r i e d e l ' s law equivalency. The cubic reflections were frequently 
employed in the intensity s tandardizat ion. 

Since the re a r e four t r igonal s ing le -c rys ta l domains having differ-
ent axial or ientat ions, we obtained four se ts of intensity values per ref lec-
tion. The ra t ios among these four were taken, and the averages of these 
ra t ios were used to i n t e r co r r e l a t e the intensi ty data of four domains . 



The final intensi ty set was affirmative of the t r igonal symmet ry . 
We thus establ ished the tr igonal symmet ry by al l m e a n s . Since no genera l 
extinction was observed, the probable space group is D3 - R32 (No. 155), 
Cfv - R3m (No. 160), or Df^ - R3m (No. 166) (international Tables , 1952). 

The intensi ty data were then averaged out, utilizing the t r igonal 
equivalency. Subsequently, the observed s t ruc tu re factors were obtained; 
these a re listed in Table III, where 42 observed s t ruc ture factors were de-
duced from approximately 9,000 intensity measu remen t s (an average of 
about 200 measu remen t s per s t ruc ture factor'.). 

TABLE III. Observed and Calculated X- ray St ructure Fac to r s 
per Unit Cell of the £ Odd Reflections of the Trigonal Y2C. The 
reflections marked with single a s t e r i sk were not included in the 
final l e a s t - s q u a r e s refinement. Double a s t e r i s k s designate un-
observed ref lect ions. Average standard deviation of the observed 
s t ruc ture factors is about 5%. 

Indices 

003* 
101* 
015 

009* 
107 
113* 
021* 

0,1,11 
205 

119 
027 

1,0,13 
0,0,15* 

211* 
2,0,11 

125 
217 

0,2,13 
303* 

0,1,17 
1,1,15 
1,2,11 

309 
1,0,19 
2,1.13 

223* 
2,0,17 

131* 

^ c a l c 

-49.8 
-1.6 
35,8 
65.4 

-65,5 
-29.5 

1.3 

-77,9 
28.9 
51.9 

-50.3 
70.9 

-85,3 
1.4 

-63.9 
23.4 

-41.3 
58.9 

-19.5 
71.1 

-72.1 
-54.0 

36.5 
-74.8 

50.1 
-16,6 

60.4 
1.0 

Fobs 

** 

<16.1 
45.2 
** 

69.5 
39.2 

<21.8 
78.1 
33.3 
50.5 
49.9 
69.3 

102.7 
<20.1 

59,5 
23.8 
43.5 
54.3 

<25.5 
66.1 
70.9 
54.5 
35.8 
75,7 
48.8 

<22,1 
59.7 

<26.8 

Indices 

0,0,21 
315 

229 
137 

0,2,19 
1,2,17 
3,0,15 

401* 
1,1,21 
3,1,11 

045* 
0,1,23 

407 

2,1,19 
1,3,13 
2,2,15 

321* 
0,4,11 
1,0,25 
4,0,13 

413* 
3,1,17 
3,0,21 
2,3,11 

419* 
1,1,27 
0,1,29 

•^calc 

67.2 
17.3 
31.2 

-30.2 
-64.6 

51.9 
-53,0 

0.8 
58.3 

-40,0 
14.7 

-64.5 
-26.3 
-56.0 

37,3 
-45.9 

0.6 
-34.8 

52.9 
32.1 

-11.0 
39.3 
43.8 

-30.3 
20.5 

-46.8 
40.5 

iFobs 

72.5 
11.7 
34.5 
30.3 
55.1 
46.4 
58.7 

<24.2 
56.8 
41.7 

<23.4 
61.6 
22.0 
52.6 
37.7 
44.5 

<31.2 
30.4 
56.6 
37.7 

<28.8 
42.0 
51.5 
29.3 

<27,9 
51,1 
48.3 



D. S t a t i s t i c a l S t r u c t u r e A n a l y s i s 

It should b e r e m i n d e d t h a t we a r e dea l ing wi th the ^ odd r e f l e c t i o n s 
only . F i r s t l y , the i n t e n s i t i e s c o r r e c t e d for t h e L o r e n z - p o l a r i z a t i o n f a c t o r s 
w e r e a r r a n g e d in o r d e r of i n c r e a s i n g s in 6 and w e r e g r o u p e d in to a p p r o -
p r i a t e equid i v i s i o n a l s in 6 r e g i o n s in s e q u e n c e . The i n t e n s i t y v a l u e s wi th in 
a g iven sin^ 9 r e g i o n w e r e a v e r a g e d out . The r e s u l t a n t da t a a r e shown in 
F i g . 10. The p r o c e d u r e e m p l o y e d h e r e i s i d e n t i c a l to the w ide ly e m p l o y e d 
W i l s o n ' s z o n e - a v e r a g i n g m e t h o d (Wilson, 1942). 

Fig. 10 

A Graphical Representation of the Wilson-type, Zone-
averaged Intensity Data. The solid line is a median 
curve for the averaged-out observed intensities whose 
values are given by small open circles. The Az/K 
value for Y in Y2C was obtained from the tangential 
angle <(> at (sin e/X)2 = 0 using Eq. (22). 
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The s o l i d - l i n e c u r v e in F i g . 10, a m e d i a n of the o b s e r v e d p o i n t s , 
s t a r t s f r o m z e r o , i n c r e a s e s v e r y r a p i d l y , and t e n d s to fa l l off at h igh 
a n g l e s . Th i s i s in s t r i k i n g c o n t r a s t wi th the u s u a l Wilson plot , wh ich i s , 
in g e n e r a l , an i n c l i n e d s t r a i g h t l ine s t a r t i n g f r o m a n o n z e r o v a l u e . The 
Wi lson s t r a i g h t l ine i s e x p e c t e d for a c r y s t a l s t r u c t u r e c o n s i s t i n g of a 
suf f ic ient ly l a r g e n u m b e r of a t o m s at g e n e r a l p o s i t i o n s . O u r c a s e i s due , 
undoubted ly , to s p e c i a l a r r a n g e m e n t s of t h e a t o m s . 

When s m a l l shif ts in the p o s i t i o n s of the r e f l e c t i o n s w e r e n e g l e c t e d , 
t h e t r i g o n a l r e f l e c t i o n s wi th £ - Zn would l ead to the f a c e - c e n t e r e d cubic 
l a t t i c e of the y t t r i u m a t o m s . H o w e v e r , the i n t e n s i t i e s of the t r i g o n a l r e -
f l ec t ions wi th ^ = 2n fal l off m u c h f a s t e r wi th i n c r e a s i n g s in G t han does 
t h e cubic c a s e ( see F i g . 6). It a p p e a r s tha t t he t r i g o n a l r e f l e c t i o n s wi th 
£ odd bu i ld up t h e i r i n t e n s i t i e s a t t h e e x p e n s e of t h e ^ = 2n i n t e n s i t i e s . 

The p r e d i c a m e n t m e n t i o n e d above i m p l i e s t ha t the y t t r i u m a t o m s 
a r e s l igh t ly d i s p l a c e d f r o m the f a c e - c e n t e r e d cubic p o s i t i o n s . Along th i s 
guide l ine , we i n t e r p r e t F i g . 10 a s fo l lows: 
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T h e t r i g o n a l u n i t c e l l s h o u l d c o n t a i n s i x Y a t o m s . T h e n o n c e n t r o -

s y m m e t r i c s p a c e g r o u p R 3 m p r o v i d e s t h r e e f o l d p o s i t i o n s f o r Y: (O, 0, 0; 

1 / 3 , 2 / 3 , 2 / 3 ; 2 / 3 , 1 / 3 , 1 / 3 ) + (0 , 0, z ) . T w o s e t s of t h e a b o v e c o o r d i n a t e s 

a r e n e e d e d to a c c o m m o d a t e t w o s e t s of t h r e e e q u i v a l e n t Y a t o m s . H e n c e , 

w e h a v e t o d e t e r m i n e t w o p o s i t i o n a l p a r a m e t e r s , z j a n d Z2. In t h e c e n t r o -

s y m m e t r i c R 3 m , w e s e t zi = -Z2. T h i s i s a l s o t h e c a s e i n t h e n o n c e n t r o -

s y m m e t r i c R 3 2 . H e n c e , o u r Y - a t o m a s s i g n m e n t i n R 3 2 i s c e n t r e s y m m e t r i c . 

T h e c h o i c e of t h e o r i g i n i n R 3 m i s a r b i t r a r y . H e n c e , i n R 3 m w e m a y c h o o s e 

t h e o r i g i n s o t h a t Zj = -^z> w h i c h t h e n b e c o m e s i d e n t i c a l t o t h e c o o r d i n a t e 

r e q u i r e m e n t i n R 3 2 a n d R 3 m . In o t h e r w o r d s , i n s o f a r a s t h e Y a t o m s a r e 

c o n c e r n e d , t h e c h o i c e a m o n g t h e t h r e e s p a c e g r o u p s i s i m m a t e r i a l . 

T h e s t r u c t u r e f a c t o r i n R 3 m e x c l u d i n g t h e c a r b o n c o n t r i b u t i o n i s 

g i v e n b y 

F ^ = A^ + B ^ (13) 

A = 3 f Y ( c o s 27r^zi + c o s Z'n£z2); (14) 

B = 3 f Y ( s i n 27Tizi + s i n 27rXz2). (15) 

E q u a t i o n (13) m a y b e r e w r i t t e n a s 

F ^ = I S f y d + c o s 2-^^(51 - Z2)}. (16) 

L e t u s d e n o t e a s m a l l d i s p l a c e m e n t f r o m t h e s p e c i a l p o s i t i o n a s /Sz. F r o m 

t h e c u b i c a n a l o g y , w e s e t 

z i - Z2 = 1 /2 + 2 A z , (17) 

w h i c h c o n v e r t s E q . ( I 6 ) i n t o 

| F | {£ = e v e n ) = 6 f Y | c o s ZTT£/\Z_\, (18) 

a n d 

| F | {£ = o d d ) = 6 f Y | s i n 27TiAz| . ( I 9 ) 

T h e l a s t t w o e q u a t i o n s d e l i n e a t e a p p r o x i m a t e l y t h e e x p e r i m e n t a l r e s u l t 

g i v e n i n F i g . 10 a n d a l s o t h e c u r v e s i n F i g . 6. 

N o w , w e a g a i n c o n f i n e o u r s e l v e s t o t h e o d d £ c a s e , f o r w h i c h w e 

u s e t h e r e l a t i o n 

^ % b s " ^^^Y ^^"^ (2Tr^Az) e x p • 2 B Y M (20) 
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where K is the scale factor and lobs ^^ the observed intensity co r rec ted 
for the Lorenz and polar izat ion factors (by definition Igbs ~ -^obs)- B^-sed 
on Eq. (20), the averaging p roces s employed for deriving the observed 
points in Fig . 10 cor responds to 

K^<Iobs/(36f!.))^ = ( s i n ^ 2 ^ i A z ) ^ e x p | - 2 B Y ( ^ y j 

where 

, . > sin 6 
X = 8 7 r c ( A z ) - ^ ^ 

and c is the lat t ice constant. The solid curve in Fig . 10 follows roughly 
Eq. (21). Fo r smal l 6, one approximates 

The tangent of the curve at (sin O/X)^ = 0 in Fig . 10 is 1.60, with which 
( A Z / K ) ^ = 0.96 X lO""* was obtained using Eq. (22). 

A wavy nature of the observed points in Fig. 10 is explainable through 
the sin X t e r m in Eq. (Zl). However, owing to a re la t ively la rge exper imen-
tal uncertainty, no rel iable X value could be deduced from the data in Fig . 10. 
Nonetheless , our in terpre ta t ion he re has now set up a good foundation for 
more refined s t ruc tu re ana lys is . 

E. Stat is t ical Refinement 

Let us proceed with a s impler , yet be t te r , s ta t i s t ica l analysis than 
the Wilson-type approach. F i r s t l y , we r ewr i t e Eq. (20) in the form 

Iobs/(36f'Y) = (l/K^) sin^ (ZTTMZ) e x p | - 2 B Y ( ^ ~ ^ y V (23) 

Taking logari thms gives 

in | lobs / (36f 'Y)} = in fe s i ^ ' (27riAz)j - ZB^(^^J. (24) 



We g a t h e r lQ|-,g's of the r e f l e c t i o n s wi th a g iven £. The l e a s t - s q u a r e s a n a l y -
s i s of Eq . (24) gave the b e s t v a l u e s for ( l / K ) ] s i n {ZT\£ISZ)\ and B Y - The 
a b s o l u t e - v a l u e no ta t ion h e r e wi l l be d r o p p e d h e r e a f t e r , s i n c e s in (27TiAz) i s 
a l w a y s p o s i t i v e in the a n g u l a r r e g i o n of o u r c o n c e r n . The p r o c e d u r e w a s 
app l i ed to f r o m £ - 3 up to i = 25. A dozen B y v a l u e s w e r e thus ob ta ined . 
A s t a t i s t i c a l a v e r a g e of t h o s e y i e lded B y = 0.94 P>}. 

