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ABSTRACT 

F r e e l y  f l o a t i n g  s i n g l e  l a y e r s  o f  t h e  me ta l l i c  l a y e r e d  

compounds TaS2 a n d  NbS u p  t o  ~ O O O R  i n  l a t e r a l  s i z e  were 
2 

o b t a i n e d  by t h e  i n t e r c a l a t i o n  o f  h y d r o g e n  a n d  water i n t o  

s i n g l e  c r y s t a l s  o f  211-TaS a n d  2H-NbS f o l l o w e d  b y  u l t r a s o n i c  2 2 
d i s p e r s i o n .  P r i o r  t o  d i s p e r s i o n ,  t h e  s i n g l e  l a g e r s  w e r e  

i n v e s t i g a t e d  by X-ray d i f f r a c t i o n .  I t  was f o u n d  t h a t  e a c h  

l a y e r  was s e p a r a t e d  by a t  l e a s t  1 0 0 1  o f  i n t e r c a l a t e d  w a t e r .  

On d e i n t e r c a l a t i o n  o f  w a t e r  t h e  l a y e r s  t e n d  t o  s t a c k  b a c k  t o  

t h e  o r i g i n a l  s t r u c t u r e .  The s i n g l e  l a y e r s  r e t a i n  t h e  same 

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

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

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

random l a y e r  s t a c k i n g  s e q u e n c e .  

O p t i c a l  a b s o r p t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  f o r  s i n g l e  

l a y e r  d i s p e r s i o n s  o f  TaS2 and  NbS2. The a b s o r p t i o n  s p e c t r a  

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

are  s imi la r  t o  t h o s e  o f  2H-TaS2 a n d  211-NbS2 s i n g l e  c r y s t a l s  

f o r  ~ L E .  

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

s u s p e n s i o n ,  a n d  o p t i c a l  a b s o r p t i o n  m e a s u r e m e n t s  were c a r r i e d  

o u t  on s i n g l e  l a y e r  NbS i n  t h e  r n n g c  1 . 7 7  t o  3 . 1  e V  f o r  R//d 2  
a n d  g ~ c " .  The i n t e r b a n d  t r a n s  i t i o n  o t , s e r v e d  a t  2 . 7  e V  f o r  

o b s e r v a t i o n  is  compared  t o  o p t i c a l  a n i s o t r o p y  m e a s u r e m e n t s  by 

o t h e r  w o r k e r s  o n  c r y s t a l s  oL 211-NL3c a n d  3it-SbS a n d  s u p p o r t s  2 2 
t h e  g e n e r a l l y  h e l d  v i e w  t h a t  t h e  3 L  s t r u c t u r e  i s  more  "two- 

d i m e n s i o n a l "  t h a n  t h e  2H s t r u c t u r e .  T h e  o p t i c a l  o b s e r v a t i o n s  

o n  s i n g l e  l a y e r s  a re  a l s o  d ~ s c u s s e d  i n  t e r m s  o f  e n e r g y  b a n d  

m o d e l s  f o r  t h e  m e t a l l i c  l a y e r e d  compounds a n d  w i l l  b e  u s e f u l  

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

f e a t u r e s  o b s e r v e d  i n t hc.sc, compounds 



S t u d i e s  o n  s u s p e n s i o n s  o f  small  c r y s t a l l i t e s  ( n o t  

n e c e s s a r i l y  s i n g l e  l a y e r s  ) o f  t h e  l a y e r e d  compounds  a l i g n e d  i n  

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

s t u d y i n g  t h e  o p t i c a l  a n i s o t r o p y  o f  l a y e r e d  compounds .  
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Chapter 1 - 
Introduction 

For a long time there has been a wide interest in 

two-dimensional systems both in theoretical and experimental 

fields of research in physics. Ln the words of Professor 

J.G. Dash (l982), "the study of two-dimensional matter would 

seem to be a completely theoretical branch of physics 

not that such matter actually exists". Various two- 

dim6nsional systems, such as two-dimensional gases, 1 

and crystalline solids, mono-molecular films adhering 

were it 

quids 

on the 

surfaces of solids, two-dimensional random lattices, etc., 

have been proposed and their structure and properties are of 

considerable current interest. 

The transition metal dichalcogenides, well-known for 

their layer and pseudo two-dimensional structure and various 

fascinating proper ties, have been the subject of world-wide 

study in the fields of both physics and chemistry since about 

1960. This work includes studies of electrical and optical 

anisotropg, charge density wave formation, superconductivity 

of the pure and organically intercalated crystals, Raman 

studies, metallic intercalati3n and order-disorder transition 

of metallic intercalates. To what extent the pure materials 

and also the intercalated sys terns are " two-dimensional" or 

approximate a single layer continues to be a subject of 



d i s c u s s i o n  and d e b a t e  i n  a l m o s t  a l l  t h e  p a p e r s  on l a y e r e d  

s y s t e m s .  S t u d i e s  on s i n g l e  l a y e r s  w i l l  b e  a b l e  t o  h e l p  

c l a r i f y  t h i s  q u e s t i o n  and  i t  is f e l t  t h a t  t h i s  t h e s i s  i s  t h e  

s t a r t  o f  s u c h  s t u d i e s .  The t h e s i s  is b a s i c a l l y  c o n c e r n e d  w i t h  

t h e  p r e p a r a t i o n  of s i n g l e  l a y e r s  o f  t h e  meta l l ic  l a y e r e d  

compounds TaS2  a n d  NbS2, X-ray s t u d i e s  o f  s u c h  l a y e r s  and a 

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

o f  s i n g l e  l a y e r s  a l i g n e d  i n  a m a g n e t i c  f i e l d .  The m a g n e t i c  

f i e l d  a l i g n m e n t  t e c h n i q u e  i s  n o v e l  and  is n o t  r e s t r i c t e d  to 

s i n g l e  l a y e r s .  I t  c o u l d  be a p p l i e d  i n  v a r i o u s  a n i s o t r o p i c  

s t u d i e s  on  many o t h e r  l a y e r e d  compounds.  

1.1 S t r u c t u r e  a n d  P r o p e r t i e s  o f  2H-TaS2 a n d  2H-NbS2 

1.1.1 S t r u c t u r e  

2H-TaS2 a n d  2H-NbS2 b e l o n g  to t h e  f a m i l y  of l a y e r e d  

t r a n s i t i o n  metal ( f r o m  g r o u p s  IVB, VB a n d  VIB) d i c h a l c o -  

g e n i d e s .  A s  s u m m a r i z e d  i n  Rn e a r l y  r e v i e w  p a p e r  by W i l s o n  and  

Yof f e  (19691, l a y e r e d  t r a n s i t i o n  metal d i c h a l c o g e n i d e s  h a v e  a 

s t r u c t u r e  made up  fro^? " r n o l e c u l t - ~ r  s a n d w i c h e s " ,  e a c h  s a n d w i c h  

made u p  o f  H s h e e t  of t r a n s i t i o n  metal atoms i n  b e t w e e n  t w o  

s h e e t s  o f  c h a l c o g e n  atoms. The a t o m s  i n  a s a n d w i c h  are  

h e x a g o n a l l y  p a c k e d  ( n o t  close p a c k e d )  t h r o u g h  s t r o n g  a n d  

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

t o g e t h e r  by weak v a n  d e r  Waals  f o r c e s .  T h i s  s t r u c t u r e  is 



r e p r e s e n t e d  by t h e  f a m i l i a r  s e c t i o n a l  scheme  as shown i n  F i g .  

1.1. 

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

p a c k e d  atoms i s  c a l l e d  a m o l e c u l a r  l a y e r .  F o r  t h i s  r e a s o n  t h e  

names of " l a y e r  m a t e r i a l "  and  " l a y e r  compounds" a r e  a l so  u s e d  

f o r  l a y e r e d  t r a n s l t i o q  metal d i c h a l c o g e n i d e s .  D e p e n d i n g  on  

t h e  s t a c k i n g  s e q u e n c e  o f  t h e  l a y e r s ,  t h e r e  are  s e v e r a l  

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

materials. Most o f  t h e  members o f  t h e  o t h e r  g r o u p s  f a l l  i n t o  

j u s t  o n e  c o - o r d i n a t i o n  c lass .  S o  f a r  as w e  know, TaS2  h a s  

f o u r  p o l y t y p e s  l a b e l l e d  IT, 2 H ,  4Hb a n d  6H, w h i l e  NbS2 h a s  

o n l y  2 H  a n d  3 R  p o l y t y p e s  ( F i s h e r  a n d  S i e n k o ,  1380).  I n  t h i s  

a b b r e v i a t e d  n o t a t i o n ,  t h e  i n t e g e r  i n d i c a t e s  t h e  number o f  

l a y e r s  p e r  u n i t  c e l l  a l o n g  t h e  h e x a g o n a l  symmetry  a x i s  ( c  o r  

z ) ,  a n d  T ,  H a n d  Ei d e n o t e  t h e  t r i g o n a l ,  h e x a g o n a l  a n d  

r h o m b o h e d r a 1  p r i m i t i v e  u n i t  ce l l s  r e s p e c t i v e l y ,  I n  t h e  1T 

p o l y t y p e  o f  TaS2,  f o r  e x a m p l e ,  t h e  Ta a t o m  i s  o c t a h e d r a l l y  

c o o r d i n a t e d  by s u l p h u r  atoms w h i l e  i n  t h e  2 H  p h a s e  t h e  co- 

o r d i n a t i o n  is  t r i g o n a l  p r i s m a t i c  (Fig. 1 . 2 ) .  I r l  t h e  4 H b  

and 6 R  polytpes, the c o c r r d i n a t i o n  w i t h i n  s u c c e s s i v e  l a y e r s  

a l t e r n a t e s  b e  tween o c t a h e d r a l  a n d  t r i g o n a l  p r i s m a t i c  ( s e e  

M a t t h e i s s ,  1 9 7 3 ) .  



Sandwich o f  metal  
------- I------_ 

M t  and  c h a l c o g c n  s h e e t s  

+ van  d e r  Waals gap 

X :  Cha lcogen  a toms 

X: T r a n s i t i o n  m e t a l  a toms.  

F i g .  1.1: G e n e r a l  form 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 r u c t u r e  ( i n  s e c t i o n  ) . 



( a  ) Octahedron ( b )  Trigona l 
Pr i srn 

Fig. 1.2: Octahedral and trigonal prismatic coordinations. 



2H-TaS2 and 2H-NbS2 have the same structure and belong to 

the D6h4 (P63/mmc) space group, where P63/mmc is the 

Hermann-Mauguin symbol adopted in the International Tables for 

X-ray crystallography (1  952 j. Pfi3/rnmc means a primi Live c e l l  

in which a sixfold screw axis with translation 316 is normal 

to a mirror plane and parallel to another mirror plane and a c 

glide plane. ush4 is Schoenf lies ' notation describing t h e  

same space group (Phillips, 1963). The structure and unit 

cell of 2H-TaS2 and 2H-NbS2 are shown in Fig. 1.3, where the 

metal atom is trigonal prismatically coordinated by sulphur 

atoms. The structure parameters are a = 3.3158 and C =  2 x 

6-05A for 2H-TaSL (Jellinek, 1962) and a = 3.318 and c = 2 x 

5.945A for 2H-NbS2 (Jellinek et al, 1960). The separation of 

the neighhouring tantalum (niohium) and sulphur planes is 

approximatc.ly equal to 1/8 c (Mattheiss, 1973) and following 

Slater (196s) and Mattheiss (1973), if we choose a new 

coordinate system o k x ' y ' z '  (Fig. I . 3 ) ,  the fractional !init 

cell atomic e;oordinates can he written as (0,0,1/4) for the 

metal atoms and (1/3, 3/3, 1/81 find (1,'3, 2 / 3 ,  3 / 8 )  for* thc 

sulphur aloms. 

1.1.2 General Properties of Layer Compounds 

A total of  bout 60 layer compounds make up the 

transition metal dichalcogenides. A very wide range of 

properties are exhibited by the compounds. Electrically, most 



F i g . l . 3 :  ( a )  Atomic s t r u c t u r e  of 2H-TaS a n d  2H-NbS 2 2 
( b )  Conventional u n i t  c e l l  ( 1120 s e c t i o n  ) o f  

2H-TaS2 and  2R-KbS2. 

@ T a n t a l u m  o r  Niobium A t o m  

0 S u l f u r  A t o m .  





of the group IVB and V I E  compounds are semiconductors (some of 

them are semimetals and insulators), while group VB compounds 

are mostly metals. Furthermore, most of the Nb and Ta 

compounds are superconductors. Due to the weak interlayer 

coupling, the anisotropy in electric conductivity of all the 

layer compounds is extremely large. For example, for the 

metallic compounds, the room tempera Lure conductivity 

perpendicular to the layers is typically 30 to 50 times 

smaller than that parallel to the layers. 

The weak interlayer coupling allows a wide range of 

metals and other electron d.,r~ors such as ammonia and p y r i d i n e  

to he intercalated into the van der Waals' gap betwe3n the 

layers. The intercalation causes an increase in the inter- 

layer separation, by as much as 508 in some cases, but does 

not appear to change the structure type of the host material. 

A small increase in the host a axis parameters is also 

generally observed. The host material tends to revert back to 

its original structure after deintercalation. 

The strong intralayer bonding and the very weak inter- 

layer coupllng makes the layer compounds very anisotropic 

mechanically. As a result, it is not difficult to get, by 

repeated cleaving of a layer material, a thin crystal a few 

hundred angstroms thick. Such thicknesses are ideal for 

optical transmission studies in band gap and interhand 

absorption regLons where the absorption constant attains 



1 values of 10' to 10~crn-~. By contrasl, such studies of other 

non-layer metals and semiconductors are hampered by the 

difficulty of making very thin samples. Although thin films 

can he made on transpnrent substrates using vacuum 

evaporation, sputtering o ' chemical deposition t.echniques, 

thin films made by these methods are often different in 

struc Lure from the bulk material. Because suitable 

transmission samples are readily made, and also because most 

layered crystals can he prepared with specular surfaces ideal 

for reflection studies, the optical constants of most layer 

compounds have been extensively investigated. Various 

theoretical calculations of the energy band structures of 

these materials have also been carried out and compared with 

the experimental results. In most cases, the measured optical 

transmission and reflection spectra can be interpreted in 

terms of specific excitonic or interband transitions from the 

calculated band struc tiires. 

The general features of the band structures of these 

layer compounds are representd by a predominantly p-like 

valence band and a mainly s-like conduction band with a 

manifold of d-character bands in between. A schematic diagram 

of these band structures is shown in Fig. 1.4 (Yoffe, 1974). 

The energy gap between valence and conduction bands is usually 

several electron volts. The transmission spectra of group VI 

semiconducting compounds are characterized by a pair of 



Fig.l.4: Schematic diagram of simple model 

band structures of 

( a )  Group PI compounds ( MoS2 ) 

( b )  Group V compounds ( NbSZ, TaS2 ) 

(c) Group I9 compounds ( ZrS2 ) 

( followed Yoffe (1974) ).  





e x c i t o n  p e a k s  w h i c h  are i n t e r p r e t e d  as r e s u l t i n g  f r o m  a 

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

compounds ,  t h e s e  e x c i t o n  p e a k s  a r e  s c r e e n e d  o u t  by t h e  f r e e  

carriers.  A l a r g e  number o f  f r e e  car r iers  e x i s t  i n  t h e  g l a u p  V 

compounds  d u e  to t h e  f a c t  t h a t  t h e  s o - c a l l e d  d Z 2  band 

( F i g .  1 . 4 )  i s  o n l y  h a l f  f u l l .  T h e s e  f r e e  ca r r i e r s  are  

r e s p o n s i b l e  f o r  r i se  i n  a b s o r p t i o n  b e l o w  a b o u t  1 e V .  F o r  t h e  

g r o u p  VI compounds ,  t h e  d Z 2  band is  f u l l  a n d  t h e  semi- 

c o n d u c t i n g  b e h a v i o u r  r e s u l t s .  T h e r e  is a  s t r o n g ,  b r o a d  

a b s o r p t i o n  i n  t h e  r e g i o n  o f  a few e V  f o r  a l l  t h e  g r o u p  I V ,  V 

a n d  VT l a y e r  compounds .  T h i s  c o r r e s p o n d s  t o  t h e  i n t e r b a n d  

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

Many o r i g i n a l  o p t i c a l  spect ra  o f  b o t h  meta l l ic  and  semi- 

c o n d u c t i n g  layer  compounds  c a n  be f o u n d  i n  W i l s o n  a n d  Y o f f e l s  

a r t i c l e  (1969). More r e c e n t  work on  t h e  g r o u p  V meta l l ic  

compounds i s  f o u n d  i n  t i l e  p a p e r  by  Real e t  a1 (1976). 

1.1.3 P r o p e r t i e s  o f  M e t a l l i c  2H-TaS2 a n d  2H-NbS2 
-- -- --- 

The metal l ic  compounds  2H-TaS2 and  2H-NbS2 h a v e  v e r y  

s i m i l a r  p r o p e r t i e s .  S i n g l e  c r y s t a l s  o f  2H-TaS2 and  2H-NhS2 

h a v e  a g r e y i s h  me ta l l i c  a p p e a r a n c e  w i t h  w r i n k l e d  s u r f a c e s .  

They are u s u a l l y  grown f r o m  i h e  s y n t h e s i z e d  c h a r g e  by means  o f  



i o d i n e  v a p o r  t r a n s p o r t  ( S c h a f e r ,  1 9 6 2 ;  B r i x n e r ,  1 9 6 2 ) .  

T y p i c a l l y  t h e y  h a v e  a s i z e  o f  0 . 1  t o  0 . 0 1  mm t h i c k  a n d  1 0  rnm2 

t o  1 c m 2  i n  area.  The mass  d e n s i t y  o f  2H-TsS2 is  a b o u t  7 .02  

g/crn3 a n d  f o r  2H-NbS2 is 4.62 g/cm3 as w e  c a l c u l a t e d  f r o m  t h e  

m o l e c u l a r  mass a n d  l a t t i c e  p a r a m e t e r s .  The e l e c t r i c a l  resis- 

t i v i t i e s  o f  2H--TaS2 a t  room t e m p e r a t u r e  a r e  I50 ( L I O % ) p ~ * c m  

p a r a l l e l  t o  t h e  layers  and  4900 ( + 2 5 % )  ~ ~ f i * e m  p e r p e n d i c u l a r  t o  

i h e  l a y e r s  ( T i d m a n  e t  a l ,  1 9 7 4 ;  Thompson e t  a l ,  1 9 7 2 ) .  

The  t r a n s m i s s i o n  s p e c t r a  of me ta l l i c  2H-TaS2 a n d  2H-NbSz 

( F i g .  1 . 5 )  are c h a r a c t e r i z e d  by hroad a b s o r p t i o n  poaks  a t  

a b o u t  3 e V ,  w i t h  a  s t e e p  d r o p  and a local  a b s o r p t i o n  minimum 

a r o u n d  1 . 2  to 1 . 4  e V  ( W i l s o n  and  Y o f f e ,  1 9 6 9 ;  Real a n d  L i a n g ,  

1 9 7 3 ) .  T h i s  r ise i n  a h s o r p L i o n  is d u e  to f r e e  c a r r i e r  

a b s o r p t i o n .  

