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D i  spersj on curves f o r  longi tudinal  sverse  phonons propagating 
along and near  t h e  c -ax i s  i n  p y r o l i t i c  g raph i t e  a t  temperatures between 
4 O K  and l500*C have been measured by neutron spectroscopy. The 
observed frequencies decrease markedly with inc reas ing  teinperature 
(except f o r  the  t r ansverse  o p t i c a l  "r ippling" modes i n  t h e  hexagonal 
p lanes ) .  The neutron groups show i n t e r e s t i n g  asymmetrical broadening 
ascr ibed t o  i n t e r f e r e n c e  between one phonon and many phonon processes.  
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~ i s ~ c r s i o n  c u r v e s  f o r  l o n g i t u d i n a l  and 
t r ; t n s v e r s e  phonons p r o p a g a t i n g  a l o n g 1  j 2  o r  n e a r 2  
t l i e  c - a x i s  i n  p y r o l i t i c  g r a p h i t e  a t  t e n ~ p c r a  t u r e  
i n  t h e  r a n g e  4°K t o  1500°C have been m c a s ~ ~ r e d  
11sjng a  triple- xis n e u t r o n  s p e c t r o m e t e r 3 .  The 
speci inens  (1J11ion Carb j  de  Co.)  had a  mosaic  width  
o f  0 . 8 " .  The r e s u l t s  a r e  p r e s e n t e d  i n  F i g s .  
1 - 6 ,  w i t h  c a p t i o n s .  

The Roman numera l s  i n  F i g .  1 i n d i c a t e  t h e  
c o n f i g u r a t i o n s  u s e d  i n  d i f f e r e n t  t y p e s  o f  
"Cons tan t  Q" e x p e r i m e n t s  : 

I - F r e q u e n c i e s  f o r  LA and LO modes 'along t h e  
c - d i r e c t i o n  a r e  de te rmined  from n e u t r o n  
g r o u p s  i n  t h e  u s u a l  way ( F i g s .  4 2nd 5 ) .  

I1 Thc c u t  o f f  i n  t h e  c o n t i n u o u s  energy d i s -  
t r i b u t i o n  o f  s c a t t e r e d  n e u t r o n s  c o r r e s p o n d -  

-+ 
i n g  t o  t h e  minimum wave v e c t o r  q ,  g i v e s  
t h e  f r e q u e n c i e s  o f  TA and TO modes a l o n g  
t h e  c - a x i s  ( F i g .  6 ) .  

+ 
I11 - Because o f  t h e i r  n e a r - i s o t r o p y 2  i n  q - s p a c e  

normal t o  t h e  c - a x i s ,  a c o u s t i c  " r i p p l i n g  
modes" (TA1) can  b e  s t u d i e d  and t h e i r  
a v e r a g e  f r e q u e n c i e s  de te rmined  i n  t h e  
u s u a l  way ( F i g .  3) . 

I V  - S i m i l a r l y ,  o p t i c a l  " r i p p l i n g  modes" (TOL) 
can be  s t u d i e d  by r e a s o n  o f  t h c i r  n c a r -  
i s o t r o p y  ( F i g .  3) . 

The e x p e r i m e n t s  were n o t  c a r r i e d  o u t  i n  
good geometry ,  n o r  were t h e  i n t e n s i t i e s  c o r r e c t e d  
f o r  i n s t r u m e n t  e f f i c i e n c i e s ,  s o  t o o - e x a c t  com- 
p a r i s o n  w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  i s  depre -  
c i a t e d ,  and none h a s  been made. The s h i f t s  and 
w i d t h s  a r e  w e l l - d e t e r m i n e d ,  however.  