When the ( 1 / K ) s in (2TriAz) v a l u e s a r e p l o t t e d a s a funct ion of £, t he 
r e s u l t a n t c u r v e should be m o n o t o n i c a l l y i n c r e a s i n g at f i r s t , r e a c h a m a x i -
m u m va lue , and then tend to fall off. The m a x i m u m point is a t t a i ned when 
Zi\£t\z - TT/Z, i . e . , Az = l / ( 4 i ) . At the s a m e t i m e , the m a x i m u m point 
g ives l / K . Unfor tuna te ly , t he o b s e r v e d da t a could b a r e l y r e a c h the m a x i -
m u m v a l u e . H e n c e , a c u r v e - f i t t i n g t echn ique w a s e m p l o y e d to ob ta in K 
and Az. 

T h i s s i m p l e ye t effect ive m e t h o d i s i l l u s t r a t e d in F i g . 11 , for w h i c h 
we w r i t e Eq . (23) a s fol lows: 

iFobs 6fY exp hm] = — s i n (27T-iAz). (25) 

1.0 

0.5 — 

-I I I I I I r 

121-2691 

Fig. 11. 

23 25 27 29 

X IN ihk£) 

Determination of the Carbon Positional Parameter Az Based 
on Eqs. (25) and (32). The scale factor K has been adjusted 
to unity. Open and shaded circles represent the observed 
points for £ = 4n - 1 and Jl = 4n + 1, respectively. The 
solid line is a median curve for the observed points and is 
given by (1/K) sin (2IT£AZ) with K = 1. Note that open cir-
cles are consistently above the solid curve, whereas shaded 
circles lie below the solid curve. These characteristics as 
well as the magnitudes of the deviations of the observed 
points from the solid curve were used to substantiate the 
validity of the Case I structure for Y2C. 
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The maximum sine value takes place nea r i = 29. Therefore , Az = 0.01. 
The K value was about 1.0. Hence, ( A Z / K ) ^ = 1 X 10"^, which is in ag ree -
ment with the value obtained from the Wilson-type analys is . 

F . Refinement of St ructure 

We have now obtained a good set of s t ruc tu re p a r a m e t e r s for the 
y t t r ium a toms: Az = 0.01, or z = Zj = -Z2 = 0.26, and B Y = 0.94 A^. 
Our task h e r e is to refine these Y p a r a m e t e r s and s imultaneously to de-
t e rmine the p a r a m e t e r s for the carbon a toms . 

As r ega rds the carbon ass ignment , we consider the following co-
ordinate se t s : both in R32 and R3m, (O, 0, 0; l / 3 , 2 / 3 , 2 /3 ; 2 / 3 , 1/3, l /3)+ 

3(a): 0 , 0 , 0 

3(b): 0, 0, 1/2. 

In R3m, we choose 3(a): 0, 0, z, with ^ = 0 or I / 2 . Because of the specia l 
carbon posit ions under considerat ion, the choice of the space group becomes 
again i m m a t e r i a l . 

If the carbon atoms occupy 3(a), the s t ruc tu re factor for £ odd is 
given by 

£-1 

F = (-1) ^ 6fY sin (27riAz) - 3fc (Case I). (26) 

With the ass ignment to 3(b), we have 

hi 
F = (-1) 2 6fY sin (27riAz) + 3fc (Case II). (27) 

When one places the carbon atoms at both 3(a) and 3(b) with an equal occu-
pancy probabil i ty, the s t ruc tu re factor becomes 

i - i 
F = (-1) 2 6fY sin (2^iAz) ( C a s e i n ) . (28) 

The carbon contribution is revoked in the Case III. All cases stated above 
a r e computed for i odd. 

By means of Eqs . (26) to (28) and the l e a s t - s q u a r e s method, the 
s t ruc tu ra l p a r a m e t e r s were refined. The ini t ial p a r a m e t e r s employed were 
Az = 0.01 and By = B ^ = 0.94 %J'. The d iscrepancy factors with these ini-
t ial p a r a m e t e r s were Ri(0.086, O.I6, 0.10) and R2(0.009, 0.032, 0.014), r e -
spectively, for the Cases I, II, and III. 
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The Case I yielded the smal les t d iscrepancy factors and is hence 
strongly favored. In Case I, one cycle of the l e a s t - s q u a r e s refinement r e -
duced Ri = 0.086 to 0.056 and Rj = 0.009 to 0.0055. F o r comparison, the 
one-cycle l e a s t - squa re s improvements in Case II were Rj = 0.16 to 0.11 
and R2 = 0.032 to O.OI6. 

The second cycle in Case I gave Rj = 0.056 and R2 = 0.0047, both 
of which indicate no significant improvement . The final p a r a m e t e r s in the 
Case I were 

Az = 0.0085 ± 0.0003, 

z = 0.2585 ± 0 0003, 

By = 0.98 ± 0.04 A^ 

Be = 1-05 ± 0.20 A^ 

K = 0.93 ± 0.03. 

The values repor ted for H02C a re z = 0.256 ± 0.001 and B Y = B Q = 0.32 A^ 
(no accuracy is given) (Bacchella et al . , I966). 

We have discarded Cases II and III on the bas i s of the R factor 
values . An additional strong endorsement for the Case I model is given in 
the following chapter . 

G. Confirmation of Carbon P a r a m e t e r s 

Fo r Case I, we wri te 

KFobs = locale I 

(-1) 2' 6fY sin (2TrMz) expl-Byf^^y j - 3fc e x p | - B c ( ^ ^ y j 

The above equation is r ea r r anged to 

K ^ o b s / i ^ f Y exp 

£-1 
(-1) ' sin 

sin (27TiAz) + (-1) 

(ZTTMZ) •- l l ^ exp|-(Bc - B Y ) ( ^ ) ' } 

P { - < B C - B . ) ( ^ ) } 
2Z yf Y 

(29) 

(30) 



where f̂ ; and fy a r e the unitary scat ter ing factors and a r e given by 
Zc^C = fc ^^d ^Y^Y ~ ^Y' where Z Q and Zy a r e the atomic numbers of 
C and Y, respect ively. 

Since B e - By, Eq. (30) simplifies to 

K F o b s / v ^ Y exp • B Y m 
1 fc 

sin (27TiAz) - _ - ^ ( i = 4 n + l ) , 13 fY 
(31) 

1 £c 
3in (27riAz) + _ J^l ( i = 4n - 1). 

13 £„ 

The ratio f c / f y is relat ively constant over our angular range. Let us then 
express as iQ/fY - ct- The right-hand side of Eq. (31) is hence dependent 
on iAz only. We sum up all reflections with the same £ and divide the sum 
by the number of the reflections employed. This p rocess is wri t ten as 

KFobs/ '<6fY exp -[-M 
r 1 
sin (27TiAz) - — a ( i = 4n + l ) , 

= < (32) 

sin (27riAz) •{• — a {£ = 4 n - 1). 

This equation may be in te rpre ted as Eq. (25) plus the carbon con-
tribution. The exper imental points in Fig. 11 a r e c lear ly in accordance 
with Eq. (32), namely, the exper imental points for i = 4n r 1 lie consis-
tently above the solid line represent ing Eq. (25) and those for £ - An + \ 
lie below the solid line. The observed magnitudes of these deviations gave 
approximately a = 1.8, which is in good agreement with the calculated 
mean value, a = 1.76, in the range from 0.25 to 0.75 in (sin 0)/X. 

If the Case II model were co r rec t , the r eve r sed signs should be 
assigned in the r ight-hand side of Eq. (32). The observed points for £ = 
4n + 1 in Fig. 11 would lie above the solid line and vice ve r sa for £ - 4n - 1, 
This is opposite to the observation. If the model for the Case III were cor -
rect , all observation points should lie right on the solid curve in Fig. 11. 
This is c lear ly not the case . We accordingly d iscard Cases II and III. The 
final atomic p a r a m e t e r s a re summar ized in the Resume Chapter. 
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VI. N E U T R O N STUDY 

The n e u t r o n d i f f rac t ion p a t t e r n of y t t r i u m h y p o c a r b i d e o b t a i n e d 

u s i n g an a u t o m a t i c m u l t i p u r p o s e d i f f r a c t o m e t e r (Atoji , 1964 and 1965) i s 

shown in F i g . 12. The p o w d e r e d s a m p l e e m p l o y e d h e r e w a s p r e p a r e d f r o m 

the L u n e x a r c - m e l t e d b u t t o n s t h a t h a d p r o v i d e d o u r s i ng l e c r y s t a l s u s e d 

for the X - r a y s tudy . No c o h e r e n t p e a k s due to the p r o b a b l e i m p u r i t i e s 

( y t t r i u m m e t a l , g r a p h i t e , Y2C3 and YC2) w e r e d e t e c t a b l e in any of our 

n e u t r o n d i f f r ac t ion p a t t e r n s . 
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Fig. 12. Neutron Powder Diffraction Pattern of a Mixed Phase of the Cubic YCQ go and the Trigonal Y2C. 
Subscripts to the indices, "c" and "t," denote cubic and trigonal, respectively. 

T h e p o w d e r s a m p l e w a s p a c k e d i n t o a t h i n - w ^ a l l e d c y l i n d r i c a l 

T i2 . i3 Z r h o l d e r w h i c h g e n e r a t e s n o c o h e r e n t n e u t r o n s c a t t e r i n g . T h e 

h o l d e r d i m e n s i o n s w e r e 1 c m i n d i a m e t e r a n d 3 .8 c m i n t h e b e a m - b a t h e d 

h e i g h t . T h e p a c k i n g d e n s i t y w a s 3 .0 g / c m ^ . 

T h e t o t a l c r o s s s e c t i o n o b t a i n e d b y m e a n s of t h e t r a n s m i s s i o n c e l l 

( A t o j i , 1964) w a s 11 .3 ± 0 . 4 b a r n s p e r YC^j. a t t h e n e u t r o n e n e r g y of 

0 . 0 7 1 6 e V o r t h e n e u t r o n w a v e l e n g t h of 1.069 A . T h e x v a l u e i n YCjj. w a s 

l a t e r d e t e r m i n e d a s 0 . 4 3 f r o m t h e c o h e r e n t i n t e n s i t y a n a l y s i s of o u r b u l k 

n e u t r o n s a m p l e . At 0 . 0 7 1 6 e V , t h e t o t a l c r o s s s e c t i o n of Y i s 8 .0 b a r n s 

( G o l d b e r g e t a l . , 1966) a n d t h a t of C i s 5 .4 b a r n s i n v a r i o u s r a r e - e a r t h 

c a r b i d e s ( A t o j i , u n p u b l i s h e d ) . H e n c e , t h e e x p e c t e d t o t a l c r o s s s e c t i o n f o r 

YCQ.43 i s 0 . 8 0 + 5.4 x 0 . 4 3 = 1 0 . 3 , w h i c h i s n o t s i g n i f i c a n t l y d e p a r t e d 

f r o m t h e o b s e r v e d v a l u e 1 1 . 3 b a r n s , p a r t i c u l a r l y i n v i e w of a l a r g e u n c e r -

t a i n t y i n t h e c o m p o s i t i o n h o m o g e n e i t y . 

T h e a t t e n u a t i o n c o e f f i c i e n t jii i n exp(-jLir) f o r o u r p o w d e r s a m p l e 

w a s 0 . 2 2 c m " ^ x 0 . 5 c m = 0 . 1 1 . T h e r e f o r e , t h e a n g u l a r d e p e n d e n c e 

of t h e a b s o r p t i o n f a c t o r c o u l d b e n e g l e c t e d ( i n t e r n a t i o n a l T a b l e s , 1 9 5 9 ) . 
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T h e b a c k g r o u n d of the d i f f rac t ion p a t t e r n w a s s a t i s f a c t o r i l y 
accoun ted for by the s u m of the e l a s t i c t h e r m a l diffuse s c a t t e r i n g , 
the m u l t i p l e s c a t t e r i n g , and the i n s t r u m e n t a l s c a t t e r i n g . T h e r e f o r e , 
b e c a u s e of the a b s e n c e of the ' p a r a m a g n e t i c s c a t t e r i n g , y t t r i u m h y p o -
c a r b i d e should be v e r y weak ly p a r a m a g n e t i c o r d i a m a g n e t i c . The 
p r o c e d u r e of the b a c k g r o u n d a n a l y s i s h a s b e e n fully d e s c r i b e d p r e -
v i o u s l y (Atoji , 1961 and 1967a). 