A s c h e m a t i c  o n e - e l e c t r o n  e n e r g y  band d i a g r a m  o f  2H-TaS2 

and 2H-NbS2 is shown i n  F i g .  1 .4  a n d  compared  w i t h  t h a t  o f  

MoS2 a n d  ZrS2.  The h a l f - f i l l e d  d,2 band d e t e r m i n e s  t h e  

me ta l l i c  p r o p e r t i e s  a n d  t h e  h i g h  f r e e  carr ier  a b s o r p t i o n  i n  

2K-TaS a n d  2H-NbS 2 .  

2H-TaS2 becomes  s u p e r c o n d u c t i n g  a t  t e m p e r a t u r e s  he low 

0.8OK w h i l e  f o r  2H-NbS2 t h e  s u p e r c o n d u c t i n g  t r a n s i t i o n  

t e m p e r a t u r e  Tc is a r o u n d  6.3OK (Maaren and  S c h a e f e r ,  1 9 6 6 ;  

Gamble et a l ,  2971b). I t  is n o t e d  t h a t  t h e  i n t e r c a l a t i o n  o f  

o r g a n i c  m o l e c u l e s  h a s  a g r e a t  i n f l u e n c e  on Tc. F o r  2H-NbS2 



F i g . l . 5 :  Opt ica l  absorpt ion s p e c t r a  of 

( a )  2H-TaS2 (Deal and L i a n g ,  (1973) ) a n d  

( b )  211-NbS, (Wi l son  and Y o f f e ,  (1969)  ) 
Y 

at 77 K. 





T, i s  a l w a y s  lower a f t e r  i n t e r c a l a t i o n ,  w h i l e  f o r  2H-TaS2 

Tc is  i n c r e a s e d  a f t e r  i n t e r c a l a t i o n  (Gamble e t  a l ,  1970, 

1 9 7 1 a ) .  

A r e m a r k a b l e  p r o p e r t y  o f  b o t h  2H-TaS2 a n d  2H-NbS2 i s  t h a t  

t h e y  c a n  b e  more e a s i l y  i n t e r c a l a t e d  by a l a r g e  r a n g e  o f  g u e s t  

s p e c i e s .  O f  p a r t i c u l a r  i n t e r e s t  t o  t h e  work p r e s e n t e d  i n  t h i s  

t h e s i s  is t h a t  a l a r g e  e x p a n s i o n  a l o n g  t h e  c axis can be o b t a i n e d  

by t h e  c l e c t r o i n t e r c a l a t i o n  o f  h y d r o g e n  i o n s  a n d  water molc- 

c u l e s  (Murphy and  H u l l ,  1975 ;  Whi t t i n g h a m ,  1 9 7 4 ) .  T h i s  makes 

i t  p o s s i b l e  to o b t a i n  a s u s p e n s i o n  o f  f r e e l y  f l o a t i n g  s i n g l e  

m o l e c u l a r  l a y e r s  o f  b o t h  TaS2 a n d  NbS2 i n  water. 

T h i s  t h e s i s  i d e n t i f i e s  t h e  s i n g l e  l a y e r  f o r m  of TaS2 a n d  

NbS2 by u s i n g  D e b y e - S c h e r r e r  X-ray powder p h o t o g r a p h y .  Such 

X-ray p a t t e r n s  h a v e  n o t  been p r e v i o u s l y  p u b l i s h e d .  O t h e r  

e v i d e n c e  c o n f i r m i n g  t h e  s i n g l e  l a y e r  f o r m  of t h e s e  c r y s t a l s  is 

a l so  p r e s e n t e d .  

The method u s e d  to make s i n g l e  l a y e r  TaS2 a n d  NbS2 s u s -  

p e n s i o n  i n  water is s imi lar  t o  t h a t  d e v e l o p e d  by Murphy a n d  

H u l l  (1975). But  t h e  p r e s e n t  methpd is much s i m p l e r  and  more 

e a s i l y  c a r r i e d  o u t .  A t t e m p t s  t o  make s i n g l e  l a y e r s  u s i n g  

2H-NbSe2, 2H-MoS2 a n d  IT-TaS2 h a v e  been  u n s u c c e s s f u l .  

The o p t i c a l  t r a n s m i s s i o n  o f  s i n g l e  l a y e r  NbS2 s u s p e n s i o n  

i n  water h a s  b e e n  i n v e s t i g a t e d  by u s i n g  a d o u b l e  beam t e c h n i q u e  

i n  t h e  w a v e l e n g t h  r a n g e  f r o m  4000 t o  70008. A C a r y  t 7  d o u b l e  



beam s p e c t r o m e t e r  was a l s o  u sed  i n  t h e  r e g i o n  f r o m  3000 to  

140008 f o r  c o m p a r i s o n .  

I t  was i n t e r e s t i n g l y  o b s e r v e d  t h a t  t h e  s i n g l e  l a y e r s  o f  

TaS2  and  N b S 2  i n  water a l i g n e d  up i n  a m a g n e t i c  f i e l d  

t h a n  s e v e r a l  k i l o g a u s s  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  

f i e l d .  Us ing  p o l a r i z e d  l i g h t  t h e  o p t i c a l  a b s o r p t i o n  

g r e a l - e r  

t o  t h e  

p r o p e r t i e s  of NbS2 b o t h  i n  ~ L E  and  N c '  d i r e c t i o n s  were a l s o  

s t u d i e d .  

1 . 2  The I n t e r c a l a t i o n  o f  Hydrogen i n t o  2 H - T a S 2  
a n d  2 H - N b S 2  by E l e c t r o l y s i s  

E l e c t r o l y s i s  is a c h e m i c a l  r e a c t i o n  invo1 .v ing  t h e  

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

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

2H-TaS2 by e l e c t r o l y s i s  was f i r s t  r e p o r t e d  by D i  S a l v o  e t  a1 

(1973). I n  o u r  e x p e r i m e n t ,  a p i e c e  o f  s i n g l e  c r y s t a l  2 H - T a S 2  

( o r  2H-NbS2) was u s e d  as the c a t h o d e  a n d  a p i e c e  o f  p l a t i n u m  

as t h e  a n o d e .  The e l e c t r o l y t e  was 1 M  H 2 S 0 4 .  

The r e a c t i o n  a t  t h e  2H-TaS2 (or  2 H - N b S 2 )  c a t h o d e  c a n  b e  

e x p r e s s e d  a s  



When a l a r g e  c u r r e n t  is  u s e d ,  t h e  c r y s t a l  c a n n o t  

i n t e r c a l a t e  a l l  o f  t h e  H ,  a n d  h y d r o g e n  is  r e l e a s e d  a t  t h e  

c a t h o d e ,  

a n d  a t  t h e  a n o d e  o x y g e n  is  r e l e a s e d .  

The h y d r o g e n  s t o i c h i o m e t r y  x i n  HxTaS2 c a n  be o b t a i n e d  

f r o m  t h e  number o f  Coulombs passed through t h e  ce l l  under  t h e  

c o n d i t i o n  t h a t  no  b u b b l e s  ( H z )  a r e  o b s e r v e d  a t  t h e  c a t h o d e .  

F o r  o n e  mole  o f  e l e c t r o n s ,  96500 Coulombs a r e  n e e d e d .  N o t e  

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

e l e c t r o n .  Thus  x c a n  b e  c a l c u l a t e d  froa 

w h e r e  Q is t h e  number o f  Coulombs p a s s e d  t h r o u g h  t h e  c e l l ,  M 

is t h e  m o l e c u l a r  weight  o f  t h e  c r y s t a l  (MTas2 = 245 g / m o l e ,  

M N ~ s ~  = 157 g / m o l e )  a n d  m i s  t h e  w e i g h t  o f  t h e  c r y s t a l  u s e d .  

1.3 X-ray D i f f r a c t i o n  - P a r t i c l e  S i z e  E f f e c t  a n d  
Two D i m e n s i o n a l  L a t t i c e  R e f l e c t i o n s  

I t  is  w e l l  known t h a t  X-ray d i f f r a c t i o n  is a n  

i n t e r f e r e n c e  e f f e c t  o f  t h e  s c a t t e r e d  X-ray waves  f r o m  a 

c r y s t a l .  I n t e n s e  p e a k s  o f  s c a t t e r e d  r a d i a t i o n  w i l l  b e  



o b s e r v e d  fo r  c e r t a i n  d i r e c t i o n s  w h e r e  t h e  scattered r a y s  

i n t e r f e r e  c o n s t r u c t i v e l y .  F o r  a series o f  p a r a l l e l  l a t t i c e  

p l a n e s  s p a c e d  e q u a l  d i s t a n c e  d a p a r t ,  t h e  c o n d i t i o n  f o r  

c o n s t r u c t i v e  i n t e r f e r e n c e  i s  e x p r e s s e d  t h r o u g h  t h e  B r a g g  

c o n d i  t i o n  

o r  t h e  L a u e  c o n d i t i o n  

w h e r e  t h e  i n t e g e r  n is t h e  o r d e r  o f  t h e  c o r r e s p o n d i n g  
A 

r e f l e c t i o n ,  X is t h e  w a v e l e n g t h  a n d  k is  t h e  wave v e c t o r  of 

t h e  i n c i d e n t  X-ray beam, 6 is t h e  a n g l e  of i n c i d e n c e  w h i c h  is 

m e a s u r e d  from the l a t t i c e  p l a n e ,  is t h e  rec iprocal  l a t t i c e  

v e c t o r  a n d  K is  t h e  l e n g t h  of e. I n  a l l  o t h e r  d i r e c t i o n s  t h e  

s c a t t e r e d  r a y s  w i l l  n o t  be i n  p h a s e .  F u r t h e r m o r e ,  i f  t h e  

p a r t i c l e  s i z e  o f  t h e  c r y s t a l  i s  n o t  t o o  s m a l l ,  t h e s e  r a y s  w i l l  

be m o s t l y  o u t  of p h a s e  and cdncel each other. T h u s  t h e  X-ray 

d i f f r a c t i o n  p a t t e r n  w i l l  c o n s i s t  of s h a r p  l i n e s  a t  a n y l e s  

s a t i s f y i n g  t h e  B r a g g  l a w .  F o r  small p a r t i c l e s ,  t h e  

d i f f r a c t i o n  l i n e s  w i l l  be  b r o a d e n e d  d u e  t o  t h e  r e s t r i c t i o n  on  

the number  of p a r a l l e l  planes. Tbls b r o a d e n i n g  is  g i v e n  by 

t h e  u s u a l  e x p r e s s i o n  ( C ~ l l l  i t y  . 1956) : 



P, = 0.9X 
t c o s e  

w h e r e  B i s  t h e  b r o a d e n i n g  of t h e  diffraction line measured at 

half its maximum intensity(radians) , t is the dimension of the 

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

a n d  X a n d  0 h a v e  t h e  u s u a l  m e a n i n g .  Note t h a t  e v e n  fo r  l a r g e  

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

to  d i v e r g e n c e  of t h e  i n c i d e n t  X-ray beam a n d  s a m p l e  

a b s o r p t i o n .  W h i l e  B i n  E q .  (1.3-3) r e f e r s  to  t h e  b r o a d e n i n g  

d u e  t o  t h e  p a r t i c l e - s i z e  a l o n e .  I n  p r ac t i c e  w e  c a n  u s e  

W a r r e n ' s  m e t h o d '  t o  d e t e r m i n e  R .  T h a t  i s ,  w e  c a n  c a l c u l s t e  B 

by  u s i n g  t h e  e q u a t i o n  

where  BM is  t h e  m e a s u r e d  b r e a d t h  a n d  BS i s  t h e  s t a n d ~ r d  

l i n e  b r e a d t h  f o r  p a r t i c l e s  w i t h  s i z e  g r e a t e r  t h a n  10008. 

'see B.D. C u l l i t y ,  E l e m e n t s  o f  X-ray D i f f r a c t i o n ,  p .262 ,  
A d d i s o n - W e s l e y  (1956). 



Usually, if we make a very fine sample (say, sample size less 

than 0.2 rnm in diameter), HS will be very small and can be 

neglected (Klug and Alexander, 1954). 

According to Klug and Alexander (1954), when the 

crystallite dimension is less than about lOOOA the K a I ,  

Ka2 doublet becomes unresolvable. At sizes much less than 

lOOA the back-reflection lines disappear entirely and the 

low-angles lines become very wide and more diffuse. 

Eq. (1.3-3) can be written more explicitly as 

where R h k ~  refers to the broadening of line Ilk2 and t . h l c ~  

is the dimension of the crysLal particle along the [ h k ~ ]  

direction. For a very thin sheetlike crystallite where the 

axis c is perpendicular to the sheet, the OOR lines will be 

broadened while hk.0 lines will remain sharp. When the layers 

of a layered lattice randomly stack together into parallel 

groups, a so-called random stacking layer lattice is formed. 

The diffraction lines from such a lattice are characterired by 

terminating sharply on the low-angle side and a falling off 

gradually on the high-angle side. Furthermore, onlv 00. R and 

hk.0 lines will be observed. T h e w  will be n o  general hk*L 

( R*O) lines (Klug and Alexander, 1954). According to Warren's 



calculatZon (Warren, 1941), the broadening of hk.0 lines in 

this case should he 

That is to say two-dimensional lattice hk.0 reflections are 

broader than three-dimensional 1at t i ce  hk 0 0  reflections fcr 

the same lateral particle size? Warren has also shown that 

two-dimensional lattice hk-0 lines are displaced toward larger 

angles cornparedto Lhe corresponding three-dimensional case. 

The amount of this shift is 

In the case of truly random orientations of the 

two-dimensional layers, i. e. if the two-dimensional layers are 

not parallel to each other or have a random separation, all 

0O.R Pines will be absent and only hk-0 lines will be 

observed. 



Chapter 2 

Preparation and Structure Determination 
of Single Layer TaS2 and NbS2 

2.1 Preparation of Single Layers 

The idea of monodispersing 2H-TaS2 by a technique 

involving the intercalation of hydrogen and then water was 

first described by Murphy and Hull (1975). The technique 

described here uses the sarw basic idea  with some imprr>vemcnts  

desrribst: b r . 1 ~ ~ .  

Single layers werc m d ~  from <;ingle crystals 2H-TsS2 and 

2H-NbS2, T h c s e  crvs tal; were y r e v i o u s i y  grown in o u r  labora- 

tory from high purity elements by vapor p h a s e  t r a n s p o r t  with 

iodine as a transport agent. Hydrogen is intercalated into 

2H-TaS2 (NbS2) layers electrolytically in 1M H2S04 as shown in 

Fig. 2.1. The crystal cathode was held by a platinum clip and 

a piece of platinum sheet was used as the anode. A Princeton 

Applied Research model 173 Potentiostat/Galvanostat was used 

as a power supply and was operated in mode of "Current 

Control". For a crystal of 2mg to 4mg, typical.1~ 4mm x 5 m m  x 

0.02mm in s i z e ,  a current. of S O p A  to 8 0 u A  was usually used. 

The potential betweer1 the two electrodes as monitored by a AVO 

meter, was around 1 .65V  at the beginning and increased 

gradually to 2W four h o i i r s  later. The electrolysis lasted for 
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F i g .  2 .1 :  S e t - u p  f o r  intercalating hydrogen  

into t h e  l a y e r e d  c r y s t a l s .  



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

of a b o u t  5 0 m A  t o  80mA ( t h e  p o t e n t i a l  w e n t  u p  to a b o u t  3 V  

c o r r e s p o n d i n g l y )  f o r  a f r a c t i o n  of  a s e c o n d .  V i o l e n t  b u b b l i n g  

was o b s e r v e d  i n  b o t h  e l e c t r o d e s  when t h e  c u r r e n t  w a s  

i n c r e a s e J .  I m m e d i a t e l y  f o l l o w i ? ~ g  t h i s ,  t h e  c r y s  t a l  w 9 s  t a k e n  

o u t  o f  t h e  a c i d  a n d  p u t  i n t o  , l e i o n i z t ? d  w a t e r  where a 

tremc2ndous e x p a n s i o n  ( > 30 i.inc*s) f ~ u 3 d  bc. o b s e r v e d .  T h e  

C ,h ickness  m e s u r e m e n t s  were n ~ d e  b o t h  before a n d  a f t e r  t h e  

e x p a n s i o n  u n d e r  d microscope. The s u r f a c e  oS t h e  e x p a n d e d  

c r y s t a l  became s i l v e r y  w h i t < \  t h e  i n s i d e  p a r t  w a s  d a r k  brown i n  

c o l o r .  Immedia t e i y ,  t h e  iris i d e  p a r t  of t h e  r txpanded c r y s t a l  

was p u t  i n t o  a tes t  t u b e  w i t h  & b o u t  5cc o f  d e i o n i z e d  w a t e r  a n d  

t h e n  was b r o k e n  up  i n t o  a u n i f o r m  s u s p e n s i o n  by p l a c i n g  i n  a 

BRANSON B-12  u l t r a s o n i c  c l e a n e r .  The b r e a k i n g  up o f  t h e  

e x p a n d e d  c r y s L a l  was v e r y  f a s t  (just a few s e c o n d s )  when t h e  

test  t u b e  was i n s e r t e d  i n  t h e  r e s o n a n t  r e g i o n  o f  t h e  u l t r a -  

s o n i c  c l e a n e r .  A c o l o r e d  s u s p e n s i o n  was t h u s  o b t a i n e d .  I t  i s  

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

s i n g l e  l a y e r s .  

C o n c e n t r a t e d  s i n g l e  l a y e r  s u s p e n s i o n s  of b o t h  TaS2 u n d  

NbS2 a re  d a r k  brown i n  color .  A d i l u t e  s u s p e n s i o n  o f  TaS2  is 

ye l low-brown i n  t r a n s m i s s i o n  ( f o r  ~ l c m  p a t h  l e n g t h )  w h i l e  t h a t  

o f  N b S L  is  a l so  ye l low-brown blit  somewhat r e d d i s h .  I t  was 

o b s e r v e d  t h a t  s i n g l e  l a y e r s  o f  TaS2 i n  s u s p e n s i o n  t e n d  t o  



flocculate. Dilute suspension of TaS2 can last for about one 

hour-without noticeable flocculation. The suspension usually 

became clear after about a day as the floccules settled to the 
F 

bottom of the test tube. The NbS2 single layer suspension was 

observed to be much more stable with regard to flocculation. 

Dilute NbS2 single layer suspensions can last for more than 

one week without flocculation. Some precipitate of NhS2 will 

appear at the bottom of the test tube during that time but the 

Suspension will still be colored. This precipitate of NbS2 is 

readily re-suspended in the ultrasonic cleaner, while the 

floccules of TaS2 cannot be re-suspended ultrasonically. 

