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On t h e  Energy of  < loo> Coincidence Twist Boundaries i n  
T r a n s i t i o n  Metal Oxides 

D. VoZf 
M a t e r i a l s  Sc ience  D iv i s ion  
Argonne Na t iona l  Laboratory 

Argonne, I L  60439 

Abs t r ac t  
. . . . .  . 

.. . . . .  . 

The e n e r g i e s  of  co inc idence  t w i s t  boundar ies  formed by r o t a t i o n  

about  a  < loo>  a x i s  i n  s t o i c h i o m e t r i c  t r a n s i t i o n  me ta l  ox ides  c r y s t a l l i z i n g  

i n  t h e  NaCl s t r u c t u r e  (such a s  i?iO, NnO, and COO) have been c a l c u l a t e d  

us ing  t h e  ion ic - type  p o t e n t i a l s  of Catlow e t  a l .  f o r  t h e s e  m a t e r i a l s .  

From a  r e l a x a t i o n  c a l c u l a t i o n  i t  i s  found t h a t  t h e  e n e r g i e s  of  t h e  most 

0 prominent co inc idence  t w i s t .  boundaries  a t  36.87, 22;62, 28.07, and 16.26 

(which correspond t o  i n v e r s e  co inc idence - s i t e  d e n s i t i e s  of C=5, 13,  1 7 ,  
- .. . 

and 25,  r e s p e c t i v e l y )  l i e  above t h e  energy of t h e  f r e e  [ lo31  s u r f a c e .  The  r ea son  

a r i s e s  from t h e  r e p u l s i v e  Coulomb i n t e r a c t i o n s  between i o n s  i n  c o n f i g u r a t i o n s  

c l o s e  t o  "ant i -coincidence" (an ion  on an ion  o r  c a t i o n  on c a t i o n )  which 

a r e  capable  of overcoming t h e  a t t r a c t i v e  Coulomb i n t e r a c t i o n s  between t h e  

. i o n s  i n  co inc idence  c o n f i g u r a t i o n s  ( c a t i o n  on an ion  and v i c e  v e r s a ) .  It 

i s  concluded t h a t  i n  c o n t r a s t  t o ' m e t a l s  t h e  s t r u c t u r e s  of  < loo>  t w i s t  

boundaries  i n  ox ides  and a l k a l i  h a l i d e s  may n o t  s imply be  de r ived  from 

' t h e  co inc idence  l a t t i c e  geometry. Entropy terms a r e  n o t  cons idered .  



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

Recent e x p e r i m e n t a l  e v i d e n c e  i n  s u p p o r t  of the.  e x i s t e n c e  o f  high- 

a n g l e  c o i n c i d e n c e  t w i s t  boundar ies  i n  m e t a l  oxides1 a p p a r e n t l y  ,similar i n  

2 
n a t u r e  t o  t h e i r  m e t a l l i c  c o u n t e r p a r t s  - has  g r e a t l y  s t i m u l a t e d  t h e  i n t e r e s t  

i n  grain-boundary p r o p e r t i e s  i n  o x i d e s .  Chaudhari  and charbnau3 had 

p r e d i c t e d  t h e . e x i s t e n c e  o f  such  b o u n d a r i e s  f o r  Pig0 on  t h e  b a s i s  o f  
.. ' . . .  . . . .  

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

-1 
were  found n o t  t o  s c a l e  w i t h  t h e  d e n s i t y  C . o f  c o i n c i d e n c e  s i tes .  

The unre laxed  s t r u c t u r e ,  f o r  examplc, o f  < loo>  c o i n c i d e n c e  t w i s t  

b o u n d a r i e s  on [ l o o ]  p l a n e s  n o t  o n l y  shows t h e  u s u a l  c o i n c i d e n c e s  ( i n  

which an  a n i o n  i s  p o s i t i o n e d  d i r e c t l y  above a  c a t i o n  o r  v i c e  v e r s a )  

b u t  a l s o  a  number o f  "almost a n t i - c o i n c i d e n c e s "  ( i n  which a n i o n s  o r  c a t i o n s  

rest on t o p  o f  each  o t h e r ;  s e e  F i g .  1 ) .  The subsequen t  e x i s t e n c e  o f  

b o t h  a t t r a c t i v e  and r e p u l s i v e  long-range Coulomb i n t e r a c t i o n s  between 