The c o h e r e n t p e a k i n t e n s i t i e s w e r e a n a l y z e d u t i l i z ing the p a r a m e t e r s 
d e t e r m i n e d by the X - r a y m e t h o d . The n e u t r o n c o h e r e n t s c a t t e r i n g a m p l i -
t udes e m p l o y e d w e r e b(Y) = 0.778 x 10"^^ c m (Goldberg et a l . , 1966) and 
b(C) = 0.662 X 10"^2 ^ j ^ (Hughes and S c h w a r t z , 1958). 

F o r the t r i g o n a l Y2C, we u t i l i z e d the X - r a y p a r a m e t e r s , i . e . , the 
t e m p e r a t u r e f a c t o r coef f ic ien t s B y = 0.98 A^ and Br; = 1.05 A^, and the 
p o s i t i o n a l p a r a m e t e r s ( 0 , 0 , 0 ; l / 3 , 2 / 3 , 2 / 3 ; 2 / 3 , 1/3, l / 3 ) + ( 0 , 0 , z) , w i th 
z_ = 0 for c a r b o n and z - 0 .2585 for y t t r i u m . As s e e n in F i g . 12, s e v e r a l 
t r i g o n a l p e a k s w e r e c o m p l e t e l y i s o l a t e d f r o m the cubic r e f l e c t i o n s . The 
a g r e e m e n t b e t w e e n the o b s e r v e d and c a l c u l a t e d i n t e n s i t i e s for t hose i s o l a t e d 
t r i g o n a l p e a k s w a s found to be e x c e l l e n t , thus ve r i fy ing the X - r a y r e s u l t 
c o n c l u s i v e l y . 

The s c a l e f ac to r w a s s u b s e q u e n t l y d e t e r m i n e d . The c a l c u l a t e d t r i -
gona l i n t e n s i t i e s w e r e then s u b t r a c t e d f r o m the o b s e r v e d p e a k i n t e n s i t i e s 
so as to ob ta in the cubic i n t e n s i t y v a l u e s , for a l l cubic r e f l e c t i o n s a r e o v e r -
l a p p e d wi th the t r i g o n a l r e f l e c t i o n s . The r e s u l t a n t cubic i n t e n s i t i e s wi th a l l 
even in (hk i ) and t hose wi th a l l odd i n d i c e s w e r e t r e a t e d s e p a r a t e l y , u s i n g 
the m e t h o d s i m i l a r to tha t d e s c r i b e d in Ch. IV. Two s e t s of t h e s e cub ic in -
t e n s i t i e s gave the s a m e t e m p e r a t u r e f a c t o r , B = 1 . 1 ± 0 . 1 A , wh ich i s s i g -
n i f ican t ly s m a l l e r than the X - r a y va lue of B = 1.85 ± 0.08 A^. A l s o , the 
above da ta p r o c e s s i n g y i e lded the va lue x = 0.28 for YCx wi th a high d e g r e e 
of r e l i a b i l i t y . It is not u n r e a s o n a b l e to expec t a s m a l l e r B va lue for s m a l l e r 
x, i . e . , l e s s c a r b o n con ten t . 

With the p a r a m e t e r s g iven above , a l l o b s e r v e d da t a w e r e c o m p a r e d 
wi th the c a l c u l a t e d v a l u e s in T a b l e IV. The f inal d i s c r e p a n c y f ac to r va lue 
w a s 

Ly\ ^obs " -"^calc I ^ _-, 
— = b . 970, 

Z^0b£ 

w^hich p r e s e n t s a n o t h e r c o n f i r m a t i o n of o u r X - r a y s t r u c t u r e . The o t h e r 
p r o b a b l e m o d e l s d i s c u s s e d in Ch. IV.B gave s ign i f i can t ly l e s s s a t i s f a c t o r y 
a g r e e m e n t s . 



TABLE IV Observed and Calculated Neutron Diffraction Intensi t ies for the Quenched 
Powder Sample of Yttr ium Hypocarbide Which Is an Admixture of the Cubic YCQ.ZS 
and the Trigonal Y^C The cubic reflections a re designated by subscr ip t c at tached 
to their indices The in tens i t ies a re given in b a r n s per unit cell On the bas i s of 
this unit, withm our experijmental e r r o r , the scaling factor for the cubic YCQ 28 data 
IS accidentally equal to the t r igonal Y2C scale factor 
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To recapi tu la te , our bulk neutron sample consisted of t r igonal YjC 
and cubic YCQ.28- F r o m the scale factors for these two s t r u c t u r e s , the 
average chemical formula for our bulk neutron sample was obtained as 
YCQ.43- The chemical analysis on the bas i s of random sampling of severa l 
a r c - m e l t e d buttons gave, YCQ.39 (see Ch. III). The chemical composit ion 
of our polydomain single c rys ta l is approximately given by YCQ.5- A con-
siderable inhomogeneity of our a r c -me l t ed buttons should be noted. 
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VII. DISCUSSION 

A. L a y e r S t r u c t u r e s in YCx 

In F i g . 13, the c r y s t a l s t r u c t u r e of the cubic YCx ^^ c o l l a t e d w^ith 

the t r i g o n a l Y2C s t r u c t u r e . In t h i s f i g u r e , A, B , and C r e p r e s e n t the 

y t t r i u m l a y e r s , w h e r e a s a, b , and c signify the c a r b o n l a y e r s . The A, B , 

and C l a y e r con f igu ra t i ons a r e the s a m e as the a, b , and c l a y e r s , r e s p e c -

t i v e l y , e x c e p t for the d i f f e r ence in o c c u p a n t s . 

YCx (CUBIC) 

Fig. 13. Schematic Representations of the Cubic and Trigonal Structures 
of Yttrium Hypocarbide. The cubic structure is drawn on the 
trigonal coordinates. The capitals A, B, and C signify the 
yttrium layers, whereas the lower cases a, b, and c, designate 
the carbon layers. Pertinent interlayer distances are given. 

In t h e c u b i c Y C X J t h e l a y e r s e q u e n c e a l o n g t h e [ H i ] a x i s i s 

| A [ C ] B [a] C \h\ — > , w h e r e t h e i A - B - C — I s e q u e n c e d e l i n e a t e s t h e 

c u b i c c l o s e - p a c k i n g of t h e y t t r i u m a t o m s a n d t h e < [c] - [a] - [b] — V l a y e r s 



d e s i g n a t e the o c t a h e d r a l h o l e s be ing p a r t l y o c c u p i e d by the c a r b o n a t o m s . 
H e r e , the i n t e r l a y e r d i s t a n c e s a r e a l l equa l to 1.477 A, as shown in F i g . 13. 

In the t r i g o n a l s t r u c t u r e , the uni t l a y e r s e q u e n c e m a y be w r i t t e n a s 

•JAc B D C b A H I l B a C Q >. H e r e , Q d e n o t e s the v a c a n t l a y e r , w h e r e a s 
a, b , and c d e s i g n a t e the c a r b o n l a y e r s wi th uni t occupancy f a c t o r . Al though 
the l a y e r s e q u e n c e in the t r i g o n a l YjC s e e m s c o m p l e x , it is a l m o s t i d e n t i c a l 
to the cubic YC^^ l a y e r s t r u c t u r e excep t for the fol lowing: e v e r y four th 
l a y e r ( e v e r y o t h e r c a r b o n l a y e r ) is c o m p l e t e l y v a c a n t ; t he occupancy f ac to r 
in the c a r b o n l a y e r is uni ty; the i n t e r l a y e r s p a c i n g s a r e not a l l equa l . 

T h i s l a s t sub jec t about the i n t e r l a y e r s p a c i n g s i s of p a r t i c u l a r i n t e r -
e s t . In the c u b i c - t o - t r i g o n a l t r a n s f o r m a t i o n , the spac ing b e t w e e n the y t t r i u m 
and c a r b o n l a y e r s , o r s i m p l y the h e t e r o - i n t e r l a y e r d i s t a n c e , i s s m a l l e r for 
the l a r g e r c a r b o n popu la t i on . The change in the o c c u p a n c y p a r a m e t e r , f r o m 
x = 0.48 to 1.00, v a r i e s the h e t e r o - m t e r l a y e r d i s t a n c e , f r o m 1.477 to 

o 

1.343 A, giving about 9 .1% c o n t r a c t i o n . On the o t h e r hand , the o c c u p a n c y 
p a r a m e t e r change , f r o m x = 0.48 to z e r o , m o d u l a t e s the h e t e r o - m t e r l a y e r 
spac ing f r o m 1.477 A to 1.649 A, r e s u l t i n g m about 11.6% e x p a n s i o n . As a 
who le , the c u b i c - t o - t r i g o n a l t r a n s f o r m a t i o n expands the l a y e r ax ia l l eng th 
(along [111] of cubic and [001] of t r i g o n a l ) about 1.32%, whi le no change 
t a k e s p l a c e m the m t r a l a y e r i n t e r a t o m i c d i s t a n c e s Subsequen t ly , the v o l -
u m e of the c r y s t a l expands 1.32% m the c u b i c - t o - t r i g o n a l t r a n s f o r m a t i o n , 
i .e , a h i g h - t o - l o w t e m p e r a t u r e a l l o t r o p i c t r a n s i t i o n (see Ch VIII). H e n c e , 
the c r y s t a l v o l u m e of the h i g h - t e m p e r a t u r e d i s o r d e r e d s t r u c t u r e i s s m a l l e r 
than the l o w - t e m p e r a t u r e o r d e r e d s t r u c t u r e The d i s p o s i t i o n h e r e i s indeed 
oppos i t e to the c o m m o n l y conce ived s t r u c t u r a l concep t i on . 

In the cubic s y s t e m , bo th L a l l e m e n t (1966) and Speddmg et a l . (1958) 
have found that the cubic l a t t i c e spac ing d e c r e a s e s as the c a r b o n con ten t 
i n c r e a s e s . T h i s is a s t r i k i n g c o n t r a s t to the t r a n s i t i o n - m e t a l c a r b i d e , w h e r e 
the r e v e r s e d r e l a t i o n h a s b e e n o b s e r v e d . F u r t h e r d i s c u s s i o n on th i s sub jec t 

is g iven m Ch. VI I .E . 

B . P h a s e T r a n s i t i o n 

The p h a s e d i a g r a m p r o p o s e d by L a l l e m e n t (1966) (see F i g . 14) s u g -
g e s t s tha t the cubic h y p o c a r b i d e i s s t ab l e above about 1300-1400°C, be low 
which the t r i g o n a l s t r u c t u r e a p p e a r s . The c o m p o s i t i o n r a n g e of the cubic 
p h a s e s p a n s a p p r o x i m a t e l y the r a n g e x = 0 .35 -0 .6 5 in YCx, ^^^ a m u c h 
n a r r o w e r c o m p o s i t i o n r a n g e i s i m p o s e d upon the t r i g o n a l s t r u c t u r e ( m e a n -
ing a v e r y s m a l l l e eway m the s t o i c h i o m e t r y of Y2C). Spedding et a l . (1958) 
have found the e x i s t e n c e of the cubic p h a s e for x = 0 . 2 5 - 0 . 4 0 . It i s v e r y 
l ike ly tha t at c e r t a i n t e m p e r a t u r e s the cubic p h a s e could be s t ab l e m an 
ex tended r a n g e , x = 0 . 2 5 - 0 . 6 5 , a c c o m m o d a t i n g the f indings of both 
L a l l e m e n t (1966) and Spedding et a l . (1958). 
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for the Yttrium-Carbon 
System (Lallement, 1966) 

T h e t r a n s f o r m a t i o n f r o m c u b i c to t r i -

g o n a l m a y n o t b e f u l l y a c h i e v e d i n a f a s t c o o l -

i n g ; h e n c e , t h e c u b i c s t r u c t u r e c o u l d e x i s t i n 

t h e q u e n c h e d s a m p l e a s a m e t a s t a b l e p h a s e . 

In o u r s i n g l e c r y s t a l , t h e t r a n s f o r m a t i o n h a s 

t a k e n p l a c e p a r t l y . In o t h e r w o r d s , w e h a v e 

a r e s t r a i n e d t r a n s i e n t s t a t e , r e s u l t i n g i n a 

t w o - p h a s e d o r d i m o r p h i c s i n g l e c r y s t a l . 

