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ABSTRACT 

The l a t t i c e  dynamics o f  t h e  group Vb l a y e r e d  t r a n s i t i o n  m e t a l  

d i c h a l c o g e n i d e s  have been s t u d i e d  by Raman s c a t t e r i n g  and t h e  e x p e r i m e n t a l  

r e s u l t s  have been ana lyzed  i n  t e r m s  o f  a  v a l e n c e  f o r c e  f i e l d  model. 

E x p l i c i t  e x p r e s s i o n s  f o r  t h e  B r i l l o u i n  zone c e n t r e  phonon f r e q u e n c i e s  have 

been o b t a i n e d  f rom t h e  model and have been  used a l o n g  w i t h  t h e  

e x p e r i m e n t a l l y  measured Raman f r e q u e n c i e s  t o  e v a l u a t e  t h e  f o r c e  p a r a m e t e r s  

of t h e  model f o r  2F-TaS2 and 2H-NbS2. T h i s  work r e p r e s e n t s  t h e  f i r s t  

complete  a n a l y s i s  o f  t h e  Rarnan spec t rum o f  b o t h  t h e  2P and 3R p o l y t y p e s  o f  

An i n v e s t i g a t i o n  o f  t h e  Raman s p e c t r u m  of  AgxTaS f o r  v a r i o u s  s i l v e r  
2  

c o n c e n t r a t i o n s  and a s  a  f u n c t i o n  o f  t e m p e r a t u r e  h a s  a1 s o  been under taken .  

I t  h a s  been found t h a t  f o r  x  L, 113 and a t  t e m p e r a t u r e s  below about  . 

150-200K, t h r e e  new "A" modes appear  i n  t h e  Raman spec t rum w i t h  f r e q u e n c i e s  

of 320, 335 and 427 cm-I. The appearance  o f  t h e s e  modes h a s  been 

a t t r i b u t e d  t o  zone-folding.  Based on t h e  f o r c e  parameters evaluated for the 

v a l e n c e  f o r c e  f i e l d  model,  t h e  phonon d i s p e r s i o n  c u r v e s  of 2H-TaS have 2  

been p l o t t e d  and used t o  de te rmine  t h e  o r i g i n  o f  t h e s e  zone-folded modes. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  427 cm-I peak i s  due t o  zone-folding a l o n g  

* 
t h e  c  a x i s  w h i l e  t h e  320 and 335 cm-I peaks  modes a r e  b e l i e v e d  t o  

o r i g i n a t e  from e i t h e r  t h e  K o r  M p o i n t s  o f  t h e  B r i l l o u i n  zone.  

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

The l a y e r e d  t r a n s i t i o n  m e t a l  d i c h a l c o g e n i d e s  a r e  s o  named b e c a u s e  

t h e y  c o n s i s t  o f  v e r t i c a l l y  s t a c k e d ,  v e r y  t h i n  l a y e r s .  S e p a r a t i n g  each l a y e r  

is a gap r e f e r r e d  t o  as t h e  van d e r  Waals g2p i n  d e f e r e n c e  t o  t h e  weak 

i n t e r l a y e r  bonding f o r c e s .  The s t r o n g  i n t r a l a y e r  bonding  i s  c o v a l e n t  i n  

n a t u r e  and t h i s  c o n t r a s t  i n  bond s t r e n g t h s  g i v e s  r i s e  t o  t h e  a n i s t r o p y  

e x h i b i t e d  b y  many of  t h e  p h y s i c a l  p r o p e r t i e s  of t h e s e  m a t e r i a l s .  A s t u d y  of 

l a t t i c e  dynamics can g i v e  q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  n a t u r e  o f  t h e  

i n t e r a t o m i c  bonding and hence i n f o r m a t i o n  on many of t h e  p h y s i c a l  

p r o p e r t i e s  o f  t h e s e  compounds. 

There  a r e  s e v e r a l  e x p e r i m e n t a l  methods a v a i l a b l e  f o r  i n v e s t i g a t i n g  

t h e  l a t t i c e  dynamics of l a y e r e d  t r a n s i t i o n  m e t a l  d i c h a l c o g e n i d e s ,  t h e  most 

powerful  o f  which i s  n e u t r o n  s c a t t e r i n g .  Neutron s c a t t e r i n g  exper iments  

have been c a r r i e d  o u t  on r e l a t i v e l y  few t r a n s i t i o n  m e t a l  d i c h a l c o g e n i d e s  

however, because  o f  t h e  d i f f i c u l t y  i n  o b t a i n i n g  l a r g e  c r y s t a l s .  Excep t ions  

t o  t h i s  a r e  NbSe TaSe and MoS which have  been examined b y  Wakabayashi 
2 ' 2 2 

e t  a l .  (1974,  1975) and Monc ton et a l .  (1975, 1977) . The most w i d e l y  used 

methods f o r  s t u d y i n g  t h e  l a t t i c e  dynamics of t h e  t r a n s i t i o n  meta l  

d i c h a l c o g e n i d e s  have  been  o p t i c a l  t e c h n i q u e s  s u c h  a s  Raman s c a t t e r i n g  and 

f a r  i n f r a r e d  s p e c t r o s c o p y  (Kareck i  1980, and r e f e r e n c e s  t h e r e i n ) .  

U l t r a s o n i c  t e c h n i q u e s  have a l s o  been used ( S k o l n i c k  e t  a l .  1977, J e r i c h o  e t  

a 1  ., 1980) ,  b u t  t h e s e  exper iments  p r o v i d e  i n f o r m a t i o n  o n l y  on t h e  l o n g  

wavelength  a c o u s t i c  phonon b r a n c h e s .  

Va luab le  i n f o r m a t i o n  on t h e  bonding  and p h y s i c a l  p r o p e r t i e s  o f  t h e s e  

m a t e r i a l s  ( e g  . s p e c i f i c  h e a t ,  the rmal  c o n d u c t i v i t y ,  e l a s t i c  c o n s t a n t s )  can 

be o b t a i n e d  by a n a l y z i n g  t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  i n  t e rms  o f  



l a t t i c e  dynamical  models.  A number o f  such  models have been deve loped .  The 

l a t t i c e  dynamics o f  t h e  s e m i c o n d u c t o r s  MoS and Pb12 have been  d e s c r i b e d  by 
2  

a  s i m p l e  c e n t r a l  f o r c e  model (Bromley, 1971) and by v a l e n c e  f o r c e  f i e l d  

models (Lucovsky 1977, Wakabayashi et a l . ,  1975) . More r e c e n t l y ,  Feldman 

(1982) h a s  demons t ra ted  t h a t  a  v a l e n c e  f o r c e  f i e l d  model can b e  

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

compounds 2H-TaSe and 2H-NbSe2. 
2  

The work d e s c r i b e d  i n  t h i s  t h e s i s  was i n i t i a t e d  w i t h  a  v iew t o  

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

d i c h a l c o g e n i d e s .  Such compounds a r e  n o t  o n l y  o f  fundamental  i n t e r e s t  b u t  

have many p o t e n t i a l  t e c h n i c a l  a p p l i c a t i o n s  (Whit t ingham, 1978) . I n  

p a r t i c u l a r  t h e  bonding  o f  t h e  i n t e r c a l a t e  atoms and t h e i r  e f f e c t s  on t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h e  h o s t  c r y s t a l  a r e  o f  g r e a t  i n t e r e s t .  

The f i r s t  p a r t  o f  t h i s  work i n v o l v e s  a  Raman s c a t t e r i n g  i n v e s t i g a t i o n  

of t h e  l a t t i c e  dynamics o f  t h e  g roup  Vb l a y e r e d  t r a n s i t i o n  m e t a l  

d i c h a l c o g e n i d e s .  Closed form e x p r e s s i o n s  have been o b t a i n e d  f o r  t h e  zone 

c e n t r e  phonons i n  t e r m s  o f  t h e  f o r c e  p a r a m e t e r s  o f  Feldman's model and 

t h e s e  have been used t o  i n t e r p r e t  t h e  Raman s p e c t r a  o f  2H-TaSe 2H-NbSe2 
2 ' 

and 2H-TaS - compounds which have  been t h e  s u b j e c t  o f  a  number p r e v i o u s  
2  

o p t i c a l  i n v e s t i g a t i o n s  (Wang and Chen 1974, Holy e t  a l .  1976, Holy 1977, 

Sugai  e t  a l . ,  1981).  

T h i s  work a l s o  p r e s e n t s  t h e  f i r s t  complete  a n a l y s i s  o f  t h e  Raman 

spectrum of  b o t h  2H and 3R-NbS The o n l y  p r e v i o u s l y  r e p o r t e d  work 
2  ' 

i n v o l v i n g  t h e  l a t t i c e  dynamics o f  NbS a r e  incomple te  Raman s t u d i e s  o f  b o t h  2  

t h e  2H (Nakashima et a l . ,  1982) and 3 R  p o l y t y p e s  (Nakashima et a l .  1982, 

Onar i  e t  a 1  . , 1979) . T h i s  r e l a t i v e  p a u c i t y  of i n f o r m a t i o n  l i k e l y  s t ems  n o t  

from a  l a c k  o f  i n t e r e s t  b u t  f rom t h e  d i f f i c u l t i e s  i n v o l v e d  i n  growing NbS2 

w i t h  a  w e l l  d e f i n e d  s t r u c t u r e .  However F i s h e r  and Sienko (1980) have 



r e c e n t l y  repor ted  a  technique f o r  o b t a i n i n g  the  d e s i r e d  polytype. I n  t h e  

course of t h e i r  i n v e s t i g a t i o n  they  a l s o  found t h a t  t he  p r e v a i l i n g  polytype 

was dependent on the  concen t r a t ion  of Nb i n  Nbl+xS2 with the  2H polytype 

corresponding t o  x r: 0 and the  3R polytype t o  x 5 0.07. S to i ch iome t r i c  

3R-NbS2 was n o t  observed. L a t e r  X-ray work (Powell and Jacobson, 1981) has  

shown t h a t  t h e  excess  Nb atoms r e s i d e  i n  oc t ahedra l  s i t e s  w i th in  t h e  van 

de r  h a l s  gap. 

In  a d d i t i o n  t o  t h e  p o s s i b l e  e f f e c t s  of  t he  excess  Nb atoms on the  

l a t t i c e  dynamics of Nb S  t h i s  is  a l s o  a system of i n t e r e s t  from the  
l+x 2 '  

po in t  of view t h a t  NbSi, u n l i k e  i t s  s i s t e r  compounds TaS2, TaSe2, and 

NbSe2, does not  undergo a  charge d e n s i t y  wave (CDF) t r a n s i t i o n  (k'ilson e t  

al., 1975). The reason f o r  t h i s  i s  appa ren t ly  s t i l l  unknown. 

F i n a l l y ,  i n  t he  second p a r t  o f  t h i s  t h e s i s ,  the  Raman spectrum of 

s i l v e r  i n t e r c a l a t e d  TaS2 (AgxTaS2) i s  i n v e s t i g a t e d .  The i n t e r c a l a t e  atoms 

i n  AgxTaS2 have been observed t o  undergo an order-disorder  t r a n s i t i o n  a t  

temperatures  below room temperature (Scholz e t  a l . ,  1982a and l982b). 

Addit ional  Raman a c t i v e  modes have been observed from the  ordered s t a t e  i n  

t hese  compounds. The appearance of  t h e s e  modes has  been i n t e r p r e t e d  i n  

terms of the  phonon d i s p e r s i o n  curves  p red ic t ed  by the  l a t t i c e  dynamical 

model developed f o r  pure ( i e .  u n i n t e r c a l a t e d )  .TaS2. 



11. Theory 

2.1 C r y s t a l  S t r u c t u r e  - 

The group Vb t r a n s i t i o n  m e t a l  d i c h a l c o g e n i d e s  ( h e r e a f t e r  r e f e r r e d  t o  

a s  MX2 compounds) c o n s i s t  o f  t h r e e  h e x a g o n a l l y  packed s h e e t s  where a  s h e e t  

of m e t a l  atoms (M = Ta o r  Nb) is  sandwiched between two s h e e t s  of 

chalcogen atoms ( X  = S o r  Se)  (Wilson and Yof fe ,  1969) .  Each s e t  o f  t h r e e  

s h e e t s  i s  r e f e r r e d  t o  a s  a  l a y e r  and t h e  l a y e r s  a r e  s t a c k e d  on t o p  of one 

a n o t h e r  s e p a r a t e d  b y  a  gap of a p p r o x i m a t e l y  t h e  same w i d t h  a s  t h e  sandwich. 