A slight adour of hydrogen sulphide emanates from fresh 

TaS2 water suspension which becomes quite strong after a few 

days. However, f o r  NhS2 suspension, no such odour was smelt 

even if the suspensicn lasted for weeks, 

As mentioned in the paper by Murphy and H n l l  (19'75), 

adding surfactant (surface active agents) such as glycerol and 

Triton X-705 to TaS2 single layer suspensions can increase the 

electrostatic repulsion between layers and reduce the van der 

Waals attractive forces and thus stabilize suspension for 

several days. In o u r  experiment, 2% Triton X-705 was added 

into a yellow-brown TaS2 single layer suspension for the 

optical measurements. For N b S 2 ,  no surfactant was used. 

Crystals in the suspension can he easily removed from the 



s u s p e n s i o n  by c e n t r i f u g a t i o n .  For a d i l u t e  y e l l o w  brclwn TaSz 

s i n g l e  l a y e r  s u s p ~ n s i o ~ ,  a 15 m i n u t e s  c e n t r i f u g a t i o n  a t  3000 

spm ( .v 1500 g ' s )  b r o u g h t  m ~ s t  of thc? c r y s t a l s  t o  t h c  hot!.om o f  

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

c o l o u r .  For NbS2 a d i l u t e  y e l l o w  brown c o l o u r e d  suspensicn 

became l i g h t  ye l low-brown a f t e r  15 m i n u t e s  c e n t r i f u g a t i o n  a t  

3000 rpm. 

When t h e  same method was a p p l i e d  to s e m i - c o n d u c ~ o r  

2H-MoS2 n o  e x p a n s i o n  was o b s e r v e d  and t h e  c r y s t a l  r e m a i n e d  t h e  

same c o l o u r  a n d  t h i c k n e s s  as b e f o r e  e l e c t r o l y s i s .  F o r  

2U-NbSe2 and  IT-TaS? ,  x l L h o u g h  a l a r g e  e x p a n s i o n  of t h e  

c r y s t a l s  was o b s e r v e d  a f t e r  e l e c t r o l y s i s ,  t h e  e x p a n s i o n  was 

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

s p l i t  p l a t e l e t s  and t h e s e  p l a t e l e t s  were n o t  " s o f t " .  Under a 

m i c r o s c o p e  Lhe e x p a n d e d  c r y s t a l  was o b s e r v e d  f r o m  i t s  e d g e s  

a n d  many t h i n n e r  p l a t e l e t s  were s e e n  i n d i c a t i n g  t h a t  w a t e r  d i d  

n o t  u n i f o r m l y  i n t e r c a l a t e .  The X-ray p a t t e r n  o f  s u c h  c r y s t a l s  

showed t h e  n o r m a l  2 H  s t r u c t u r e  w i t h  no  t w o - d i m e n s i o n a l  

c h a r a c t e r .  V a r i o u s  c u r r e n t  d e n s i t i e s  and  d i f f e r e n t  c o n c e n t r a -  

t i o n s  o f  t h e  e l e c t r o l y t e  were t r i e d  w i t h o u t  s u c c e s s .  

2.2 X-ray Powder --- P h o t o g r a p h y  o f  S i n g l e  L a y e r s  

The s i n g l e  l a y e r  f o r m s  of TaS2  a n d  NbSz were m a i n l y  



d e t e r m i n e d  by X-ray powder  p h o t o g r a p h y .  N i c k e l  f i l t e r e d  

CuK, r a d i a t i o n ,  a D e h y e - S c h e r r e r  c a m e r n - o f  57.3 mm i n  

d i a m e t e r ,  a n d  a 1 kw X-ray m a c h i n e  ( P h i l l i p s  E l e c t r o n i c  

I n s t r u m e n t s ,  Mount V e r n o n ,  N.Y.) were u s e d .  X-ray p h o t o g r a p h y  

was c a r r i e d  o u t  f o r  s e v e r a l  s a m p l e  f o r m s  as d e s c r i b e d  be low.  

A l t h o u g h  t h e  f o l l o w i n g  d e s c r i p t i o n  c o n c e r n s  o n l y  T a S 2 ,  s i m i l a r  

r e s u l t s  were a l s o  o b t a i n e d  f o r  NbS2. 

2.2.1 X-ray Powder P h o t o g r a p h y  o f  t h e  Water-Expanded C r y s t a l s  

The c r y s t a l s  of 2H-TaS2 and  2H-NbS2 are t r e m e n d o u s l y  

e x p a ~ d e d  a f t e r  i n t e r c a l a t i o n  of h y d r o g e n  a n d  w a t e r .  We c a l l  

t h i s  f o r m  t h e  " e x p a n d e d  c r y s t a l s " .  They are v e r y  " s o f t "  i n  

t h e  s e n s e  t h a t  when t h e y  are removed f r o m  water t h e y  t a k e  t h e  

f o r m  o f  a d r o p  d u e  t o  t h e  s u r f a c e  t e n s i o n .  T h e s e  water- 

e x p a n d e d  c r y s t a l s  were o b s e r v e d  Lo d e i n t e r c a l a t e  water e v e n  i f  

t h e y  were s t i l l  i m m e r s e d  i n  w a t e r .  The d e i n t e r c a l a t i o n  of 

water f rom t h e  e x p a n d e d  c r y s t a l s  was r a t h e r  f a s t :  t h e  " s o f t "  

e x p a n d e d  c r y s t a l s  s t a r t e d  to " h a r d e n "  i n  a h o n t  a n  h o u r .  When 

t h e y  were h a r d e n e d  t h e y  did n o t  change their form w h e n  they  ' 

were removed f r o m  w a t e r .  The i m p l i c a t i o n  is t h a t  " h a r d e n e d "  

c r y s t a l s  a r e  d c i n t e r c a l a t e d  o f  w a t e r .  I n  o r d e r  t o  r e c o r d  t h e  

c r y s t a l  s t r u c t u r e  b e f o r e  d e i n t e r c a l a t i o n  of w a t e r ,  X-ray 

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

crystal : ;  were expanded .  F u r ;  herrixtre, t o  p r c v e n  t w a t e r  

e v a p o r a t i o n ,  t h e  X - r r y  sample h o l d c r  was made I n  a s p e c i : , l  w a y  

as  shown i n  F i g .  2 . 2 .  A t h i n  w a l l  g l a ss  c a p i l l a r y  w a s  f i x e d  



Sample ' S m a l l e r  t h i n  w a l l  
- g l a s s  c a p i l l a r y  

(d i ame te r -G .  2mm 
Glue - -  w a l l  t h i c k n e s s  - 1 0 ~ )  

T h i n  w a l l  g l a s s  
c a p i l l a r y  

M a s t i c  ,- 
--\ 

r h o l d e r  

F i g . 2 . 2 :  X-ray sample h o l d e r  f o r  s t u d y i n g  t h e  

"soft" x a t e r - e x p a n d e d  c r y s t a l s .  



i n  t h e  h o l e  o f  a c o p p e r  h o l d e r .  A n o t h e r  smaller t h i n  wall 

g l a s s  c a p i l l s r y  -0.2mm i n  d i a m e t e r  and  of - 1 0 , u w a l l  

t h i c k n e s s  was i n s e r t e d  and f i x e d  w i t h  g l u e .  The t h i n  wall 

g l a s s  c a p i l l a r i e s  were made f r o m  g l a s s  t u b i n g  by h e a t i n g  t h e  

t u b i n g  i n  f l a m e  f o l l o w e d  by a r a p i d  p u l l i n g .  The i n s i d e  p a r t  

of t h e  e x p a n d e d  c r y s t a l  was c a r e f u l l y  s e l e c t e d  by u s i n g  t w o  

p a i r s  of t w e e z e r s  and mounted a r o u n d  t h e  srnsll2r c a p i l l a r y .  

I t  was t h e n  h e l d  t h e r e  by  s u r f a c e  t e n s i o n .  

The e x p o s u r e  o f  X-rays  l a s t e d  f o r  o n l y  20 m i n u t e s  u n d e r  

the c o n d i t i o n  o f  30 kV c a t h o d e - a n o d e  p o t e n t i a l  a n d  29 mA 

c u r r e n t .  The X-ray p a t t e r n  o b t a i n e d  f o r  w a t e r - e x p a n d e d  

c r y s t a l s  is shown i n  F i g .  2.3(b). T h e  t w o - d i m e n s i o n a l  

c h a r a c t e r  of t h e  e x p a n d e d  c r y s t a l s  is e v i d e n t  a n d  w i l l  b e  

d i s c u s s e d  l a t e r .  

F o r  c o m p a r i s o n  F i g .  2 . 3 ( a )  shows a n  X-ray p h o t o g r a p h  o f  a 

powder made f r o m  t h e  o r i g i n a l  2H-TaS2 s i n g l e  c r y s t a l .  F i n e  

particles o f  t h e  s i n g l e  c r y s  t i ~ l  were o b t a i n e d  u l t r a s o n i c a l l y .  

T h e  X-ray s a m p l e  h o l d e r s  used fo r  d r y  p o w d e r s  were s i v i l a r  to  

t i l t i t  shown i n  F i g ,  2 .2  hi!. a f i n e  g l a s s  fi-ore was u s e d  i n s t e a d  

o f  t h e  smaller c a p i l l a r y  a n d  n a i l  p o l i s h  or g r e a s e  was n e e d e d  



Fig. 2 . 3  : X - r a y  d i f  l r a c t  i o n  p a t t 2 r n s  f o r  

( c )  TaS, a f t e r  d e i n  t ~ r c a  l a t  ion  cf 
&, 

wai-er. 





t o  moun t  t h e  p o w d e r s .  T h e  e x p o s u r e s  f o r  d r y  powders u s u a l l y  

t o o k  o n e  h o u r  u n d e r  t h e  c o n d i t i o n  o f  40 kV c a t h o d e - a n o d e  

p o t e n t i a l  a n d  20 mA c u r r e n t .  

2 .2 .2  D e i n t e r c a l a t i o n  --- o f  Water f r o m  t h e  E x p a n d e d  - C r y s t a l s  

The  d e i n t e r c a l a t i o n  of water f r o m  t h e  " s o f  tl '  

w z t e r - e x p a n d e d  c r y s t a l s  w?s o b s e r v e d  b o t h  f r o m  t h e  X-ray 

p a t  t e r~is  and t h e  a p p e a r a n c e  of the e x p a n d e d  c r y s l a l s .  

Tht. p a t t e r n  f o r  :A 35 r n i l - . u t+>c ;  exposure- f o r  t h e  " s o f t "  

w a t e r - e x p a n d e d  c r y s t a l s  i s  shown i n  F i g .  2 . 4 .  Some v e r y  s h o r t  

a , r c  l i n e s  i n  t h e  l o w  a n g l e  r e g i o n  are seen. This i n d i c a t e s  

t h a t  t h e  e x p a n d e d  c r y s t a l  was b e g i n n i n g  t o  d r y ,  or d e i n t e r c a l -  

a t e  water. To v e r i f y  t h i s ,  a n o t h e r  e x p e r i m e n t  was c a r r i e d  

o u t .  An X-ray s a m p l e  of t h e  " s o f t "  e x p a n d e d  T a S 2  was made as  

before .  Two s e q u e n t  i a l  e x p o s u r e s ,  e a c h  o f  20 m i n u t e s ,  were 

made fo r  t h e  same s a m p l e .  The  s e c o n d  e x p o s u r e  was c a r r i e d  o u t  

i m m e d i a t e l y  a f t e r  t h e  X-ray f i l m  was replaced. An X-ray 

p a t t e r n  l i k e  F i g .  2 . 3 ( h )  was o b t a i n e d  f o r  t h e  f i r s t  e x p o s u r e  

a n d  t h e  s e c o n d  e x p o s u r e  g a v e  a p a t t e r n  like t h a t  shown i n  

F i g .  2.4. 

As s e e n  f r o m  t h e  a p p e a r a n c e ,  t h e  e x p a n d e d  c r y s L a l s  

r e s t a c k e d  t o g e t h e r  a f t e r  d e i n L e r c a l a t i o n  o f  water. When a n  

e x p a n d e d  c r y s t a l  was t a k e n  o u t  of water, i t  r e v e r t e d  t o  i t s  





o r i g i n a l  t h i c k n e s s  on d r y i n g  o u t .  When a n  e x p a n d e d  c r y s t a l  

d r i e d ,  i t  was f o u n d  t h a t  t h e y  c o u l d  n o t  be e x p a n d e d  a g a i n  by 

a d d i n g  w a t e r ,  i n  c o n t r a s t  t o  t h e  o b s e r v a t i o n s  o f  Murphy a n d  

H u l l  (1975).  

T h e  d r i e d  r e s t a c k i n g  TaS2 c r y s t a l  was b r o k e n  i n t o  f i n e  

p o w d e r s  by u s i n g  a n  u l t r a s o n i c  c l e a n e r  a n d  i t s  X-ray p a t t e r n  

i s  shown i n  F i g .  2 . 3 ( c ) .  

When a n  e x p a n d e d  c r y s t a l  was k e p t  i n  water f o r  a n  

e x t e n d e d  t i m e  ( >  1 h o u r )  i t  k e p t  t h e  e x p a n d e d  s i z e  b u t  became 

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

a n d  c o u l d  be s e p a r a t e d  a p a r t  by u s i n g  t w e e z e r s .  The i n n e r  

p la te le ts  had  also a s i l v e r y  s u r f a c e .  By c o n t r a s t ,  t h e  i n s i d e  

p a r t  o f  t h e  " s o f t "  e x p a n d e d  c r y s t a l  was d a r k  brown i n  c o l o r .  

T h e  X-ray p a t t e r n  o f  t h e  " h a r d e n e d "  p l a t e l e t s  showed ( 0 0 . 1 )  

l l n e s  as w e l l  as  hkR(Rs0)  l i n e s ,  i n d i c a t i n g  t h a t  t h e s e  

platel.ets were p a r t i a l l y  d r i e d  o u t .  T h e s e  p l a t e l e t s  c o u l d  n o t  

b e  r e - s u s p e n d e d  u l t r a s o n i c a l l y .  

I t  was f o u n d  t h a t  t h e  s i l v e r y  s u r f a c e  p a r t  o f  t h e  " s o f t "  

e x p a n d e d  c r y s t a l  was a l s o  d i f f i c u l t  t o  s u s p e n d  u l t r a s o n i c a l l y ,  

i m p l y i n g  t h a t  t h e  d e i n t e r c a l a t i o n  of w a t e r  f r o m  t h e  e x p a n d e d  

c r y s t a l  o c c u r s  f i r s t  a t  t h e  s u r f a c e s  o f  t h e  c r y s t a l .  

2 .2 .3  R e - s t a c k i n g  o f  D r i e d  S i n g l e  L a y e r s  

S e v e r a l  d r o p s  o f  t h e  s i n g l e  l a y e r  T a S 2  s u s p e n s i o n  i n  



water were a l l o w e d  t o  d r y  on a  c l e a n  m i c r o s c o p e  s l i d e  and 

r e p e a t e d  a d d i n g  and d r y i n g  of t h e  s u s p e n s i o n  3 times on t h e  

same p l a c e  was c a r r i e d  o u t .  T h i s  m a t e r i a l  was s c r a p e d  from 

t h e  g l a s s  and i t s  X-ray p a t t e r n  is shown i n  F ig .  2 . 5 ( a ) .  

Repea t ed  a d d i n g  and d r y i n g  of t h e  s u s p e n s i o n  up t o  15 times 

formed a t h i n  f i l m  a b o u t  lOOOA t h i c k  ( a s  e s t i m a t e d  f rom i t s  

brown c o l o r ) .  The X-ray p a t t e r n  of  t h i s  t h i n  f i l m  as shown i n  

F i g .  2 . 5 ( b )  shows s l i g h t  d i f f e r e n c e  compared w i t h  F i g . 2 . 5 ( a ) .  

A p h o t o g r a p h  r e c o r d i n g  d r y i n g  of  t h e  s i n g l e  l a y e r  TaS2 

s u s p e n s i o n s o n  a  m i c r o s c o p e  s l i d e  is shown i n  F i g .  2.6. The 

s h i n i n g  p a r t  shows t h e  c r y s t a l .  The small i n n e r  c i r c l e  a r e a  

shows t h a t  a n o t h e r  s m a l l  d r o p  of  s u s p e n s i o n  was added  on t h e  

background  of  t h e  f i r s t  d r i e d  c r y s t a l .  I t  c a n  b e  s e e n  t h a t  

t h e  s u s p e n s i o n  d r i e d  on  g l a s s  non-uni formly  and t h e  d r i e d  

c r y s t a l  i s  uneven i n  t h i c k n e s s .  

An X-ray p h o t o g r a p h  was a l s o  made f o r  t h e  d e p o s i t s  o f  

TaS2 s i n g l e  l a y e r  s u s p e n s i o n  o b t a i n e d  by c e n t r i f u g a t i o n  a t  

2000 rpm ( - 6 5 0 g t s )  f o r  20 m i n u t e s .  The p a t t e r n  is shown i n  

F i g .  2 . 5 ( c )  and w i l l  be  d i s c u s s e d  l a t e r .  

2.2.4 E f f e c t s  o f  AgN03 Water S o l u t i o n  on 
S i n g l e  L a y e r  S u s p e n s i o n s  

I t  is  w e l l  known t h a t  s i l v e r  a toms  i n t e r c a l a t e  i n t o  



F i g . 2 . 5 :  X-ray d i f f r a c t i o n  p a t t e r n s  f o r  

( a )  t h e  random s t a c k i n g  s i n g l e  l a y e r  TaS 
2 

c r y s t a l  o b t a i n e d  by d r y i n g  s i n g l e  l a y e r  

s u s p e n s i o n  o n  g l a s s  f o r  3 t i m e s  

( b )  d r y i n g  s u s p e n s i o n  o n  g l a s s  for 15 t i m e s  

(c) t h e  c e n t r i f u g e d  d e p o s i t  o f  s i n g l e  l a y e r  

TaS s u s p e n s i o n .  
2 







2H-TaS2 c r y s t a l  when TaS2 is  p l a c e d  i n  AgN03 s o l u t i o n s ,  and a  

v a r i e t y  o f  o r d e r e d  s u p e r l a t t i c e s  a r e  o b s e r v e d  f o r  t h e  Ag-TaS2 

s y s t e m  ( S c h o l z  and F r i n d t ,  1980) .  To see what would happen i f  

w e  a d d e d  s i l v e r  i o n s  t o  t h e  s i n g l e  l a y e r  TaS2 s u s p e n s i o n ,  t h e  

f o l l o w i n g  e x p e r i m e n t  was c a r r i e d  o u t .  One d r o p  of  0.1M AgN03 

w a t e r  s o l u t i o n  was added t o  2cc of yellow-brown s i n g l e  l a y e r  

TaS2 s u s p e n s i o n .  A d a r k  t r a c e  was o b s e r v e d  a s  soon a s  t h e  AgN03 

s o l u t i o n  was added .  A f t e r  a  few s e c o n d s  t h e  s u s p e n s i o n  began 

t o  f l o c c u l a t e  and se t t l e  t o  t h e  bo t tom o f  t h e  test t u b e .  The 

f l o c c u l a t e  was washed w i t h  w a t e r  and t h e n  d r i e d  and i t s  X-ray 

p a t t e r n ,  q u i t e  d i f f e r e n t  from t h e  o r i g i n a l  TaS2 p a t t e r n ,  was 

shown i n  F i g .  2 . 7 ( a ) .  