I n c o n j u n c t i o n w i t h t h e Y C x p h a s e t r a n -

s i t i o n , r e c e n t w o r k b y S a r i a n a n d C r i s c i o n e 

(1967) on t h e d i f f u s i o n of c a r b o n in ZrCo .98 

g i v e s a n e s t i m a t e f o r j u s t h o w m o b i l e t h e c a r -

b o n a t o m s w o u l d b e i n t h e m e t a l m a t r i x . F r o m 

t h e i r d i f f u s i o n d a t a a n d l a t t i c e - c o n s t a n t v a l u e s 

of Z r C a t h i g h t e m p e r a t u r e s ( E l l i o t t a n d 

K e m p t e r , 1 9 5 8 ) , t h e a v e r a g e t i m e t h a t t h e c a r -

b o n a t o m s t a y s a t a g i v e n l a t t i c e s i t e i n Z rCo .gs 

i s c o m p u t e d t o b e a s s h o r t a s 0 . 8 x 10"^ s e c a t 

2 2 0 0 ° C . I t b e c o m e s e x p o n e n t i a l l y l o n g e r a s 

t h e t e m p e r a t u r e i s l o w e r e d . S o m e t y p i c a l v a l -

u e s a r e 2 . 5 x 10"^ s e c a t 1 7 0 0 ° C , 4 . 2 x l O ' ^ s e c a t 1 3 0 0 ° C , 22 s e c a t 1 0 0 0 ° C , 

a n d 2 . 2 X 10^ s e c ( n e a r l y 2 y r ) a t 7 0 0 ° C . I n d e r i v i n g s o m e of t h e s e v a l u e s , 

t h e r e p o r t e d d a t a h a v e b e e n e x t r a p o l a t e d . 

A n o t h e r e x a m p l e w e c i t e i s t h a t of b o d y - c e n t e r e d c u b i c i r o n c o n -

t a i n i n g u p t o a b o u t 0 .0 3 a / o c a r b o n . T h e c a r b o n a t o m s t a y s a t t h e i n t e r -

s t i t i a l s i t e o n l y f o r 1 s e c , e v e n a t r o o m t e m p e r a t u r e ( C h a l m e r s , 1 9 5 9 ) . 

ZrCo.98 p r o v i d e s a c a s e w h e r e t h e v a c a n t s i t e s f o r c a r b o n a r e 

e x c e e d i n g l y s c a r c e . I r o n c o n t a i n i n g a m i n u t e a m o u n t of c a r b o n r e p r e s e n t s 

a c a s e i n w h i c h t h e r e e x i s t h i g h l y a b u n d a n t v a c a n t i n t e r s t i c e s . T h e Y C x 

c a s e m a y l i e j u s t a b o u t b e t w e e n t h e s e e x t r e m e s . H e n c e , i t i s q u i t e p l a u s i b l e 

t h a t t h e n n o b i l i t y of c a r b o n i n t h e c u b i c Y m a t r i x a t h i g h t e m p e r a t u r e i s 

l a r g e e n o u g h t o c o n s t i t u t e a h i g h l y , d i s o r d e r e d c a r b o n d i s t r i b u t i o n . O n t h e 

o t h e r h a n d , t h e m o b i l i t y of t h e c a r b o n a t o m s i s n o t f a s t e n o u g h t o c o m p l e t e 

t h e c u b i c - t r i g o n a l t r a n s f o r m a t i o n i n a r e l a t i v e l y r a p i d c o o l i n g . 

R e s n i c k a n d S e i g l e (1966) h a v e g i v e n a n i n t e r e s t i n g r e s u l t f o r t h e 

d i f f u s i o n of c a r b o n i n T a C A z a r o f f ( 1 9 6 l a a n d i 9 6 l b ) h a s d i s c u s s e d t h e 

d i f f u s i o n p r o c e s s i n t h e c l o s e s t - p a c k e d c r y s t a l s . T h e w o r k of R u d y e t a l . 

( 1 9 6 7 ) o n t h e p h a s e t r a n s i t i o n of m e t a l c a r b i d e s c o m p r e h e n d s t h e t h e r m a l 

a n a l y s i s , t h e X - r a y s t r u c t u r e s t u d y , a n d m e t a l l o g r a p h i c o b s e r v a t i o n . 

C . I n t e r c r y s t a l B o u n d a r i e s 

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

c r y s t a l s , t h e l e a s t i n t e r p h a s e e n e r g y c o u l d b e a t t a i n a b l e b y c h o o s i n g t h e 



cubic { l l l } a n d t r i g o n a l { 0 0 1 } p l a n e s a s a c o m m o n b o u n d a r y i n t e r f a c e , s i n c e 
the above p l a n e s a r e c o m p l e t e l y i d e n t i c a l to e a c h o the r in bo th the i n t e r -
a t o m i c conf igu ra t ion and d i s t a n c e . The d r a w i n g s g iven in F i g . 13 d e m o n -
s t r a t e t h i s m a s u c c i n c t m a n n e r . Th i s cubic { 1 1 1 } - t o - t r i g o n a l {OO 1} b o u n d a r y 
IS a s i m p l e , ye t t y p i c a l , e x a m p l e of the c o h e r e n t i n t e r p h a s e i n t e r f a c e , and 
is c o n s i s t e n t wi th the i n t e r c r y s t a l a x i a l r e l a t i o n s shown in F i g . 7. 

The b o u n d a r i e s a m o n g four t r i g o n a l d o m a i n s a r e not as s t r a i g h t -
f o r w a r d as the c u b i c - t r i g o n a l b o u n d a r y . Let us s t a r t f r o m an idea l c a s e . 
Suppose tha t the i n t e r a t o m i c d i s t a n c e s in the t r i g o n a l c r y s t a l a r e the s a m e 
a s t h o s e in the cubic c r y s t a l , excep t for the d i f f e r e n c e in the o r d e r i n g 
s c h e m e of t h e c a r b o n a t o m s . Then , i t i s obvious t h a t any a t o m i c p l a n e c a n 
be c h o s e n as a c o h e r e n t i n t e r f a c e b o u n d a r y b e t w e e n a d j a c e n t t r i g o n a l d o -
m a i n s ; t ha t is to s ay , we h a v e an a r b i t r a r y cho ice of the c o h e r e n t i s o p h a s e 
i n t e r f a c e s for t h e b o u n d a r i e s of four t r i g o n a l d o m a i n s . 

In the a c t u a l c a s e , h o w e v e r , a s m a l l m o d u l a t i o n in the i n t e r l a y e r 
d i s t a n c e s t a k e s p l a c e in the c u b i c - t r i g o n a l t r a n s f o r m a t i o n . H e n c e , t he c o -
h e r e n t i n t e r f a c e in the above i d e a l i z e d c a s e b e c o m e s s l i gh t ly i n c o h e r e n t . 
The e n e r g y a s s o c i a t e d w^ith th i s i n c o h e r e n c y should c e r t a i n l y be l e s s t h a n 
the s t a b i l i z a t i o n e n e r g y in f o r m i n g the t r i g o n a l c r y s t a l s . The foUow^ing 
e x a m p l e is of v a l u e in e s t i m a t i n g the d e g r e e of i n c o h e r e n c y in the i s o p h a s e 
i n t e r f a c e s a m o n g the t r i g o n a l d o m a i n s . 

Al though u n d e r c e r t a i n cond i t ions the g e n e r a t i o n of t h e t r i g o n a l 
d o m a i n m a y t a k e p l a c e s p o n t a n e o u s l y a t any r e g i o n of the cubic c r y s t a l , for 
the s ake of s i m p l i c i t y we a s s u m e tha t t he t r i g o n a l c r y s t a l s deve lop f r o m 
the cubic { i l l } p l a n e s wi th a n equa l g r o w t h r a t e . In the a f o r e m e n t i o n e d 
i d e a l i z e d c a s e , in w^hich no m o d u l a t i o n t a k e s p l a c e in the i n t e r l a y e r and i n -
t r a l a y e r i n t e r a t o m i c d i s t a n c e s , t he c o h e r e n t i n t e r f a c e s betw^een the ad j acen t 
t r i g o n a l d o m a i n s a r e the {108} p l a n e s ( the {110} p l a n e s in the cub ic d e s c r i p -
t ion) . H o w e v e r , b e c a u s e of a s l igh t d i f f e r ence in the i n t e r l a y e r d i s t a n c e 
b e t w e e n the cubic and t r i g o n a l s t r u c t u r e s , t he {108} p l a n e s of t h e ad j acen t 
t r i g o n a l d o m a i n s sp l i t e a c h o t h e r r a d i a l l y wi th the r a d i a l m u t u a l sp l i t t i ng 
angle of 4 4 ' . T h i s ang le m a y be ca l l ed a t i l t ang le , s i n c e in a c o n v e n t i o n a l 
t e r m i n o l o g y the b o u n d a r y of our c o n c e r n m a y be s a i d to be of a t i l t b o u n d a r y . 
A l s o , s o m e ca l l t h i s a " s u b b o u n d a r y " in a m o r e g e n e r a l s e n s e ( C h a l m e r s , 
1959). The e n e r g y a s s o c i a t e d wi th s u c h a s m a l l - a n g l e t i l t b o u n d a r y would 
not be s u b s t a n t i a l l y l a r g e . 

By the s a m e token , m the g e n e r a l i z e d c a s e , t ha t i s , •when the grow^th 
r a t e s of the t r i g o n a l d o m a i n s a r e d i f fe ren t f r o m one a n o t h e r , t he t r i g o n a l 
i s o p h a s e i n t e r f a c e is s t i l l a s u b b o u n d a r y , and the d e g r e e of the i n c o h e r e n c y 
should be as s m a l l a s the equa l d o m a i n - g r o w t h c a s e . 

In our m u l t i d o m a i n s ing le c r y s t a l it w a s found, t h r o u g h the d i f f r a c -
t i on i n t e n s i t y a n a l y s i s , t h a t t he r e l a t i v e v o l u m e s of the cub ic c r y s t a l and 



those of the t r igonal domains, I to IV, a re 3.6, 0.40, 1 00, 0.48, and 0.91, 
respect ively . Significant differences among four t r igonal domain volumes 
suggest that the s t ra in field and re la ted factors could easi ly influence the 
growth ra tes of the tr igonal domains in the cubic- to- t r igonal t ransformat ion. 

D. Bonding Configurations 

The pert inent in tera tomic distances in the cubic and tr igonal s t ruc -
tu res a re l is ted in Table V- For obtaining a relat ive m e a s u r e of bond 
s t rength, the bond numbers were computed using Paul ing 's (I960) s emi -
empir ica l equation 

D(n) = D(l) - 0.60 logio n, (33) 

where D(l) is the single-bond distance and D(n) is the bond distance for 
the bond number n. Also, D(n) = Ri(n) + R2(n), where Ri(n) and R2(n) a re 
the bond radi i of the a toms . We have chosen R(l) = 1.618 and 0.772 A for 
Y and C, respect ively . The R(l) value for Y was evaluated frona the latest 
lat t ice constants of the Y metal (Gschneidner, 1961) and is slightly different 
from Paul ing 's value. The R(l) value for C was obtained from diamond. 
The resul tant individual and total bond numbers a re given in Table V. 

TABLE V In tera tomic Dis tances and Corresponding Bond 
Numbers m the Cubic and Tr igonal Yt t r ium Hypocarbides 
The values for the YCj a re also given In the t r igonal YjC, 
Y-Yj is the m t r a l a y e r d is tance , Y-Yjj is the in te r l aye r d i s -
tance a c r o s s the carbon l aye r , and Y-Yjjj is the in te r l aye r 
dis tance a c r o s s the vacant l ayer 

Cubic YCx (x = ° 48) 

C-6Y 2 558 A (n = 0 525) Y-6xC 2 558 A (n = 0 525) 

C-12xC 3 617 A (n = 0) Y-12Y 3 617 A (n = 0 232) 

^ n for C = 3 15 ^ n for Y = 2 78 + 3 15x 

= 4 29 

Trigonal Y2C 

C-6Y 2 483 A (n = 0 700) Y-3C 2 483 A (n = 0 700) 

C-6C 3 6 1 7 A ( n = 0) Y - 6 Y J 3 617 A (n = 0 232) 

^ n for C = 4 20 Y- 3Yn 3 402 A (n = 0 259) 

Y-3Yni 3 904 A (n = 0 077) 

2] n for Y = 5 31 

Tet ragonal YC, 

C-C 1 2 7 5 A ( n = 2 29) Y-2C 2 447 A (n = 0 804) 

C-Y 2 447 A (n = 0 804) Y-8C 2 668 A (n = 0 344) 

C-4Y 2 668 A(n = 0 344) Y-4Y 3 664 A (n = 0 194) 

y n for C = 4 47 ^ n for Y = 5 14 



The C-Y bond (n = 0.70) in Y2C i s s u b s t a n t i a l l y s t r o n g e r t h a n tha t 
in YCo.48 (cubic) (n = 0 .53) . The Y-Y bond (n = 0.23) in YCQ.43 (cubic) r e -
m a i n s the s a m e in the i n t r a l a y e r d i s t a n c e Y-Yj in YzC. The i n t e r l a y e r 
Y-Y b o n d , b e t w e e n w h i c h c a r b o n a t o m s i n t e r v e n e , Y-Yj i (n = 0 .26) , i s 
s l igh t ly s t r o n g e r than the cubic Y-Y bond. On the o t h e r hand , the i n t e r -
l a y e r Y-Y bond a c r o s s the v a c a n t l a y e r , Y - Y j j j (n = 0 .08) , i s , h o w e v e r , 
l a r g e l y w e a k e n e d . In bo th the cubic and t r i g o n a l s t r u c t u r e s , the C - C b o n d s 
a r e a l l v e r y w e a k . 