D i f f e r e n t  s t a c k i n g  a r rangements  o f  t h e  l a y e r s  and o f  t h e  s h e e t s  . 

w i t h i n  a  l a y e r  g i v e  r i s e  t o  d i f f e r e n t  p o l y t y p e s  o f  a p a r t i c u l a r  MX 2 

compound. Each p o l y t y p e  i s  given a  p r e f i x ,  eg.  IT, 2R, 3R,  where t h e  

number r e f e r s  t o  t h e  number o f  l a y e r s  w i t h i n  a  u n i t  c e l l  and t h e  l e t t e r  t o  

t h e  s y w e t r y  o f  t h e  u n i t  c e l l  ( t r i g o n a l ,  hexagona l ,  rhombohedral ) .  I n  b o t h  

t h e  2H and ?R p o l y t y p e s  t h e  meta l  atom i s  s i t u a t e d  a t  t h e  c e n t r e  o f  a  

t r i g o n a l  p r i s m  formed b y  s i x  chalcogen atoms. The c r y s t a l  s t r u c t u r e  o f  t h e  

2H p o l y t y p e  is  i l l u s t r a t e d  i n  F i g .  2.1. The v a r i o u s  bond l e n g t h s ,  bond 
- 

a n g l e s  and l a t t i c e  pa ramete rs  shown i n  t h e  f i g u r e  a r e  l i s t e d  i n  T a b l e  2.1 

f o r  s e v e r a l  MX compounds. 
2  

C a l c u l a t i o n s  i n v o l v i n g  t h e  2H-MX2 compounds have been c a r r i e d  o u t  

u s i n g  t h e  l a t t i c e  v e c t o r s  (F ig .  2 . 1 ~ )  





O X - upper layer 

0 X - lower layer 

Figure 2. lc - In plane lattice vectors of the W-MX compounds. 
2 
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The r e s u l t i n g  r e c i p r o c a l  l a t t i c e  vec t o r s  

g i v e  r i s e  t o  t h e  B r i l l o u i n  zone shown i n  F ig .  2.2. S e v e r a l  o f  t h e  symmetry 

p o i n t s  i n  t h e  zone have been l a b e l l e d  u s i n g  t h e  n o t a t i o n a l  c o n v e n t i o n  o f  

S l a t e r  (1965) .  

The p r i m i t i v e  c e l l  o f  3R-NbS is rhombohedra1 and a l though  t h e  u n i t  
2 

c e l l  spans  t h r e e  l a y e r s  i t  c o n t a i n s  atoms from o n l y  one l a y e r  ( F i g .  2.3b).  

The r e l a t i o n s h i p  between t h e  rhombohedral  and hexagonal a x e s  a r e  shown i n  

Fig .  2.3a. The l a t t i c e  p a r a m e t e r s  f o r  3R-NbS2 a r e  given i n  T a b l e  2.1. 

2.2 Group Theory - 

Group t h e o r y  i s  a power fu l  t o o l  i n  t h e  a n a l y s i s  of t h e  l a t t i c e  

dynamics o f  c r y s t a l s .  Armed w i t h  t h e  knowledge o f  t h e  c r y s t a l  s t r u c t u r e ,  

t h e  s y m e t r y ,  degeneracy and o p t i c a l  a c t i v i t y  of t h e  normal modes of 

v i b r a t i o n  can b e  de te rmined  from group  t h e o r y  (Burns 1977, Tinkham, 1964) .  

The d i r e c t i o n  o f  t h e  a tomic  v i b r a t i o n s  f o r  each normal mode can a l s o  b e  

determined b u t  t h e  f requency  of v i b r a t i o n  r e q u i r e s  s p e c i f i c  knowledge o f  - 

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

The s p a c e  group of  t h e  2A-MX2 compounds is D~ and i t  i s  . 
6h 

non-symmorphic . The v a r i o u s  group o p e r a t i o n s  a r e  given b y  S c h l u t e r  (1979) . 
There  a r e  N=6 atoms p e r  u n i t  c e l l  and hence 3N o r  18 normal modes o f  

v i b r a t i o n  ( f o r  each  wavevector)  o f  which t h r e e  a r e  a c o u s t i c  and .?N - 3 = 

15 a r e  o p t i c .  I n f r a r e d  (IR) a b s o r p t i o n  and f i r s t  o r d e r  Raman s c a t t e r i n g  

i n v o l v e s  = 0 ( o r  r p o i n t )  phonons ( s e e  F i g  2.2 and Sec. 2.3) and t h u s  



2.2 - Brillouin z o ~  and symretry points of 28-MX2 corrpounds. 
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a t t e n t i o n  is  f o c u s s e d  on t h e  modes a t  r . 
The r p o i n t  symnetry i s  t h a t  o f  t h e  f a c t o r  group of t h e  c r y s t a l  

s p a c e  g roup ,  i n  t h i s  case D and hence  each  r p o i n t  phonon h a s  t h e  
6h'  

symmetry of an  i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  D The r e d u c t i o n  o f  t h e  18 
6h '  

normal modes i n t o  t h e i r  i r r e d u c i b l e  r e p r e s e n t a t i o n s  can b e  c a r r i e d  o u t  by a  

v a r i e t y  o f  methods. Perhaps  t h e  s i m p l e s t  is t h a t  g iven b y  F a t e l e y  e t  a l .  

( 1977) who d e s c r i b e  t h e  p rocedure  i n  a s tep-by-s tep  manner. Fo l lowing  t h i s  

p rocedure  f o r  t h e  2 H  compounds l e a d s  t o  t h e  r e d u c t i o n  

The A and B modes i n v o l v e  v i b r a t i o n a l  mot ion  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  

t h e  l a y e r s  and a r e  non-degenerate ,  w h i l e  t h e  doubly degenera te  E 

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

modes have been c a l c u l a t e d  u s i n g  t h e  " t r a n s f e r  p r o j e c t i o n  o p e r a t o r "  method 

(Burns ,  1977) and a r e  shown s c h e m a t i c a l l y  i n  F i g .  2.4.  

A t r a n s i t i o n  between v i b r a t i o n a l  s t a t e s  i n v o l v e s  m a t r i x  e lements  o f  

t h e  form 

where Q is t h e  o p e r a t o r  t h a t  i n d u c e s  t h e  t r a n s i t i o n .  I n  g e n e r a l  19:;~) i s -  

t h e  ground s t a t e  and group t h e o r e t i c a l  r e s t r i c t i o n s  then  permit  t r a n s i t i o n s  

f 
o n l y  when t h e  i r r e d u c i b l e .  r e p r e s e n t a t i o n s  o f  l 'f 'Y;b) p o s s e s s  t r a n s f o r m a t i o n  

p r o p e r t i e s  t h a t  a r e  c o m p a t i b l e  w i t h  Q. For Raman t r a n s i t i o n s ,  where Q is a  

second r a n k  c a r t e s i a n  t e n s o r  ( p o l a r i z a b i l i t y )  , t h e  normal modes o f  

v i b r a t i o n  ( i e .  } ) must t r a n s f o r m  a s  one o f  t h e  components of t h e  

2 2 p o l a r i z a b i l i t y  t e n s o r ,  i e .  as  x , y  , yz e t c .  For I R  t r a n s i t i o n s ,  where Q 

* 
is t h e  d i p o l e  o p e r a t o r  e r ,  t h e  normal modes must t r a n s f o r m  a s  x, y ,  o r  z .  



Figure 2.4 - N o m l  mdes of 
is indicated i n  
I - inactive. 

the 2H-MX2 conpounds. The optical  ac t iv i ty  
bradcets: R - Raman, I R  - Infrared, 



Acous t ic  modes have t h e  same t r a n s f o r m a t i o n  p r o p e r t i e s  a s  t h e  I R  a c t i v e  

modes. A more d e t a i l e d  e x p l a n a t i o n  of t h e s e  t r a n s f o r m a t i o n  p r o p e r t i e s  can 

b e  found i n  Burns  (1977) o r  Heine (1960).  

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

a l l  32 c r y s t a l l o g r a p h i c  p o i n t  groups  a r e  l i s t e d  i n  t h e  c h a r a c t e r  t a b l e s  of 

most books on group t h e o r y  (eg .  B u m s ,  Tinkham) and hence  t h e  a c o u s t i c ,  IR 

and Raman a c t i v e  modes can b e  i d e n t i f i e d  b y  i n s p e c t i o n .  From (2.2.1) and 

from t h e  D c h a r a c t e r  t a b l e s  (F ig .  2.5) t h e  t h r e e  a c o u s t i c  modes a r e  
6h 

The remain ing  A + Flu modes a r e  IR a c t i v e  and t h e r e  a r e  f o u r  Raman 
2u 

ac t i v e  modes : 

The 3R-MX compounds a r e  c h a r a c t e r i z e d  by t h e  s p a c e  group C' (R3m). 2  3v 

The f p o i n t  symmetry is t h u s  Cgv and t h e  r e d u c t i o n  o f  t h e  n i n e  zone c e n t r e  

normal modes i n t o  t h e i r  i r r e d u c i b l e  r e p r e s e n t a t i o n s  is  given b y  

3A,  e 3E 

From t h e  C c h a r a c t e r  t a b l e s  ( F i g .  2.5) it  is seen t h a t  t h e  t h r e e  
3v 

a c o u s t i c  modes are A1 + E and t h a t  t h e  remain ing  modes a r e  s i m u l t a n e o u s l y  - 

I R  and Raman a c t i v e .  The a tomic  d i s p l a c e m e n t s  f o r  each  o f  t h e  modes can b e  

found u s i n g  c o r r e l a t i o n  t a b l e s  r e l a t i n g  and C3v p o i n t  groups  and from 

c o n s i d e r a t i o n  o f  F i g .  2.4. These modes a r e  shown i n  F ig .  2.6. 





Figure 2.5b - Character Table for Cjv point group. 





2 . 3  Raman S c a t t e r i n g  -- 

I n  t h i s  t h e s i s  Raman s c a t t e r i n g  r e f e r s  t o  t h e  i n e l a s t i c  s c a t t e r i n g  of  

l i g h t  by phonons and can b e  t r e a t e d  w i t h  a  c l a s s i c a l ,  s e m i - c l a s s i c a l  o r  

f u l l  quantum mechanical  fo rmal i sm.  

C l a s s i c a l l y ,  when l i g h t  impinges  on a  c r y s t a l  it i n d u c e s  a  d i p o l e  

moment. The l i g h t  s c a t t e r e d  b y  t h e  c r y s t a l  can b e  c o n s i d e r e d  t o  b e  

r a d i a t i o n  f rom t h e  induced d i p o l e  moment , where /A is  g iven  b y  

and where E = E c o s o , t  is  t h e  e l e c t r i c  f i e l d  a s s o c i a t e d  w i t h  t h e  i n c i d e n t  
0 

r a d i a t i o n  and cx is t h e  p o l a r i z a b i l i t y  o f  t h e  c r y s t a l .  The l a t t i c e  

v i b r a t i o n s  o f  t h e  c r y s t a l  w i l l  modulate  t h e  p o l a r i z a b i l i t y  and i f  one 

expands oc in te rms  o f  t h e  a t o m i c  d i s p l a c e m e n t s  u  
j 

2 a, + oc, cos wjt 

t h e  e x p r e s s i o n  f o r  t h e  d i p o l e  moment becomes 

The i n t e n s i t y  o f  t h e  s c a t t e r e d  r a d i a t i o n  i s  p r o p o r t i o n a l  t o  
2 1~ 1 . The f i r s t  t e r m  i n  ( 2 . 3 . 3 )  t h u s  c o r r e s p o n d s  t o  s c a t t e r e d  l i g h t  

u n s h i f t e d  i n  f requency  (Rayle igh  s c a t t e r i n g )  w h i l e  t h e  second and t h i r d  

terms cor respond  t o  i n e l a s t i c a l l y  s c a t t e r e d  l i g h t  s h i f t e d  t o  h i g h e r  



( ~ n t i - s t o k e s )  and lower (Stokes)  f r equenc ie s  r e spec t ive ly .  These l a t t e r  two 

terms account f o r  Raman s c a t t e r i n g  i n  t h e  c l a s s i c a l  p i c tu re .  

The modern approach t o  t h e  a n a l y s i s  of Raman s c a t t e r i n g  u t i l i z e s  

quantum mechanics. Such a t rea tment  is g iven  by Loudon (1963, 1964, 1973) 

and a n  overview of some t h e  r e l e v a n t  m a t e r i a l  i s  presented  below. 

From the  quantum mechanical v iewpoin t ,  a  S tokes  (Anti-s tokes)  Raman 

s c a t t e r i n g  process  involves  the  d e s t r u c t i o n  of an  i n c i d e n t  photon of 

frequency L3i , t he  c r e a t i o n  ( d e s t r u c t i o n )  of  a  phonon of f requency t3 and 

the  c r e a t i o n  of a  s c a t t e r e d  photon of lower (h ighe r )  frequency us . 
Conservation of energy and momentum f o r  t h e  S tokes  event  can be w r i t t e n  

For photons i n  t h e  v i s i b l e  range, 7 and thus  u; zz US . This i n  

A 

t u r n  imp l i e s  lcil = lcsl and hence from (2.3.5) 0 < 1 q l  S 2 . 
8 Since the  s i z e  of t h e  B r i l l o u i n  zone i s  t y p i c a l l y  ~ / a  - 10 cm-I and 

5 -1 4 I < I  - 10 cm , i t  is  seen t h a t  on ly  q = 0 ( long wavelength) phonons 

p a r t i c i p a t e  i n  f i r s t  o r d e r  Raman s c a t t e r i n g .  

The p r i n c i p l e  process  governing Raman s c a t t e r i n g  i s  i l l u s t r a t e d  i n  ' 

Fig. 2.7b. The terms Her and Hel r ep re sen t  t h e  e l ec t ron - rad ia t ion  and 

e l e c t r o n - l a t t i c e  i n t e r a c t i o n s  r e spec t ive ly .  The e l e c t r o n s  a c t  o n l y  a s  an 

in te rmediary ,  coupl ing the  r a d i a t i o n  t o  t h e  l a t t i c e .  A l l  e l e c t r o n i c  

t r a n s i t i o n s  a r e  v i r t u a l  and t h e  i n i t i a l  and f i n a l  e l e c t r o n i c  s t a t e  i s  taken 

t o  be t h e  ground s t a t e .  