The same e x p e r i m e n t  was c a r r i e d  o u t  f o r  NbS2. T h i s  t i m e  

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

i n s t e a d  of  s e t t l i n g  t o  t h e  ho t tom of t h e  test  t u b e  a f t e r  t h e  

AgN03 s o l u t i o n  was added .  The X-ray p a t t e r n  o f  t h e  f l o a t a g e  

( F i g .  2 . 7 ( b ) )  is a g a i n  d i f f e r e n t  from t h e  NbS2 p a t t e r n s  and 

d i f f e r e n t  f rom F ig .  2 . 7 ( a ) .  We w i l l  d i s c u s s  t h i s  l a t e r .  

2.3 E l e c t r o n  Microscopy o f  S i n g l e  Layer  TaS2 

To d e t e r m i n e  t h e  l a t e r a l  s i z e  and o b s e r v e  t h e  e l e c t r o n  

d i f f r a c t i o n  p a t t e r n  of  s i n g l e  l a y e r s ,  e l e c t r o n  microscopy 





s t u d i e s  were c a r r i e d  o u t  f o r  s i n g l e  l a y e r s  of TaS2. 

The s a m p l e  u s e d  f o r  t h e s e  s t u d i e s  was p r e p a r e d  as  

fol lows:  A 200 mesh c o p p e r  e l e c t r o n  m i c r o s c o p e  g r i d  c o v e r e d  

w i t h  a t h i n  c a r b o n  f i l m  a b o u t  1 0 0 8  t h i c k  was u s e d  as  t h e  

s a m p l e  h o l d e r .  A ye l low-brown s i n g l e  l a y e r  TaS2 s u s p e n s i o n  

was c e n t r i f u g e d  a t  3000 rpm ( - 1 5 0 0 g t s )  for  15 m i n u t e s .  The 

s u s p e n s i o n  t h e n  became l i g h t  y e l l o w  i n  c o l o r .  A small d r o p  of  

t h i s  l i g h t  y e l l o w  s u s p e n s i o n  was p u t  on t h e  s a m p l e  h o l d e r  by 

u s i n g  a g l a s s  c a p i l l a r y  and  removed i m m e d i a t e l y  by a n o t h e r  

empty  c a p i l l a r y .  By t h i s  means v e r y  small a m o u n t s  o f  c r y s t a l  

were d e p o s i t e d  on t h e  c a r b o n  f i l m .  The s a m p l e s  were examined  

i n  a P h i l l i p s  EM300 e l e c t r o n  m i c r o s c o p e  by D r .  0. S i n g h  u n d e r  

a m a g n i f i c a t i o n  o f  1 . 2  x 10'. Many t h i n  c r y s t a l  p l a t e l e t s  

w i t h  a l a t e r a l  s i z e  f rom 5 0 0  t o  3000A were s e e n .  Some of  t h e  

p l a t e l e t s  were o v e r l a p p i n g .  

The c r y s t a l s  were s o  t h i n  t h a t  t h e y  were r a t h e r  d i f f i c u l t  

t o  see i n  t h e  e l e c t r o n  m i c r o s c o p e .  But  s t i l l ,  t h e y  were 

i d e n t i f i e d  f rom t h e  c o n t r a s t  and  were d i s t i n g u i s h e d  f r o m  

c a r b o n  f i l m  by c h e c k i n g  t h e i r  e l e c t r o n  d i f f r a c t i o n  p a t t e r n .  

A c c o r d i n g  t o  t h e  c o n t r a s t  v s .  t h i c k n e s s  m e a s u r e m e n t s  made by  

D r .  0. S i n g h ,  t h e  f a i r l y  v i s i b l e  TaS2 p l a t e l e t s  had t h i c k n e s s  

v a l u e s  o f  ca. 15A a n d  f o r  t h e  t h i n n e s t  o n e s ,  t h e  c h a n g e s  i n  

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



F i g . 2 . 8 :  ( a )  E l e c t r o n  m i c r o s c o p e  p h o t o g r a p h  o f  a  

TaS p l a t e l e t  p r o b a b l y  two l a y e r s  
2  

5 t h i c k  (Magn. X 1 . 2 X 1 0  ) .  

( b )  E l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  t h e  

TaS2 p l a t e l e t  shown i n  ( a ) ,  

t e m p e r a t u r e  25' K .  

( t a k e n  by D r .  0 .  S i n g h ) .  





platelets are likely single layers. An electron microscope 

photograph of a TaS2 platelet probably two layers thick is 

shown in Fig. 2.8(a). The electron diffraction pattern of the 

platelet is shown in Fig. 2.8(b). 

No charge density wave superlattice was observed for such 

TaS2 platelets when they were cooled down to about 25OK. 

2.4 Analysis of the X-ray Results 

2.4.1 Indexing and Intensity Calculations of Original 2H-TaS2 
Crystal Diffraction Pattern 

The X-ray diffraction pattern of the original 2H-TaS2 

crystal powder is shown in Fig. 2.3(a). The pattern lines 

were indexed using the analytical method introduced in the 

book by Cullity (1956). This indexing was checked by 

comparing the measured line positions and the calculated line 

positions according to the published data of the lattice 

parameters of 2H-TaS2 (a = 3.3158, c = 6.05 x 28, Jellinek 

(1962)). It was also checked by comparing the observed 

diffraction line intensities and the theoretically calculated 

intensities. The calculated line intensities and the observed 

ones are compared in Table 1. The calculation was carried out 

using the following formula given in Cullity's book: 

l p l  (2.4-1) 



h k l  Iobs. 

VS 
VW 
S 

VVW 
VS 

WW 
VS 
VW 

WW 
S 
S 
S 
W 

VW 
W 
W 
W 
W 
S 

VW 
VW 
W 

VW 
VW 
S 
W 

Table 1: Calculated and observed 

intensities for pure 2N-TaS2 X-ray 

diffraction lines. 



where I is the relative integrated line intensity in arbitrary 

units, p is the multipli.city factor, its values for group 

D6h crystals are given below (Klug and Alexander, 1954) : 

Index h k ~  hhR hOL hkO hhO hOO OOR 

Value of p 24 12 12 12 6 6 2 

and F, the structure factor, is expressed as 

and calculated by using the unit cell shown in Fig. 1.3. The 

atomic form factor f is treated as a constant here and 

fTa 4.5 fs is used according to the atomic number of Ta 

and S atoms. The values of the Rragg angle 0 are from the 

observed p o s i t i o n s  of each hkf l i n e .  

The indices of some main diffraction lines are shown in 

Fig. 2.9. For clarity, some very very weak (vvw) lines and 

the doublets in the high angle region are not shown. The 

height of the lines in Fig. 2.9 indicates the relative 

diffraction intensity qualitatively. By combining the 

technique of Straumanis (1940) and the extrapolation method 

introduced in the book by Klug and Alexander ( 1954) the 



F i g . 2 . 9 :  X-ray d i f f r a c t i o n  p a t t e r n  l i n e s  f o r  

( a )  t h e  o r i g i n a l  2H-TaS2 

( b )  t h e  " s o f t "  water -expanded  TaS 
2 

( c )  TaS2 a f t e r  d e i n t e r c a l a t i o n  o f  water. 





lattice parameters of our 2H-TaS2 crystal were determined as 

a = 3 . 3 1 3  + 0.005A and c = 12.11 t 0.028, which are very close 

to published results (Jellinek, 1962). In the work of lattice 

parameter determination, a very fine X-ray sample (-0.2 mm in 

diameter) was used and carefully centered in the camera, and 

good-quality lines in the back-reflection region were 

utilized. 

The same methods were used to index diffraction lines and 

calculate the theoretical line intensities for 2H-NbS2. Since 

the results are essentially similar they are omit,ted here, 

except to report that the lattice parameters a= 3 . 3 1 1  + 

0.0058 and c = 11.95 k 0.028, are in good agreement; with 

published results. 

2.4.2 The "Soft" Water-Expanded TaS2 Crystal 

From Fig. 2.3(b) and Fig. 2.9(b) we can see that the 

"soft" water-expanded crystal gave no OOR lines and no hkR 

(L+O) mixed lines. After deintercalation of water the crystal 

gave a pattern similar to the original 2H-TaS2 pattern. The 

positions of hk.0 lines for either "soft" water-expanded 

crystal or after its deintercalation of water have no 

noticeable change. This indicates that there is no 

significant change in the layer a-axis to within -1%. Detai1.s 

will be discussed iater. 



2.4.3 The " P a r t i a l l y  D r i e d "  Expanded TaS2 C r y s t a l  

I n  t h e  p a t t e r n  f o r  t h e  p a r t i a l l y  d r i e d  o r  p a r t i a l l y  

d e i n t e r c a l a t e d  e x p a n d e d  TaS2 c r y s t a l  shown i n  F i g .  2 .4 ,  t h e  

s h o r t  a rcs  i n  t h e  low a n g l e  r e g i o n  c a n  b e  i d e n t i f i e d  as OOR 

l i n e s  s i n c e  t h e  arc  s h a p e  shows t h e  p r e f e r r e d  o r i e n t a t i o n  o f  

t h e  l a y e r s  o f  t h e  c r y s l a l .  S i n c e  t h e s e  l i n e s  are b r o a d  and  

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

a c c u r a t e l y ,  h o w e v e r ,  f o u r  l i n e s  a t  0 a n g l e s  o f  4 . 8 " ,  6 . 0 • ‹ ,  

7.25" a n d  8.95" were m e a s u r e d  and  i d e n t i f i e d  as ( 0 0 8 ) ,  

( 0 0 . 1 0 ) ,  ( 0 0 . 1 2 )  a n d  ( 0 0 . 1 4 )  l ines .  Thus  t h e  s p a c i n g  b e t w e e n  

n e i g h b o r i n g  l a y e r s  was e s t i m a t e d  to  b e  ca. 378. T h i s  s p a c i n g  

is  a b o u t  6 times t h e  i n i t i a l  s p a c i n g  o f  2H-TaS2. I t  f o l l o w s  

f r o m  t h i s  e s t i m a t i o n  and t h e  o b s e r v e d  e x t e n t  o f  c r y s t a l  

e x p a n s i o n  ( >  30  t i m e s )  t h a t  w e  c a n  s a f e l y  s a y  t h a t  b e f o r e  

d e i n t e r c a l a t i o n  o f  water t h e  a v e r a g e  s p a c i n g  b e t w e e n  

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

more t h a n  1008 .  

2.4.4 D r i e d  S i n g l e  T,ayers ar,d C e n t r i f u g e d  D e p o s i t s  
From S i n g l e  L a y e r  TaS2 S u s p e n s i o n  

The X-ray d i f  f  r a c  l i o n  p a t  tern of  t h e  random s t a c k i n g  

s i n g l e  l a y e r  TaS2 o h L a i n e d  by d r y i n g  s i n g l e  l a y e r  s u s p e n s i o n s  

on g l a s s  f o r  3 times ( F i g .  2 . 5 ( a ) )  shows a v e r y  w i d e  ( 0 0 2 )  



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

s i z e  a l o n g  t h e  c a x i s  is v e r y  small. I t  is  h a r d  t o  d e t e r m i n e  

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

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

p a r t i c l e  s i z e  a l o n g  t h e  c a x i s  is o n l y  a few l a y e r s  t h i c k .  

T h i s  f o l l o w s  f rom t h e  w i d t h  o f  t h e  ( 0 0 2 )  l i n e  a n d  Eq. ( 1 . 3 - 3 ) .  

The a v e r a g e  c s p a c i n g  b e t w e e n  l a y e r s  was e s t i m a t e d  as 6.3A 

a c c o r d i n g  t o  a n  estimate of t h e  cen t ra l  p o s i t i o n  o f  t h e  

o b s e r v e d  ( 0 0 2 )  l i n e .  T h i s  s p a c i n g  i s  s l i g h t l y  b i g g e r  t h a n  t h e  

s p a c i n g  of 2H-TaS2 ( c o  = 6.05A, Ac/co -- 4%). The 

p o s i t i o n s  o f  t h e  ( h k - 0 )  l i n e s  i n  F i g .  2 . 5 ( a )  are s l i g h t l y  

d i s p l a c e d  t o w a r d  l a r g e  a n g l e s  compared w i t h  t h e  o r i g i n a l  

2H-TaS2 p a t t e r n .  For  t h e  ( 1 1 0 )  r e f l e c t i o n  A ( s i n 0 )  0 .0016 

and  t h e  o r i g i n a l  s i n e o  = 0 .463 ,  t h e  d i s p l a c e m e n t  a m o u n t s  t o  

0.35%. T h i s  d i s p l a c e m e n t  i s  c o n s i s t e n t  w i t h  Warren's a r g u m e n t  

( s e e  Eq. ( 1 . 3 - 7 ) )  a n d  c o n f i r m s  t h e  t w o - d i m e n s i o n a l  c h a r a c t e r  

o f  t h e  s a m p l e .  

I n  t h e  case o f  d r y i n g  s u s p e n s i o n  o n  g l a s s  f o r  1 5  times, 

t h e  c o r r e s p o n d i n g  X-ray p a t t e r n  ( F i g .  2 . 5 ( b ) )  s t i l l  shows a 

w i d e  ( 0 0 2 )  l i n e  d e s p i t e  t h e  f a c t  t h a t  t h e  d r i e d  c r y s t a l  f i l m  

was as t h i c k  as  more t h a n  1000A. The a v e r a g e  c s p a c i n g  

b e t w e e n  l a y e r s  was e s t i m a t e d  as  6.15A which  i s  a l s o  b i g g e r  

t h a n  t h e  s p a c i n g  o f  2H-TaS2 b u t  is smaller t h a n  t h a t  i n  t h e  

case o f  3 t i m e s  d r y i n g .  I t  was n o t i c e d  t h a t  t h e  d i s p l a c e m e n t  

o f  ( h k . 0 )  l i n e s  t o w a r d  l a r g e  a n g l e s  i n  F i g .  2 . 5 ( b )  



(b(sin0)/sine0 - 0.17%) is slightly smaller than ,in Fig. 

2.5(a). As a whole, Fig. 2.5(a) and Fig. 2.5(b) are similar. 

No higher order (OOR) lines can be observed in both patterns. 

The dried deposit from the suspension obtained by 

centrifugation gave an X-ray pattern which shows a sharp (002) 

line (Fig. 2.5(c)). Other higher order (OOR) lines are too 

weak to be seen, however, seven (hk.0) lines are easily seen 

in the pattern. A displacement of (hk.0) lines is not 

detectable here. Other diffuse rings indicate that some 

ordering between layers occurs when the single layers stack 

together. 

2.4.5 Effects of Adding AgN03 to Single Layer Supsensions 

The addition of AgN03 water solution has an interesting 

effect on a single layer TaS2 suspension. X-ray analysis 

shows that the dark flocculates which appear are a mixture of 

single layer TaS2 and silver sulphide (Ag2S). The positions 

and intensities of the observed lines up to 20 = 65O are 

tabulated in Table 2 and compared with Graham' s2 data for 

Ag2S. In Table 2 the line positions are expressed in 

- - - - - 

2 ~ e e  Standard X-ray Diffraction Powder Pat terns, NBS Circular 
539, - 10, 51 (1960). 



Our d a t a  

Cu 1.5418A 
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W W  
VW 
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I n d i c e s  

Ag2S 
h k l  

111 
0  12 
111 
112 
120 
12 1 
112 
10 3  
0 3 1  
122 
10 3  
1 3 1  
12 3  
1 3 1  
0  14 
2 1 3  
0 4 1  

1 4 1  
10 5  
0  15 
134 

T a b l e  2 :  X-ray d a t a  f o r  t h e  d e p o s i t s  of " s i n g l e  l a y e r  

TaS2  s u s p e n s i o n  + A g N O j  s o l u t i o n "  compared 

with t h e  p u b l i s h e d  data of Ag2S ( m o n o c l i n i c )  . 



distances between neighboring planes. Our data for all the 

lines except the TaS2 hkO lines fit quite well with Graham's 

data for both "distance" and "intensityn. 

In Fig. 2.7(a), there is a broad diffuse ring in the low 

angle region indicating the stacking of parallel crystal 

layers. The average spacing betwen layers was estimated as 

6.33A. 

Experiments showed that there is a minhnum amount of AgN03 

solution required to remove all TaS2 crystals from 

suspension. This minimum amount of AgN03 depends on the 

concentration and quantity of single layer suspensions. In 

our experiment one drop of 0.1M AgN03 water solution was just 

able to remove almost all TaS2 crystals from a 2cc 

yellow-brown single layer suspension and the suspension became 

very light yellow. When one drop of 0.05M AgN03 was added to 

2cc the same kind of yellow-brown suspension, the suspension 

remained light yellow-brown in color, indicating that there 

were still single layers TaS2 in the suspension. When two 

drops of 0. lM AgNo3 solution was added to a 2cc yellow-brown 

suspension, the suspension became totally clear and its 

flocculate gave an X-ray pattern which contained silver crystal 

lines in addition to Ag2S lines and TaS2 hkO lines. 

The same experiment for NbS2 single layer suspension 

showed a different result. Instead of producing aflocculate 

which settled to the bottom, some floatage appeared on the 



surface of the suspension after adding AgN03 solution. The 

floatage gave an X-ray pattern containing NbS2 (hk-0) lines 

and silver crystal lines, but no Ag2S lines were observed. 

These observations suggest that the Ag2S results from a 

reaction of silver and sulphur arising from some decomposition 

of TaS2 during the preparation of the single layers. There is 

no indication that such decomposition occurs in the 

preparation of NbS2 single layers. It is unlikely that Ag 

ions have seized S ions from TaS2 directly, since in the X-ray 

pattern (Fig. 2.7(a)) TaS2 (hk.0) lines are still rather 

strong and the line positions have no noticeable change, and 

besides, no Ta crystal lines are observed. To confirm the 

above analysis, an atomic analysis experiment is needed. 

2.5 Effects of the Sharp Increase in Current in Electrolysis 

A special technique presented in this thesis is the use 

of a current pulse at the end of electrolysis for a fraction 

of a second, the so-called "electric shock" technique. The 

effects of using and not using this technique have been 

studied and several differences in these two cases have been 

found . 
First of all, it was found that without the current pulse 

the crystal was less expanded after electrolysis and immersion 

into water. It was also found that even though the expanded 

crystal was also ttsof ttt , the process of the expansion was much 



slower. More importantly, the expansion was not uniform, and 

a larger expansion was observed at the crystal edges. A 

schematic sectional diagram of such an expanded crystal is 

shown in Fig. 2.10(a). By contrast, when the current pulse 

was used, an almost immediate uniform expansion was always 

observed. 

Secondly, the X-ray diffraction patterns of the "soft" 

water-expanded crystal obtained with and without the use of 

the "electric shock" technique are also different. The 

pattern for a sample obtained with the "shock", shown in Fig. 