The t o t a l bond n u m b e r s of C and Y in YCo.48 (cubic) a r e 3.2 and 4 . 3 , 
r e s p e c t i v e l y , w h e r e a s they a r e 4.2 and 5.3 in Y2C. H e n c e , in a l l a c c o u n t s , 
the c h e m i c a l bonding in Y2C is s u b s t a n t i a l l y s t r o n g e r than tha t in the cubic 

YCo.48-

In the cub ic s t r u c t u r e , the s t a t i s t i c a l s i t e s y m m e t r y of Y i s m 3 m 
and tha t of C i s a l so m 3 m . The o c t a h e d r a l s y m m e t r y is a t t a i ned e i t h e r in 
a t i m e or s p a c e a v e r a g e s e n s e . Th i s s t a t i s t i c a l l y high s y m m e t r y b r e a k s 
down to c o n s i d e r a b l y l o w e r s y m m e t r i e s in the t r i g o n a l s t r u c t u r e . 

In Y2C, the s i t e s y m m e t r y of C i s c e n t r o s y m m e t r i c 3m and tha t of 
Y is n o n c e n t r o s y m m e t r i c 3m. H e n c e , the bond con f igu ra t i on of C w i th 
r e s p e c t to the s u r r o u n d i n g Y a t o m s i s tha t of s l igh t ly d e f o r m e d o c t a h e d r o n . 
On the o t h e r hand , the bonding of Y in Y2C i s h ighly a s y m m e t r i c ( see 
F i g . 13). The Y - C bond conf igura t ion h e r e i s tha t of a t r i g o n a l p y r a m i d wi th 
Y at i t s apex . The Y-Y bonds a r e a l so a s y m m e t r i c , a s m a y be s e e n f r o m 
the w^ide d i f f e r e n c e s among t h e i r bond n u m b e r s ( see T a b l e V). 

The bond n u m b e r s in YC2 (Atoji , 1961) a r e g iven in T a b l e V for 
c o m p a r i s o n . The to t a l bond n u m b e r of c a r b o n in YC2 i s l a r g e r t h a n t h a t 
in Y2C; the r e l a t i o n is r e v e r s e d as r e g a r d s the to t a l bond n u m b e r of Y. It 
a p p e a r s tha t in c o m p a r i s o n wi th Y2C the bonding a s s o c i a t e d w^ith C in YC2 
i s enhanced at the e x p e n s e of the bonding s t r e n g t h of Y. In fac t , a l l c a r b o n 
a t o m s in YC2, a highly m e t a l l i c compound , d i m e r i z e to f o r m C2 g r o u p s . 
H e n c e , the C - C i n t r a m o l e c u l a r bond n u m b e r of YC2 ( see T a b l e V) w a s c o m -
pu ted on the b a s i s tha t it i s a n o n m e t a l l i c bond . T h e r e e x i s t s no s u c h h i g h e r 
c a r b i d e s in the t r a n s i t i o n - m e t a l c a r b i d e s . T h i s i m p l i e s tha t as r e g a r d s 
the c h e m i c a l - b o n d i n g a s p e c t the c a r b o n a t o m s in the r a r e - e a r t h c a r b i d e s 
p lay a m u c h s t r o n g e r r o l e than t hose in the t r a n s i t i o n - m e t a l c a r b i d e s . T h i s 
sub jec t i s aga in d i s c u s s e d in Ch. VIII. 

So as to find the i n t e r c o r r e l a t i o n among the c h e m i c a l - b o n d s t r u c -
t u r e s of YCx, Y2C, YC2. and Y2C3 a s a p p e a r e d in the p h a s e d i a g r a m (see 
F i g . 14), a l i t e r a t u r e s u r v e y of the c r y s t a l s t r u c t u r e of Y2C3 w a s m a d e . No 
r e p o r t w a s found, a l though in s o m e p a p e r s the r a r e - e a r t h s e s q u i c a r b i d e 
s t r u c t u r e w a s l a b e l e d as the Y2C3 t y p e . M o r e p r o p e r l y , i t shou ld have b e e n 
s t a t e d tha t Y2C3 i s p r o b a b l y i s o s t r u c t u r a l to (RE)2C3 (Atoji and W i l l i a m s , 
1961). 
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Rundle (1948), utilizing Eq. (33) extensively, has given an i l lumi-
nating in terpre ta t ion on the bonding s t ruc tu res of the MX compounds (M = 
t rans i t ion me ta l , and X = C, N, and O). The a tomic-orb i ta l t r ea tment of 
the meta l l ic bond by Altmann et al . (1957) together with Kimbal l ' s table for 
var ious bond hybrids (1940) render a fundamental account for the me ta l l i c -
valency theory. E r n and Switendick (1965) and Lye and his co-workers (1965, 
1966, and 1967) have extensively developed the band- s t ruc tu re analysis of 
the re f rac tory MX compound. Ke l l e r ' s concept of the band s t ruc tu re (196O) may 
be applicable to the me ta l - ca rb ide s t r u c t u r e . 

The c rys ta l s t ruc tu re data for meta l carbides and re la ted compounds 
a re becoming very numerous . Recent represen ta t ive review^s, some of 
which include qualitative d iscuss ions on the chemical bond, a re given by 
Senkin and Milliken (1963), S torms (1967), Will iams (1966), Nowotony (1963), 
and Nowotony and Benesovsky (1967). 

Many rel iable data have recent ly become available on a long-
d i s rega rded subject, the physical p rope r t i e s of me ta l ca rb ides . Some noted 
publications a re as follows. The localized e lec t ron-dens i ty or ionic-s ta te 
study by Nagakura et al. (1966) and of Hosoya et al . (1968); superconduc-
tivity (Sadagopan and Gatos, 1966); thernaoionic work function (Wilson and 
McKee, 1967); sca t ter ing of e lec t rons by vacancies in TiCx (Will iams, 1964); 
the X- ray emiss ion spec t r a (Holliday, 1967); and the NMR study (Froidevaux 
and Ross ie r , 1967). 

E . Related S t ruc tures 

F i r s t l y , we d iscuss some s t ruc tu ra l differences between the r a r e -
ear th hypocarbide and the t r ans i t ion -me ta l hypocarbide We cite tantalum 
hypocarbide, TajC, for the l a t t e r , since Ta2C exhibits a phase t rans i t ion 
s imi l a r to that of Y2C and since the crys ta l s t r uc tu r e s of both phases of 
Ta2C are know^n with good accuracy . So far , Ta2C is the only case for w^hich 
usable s t ruc tu ra l data of a t rans i t ion meta l hypocarbide exist. 

The fundamental s t ruc ture of Ta2C is that of hexagonal close packing, 
whereas Y2C has a cubic c lose-packed s t r u c t u r e . Otherwise , the o r d e r -
d i sorder t rans i t ion of the carbon atoms in Ta2C r e semble s that for the r a r e -
ear th hypocarbides . In the d i so rde red s t ruc tu re of Ta2C (Elliott, 1965), 
the tanta lum atonas form a hexagonal c lose-packed lat t ice and the carbon 
atoms occupy randomly half of the oc tahedra l i n t e r s t i c e s . The stacking 
s t ruc ture of d i sordered Ta2C may be r ep resen ted by | A [CJ B [C] A [C] B . . . .! 
where [c] designates a Kalf-filled carbon layer of the c-type configuration. 
In o rde red Ta2C (Bowman et a l . , 1965), the layer scheme is given by 
•JA c B L ] A C B [ I J A . . . . I ; h e r e , Q del ineates an unoccupied layer as 
employed previously . 



As seen in Table VI, in both Y2C and H02C, the d i s o r d e r - t o - o r d e r 
t ransi t ion of the carbon atoms a l te rs the me ta l - ca rbon bond number from 
1/2 to 2 / 3 , implying a considerable inc rease in the bond strength. On the 
other hand, m the o rde red Ta2C with the anti-Cdl2 type s t ruc tu re , the Ta -C 
bond number is 3/4, which is smal le r than or equal to the Ta-C. bond num-
ber in Ta2C with the d i sordered carbon a toms. 
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TABLE VI Meta l - to -Carbon Bond Numbers m Some Representa t ive 
Metal Hypocarbides The single-bond rad ius R( l ) of carbon i s 0 772 A. 
The probable bond number may be cons idered as a rounded-off value of 
the bond number 

Compound 

Y^C^^) 

YCo.48(^) 

HojC^^'C) 

HoCx,('=) X 

Ta^cW 

Ta2C(e) 

= 0 
- 0 

30 
65 

S t ruc tu re 
Type 

Tr igonal , 
ant i -CdClj- type 

Cubic, 
NaCl-type 

Tr igonal , 
ant i -CdClj - type 

Cubic, 
NaCl- type 

Hexagonal, 
ant i -CdIj- type 

Hexagonal, 
C d i so rde red 

Bond 

Y - C 

Y-cW 

Ho-C 

Ho-cW 

T a - C 

Ta-C(f) 

Distance 

CA) 

2 483 

2 558 

2 467 

2 495 
-2 475 

2 186 

2 162 
~2 178 

R(l)fo^r 
Metal (A) 

1 618 

1 618 

1 583 

1 583 

1 343 

1 343 

(A) 

2 390 

2 390 

2 355 

2 355 

2.115 

2 115 

Bond 
Number 

0 

0 

0 

0 
-0 

0 

0 
~0 

70 

53 

65 

59 
63 

76 

84 
79 

P robab le 
Bond 

Numbe r 

2 / 3 

1/2 

2 / 3 

- 2 / 3 

3 / 4 

5/6 
- 3 / 4 

^^^This study 
(b)Bacchella et al (1966) 
(c)LaUement (1966) 
(d)Bowman et al (1965) 
(S )AS reviewed by Ell iot t (1965), t he re exis ts some d i sc repanc ie s anaong the r epo r t ed values 

The range cited above covers the var ia t ions m the r epor t ed data 
'^)Distance between the me ta l and the oc tahedra l i n t e r s t i t i a l site Note that the oc tahedra l 

s i tes a re par t i a l ly occupied by carbon atom« 

In the o rde red Ta2C s t ruc tu re , the in te r layer distance between two 
meta l l ayers intervening the carbon layer is 2.505 A, whereas the m e t a l -
meta l in ter layer distance ac ross the vacant layer is 2.432 A (Bowman 
et a l . , 1965). This relat ion is opposite to the Y2C case . 

In the Ta -C sys tem, near the TaC composition, the cubic lat t ice 
i nc reases in proport ion to the carbon content (Bowman, 1961). In the cubic 
r a r e - e a r t h hypocarbides , this relat ion is also r e v e r s e d (Spedding et a l . , 
1958; Lal lement , 1966). 

Therefore , in all cases descr ibed above, the carbon atona behaves 
as a typical in te rs t i t i a l atom in Ta2C and lengthens the surrounding me ta l -
meta l dis tance. This is also the case in other t r ans i t ion-meta l ca rb ides . 
On the other hand, the carbon atom in the r a r e - e a r t h hypocarbide s t rengthens 
the associating me ta l -me ta l bonding. 



N o w , w e e x t e n d o u r r e v i e w t o t h e h y p o c a r b i d e s of o t h e r t r a n s i t i o n 

m e t a l s b u t s t i l l r e s t r i c t o u r s e l v e s t o t h e M e 2 C c o m p o s i t i o n . A c l a s s i f i c a -

t i o n of t h e s e c a r b i d e s i s g i v e n i n T a b l e V I I . T h e m e t a l s i n t h e g r o u p I V A 

of t h e p e r i o d i c t a b l e : T i , Z r , a n d Hf, f o r m N a C l - t y p e c a r b i d e s i n t h e c o m -

p o s i t i o n r a n g e f r o m M e C to n e a r M e 2 C . T h e h y p o c a r b i d e s h e r e do n o t h a v e 

t h e o r d e r e d p h a s e a t r o o m t e m p e r a t u r e . I n t h e C r - C s y s t e m , t h e s t r u c t u r e s 

of C r 3 C 2 , Cr23C^, C r 7 C 3 , a n d Cr3C2 h a v e b e e n s t u d i e d ( H a n s e n , 1 9 5 8 ; 

E l l i o t t , 1 9 6 5 ; P e a r s o n , 1 9 5 8 ; P e a r s o n , 1 9 6 7 ) . H o w e v e r , t h e c a r b i d e w i t h 

t h e s t r u c t u r a l l y d e f i n a b l e c o m p o s i t i o n C r 2 C i s n o t k n o w n . 