_ _ _ _ _  photon 
--+- electron 
--t-- hole - phonon 

Figure 2.7 - Ramn scat ter ing.  a)  Sca t te r ing   omt try (mmnhrm 
,conservation) . b) Sca t te r ing  process. 



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

from t h i r d  o r d e r  p e r t u r b a t i o n  t h e o r y  (Loudon, 1964) : 

where n 0 ,  n  i n d i c a t e s  r e s p e c t i v e l y  t h e  n u d e r  of i n c i d e n t  pho tons ,  
i ' 0 .  

s c a t t e r e d  pho tons  and o p t i c  phonons p r e s e n t  in  t h e  i n i t i a l  s t a t e ,  and t h e  

f i n a l  0  i n d i c a t e s  t h e  e l e c t r o n  i s  i n  i t s  ground s t a t e .  The sum is  o v e r  a l l  

p o s s i b l e  v i r t u a l  i n t e r m e d i a t e  s t a t e s  a  and b  and H = Hel + Her. The u s u a l  
1 

A -L -.. 
p r a c t i c e  is  t o  e x p r e s s  H i n  t e r m s  o f  Asp, where A is  t h e  v e c t o r  e r  

p o t e n t i a l  and t h e  e l e c t r o n  momentum, and t o  t a k e  Hel as t h e  l a t t i c e  

de format ion  p o t e n t i a l ,  i e  . t h e  p e r t u r b a t i o n ,  produced by t h e  l a t t i c e  

v l b r a t i o n s ,  o f  t h e  p e r i o d i c  p o t e n t i a l  a c t i n g  on t h e  e l e c t r o n s .  Using t h e s e  

forms f o r  Hel and Her in (2.3.6) r e s u l t s  i n  an e x p r e s s i o n  f o r  w  
'l 

p r o p o t i o n a l  t o l ~ 1 '  where R  is t h e  Raman t e n s o r  and is d e f i n e d  i n  t e r m s  of 

t h e  m a t r i x  e l e m e n t s  a p p e a r i n g  i n  (2.3.6).  

I n  g e n e r a l  R depends on t h e  synnnetry and f requency  of t h e  phonon, and 

t h e  p o l a r i z a t i o n s  and  f r e q u e n c i e s  o f  t h e  i n c i d e n t  and s c a t t e r e d  pho tons .  

P h y s i c a l l y  however,  R is e s s e n t i a l l y  t h e  same a s  t h e  c o e f f i c i e n t  o f  t h e  - 

l i n e a r  t e r m  i n  t h e  T a y l o r  s e r i e s  expans ion  o f  t h e  p o l a r i z a b i l i t y  t e n s o r  

where H p v  - (2.3.7b) 



tn 
Id-' 



The u t i l i t y  of t h e  Raman t e n s o r  a r i s e s  form the  f a c t  t h a t  

s c a t t e r i n g  e f f i c i e n c y  S ,  def ined  as t h e  r a t i o  of  t he  number of 

t he  

i n c i d e n t  

photons t o  t h e  number of s c a t t e r e d  photons,  i s  g iven  by (Loudon, 1964) 

where A i s  a  c o n s t a n t  of p r o p o r t i o n a l i t y  and G~ (CS) i s  the  d i r e c t i o n  of 

p o l a r i z a t i o n  of  t h e  i n c i d e n t  ( s c a t t e r e d )  l i g h t .  The form of R depends on 

the  c r y s t a l  symmetry and on t h e  symmetry of t h e  phonon. For a  c r y s t a l  of 

known symmetry and f o r  r' po in t  phonons, t he  non-zero elements of R f o r  

each mode can be determined from group theo ry  (Bums,  1977). Thus, a s  i s  

evident  from (2.3.8), by vary ing  the  i n c i d e n t  and s c a t t e r e d  p o l a r i z a t i o n s  

exper imenta l ly ,  t h e  symmetry of a p a r t i c u l a r  phonon mode can be determined 

and compared t o  t h e  symmetry p r e d i c t e d  by group theory.  

The Raman t e n s o r s  f o r  phonons wi th  symmetries belonging t o  t he  D6h 

and C3v p o i n t  groups a r e  g iven  i n  Fig. 2.8 (Loudon, 1964). 

2.4 Second Order Raman S c a t t e r i n g  - -- 

Second o r d e r  Raman s c a t t e r i n g  i s  a  two-phonon process  involv ing  

e i t h e r  t h e  c r e a t i o n  o r  d e s t r u c t i o n  of two phonons o r  t h e  c r e a t i o n  of one 

phonon and t h e  d e s t r u c t i o n  of another .  The c o e f f i c i e n t  of  the  quadra t i c  

term i n  (2.3.7) g i v e s  rise t o  second o r d e r  Raman s c a t t e r i n g .  

The conse rva t ion  of energy and momentum cond i t i ons  f o r  t he  second 

order  S tokes  p roces s  a r e  

W; = W p  + W y  + US 



and t h e  r e s t r i c t i o n  on t h e  phonon wavevec t o r s  is 

From (2.4.1) it is c l e a r  t h a t  t h e  phonons p a r t i c i p a t i n g  i n  second o r d e r  

s c a t t e r i n g  must have e s s e n t i a l l y  e q p a l  and o p p o s i t e  wavevec t o r s  b u t ,  i n  

c o n t r a s t  t o  t h e  f i r s t  o r d e r  p r o c e s s ,  s c a t t e r i n g  can b e  observed  f rom a l l  

p a r t s  o f  t h e  B r i l l o u i n  zone.  Hence, t h e  second o r d e r  Raman s p e c t r u m  is  

p r o p o r t i o n a l  t o  t h e  two-phonon d e n s t i y  of s t a t e s  - t h e  i n t e n s i t y  of a  

second o r d e r  f e a t u r e  a t  f r e q u e n c y  w is dependent on t h e  combined d e n s i t y  

of s t a t e s  o f  p a i r s  of phonons whose f requency  d i f f e r e n c e  o r  sum is  # . 
The second o r d e r  s p e c t r u m  t h u s  g e n e r a l l y  c o n s i s t s  o f  a b r o a d  cont inuum 

background w i t h  super imposed peaks  and s h o u l d e r s  t h a t  a r i s e  from 

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

2.5 Temperature  Dependence o f  Raman S p e c t r a  - 

The i n t e n s i t y  o f  peaks  i n  f i r s t ( s e c o n d )  o r d e r  s c a t t e r i n g  is  governed 

by t h e  mean number o f  phonons i n  t h e  a p p r o p r i a t e  s t a t e ( s ) .  T h i s  i s  given 

by t h e  t e m p e r a t u r e  dependent  Bose-Einste in  p o p u l a t i o n  f a c t o r  

T h i s  dependence on n  is s u m a r i z e d  i n  T a b l e  2.2 ( a f t e r  Burs te in . ,  1964).  



Process Stokes Antis takes 

Is t Order w l + n  n 
j j 

2nd Order (overtone) &.I (1 + n.12 n 2 
J j 

2nd O r d e r  (sum) w + w '  

2nd O r d e r  (difference) o - w n.n + n  
I j ' j 

Table 2.2 - Tenperature dependence factors for  Raman spectra. 



2.6 Zone-f o l d  i n g  - 

L a t e r  work i n  t h i s  t h e s i s  i n v o l v i n g  s i l v e r  i n t e r c a l a t e d  TaS i n t r o -  
2  

duces  t h e  concep t  o f  zone-folding.  T h i s  concep t  i s  b r e i f  l y  d e s c r i b e d  h e r e .  

The p r e s e n c e  o f  o r d e r e d  i n t e r c a l a t e  i o n s  i n t r o d u c e s  a  new p e r i o d i c i t y  

t o  t h e  l a t t i c e  t h a t  is d e s c r i b e d  b y  new and l a r g e r  l a t t i c e  v e c t o r s .  T h i s  

new l a t t i c e  is r e f e r r e d  t o  a s  a ' s u p e r l a t t i c e ' .  F i g u r e  2 . 9 ,  f o r  example,  

shows t h e  l a t t i c e  v e c t o r s  t h a t  d e s c r i b e  6 a o  and 2ao s u p e r l a t t i c e s .  

The l a r g e r  s u p e r l a t t i c e  u n i t  c e l l  r e s u l t s  i n  a  smaller ~ ~ i l l o u i n  zone 

and hence p o i n t s  which were f o r m e r l y  s i t u a t e d  away from t h e  zone c e n t r e  now 

o c c u r  a t  t h e  c e n t r e  o f  t h e  new zone. These  p o i n t s  a r e  s a i d  t o  have been 

'zone-folded'  and b e i n g  s i t u a t e d  a t  t h e  c e n t r e  o f  t h e  new zone may become 

Raman a c t i v e  . 
Which p o i n t s  become zone-folded is dependent  on t h e  t y p e  o f  

s u p e r l a t t i c e  formed. I n  t h e  c a s e  o f  a  2 a  s u p e r l a t t i c e ,  t h e  M p o i n t  is 
0 

f o l d e d  ( F i g .  2.10a) and f o r  a  J?ao s u p e r l a t t i c e  t h e  K p o i n t  is f o l d e d  

( F i g .  2.10b). 



Figure 2.9 - Hexagonal s u p e r l a t t i ~ s .  a) Undistorted l a t t i ce .  b) J3a 
superlat t ice,  indicated by open squares; --c) 2ao superlat%oe 
indicated by open circles. Original l a t t i c e  points are 
indicated by so l id  circles and the nm l a t t i c e  vectors are 
indicated by p r i ~ s  i n  b) and c) . 



- Figure 2.10 - Brillouin zone corresponding t o  a) a 2a superlattice and 
b) a J3ao superlattioe . Symretry p i n t s o o f  the original  
zone (dashed l ines)  are unprirmd, the new synaretry points 
are sham with p r i e s .  



111. Valence  Force F i e l d  Model 

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

A number o f  l a t t i c e  dynamical  models  have  beem developed t o  account  

f o r  e x p e r i m e n t a l l y  observed  Raman and IR s p e c t r a ,  n e u t r o n  d i s p e r s i o n  c u r v e s  

and v e l o c i t y  o f  sound d a t a  i n  t h e  l a y e r e d  t r a n s i t i o n  meta l  d i c h a l c o g e n i d e s .  

Probably  t h e  most f r e q u e n t l y  quo ted  model is  t h a t  o f  Bromley (1971) which 

was o r i g i n a l l y  developed f o r  MoS bu t  which h a s  been a p p l i e d  t o  many of 
2  

t h e  o t h e r  l a y e r e d  m a t e r i a l s  ( A g n i h o r t i  et  a l .  1973,  Wang and Chen 1974, 

Holy 1977, O n a r i  e t  a1 ., 1979) . 
Bromley's model i s  v e r y  s i m p l e  i n  t h a t  i t  i n c o r p o r a t e s  o n l y  t h r e e  

i n t r a l a y e r  c e n t r a l  f o r c e  c o n s t a n t s  and i d e a l  geometry  is assumed. Only a  

s i n g l e  layer is  ccnsi6ere.l a ~ d  hsncz  he rtgid layer mode ( s e e  Fig. 
2g 

2.4) is n o t  p r e d i c t e d .  Bromley succeeded  i n  o b t a i n i n g  c l o s e d  form 

e x p r e s s i o n s  f o r  t h e  phonon f r e q u e n c i e s  a t  t h e  r, K, and M p o i n t s  o f  t h e  

B r i l l o u i n  zone.  T h i s  model p r e d a t e s  a l l  Raman s c a t t e r i n g  work on t h e  group 

Vb MX2 compounds and t h e  e x p r e s s i o n s  f o r  t h e  phonon f r e q u e n c i e s  a t  P have 

been w i d e l y  u s e d .  

Bromley's model was s u b s e q u e n t l y  modi f i ed  t o  i n c o r p o r a t e  i n t e r l a y e r  

coup l ing .  E x p r e s s i o n s  were i n t r o d u c e d  t h a t  i n c l u d e d  i n t e r l a y e r  n e a r e s t  

neighbour  s h e a r i n g  ( V e r b l e  e t  a l .  1972, W i e t i n g  1973) and compress iona l  

(Wiet ing 1973) f o r c e  c o n s t a n t s  whose v a l u e s  cou ld  b e  de te rmined  from 

measurements o f  t h e  s o  c a l l e d  r i g i d  l a y e r  modes. 