2 . 3 ( b ) ,  shows (hk.0)  l i n e s  o n l y .  While i n  the pat tern f o r  a 

sample obtained without the "shock", as shown in Fig. 2.10(b), 

diffuse hk*R (R+O) lines are also seen. Different current 

densities and electrolysis times have been tried without using 

"electric shock" but none of them could give an X-ray pattern 

as neat as Fig. 2.3(b). This indicates that the "electric 

shock" technique does help to get hydrogen and water 

intercalated into every van der Waals gap. 

Finally, in both cases, a uniform suspension was readily 

obtained by ultrasonic treatment and both dilute centrifuged 

top suspension showed very low contrast platelets in the 

electron microscope. However, it was observed that the 

suspension usually flocculated quickly (within 2 hours) for 

the platelets made without using the "electric shock". With 

the "electric shock", the particles remained in suspension 



F i g . 2 . 1 0 :  ( a )  A s c h e m a t i c  s e c t i o n a l  d i a g r a m  

showing  t h e  uneven e x p a n s i o n  f o r  a 

p a r t  i a l l y  w a t e r  i n t e r c a l a t e d  

c r y s t a l  ( n o  s h o c k  t r e a t m e n t ) .  

( b )  A t y p i c a l  X-ray p a t t e r n  o f  t h e  

" s o f t "  expanded  c r y s t a l  w i t h o u t  

u s i n g  "e lec t r ic  shock"  t e c h n i q u e .  





o v e r n i g h t  or e v e n  l o n g e r .  T h i s  imp l i e s  t h a t  t h e  c r y s t a l  

l a y e r s  i n  s u s p e n s i o n s  p r o d u c e d  w i t h  t h e  "electr ic  s h o c k "  are 

more t h o r o u g h l y  s e p a r a t e d .  

The mechanism o f  t h e  s o - c a l l e d  "e lec t r ic  s h o c k "  is n o t  

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

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

u n i f o r m  t h o r o u g h  i n t e r c a l a t i o n  of  h y d r o g e n  a n d  water, I t  is 

o f  i n t e r e s t  t o  n o t e  t h a t  t h e  "electr ic  s h o c k "  d o e s  n o t  d e s t r o y  

t h e  c r y s t a l  s t r u c t u r e .  T h i s  is  c o n f i r m e d  by t h e  f a c t  t h a t  t h e  

e x p a n d e d  c r y s t a l  r e s t a c k s  b a c k  t o  2 H  s t r u c t u r e  a f t e r  t h e  

d e i n t e r c a l a t i o n  o f  water a n d  a l s o  by t h e  o b s e r v a t i o n  t h a t  t h e  

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

2 .6  D i s c u s s i o n  

The t r e m e n d o u s  e x p a n s i o n  a n d  t h e  X-ray powder  p a t t e r n  o f  

t h e  " s o f t "  w a t e r - e x p a n d e d  c r y s t a l  ( F i g .  2 . 3 ( b ) )  g i v e  t h e  

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

c r y s t a l s  c a n  be o b t a i n e d  by d i s p e r s i o n  i n t o  s u s p e n s i o n s .  The 

a b s e n c e  o f  t h e  ( 0 0 . 2 )  a n d  hk-R ( R # O )  l i n e s  a n d  t h e  i n t e g r i t y  

of t h e  ( h k - 0 )  l i n e s  a l l o w  u s  t o  p r o p o s e  a model  u f  t h e  " s o f t "  

w a t e r - e x p a n d e d  c r y s t a l  -- as i n t a c t  s i n g l e  l a y e r s  o f  c r y s t a l  

g r e a t l y  s e p a r a t e d  by  water. The g r e a t  e x p a n s i o n  o f  t h e  

c r y s t a l  on  i n t e r c a l a t i o n  w i t h  water a n d  t h e  X-ray d a t a  f o r  

" p a r t i a l l y  d r i e d "  c r y s t a l s  i n d i c a t e  t h a t  t h e  l a y e r  s e p a r a t i o n  

is  greater t h a n  100A. The p r e s e n c e  o f  s u c h  la rge  a m o u n t s  of 



water b e t w e e n  t h e  l a y e r s  g r e a t l y  r e d u c e s  t h e  s t r e n g t h  o f  t h e  

i n t e r - l a y e r  b o n d i n g  so t h a t  s i n g l e  l a y e r  s u s p e n s i o n s  are 

r e a d i l y  o b t a i n e d  by a small amount  o f  u l t r a - s o n i c  d i s p e r s i o n .  

The a b s e n c e  o f  a l l  t h e  R f O  l i n e s  i n  F i g .  2 . 3 ( b )  i n d i c a t e s  

t h a t  water m o l e c u l e s  h a v e  i n t e r c a l a t e d  i n t o  e v e r y  van  d e r  

Waals g a p .  I t  is e a s y  t o  show ( K l u g  a n d  A l e x a n d e r ,  1 9 5 4 )  t h a t  

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

( 0 0 - R )  r e f l e c t i o n  is o f  t h e  f o r m  

w h e r e  I r e p r e s e n t s  t h e  i n t e n s i t y ,  o t h e r  s y m b o l s  h a v e  t h e  same 

m e a n i n g  as t h a t  i n  Eq.  ( 1 . 3 - 1 ) .  From t h i s  e x p r e s s i o n  as w e l l  

a s  f r o m  t h e  p h y s i c a l  m e a n i n g  of X-ray d i f f r a c t i o n  w e  c a n  see 

t h a t  t h e  p e a k  i n t e n s i t y  d e c r e a s e s  a n d  t h e  l i n e  w i d t h  i n c r e a s e s  

as N d e c r e a s e s .  F o r  N = 2 ,  ( 0 0 . 2 )  l i n e s  g e t  m a x i m a l l y  

b r o a d e n e d  a n d  f o r  N = 1, i.e. s i n g l e  l a y e r  g r o u p s ,  t h e r e  w i l l  

b e  n o  ( 0 0 . 2 )  l i n e s .  By u s i n g  E q .  (2 .6 -1 )  f o r  t w o - l a y e r  g r o u p s  

o f  TaS2 ,  t h e  s c a t t e r i n g  p r o f i l e  o f  t h e  ( 0 0 2 )  r e f l e c t i o n  was 

o b t a i n e d  a n d  is shown i n  F i g .  2.11. S i n c e  f o r  2H-TaS2 t h e  

r e l a t i v e  i n t e n s i t y  o f  t h e  ( 0 0 2 )  r e f l e c t i o n  is h i g h  ( a b o u t  2.6 

t i m e s  h i g h e r  t h a n  ( 1 0 0 )  a n d  --'3 t i m e s  h i g h e r  t h a n  (110) 



Fig.2.11: S c a t t e r i n g  p r o f i l e  o f  (002)  r e f l e c t i o n s  

for h y p o t h e t i c a l  t w o - l a y e r  groups o f  

TaS2.  





r e f l e c t i o n )  i f  t h e  " s o f t "  w a t e r - e x p a n d e d  TaS2 c r y s t a l  c o n t a i n s  

s i g n i f i c a n t  n u m b e r s  o f  t w o - l a y e r  g r o u p s ,  a b r o a d  ( 0 0 2 )  l i n e  

s h o u l d  a p p e a r  i n  t h e  X-ray p a t t e r n  as shown by t h e  d a s h e d  

c u r v e  i n  F i g .  2 . 9 ( b ) .  N o  e v i d e n c e  f o r  ( 0 0 2 )  s c a t t e r i n g  i s  

s e e n  i n  F i g .  2 . 3 ( b )  so t h a t  w e  c a n  c o n c l u d e  t h a t  t h e  sample 

c o n t a i n s  no  s i g n i f i c a n t  number o f  t w o - l a y e r  or o t h e r  

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

shown i n  F i g .  2 . 3 ( b )  t h e  " s i n g l e  l a y e r  X-ray p a t t e r n " .  

O b s e r v a t i o n s  on  many p a t t e r n s  f o r  b o t h  TaS2  a n d  NbS2 a g r e e  

w i t h  t h i s  c o n c l u s i o n .  

The X-ray p a t t e r n s  o f  t h e  TaS2 p a r t i a l l y  d r i e d  l a y e r s  

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

a b o v e  m o d e l ,  w h e n e v e r  t h e r e  is  a r e g u l a r  c s p a c i n g .  T h e r e  are 

a l w a y s  some ( 0 0 - R )  l i n e s  i n  t h e  low a n g l e  r e g i o n .  A s  t h e  

water d e i n t e r c a l a t e s ,  t h e  c r y s t a l  r e s t a c k s  back t o  t h e  

o r i g i n a l  2H s t r u c t u r e  w i t h  some s t a c k i n g  f a u l t s  a n d  d i s t o r t i o n  

as i n d i c a t e d  by t h e  i n c r e a s i n g  i n t e n s i t y  o f  t h e  (103)  and ( 1 0 5 )  

l i n e s  a n d  o t h e r  c h a n g e s  i n  t h e  h i g h  a n g l e  r e g i o n  ( F i g .  

2 . 3 ( c ) ) .  

I n  a l l  cases t h e  a  p a r a m e t e r  o f  t h e  l a y e r s  r e m a i n e d  

u n c h a n g e d  t o  w i t h i n  o n e  p e r c e n t ,  as d e t e r m i n e d  f r o m  t h e  

p o s i t i o n s  o f  (lOQ), ( 1 1 0 )  a n d  ( 2 0 0 )  l i n e s .  T h e s e  l i n e s  are  

n o t  s i g n i f i c a n t l y  b r o a d e n e d  i n d i c a t i n g  t h a t  t h e  b o n d i n g  w i t h i n  

a l a y e r  is  v e r y  s t r o n g  a n d  t h e  l a t e r a l  d i m e n s i o n s  o f  t h e  

l a y e r s  are a t  least  3008. 



In the case of heat treated carbon blacks, Warren (1941) 

showed that carbon blacks are built up from individual 

graphite layers arranged parallel to one another at about the 

normal graphite spacing but are random in translation parallel 

to the layer and rotation about the normal. The X-ray powder 

pattern for such material consists of two kinds of reflections 

-- normal crystalline type (0O.R) reflections and diffuse 
two-dimensional lattice (hk-0) reflections which are 

characterized by line asymmetry, the line rising sharply on 

the low-angle side but falling off gradually in intensity on 

the high-angle side. The peaks of (hk.0) lines are also 

displaced to the larger angles. These observations are 

explained by a theoretical analysis by Warren (1941) for 

two-dimensional diffraction. In our case, the single layer 

suspension naturally dried on glass plates seems similar to 

this kind of material. In Fig. 2.5(a), a line asymmetry is 

seen and a 3.5% displacement of (hk.0) lines relative to the 

original crystal toward larger angles is observed. These 

observations indicate that the sample investigated is random 

stacking single layers. The very broad (002) line and the 

absence of higher order (00- R) lines indicate that the 

dimension of the parallel layer group perpendicular to the 

lagers is very small, mostly a few layers thick. Thin films 

of about lOOOA thick obtained by repeated adding and drying 

suspensions up to 15 times did not give a sharp ( 0 0 2 )  



d i f f r a c t i o n  e i t h e r  ( F i g .  2 . 5 ( b ) ) .  T h i s  f a c t  s u g g e s t s  t h a t  t h e  

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

N o f  p a r a l l e l  l a y e r s ,  s u c h  a s  two,  t h r e e ,  or f o u r - p a r a l l e l -  

l a y e r  g r o u p s ,  w i t h  a p p r o x i m a t e l y  e q u a l  c s p a c i n g .  Klug and 

Alexande r  (1954)  e x p r e s s  t h e  s c a t t e r i n g  p r o f i l e  f o r  a  

d i s t r i b u t i o n  of N - p a r a l l e l - l a y e r  g r o u p s  a s  

N s i n  

where  PN i s  t h e  p e r c e n t a g e  of  e a c h  N ,  o t h e r  symbols  have  t h e  

same meaning as i n  Eq. (2 .6-1) .  By u s i n g  t h i s  e x p r e s s i o n  t h e y  

f i t t e d  a n  o b s e r v e d  ( 0 0 2 )  p r o f i l e  o f  a c a r b o n  sample  measured 

by F r a n k l i n  (1950)  q u i t e  w e l l  hy s u p p o s i n g  t h a t  t h e  s ample  is 

a m i x t u r e  of  two d i s c r e t e  s i z e s  w i t h  60% o f  t h e  s ample  

c o n s i s t i n g  of  t w o - p a r a l l e l - l a y e r  g r o u p s  and 40% of  f i v e -  

p a r a l l e l - l a y e r  g r o u p s .  I n  o u r  case f o r  TaS2 it is d i f f i c u l t  

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

do n o t  have  a d e q u a t e  p r o f i l e s  and p a r t  of t h e  ( 0 0 2 )  l i n e  f a l l s  

i n  t h e  h o l e  o f  t h e  f i l m .  N e v e r t h e l e s s ,  f rom t h e  b r o a d n e s s  of 

t h e  ( 0 0 2 )  l i n e  and  a compar i son  of t h e  w i d t h  and s h a p e  of  t h e  

( 0 0 2 )  p r o f i l e  shown i n  F i g .  2 .11 ,  which is drawn f o r  N = 2 ,  w e  



c a n  s a y  t h a t  t h e  s ample  c o n s i s t s  m o s t l y  of  two and  t h r e e -  

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

s p a c i n g  ( - 6.3A) f o r  t h e  g r o u p s  is s l i g h t l y  h i g h e r  t h a n  t h e  c 

s p a c i n g  o f  TaSz c r y s t a l s  (Ac/co - 4%).  T h i s  i s  i n  ag reemen t  

w i t h  Biscoe and W a r r e n ' s  (1942)  r e s u l t  f o r  c a r b o n  b l a c k ,  where  

t h e y  found  t h a t  t h e  c s p a c i n g  of  t h e  two-d imens iona l  c a r b o n  

b l a c k  is  a p p r e c i a b l y  g r e a t e r  t h a n  t h e  g r a p h i t e  v a l u e  ( A C / C ~  z 

2% - 6%) .  The r e a s o n  is t h a t  i n  a  random s t a c k i n g  s i t u a t i o n  

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

( c o r r e s p o n d i n g  t o  t h e  lowest e n e r g y )  and a l a r g e r  c s p a c i n g  

r e s u l t s .  

I n  t h e  s o - c a l l e d  random s t a c k i n g  s i n g l e  l a y e r  TaS2 

m a t e r i a l  some of  t h e  two or t h r e e - p a r a l l e l - l a y e r  g r o u p s  may b e  

m u t u a l l y  o r i e n t e d  and p r o v i d e  weak, d i f f u s e  hk-R ( R + O )  

r e f l e c t i o n s .  But most  o f  them a r e  randomly s t a c k e d  t o g e t h e r .  

BY c o n t r a s t ,  t h e  c e n t r i f u g e d  d e p o s i t s  o f  s i n g l e  l a y e r  TaS2 

s u s p e n s i o n  are somewhat d i f f e r e n t .  Here t h e  l a y e r s  form a 

l a r g e  N o f  p a r a l l e l  l a y e r s  w i t h  t h e  same c s p a c i n g  a s  

i n d i c a t e d  by t h e  s h a r p  ( 0 0 2 )  l i n e  i n  F i g .  2 . 5 ( c ) .  The c 

s p a c i n g  is t h e  same a s  i n  2H-TaS2. I t  is t h o u g h t  t h a t  t h e  

r e l a t i v e l y  h i g h  p r e s s u r e  c a u s e d  by c e n t r i f u g a t i o n  ( -  6 5 0 g 1 s )  

f o r c e s  a l a r g e  number of  l a y e r s  to  o r i e n t  p a r a l l e l  t o  o n e  a n o t h e r  

Whi le ,  when s i n g l e  l a y e r s  are d r i e d  on g l a s s ,  t h e  uneven 

t h i c k n e s s  o f  t h e  d r i e d  l a y e r s  ( F i g .  2.6) and t h e  s e v e r e  d r y i n g  

c o n d i t i o n s  e n c o u n t e r e d  by t h e  s i n g l e  l a y e r s  a t  t h e  



glass-suspension interface prevent the formation of a large N 

of parallel layers. 

In summary, the X-ray studies show that a highly 

disordered film is obtained by drying single layer suspensions 

on glass surfaces. The film appears to be made up of parallel 

layer groups of. only a few layers thick (less than four 

layers). Such a model is shown schematically in Fig. 2.12, 

where each line represents a molecular layer and each set of 

parallel lines represents a parallel layer group. This highly 

disrupted structure likely results from the severe drying 

conditions encountered by the single layers at the glass- 

suspension interface. A photograph of a TaS2 film dried on 

glass is shown in Fig. 2.6. 

The structure of the dried, restacked layers is of 

interest because it is anticipated that there will be 

considerable interest in studies of the properties of such 

layers -- for example, the electrical conductivity, charge 
density wave formation and superconductivity of the ultra thin 

restacked layers. It is anticipated that further work will be 

done on such two-dimensional layers. 

2.7 Summary 

Freely floating single layers of TaS2 and NbS2 have been 

prepared using electrochemical and ultrasonic techniques. The 

so-called "electric shock" technique, i.e. sharp increase in 



Fig. 2.12: Schematic model of random stacking single 

layer TaS2. The layers are stacked randomly 

within a parallel layer group. 



current in the end of electrolysis is found useful for 

uniformly separating the layers. A sequence of experiments 

has been carried out to confirm the single layer form. The 

major experiments and the relative figure numbers of the 

results for TaS2 are shown schematically in a box-diagram 

(Fig. 2.13); 

From the X-ray results we conclude that in the "soft" 

water-expanded crystals, water molecules have separated each 

layer for more than 1008. This large separation reduces the in- 

terlayer coupling dramatically, as a result the "soft" water- 

expanded crystals can be suspended ultrasonically within a few 

seconds. 

The two-dimensional character shown by the X-ray patterns 

of the "soft" water-expanded crystals and the dried random 

stacking single layers (Fig. 2.3(b) and Fig. 2.5(a)) give 

strong support to the freely floating single layer form of 

TaS2 and NbS2 in water suspensions. 

It is believed that when these freely floating single 

layers restack on glass, most of them are randomly oriented in 

translation parallel to and rotation normal to the layers. 

In contrast to the tremendous changes observed in the c 

axis, no noticeable change within one percent was observed for 

the a parameter in all the forms we studied for both TaS2 and 

NbS2. This shows that the intralayer bonding is very strong 

and disturbances like the intercalation of hydrogen and water, 



Fig.2.13: Block diagram showing production of 

single layers and various forms of 

material studied. 
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ultrasonic treatment, centrifugation and adding A g N 0 3 ,  etc., 

have no noticeable influence on the a parameter of the 

crystals. 



Optical Absorption Studies of Single Layers TaS2 and NbS2 

3.1 Introduction 

Optical absorption studies can provide useful information 

about the band structure and changes in the Fermi surface of 

the material studied. For a metal, absorption mainly results 

from interband excitation and the interaction between the 

incident electromagnetic wave and a very large concentration 

of free carriers (usually electrons) which are very 

polarizable and interacting readily with an incident e.m. wave 

(the so-called free-electron plasma resonance). Free carrier 

absorption is characterized by the plasma frequency up, 

which has a simple expression 

where n is the concentration and m* the effective mass of 

free carriers. 