T A B L E VII . A P e r i o d i c - t a b l e C l a s s i f i c a t i o n of t h e O r d e r e d 

S t r u c t u r e s of t h e K n o w n M e t a l H y p o c a r b i d e s w i t h t h e C o m -

p o s i t i o n M e 2 C a n d H a v i n g t h e H i g h - t e m p e r a t u r e C a r b o n -

d i s o r d e r e d P h a s e . In a l l c a s e s , t h e o r d e r - d i s o r d e r t r a n s i -

t i o n a f f e c t s s l i g h t l y t h e s t r u c t u r e of t h e m e t a l m a t r i x , w h i c h 

i s a p p r o x i m a t e d b y e i t h e r c u b i c c l o s e - p a c k i n g ( c c p ) o r b y 

h e x a g o n a l c l o s e - p a c k i n g ( h e p ) . T h e o r d e r e d c a r b o n d i s -

t r i b u t i o n f u r t h e r c l a s s i f i e s t h e s t r u c t u r e t y p e s a s f o l l o w s : 

h c p - 1 , ^ - F e 2 N ; h c p - 2 , ^ ' - F e 2 N ; h c p - 3 , ^ - N b 2 C ; h c p - 4 , £ - F e 2 N ; 

h c p - 5 , a n t i - C d l 2 . T h e c a r b i d e s of T i , Z r , Hf, a n d C r d o n o t 

e x h i b i t t h e s t r u c t u r e t y p e s d e s i g n a t e d a b o v e . 

I I IA IVA V A V I A 

SC2C 

c c p , a n t i - C d C l 2 ' ^ / 

( T i ) V2C 

h c p - l ( e , f ) 

h c p - 2 ( g ) 

h e p - 3 ( e ) 

( C r ) 

Y , C 

c c p , a n t i - C d C l 2 ( ^ ' ' ^ ) 

( Z r ) Nb2C 

h c p - 2 ( g ) 

h e p - 3 ( e ) 

h c p - 4 ( e ' h ) 

M02C 

h c p - l ( k , 1) 

H 0 2 C , Gd2C 

D y 2 C , E r 2 C 

c c p , a n t i - C d C l j ' * - ' ' ^ z 

(Hf) T a 2 C 

h c p - l ( ^ ) 

h c p - 5 ( j ) 

W2C 

h c p - l ( l . m ) 

h c p - 4 ( l ) 

h c p - 5 ( n ) 

(^)See Appendix. 
(t')Present report (1968). 
(c)Dean et al. (1964). 
('')BaccheIla et al. (1966). 
(e) Yvon et al. (1966). 

(OYvon et al. (1967). 
(g)Rudy and Brukl (1967). 
(h)Terao (1964). 
(^^Nagakura and Aihara (1967). 
(̂ ^Bowman et al. (1965). 

WParthe'et al. (1963). 
(l)Nagakura and Kikuchi (1966). 

(™)Rudy and Windisch (1967). 
("^Butorina et al. (1960). 



On the other hand, Sc, Y, r a r e e a r t h s , V, Nb, Ta, Mo, and W form 
Me2C with a very smal l to le rance in the composit ion ra t io . The c rys t a l 
s t ruc tu re s of these hypocarbides have been determined, but not with high 
accuracy except for the cases which we have cited in Table VI. The meta l 
atoms Sc, Y, and r a r e ear ths form the cubic c lose-packed s t ruc tu re , and 
V, Nb, Ta, Mo, and W take pa r t in the hexagonal c lose-packed ma t r i x . 
Upon heating, an allotropic t rans i t ion takes place due to the o r d e r - t o -
d isorder change in the carbon posi t ions . The t rans i t ion may accompany a 
smal l dis tort ion in the meta l ma t r ix , but does not a l ter the packing scheme 
of the meta l a toms . Upon cooling the d i so rde red compound, the carbon 
atoms sett le down to cer ta in posi t ions , resul t ing in the var ious o rde red 
s t ruc tu res l is ted in Table VII. When m o r e than one o rde red s t ruc tu re is 
given, all but one should be metas table at room t e m p e r a t u r e . The t h e r m o -
dynamic re la t ion among these al lotropic o rde red s t ruc tu re s has not been 
studied very thoroughly. 



52 

RESUME OF STRUCTURE DATA 

C h e m i c a l F o r m u l a 

M o l e c u l a r Weight 

C r y s t a l S y m m e t r y 

La t t i ce Cons tan t s (A) 

Un i t - ce l l Volume (A^) 

C h e m i c a l F o r m u l a Units 
p e r Unit Cel l 

Densi ty (g/cm^) 

Space Group 

Coord ina t e s of Y 

C o o r d i n a t e s of C 

Site S y m m e t r y of Y 

Site S y m m e t r y of C 

I n t e r a t o m i c Dis tance 
Y-C (A) 

I n t e r a t o m i c D i s t ance 

Y-Y (A) 

T e m p e r a t u r e F a c t o r 

Coefficient of Y (A^) 

T e m p e r a t u r e F a c t o r 
Coefficient of C (A^) 

Mean Debye T e m p e r a t u r e * * 

e CK) 

YCo.28 

92.28 

Cubic 

a = 5.13 ± 0.01 

135.0 + 0.8 

4 

4.581 

0 ? . - F m 3 m 
n 

4(a) 

4(b) 

m 3 m 

m 3 m 

2.565 ± 0.005 

3.627 + 0.007 

B = 1.1 ± 0.1 

B = 1.1 ± 0,1 

230 ± 10 

YCo.48 

94.69 

Cubic 

a = 5.115 ± 0.002 

133.8 ± 0.1 

4 

4.700 

Of^-Fm3m 
h 

4(a) 

4(b) 

m 3 m 

m 3 m 

2.558 ± 0.001 

3.617 ± 0.002 

B = 1.85 + 0.08 

B = 1.85 + 0.08 

170 + 5 

YjC* 

189.9 

T r i g o n a l 

a = 3.617 ± 0.002 

c = 17.96 ± 0.01 

203.4 ± 0.4 

3 (6 as YCo.s) 

4.650 

D=d-R3m 

6(c), z = 0.2585 + 0.0003 

3(a) 

3 m 

3 m 

2.483 ± 0.003 

3.402 + 0.007 
3.617 + 0.002 
3.904 ± 0.008 

B = 0.98 ± 0.04 

B = 1.05 ± 0.20 

233 ± 6 

o 

*In the rhombohedral coordinates, the lattice constants of Y2C are a = 6.339 ± 0.003 A 
and a = 33° 09' +4 ' . This unit cell contains one Y2C chemical unit. The coordi-
nations of C and Y are 1(a) and 2(c) with x = 0.2585 + 0.0003, respectively. 

**For the derivation of the Debye temperature, see International Table (1959) and also 
Bernstein (1964). 



A P P E N D I X 

C r y s t a l S t r u c t u r e of SC2C 

Us ing the X - r a y p o w d e r p h o t o g r a p h i c m e t h o d , R a s s a e r t s e t a l . (1967) 
have d e t e r m i n e d the c r y s t a l s t r u c t u r e of SC2C ( the i r s a m p l e No. 6 0 / 4 0 ) a s 
fo l lows: a f a c e - c e n t e r e d cubic s t r u c t u r e w i th a = 9.44 A for Scj.gzC; s p a c e 
g roup , O l - F d 3 m (No. 227) ( i n t e r n a t i o n a l T a b l e s , 1952); t he n u m b e r of the 
SC2C un i t s p e r un i t c e l l = I 6 ; Sc p o s i t i o n s , 32(e) , (x> x, x) O wi th x = 3 / 8 ; 
c a r b o n p o s i t i o n s , l 6 (d ) , ( 5 / 8 , 5 / 8 , 5 / 8 ) O • The a p p r o x i m a t i o n , Sci_g2C = 
SC2C, i s t o l e r a b l e in the p r e s e n t d i s c u s s i o n . 

The o b s e r v e d s c a t t e r i n g a n g l e s and the v i s u a l l y e s t i m a t e d i n t e n s i t i e s 
as r e p o r t e d by R a s s a e r t s et a l . (1967) a r e t a b u l a t e d in T a b l e V l l l . H e r e , a 
u n i v e r s a l l y a c c e p t e d r e l a t i v e i n t e n s i t y d e s i g n a t i o n ( P e i s e r et a l . , 1955) p r e -
s c r i b e s a p p r o x i m a t e l y 

vvs (or VS+) for 100, vs for 90, 

s for 80, m s (or m"'") for 70, 

m for 60, w m (or m " o r w"^) for 50, 

•w for 40 , vww (or w~) for 30, 

vw for 20, vvw (or vw~) for 10. 

T A B L E VIII. C o m p a r i s o n b e t w e e n the Cub ic and T r i g o n a l M o d e l s for 
SC2C. Both the cubic and t r i g o n a l i n d i c e s inc lud ing t h o s e for the u n -
o b s e r v e d r e f l e c t i o n s a r e g iven . The d i m e n s i o n s of the t r i g o n a l u n i t 
c e l l w e r e ob ta ined f r o m the c u b i c - c e l l d inaens ion u s i n g the r e l a t i o n s 
^ t r i ~ ^ c u b / ^ v ^ and c^j.j^ - -y/3 af,.^]^. V a l u e s of ZG^-^^g b a s e d on t h e 
da t a of R a s s a e r t s et a l . (1967) a r e l i s t e d , so tha t one can e s t i naa t e t h e 
d e g r e e of o v e r l a p p i n g a m o n g p r o x i m a t e r e f l e c t i o n s . O b s e r v e d i n t e n -
s i t i e s , lQ]3g, a r e t hose g iven by R a s s a e r t s e t a l . (1967). The c a l c u l a t e d 
i n t e n s i t i e s p e r c h e m i c a l f o r m u l a uni t , SC2C, w e r e c o m p u t e d u s i n g the 
fol lowing p a r a n a e t e r s : a t h e r m a l p a r a m e t e r B = 1.0 A^ for a l l c a s e s ; 
a c o o r d i n a t e p a r a m e t e r for Sc in the t r i g o n a l naodel , z = 0 .26 . 

Cubic 

111 
311 

222 

400 
331 
333 

511 

Indi ces 

T r i g o n a l 

003 ^ 

101 

OI2I 
006J 

104 

015 
IO7I 

009 J 

20obs 

n 
16.2 
-

32.9 

38.2 
-

50.3 

20ca l c 

r) 

16.3 
31.4 

32.9 

38,1 
41.7 

50,2 

l o b s 

w 
* 

VS + 

VS 

* 

vw 

Cut 

51 

18 

1197 

904 

6 
1 

3l 

•^calc 

)ic 

>-4 

x 10"^ 

T r i g o n a l 

277 
4 

f4"̂ ^ 
854 

22 

llh 



TABLE VIII. (Contd.) 

Indices 

Cubic Trigonal 
2eobs 
n 

20calc 
(°) 

Icalc X 10 - 2 

lobs Cubic Trigonal 

440 

531 
533 

622 

444 

551 

711 

553 

731 

800 

733 

555 

75 

5" 

622 

840 

53" 
l l / 

75 

9 

931 

844 

755' 
771 \' 

933 
773 
951 

666 1 
10, 2, 2J 

953 

775 

11, 1, I J 
309 

880 
220 

0, 2, 1 6 / 

55.0 

65.6 

69.0 

71.4 

77.6 

81.5 

90.7 

93.8 

96.0 

106.2 

108.6 

115.2 

116.0 

122.1 

130.1 

134.8 

55.0 

57.8 
64.8 

65.6 

68.9 

71.4 

77.7 

81.6 
83.9 

90.0 

90.8 

93.8 

96.2 

102.4 

106.3 

108.7 

115.3 

116.1 

122.2 

129.9 

134.9 

* 

* 

ms 

mw 

vvw 

W W 

w -
* 

mw 

m 

W W 

* 

m -

vvw 

vw 

mw 

W W 

W W 

556 

3 
1 

347 

116 

159 

132 

J} 

•115 

248" 
196 • 

29 

0 

85' 
148 
54 

444 

^287 

rh" 
.46 

•37 

75 

42 
15 
22 
46' 
18 

57 

18 

10 

75 

45 

3 

17 

16 

33 

52 

11 

n} 
43 

16/ 

r 
36 

27 

8. 