-Although Bromley's c e n t r a l  f o r c e  model is  q u a l i t a t i v e l y  c o r r e c t  f o r  

zone c e n t r e  modes, it p r e d i c t s  more phonon d i s p e r s i o n  t h a n  t h a t  observed 



exper imenta l ly  from neut ron  s c a t t e r i n g .  The va lence  f o r c e  f i e l d  (VFF) 

model, which i s  a model t h a t  i n c l u d e s  f o r c e  c o n s t a n t s  a r i s i n g  from bond 

angle bending as w e l l  a s  bond s t r e t c h i n g ,  g i v e s  a  b e t t e r  f i t  t o  t he  

neutron d a t a  (Lucovsky 1977, k k a b a y a s h i  e t  a l .  1975). Feldman (1982) has  

used a  VFT model t o  f i t  Raman and neu t ron  d a t a  f o r  2H-TaSe2. The model 

s u c c e s s f u l l y  p r e d i c t e d  one Raman mode no t  used i n  t h e  f i t t i n g  procedure and 

upon t h e  a p p r o p r i a t e  mass changes a l l  Raman and a v a i l a b l e  neut ron  d a t a  f o r  

2H-NbSe2. The model i nvo lves  f o u r  i n t r a l a y e r  and two i n t e r l a y e r  f o r c e  

cons t an t s  a s  w e l l  as a phenomenological metal-metal i n t e r a c t i o n  term 

introduced t o  account  f o r  t h e  anomalous f l a t t e n i n g  of t he  X I  a c o u s t i c  

branch observed by neut ron  d i f f r a c t i o n  (Moncton e t  a l .  1977). 

This model has  been used t o  d e s c r i b e  t h e  work undertaken i n  t h i s  

t h e s i s  and a n a l y t i c  c lo sed  form expres s ions  have been obtained f o r  a l l  18 

zone c e n t r e  phonon f requencies .  

3.2 L a t t i c e  Dynamics - 

A s  a  pre lude  t o  t h e  l a t t i c e  dynamical model t o  be in t roduced  i n  t he  

next  s e c t i o n ,  a  b r i e f  review of l a t t i c e  dynamics i s  presented below. 

Further  in format ion  on t h e  s u b j e c t  can be obta ined  from most s tandard  s o l i d  

s t a t e  physics  t e x t s  ( see  f o r  example Maradudin e t  61. 1963, Born and Huang - 

1954, Ashcrof t and Mermin 1976). 

The e q u i l i b r i u m  p o s i t i o n  of atom K i n  u n i t  c e l l  1 i s  given by 

where ?(&) i s  t h e  p o s i t i o n  v e c t o r  of u n i t  c e l l  R and ?(t ) is  the  

equi l ibr ium p o s i t i o n  of t h e  atom w i t h i n  t h e  c e l l .  The p o t e n t i a l  energy @ 



o f  t h e  c r y s t a l  i s  assumed t o  b e  a f u n c t i o n  o f  t h e  a tomic p o s i t i o n s  and can - a be  expanded i n  a Tay lor  s e r i e s  o f  t h e  d i s p l a c e m e n t s  u ( ~ )  f rom e q u i l i b r i u m :  

H 

where 

an d  

The s u b s c r i p t  0 in (3.2.3) and (3.2.4) i n d i c a t e s  t h e  t e r m  under  

c o n s i d e r a t i o n  i s  t o  b e  e v a l u a t e d  a t  t h e  e q u i l i b r i u m  p o s t i o n ,  a n d p  , V  a r e  

c a r t e s i a n  c o o r d i n a t e s .  The c o e f f i c i e n t  (1.2.3) o f  t h e  l i n e a r  t e r m  i n  

1 (3.2.2) is seen  t o  b e  t h e  f o r c e  a c t i n g  on atom ( ) a t  e q u i l i b r i u m  and 

hence t h i s  t e r m  is  ze ro .  Terms o f  o r d e r  u3 and h i g h e r  a r e  n e g l e c t e d  

(harmonic approx imat ion)  which l e a d s  t o  t h e  e q u a t i o n s  of motion 

From (3.2.5) t h e  p h y s i c a l  i n t e r p r e t a t i o n  o f  (3.2.4) is  c l e a r :  it i s  t h e  - 

I 
f o r c e  i n  t h e  p d i r e c t i o n  on atom ( K )  due  t o  a u n i t  d i sp lacement  i n  t h e  

I'  y d i r e c t i o n  o f  atom ( k / ) .  

The s o l u t i o n s  t o  (1.2.5) are assumed t o  b e  o f  p l a n e  wave form: 

S u b s t i t u t i o n  o f  (3.2.6) i n t o  (3.2.5) and t a k i n g  advan tage  o f  t h e  



r e s t r i c t i o n s  on (3.2.4) imposed by l a t t i c e  p e r i o d i c i t y  (Maradudin e t  a 1  ., 
1963) r e d u c e s  t h e  i n f i n i t e  s e t  o f  e q u a t i o n s  (3.2.5) t o  a s e t  o f  3 N  coupled 

e q u a t i o n s  

where 

and & e A- is a consequence o f  t h e  above mentioned r e s t r i c t i o n  on 

(3.2.4).  There  w i l l  b e  s o l u t i o n s  t o  (3.2.7) i f  and o n l y  i f  

The 3Nx3N m a t r i x  Dpv a p p e a r i n g  i n  (1.2.9) is  known a s  t h e  dynamical  

m a t r i x  and i t s  e i g e n v a l u e s  a r e  t h e  s q u a r e s  of t h e  normal mode f r e q u e n c i e s .  

These f r e q u e n c i e s  a r e  dependent  on 2. 

3.3 VFR Model --- 

The e s s e n c e  o f  t h e  model used i n  t h i s  work is  t h e  assumption t h a t  

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

@ = x-M k , ( a r ~  + I E k , , ( ~ n l ) ~  x -x  + + x-x t kR,(aaz)2 

X- M - X  M - 8 - M  X - U - X  



I 

where bond l e n g t h s  and a n g l e s  a r e  a s  shown i n  Fig.  2 . l a .  

The procedure  used t o  c a l c u l a t e  t h e  dynamical m a t r i x  i nvo lves  

express ing  A r  and r A 0  in  terms of c a r t e s i a n  c o o r d i n a t e s ,  de te rmin ing  a l l  

combinat ions o f  atoms t h a t  must appear  i n  t h e  sums i n  ( 3 . 3 . 1 ) ,  and then 

d i f f e r e n t i a t i n g  t h e  terms i n  ( 3 . 3  .l) t o  c o n s t r u c t  t h e  m a t r i c e s  ( 3 . 2 . 4 ) .  

These m a r t r i c e s  a r e  then summed accord ing  t o  ( 3 . 2 . 8 )  y i e l d i n g  t h e  dynamical 

mat r ix .  Th i s  procedure  i s  o u t l i n e d  i n  more d e t a i l  i n  Appendix I. 

For t h e  2H compounds t h e  dynamical m a t r i x  is an 18x18 complex 

Hermit i a n  m a t r i x  and e x t r a c t i n g  t h e  e igenva lues  i nvo lves  numerical  methods 

and r e q u i r e s  a computer.  However, f o r  t h e  p a r t i c u l a r  and important  c a s e  o f  

A 

q = 0, a n a l y t i c  exp re s s ions  f o r  t h e  e igenva lues  -have  been ob ta ined  by hand 

c a l c u l a t i o n .  I d e n t i f y i n g  t h e  c o r r e c t  f requency wi th  t h e  a p p r o p r i a t e  normal 

mode can b e  done by comparing t h e  e i g e n v e c t o r s  o f  t h e  dynamical m a t r i x  t o  

those  c a l c u l a t e d  from group theo ry .  The r e s u l t s  a r e  presen ted  below: 



where 

and m m are the metal atom and chalcogen atom masses respectively, and 
M' X 

where the lattice parameters, bond lengths and bond angles are as shown in 

Fig. 2.1. 



IV. Experimental Procedure 

4.1 Samples: Pure Crys t a l s  - 

The m a j o r i t y  of t h e  3R-NbS2 s tud ied  were provided by D r .  F. Levy of 

t h e  I n s t i t u t  d e  Physique Appliquee i n  Lausanne, Swi tzer land ,  whi le  a l l  t h e  

2H-MX2 and t h e  remainder of t h e  3R c r y s t a l s  were provided by D r .  R. F. 

F r ind t  and Per  Joensen of t h e  SFU Phys ics  department. A l l  c r y s t a l s  were 

grown us ing  t h e  i o d i n e  vapour t r a n s p o r t  technique.  

The 3R-NbS2, 2H-TaSe and 2H-NbSe2 c r y s t a l s  had smooth, mi r ro r - l i ke  2 

s u r f a c e s  wi th  a h igh  m e t a l l i c  l u s t r e .  I n  c o n t r a s t  t h e  2H-TaS2 and 2H-NbS2 

s u r f a c e s  were a d u l l  m e t a l l i c  blue-gray and badly wrinkled - reminiscent  of  

crumpled t i n  f o i l .  The sample dimensions were t y p i c a l l y  5-10 mm2 i n  a r e a  by 

50-100,~ thick. 

The samples used f o r  Raman s t u d i e s  were a f f i x e d  t o  small  copper d i s k s  

using commercial n a i l  po l i sh .  

Af te r  exposure t o  l a s e r  l i g h t  f o r  s e v e r a l  hours t he  sample s u r f a c e s  
I 

would occas iona l ly  d e t e r i o r a t e .  In  such c a s e s  a f r e s h  s u r f a c e  could be 

exposed by c l eav ing  the  sample us ing  'Sell-o'  brand adhesive tape.  

O r i e n t a t i o n  of t h e  3R-NbS2 sample was done by Laue X-ray back 

r e f l e c t i o n .  The Laue p a t t e r n s  f o r  2H-NbS2 were not c l e a r  enough t o  

determine the  c r y s t a l  axes  and hence these  c r y s t a l s  were o r i en t ed  v i s u a l l y  

us ing  hexagonal growth edges. , 



4.2 Samples: I n t e r c a l a t e d  C r y s t a l s  - 

Seve ra l  s i l v e r  i n t e r c a l a t e d  2H-TaS c r y s t a l s  were a l s o  examined by 
2 

Raman s c a t t e r i n g .  These c r y s t a l s  were produced by c leaving  pure TaS2 

c r y s t a l s  wi th  'Sell-o'  tape. The c leaved  s e c t i o n s  were removed from t h e  

tape  by d i s s o l v i n g  the g lue  i n  t r i c h l o r o e t h y l e n e  and the  recovered c r y s t a l s  

were then trimmed and placed i n  t h e  i n t e r c a l a t i o n  c e l l  shown i n  Fig. 4.1. 

S i l v e r  ' ions from the  AgN03 s o l u t i o n  spontaneously i n t e r c a l a t e  between 

the  l a y e r s  of t h e  TaS2 c r y s t a l .  The s i l v e r  i o n s  i n  s o l u t i o n  a r e  rep len ished  

from a  p i ece  of pure s i l v e r  metal  and o v e r a l l  e l e c t r i c a l  n e u t r a l i t y  i s  

maintained by p re s s ing  both  t h e  c r y s t a l  and s i l v e r  onto n i c k e l  f o i l  wi th  

p i eces  of neoprene. This  provides  a  pa th  f o r  e l e c t r o n  f low between t h e  

s i l v e r  metal  and the  c r y s t a l .  

The i n t e r c a l a t i o n  process  w i l l  con t inue  u n t i l  a  s a t u r a t i o n  s i l v e r  

concen t r a t ion  of x 21 213 mole f r a c t i o n  i s  reached (Scholz and F r i n d t ,  1980) 

but  i n t e rmed ia t e  va lues  of x can be ob ta ined  by removing the  c r y s t a l  be fo re  

t h e  r e a c t i o n  i s  complete. The s i l v e r  concen t r a t ion  was determined by 

weighing t h e  c r y s t a l  be fo re  and a f t e r  i n t e r c a l a t i o n  us ing  a  Cahn G-2 

e l ec t roba lance .  

Typical  c r y s t a l  dimensions were 1-2mm on a  s i d e  by 2- lop  i n  

t h i ckness  w i th  a  mass of 30-200 ,up. These sma l l e r  c r y s t a l s  were chosen t o  

y i e l d  a  more uniformly i n t e r c a l a t e d  sample. Typical  i n t e r c a l a t i o n  t imes  a r e  

g iven  i n  Table 4.1. 

Af t e r  i n t e r c a l a t i o n  t h e  s u r f a c e s  were observed t o  become rougher ,  

more wrinkled,  da rke r  and l e s s  l u s t r o u s  than  t h e  pure c r y s t a l .  Homogeneity 

of t h e  i n t e r c a l a t e d  samples was i n f e r r e d  from ( i )  v i s u a l  i n s p e c t i o n ,  which 

i n d i c a t e d  a  b a s i c a l l y  uniform s u r f a c e  t e x t u r e  and co lour ;  ( i i )  the  Raman 

s p e c t r a  of c leaved c r y s t a l s ,  which d id  no t  change be fo re  and a f t e r  



clamped clamped + microscope slide + 
I 1 

1 I 
microscope slide 4 Ag metal 2H-TaS, ' + 
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Figure 4 . 1  - C e l l  used to in te rca la t e  silver i n t o  2H-TaS2. 



TIME (hrs. ) 

T a b l e  4 . 1  - T y p i c a l  i n t e r c a l a t i o n  tims for Ag TaS x 2 



c l eav ing ;  and ( i i i )  t he  f a c t  t h a t  t h e  Raman s p e c t r a  obta ined  never  

i nd ica t ed  t h e  presence of t he  u n i n t e r c a l a t e d  h o s t  c r y s t a l .  

4.3 Raman S c a t t e r i n g  Apparatus -- 

Raman s p e c t r a  were obta ined  us ing  t h e  system and b a c k s c a t t e r i n g  

geometry shown schemat i ca l ly  i n  Fig. 4.2. 