The r e s u l t s  a r e  summarized a s  f o l l o w s .  The 
e n e r g y  o f  t h e  l o n g i t u d i n a l  zone boundary phonon 
a t  I q l  = l / c  v a r i e s  w i t h  t e m p e r a t u r e  a s  1 / c 3 e 2 ,  
f rom 1 6 . 0 6  mev a t  4°K t o  13 .77  mev a t  1 4 9 0 " ~ .  
T h i s  a g r e e s  w i t h  r e s u l t s  o f  o v e r  h i s  more 
l i m i t e d  t e m p e r a t u r e  r a n g e .  The t r a n s v e r s e  modes 
show r o u g h l y  t h e  same b e h a v i o u r ,  d e c r e a s i n g  from 
5 . 2  mev a t  23OC t o  4 . 6  mev a t  1190°C. The d i s -  
p e r s i o n  c u r v e s  f o r  b o t h  l o n g i t u d i n a l  and t r a n s -  
v e r s e  modes a r e  c l o s e l y  s i n u s o i d a l  i n  q a t  a l l  
t e m p e r a t u r e s ;  t h i s  f a c t  i n d i c a t e s  t h a t  a p p r e c i -  
a b l e  i n t e r a t o m i c  f o r c e s  e x i s t  o n l y  between f i r s t  
n e i g h b o u r  p l a n e s .  A t  h i g h  t e m p e r a t u r e s  t h e  
l o n g i t u d i n a l  rnodes on t h e  l i n e a r  p a r t  o f  t h e  
c - a x i s  d i s p e r s i o n  c u r v e  show a  marked a s p e -  
t r j c a l  b r o a d e n i n g  which depends  on t h e  R . L .  
p o i n t  and on whe the r  q  i s  + v e  o r  - ve .  (For  
t h e  mode a t  I q l  = 0 . 3 / c  t h e  F.W.H.M. i s  -0 .6  mev 
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o r  %I05  o f  t h e  f r e q i ~ c n c y . )  The zone boundary 
1 o n g i t u d j . n a l  mode a n d  t h e  t r a n s v e r s e  ~ilodcs sllow 
l i t t l  c b r o a d e n i n g .  These f a c t s  a r e  under-  
s t a n d a b l e  from cons i .de ra t . ions  o f  c o n s e r v a t i o n  o f  
e n e r g y  and wave v e c t o r  i n  three-phonon p r o c e s s e s ,  
and of between t h e  one-phonon 
and many-phonon components i n  t h e  s c a t t e r e d  
n e u t r o n  s p e c t r a .  The r i p p l i n g  modes both' s l~ow 
c o n s i d e r a b l e  b r o a d e n i n g ,  b u t  t h e  TA, and TO, 
nodes  bchave v e r y  d i f f e r e n t l y  a s  t o  t h e i r  tem- 
p e r a t u r e  s h i f t s .  T h i s  i s  u n d e r s t a n d a b l e  from 
t h e  v e r y  l a r g e  c o e f f i c i e n t  o f  the rmal  expans ion  
f o r  t h e  c - a x i s  (a ,  = 3 0 x 1 0 - ~ ) ,  and v e r y  smal l  
ones  f o r  t h e  a - a x i s  (laL/ < : t h e  TO, 
mode i n v o l v e s  r e l a t i v e  mot ion o f  t h e  hexagonal  
p l a n e s  \ul~i . le  tile TAL i n v o l v e s  o n l y  r i p p l i n g  o f  
t h e  p l a n e s .  
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F i g u r e  C a p t i o n s  

F i g .  1 - The r e c i p r o c a l  s p a c e  diagram f o r  p y r o -  
l i t i c  g r a p h i t e 1 j 2 .  A\<ay from t h e  c - a x i s  t h e  
R . L .  p o i n t s  become r i n g s ,  e.g. (100) by  r e a s o n  o f  
t h e  s t a c k i n g  d i s o r d e r  o f  t h e  p l a n e s .  The ( l a r g e )  
zone boundary i s  l o c a t e d  a t  (OOl), (003) e t c .  