29 

11 

3 

^85 

120 

•20 

'96 

15 

59 

W 2 

38l 

13/ 
51 



TABLE VIII. (Contd.) 

Indices 

Cubic Trigonal 
2^obs 
n 

20calc 
(°) lobs 

Icalc 

Cubic 

Ol 

1 
1 

< 
1 

u 

' 2 

H 

281 

2701 
, r337 
671 

X 10"^ 

Trigonal 

5] 
26 

35 
< 

0 

26. 
69^ 
60 
25 

9, 
128] 

77 

9. 

L66 

^26 

• 163 

^ 2 1 4 

10, 6, 2 

884 1 

12, 0, Oj 

223 
2, 1, 13 
1, 0, 19 ^ 

131 
2, 0, 17 

312 
226 

1. 2, 14 
1, 1, 18J 

134 
3, 0, 12 
0, 1. 20 J 

138.1 

150.1 

156,9 

138.4 

148.6 

150.0 

156.9 

w -

m s 

*The intensi t ies for those reflections a r e not given by R a s s e r t s et al . , 
probably because they a re too weak to be observable or overlapped with 
the adjacent strong ref lect ions. 

As r ega rds the cubic indices in Table VIII, Table 3 of that paper 
of R a s s a e r t s et al. has omitted a number of al l-odd reflect ions such as 
(311), (331), (531), (533), (733), (555), (751), etc. In Table VIII the data 
have been compiled for al l cubic reflections specified by the given space 
group. The cubic intensi t i tes were computed based on the model of 
R a s s a e r t s et al. The Debye-Waller t empera tu re - f ac to r coefficient, 
B = 1,0 A , was a s sumed here by analogy with that for Y2C. For our 
purpose, this ass ignment of t empera tu re p a r a m e t e r is r a the r immate r i a l . 

F i r s t ly , the calculated cubic in tens i t ies suggest that mos t of the 
observed all-odd ref lect ions a r e actually too weak to be observable . For 
instance, Icalc °^ *^^ doublet (333) and (511) is l e s s than 1% of Icalc o^ the 
nearby strong reflection (440), whereas the observed intensity ra t io should 
be around 25% for this value. There a r e many other ca ses s imi la r to the 
above example, as is seen in Table VIII. 

If the intensity designation of R a s s a e r t s et al. is vast ly different 
from the conventional one, then quite a few unobserved al l -odd reflections 
should have been observed. Fo r instance, since the doublet (333) and (511), 
with 2 Icalc ~ 4, has been observed, the reflection (331) with Icalc = ^ 
should have also been observed and could be well resolved from the neigh-
boring ref lect ions. It appears that the cubic model is not at al l well justified. 



It is an outright speculation that the t r igonal Y2C-type s t ruc tu re 
may provide a bet ter in terpre ta t ion than the cubic model . The t r igonal 
s t ruc ture of SC2C was constructed using the lat t ice convers ions 
§tr i ~ § c u b / 2 v 2 and c^j.^ = v 3 acub- -A-s seen in the case of holmium 
and y t t r ium hypocarbides , this approximation is quite pe rmis s ib l e for 
our comparat ive purpose . By the same token, we assume the z p a r a m e t e r 
of 0.26 for Sc and B = 1.0 A^ for both Sc and C. 

The resul tan t calculated in tensi t ies c lea r ly demons t ra te by far 
a be t ter agreement with the observed data than the cubic case . It is 
therefore highly probable that SC2C (No. 60/40 sample of R a s s a e r t s et al.) 
is i sos t ruc tu ra l to the t r igonal Y2C. It should be noted that some 
SCjj.C (x = 2-3) samples of R a s s a e r t s et al . , such as SC2.4C (No. 8O/2O in 
their sample designation) appears to be i so s t ruc tu ra l to the cubic YCx-
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N O T E ADDED IN P R O O F : CORRECTION F O R ANOMALOUS DISPERSION 

A. In t roduc t i on 

The w a v e l e n g t h of the MoKa r a d i a t i o n (0.7107 A) e m p l o y e d for the 
p r e s e n t s i n g l e - c r y s t a l w o r k l i e s in the p r o x i m i t y of the K a b s o r p t i o n - e d g e 
w a v e l e n g t h of Y (at 0.7276 A). Th i s would r e s u l t in a l a r g e c o r r e c t i o n for 
a n o m a l o u s d i s p e r s i o n to the s c a t t e r i n g fac to r of Y, n a m e l y , fy- In fact , 
the d i s p e r s i o n v a l u e s a r e v e r y l a r g e , tha t i s , 

Af^ = -2 .96 and Af^ = 4.00 in fy + Af^ + iAf^ 

( C r o m e r , 1965). The Afy and Afy v a l u e s do not v a r y s ign i f i can t ly in the 
s c a t t e r i n g a n g u l a r r a n g e of our c o n c e r n . The d i s p e r s i o n c o r r e c t i o n for 
{Q should be neg l ig ib ly s m a l l . It is known tha t the d i s p e r s i o n c o r r e c t i o n 
m a y m o d u l a t e a p p r e c i a b l y the s c a l e and t e m p e r a t u r e f a c t o r s , but not a t o m i c 
p o s i t i o n p a r a m e t e r s in c e n t r i c c r y s t a l s ( T e m p l e t o n , 1955). 

H o w e v e r , the d i s p e r s i o n c o r r e c t i o n for fy in our c a s e i s c o n s i d e r a b l y 
l a r g e r than f̂  in m o s t of ou r s c a t t e r i n g a n g u l a r r a n g e ( see Tab le I). A l s o , 
Afy a m o u n t s to as m u c h a s 10 to 20% of fy ( s ee a l s o T a b l e l ) . Such a l a r g e 
d i s p e r s i o n c o r r e c t i o n m i g h t m o d u l a t e s ign i f i can t ly not only the s c a l e and 
t e m p e r a t u r e f a c t o r s , but a l s o the a t o m i c p a r a m e t e r s . H e n c e , a c o m p l e t e 
s t r u c t u r e a n a l y s i s of the cubic and t r i g o n a l y t t r i u m h y p o c a r b i d e h a s b e e n 
c a r r i e d out u s i n g the d i s p e r s i o n - c o r r e c t e d s c a t t e r i n g f a c t o r s . In sp i t e of 
the l a r g e d i s p e r s i o n c o r r e c t i o n , the r e s u l t s i nd i ca t ed no s ign i f i can t changes 
in the a t o m i c c o o r d i n a t e s and r e l a t i v e l y s m a l l changes in the s c a l e and 
t e m p e r a t u r e f a c t o r s . The d e t a i l s a r e d e s c r i b e d in the fol lowing. The 
d i s p e r s i o n - c o r r e c t e d equa t ions l a b e l e d as ( l ' ) , (2 ' ) , e t c . , c o r r e s p o n d r e -
s p e c t i v e l y to the n o n d i s p e r s i o n e q u a t i o n s , E q s . ( l ) , (2), e t c . The s a m e 
no ta t ion h a s b e e n app l ied to the t a b l e s and the f i g u r e s . 

B . Cubic YCx S t r u c t u r e wi th D i s p e r s i o n C o r r e c t i o n 

With the d i s p e r s i o n t e r m s , the N a C l - t y p e s t r u c t u r e f ac to r p e r unit 

ce l l for YCx (cubic) i s w r i t t e n as 

F = 4{(fY +Af\r) ± x f ^ } + 4iAf;;.. ( r ) 

The o b s e r v e d and c a l c u l a t e d s t r u c t u r e f a c t o r s a r e i n t e r c o r r e l a t e d by 

K l F o b s l = | F | e x p f B p i ^ > = | F e a l c h (2') 



w h e r e K is the s c a l e f ac to r a s def ined in Eq . (2) in Ch. IV.A. No te tha t t he 
a b s o l u t e v a l u e , |F(,a^]^(,|, i s e m p l o y e d in Eq. (2') r a t h e r t han F ^ a i c ^^ u s e d in 
Eq. (2). The l o g a r i t h m i c c o n v e r s i o n of Eq. (2') g ives 

M|F|/ |Fobsl) = ^JlK + B ( ^ ) ' . (3-) 

B a s e d on Eq. (3 ' ) , the l e a s t - s q u a r e s r e f i n e m e n t was c a r r i e d out for d e -
t e r m i n i n g the b e s t v a l u e s for K and B at v a r i o u s c a r b o n - o c c u p a n c y 
p a r a m e t e r s x. 

The R2 c u r v e s as a funct ion of x w^ith the d i s p e r s i o n c o r r e c t i o n 
a r e v e r y m u c h s i m i l a r to t h o s e wi thout the d i s p e r s i o n c o r r e c t i o n ( see 
F ig . 1 of Ch. V.A) . In the LOW A N G L E c a s e , the R2 c u r v e g ives a m i n i -
m u m v a l u e of 0.066% at x = 0.44 wi th B = 1.43 A^. The v a l u e s ob ta ined 
wi thout the d i s p e r s i o n c o r r e c t i o n a r e R2 = 0.072%, x = 0 .48 , and B = 
1.67 A . In the HIGH A N G L E c a s e , the R2 c u r v e g ives a m i n i m u m v a l u e 
of 0.22% at x = 0.44 with B = 1.74 A^. The v a l u e s ob ta ined wi thout the 
d i s p e r s i o n c o r r e c t i o n a r e R2 = 0.22%, x = 0 .48 , and B = 1.85 A . The 
d i s c r e p a n c y f a c t o r s a r e s l igh t ly in favor of the d i s p e r s i o n - c o r r e c t e d c a s e . 
The n o m i n a l change in the s c a l e fac tor m a n i f e s t s i t s e l f in a s m a l l d i f f e r e n c e 
in the x v a l u e s . The change in the t e m p e r a t u r e f ac to r i s not a p p r e c i a b l y 
l a r g e e i t h e r . 

The b e s t s e t of p a r a m e t e r s thus ob ta ined a r e x = 0 .44, l ead ing to 
the f o r m u l a YC0.44 and B = 1.74 A ^ The final v a l u e s of iF^^alcl ^-^d I F o b s I 
a r e l i s t e d in T a b l e I ' , w h e r e the da ta for the f i r s t s i x r e f l e c t i o n s w e r e 
ob ta ined us ing the b e s t p a r a m e t e r s for the LOW A N G L E c a s e , and the 
r e m a i n d e r w e r e c o m p u t e d us ing the HIGH A N G L E p a r a m e t e r s . 

TABLE r. Observed and Calculated Structure Factors per Unit Cell for the Cubic YC0.44 with the Dis-

persion Correction. Note that in Fjaic = I'^ak * locale, ^calc '̂  as large as 16.0 for all reflections. 

1 ndices 

111 
200 
220 
311 
222 
400 
331 
420 
422 
511 
333 
440 
531 

iFcalcl 
NaCl Model 

104.0 

110.4 

91.2 

74.0 

77.7 

68.2 

54.3 

57.2 

50.4 

42.5 

42.5 

40.1 

34.0 

IFcalcl 
CaF2 Model 

110.4 

99.0 

91.2 

77.3 

71.4 

68.2 

56.6 

52.7 

50.4 

44.3 

44.3 

40.1 

35.4 

|Fobs| 

103.9 t 4.4 

115.1 ± 2.3 

89.0 + 1.9 

74.0 ± 2.0 

75.2 ± 2.9 

70.6 ± 2.3 

56.1 + 1.1 

55.2 + 2.0 

53.4 + 1.2 

41.4 + 1.0 

43.2 + 2.2 

42.6 + 1.0 

34.2 + 0.5 

Indices 

600 
442 
620 
533 
622 
444 
711 
551 
640 
642 
553 
820 
644 

IFcalcl 
NaCI Model 

36.1 

36.1 

32.3 

27.5 

29.1 

26.4 

22.2 

22.2 

23.7 

21.5 

18.1 

15.9 

15.9 

IFcalcl 
CaF2 Model 

33.2 

33.2 

32.3 

28.7 

26.7 

26.4 

23.2 

23.2 

21.7 

21.5 

19.0 

14.5 

14.5 

iFobsl 

38.1 ± 1.9 

35.1 i 1.0 

30.6 + 1.2 

29.3 + 1.0 

30.6 + 0.8 

23.6 + 0.9 

19.5 + 0.7 

21.8 + 0.6 

25.2 + 1.4 

22.7 + 1.7 

20.0 ± 0.8 

18.0 + 1.0 

16.4 ± 2.9 

Our NaCl m o d e l (the o c t a h e d r a l c a s e ) g ives the o v e r a l l Rj f ac to r of 
3.7% and the Rj f ac to r of 0.15%. F o r the CaF2 m o d e l (the t e t r a h e d r a l c a s e ) , 



we have R2 = 5.9% and R2 = 0,46%. The difference he re is not too l a rge to 
endorse strongly the octahedral case . This situation is s imi la r to the non-
d ispers ion case (see Ch. IV.B). 