The sample was s i t u a t e d  i n  an A i r  P roducts  Displex model CSL-202 

r e f r i g e r a t i o n  system. The ambient c r y s t a l  temperature could thus  be 

c o n t r o l l e d  between t h e  ranges  15-300K. 

The i n c i d e n t  l i g h t  was provided by e i t h e r  a Spec t r a  Phys ics  model 165 

o r  170 argon i o n  l a s e r  tuned t o  514.5 nm. The beam was c i r c u l a r  i n  c r o s s  

s e c t i o n  but was focussed onto  t h e  sample i n  t h e  shape of a t h i n  l i n e  

approximately 0.3 mm wide by 1 cm long  by means of  a c y l i n d r i c a l  l ens .  

This was done t o  reduce sample h e a t i n g  and t o  match the  o p t i c s  of t h e  

system. Output power from t h e  l a s e r  was i n  t he  range 100-500mF but  

approximately 50% of t h i s  was l o s t  be fo re  reaching  t h e  sample due t o  

r e f l e c t i o n s  a t  t h e  v a r i o u s  pr isms used f o r  beam alignment.  

The s c a t t e r e d  l i g h t  was c o l l e c t e d  and focussed onto t h e  en t r ance  s l i t  

of a Spex 14018 double monochromator equipped wi th  holographic  g r a t i n g s  

having 1800 rulings/mm. The s l i t  widths t h a t  were t y p i c a l l y  used r e s u l t e d  - 

- 1 
i n  a bandpass of 3cm . The double monochromator was followed by a Spex 

1442 s i n g l e  monochromator which provided a t h i r d  d i f f r a c t i o n  g r a t i n g .  

The s i g n a l  was d e t e c t e d  by e i t h e r  an RCA C31034A-02 o r  ITT FW130 

pho tomul t ip l i e r  tube. The tube  was mounted i n  a Products  f o r  Research 

TE-104 r e f r i g e r a t i o n  chamber and t h e  da rk  count of t h e  cooled tube was 5-10 

counts/sec.  The output  from the  tube  was processed us ing  s tandard  photon 
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count ing  e l e c t r o n i c s  and t h e  d a t a  d i sp l ayed  on a  s t r i p  c h a r t  r eco rde r  

and/or  accumulated i n  a  PDPll/lO mini-computer. The mini-computer was 

i n t e r f a c e d  t o  t h e  appa ra tus  enab l ing  t h e  e n t i r e  scanning ope ra t ion  t o  be 

done au toma t i ca l ly  i f  d e s i r e d .  

A 5145 A i n t e r f e r e n c e  f i l t e r  was g e n e r a l l y  used t o  e l i m i n a t e  unwanted 

argon plasma l i n e s  from t h e  s p e c t r a .  (The l i n e s  are sometimes d e s i r e d  f o r  

c a l i b r a t i o n  purposes) .  The f i l t e r  t r a n s m i t t e d  about  70% of t he  i n c i d e n t  

l i g h t .  

To determine the  p o l a r i z a t i o n  of  t h e  modes i n  NbS2, a  half-wave p l a t e  

and polaro id  ana lyze r  were used a s  shown i n  Fig. 4.2. The d i r e c t i o n  of 

i n c i d e n t  p o l a r i z a t i o n  could be s e t  u s ing  t h e  half-wave p l a t e  and s c a t t e r e d  

p o l a r i z a t i o n  s e l e c t e d  us ing  the  ana lyze r .  The n o t a t i o n  used i s  such t h a t ,  

f o r  example, 'XY' means t h e  i n c i d e n t  l i g h t  i s  po la r i zed  i n  t h e  x d i r e c t i o n  

and the  s c a t t e r e d  l i g h t  i n  t h e  y d i r e c t i o n ,  both wi th  r e spec t  t o  t h e  

c a r t e s i a n  axes  of t h e  c r y s t a l .  

I n  o r d e r  t o  produce i n c i d e n t  l i g h t  po la r i zed  i n  t h e  z  d i r e c t i o n ,  t he  

0 
90 s c a t t e r i n g  c o n f i g u r a t i o n  was used. This  i s  shown i n  Fig. 4.312. Because 

the  ang le s  8 and @ (F ig .  4.3) cannot be made zero  f o r  p r a c t i c a l  r ea sons ,  

t h e r e  i s  always some unwanted ' leakage '  o f  t h e  i n c i d e n t  l i g h t  i n t o  ano the r  

d i r e c t i o n .  I n  Fig. 4.2a t h e r e  i s  z l eakage  and x leakage i n  Fig. 4 . 2 ~ .  

The t h i n n e s s  of t h e  c r y s t a l s  and f i x e d  geometry of t h e  appa ra tus  

prevented any a n a l y s i s  of s c a t t e r e d  l i g h t  po la r i zed  i n  t he  z d i r e c t i o n .  
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V. R e s u l t s  and D i s c u s s i o n  - P u r e  C r y s t a l s  

5.1 Tantalum D i s e l e n i d e  and Niobium D i s e l e n i d e  - 

Room t e m p e r a t u r e  Raman s p e c t r a  o f  2H-TaSe2 and 2H-NbSe2 a r e  shown i n  

F i g s .  5.1 and 5.2. The r e s u l t s  a r e  s imi la r  t o  t h o s e  p r e v i o u s l y  r e p o r t e d  

(Wang and Chen 1974,  Holy 1977) and t h e  measured f r e q u e n c i e s  a r e  d i s p l a y e d  

in T a b l e  5.1. 

The E peak  is  t o o  weak t o  b e  seen  b u t  t h e  f requency  h a s  been 
l g  

de te rmined  b y  o t h e r s  and found t o  b e  133 cm-' i n  t h e  c a s e  o f  NbSe (Duffey 
2  

e t  a l .  1976) and 139 cm-' f o r  TaSe (Holy 1977) .  
2  

Both s p e c t r a  a r e  c h a r a c t e r i z e d  b y  a  b road  f e a t u r e  o c c u r r i n g  a t  abou t  

150 cm-' i n  TaSe and about  180 cm-I i n  NbSe2. T h i s  f e a t u r e  i s  c l o s e l y  
2 

r e l a t e d  t o  t h e  c h a r g e  d e n s i t y  wave (CDW) t h a t  forms i n  t h e s e  compounds. It 

a r i s e s  f rom two-phonon s c a t t e r i n g  i n v o l v i n g  l o n g i t u d i n a l  a c o u s t i c  (LA) 

phonons l o c a t e d  i n  t h e  v i c i n i t y  of 2 / 3  P M  (Kle in  1982, Tsang e t  al . ,  

1978) .  The LA phonon b r a n c h  i n  t h e s e  compounds e x h i b i t s  a  Kohn anomaly 
\ 

(Moncton e t  a l .  1975, Wakabayashi e t  a l .  1974) and c o n s e q u e n t l y  a h i g h e r  

two-phonon d e n s i t y  o f  s t a t e s .  However, it h a s  been shown (Maldague and 

Tsang , 1977) t h a t  t h e  dominant c o n t r i b u t i o n  t o  t h e  r e l a t i v e l y  l a r g e  

i n t e n s i t y  o f  t h i s  mode i s  n o t  t h e  two-phonon d e n s i t y  o f  s t a t e s  bu t  r a t h e r  

is t h e  s t r o n g  e lect ron-phonon c o u p l i n g  p r e s e n t  i n  t h e s e  compounds. T h i s  

l a r g e  e lect ron-phonon c o u p l i n g  is c l o s e l y  a s s o c i a t e d  w i t h  t h e  p r e s e n c e  o f  

CDW's i n  t h e s e  m a t e r i a l s  ( I b i d . ) .  

A s  t h e  t e m p e r a t u r e  i s  lowered and a p p r o a c h e s  t h e  normal-ICDW 

(incommensurate c h a r g e  d e n s i t y  wave) t r a n s i t i o n  t e m p e r a t u r e ,  t h i s  b road  



Figure 5.1 - Raman spectrum of 2H-TaSep at  300K. 



Figure 5.2 - Raman spectrum of 23-NbSe2 at 300K. 



Table 5.1 - Frequencies (an-') of R a m  active phonons in group V transition 
mtal dichalcogeni&s. 



peak s o f t e n s  and is  g r e a t l y  reduced i n  i n t e n s f t y  (Tsang e t  a l .  1976, Holy 

e t  a 1  . 1976) . Below t h i s  t e m p e r a t u r e  new Raman a c t i v e  modes a p p e a r  which 

a r e  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  t h e  CDW s u p e r l a t t i c e  ( I b i d . ) .  

5.2 Tantalum D i s u l p h i d e  - 

Much less work h a s  been r e p o r t e d  f o r  2H-TaS2 than f o r  e i t h e r  NbSe o r  2 

TaSe T h i s  i s  l i k e l y  due t o  t h e  poor  o p t i c a l  q u a l i t y  of t h e  c r y s t a l  
2  ' 

s u r f a c e .  The room t e m p e r a t u r e  Raman s p e c t r u m  is shown i n  F i g .  5.3. The E 2 
2g 

r i g i d  l a y e r  mode was observed  u s i n g  d i f f e r e n t  i n s t r u m e n t a l  s e t t i n g s  t h a n  

t h e  r e s t  o f  t h e  scan i n  o r d e r  t o  a t t e n u a t e  t h e  Ray le igh  s c a t t e r e d  l i g h t .  

The E peak cannot  b e  seen on t h e  s p e c t r a  b u t  Holy (1977) h a s  t e n t a t i v e l y  
l g  

i d e n t i f i e d  it as a weak peak  o c c u r r i n g  a t  230 cm-l. The measured 

f r e q u e n c i e s  are l i s t e d  i n  T a b l e  5.1 and a r e  i n  agreement w i t h  t h e  f i n d i n g s  

of o t h e r s  (Holy 1977, Suga i  e t  a l .  1981) 

The b r o a d  peak  a t  190 cm-' i s  due t o  two-phonon s c a t t e r i n g  a s  i n  

TaSe and NbSe I ts  t e m p e r a t u r e  dependence,  shown i n  F i g .  5 .4 ,  is a l s o  
2  2 ' 

s i m i l a r  and shows a  r e d u c t i o n  i n  i n t e n s i t y  and s l i g h t  s o f t e n i n g  w i t h  

d e c r e a s i n g  t e m p e r a t u r e .  From t h i s  b e h a v i o u r  coup led  w i t h  t h e  f a c t  t h a t  

2H-TaS a l s o  undergoes  a  CDW t r a n s i t i o n ,  it is expec ted  t h a t  t h e  LA phonon 
2  

b ranch  c o n t a i n s  a  Kohn anomaly ana lagous  t o  TaSe and NbSe2. However t h i s  - 2 

h a s  n o t  been s e e n  d i r e c t l y  because  n e u t r o n  d i f f r a c t i o n  exper iments  have y e t  

t o  b e  r e p o r t e d  f o r  TaS 2 ' 



Figure 5.3 - R m  spectrum of W-TaS2 a t  300K. 
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Figure 5.4 - Terrperature dependence of R .  spectrum of 2H-TaS2. 



5.2 2H-Niobium Disulphide - 

An unpolar ized spectrum o f  2H-NbS2 a t  room temperature i s  shown i n  

Fig. 5.5. The E' r i g i d  l a y e r  mode (shown i n  i n s e t )  can be c l e a r l y  
2g 

i d e n t i f i e d  a t  31 f 2 em-'. 

The broad f e a t u r e  a t  290 i s  c h a r a c t e r i s t i c  of a  two phonon peak. 

However, t h i s  i s  no t  be l i eved  t o  be  t h e  c a s e  f o r  two reasons.  F i r s t ,  on 

cool ing  t o  15K the  peak d id  no t  show a  s i g n i f i c a n t  decrease  i n  i n t e n s i t y  

r e l a t i v e  t o  t he  o t h e r  f e a t u r e s  as would be expected from the  temperature 

dependence of a second o r d e r  mode g i v e n  i n  Table 2.2. Second, s i n c e  2H-NbS 
2  

does not  undergo a CDW t r a n s i t i o n  ( E l s o n  e t  a l . ,  1975) a  s t rong  second 

o rde r  f e a t u r e  s i m i l a r  t o  t h a t  observed i n  t h e  o t h e r  2H compounds would not  

be expected. 

Figure 5.6 shows NbS2 s p e c t r a  t aken  i n  XX and XY p o l a r i z a t i o n s .  

Spec t r a  w i th  ZX and ZY p o l a r i z a t i o n s  were found t o  be q u a l i t a t i v e l y  s i m i l a r  

t o  t he  XX and XY s p e c t r a  r e s p e c t i v e l y  which i s  a t t r i b u t e d  t o  t h e  p rev ious ly  

mentioned leakage  (Sec. 4.3). 

The broad peak i s  seen  t o  be composed of two f e a t u r e s ,  one of which, 

- 1 
a t  304 f 2 c m  , i s  p re sen t  on bo th  scans.  From Fig. 2.8 t h i s  i s  seen  t o  

be c h a r a c t e r i s t i c  of an  E mode and i s  thus  i d e n t i f i e d  a s  E' The sha rp  - 
28 2g 

peak a t  379 f 2 c 8  and t h e  broader  peak a t  260 f 5 cm-I both have 

d iagonal  symmetry. The former can  be i d e n t i f i e d  a s  t he  A mode on t h e  
1 g  

b a s i s  of i t s  s i m i l a r i t y  i n  width and i n t e n s i t y  wi th  the  A modes i n  
Ig 

NbSe2, TaSe2 and TaS2. 