lu11s un o p p o s i r e  s i d e s  o f  t h e  g r a i n  boundary s u g g e s t s  t h a t  i o n i c  r e l a x a -  

t i o n  may p l a y  a n  i m p o r t a n t  r o l e  i n  s t a b i l i z i n g  such  b o u n d a r i e s .  For  t h a t  

r e a s o n ,  i n  t h i s  a r t i c l e  r e l a x a t i o n  h a s  been t a k e n  i n t o  a c c o u n t  i n  

d e t e r m i n i n g  t h e  p r o p o r t i e s  of < l o o >  c o i n c i d e n c e  t w i s t  b o u n d a r i e s  i n  metal 

o x i d e s  w i t h  t h e  N a C l  s t r u c t u r e .  S i n c e  r e l i a b l e  i n t e r i o n i c  p o t e n t i a l s  a r e  

4 
a v a i l a b l e  , as o u r  f i r s t  example we have chosen N i O  f o r  o u r  c a l c u l a t i o n s .  

11. Method of C a l c u l a t i o n -  

A .  Gra in  Boundary U n i t  C e l l  

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

two [ l o o ]  f a c e s  of NaC1-type c r y s t a l s  by 36.87' w i t h  r e s p e c t  t o  e a c h  

o t h e r  is  shown i n  Fig .  1. xl,  y and x2, g2 a r e  t h e  C a r t e s i a n  c o o r d i n a t e  
1 

sys tems  a s s o c i a t e d  w i t h  t h e  s u r f a c e s  o f  two s e m i - i n f , i n i t e  c r y s t a l s  1 and 

2 whose [ l o o ]  f a c e s  have been b rought  i n  c o n t a c t .  x  and ys ' d e n o t e  t h e  
s 

c o o r d i n a t e  a x e s  o f  t h e  s u p e r l a t t i c e  t h u s  o b t a i n e d  f o r  a n  i n v e r s e  co inc idence-  



s i t e  d e n s i t y  of C=5. O t h e r  b o u n d a r i e s  examined a r e  t h o s e  f o r  C=13;17, 

- 0 a n d .  25 cor responding  t o  r o t a t i o n  a n g l e s  o f  22.62 , 23 .07 '~  and 16.26'; 

r e s p e c t i v e l y .  

A view p a r a l l e l  t o  t h e  boundary [ l o o ]  p l a n e ' P  ( d a s h e d . l i n e )  i s  shown i n  

F i g .  2. To l a t e r  a l l o w  f o r  r e l a x a t i o n  o f  t h e  i o n i c  p o s i t i o n s  a  v a r i a b l e  

'number,  n ,  o f  l a t t i c e  p l a n e s  between t h e  two p e r f e c t  c r y s t a l s  1 and 2  

i s  i n s e r t e d .  I n  F i g .  2,  f o r  example,  n=4. A s t a r t i n g  c o n f i g u r a t i o n  f o r  
. ,. . . .  . .. .. 

. . . .  . . . .. 

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

p l a n e s  on t h e  o p p o s i t e  s i d e s  of P.  Note t h a t  t h e  z a x i s  i s  a  f o u r - f o l d  

r o t a t i o n  a x i s  wllicll s u L s L a ~ ~ L i a l l y  r e d u c e s  rhe number o f  i o n s  t o r  which 

d e t a i l e d  c a l c u l a t i o n s  have t o  b e  performed. 

B. I n t e r i o n i c  P o t e n t i a l  

4  
The i n t e r i o n i c  p o t e n t i a l  of Catlow ell a l .  . i n c l u d e s  long-range 

Coulomb, and s h o r t - r a n g e  Born-Nayer and d i p o l e - d i p o l e  Van-der-Waals 

c o n t r i b u t i o n s .  For  s i m p l i c i t y ,  terms a r i s i n g  f rom t h e  p o l a r i z a b i l i t y  . 