Subsequently, so as to es tabl ish the validity of the octahedral model 
an analysis s imi la r to the nondispersion case was ca r r i ed out. 

Fo r reflections with h = odd, k = odd, and Z - odd, we have 

^^fFcalc(octahedral) | - \F^^i^{tetr3.h.edTal)\} - -108, (6') 

where the summation was ca r r i ed out on the al l-odd index reflections in 
Table I ' , excluding the f i r s t s ix ref lect ions. Now, the observed data give 

2^(|Fobsl - |Fca lc(oc tahedra l ) |} = 2 - 0 (7') 

and 

Z{[Fobs] - |Fca lc ( t e t r ahedra l ) | } = -105 =. -108. (8') 

Equations (6'), (? ') , and (8') indicate a lmost complete agreement with the 
octahedral model . 

For the reflection with (h = 4n + 2, k =4n-l-2, H, - 4n) and (h = 4n-l-2, 
k = 4n, Si ~ 4n) and their equivalent reflect ions, we obtain 

I^( |Fcalc(octahedral) | - | Fca lc ( te t rahedra l ) | } = 133. (9') 

This is compared with 

K l F o b s l - |Fcalc(octahedral){} = -3 - 0 (10') 

and 

KlFobs l - |Fca lc ( t e t r ahedra l ) | } = 130 ^ 133. (11') 

Again, the octahedral case is s trongly favored. The octahedral model is 
indistinguishable from the te t rahedra l model for the reflection types 
(h = 4n, k = 4n, l = 4n) and (h = 4n, k = 4n + 2, i = 4n + 2). In this category, 

KlFobs l - |Fcalc(octahedral ) j} = 

K | F o b s [ - |Fca lc ( t e t r ahedra l ) | } = 25. (12') 

The ideal value for Eq. (12') is zero , and the observed smal l value can well 
approximate th is . 



C. T r i g o n a l S t r u c t u r e wi th D i s p e r s i o n C o r r e c t i o n 

T h e final p a r a m e t e r s in C a s e I in Ch. V . E w e r e d e t e r m i n e d by t h e 

l e a s t - s q u a r e s m e t h o d with the d i s p e r s i o n t e r m s t a k e n into a c c o u n t . T h e y 

a r e : 

Az = 0.0087 ± 0 .0003 (0.0085); 

B y = 0.82 ± 0 .04 (0.98) A^; 

B e = 1.02 ± 0,20 (1.05) A^; 

K = 0.87 ± 0.03 (0.93) , 

w h e r e the v a l u e s in the p a r e n t h e s e s w e r e t h o s e d e t e r m i n e d wi thout the d i s -
p e r s i o n c o r r e c t i o n . The i m p o r t a n t c h a r a c t e r i s t i c i s tha t Az i s e s s e n t i a l l y 
unchanged . The d i f f e r e n c e s in B y and K a r e s ign i f i can t , v / h e r e a s t ha t in 
B e is i n s ign i f i can t . In T a b l e I I I ' , |F(,a.lcl ^^'^ I F o b s | a-re l i s t e d us ing the 
new^ly ob ta ined p a r a m e t e r s . The d i s c r e p a n c y f a c t o r s Rj and R2 a r e 5.1 and 
0.47%, r e s p e c t i v e l y . T h e s e v a l u e s m a y be c o m p a r e d wi th t h e v a l u e s 5.6 and 
0.47% obta ined w^ithout the d i s p e r s i o n c o r r e c t i o n . T h e d i s p e r s i o n c o r r e c t i o n 
did not v a r y the R - f a c t o r s s ign i f i can t ly . 

TABLE IN'. Observed and Calculated Structure Factors per Unit Cell of the Odd-i Reflections of the Trigonal 

Y2C with the Dispersion Correction. Fcalc ' Acalc + iBcalc- Note that relatively large Bcalc values solely 

originated from the dispersion correction. Single and double asterisks are explained in Table 111. Average 

standard deviation of the observed structure factor is about 5%. 

Indices 

003* 
101* 
015 
009* 
107 
113* 
021* 
0,1,11 
205 
119 
027 
1,0,13 
0,0,15* 
211* 
2,0,11 
125 
217 
0,2,13 
303* 
0,1,17 
1,1,15 
1,2,11 
309 
1,0,19 
2,1,13 
223» 
2,0,17 
131* 

Acalc 

-47.70 
-2.37 
32.34 
59.49 

-60.93 
-28.29 

0.57 
-71.70 
25.71 
46.71 

-46.23 
63.33 

-77.82 
0.81 

-58.02 
21.03 

-37.86 
52.65 

-18.09 
63.24 

-65.10 
-48.93 
32.61 

-67.62 
44.61 

-15.42 
53.76 
0.48 

Bcalc 

3.90 
1.29 
6.27 

10.80 
8.52 
3.66 
1.20 

12.36 
5.88 

10.14 
8.01 

13.80 
15.24 
1.14 

11.61 
5.52 
7.53 

12.96 
3.24 

15.69 
14.31 
10.89 
8.94 

16.14 
12.18 
3.03 

14.76 
0.99 

iFcalcl 

47.9 
2.7 

32.9 
60.5 
61.5 
28.5 
1.3 

72.8 
26.4 
47.8 
46.9 
64.8 
79.3 
1.4 

59.2 
21.7 
38.6 
54.2 
18.4 
65.2 
66.6 
50.1 
33.8 
69.5 
46.2 
15.7 
55.8 

1.1 

iFobsl 

»« 
<15.1 

42.4 
• • 

65.1 
36.7 

<20.4 
73.2 
31.2 
47.3 
46.8 
64.9 
96.3 

<18.8 
55.8 
22.3 
40.8 
50.9 

<23.9 
61.9 
66.4 
51.1 
33.6 
70.9 
45.7 

<20.7 
56.0 

<25.1 

Indices 

0,0,21 
315 
229 
137 
0,2,19 
1,2,17 
3,0,15 
401* 
1,1,21 
3,1,11 
045* 
0,1,23 
407 
2,1,19 
1,3,13 
2,2,15 
321' 
0,4,11 
1,0,25 
4,0,13 
413" 
3,1,17 
3,0,21 
2,3,11 
419. 
1,1,27 
0,1,29 

Acalc 

59.64 
15.12 
27.72 

-27.54 
-58.05 
46.20 

-47.82 
0.33 

51.54 
-36.06 
12.93 

-57.66 
-23.82 
-50.07 
32.97 

-41.22 
0.24 

-31.47 
46.29 
28.47 
-7.11 
34.62 
38.52 

-27.30 
17.94 

-41.31 
34.92 

Bcalc 

16.56 
4.86 
8.40 
6.63 

15.15 
13.86 
12.63 
0.93 

15.57 
9.60 
4.59 

15.99 
6.24 

14.25 
10.74 
11.85 
0.90 
9.03 

15.48 
10.11 
2.52 

12.24 
13.71 
8.46 
6.96 

14.13 
13.80 

iFcalcl 

61.9 
15.9 
29.0 
28.3 
60.0 
48.2 
49.5 

1.0 
53.8 
37.3 
13.7 
59.8 
24.6 
52.1 
34.7 
42.9 
0.9 

32.7 
48.8 
30.2 
7.5 

36.7 
40.9 
28.6 
19.2 
43.7 
37.5 

iFobsl 

67.9 

n.o 
32.3 
28.4 
51.6 
43.5 
55.0 

<22.7 
53.2 
39.1 

<21.9 
57.7 
20.6 
49.3 
35.3 
41.7 

<29.2 
28.5 
53.0 
35.3 

<27.0 
39.4 
48.3 
27.5 

<26.1 
47.9 
45.3 
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To distinguish Case I from other models , the analysis s imi la r to the 
nondispersion case was also ca r r i ed out. With the dispers ion correc t ion , 
the equations given in Ch. V.F a r e modified as follows: 

(KFobs) ' = IFca lc l ' 

• Izl 

( -1 )2 6(fy + AfY) sin (27T^Az) exp {-(^)} 

- 3ff-; exp {-c(^)} 

i - ] 

( -1 )2 6Afy sin (27TiAz) exp H^ri (29 ' ) 

The above equation is r ea r r anged to 

^(KFobs)' 6Aflir sin (ZTTMZ) e x p l - B y f - ^ ^ ) ' ! / 6(fY + AfV) exp | - B y ( ^ i | ^ y j 

s in (2^Mz) + (-1) ' " ^ ^ e x p | - ( B c - B y ) ( ^ ) ' j 
(30 ' ) 

2ZYfV 

1 fc 
s in (27r.«Az) - — — ( i = 4 n + l ) , 

1 3 f' 

(31- ) 

1 f c 
s in (27r.«Az) + r^TT:^ ( i = 4 n - l ) , 

13 f' 

where fy = fy -F (Afy/Zy) and in deriving Eq, (31') from Eq. (30'), BQ = By 
was assumed. Averaging over a given i leads to the equation 

6(fY + Afy) exp hM} 

s in (27T.«Az) - - i a ' ( i = 4 n + l ) . 

s in (ZTTiAz) + - i - a ' ( i = 4 n - l ) . 
13 

(32 ' ) 
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w h e r e a' = fc /^Y- The r e s u l t b a s e d on Eq. (32 ') i s i l l u s t r a t e d in F i g . 1 1 ' . 

The e x p e r i m e n t a l po in t s for H/ = 4n - 1 l i e c o n s i s t e n t l y above the so l id l ine 

r e p r e s e n t i n g s i n (27T.^Az), a n d t h o s e for Si = 4n -F 1 l i e be low the so l id l i n e . 

The o b s e r v e d m a g n i t u d e of t h e s e d e v i a t i o n s gave a p p r o x i m a t e l y a ' = 0 .62 , 

which i s in good a g r e e m e n t w^ith the c a l c u l a t e d m e a n v a l u e , a ' = 0 .68 . 

_ 

-

~ 

-
-

-

-

-

'/ 

~^ 

o 

/ 
/ 

\ 

' 

YzC 

y 
/ 

/m 

• 1 

/ 

A 

y 
/ 

/ 
/ . 

o 

\ 

• 

\ 
\ 

1 ' 1 ' 1 

• 

^ 

-s in ZTT ILI 

(az = 0.0067) 

1 1 1 1 1 

' 1 

-

" 

-
-
_ 
-

-

-

, L . 
I 3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 

Fig. i r 

The Dispersion-corrected Diagram Corresponding to 
the Nondispersion Case Given in Fig. 11. Note that 
the distribution of the experimental points is almost 
identical to that given in Fig. 11. This implies that 
the dispersion correction does not alter the conclu-
sions obtained without the dispersion correction. 

121-4099 

T o r e c a p i t u l a t e , t h e s t r u c t u r a l d a t a o b t a i n e d w i t h a n d w i t h o u t t h e 

d i s p e r s i o n c o r r e c t i o n a r e t a b u l a t e d i n " R e s u m e of D i s p e r s i o n C o r r e c t i o n . " 

Resxime of Dispers ion Correct ion 

Molecular Weight 

Density (g/cm^) 

Coordinate of Y 

Interatomic Distance 
Y - C(A) 

Interatomic Distance 
Y - Y(A) 

Tempera tu re Factor 
Coefficient of Y(A^) 

Tempera tu re Fac tor 
Coefficient of C(A^) 

Mean Debye 
Tempera tu re 0 (°K) 

Y C X 

Without 
Dispers ion 

x = 0.48 

94.69 

4.700 

(cubic) 

With 
Dispers ion 

X = 0.44 

94.20 

4.676 

YzC 

Without 
Dispers ion 

189.9 

4.650 

(trigonal) 

With 
Dispers ion 

No Change 

No Change 

4(a) No Change 0.2585 ± 0.0003 0.2587 ± 0.0003 

2.558 ± 0.001 No Change 

3.617 ± 0.002 No Change 

2.483 + 0.003 

3.402 + 0.007 

3.617 + 0.002 

3.904 + 0.008 

1.85 ± 0.08 1.74+0.08 0.98 + 0.04 

1.85 ± 0.008 1.74 ± 0.20 

170 + 5 173 ± 5 

1.05 + 0.20 

233 ± 6 

2.486 + 0.003 

3.397 ± 0.007 

3.617 ± 0.002 

3.910 + 0.008 

0.82 ± 0.04 

1.02 + 0.20 

274 ± 6 
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