Obviously, the free carrier absorption is proportional to 

the number of carriers per unit volume and also depends 

inversely on their effective mass, m*. It can be shown 

(e.g. Wang, 1966) that the absorption coefficient a increases 

approximately as the square of the wavelength A :  



so that the free carrier absorption becomes more significant 

in the infra-red. The absorption coefficient a is defined, 

neglecting reflection losses, by 

where I0 is the intensity of incident light on the sample 

and I is that transmitted through the sample and t is the 

sample thickness. 

The interband transitions for most metals usually occurin 

theultra-violet wavelength region corresponding to a band gap 

of several electron volts. Combining these two processes we 

can see that the absorption spectrum of a metal is 

characterized by main peaks at several eV followed by a fall 

in absorption and rising again in the low energy region. The 

minimum in the spectrum reflects the degree of overlap of the 

interband and free carrier processes. 



As introduced in Chapter 1, the optical properties of 

single crystals of the metallic layered compounds such as 

2H-TaS2 and 3R-NbS2 have been extensively studied. About ten 

years ago, because of the interest in "two-dimensional" 

superconductivity there was a great deal of interest in 

organically intercalated layered metals (Gamble et al, 1970). 

This work led to an interest in the optical properties of the 

"two-dimensional" organic intercalation complexes of some of 

the Group IVB and VB layer compounds where a model of charge 

transfer from the organic molecules to the host materials is 

suggested to explain the changes in the spectra before and 

after intercalation (Beal and Liang, 1973). In addition, 

there has been an interest in the effects of thickness on the 

optical properties of the semiconducting layer compounds 

(Consadori and Frindt, Ig'i'O), where it is found that for MoS2 

and WSe2 crystals less than about lOOA thick, a suppression of 

exciton absorption occurs. It is felt that isolated single 

layers are the closest possible physical realization of a 

two-dimensional system and thus the properties of such layers 

are of considerable interest, and particularly so in the light 

of the recent interest in localization effects (Thouless, 

1977; Giordano, 1980). 

The uniform suspensions of single layer TaS2 and NbS2 we 

obtained allowed us to study the optical absorption spectra of 

single layers in the region from 300 to 1200nm (6.2eV to 



1.03eV). The lower energy region is limited by absorption from 

water, however, this limitation can he overcome by drying 

single layer suspension on a quartz plate. 

3.2 Experimental 

A double beam Cary 17 scanning spectrophotometer was used 

for some of the optical absorption measurements. These 

measurements were carried out for single layer TaS2 and NbS2 

suspensions in water, for randomly stacked NbS2 layers on 

quartz, for ultra-sonically obtained fine 2H-TaS2 particles in 

suspension in water and for thinly cleaved 2H-TaS2 and 2H-NbS2 

single crystals at room temperature in the atmosphere. 

3.2.1 Optical Absorption of TaS2 Single Layers, Particles 
and Single Crystals -- Sample Preparation 

A TaS2 single layer suspension in water was prepared as 

described in Section 2.1. A surfactant Triton X-705 (1% in 

volume) was added to a yellow-brown TaS2 single layer 

suspension to prevent flocculation. A lOmm optical path 

quartz cell was used and another identical cell with water and 

1% Triton X-705 was used as the reference, 

For comparison, a pure single crystal and fine powder 

suspension of the original 2H-TaS2 was also measured. A thin 

single crystal specimen of thickness 500-8008 (light yellow 

to orange-brown in transmission) was prepared by mounting a 



c r y s t a l  ( a b o u t  3mm a c r o s s )  on a  f u s e d  q u a r t z  d i s k  w i t h  a  s m a l l  

amount o f  epoxy and r e p e a t e d l y  p e e l i n g  t h e  c r y s t a l  u s i n g  

s t i c k y  t a p e .  To e l i m i n a t e  s c a t t e r e d  and s t r a y  l i g h t  t h e  epoxy 

u s e d  was min imal  and a  d a r k  p a p e r  s h i e l d  w i t h  a 2mm d i a m e t e r  

h o l e  was used  f o r  b o t h  s ample  and r e f e r e n c e  d i s k s .  

A f i n e  TaS2 powder s u s p e n s i o n  was u l t r a - s o n i c a l l y  

p r e p a r e d  f rom t h e  same b a t c h  of 2H-TaS2 c r y s t a l s .  The 1% 

T r i t o n  X-705 s u r f a c t a n t  was u s e d  i n  b o t h  s ample  and r e f e r e n c e  

ce l l  (10mm p a t h  l e n g t h )  and t h e  measurement  was c a r r i e d  o u t  

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

The Cary 17  s p e c t r o p h o t o m e t e r  was o p e r a t e d  i n  t h e  r a n g e  

f rom 300nm t o  1200nm ( 4 . 1 4  - 1.03eV) f o r  t h e  suspended  s a m p l e s  

and  f rom 300nm t o  1400nm (4 .14  - 0.89eV) f o r  t h e  t h i n l y  

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

v i s i b l e  and  i n f r a - r e d )  were u s e d .  

S i n c e  o u r  major c o n c e r n  was t h e  s h a p e  of  t h e  a b s o r p t i o n  

s p e c t r a ,  t h e  s ample  t h i c k n e s s e s  were n o t  measured and t h e  

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

s a m p l e s  was i g n o r e d .  

The 2H-TaS2 c r y s t a l s  u sed  were a l l  f rom g rowth  b a t c h  "S". 

3.2.2 O p t i c a l  A b s o r p t i o n  o f  NbS2 S i n g l e  L a y e r s ,  Regrown 
L a y e r s  and  S i n g l e  C r y s t a l s  -- Sample P r e p a r a t i o n  

The o p t i c a l  a b s o r p t i o n  of NbS2 s i n g l e  l a y e r  s u s p e n s i o n s  

h a s  been  somewhat e x t e n s i v e l y  s t u d i e d  b e c a u s e  of  t h e i r  



stability with regard to flocculation. Yellow-brown NbS2 

single layer suspensions were prepared as described earlier. 

A pair of lmm optical path length quartz cells was used. 

A random stacking NbS2 thin film (regrown layers) of about 

500A thick was obtained by drying NbS2 single layer 

suspensions on the surfce of a lmm path length quartz cell. A 

single crystal sample of about 800A thick for an optical 

measurement was prepared from the original 2H-NbS2 crystals 

using the same method which was used for TaS2. 

A Cary 17 spectrophotmeter was used in the range 

300-1200nm for NbS2 single layer suspension and 300-1400nm for 

pure 2H-NbS2 sample. For the random layer stacking NbS2 

sample the measurement was extended into the infra-red region 

to A = 2500nm (--0.5eV). This wide spectrum range was limited 

for the sample in suspension due to the absorption of water 

and for the single crystal sample due to the wrinkled surface 

of the crystal and the stray light scattered from the non- 

uniform epoxy layer. 

3.3 Experimental Results 

3.3.1 Optical Absorption of TaS2 Single Layers, 
Particles and Single Crystals 

The room temperature Cary 17 spectrophotometer results 

for various forms of TaS2 studied are shown in Fig. 3.1, where 

the spectra of TaS2 single layer suspension in water (solid 



F i g .  3 . 1 :  O p t i c a l  a b s o r p t i o n  s p e c t r a  o f  a 

TaS2 s i n g l e  l a y e r  s u s p e n s i o n  (- ) ,  

t h i n l y  c l e a v e d  2H-TaS2 ( - - - - )  a n d  

a n  u l t r a s o n i c a l l y  p r e p a r e d  2H-TaS2 

f i n e  p a r t i c l e  s u s p e n s i o n  (. . . . . ) . 





l i n e ) ,  a t h i n l y  c l e a v e d  2H-TaS2 ( b r o k e n  l i n e )  and a n  

u l t r a s o n i c a l l y  p r e p a r e d  2H-TaS2 f i n e  powder s u s p e n s i o n  i n  

water ( d o t t e d  1 i n e ) a r e  g i v e n  on t h e  same d i a g r a m  f o r  e a s y  

compar i son .  S i n c e  t h e  ma jo r  c o n c e r n  is  t h e  s h a p e  and t h e  

a b s o r p t i o n  peak  p o s i t i o n ,  t h e  v e r t i c a l  c o - o r d i n a t e  is l e f t  a s  

t h e  l o g a r i t h m  o f  10/1 t o  t h e  b a s e  1 0 ,  as g i v e n  d i r e c t l y  by 

t h e  Cary 17  s p e c t r o p h o t o m e t e r .  

The s p e c t r u m  of  a  t h i n l y  c l e a v e d  2H-TaS2 c r y s t a l  i s  

s i m i l a r  t o  t h e  r e s u l t s  of  Bea l  and L iang  (1973)  f o r  2B-TaS2. 

The f r e e  c a r r i e r  a b s o r p t i o n  e d g e  s t a r t i n g  around l O O O n n t  

(1.24eV) is e a s i l y  s e e n .  The main a b s o r p t i o n  peak  is a t  350nm 

(--3 .55eV) and t h e r e  is  a  s h o u l d e r  a r o u n d  600-700nm. The main 

p e a k ,  t h e  a b s o r p t i o n  e d g e  and t h e  s h o u l d e r  are i n  ag reemen t  

w i t h  Bea l  and L i a n g ' s  r e s u l t s .  T t  is t h o u g h t  t h a t  t h e  700nm 

s h o u l d e r  i n  t h e  s p e c t r u m  of t h i n l y  c l e a v e d  2H-TaS2 may b e  a n  

i n t e r - f e r e n c e  e f f e c t  between t h e  c r y s t a l  s u r f a c e s .  The 

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

c o n f i r m s  t h i s  s u g g e s t i o n .  

The s p e c t r u m  of t h e  TaS2 s i n g l e  l a y e r  s u s p e n s i o n  is i n  

c l o s e  ag reemen t  w i t h  t h e  r e s u l t s  o f  Murphy and H u l l  ( 1975)  f o r  

a s i m i l a r  TaS2 d i s p e r s i o n .  The main a b s o r p t i o n  peak  is  a t  

395nrn and t h e  f ree  c a r r i e r  a b s o r p t i o n  edge  i n  t h e  r e g i o n  of 1 

t o  1 . 5 e V  is almost c o m p l e t e l y  a b s e n t .  

The s p e c t r u m  o f  2H-TaS2 d i l u t e  f i n e  powder s u s p e n s i o n  i s  

r a t h e r  f l a t  d u e  t o  t h e  n o n - u n i f o r m i t y  and  l o w  c o n c e n t r a t i o n  of 



t h e  s u s p e n s i o n .  I n  s p i t e  of t h i s ,  it is o f  i n t e r e s t  t o  n o t e  

t h e  s i m i l a r i t y  o f  t h i s  s p e c t r u m  t o  t h a t  of t h e  TaS2 s i n g l e  

l a y e r  s u s p e n s i o n .  T h e  main a b s o r p t i o n  peak  is  a t  390nm which 

is  v e r y  c l o s e  t o  t h e  main peak  of  s i n g l e  l a y e r  s u s p e n s i o n .  

The f r e e  carr ier  a b s o r p t i o n  e d g e  is weakly e v i d e n t  and t h e r e  

i s  no s h o u l d e r  a r o u n d  600 t o  700nm i n  b o t h  s p e c t r a .  

3.3.2 O p t i c a l  A b s o r p t i o n  o f  NbS2 S i n g l e  L a y e r s ,  Regrown 
L a y e r s  and  S i n g l e  C r y s t a l s  

F i g .  3.2 shows t h e  s p e c t r a  of a  d i l u t e  yellow-brown NbS2 

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

t h i n l y  c l e a v e d  2H-NbS2 c r y s t a l  ( - 8 0 0 8  t h i c k )  and a  t h i n  f i l m  

( -  5 O O A  t h i c k )  o f  random s t a c k i n g  NbS2 s i n g l e  l a y e r s  on 

q u a r t z .  The major f e a t u r e s  o f  t h e s e  s p e c t r a  are s i m i l a r  t o  

t h o s e  f o r  TaS2. The main a b s o r p t i o n  p e a k s  of  t h e  s o l i d  s ample  

a r e  a t  430nm ( - 2 . 9 e V ) ,  w h i l e  f o r  t h e  s i n g l e  l a y e r  s u s p e n s i o n  

t h e  main peak  is a t  445 nm. The s h o u l d e r  a r o u n d  700-800nm 

which a p p e a r s  i n  t h e  s p e c t r u m  of  t h e  2H-NbS2 c r y s t a l  i s  n o t  

s e e n  i n  t h e  s p e c t r u m  of  t h e  s i n g l e  l a y e r  s u s p e n s i o n  and is 

v e r y  low i n  t h e  s p e c t r u m  of random s t a c k i n g  l a y e r s .  The f r e e  

c a r r i e r  a b s o r p t i o n  edge  which a p p e a r s  i n  t h e  s p e c t r u m  of  

2H-NbS2 a r o u n d  l ev  is  n o t  e v i d e n t  i n  b o t h  t h e  random s t a c k i n g  

and s i n g l e  l a y e r  s u s p e n s i o n  s p e c t r a .  For  t h e  random s t a c k i n g  

NbS2 l a y e r s ,  t h e  measurement  was e x t e n d e d  t o  2500nm 

(0.496eV) and i t  was found  t h a t  t h e  a b s o r p t i o n  remained  r a t h e r  



F i g . 3 . 2 :  O p t i c a l  a b s o r p t i o n  s p e c t r a  o f  NbS 
2 

s i n g l e  l a y e r  s u s p e n s i o n  (- ) ,  t h i n l y  

c l e a v e d  2H-NSS2 c r y s t a l  ( - - - - )  a n d  

t h i n  f i l m  of random s t a c k i n g  NbS 
2 

l a y e r s  on q u a r t z  ( 0 .  * .). 





low. Loglo Io/I rises from a minimum value of 0.11 at 

lOOOnm to 0.4 at 2500nm, while at the main peak loglo 10/1 

=0.92. In terms of the absorption coefficient a, the ratio of 

a at 0.495 eV to a at the main peak is about 1/2.3, which is 

lower than Beal and Liang's (1973) results of -- 111.2 for 

3R-NbS2, (the d ratio in our case neglects reflection.) 

3.4 Discussion of Optical Absorption of Single Layer 
Suspension of TaS2 and NbS2 

The optical absorption spectra of the single crystals as 

shown in Fig. 3.1 and Fig. 3.2 have been interpreted in terms 

of recent band models for the group V compounds (Fig. 

1.4()) The main peak observed at 2.8eV is considered to 

arise from 'dZ2" to "dlp' band transitions and some 

contribution may also come from the "p/dW to "dZ2" or even 

from "p/dl' to "d/p" band transitions depending on the amount 

of "p/dW - "dZ2" overlap (Beal and Nulsen, 1981). The 

free carrier absorption in the spectra of thinly cleaved 

single crystals below lev is due to the high concentration of 

free electrons in the half-filled "dz2" band. Any 

deviation from a half full band will result in reducing the 

effective number of free carriers (Beal and Nulsen, 1981). 

As one can see from Fig. 3.1 and Fig. 3.2, the spectra of 

single layer suspensions and that of 3-dimensional samples as 



a whole  are q u i t e  s imi la r  w i t h  some d i f f e r e n c e s  b e l o w  a b o u t  

2eV. The g e n e r a l  s i m i l a r i t y  i n  t h e  c u r v e s  i s  n o t  t o o  

s u r p r i s i n g  s i n c e  i n  h i s  band s t r u c t u r e  c a l c u l a t i o n s  M a t t h e i s s  

( 1 9 7 3 )  d i s c u s s e d  l a y e r - l a y e r  i n t e r a c t i o n  v e r y  c l e a r l y  a n d  

showed t h a t  t h e  i n t r o d u c t i o n  o f  i n t e r l a y e r  i n t e r a c t i o n  h a s  

o n l y  a small e f f e c t  on  t h e  s h a p e  a n d  s e p a r a t i o n  o f  t h e  e n e r g y  

b a n d s .  I n  F i g .  3.1 t h e  main  a b s o r p t i o n  p e a k  f o r  b o t h  t h e  

s i n g l e  l a y e r  TaS2 s u s p e n s i o n  and  t h e  2H-TaS2 powder  s u s p e n s i o n  

seems t o  h a v e  a r e d  s h i f t  o f  0.16eV r e l a t i v e  t o  t h e  p e a k  

p o s i t i o n  f o r  t h i n l y  c l e a v e d  2H-TaS2. From F i g .  3 .2  i t  c a n  b e  

s e e n  t h a t  t h e  m a i n  p e a k  f o r  s i n g l e  l a y e r  NbS2 s u s p e n s i o n  h a s  a 

r e d  s h i f t  o f  a b o u t  O . l e V  w h i l e  t h e  main p e a k  f o r  random 

s t a c k i n g  NbS2 s i n g l e  l a y e r s ,  which a r e  d r y ,  h a s  no  c h a n g e  a t  

a l l .  We can o f f e r  n o  e x p l a n a t i o n  f o r  t h e  s h i f t s  e x c e p t  t o  

n o t e  t h a t  a s h i f t  is o b s e r v e d  o n l y  when t h e  s a m p l e s  a re  i n  

water. F u r t h e r  work on o r i e n t e d  s u s p e n s i o n s  i s  d e s i r a b l e  h e r e .  

The weak s h o u l d e r  a r o u n d  1.7eV f o r  b o t h  2H-TaS2 a n d  

2H-NbS2 is  n o t  o b s e r v e d  i n  t h e  s i n g l e  l a y e r  s p e c t r a ,  a l t h o u g h  

a v e r y  weak s h o u l d e r  is p r e s e n t  i n  t h e  s p e c t r a  o f  t h e  TaS2 

c r y s t a l l i t e s  i n  s u s p e n s i o n  and  t h e  random s t a c k i n g  NbS2 

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

e x c i t o n s  ( W i l s o n  a n d  Y o f f e ,  l 9 6 9 ) ,  t r a n s i t i o n s  t o  or f rom t h e  

h a l f - f i l l e d  d band (Beal et  a l . ,  1 9 7 5 )  a n d  more r e c e n t l y  ( B e a l  

a n d  N u l s e n ,  1 9 8 1 )  t o  a n  i n t e r f e r e n c e  e f f e c t .  Our o b s e r v a t i o n s  

t e n d  t o  s u p p o r t  t h e  v i e w s  t h a t  t h e  s h o u l d e r  is  a n  i n t e r f e r e n c e  

e f f e c t .  



The major difference in the optical spectra of thinly 

cleaved single crystals and single layer crystals appears in 

the low energy range, i.e. in the free carrier absorption. Of 

particular significance is the result that for the random 

stacking NbS2 single layers where the reflectivity should be 

similar to a cleaved solid, the difference in free carrier 

absorption is still remarkable. This change in free carrier 

absorption is very similar to the organic complex intercalated 

group V layer compounds where the red shift of the free 

carrier absorption is explained by charge transfer from the 

organic molecules to the host. This charge transfer reduces 

the effective number of carriers since the "dz2" band is 

then more than half full. In our case, the process of 

possible charge transfer is not clear but it may be due to the 

possible presence of the originally intercalated hydrogen. A 

reduction in the carrier concentration could also be related 

to a loss in stoichiometry of the single layers during their 

preparation. Another possibility is that the breakdown of 

the 2H stacking sequence may give rise to a reduced carrier 

concentration, and also a possible increase in the effective 

mass (no band calculations are available for other NbS2 

stacking sequences). It is clear that more work is required 

here. 