. o f  t h e  i o n s  which have been i n c l u d e d  i n  Catlow e t  a l . ' s  p o t e n t i a l  v i a  

. . .  t h e  s i m p l e  s h e l l  model have been dropped i n  o u r  c a l c u l a t i o n s .  T h i s  

s i m p l i f i c a t i o n  r e d u c e s  t h e  c a l c u l a t e d  c o h e s i v e  energy  p e r  i o n  f rom 

Uo = 41.01 e V  t o  40.94 e V .  I n  s p i t e  o f  t h e i r  s i m p l i c i t y  t h e s e  s i m p l e  

p o t e n t i a l s  were found t o  r e p r o d u c e  t h e  i d e a l - l a t t i c e  and d e f e c t  p r o p e r t i e s  

o f  N i O ,  I h O ,  COO, and FeO r a t h e r  w e l l .  
4  

C. Energy C a l c u l a t i o n  

While t h e  c a l c u l a t i o n  of t h e  s h o r t - r a n g e  i n t e r a c t i o n  energy  o f  a 

giv&n i o n  i s  t r i v i a l ,  t h e  summation o v e r  t h e  long-range Coulomb i n t e r -  

a c t i o n  p o t e n t i a l  is  r a t h e r  invo lved .  The Coulomb energy  o f  a n  i o n  i n  

t h e  u n i t  c e l l  may b e  decomposed a s  f o l l o w s  ( s e e  F ig .  2 ) :  



where U denotes '  t h e  i n t e r a c t i o n  energy  o f  i o n  j w i t h  t h e  s e m i - i n f i n i t e  
J-I3 

c r y s t a l  f 3 ( F 1 , 2 ) .  The t h i r d  c o n t r i b u t i o n  t o  U 'Oul r e p r e s e n t s  t h e  i n t e r -  
j 

a c t i o n  energy o f  j w i t h  a l l  o t h e r  i o n s  i n  t h e  boundary l a y e r  i n  which 

+- -t 
r e l a x a t i o n  is  c o n s i d e r e d .  

. . 
. i s  t h e  i o n i c  c h a r g e  of i o n  j w h i l e  r -rm 

. . .  . j 

d e n o t e s  an i n t e r i o n i c  v e c t o r .  

~ e c o r d i n ~  t o  Lennard-Jones and ~ e n t ~  , f o r  t h e  i n t e r a c t i o n  o f  j 

w i t h  a [ loo] - faced  s e m i c r y s l a l  

where x , y , z  a r e  t h e  c o o r d i n a t e s  o f  i o n  j ( i n  t h e  u n i t  c e l l )  w i t h  r e s p e c t  

t o  t h e  s u r f a c e  of c r y s t a l  1 w i t h  a n  i o n  o f  c h a r g e  q a t  t h e  o r i g i n .  
1 

As s e e n  from Fig.  2 ,  q2 = -ql; hence 

where zo d e n o t e s  t h e  d i s t a n c e  between c r y s t a l s  1 and  2. 

The s e l f  energy o f  i o n  j i n  a t h i n  p l a t e  of f i n i t e  t l i i c k n e s s  was 

de te rmined  by means of a  m o d i f i c a t i o n  o f  Ewald's  th ree -d imens iona l  

method f o r  t h e  l i m i t  i n  wliicn t h e  u n i t  c e l l  i s  p e r i o d i c a l l y  ex tended  

i n  x and y  o n l y  b u t  n o t  i n  z. Fol lowing  ~ o s i ' s ~  t e rmino logy  and d e s c r i p t i o n  

o f  t h a t  method one can show t h a t  f o r  a  t h i n  p l a t e  o f  f i n i t e  t h i c k n e s s  



2 
where A=a ( s e e  F ig .  1 )  is  t h e  a r e a  o f  t h e  u n i t  c e l l  i n  t h e  x-y p l a n e .  

. . 
+ 

For  < loo>  t w i s t  boundar ies  a / d  = n/2. k r e p r e s e n t s  t h e  set  o f  two- 
n II 

dimens iona l  r e c i p r o c a l  l a t t i c e  v e c t o r s  a s s o c i a t e d  w i t h  t h e  u n i t  c e l l  and 

-+ 
i t s  p e r i o d i c  e x t e n s i o n s  which are c h a r a c t e r i z e d  by t h e  v e c t o r s  r F i n a l l y ,  R ' 

t h e  summation o v e r  n  i n v o l v e s  a l l  i o n s  i n  t h e  u n i t  c e l l  w h i l e  a d e n o t e s  

a paramete r  a s s o c i a t e d  w i t h . t h e  w i d t h  o f  a  two-dimensional Gauss ian  c h a r g e  

d i s t r i b u t i o n .  It i s  t o  be  chosen such  t h a t  t h e  sums i n , E q .  ( 4 )  converge.  