F i g .  2 - D i s p e r s i o n  c u r v e s  a l o n g  t h e  symmetry 
d i r e c t i o n s  i n  g r a p h i t e  a t  room t e m p e r a t u r e ,  a s  
c a l c i ~ l a t e d  from a  model \ ih ich  f i t s  n e u t r o n  
s p e c t r o s c o p y  r e s u l t s  by2 Nicklow e t  a l .  The 
lower f i g u r e  shows che  p a r t  o f  t h e  c u r v e s  i n -  
v e s r i g a t e d  i n  t h e  p r e s e n t  s t u d y .  The two cui-ves 
f o r  t h e  " r i p p l i n g  modes", TAL and TOL, show t h e  
d e g r e e  o f  a n i s o t r o p y  i n  t h e  p l a n e .  The LA 
and 'LO b r a n c h e s  a l o n g  t h e  c - d i r e c t i o n  a r e  c o n t i -  
nuous a c r o s s  t h e  s m a l l  ( B r i l l o u i n )  zone boundary,  
a s  a r e  a l s o  t h e  TA and TO b r a n c h e s .  A t  1200°C 
t h e  d i s p e r s i o n  c u r v e s  a r e  much t h e  same b u t  
s y s t e m a t i c a l l y  lowered i n  f r e q u e n c y  by  abou t  12%,  
e x c e p t '  f o r  t h e  TAI " r i p p l i n g "  b ranch  which,  i f  
a n y t h i n g ,  i n c r e a s e s  i n  f r e q u e n c y  - s e e  F i g .  3 .  

F i g .  3 - Ne,utron g roups  f o l ~  t h e  TAL ( t o p )  and 
TO, r i p p l i n g  modes, measured f o r  
4 = I lsll, s c l  = (45r/JSa) [ 0 . 1 5 ,  01 
a t  room t e m p e r a t u r e  and a t  1200°C. C o n s i d e r a b l e  
b r o a d e n i n g  o f  t h e  n e v t r o n  g roups  o v e r  t h e  r e s o -  
l u t i o n  w i d t h s  i s  e v i d e n t  i n  b o t h  cas .es .  The 
s h i f t  i n  t h e  TO, mode i s  v e r y  s i m i l a r  t o  t h a t  o f  
t h e  c - a x i s  modes; i n  c o n t r a s t ,  t h e  a v e r a g e  
f r e q u e n c y  o f  t h e  TA,mode i n c r e a s e s .  

F i g .  4  - Neutron g roups  f o r  t h e  l o n g i t u d i n a l  (LA) 
mode on t h e  n e a r - l i n e a r  p a r t  o f  t h e  d i s p e r s i o n  
curve  a t  4 = ( 2 n / c ) [ 0 , 0 , 0 . 4 ] ,  and f o r  t h e  LO mode 
a t  t h e  B r i l l o u i n  zone c e n t r e  o r ,  e q u i v a l e n t l y ,  a t  
t h e  l a r g e  zone boundary 6 = (2n/c)  ( 0 , 0 , 1 )  - (bottom). 
The LA modes on t h e  l i n e a r  p a r t  of  t h e  d i s p e r s i o n  
c u r v e  a r e  much b r o a d e r  t h a n  a r e  ' those a t . t h e  zone 
boundary,  and a r e  a s y m m e t r i c a l l y  shaped .  The 
h o r i z o n t a l  .bars  i n d i c a t e  c a l c u l a t e d  r e , s o l u t i o n  
w i d t h s  ( a t  h a l f  maximum), a s  i n  o t h e r  f i g u r e s .  
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F i g .  5  - Neutron g roups  f o r  t h e  mode L ( 0 , 0 , 0 . 3 ) ,  
t a k e n  a t  two d i f f e r e n t  e q u i v a l e n t  Q - p o i n t s .  The 
~ s > 7 i i m c t r j , c a l  b r o a d e n i n g  i s  much more marked f o r  
$ = (2n /c )  (O,O,+O . 3 )  t h a n  f o r  6 = (2n/c)  ( 0 , 0 , - 0 . 3 ) .  
A p a t t e r n  t a k e n  a t  (0 ,3 .7 )  was s i m i l a r  t o  t h a t  
a t  ( 0 , 5 . 7 ) .  

F i g .  6 - T h r e e  exper iments  o f  Type I1 showing 
t h e  c u t - o f f  o f  t h e  i n t e n s i t y  d i s t r i b u t i o n s  which 
coi-1-espond a p p r o x i m a t e l y  t o  t h e  f r e q u e n c i e s  o f  
t r a n s v e r s e  c - a x i s  modes a t  t h e  B r i l l o u i n  zone 
boundary and t h e  B r i l l o u i n  zone c e n t r e .  The 
h o r i z o n t a l .  b a r s  i n d i c a t e  c a l c u l a t e d  r e s o l u t i o n  
w i d t h s  (F\\'H)rl) f o r  n e u t r o n  groups  a t  t h e s e  p o s i -  
t l o n s .  