The observed absence of the charge density wave super- 

lattice in the single layer TaS2 is likely related to one or 



more of the above situations, and again more work is required 

here. 



Chapter 4 

Optical Absorption Studies of NbS2 Single 
Layer Suspensions in a Magnetic Field 

4.1 Introduction 

It was found that platelets of both TaS2 and NbS2 align 

in a magnetic field such that the layers are perpendicular to 

the magnetic field. This behaviour was observed by hanging a 

platelet of TaS2 (NbS2) single crystal in a magnetic field 

with the c axis of the crystal perpendicular to the suspending 

thin wire. The anisotropy in magnetic susceptibility is 

responsible for this behaviour. (I thank Dr. A.S. Arrott for 

discussions on this. ) 

It is well known that a magnetic dipole of moment 7 in a 

uniform magnetic field is subjected to a torque 3, given by 

so that the field tends to rotate the dipoles until they are 

parallel to the field. 

For an isotropic diamagnetic or paramagnetic platelet in 

a magnetic field the induced dipole moments have no preferred 

crystal direction and the stable position of the platelet 



would be that for the platelet aligned parallel to the field, 

as shown in Fig. 4.1. This is due to the difference between 

the demagnetization energy along the platelet and that 

perpendicular to the platelet. The situation is similar to a 

long diamagnetic or paramagnetic bar in a magnetic field, 

which has been studied thoroughly by Bozorth and Chapin 

(1942). 

For an anisotropic crystal, however, the situation is 

different. An anisotropy in magnetic susceptibility x causes 

the induced dipole moments to prefer the greater x direction, 

and as a result the crystal in a magnetic field tends to align 

with the greater x direction parallel to s. 
It was found that 2H-TaS2 has an anisotropy in suscepti- 

bility with the ratio x l / ~ U  around 2.2-2.5 (Hillenius 

and Coleman, 1978), where XI and are the 

susceptibilities with perpendicular and parallel to the 

crystal layers respectively. Thus it is clear that an 

anisotropic susceptibility is responsible for the fact that 

TaS2 platelets tend to align in a magnetic field with the 
--b 

layers perpendicular to B. A similar situation clearly 

applies for NbS2 platelets. 

MoS2, however, is almost isotropic in susceptibility 

(Belougne and Zanchetta, 1972) and as a result, thin platelets 

of MoS2 tend to align in a magnetic field with the layers 

parallel to s. This behaviour was also observed by suspending 
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S t a b l e  
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U n s t a b l e  

F i g - 4 . 1 :  S t a b l e  and u n s t a b l e  p o s i t i o n s  of an  i s o t r o p i c  

d i a -  o r  pa ramagne t i c  p l a t e l e t  i n  a magne t i c  

f i e l d .  



a thin platelet of 2H-MoS2 single crystal in a magnetic field 

with the c axis of the crystal perpendicular to the suspending 

wire. 

Because of the behaviour of TaS2 and NbS2 single crystal 

platelets in magnetic fields, we expect the same effect of 

magnetic field on single layer TaS2 and NbS2 suspensions. 

Fig. 4.2 shows the effect of the magnetic field on a TaS2 

single layer suspension, where Fig. 4.2(a) shows the dark 

brown TaS2 single layer suspension when B = 0 and Fig. 4.2(b) 

shows the same suspension becoming light yellow-brown in a 

field Of 8 K Gauss. The same phenomenon was observed for NbS2 

single layer suspensions. The forces tending to align the 

crystal platelets are balanced by the thermal 

motion. When a dilute yellow-brown NbS2 suspension and a 

higher field (23 K Gauss) was used, the suspension appeared 

just a very light yellow color, indicating that the alignment 

of single layers was more perfect. This alignment effect 

allows us to obtain optical information with the electric 

vector of the incident light nearly parallel to the c axis of 

the layers (z I z) by using polarized light and magnetic 
field. This information is difficult to obtain for bulk 

layered crystals unless optically suitable crystal edges are 

available. 



& <  ., ? i ,  i f  - ', * 

Fig .4 .2 :  E f f e c t  of a  magnetic f i e l d  on a dark brown 
* v .  

TaS s i n g l e  l a y e r  suspension 2 

(a) B=O 

( b )  B=8 KGauss 

(no p o l a r i z e r s ) .  



4.2 Experimental Arrangement for Measuring Absorption 
Spectra of Single Layers in Magnetic Fields 

To measure the absorption spectra of single layer NbS2 

suspensions with the electric vector of the incident light 

nearly parallel to the c axis of the crystal (2 I s) a magnet 
is needed to align the single crystals. This makes typical 

commercial spectrophotometers like the Cary 17 unsuitable for 

our special purpose and thus an experimental arrangement was 

assembled and the setup of the experiments is shown schemat- 

ically in Fig. 4.3. Compared to the standard double beam 

technique, the present setup is characterized by the using of 

a Polaroid filter, a depolarizer and an electromagnet. The 

Polaroid filter was fixed on a vertically rotatable frame and 

careful adjustment was made to ensure that the Polaroid filter 

remains in the same vertical plane when it is rotated. Thus 

the incoming white light can be plane polarized in any 

direction in the vertical plane by rotating the Polaroid 

filter without changing the intensities of the outgoing 

polarized light beams. A small electromagnet was used and two 

pieces of iron plate of 4cm diameter were inserted into the 

magnet gap, reducing t h e  gap t o  about 4.5mm s o  t h a t  t h e  m a x i m u m  

magnetic field was 23 K Gauss. For the small magnet gap, a 

pair of special quartz optical cells with a lOmm optical path 

length and an inner thickness of l.Omm were used as the sample 

and reference cells. They were fixed one over the other in 



Fig.4.3: Se t -up  f o r  o p t i c a l  a b s o r p t i o n  measu remen t s  

o f  NbS2 s i n g l e  l a y e r  s u s p e n s i o n  i n  a 

m a g n e t i c  f i e l d .  (a reference c e l l  i s  posi- 

tioned beside the sample ce l l )  





the same vertical plane in the horizontal magnetic field. The 

incident parallel light beam was perpendicular to the 
--1 ---, 

direction of the magnetic field, that is, klB, where 2 is 

the wave vector of the incident light. The images of the 

sample and the reference were focussed onto a two-frequency 

(40 Hz and 100 Hz) mechanical light chopper and a two-aperture 

screen. The light passing through the sample and the light 

passing through the reference were thus modulated by two 

different frequencies and two equal cross-sections of these 

light beams were selected by the two-aperture screen. Since 

the cells are rather narrow, a suitable composition of lenses 

was chosen and careful adjustment was made to ensure that the 

images of the sample and the reference cells were slightly 

larger than the apertures. The sample and reference beam were 

focussed onto the entrance slit of a Jarrell-Ash 82-000 

spectrometer and the dispersed beams then entered a EM1 9558B 

photomultiplier. This tube has a S-20 response with the 

sensitivity peak at -4200A and allows a photon energy range 

from 1.8 to 3eV ( A  from 4000A to 7000A) to be suitably 

investigated. Since the sensitivity of the photomultiplier is 

position dependent, the sample and the reference beam should 

be carefully adjusted so that the corresponding dispersal 

beams can be as close as possible on the photocathode. To 

eliminate the influence of magnetic field on the 

photomultiplier, the photomultiplier is shielded by mu-metal 



sheets. The modulated sample and reference signals are picked 

up and amplified by a pair of PAR Model HR-8 lock-in 

amplifiers, and the ratio 10/1 is taken by an ITHACO 3512 

ratiometer and recorded on a chart recorder. 

To i~ivestigate the influence of magnetic fields on the 

absorption peak height, an X-Y recorder was used instead of 

the chart recorder and a Bell 620 gaussmeter was used to 

measure the magnetic field. 

Since the spectrometer optics treat the different modes 

of polarization differently, a depolarizer was used in this 

experiment. The depolarizer used consists of two wedges of 

quartz (positive uniaxial crystal). The depolarizer was 

oriented with the wedge edge at 45' to the horizontal 

direction, thus we have the effect of a variable wave plate 

which produces effective depolarization for all wavelengths. 

4.3 Measurements of the Optical Absorption Spectra of 
NbS2 Single Layer Suspensions in Magnetic Field 

The measurements were made for NbS2 only, since NbS2 

single layer suspensions are much more stable than TaS2 single 

layer suspensions with regard to flocculation. Dilute 

yellow-brown NbS2 single layer suspensions in water were 

prepared as before. A pair of flat lOmm optical path length 

quartz cells were used, one for the sample and one filled with 



water as a reference (for both sample and reference cells 

filled with water, the absorption spectrum was very close to a 

straight line in the desired range from 4000 to 7000A). The 

reading of the wavelength in the spectrometer was calibrated 

using a mercury lamp. 

Measurements were carried out first for B = 0 .  In the 

zero field and horizontally polarized incident light (2 H z), 
the spectrum of a dilute yellow-brown single layer NbS2 

suspension was measured in the range from 4000A to 70008 

( - 3.1 -1.77eV). It was found that when B = 0, the direction 

of polarization of incident light made no significant 

difference to the spectrum. 

Then a magnetic field of 23 K Gauss was applied and the 

spectrum was measured with the sample and Polaroid filter 

unchanged. Finally, by rotating the Polaroid filter by 90•‹,  

the direction of polarization was changed from horizontal 
* +  (2 I s) to vertical (ELB) and the spectrum of the same 

sample in a 23 K Gauss magnetic field and under vertically 

polarized incident light was measured. 

During the measurement, since the sensitivity of the 

photomultiplier changes with wavelength, the sensitivity range 

of two lock-in amplifiers were adjusted to keep the amplifiers 

from overloading. 

Attempts to solidify the aligned layers in suspension 

using gelatin and by cooling in a magnetic field were tried 



without success. When the gelatin set, no optical anisotropy 

was observed, and when the suspension was frozen, it became 

opaque and no optical measurement could be made. 

To investigate the influence of magnetic field on the 

absorption peak (at around 4600A), the scanning spectrometer 

was fixed at 4600A and an X-Y recorder was used. A Bell 620 

gaussmeter was used with its probe fixed beside the sample 

cell. The magnetic field was varied slowly (from 0 to 23 K 

Gauss in about 5 minutes) to ensure that the single layers in 

suspension had enough time to align up. (When the magnetic 

field was changed it took just a few seconds for the layers to 

reach equilibrium.) The measurements were carried out for 

both B increasing and B decreasing and repeated several 

times. The consistency of results was quite good. 



4.4 Exper imenta l  R e s u l t s  of  O p t i c a l  Absorpt ion  Measurements 

on NbSZ S i n g l e  Layer  Suspens ions  i n  a  Magnetic  F i e l d  

F i g u r e  4.4 shows t h e  a b s o r p t i o n  spec t rum o f  t h e  s i n g l e  

l a y e r  NbS2 s u s p e n s i o n  i n  a  magnet ic  f i e l d  of  23  KG f o r  
A A 

ENB and &g, a l o n g  w i t h  t h e  spec t rum of  t h e  same NbS2 s i n g l e  
A A 

l a y e r  s u s p e n s i o n  i n  z e r o  f i e l d  f o r  EJIB. When B=O, t h e  

spec t rum is  e s s e n t i a l l y  t h e  same a s  t h a t  o b t a i n e d  w i t h  t h e  

Cary 17 s p e c t r o p h o t o m e t e r  e x c e p t  t h e  main peak is now a t  

455 nm i n s t e a d  of  445 nm. When B=23 KGauss, a  r emarkab le  

f e a t u r e  is  t h e  t remendous d i f f e r e n c e  i n  a b s o r p t i o n  peak 
A * A _L -L .A 

h e i g h t  f o r  EIIB and EIB. The main peak h e i g h t  f o r  ElB is 
A A 

abou t  9  t i m e s  t h a t  f o r  E4B, w h i l e  t h e  main peak h e i g h t  f o r  

B=O is e x a c t l y  i n  between.  S i n c e  t h e  l a y e r s  o f  NbS2 a r e  near- 

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

t h e  main peak h e i g h t ( I o / I  a t  A=4600A) f o r  Elb is 9  t i m e s  

t h a t  f o r  ~ J J E .  To e x p r e s s  t h e  a b s o r p t i o n  peak i n  terms o f  

t h e  a b s o r p t i o n  c o e f f i c i e n t  o c ,  w e  can assume t h a t  a i s  t h e  

-LA-. 

same f o r  t h e  c a s e  of  E l c ,  k l z  and f o r  t h a t  o f  EG,S/& and 

assume i n  o u r  exper iment  t h e  " e f f e c t i v e  t h i c k n e s s t 1  of t h e  

sample is  t h e  same f o r  b o t h  E l l , h d  and %/l.k~d. Using a  

v a l u e  of a of 6.5 *lo5 cm-' a t  t h e  main a b s o r p t i o n  peak f o r  

& i , $ a b  ( Y o f f e ,  1 9 7 4 ) ,  w e  can e s t i m a t e  t h a t  t h e  sample 

e f f e c t i v e  t h i c k n e s s  is abou t  450A. T h i s  g i v e s  an d o f  abou t  

5 -1 1.6x10 c m  f o r  E//E a t  t h e  main peak.  That is, t h e  a b s o r p t i o n  



Fig.4.4: O p t i c a l  a b s o r p t i o n  s p e c t r a  o f  a  NbSZ 

s i n g l e  l a y e r  s u s p e n s i o n  i n  2 3  KGauss 

m a g n e t i c  f i e l d  f o r  245 ( d o t t e d  l i n e )  

and  ( b r o k e n  l i n e ) ,  compared w i t h  
-4 A 

t h e  z e r o  f i e l d  s p e c t r u m  f o r  E//B 

( s o l i d  l i n e ) .  



WAVELENGTH (A) 



c o n s t a n t  a t  2.7 e V  f o r  ELE is about  f o u r  times g r e a t e r  than  

t h a t  f o r  %?b. 

I t  was a l s o  n o t i c e d  t h a t  t h e  main peak s h i f t e d  from 

t h e  z e r o  f i e l d  v a l u e  of 45508 t o  4650A ( a n  energy s h i f t  of  

abou t  0 .06  eV) when v e r t i c a l l y  p o l a r i z e d  l i g h t  (ZlE) and 
A A 

23 KGauss f i e l d  were used .  For E//B, t h e  main peak remained 

a t  4550A i n  t h e  23 KGauss f i e l d .  I t  is of  i n t e r e s t  t o  
A a 

n o t e  t h a t  w i t h  E//B p o l a r i z e d  i n c i d e n t  l i g h t ,  f o r  h>6500!4, 

t h e  NbSZ s i n g l e  l a y e r  s u s p e n s i o n  i n  t h e  23 KGauss f i e l d  h a s  

no o b s e r v a b l e  a b s o r p t i o n  ( I. / I = l )  . 
F i g u r e  4 .5  shows t h e  r e l a t i o n  of t h e  a b s o r p t i o n  peak 

A A 

h e i g h t  ( I o / I  a t h = 4 6 0 0 A )  V S .  magnet ic  f i e l d  f o r  b o t h  ENB 
-L -L A 

and EIB. For E//B, t h e  a b s o r p t i o n  d e c r e a s e s  r a t h e r  f a s t  a s  

t h e  magne t i c  f i e l d  i n c r e a s e s  from 0 t o  12 KGauss and t h e n  

d e c r e a s e s  more g r a d u a l l y  w i t h  i n c r e a s i n g  B. For  RIB, t h e  

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

t o  l e v e l  o f f  a t  h i g h  f i e l d s .  



F i g .  4 . 5 :  Absorp t ion  peak h e i g h t  ( I  a t  A =4600A)  
A a 

VS. magnctic ficld f o r  b o t h  ENB ( * * * a )  

-.. -L 

and E I B  p o l a r i z e d  i . n c i d e n t  l i g h t  (- ---). 





4 . 5  D i s c u s s i o n  of  P o l a r i z a t i o n  Dependent O p t i c a l  Absorp t ion  

o f  NbS S i n g l e  Layer Suspens ions  

From F i g . 4 . 5  i t  can be seen  t h a t  when t h e  magne t i c  f i e l d  

i n c r e a s e s  t o  h i g h  v a l u e s  (>23 KG), t h e  a b s o r p t i o n  peak  h e i g h t  
2 A A -L 

( I o  / I  a t  ~ = 4 6 0 0 A )  f o r  b o t h  E//B and E l B  p o l a r i z e d  i n c i d e n t  

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

s t r o n g  magne t i c  f i e l d  t h e  s i n g l e  l a y e r s  of NbS2 i n  s u s p e n s i o n  

a l i g n  themse lves  w i t h  t h e  c a x i s  n e a r l y  p a r a l l e l  t o  t h e  f i e l d  

and t h e  wave v e c t o r  of  t h e  i n c i d e n t  l i g h t  c l o s e l y  p a r a l l e l  

t o  t h e  l a y e r  p l a n e  ( i . e .  approx imate ly  b/,g and 2 ~ d ) .  The 

s i t u a t i o n  can  b e  shown s c h e m a t i c a l l y  i n  F i g . 4 . 6 .  ~ a s e d  on 

t h e s e  c o n s i d e r a t i o n s  w e  can  r e g a r d  o u r  e x p e r i m e n t s  i n  t h e  

2 3  KG f i e l d  a s  a n  o p t i c a l  a n i s o t r o p y  s t u d y  on s i n g l e  l a y e r  

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

peak h e i g h t  f o r  ENC and can i n  p r i n c i p l e  be d i s c u s s e d  

i n  terms of t h e  b u l k  a n i s o t r o p i c  c r y s t a l  s t r u c t u r e  and t h e  

s e l e c t i o n  r u l e s  which govern  t h e  i n t e r b a n d  t r a n s i t i o n s ,  t o  

t h e  e x t e n t  t h a t  t h e  m u l t i l a y e r  models app ly  t o  s i n g l e  l a y e r s .  