The one remaining Raman a c t i v e  mode, E i s  ass igned  t o  t he  260 cm-I 
k ' 

peak. The appearance of  t h i s  mode i n  t h e  XX spectrum i s  a t t r i b u t e d  t o  ZX 

leakage. I n  t h i s  c o n t e x t ,  and cons ide r ing  t h e  weakness of t h e  E peak i n  
l g  



( s l y  *qm) AIISN31NI NVWVll 

Figure 5.5 - Raman spectrum of 2H-NbS2 at 300K. 



Figure 5.6 - Polar izat ion dependence of W-NbS2 Raman spec- 
at 30 OK. 



t h e  o t h e r  2H compounds, t h i s  mode ass ignment  must b e  c o n s i d e r e d  v e r y  

t e n t a t i v e .  

5.4 3R-Niob ium D i s u l p h i d e  - 

Raman s p e c t r a  f o r  3R-NbS2 i n  XX and XY p o l a r i z a t i o n s  a t  room 

t e m p e r a t u r e  a r e  shown i n  Fig .  5.7. The s p e c t r a  were  found t o  b e  independent  

of t e m p e r a t u r e  on c o o l i n g  t o  15K which i n d i c a t e s  t h a t  none o f  t h e s e  

f e a t u r e s  are d u e  t o  two phonon p r o c e s s e s .  

From F i g .  5.7 it is  c l e a r  t h a t  t h e  s t r o n g  peak at  386 * 2  cm-I i s  an 

A mode and is  a s s i g n e d  t h u s .  I n  a d d i t i o n  t h e  weaker peak a t  458 + ? cm-l 

a l s o  h a s  d i a g o n a l  symmetry and h a s  been a s s i g n e d  as t h e  second A mode. 
1 

The two prominent  f e a t u r e s  a t  158 and 330 cm" a s  w e l l  a s  t h e  290 

-1 
cm s h o u l d e r  a l l  show p o l a r i z a t i o n  b e h a v i o u r  c h a r a c t e r i s t i c  o f  an E mode 

and t h e  symmetry ass ignments  a r e  l e s s  c e r t a i n  t h a n  f o r  t h e  c a s e  o f  t h e  A 

modes. More c o n c l u s i v e  e v i d e n c e  cou ld  b e  o b t a i n e d  f rom a  ZZ p o l a r i z a t i o n  

spec t rum b u t  s u c h  a  s p e c t r u m  could n o t  b e  o b t a i n e d  because  o f  t h e  c r y s t a l  

d imensions .  However, t h e  i d e n t i f i c a t i o n  can b e  made b y  a  comparison w i t h  

t h e  2E s p e c t r u m  s i n c e  t h e  f r e q u e n c i e s  o f  t h e  E modes shou ld  b e  

approx imate ly  t h e  same i n  t h e  two p o l y t y p e s  ( V e r b l e  and Wei t ing ,  1970).  

T h i s  i n f o r m a t i o n  l e a d s  t o  t h e  ass ignment  of  t h e  290 and 330 cm-I peaks  a s  - 

t h e  two E modes. 

It is p o s s i b l e  t h a t  t h e  158 em-' peak is  due t o  an i m p u r i t y  o r  

d e f e c t  mode, s i m i l a r  t o  t h a t  obse rved  i n  impure NbSe (Sooryakurnar e t  al., 
2  

1981).  S i n c e  t h i s  f e a t u r e  was observed  i n  a l l  o f  t h e  3R c r y s t a l s  s t u d i e d  

it would appear  l i k e l y  t h a t  it is  a s s o c i a t e d  w i t h  t h e  l a c k  of s t o i c h i o m e t r y  

i n h e r e n t  i n  3R-NbS2 ( F i s h e r  and S ienko ,  1980).  



Figure 5.7 - Polar iza t ion  dependenoe of 3R-NbS2 F&mm spectrum 
a t  30 OK. 



5.5 Comparison of 2H and 3R Niobium Disulphide Spect ra  - ---- 

Upon examination of Figs. 2.4 and 2.6 i t  would be expected t h a t  the  

1 A and A1 modes would have approximately t h e  same frequency and t h a t  the  
1 g 
1 E2g should have a s l i g h t l y  h igher  frequency than the  E2 mode due t o  the  

i n t e r l a y e r  coupling. From Table 5.1 it can be seen t h a t  the  two A modes do 

indeed have reasonably s i m i l a r  f requencies  but t h a t  the  E2 frequency i s  25 

cm-I higher than t h a t  of the  E~ mode! 
2g 

An explanat ion  of t h i s  apparent  anomaly was put forward by Nakashima 

e t  a l .  (1982) who suggested t h a t  t h e  predominant i n t e r l a y e r  f o r c e  could be 

due t o  i n t e r a c t i o n  between the  Nb atoms of one l a y e r  and the  nea res t  S 

atoms of the ad jacen t  l aye r .  This seems u n l i k e l y  however s ince  i t  neg lec t s  

i n t e r l a y e r  nea res t  neighbour S-S i n t e r a c t i o n s  d e s p i t e  the  f a c t  t h a t  the  S-S 

d i s t ance  (3.44 A) i s  almost a f u l l  angstrom l e s s  than the  Nb-S d i s t ance  

(4.42 A ) .  Also, such an i n t e r l a y e r  i n t e r a c t i o n  i s  l i k e l y  t o  be f a r  too  

weak t o  cause a d i f f e r e n c e  i n  frequency of more than a very few 

wavenumbers f o r  these  modes. 

A more p l a u s i b l e  explanat ion  i s  the  very probable enhancement of 

i n t e r l a y e r  bonding i n  3R-NbS2 due t o  t h e  excess Nb atoms s i t u a t e d  i n  the  

van de r  b a l s  gap. The s t r e n g t h  of a f o r c e  cons tant  descr ib ing a M-X 

( i n t r a l a y e r )  bond i s  t y p i c a l l y  20-100 t imes g r e a t e r  than the  usual  fo rce  

cons tants  a s soc ia ted  with i n t e r l a y e r  bonds. Thus, the  presence of. 10% 

excess Nb atoms, loca ted  i n  the  gap, could conceivably account f o r  the  

observed frequency d i f fe rence .  



5 . 6  Applicat ion of t h e  Model Zone-centre Phonons - 

The VFF model descr ibed  i n  Sec . 3.3 involves  s i x  parameters.  However, 

f o r  purposes of f i t t i n g  t h e  model t o  t h e  experimental  d a t a  of  NbS and 
2 

TaS2 only one i n t e r l a y e r  f o r c e  c o n s t a n t  h a s  been used. I n  a d d i t i o n ,  

inspec t ion  of (3.3.2) shows t h a t  k~ and kg always appear t oge the r  and 

with the  same c o e f f i c i e n t  ( s i n c e  8 = (b i n  t h e s e  compounds). Hence t h e r e  

a r e  e f f e c t i v e l y  only f o u r  parameters  which have been used in  f i t t i n g  t h e  

d a t a ,  namely kr ,  kR1, k  and ( k g  + kg ). il 
The f o r c e  c o n s t a n t s  ob ta ined  by f i t t i n g  the  Raman d a t a  a r e  given i n  

Table 5.2. Although kg and k+ appear a s  s e p a r a t e  f o r c e  c o n s t a n t s ,  only 

t h e i r  sum is  meaningful.  The f o r c e  c o n s t a n t s  f o r  TaSe and NbSe2 a r e  those  
2 

obta ined  by Feldman i n  f i t t i n g  Raman, neut ron  and acous t i c  da t a  f o r  TaSe 2 ' 

The phonon f r equenc ie s  obta ined  us ing  t h e s e  f o r c e  c o n s t a n t s  i n  equa t ions  

(3.3.2) a r e  given i n  Table 5.3. 

It was decided t o  exclude t h e  E mode from t h e  f i t t i n g  procedure f o r  
l g  

2H-NbS based on t h e  somewhat u n c e r t a i n  n a t u r e  of  i t s  experimental  2  

de te rmina t ion .  I n s t e a d  t h e  458 cm-l mode observed in  3R-NbS was f i t  t o  
1 2 

the  A2U mode i n  2H-NbS2. These two A modes can b e  expected t o  have n e a r l y  

t he  same frequency based on t h e  s i m i l a r i t y  of t h e i r  v i b r a t i o n s  (F igs ,  2.4 

1 and 2.6) and the  exper imenta l ly  observed s i m i l a r i t y  of t h e  A and A1 
lg 

modes. Although a l l  f o u r  of  t h e  2H-NbS2 Raman modes can b e  a s  equa l ly  w e l l  

f i t  a s  t h e  f o u r  modes chosen, and i n  f a c t  t h e  f o u r  2H-NbS2 Raman modes a s  

wel l  a s  t h e  A2U mode can b e  s imul taneous ly  f i t  t o  b e t t e r  than 6%,  t he  

r e s u l t i n g  f o r c e  c o n s t a n t s  d id  no t  seem t o  b e  i n  keeping wi th  those  of  t h e  

o t h e r  compounds o r  w i th  those  o f  MoS obta ined  from a very  s i m i l a r  model 
2 

(Wakabayashi e t  a l . ,  1975). This  stems from t h e  d i f f i c u l t y  of t r y i n g  t o  f i t  

the  E mode, which, i f  t h e  model can b e  used a s  a  c r i t e r i o n ,  seems t o  
l g  



5 Table 5.2 - Form constants for 2H compounds (10 dyn/cm) 



J!b&1 Expt. mde1 Expt.  - - Expt.  

234 

20 7 

139 

2 3 

- 
- 
- 
- 
- 
- 

* - Based on frequency of A; node i n  3R-NbS2 (see text). 

Expt. 

231 

238 

133  

30 

- 
- 
- 

- 
- 
- 

Table 5.3 - Frequencies of zone centre phonms in 2H con~pounds. Optical 
activity sham i n  brackets. 



t o  c a s t  f u r t h e r  u n c e r t a i n t y  on the  v a l i d i t y  of  t h e  E frequency. 
18 

I n  an e f f o r t  t o  de te rmine  k g  and k$ f o r  TaS2, an at tempt  was made t o  

s imultaneously f i t  t h e  f o u r  Raman modes and t h e  i n i t i a l  s lope  of t h e  LA 

d i spe r s ion  curve. The s l o p e  h a s  been measured wi th  u l t r a s o n i c  techniques  

( J e r i c h o  e t  a 1  . , 1980). Unfor tuna te ly  t h i s  proved unsuccessfu l  and only  t h e  

fou r  Raman modes were f i t .  The problem wi th  t r y i n g  t o  f i t  t he  i n i t i a l  

s lope  i s  a t t r i b u t a b l e  t o  t h e  f a c t  t h a t  long  wavelength a c o u s t i c  phonons a r e  

l i k e l y  t o  involve  f o r c e s  of a long  range n a t u r e  whereas t h e  model con ta ins  

only s h o r t  range fo rces .  The speed of  sound, c a l c u l a t e d  from t h e  i n i t i a l  

5  s lope  a s  p red ic t ed  by t h e  model, i s  4 . 7 ~ 1 0  cm/s. The measured va lue  i s  

5 3 . 6 ~ 1 0  cm/s. 

There a r e  a p p a r e n t l y  no o t h e r  exper imenta l  r e s u l t s  wi th  which t h e  

v a l i d i t y  of t h e  model can  be t e s t e d .  Measurement of  t h e  f r equenc ie s  of t h e  

I R  a c t i v e  phonons, which can  be e a s i l y  compared t o  equat ions  (3.3.2), w i l l  

probably be t h e  b e s t  independent  check of t h e  models p r e d i c t i v e  a b i l i t y .  

The f u l l  d i s p e r s i o n  cu rves  f o r  TaS2 and N U 2 ,  based on the  f o r c e  

cons t an t s  of Table 5.2, a r e  presented  i n  t h e  next  chap te r  and i n  Appendix 

11. 



V I .  R e s u l t s  and Discussion - I n t e r c a l a t e d  C r y s t a l s  

6.1 R e s u l t s  - 

Approximately 30 samples of AgxTaS2 were s t u d i e d  with concen t r a t ions  

ranging from 0.10 L, x k 0.67 and tempera tures  ranging from 15-300K. I n  

gene ra l  t h e s e  samples showed no s t r u c t u r e  i n  t h e  Raman spectrum, l i k e l y  

because of t h e  ve ry  poor s u r f a c e  q u a l i t y .  However, i n  f o u r  of t h e  samples 

s t u d i e d ,  w i th  concen t r a t ions  of x = . l 3 ,  .26, .28, and .32, t h r e e  new 

Raman a c t i v e  modes were observed. 

The spectrum of Ag.28TaS2 i s  dep ic t ed  i n  Fig. 6.1. It should be 

mentioned t h a t  t h e  s ignal- to-noise r a t i o  i n  t h i s  spectrum i s  f a r  h ighe r  

than  t h a t  t y p i c a l l y  observed i n  t h e s e  compounds. The t h r e e  new peaks a r e  

-1 ~ b s e r v d  at 320, 335, and 427 em-'. Tine peak a t  400 cm i s  the  only  

apparent  f e a t u r e  su rv iv ing  from t h e  pure c r y s t a l .  