F i g .  1 - 'The I -ec ip rocn l  space  dj.agrnn1 f o r  pyre- 
1 j t i c  g r ; ~ l ~ l > i t e l  1 2 .  Away from t h e  c - a x i s  t h e  
R . L .  po:i.~lts 1.wco11le r i n g s ,  e.g. (100) by reason  o f  
t h e  s t a c k i n g  d i s o r d e r  of  t h e  p l . anes .  The. ( l a r g e )  
zone I~oundary  i s  jocatecl a t  (OOl), (003) e t c .  



(UNIT: 2n/c ,) (UNIT, 4n/J 3a  ) 

REDUCED WAVE VECTOR COORDINATE 
I 



F i g .  3 - Neutron groups  f o r  t h e  TA, ( t o p )  and 
TO, r i p p l i n g  modes, miasured  f o r  
6 = t IqLI,  s c l  = (477lJSa) 10 .15 ,  01 
a t  room t e m p e r a t u r e  and a t  1200°C. C o n s i d e r a b l e  
b r o a d e n i n g  o f  t h e  n e u t r o n  groups  o v e r  t h e  r e s o -  
l u t i o n  w i d t h s  i s  e v i d e n t  i n  bo th  c a s e s .  The 
s h i f t  i n  t h e  T0,mode i s  v e r y  s i m i l a r  t o  t h a t  o f  

: t h e  c - a x i s  modes; i n  c o n t r a s t ,  t h e  a v e r a g e  
i f r e q u e n c y  o f  t h e  TA, mode i n c r e a s e s .  
! 



F i g .  4 - Neutron g roups  f o r  t h e  l o n g i t u d i n a l  ( L A )  
mode on t h e  n e a r - l i n e a r  p a r t  o f  t h e  d i s p e r s i o n  
c u r v e  a t  = (2n /c )  [O , 0 , 0 . 4 ] ,  and f o r  t h e  LO mode 
a t  t h e  B r i l l o u i n  zone c e n t r e  o r ,  e q u i v a l e n t l y ,  a t  
t h e  l a r g e  zone boundary 4 = (2n/c)  ( 0 , 0 , ' l )  - (bottom). 
The LA n~odes  on t h e  l i n e a r  p a r t  o f  t h e  d i s p e r s i o n  
c u r v e  a r e  much b r o a d e r  t h a n  a r e  t h o s e  a t  t h e  zone 
boundary ,  and a r e  a s p r u n e t r i c a l l y  s h a p e d .  The 
h o r i z o n t a l  b a r s  i n d i c a t e  c a l c u l a t e d  r e s o l u t i o n  
w i d t h s  ( a t  h a l f  maxirrrum), a s  i n  o t h e r  f i g u r e s .  
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F i g .  5 - Ncuiron groups  f o r  t h e  mode L ( 0 , 0 , 0 . 3 ) ,  
t a k e n  a t  two d i f f e r e n t  e q u i v a l e n t  Q - p o i n t s .  The 
a s y n m c t r i c a l  broadening i s  much rnore marked f o r  
$ = (2n /c )  ( 0 , 0 , + 0 . 3 )  t h a n  f o r  = (2n /c )  ( 0 , 0 , - 0 . 3 )  . 
A p a t t e r n  t a k c n  a t  ( 0 , 3 . 7 )  was s i m i l a r  t o  t h a t  
a t  ( 0 , s .  7 ) .  



F i g .  6 - Three  exper:i.merits o f  Type I 1  slio\ging 
t h e  c u t - o f f  o f  t h e  i n t e n s i t y  d i s , t r i b u t i o n s  \ ~ l l i c h  
cor respond  appl-oxi~narely  t o  t h e  f r c q u e n c i e s  o f  
t ~ ~ n n s v e r s e  c - a x i s  rliodes at- t h e  B r i l l o u i n  zone 
l ~ o i ~ n d a r y  t h e  01-i I I ou in  zone c e n t r e .  The 
1101-i.zontal b a r s  i ~ ~ d i c a t e  c a l c u l a t e d  r e s o l u t i o n  
w i d t h 5  (I:\\'IIbl) f o r  neu t ron  groups  a t  t h e s e  p o s i -  
t i  ons . 