. . D. Method .pf Relaxation 

S t a r t i n g  from Eqs. (2)-(4) and t h e  a p p r o p r i a t e  s h o r t - r a n g e  p o t e n t i a l s ,  4  

t h e  energy,  f o r c e s ,  and second d e r i v a t i v e s  may b e  c a l c u l a t e d  f o r  e v e r y  

+ 
i o n  by t h e  method d e s c r i b e d  above.  The t o t a l  energy U . ( r . )  may b e  

J J  
-+ 0 

developed abou t  i t s  unre laxed  p o s i t i o n  r as f o l l o w s :  
j 

-+ +o 1 + - t o  + o + + o .  
r . )  = ~ . ( r . ) - - + - r - r - .  (5) 

J J  J J  J J  j~ 2 J J = J J  j~ 

+ 
where F .  d e n o t e s  t h e  f o r c e  on i o n  j w h i l e  W is  t h e  syrnrnetrial second- 

J - j 
r a n k  t e n s o r  o f  t h e  second d e r i v a t i v e s  a t  t h e  s i t e  o f  i o n  j. A t  e q u i l i b r i u m ,  

dU (;.)id; = 0. T h e r e f o r e ,  
j~ j 

may be' used as t h e  b a s i s  f o r  t h e  i t e r a t i v e  min imiza t ion  o f  t h e  energy  



-1 -to 
I of t h e  i ons  i n  t h e  g r a i n  boundary. Wj ( r . )  de te rmines  t h e  amount by 

J 

which i o n  j i s  t o  be  d i sp l aced  i n  t h e  d i r e c t i o n  of i t s  f o r c e  components 

i n  o r d e r  t o  reduce i t s  energy and f o r c e .  This  r e l a x a t i o n  method invo lv ing  

t h e  second d e r i v a t i v e s  has  t h e  advantage of f a s t e r  convergence over  t h e  

s impler  and more widely used g r a d i e n t  method i n  which t h e  p r o p o r t i o n a l i t y  

f a c t o r  by which t h e  i o n s  a r e  d i sp l aced  i n  t h e  d i r e c t i o n  of  t h e i r  f o r c e s  

P .  
i s  t h e  same ' f o r  a l l  i o n s  i n  a  g iven  r e l a x a t i o n  s.te.p. : ' . : . .  - .  . 

-' .. . . .. 

111.. Resu l t s  

The energy of a  t w i s t  boundary may be de f ined  a s  

j 
( u n i t  

c e l l )  

where Uo i s  t h e  cohes ive  energy p e r  i o n  i n  t h e  i d e a l  c r y s t a l  ( s e e S e c .  I IB) .  

- 
A.  Sur face  Energy 

To t e s t  t h e  r e l a x a t i o n  procedure desc r ibed  above, U was c a l c u l a t e d  
g  b  

. : f o r  a . h y p o t h e t i c a 1  C = l  boundary which one o b t a i n s  f o r  8=0. The e n e r g i e s  

t hus  ob ta ined  a s  a  f u n c t i o n  of d  ( s ee  Fig.  2)  a r e  shown i n  Fig.  3 .  

For d>>do, U converges towards t h e  s u r f a c e  energy 0. For t h e  unrelaxed 
gb 

, s u r f a c e  we found 0=428 erg/cm2 wh i l e  a f  t e r  r e l a x a t i o n  w e  ob t a ined  0 'L. 375 

2 
erg/cm . These r e s u l t s  were ob t a ined  by cons ide r ing  t h e  r e l a x a t i o n  of 

t h e  s i x  l a t t i c e  p lanes  c l o s e s t  t o  t h e  [ l o o ]  s u r f a c e .  A l a r g e r  number of 

l a y e r s  d id  n o t  change t h e  r e s u l t s .  It was found t h a t  t h e  c a t i o n s  i n  

t h e  s u r f a c e  l a y e r  r e l a x  by about  1% of do i n t o  t h e  s u r f a c e  w h i l e  t h e  

an ions  r e l a x  by a  s i m i l a r  amount o u t  of t h e  s u r f a c e .  Both c a t i o n s  and 

an ions  on t h e  second l a y e r  were observed t o  r e l a x  towards t h e  f r e e  s u r f a c e .  