Because of t h e  g e n e r a l l y  poor q u a l i t y  of t h e  s p e c t r a  obta ined  from 

these  i n t e r c a l a t i o n  compounds, any q u a n t i t a t i v e  informat ion  o t h e r  t han  t h e  

f r equenc ie s  was d i f f i c u l t  t o  obta in .  However a rough e s t ima te  of t h e  

temperature dependence of  t he  modes i n  Ag.28TaS2 may be obtained from Fig. 

6.2. A t  15K (Fig.  6.1) and 40K ( n o t  shown) a l l  peaks were c l e a r l y  defined.  

A s  t he  temperature was r a i s e d ,  t h e  320 and 335 cm-I modes were seen  t o  

d issappear  between about 130 and 160K while  t h e  427 cm-I peak remained 

u n t i l  somewhere between about 160 and 190K. ( A l l  temperatures  quoted do not  

t ake  l a s e r  h e a t i n g  i n t o  account) .  S u r p r i s i n g l y  t h e  400 CIU-' mode, which 

should' be p r e s e n t  up t o  300K, disappeared i n t o  n o i s e  a t  approximately 200K. 

Spec t r a  from t h e  o t h e r  t h r e e  samples which showed these  t h r e e  new modes 



Figure 6.1 - Raman spectrum of Age 28TaS2 at 15K.  
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were obta ined  a t  tempera tures  l e s s  than 80K. 

P o l a r i z a t i o n  checks of  t h e  modes i n  F i g .  6.1 showed t h a t  a l l  f o u r  had 

A (d iagonal )  s y m e t r y  . 
' Despi te  i n v e s t i g a t i o n  of  s e v e r a l  i n t e r c a l a t e d  c r y s t a l s  wi th  

concen t r a t ions  113 L- x G  213, and in p a r t i c u l a r  w i t h  x  = 213, no s p e c t r a  

could b e  ob ta ined .  

6.2 Discussion - 

The format ion  o f  a  CDW has  been r e p o r t e d  f o r  AgxTaS wi th  x  1 1 1 4  and 2 

with a  t r a n s i t i o n  temperarure of  about  76K (Scholz  e t  a l . ,  1982b). However 

the  t h r e e  new Raman modes a r e  no t  b e l e i v e d  t o  b e  a s s o c i a t e d  wi th  the  CDW 

s i n c e  they have been observed we l l  above t h e  t r a n s i t i o n  temperature.  

Ins tead  it is  f e l t  t h a t  t hey  a r e  r e s u l t  o f  zone-folding caused by the  

formation of  a  s u p e r l a t t i c e  a r i s i n g  from t h e  o r d e r i n g  of t h e  i n t e r c a l a t e  

atoms. S imi l a r  zone-folded Raman a c t i v e  phonons have been observed in  o t h e r  

i n t e r c a l a t e d  m a t e r i a l s  ( L e o n e l l i  e t  a l .  1980, Wada e t  aP. 1981, P l i s c h k e  e t  

a1  ., t o  be  pub l i shed ) .  

An e x t e n s i v e  s t u d y  on t h e  formation of  s u p e r l a t t i c e s  i n  AgxTaS2 has 

been r epor t ed  (Scholz e t  a l . ,  1982a and l982b).  Th i s  s tudy ,  undertaken 

using e l e c t r o n  d i f f r a c t i o n ,  showed t h a t  t h e  t y p e  o f  s u p e r l a t t i c e  formed was 

a  r a t h e r  complex func t ion  of  bo th  tempera ture  and s i l v e r  concen t r a t ion ,  The 

r e s u l t s  a r e  summarized in  Table 6.1 ( a f t e r  Scholz e t  a l . ,  l982b.). 

The expe r imen ta l ly  observed tempera ture  and s i l v e r  concen t r a t ion  

dependence o f  t h e  new Raman modes can b e  c o r r e l a t e d  wi th  t h e  s u p e r l a t t i c e  

v a r i a t i o n s  observed by Scholz e t  a l .  (Table  6.1) and thus  should determine 

the  type  o f  s u p e r l a t t i c e  p re sen t  i n  t h e  Raman samples.  This  i n  t u r n  

i n d i c a t e s  from which p o i n t  zone-folding can b e  expected t o  occur  o r ,  
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equivalent ly ,  from which point  i n  t h e  B r i l l o u i n  zone the  new Raman modes 

o r ig ina te .  S ince  these  modes have no t  been observed f o r  x  > 11'3 i t  i s  

assumed t h a t  they a r e  not  r e l a t e d  t o  t h e  (f ix2)ao o r  (2f ix5)ao 

s u p e r l a t t i c e s  ( o r  t h e i r  ' o r i e n t a t i o n a l  v a r i a n t s ' )  which a r e  observed a t  

these  concentrat ions.  I n  a d d i t i o n ,  s i n c e  they have been observed up t o  

about 150K, i t  i s  expected t h a t  a r e  no t  a s soc ia ted  with the  (5 f ix2)ao  

s u p e r l a t t i c e  (and i t s  o r i e n t a t i o n a l  v a r i a n t s )  which forms a t  T 6100K i n  

Agl/3TaS2* 

The only s u p e r l a t t i c e  present  a t  a l l  temperatures i n  Agl/3TaS2 i s  

2a . For 1/4 Lx G 1/3 the  room temperature s u p e r l a t t i c e  i s  f i a o  but  upon 
0 

cooling a  2ao s u p e r l a t t i c e  a l s o  appears. Although the  2ao s u p e r l a t t i c e  i s  

weaker than the  6 a 0 ,  p a r t i c u l a r l y  a t  lower concentra t ions ,  the  f i r s t  

appearance of the  2ao s u p e r l a t t i c e  i s  repor ted  a t  230K f o r  x  = .26 and , 

180K f o r  x = -13. This roughly corresponds t o  the  temperature a t  which the  

new Raman modes appear and thus i t  seems p l a u s i b l e  t h a t  the  new modes a r e  

associa ted  with the  2ao s u p e r l a t t i c e .  However, zone-folding from the  K 

point  due t o  the  formation of the  &ao s u p e r l a t t i c e  c e r t a i n l y  cannot be 

ruled out. 

S t i l l  a  t h i r d  p o s s i b i l i t y  i s  presented by considering the  f a c t  t h a t  

the  new modes have been observed only i n  s t a g e  2  compounds ( i e .  x 4 1/3) 

and not f o r  s t a g e  1. X-ray d i f f r a c t i o n  s t u d i e s  (Scholz and Fr ind t ,  1980) o f -  

Agli3TaS2 ( s t a g e  2) and Ag2,3TaS2 ( s t a g e  1 )  show t h a t  while the  c-axis 

t r i p l e s  t o  accomodate s ix l a y e r s  per  u n i t  c e l l  i n  the  s t age  2  compound, i t  

remains e s s e n t i a l l y  unchanged i n  t h e  case  of s t a g e  1. Hence zone-folding i s  

a l s o  qu i t e  poss ib le  from po in t s  along the  A symmetry d i rec t ion .  I n  

p a r t i c u l a r ,  i t  can be expected t o  occur from a  point  2/3 along the  l i n e  

r A. 



I n  an at tempt t o  check the  o r i g i n  of the  new modes, phonon d i spe r s ion  

curves f o r  pure TaS based on the  VFF model and the  force  cons tants  of 
2 ' 

Table 5.2, have been p l o t t e d  along r A ,  rM and rK. These a r e  shown i n  

Figs. 6.3a and 6.3b. 

The assumption i s  made t h a t  the  i n t e r c a l a t e  atoms i n  AgxTaS2 serve  

only t o  change the  p e r i o d i c i t y  of the  hos t  l a t t i c e  and do not  a f f e c t  the  

phonon frequencies.  Under t h i s  assumption t h e  f requencies  should correspond 

t o  the  f requencies  ca lcu la ted  a t  M, K o r  2 /3  FA. 

Figures 6.3a and 6.3b i n d i c a t e  t h a t  the  427 cm-I peak, o r i g i n a t e s  from 

zone-folding along the  uppermost A ,  o r  At branches which, a t  213 FA, have 

f requencies  o f  428 and 423 cm-I respect ive ly .  I 

- 1 
The o r i g i n  of the  320 and 335 cm peaks i s  not  a s  c l e a r .  It does 

appear t h a t  they do not o r i g i n a t e  from A po in t s  s i n c e ,  from Fig. 6.3a,, 

there  a r e  no phonons along PA with f requencies  a t  a l l  c lose  t o  320 o r  335 

- 1 cm . However, whether these  two modes a r e  a r e s u l t  of zone-folding from M 

o r  K is  uncer ta in .  A f i r s t  glance a t  Fig. 6.3 i n d i c a t e s  t h a t  zone-folding 

is  most l i k e l y  t o  occur from K where the  uppermost T3 branches a r e  

degenerate with a frequency of 325 6'. I n  c o n t r a s t ,  a t  M, the  phonons 

with f requencies  of 302 and 344 cm-I a r e  the  c l o s e s t  i n  frequency t o  those 

of the  two new Raman modes. Unfortunatley however, no f i rm conclusions can 

be reached a s  t h e r e  s t i l l  e x i s t s  considerable uncer t a in ty  - t h i s  i s  

p r inc ip ly  due t o  the  f a c t  t h a t  the  fo rce  cons tan t s  ke  and k# a r e  

indeterminate but  which both have e f f e c t s  on the  d i spe r s ion  of the  o p t i c  

branches. For example, by choosing ke  "- 0.3 and k6 C= 0.1, which keeps the  

-1 
zone c e n t r e  f requencies  unchanged, the  320 and 335 cm frequencies can be 

simultaneously matched t o  wi th in  about 3 cm-I of frequencies a t  e i t h e r  the  

K o r  M points .  However such a value f o r  kg i s  f e l t  t o  be too l a r g e  when 

compared t o  Feldman's value (Table 5.2) o r  t h a t  of Wkabayashi e t  a l .  



WAVE' VECTOR (El 
Figure 6.3a - Phonon dispersion c m s  of 21-I-TaS along FA and rM 

(based on VFF -1) . 2 
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Figure 6.3b - Phonon dispersion cunes of 2H-TaS2 along rK 
(based on VFF &el) . - 



( 1 9 7 5 )  f o r  MoS2. Further data w i l l  be  required before  a determinate 

statement can b e  made about the o r i g i n  o f  these  two peaks. 



V I I  . Concluding Remarks 

7  .l S u m a r y  - 

A v a l e n c e  f o r c e  f i e l d  model h a s  been used t o  a s s i s t  i n  t h e  

i n v e s t i g a t i o n  o f  t h e  l a t t i c e  dynamics o f  l a y e r e d  compounds. E x p l i c i t  

e x p r e s s i o n s  f o r  t h e  zone c e n t r e  phonon f r e q u e n c i e s  o f  t h e  2H compounds have 

been o b t a i n e d  f rom t h e  model and t h e s e  e x p r e s s i o n s ,  a l o n g  w i t h  t h e  

e x p e r i m e n t a l l y  measured Raman f r e q u e n c i e s ,  were  used t o  e v a l u a t e  t h e  f o r c e  

pa ramete rs  o f  t h e  model f o r  2H-TaS and 2H-NbS2. Using t h e s e  p a r a m e t e r s ,  2 

t h e  phonon d i s p e r s i o n  c u r v e s  f o r  TaS were p l o t t e d  and l a t e r  used t o  . 
2  

i n t e r p r e t  t h e  Raman s p e c t r u m  o f  AgxTaS 
2  ' 

The f r e q u e n c i e s  o f  a l l  t h e  Raman a c t i v e  phonons p r e d i c t e d  by group 

t h e o r y  were measured f o r  2H-NbS2 and 3R-NbS,. The f r e q u e n c i e s  were found t o  
L 

- 1 -1 b e  290 cm-' ( E l ) ,  330 cm (E2) ,  386 cm (A:) ,  and 458 cm-' (A:) f o r  

- 1 - 1 3R-NbS2 and 31 cm-' ( E ~  ), 304 cm (E' ), 379 cm (Alg) and 260 em-' 
2g 2g 

(E ) f o r  2H-NbS2 a l t h o u g h  t h e  l a t t e r  f requency  is s t i l l  somewhat 
lg 

p n c e r t a i n .  Only t h e  E2, and E' f r e q u e n c i e s  had been p r e v i o u s l y  
2g 

r e p o r t e d .  

The Raman s p e c t r u m  o f  Ag TaS ( f o r  x  A 113) was measured and found t o  
x 2  

c o n t a i n  t h r e e  modes n o t  p r e s e n t  i n  t h e  p u r e  c r y s t a l .  The new modes had 

f r e q u e n c i e s  o f  320,  335 and 427 c m - l .  A l l  t h r e e  modes o n l y  become e v i d e n t  

below t e m p e r a t u r e s  o f  a b o u t  150-200K and a l l  p o s s e s s e d  d i a g o n a l  symmetry 

c h a r a c t e r i s t i c  o f  an A mode. 