Liang (1973) h a s  g iven  a g e n e r a l  d i s c u s s i o n  on t h e  

o p t i c a l  a n i s o t r o p y  of  l a y e r e d  compounds and p o i n t s  o u t  t h a t  

a  s i n g l e  l a y e r  h a v i n g  t h e  t r i g o n a l  p r i s m  c o o r d i n a t i o n  ( such  

a s  a  NbSZ l a y e r )  i s  i n v a r i a n t  under  a r e f l e c t i v e  o p e r a t i o n  

w i t h  r e s p e c t  t o  r e f 1 e c t i o n . j . n  t h e  N b  p l a n e .  The e l e c t r i c  

v e c t o r  of t h e  i n c i d e n t  l i g h t ,  and hence t h e  e l e c t r i c  d i p o l e  

o p e r a t o r ,  a l s o  t r a n s f o r m s  e i t h e r  w i t h  even o r  odd p a r i t y  

depending on Z I ~  o r  r e s p e c t i v e l y .  S i n c e  t h e  t r a n s i t i o n  



I n c i d e n t  
l i g h t  

Fig.4.6: S c h e m a t i c  d i a g r a m  showing  t h e  a l i g n m e n t  o f  

s i n g l e  l a y e r  NbSZ ( r e p r e s e n t e d  by  s h o r t  

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

o f  t h e  i n c i d e n t  l i g h t ,  t h e  m a g n e t i c  f i e l d  

and  t h e  c a x i s  of  t h e  s i n g l e  l a y e r s  are 

a l s o  shown. 



m a t r i x  e l e m e n t  i s  made up f rom t h e  p r o d u c t  o f  w a v e f u n c t i o n s  o f  

t h e  i n i t i a l  and  f i n a l  s ta tes  and  t h e  e lect r ic  d i p o l e  o p e r a t o r  

( s p i n  n e g l e c t e d ) ,  a n d  is non-zero  o n l y  when t h e  p r o d u c t  is a n  

even  f u n c t i o n ,  o n l y  t r a n s i t i o n s  be tween  s t a t e s  o f  t h e  same 

r e f l e c t i o n  p a r i t y  c o n t r i b u t e  t o  t h e  a b s o r p t i o n  f o r  E16 and  

o n l y  t r a n s i t i o n s  be tween  s ta tes  o f  o p p o s i t e  r e f l e c t i o n  p a r i t y  

c o n t r i b u t e  t h e  a b s o r p t i o n  f o r  & / E .  

To c o n n e c t  o u r  s p e c t r a  f o r  NbS2 w i t h  band s t r u c t u r e  c a l -  

c u l a t i o n s ,  w e  n o t e  t h a t  t r a n s i t i o n s  be tween  h i g h  d e n s i t y  o f  

s t a t e s  r e g i o n s  a r e  r e s p o n s i b l e  f o r  t h e  a b s o r p t i o n  p e a k s  i n  

t h e  o p t i c a l  s p e c t r a .  Thus i n  a n  a s s i g n m e n t  o f  an o b s e r v e d  

t r a n s i t i o n  peak  t o  a  band  model ,  o n e  g e n e r a l l y  l o o k s  f o r  

c o r r e s p o n d i n g  e n e r g i e s  be tween  f l a t  band r e g i o n s  i n  t h e  band 

s t r u c t u r e .  

Band s t r u c t u r e s  o f  2H-NbSe2 have  been  c a l c u l a t e d  by 

M a t t h e i s s  (1973)  and  by Wexler and  Woolley ( 1976 ) ,  however ,  

f o r  2H-NbS2 o n l y  t h e  l o w e s t  d  sub-band is p r o v i d e d  (Wexler  and 

Wool ley ,  1 9 7 6 ) .  An e a r l y  and  se ldom c i t e d  c a l c u l a t i o n  by 

Kasowski (1973)  f o r  2H-MoS2 and  2H-NbS2 d o e s  e x i s t ,  b u t  i t  

d o e s  n o t  f i t  t h e  NbSZ r e s u l t s  and  it is  a l s o  q u i t e  d i f f e r e n t  

f rom o t h e r  c a l c u l a t i o n s  f o r  2H-MoS2 and  2H-NbSe2 a n d  h a s  been  

c r i t i c i z e d  by M a t t h e i s s  ( 1 9 7 3 ) .  



The i n t e r b a n d  t r a n s i t i o n  f o r  s i n g l e  c r y s t a l  2H-NbS a t  
2  

2 . 7  e V  h a s  been  d i s c u s s e d  by P a r k i n  and  B e a l  ( 1 9 8 0 )  and  is 

a t t r i b u t e d  t o  "dZ2" t o  "d /p"  t r a n s i t i o n s  w i t h  a s m a l l  

c o n t r i b u t i o n  f rom "p /d"  t o  "d/p"  t r a n s i t i o n s  ( s e e  t h e  e n e r g y  

band  scheme,  F ig .  1 . 4 ) .  The n o m e n c l a t u r e  s u c h  as " p / d M  

i n d i c a t e s  band h y b r i d i z a t i o n  - i . e . ,  t h a t  t h e  c h a l c o g e n  

"p" b a n d s  a r e  h y b r i d i z e d  w i t h  t h e  metal "d" b a n d s .  S i n c e  

p u r e  "d" t o  "d" t r a n s i t i o n s  are  f o r b i d d e n  by s e l e c t i o n  r u l e s ,  

it is t h i s  h y b r i d i z a t i o n  t h a t  a l l o w s  f o r  t h e  i n t e r b a n d  

a b s o r p t i o n  be tween  "d" b a n d s .  T h i s  a s s i g n m e n t  is c o n s i s t e n t  

w i t h  t h e  j o i n t  d e n s i t y  o f  s t a t e s  c a l c u l a t i o n s  f o r  2H-NbSe2 

o f  L iang  and  B e a l  ( 1 9 7 6 )  and  Doran e t  a1 ( 1 9 8 1 ) .  Both  of  t h e s e  

c a l c u l a t i o n s  i g n o r e  p o l a r i z a t i o n  e f f e c t s .  

A p r o p e r  and  s i g n i f i c a n t  compar i son  o f  o u r  p o l a r i z a t i o n  re- 

s u l t s  on s i n g l e  l a y e r  NbS2 r e q u i r e s  j o i n t  d e n s i t y  o f  s t a t e s  

c a l c u l a t i o n s  on a  s i n g l e  l a y e r  model f o r  i n t e r b a n d  t r a n s i t i o n s ,  

w i t h  t h e  i n c l u s i o n  of  p o l a r i z a t i o n  e f f e c t s .  

I n  s p i t e  o f  a  l a c k  o f  t h e o r y  a p p r o p r i a t e  t o  o u r  r e s u l t s  

on s i n g l e  l a y e r  NbS2, w e  c a n  make some u s e  of t h e  s i n g l e  l a y e r  

band  model f o r  MoS2, r e c o g n i z i n g  t h a t  t h e  band s t r u c t u r e  of  

s i n g l e  l a y e r  NbSZ is  e x p e c t e d  t o  b e  s i m i l a r  t o  t h a t  f o r  XoS, &d 

( M a t t h e i s s ,  1 9 7 3 ) .  The i n t e r b a n d  peak  a t  2 . 7  e V  f o r  2H-NbS2 

is a l so  o b s e r v e d  i n  2H-MoS2 a t  2 . 8  e V .  We u s e  t h e  t r a n s i t i o n  



a s s i g n m e n t s  made f o r  MoS f o r  a  s i n g l e  l a y e r  model by Bea l  2  

e t  a 1  (1972)  t o  h e l p  a n a l y s e  o u r  r e s u l t s .  

The two d imens iona l  B r i l l o u i n  zone (Bromley e t  a l ,  1972) 

and Beal  e t  a l ' s  e x p e r i m e n t a l l y  f i t t e d  band s t r u c t u r e  of  

s i n g l e  l a y e r  MoSZ a r e  shown i n  F i g .  4 . 7 ( a )  and F i g .  4 . 7 ( b )  

r e s p e c t i v e l y .  I n  F i g . 4 . 7 ( b )  t h e  bands  of  odd and even p a r i t y  

w i t h  r e s p e c t  t o  t h e  r e f l e c t i o n  on t h e  p l a n e  o f  t h e  l a y e r  a r e  

r e p r e s e n t e d  by broken and s o l i d  l i n e s  r e s p e c t i v e l y .  From 

F i g . 4 . 7 ( b )  i t  can be s e e n  t h a t  

t h e  t o p  v a l e n c e  band and 22 i n  

Bea l  e t  a l '  s (1972)  ass ignment  

t o  t h e  2 .76  e V  a b s o r p t i o n  peak 

t h e  energy gap between Q; i n  

t h e  conduc t ion  band is 2 . 7 6  e V .  

s t a t e s  t h a t  Q;+ Q; c o r r e s p o n d s  

i n  t h e  spec t rum of 2H-MoS2. 

T h i s  t r a n s i t i o n  is v e r y  c l o s e  t o  t h e  2 . 7  e V  observed i n  t h e  

spec t rum o f  NbSZ. O t h e r  gaps  d e v i a t e  even f u r t h e r .  Thus t h e  

a b s o r p t i o n  peak a t  2 . 7  e V  f o r  NbSZ may be due t o  t h e  t r a n s i -  

t i o n s  between two f l a t  bands a t  Q; ( i n  t h e  t o p  v a l e n c e  band) 

and Q; ( i n  t h e  conduc t ion  b a n d ) ,  i . e . ,  Q;--+ Q;. T h i s  

t r a n s i t i o n  is a l lowed  f o r  z l b  o n l y  s i n c e  i t  is between s t a t e s  

of  t h e  same r e f l e c t i o n  p a r i t y .  

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

py s t u d i e s  made on t h e  l a y e r e d  compounds u s i n g  a b s o r p t i o n  

measurements.  S i n c e  s t r o n g  a b s o r p t i o n  is accompanied by h i g h  

r e f l e c t i v i t y ,  i t  is  of i n t e r e s t  t o  compare o u r  measurements 

w i t h  measurements on t h e  a n i s o t r o p i c  r e f l e c t i v i t y  from t h e  

edge of  l a y e r e d  compounds made by Liang (1973) .  No observa-  



F i g . 4 . 7 :  ( a )  The two d i m e n s i o n a l  B r i l l o u i n  z o n e  o f  MoS2 

( b )  E x p e r i m e n t a l l y  f i t t e d  s i n g l e  l a y e r  b a n d  

s t r u c t u r e  of  MoS2, where b a n d s  o f  odd  and  

e v e n  p a r i t y  w i t h  r e s p e c t  t o  t h e  r e f l e c t i o n  

on  t h e  p l a n e  o f  t h e  l a y e r  are r e p r e s e n t e d  

by b r o k e n  and  s o l i d  l i n e s  r e s p e c t i v e l y .  

( ( a ) :  t a k e n  f rom Bromley e t  a l ,  1972 

( b )  : t a k e n  f rom B e a l  e t  a l ,  1972 ) 



t i o n s  h a v e  been made f o r  2H-NbS2 f o r  & E ,  however,  Liang h a s  

measured t h e  edge  r e f l e c t i v i t y  s p e c t r a  o f  2H-NbSe2 and 

3R-NbS2 a t  78' K f o r  b o t h  g ~ c '  and h?. For  2H-NbSe;, a  

weakened r e f l e c t i v i t y  peak a t  2 . 5  e V  is obse rved  f o r  E//d 

r e l a t i v e  t o  E l d .  I n  c o n t r a s t ,  f o r  3R-NbS2 t h e  r e f l e c t i v i t y  

peak obse rved  a t  2 . 7  eV is s t r o n g l y  s u p p r e s s e d  f o r  &/z. 
The photon energy  r a n g e  i n  ~ i a n ~ ' s  r e f l e c t i v i t y  s p e c t r a  is 

t o o  narrow t o  make a  Kramers - Kronig a n a l y s i s  and a s  a  

r e s u l t  it  is i m p o s s i b l e  t o  make a  q u a n t i t a t i v e  comparison 

w i t h  o u r  r e s u l t s ,  however,  i t  is s a f e  t o  s a y  t h a t  t h e  

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

a b s o r p t i o n  r e s u l t s  and i n  p a r t i c u l a r  t h e  t r a n s i t i o n  a t  2 . 7  

eV a p p e a r s  t o  b e  s t r o n g l y  s u p p r e s s e d  f o r  Znb i n  3R-NbS2. 

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

3R-NbS2 and t h e  s i n g l e  l a y e r  NbSZ r e s u l t s  g i v e s  some s u p p o r t  

t o  t h e  view t h a t  t h e  3 R  s t r u c t u r e  is more "two-dimensional" 

t h a n  t h e  2H s t r u c t u r e  ( B e a l  e t  a l ,  1972). I n  t h e  2H s t r u c t u r e  

t h e  NG s t a c k i n g  is A A A . . . ,  whereas i n  t h e  3R s t r u c t u r e  t h e  N b  

s t a c k i n g  is ABC ABC . * . .  There t h u s  a p p e a r s  t o  be more 

i n t e r a c t i o n  between t h e  l a y e r s  when t h e  Nb atoms a r e  s t a c k e d  

d i r e c t l y  above one a n o t h e r ,  a s  is t h e  c a s e  f o r  t h e  2H 

s t r u c t u r e .  

I t  would b e  d e s i r a b l e  t o  e x t e n d  our  measurement t o  bo th  



h i g h e r  a n d  lower e n e r g i e s  so  t h a t  o t h e r  f e a t u r e s  o f  t h e  

s p e c t r u m  can  b e  o b s e r v e d .  A t  p r e s e n t  t h i s  e x t e n s i o n  is 

l i m i t e d  by  o u r  i n s t r u m e n t a t i o n ,  n e v e r t h e l e s s  t h e  o b s e r v e d  

a n i s o t r o p y  i n  t h e  i n t e r b a n d  t r a n s i t i o n  f o r  E L ~  a n d  E//8 is 

r e m a r k a b l e  and  t h e  t e c h n i q u e  o f  a l i g n i n g  s m a l l  c r y s t a l  

p l a t e l e t s  ( n o t  n e c e s s a r i l y  s i n g l e  l a y e r s )  i n  s u s p e n s i o n  

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

s t u d i e s  o f  many l a y e r e d  compounds. 



Chapte r  5 

Conclusiorls  

A method of e l e c t r o i n t e r c a l a t i o n  of  hydrogen and w a t e r  

i n t o  s i n g l e  c r y s t a l  of  2B-TaS2 and 2H-NbS2 f o l l o w e d  by u l t r a -  

s o n i c  d i s p e r s i o n  h a s  been s u c c e s s f u l l y  used  t o  make TaS and 
2 

NbS s i n g l e  l a y e r s  i n  s u s p e n s i o n .  The X-ray d i f f r a c t i o n  re- 2  

s u l t s  have c o n v i n c i n g l y  shown t h e  v a r i o u s  s i n g l e  l a y e r  forms.  

I t  was found t h a t  each  l a y e r  was s e p a r a t e d  by w a t e r  f o r  a t  

l e a s t  l00A i n  t h e  " s o f t " ,  water-expended TaSZ and fibs2. The 

d e i n t e r c a l a t i o n  of w a t e r  was obse rved  w i t h i n  about  an hour .  

I n  o r d e r  t o  get f r e e l y  f l o a t i n g  s i n g l e  l a y e r  s u s p e n s i o n s ,  t h e  

u l t r a s o n i c  d i s p e r s i o n  must b e  c a r r i e d  o u t  a s  soon a s  t h e  

c r y s t a l s  a r e  water-expanded.  

On t h e  b a s i s  o f  o b s e r v a t i o n s  on s i n g l e  l a y e r s  and t h e  

r e s t a c k e d  l a y e r s ,  i t  was concluded t h a t  t h e  layers 

t h e  same s t r u c t u r e  as  t h e  o r i g i n a l  b u l k  c r y s t a l s  w i t h  t h e  a 

pa ramete r  r emain ing  unchanged t o  w i t h i n  one p e r c e n t .  S i n g l e  

l a y e r s  were examined under  t h e  e l e c t r o n  microscope and no 

charge  d e n s i t y  wave s u p e r l a t t i c e  was observed  down t o  25'~. 

I t  is b e l i e v e d  t h a t  when t h e  s i n g l e  l s y e r s  r e s t a c k  on g l a s s  

most of them a r e  randomly o r i e n t e d  and t h i n  f i l m s  formed i n  

t h i s  way appear  t o  be made up of p a r a l l e l  l a y e r  g r o u p s ,  e a c h  

of them o n l y  a  few l a y e r s  t h i c k .  These t h i n  f i l m s  a r e  

b e l i e v e d  t o  be  more "two-dimensional" t h a n  t h e  b u l k  l a y e r e d  

m a t e r i a l  and would be s u i t a b l e  f o r  s t u d i e s  o f  two-dimensional 



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

a n d  c h a r g e  d e n s i t y  wave f o r m a t i o n  e t c .  

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

s i n g l e  l a y e r s  o v e r  t h e  pho ton  e n e r g y  r a n g e  f rom 0 . 9  t o  4 .0  eV 

showed no  s i g n i f i c a n t  change  i n  t h e  i n t e r b a n d  e x c i t a t i o n  

compared t o  t h e  b u l k  material .  The a p p a r e n t  s u p p r e s s i o n  i n  

f r e e  car r ie r  a b s o r p t i o n  is l i k e l y  due t o  a r e d u c t i o n  i n  t h e  

number o f  f r e e  carriers b u t  t h e  r e a s o n  f o r  t h i s  r e d u c t i o n  is 

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

t r a n s i t i o n s  be tween  t h e  s i n g l e  l a y e r  s u s p e n s i o n s  and  t h e  

o r i g i n a l  b u l k  material is  n o t  s u r p r i s i n g  s i n c e  t h e  i n t e r l a y e r  

c o u p l i n g  h a s  o n l y  a s m a l l  e f f e c t  on t h e  band s t r u c t u r e  

( M a t t h e i s s ,  1973). On t h e  o t h e r  h a n d ,  one  might  e x p e c t  some 

d i f f e r e n c e s  i n  t h e  a b s o r p t i o n  o f  t h e  s u s p e n s i o n s  due  t o  t h e  

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

beam. 

The s i n g l e  l a y e r s  o f  TaSZ and  NbSZ i n  s u s p e n s i o n  c a n  be 

a l i g n e d  i n  a s u f f i c i e n t l y  h i g h  m a g n e t i c  f i e l d  w i t h  tug. 

From t h e  p o l a r i z a t i o n  dependen t  o p t i c a l  a b s o r p t i o n  measurements  

f o r  NbS2 s i n g l e  l a y e r  s u s p e n s i o n s  o v e r  t h e  e n e r g y  r a n g e  f rom 

1 .77  e V  t o  3 .1  e V ,  i t  was f o u n d  t h a t  t h e  a b s o r p t i o n  f o r  %/t is  

e x t r e m l y  s u p p r e s s e d .  Lack ing  r e l e v a n t  t h e o r y  f o r  NbSZ s i n g l e  



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

op t ica l  a n i s o t r o p y  u s i n g  a n  e x p e r i m e n t a l l y  f i t t e d  s i n g l e  

l a y e r  MoSZ band  model p r o p o s e d  by B e a l  e t  a1 (1972) .  

S i n g l e  l a y e r  and  s i n g l e  c r y s t a l  a n i s o t r o p y  r e s u l t s  

a l o n g  w i t h  a compar i son  w i t h  s i n g l e  l a y e r  and  i n t e r a c t i n g  

l a y e r  band  mode l s  w i l l  be u s e f u l  i n  d e t e r m i n i n g  t h e  e f f e c t s  

o f  i n t e r - l a y e r  i n t e r a c t i o n  on  t h e  e l e c t r o n i c  s t r u c t u r e  of 

t h e  l a y e r e d  compounds. 

T h i s  t h e s i s  is o n l y  a s t a r t  of t h e  s t u d i e s  of t h e  

s i n g l e  l a y e r  s y s t e m s  and  more f a s c i n a t i n g  p r o p e r t i e s  a re  

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