The r e l a x a t i o n  was found ' to extend a s  f a r  a s  t h e  f o u r t h  l a y e r  below. t h e  

su r f ace .  The magnitude o f  t h e  s u r f a c e  and r e l a y a t i o n  e n e r g i e s  a s  w e l l  

a s  t h e  c h a r a c t e r i s t i c s  and magnitude of t h e  i o n i c  r e l a x a t i o n  a r e  i n  



gene ra l  agreement w i th  d asker's s u r f a c e  energy c a l c u l a t i o n s  f o r  many 

7 
a l k a l i  h a l i d e s .  

B. Grain-Boundary Energ ies  

For a l l  f o u r  co inc idence  o r i e n t a t i o n s  cons idered  grain-boundary 

ene rg i e s  l a r g e r  than  t h e  f r ee - su r f ace  energy a were ob t a ined .  They 

a r e  shown a s  f u n c t i o n s  of d  i n  Fig.  3. I n  s p i t e  o f . d i f f e r e n t  p a r t i a l l y  

.. . ... 
. .. .. re laxed  s t a r t i n g  c o n f i g u r a t i o n s  chosen;. : i . t  was found imposs ib l e  t o  

reduce U t o  va lues  below t h e  s u r f a c e  energy. I n  f a c t ,  f o r  d>do i t  
gb 

was n o t  even p o s s i b l e  t o  reduce U below i t s  v a l u e  fo'r t h e  unrelaxed 
gb 

c o n f i g u r a t i o n  sketched i n  Fig.  2. However, by i n c r e a s i n g  d  a  lower- 

energy c o n f i g u r a t i o n  was ob t a ined  i n  a l l  cases .  Note t h a t  t h e  va lues  of 

U i n  Fig.  3 s c a l e  w i th  E.. 
gb 

I V .  Discuss ion  

The p h y s i c a l  reason  f o r  t h e  i n s t a b i l i t y  of t h e  < loo>  co inc idence  

t w i s t  boundaries  cons idered  is  c l o s e l y  r e l a t e d  t o  t h e  n a t u r e  of t h e  

Coulomb i n t e r a c t i o n .  With t h e  excep t ion  o f  t h e  i o n s  a t  t h e  co inc idence  

-si tes,  many i o n s  change t h e i r ' . t o t a l  Coulomb i n t e r a c t i o n  w i t h  t h e  c r y s t a l  

on t h e  o t h e r  s i d e  of the.boundary from be ing  a t t r a c t i v e  ( f o r  8=0) t o  

being r e p u l s i v e  ( f o r  f i n i t e  va lues  of 8 ) .  For example, t h e  u n i t  c e l l  

f o r  C=5 ( s e e  Fig.  1 )  con ta in s  e i g h t  p a i r s  of  i o n s  i n  "almost a n t i -  

coincidence" c o n f i g u r a t i o n s  bu t  on ly  two p a i r s  of i o n s  i n  co inc idence  

con f igu ra t i ons .  The s i t u a t i o n  is  even l e s s  f a v o r a b l e  f o r .  l a r g e r  C 

va lues ;  hence t h e  even l a r g e r  e n e r g i e s  i n  Fig.  3.  

I n  s p i t e  of t h e  r e c e n t  observat ion1 o f  t h e  C=5 and C-13 boundar ies  

i n  MgO, t h e  fo l lowing  obse rva t ions  s t r o n g l y  suppor t  t h e  v a l i d i t y  o f  t h e  

r e s u l t s  p resen ted :  

.1. For a l l  va lues  of C ,  U converges towards t h e  same s u r f a c e  energy 
gb 

a which was determined independent ly .  



2. The s u r f a c e  energy  and s t r u c t u r e  as w e l l  a s  t h e  magni tude o f . t h e  

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

7 
f o r  t h e  a l k a l i  h a l i d e s .  

3. The u n r e l a x e d  e n e r g i e s  and f o r c e s  f o r  t h e  i o n s  a t  t h e  g r a i n  

b o u n d a r i e s  do n o t  depend on t h e  number o f  l a t t i c e  p l a n e s  chosen 

i n  which t h e  i o n s  may r e l a x .  T h i s  s u g g e s t s  t h a t  t h e  Coulomb- 
. . . .. 

. l-nergy . c a l c u l a t i o n  a c c o r d i n g  t o  'Eqs. (1')- (4)  i s  c o r r e c t .  