. The a p p e a r a n c e  o f  t h e s e  new modes was a t t r i b u t e d  t o  a  zone-folding 

mechanism d u e  t o  t h e  fo rmat ion  o f  a  s u p e r l a t t i c e  caused  by t h e  p r e s e n c e  o f  



ordered i n t e r c a l a t e s .  The phonon d i spe r s ion  curves f o r  TaS were used i n  an 
2 

e f f o r t  t o  determine the  o r i g i n  of t h e  zone-folded phonons. The r e s u l t s  

* 
indicated t h a t  the  427 cm-' peak was due t o  zone-folding along the  c  

axis .  The o r i g i n  of the  o t h e r  two modes i s  not  a s  c l e a r  but t h e  two most 

l i k e l y  loca t ions  a r e  the  K and M p o i n t s  of t h e  Br i l lou in  zone. 

7.2 Suggestions f o r  Future I n v e s t i g a t i o n s  - - 

The 2 H  and 3 R  polytypes of  NbS2 appear t o  possess p r o p e r t i e s  t h a t  

should make i t  a  system of i n t e r e s t  t o  both exper imenta l i s t  and 

theore t i c i an  and worthy of f u r t h e r  study. 

A very bas ic  ques t ion  t h a t  remains t o  be answered i s  why 2H-NbS2 

lacks  a  CDk: but perhaps a  more i n t r i g u i n g  ques t ion  i s  the  e f f e c t  of excess 

Nb atoms on the  physica l  p r o p e r t i e s  of  NbS2. A very prel iminary 

inves t iga t ion  of the  Raman spectrum of apparent ly  pure 2H-NbS2 has shown 

t h a t  a s  the temperature i s  decreased from room temperature the  spectrum 

changes very no t i ceab ly ,  becoming s i m i l a r  t o  t h a t  of 3R-NbS2. This 

behaviour i s  reproducible  and r e v e r s i b l e  and suggests  a  2H - 3R s t r u c t u r a l  

phase t r a n s i t i o n  i n  Nbl+xS2. The ex i s t ence  of  such a t r a n s i t i o n  could be 

c l a r i f i e d  by doing X-ray s t r u c t u r a l  a n a l y s i s  a t  d i f f e r e n t  temperatures on 

Nbl+xS2 samples of known x. It would a l s o  be of i n t e r e s t  t o  conduct Raman 
- 

s c a t t e r i n g  experiments on NbS2 i n t e r c a l a t e d  with Ag, Cu, Fe, e t c .  not only 

f o r  genera l  i n t e r e s t  but  t o  determine whether the re  i s  any d i f fe rence  

between the  presence of i n t e r c a l a t e  atoms o r  excess Nb atoms i n  the  van 

der  k a l s  gap. 

I n  the  case  of u n i n t e r c a l a t e d  2H and 3R-NbS2, i t  would be worthwhile 

t o  perform a  d e t a i l e d  c a l c u l a t i o n  of t h e  i n t e r l a y e r  bonding enhancement i n  

3R-NbS2 t o  determine whether t h e  excess  Nb atoms can account f o r  the  



frequency d i f f e r e n c e  between t h e  E and EI modes o r  whether another  2 2g 

mechanism i s  respons ib le .  

I n  t h e  absence of  any IR o r  neu t ron  d a t a  t h e  VFF model can be 

f u r t h e r  r e f i n e d  by performing a  two-phonon d e n s i t y  of s t a t e s  c a l c u l a t i o n  

and c o r r e l a t i n g  t h e  r e s u l t s  t o  t h e  observed two phonon peak i n  t h e  Raman 

spectrum of TaS2. This should enable  a de t e rmina t ion  of a l l  t h e  fo rce  

c o n s t a n t s  i n  t h e  model l end ing  more conf idence  t o  t h e  phonon d i s p e r s i o n  

curves  and l i k e l y  r e so lv ing  t h e  ques t ion  of  whether zone-folding occurs  

from the  M o r  K poin t  i n  AgxTaS2. 

F i n a l l y ,  t h e  model might be used t o  i n t e r p r e t  t he  Raman s p e c t r a  of 

ve ry  t h i n  c r y s t a l s  of NbS2 and TaS2. Such c r y s t a l s ,  a t  most on ly  a  very  

few l a y e r s  t h i c k ,  have been examined and new f e a t u r e s  i n  t h e  Raman s p e c t r a  

have been observed. Densi ty  of  s t a t e s  c a l c u l a t i o n s  based on t h e  model could 

poss ib ly  determine whether t h e  new f e a t u r e s  a r e  r e l a t e d  t o  t h e  f i n i t e  

t h i ckness  of t hese  c r y s t a l s ,  i n  an  analagous manner t o  t h a t  repor ted  f o r  

m i c r o c r y s t a l l i t e s  of g r a p h i t e  (Nemanich and S o l i n ,  1579). 



Appendix I - Procedure Used t o  Cons t ruc t  Dynamical Mat r ix  

Expressing A r  i n  terms of c a r t e s i a n  p o s i t i o n  v e c t o r s  and atomic 

d isp lacements  is  s t r a i g h t • ’  orward : 

t o  f i r s t  o r d e r  i n  1 GI. The primes denote non-equi l ibr ium p o s i t i o n  v e c t o r s  

a s  shown i n  F ig .  A 1  . l a  and t h e  s u b s c r i p t s  i, j, k a r e  used i n s t e a d  of t h e  

more conven t iona l  K , K'. 

The s t a r t i n g  p o i n t  i n  e v a l u a t i n g  A 0  is  t o  t a k e  

= c o s e '  - cose  

where, wi th  r e f e r e n c e  t o  Fig.  A 1  . lb ,  
* 

(Fc-6') (C - Yi) cose  = 
IC'-7y 1q -jy 

Here 

apex 

t h e  convent ion h a s  been adopted t h a t  t h e  s u b s c r i p t  ' j' r e f e r s  t o  t h e  

atom of t h e  bond. For t h e  2H-MX2 compounds, a l l  ang le s  appearing i n  



Figure A l . l  - Diagrams used t o  eqress a) A r  and b) A 8  i n  tern of 
cartesian position vectors and displace~113nt.s. Pr ims 
denote non-equi librium positions. 



0 
( 3 . 3 . 1 )  a r e  a p p r o x i m a t e l y  80 hence t h e  s i n e  t e rm i n  (A1.2) can b e  t a k e n  

a s  u n i t y .  Using t h i s  approx imat ion  a l o n g  w i t h  (A1.3) and (A1.4) i n  (A1.2) 

and keep ing  o n l y  terms t o  f i r s t  o r d e r  i n  y i e l d s  

-L -L A 

where zij P 
ri - and = ui - uj .  Using ( A l . 1 )  and (A1 .5 ) ,  t h e  g e n e r a l  

i j  - 
e x p r e s s i o n  f o r  t h e  bond s t r e t c h i n g  and bond a n g l e  bend ing  terms a p p e a r i n g  

h t h e  p o t e n t i a l  energy  ( 3 . 3 . 1 )  a r e  

and 

A p a r t i c u l a r  u n i t  c e l l  i s  chosen and a l l  i n t e r a c t i o n s  a p p e a r i n g .  i n  (3.3.1) 

i n v o l v i n g  atoms i n  t h i s  u n i t  c e l l  a r e  i d e n t i f i e d .  T h i s  u n i t  c e l l  h a s  been 

d e s i g n a t e d  '0' and hence a t  l e a s t  one o f  t h e  c e l l  i n d i c e s  i n  ( 3 . 2 . 4 )  must 

be  0 .  The m a t r i c e s  ( 3 . 2 . 4 )  i n v o l v i n g  bond s t r e t c h i n g  can b e  o b t a i n e d  b y  a  

s t r a i g h t f o r w a r d  d i f f e r e n t i a t i o n  o f  (A1.6) : 



where may or may not be  '0'. 

The bond angle  bending terms a r e  three  body Interactions and 

evaluation o f  ( 3 .2 .4 )  for  these  terms is dependent on which two o f  the  

three atoms are  considered.  Three c a s e s  a r i s e  from the d i f f e r e n t i a t i o n  o f  

(A1 97) : 

( i i )  



R e c a l l  t h a t  t h e  s u b s c r i p t  j a p p e a r i n g  i n  (A1.9) -(A1 . l l )  d e s i g n a t e s  a v e r t e x  

atom and i t  shou ld  b e  no ted  t h a t  (Al.11) i n v o l v e s  second n e a r e s t  n e i g h b o u r s  

w h i l e  (A1.9) and (A1 . l o )  r e p r e s e n t  f i r s t  n e a r e s t  ne ighbour  i n t e r a c t i o n s .  

S i n c e  one  o f  t h e  c e l l  i n d i c e s  i s  a lways  0 ,  t h e  n o t a t i o n  o f  (A1.8) - 
(Al.11) can b e  changed,  r e w r i t i n g  t h e s e  m a t r i c e s  a s  

i f  i t  is remembered t h a t  t h e  l e f t  atom i n d e x  r e p r e s e n t s  an atom i n  c e l l  0. 

T h i s  form i s  now e q u i v a l e n t  t o  t h a t  a p p e a r i n g  i n  (3.2.8) 

Las t ly ,  the re  i s  one form of the  m a t r i x  ( ?  .2.4) which has  n o t  been - 

c o n s i d e r e d ,  namely 

I n  p r i n c i p l e  t h i s  can b e  e v a l u a t e d  u s i n g  t h e  same procedure  used i n  

a r r i v i n g  a t  (A1.8) - ( A l - 1 1 ) .  However it  p r o v e s  t o  b e  more e x p e d i e n t  t o  

u s e  t h e  c o n d i t i o n  (Maradudin e t  al . ,  1963) 

7 6  



from which i t  fo l lows  t h a t  

@G) = - t apu(;) - ( )  (Al.15) 
l *O R j f i  

For t h e  2 H  compounds t h e r e  a r e  156 m a t r i c e s  obta ined  from (A1.8) - ( A l . l l )  

and another  s i x  obta ined  from (Al. 15) which must considered.  These a r e  

summed accord ing  t o  (3.2.8) and r e s u l t  i n  t h e  18x18 dynamical ma t r ix  

appearing i n  (3.2.9). The e x p l i c i t  form of t he  dynamical m a t r i x ,  f o r  t he  

s p e c i a l  ca se  of  < = 0, i s  presented  below. (For t he  more gene ra l  case  of 

A 
q # 0 t h e r e  a r e  many a d d i t i o n a l  non-zero terms) .  The l a b e l l i n g  of t h e  

atoms, i e .  i and j ( o r  a l t e r n a t i v e l y  K and  as i n  (3.2.9)) ' ,  i s  a s  , 

i nd i ca t ed  i n  Fig.  2.lb. 





where the terms appearing i n  the dynamical are given by 



Appendix 11 - Dispers ion  Curves f o r  Tantalum and Niobium Disu lphide  

Feldman's VFF model #2 (Feldman, 1982) included a  phenomenological 

q-dependent term, D'(q), which was added t o  t he  dynamical mat r ix  t o  f i t  t h e  

observed f l a t t e n i n g  of t h e  Z, a c o u s t i c  branch i n  TaSe2. The same term 

p red ic t ed  t h e  Kohn anomaly observed i n  NbSe2 remarkably wel l .  

The e f f e c t  of ~ ' ( q )  on t h e  d i s p e r s i o n  curves  of TaS2 a long  E i s  

shown i n  Fig. A2.1. The term has  a  smal l  e f f e c t  on the  h ighe r  f reqency  

o p t i c  modes and i n c l u s i o n  of t h e  term does no t  a f f e c t  t he  d i s c u s s i o n  of 

s e c t i o n  6.2. 

S ince  D'(q) was f i t  t o  d a t a  f o r  TaSe and s i n c e  t h e  El  a c o u s t i c  
2  

branch i s  v e r y  s e n s i t i v e  t o  ke , which i s  undetermined f o r  TaS2, Fig. A2.1 

g ives  only a  q u a l i t a t i v e  p i c t u r e  of t h e  expected d i s p e r s i o n  curves  i n  TaS2. 

However i t  remains of i n t e r e s t  t o  s e e  how c l o s e l y  Fig. A2.1 p r e d i c t s  t h e  

a c t u a l  curves  f o r  TaS2 should they  become a v a i l a b l e  from neutron da t a .  

For completeness,  t h e  d i s p e r s i o n  curves  f o r  2H-NbS2 based on t h e  

f o r c e  cons t an t s  of Table 5.2 a r e  presented  i n  Fig. A2.2. S ince  the  Raman 

spectrum of NbS does n o t  show a  prominent second order  f e a t u r e  t h e  2 

e x i s t e n c e  of a  Kohn anomaly i s  somewhat more ques t ionable  than  i n  TaS and 2  

hence t h e  D'(q) term has  no t  been inc luded  i n  t h e  d i s p e r s i o n  curves  of  

Fig. A2.2. 

The speed of sound p red ic t ed  by t h e  model and based on t h e  i n i t i a l  - 

5 s lope  of t h e  LA d i s p e r s i o n  curve  i n  Fig. A2.2 i s  5 . 6 ~ 1 0  cm/sec. 



WAVE VECTOR (ga) 
, , Figure A2.1 - Phonon dispersion c w s  for  2H-TaS along l7M when 

FelChan' s D '  (q) term has been inclu8ed i n  dynamical 
matrix. Dashed line arrespands t o  dispersion m s  
without D1 (q) te rm.  
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WAVE VECTOR (E) 
Figure A2.2 - Phonon dispersim curtes for  2H-NbS, alonq rM and r K  - L (based on model). 
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