T h i s  . l e a d s  us t o  conc lude  t'hat t h e  s t r u c t u r e s  o f  < loo>  c o i n c i d e n c e  

t w i s t  boundar ies  i n  o x i d e s  and a l l t a l i  h a l i d e s  c a n n n t  ai lnply be  d e r i v c d  

' 

from t h e  c o i n c i d e n c e  geometry. T h i s  i s  a l s o  s u g g e s t e d  by some of  t h e  

d i f f i c u l t i e s  w i t h  which t h e s e  b o u n d a r i e s  have f i n a l l y  been  manufac tu red .  

I n s t e a d ,  t h e  s t r u c t u r e  o f  t h e s e  b o u n d a r i e s  may ' i n v o l v e  ( l ) . l . a r g e  d i s p l a c e -  

ments o f  i o n s  from t h e  c o i n c i d e n c e  geometry o f  t h e  u n i t  c e l l ,  ( 2 ) .  p o i n t  

d e f e c t s  i n  t h e  g r a i n  boundary,  o r  (3)  s e r r a t . e d  n ~ n ~ p l a n a r  boundary p l a n e s  

1 on an a tomic  scale. ~ l n f o r t u n a t e l ~  a c o n ~ p a r i s o n  of o u r  r e s u l t s  w i t h  t h o s e  

o f  Chaudhar i  and cb i rbnau3  is  n o t  p o s s i b l e  s i n c e  f o r  some i n c o m p r e h e n s i b l e  
S 

' r e a s o n  t h e i r  c o h e s i v e  e n e r g i e s  p e r  i o n  a r e  lower  i n  t h e  c r y s t a l  w i t h  t h e  

g z a i n  boundary t h a n  i n  a s i n g l e  c r y s t a l .  T h i s  nalces t h e  v a l i d i t y  o f  t h e s e  

r e s u l t s  r a t h e r  dub ious .  I n  o u r  o p i n i o n  t h e i r  e r r o r  a r 2 s e s  f r o m  t h e  

improper  c a l c u l a t i o n  of t h e  Coulomb energy.  Although t h e i r  f r e e - s u r f a c e  

energy. c a l c u l a t i o n  a p p e a r s  t o ' b e  c o r r e c t ,  t h e i r  e x p r e s s i o n  f o r  t h e  

i n t e r a d t i o n ,  energy o f  a n  i o n  above a .  [ l o o ]  s u r f a c e  w i t h  t h e  s e m i - i n f i n i t e  

r i g i d  s i n g l e  c r y s t a l  below does  n o t  a g r e e  w i t h  t h a t  ' o f   enn nard-  ones and 

5 
Dent ( s e e  Eq.  ( 2 ) ) .  
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Figure  Capt ions 

Fig.  1. S u p e r l a t t i c e  formed by r o t a t i o n  of  two [ l o o ]  s u r f a c e s  of  IJaC1- 

t ype  c r y s t a l s  by 8=36.87 degrees  about  t h e  < loo>  axis . .  The 

c e n t r a l  square  shows t h e  i o n  d i s t r i b u t i o n  i n  t h e  u n i t  c e l l  o f  

t h e  s u p e r l a t t i c e  of t h i s  C=5 boundary. 

Fig.  2. Sepa ra t i on  of t h e  r i g i d  i d e a l  s e m i - i n f i n i t e . c r p s ' t a l s  1 and 2 
. . . . . .  . . .. 

. .  . 

by a v a r i a b l e  number of l a t t i c e  p l anes  i n  which t h e  i o n s  may 

r e l a x .  The i o n  arrangement ske tched  i s  t h a t  f o r  t h e  C=5 

boundary t h e  s t r u c t u r e  of which i n  t h e  x-y p l a n e  i s  

shown i n  Fig.  1. P i n d i c a t e s  t h e  boundary plane.  

Fig.  3. Grain-boundary ene rg i e s  a s  f u n c t i o n  of  t h e  s e p a r a t i o n  d  

of .nearest-neighboring l a y e r s  a t  t h e  boundary plane.  The v a l u e s  

f o r  C=13 (which' were omi t ted  from t h e  f i g u r e  f o r  c l e a r i  t y )  l i e  

-. 
. between those  f o r  C=5 and C=17. 










