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HOPPING CONDUCTIVITY I N  THE PEIERLS GAP I N  H Y D R A Z I N E  
INTERCALATED TaS 

P.C. KLIPSTEIN, D.R.P. G U Y ,  A.M. GHORAYEB a n d  R.H. FRIEND 
Cavend i s h  Labora to ry  , Mad i n g l e y  Road, Cambridge , U.K. 

A b s t r a c t  The h y d r a z i n e  i n t e r c a l a t i o n  complexes  formed w i t h  
t h e  l a y e r e d  compound lT-TaSZ e x h i b i t  v e r y  s t r o n g  Fe rmi  s u r f a c e  
d r i v e n  s t r u c t u r a l  d i s t o r t i o n s .  They are  n o n - m e t a l l i c  be low 
room t e m p e r a t u r e  due t o  Anderson l o c a l i z a t i o n  o f  s ta tes  n e a r  
t h e  F e r m i  l e v e l  w h i c h  l i e s  i n  t h e  P e i e r l s  p s e u d o - g a p .  
R e s i s t i v i t y , p  , and thermopower,  S, measuremen t s  i n d i c a t e  t h a t  
t r a n s p o r t  i s  by v a r i a b l e  r a n g e  hopp ing ,  and a p r o p o r t i o n a l i t y  
i s  d e m o n s t r a t e d  be tween  l n p a n d  J(S/T) ove r  a wide  t e m p e r a t u r e  
range.  The c o n d u c t i o n  mechanism in t h i s  i n t e r c a l a t i o n  complex  
may be  compared w i t h  t h a t  i n  l i g h t l y - d o p e d  p o l y a c e t y l e n e ,  i n  
which t h e  Ferini  l eve l  a l s o  f a l l s  i n  t h e  P e i e r l s  gap. 

IT-TaS2 b e l o n g s  t o  a c lass  of " two-dimensional"  metals wh ich  

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

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

r e v e r s i b l y  b e t w e e n  t h e  a n d  t w o  complexes  a r e  p roduced ,  

3 R I  w i t h  0 < x < 2 1 3  a n d  3 R I e I  w i t h  2 / 3  < x < 413.  E a c h  s h o w s  a 

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

h y d r a z i n e  r e s p e c t i v e l y  b e t w e e n  a d j a c e n t  l a y e r s  o f  t h e  h o s t  

m a t  er  i a  15. 
The i n t e r c a l a t e d  mater ia l s  are  n o n - m e t a l l i c  as shown i n  f i g u r e  

I where t h e  r e s i s t i v i t i e s  o f  t h e  x = 2 / 3  and x = 413  complexes are 

compared w i t h  t h a t  of  t h e  p u r e  mater ia l  which h a s  an  incommensura t e  

t o  commensurate  P e i e r l s  t r a n s i t i o n  a t  Q 200K and shows weak ly  non- 

m e t a l l i c  b e h a v i o u r  b e l o w  50K. I n  a p r e v i o u s  p a p e r 4  w e  p r e s e n t  

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

p s e u d o - g a p  t o  n, l e v  i n  t h e  3 R I a I  c o m p l e x  a n d  f o r  A n d e r s o n  
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154 P. C. KLIPSTEIN d al. 

l o c a l i z a t i o n  o f  t h e  e l e c t r o n i c  s t a t e s  n e a r  t h e  F e r m i  l e v e l ,  E F ,  

which  l i e s  i n  t h i s  gap.  We d i s c u s s  h e r e  t h e  mechanism o f  

conduct ion i n  t h e  l i g h t  of  r e c e n t  t r a n s p o r t  measurements. 

FIGURE 1 R e s i s t i v i t y  of FIGURE 2 Logarithm of res- 
IT-TaS2 and t h e  two 
hydrazine i n t e r c a l a t i o n  p l o t t e d  a g a i n s t  "-113 
complexes 

i s t i v i t y  of TaS2(NzH4)0,82 

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

complexes do not  show s imple  a c t i v a t e d  behaviour  b u t  f o r  t h e  3RIeI 

m a t e r i a l ,  t h e  p l o t  i n  f i g u r e  2 shows t h a t  t h e  t w o  d i m e n s i o n a l  

v a r i a b l e  r a n g e  h o p p i n g  (VRH) r e l a t i o n  p = p,exp[T /TI 113 is 

approximately obeyed w i t h  To= 4.6 x 105K ( f i t t i n g  belo: 100K). I f  

w e  assume a l o c a l i z a t i o n  l e n g t h ,  a - ] ,  o f  IOH, t h i s  v a l u e  o f  To 

corresponds t o  a d e n s i t y  of s ta tes ,  N(EF) 'Ll.3 x 1020eV-1cm-3 4 9 7 .  

Such a v a l u e  is a f a c t o r  o f  100 below t h e  t y p i c a l  m e t a l l i c  v a l u e  

f o r  a d-band and  i s  a n  a c c e p t a b l e  v a l u e  f o r  E F  l o c a t e d  i n  t h e  

P e i e r l s  pseudo-gap. 
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THE PEIERLS GAP IN HYDRAZINE INTERCALATED TaS, 155 

The thermopower,  S ,  f o r  t h e  3 R I e I  complex is  p l o t t e d  i n  f i g u r e  3 

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

t e m p e r a t u r e .  For  a c t i v a t i o n  t o  a m o b i l i t y  edge  a t  Ec , .S=(E -E ) / k  T 

a n d  a s t r o n g  t e m p e r a t u r e  d e p e n d e n c e  i s  e x p e c t e d 7 .  On t h e  o t h e r  

h a n d ,  S = A(kB/e)’. y . (W2/kBT) w h e r e  W i s  t h e  most  

p r o b a b l e  hopping ene rgy  a t  a g i v e n   temperature,^ = ( I / N ) ( d N / d E ) l  

a n d  A i s  a c o n s t a n t  w i t h  a m o d e l  d e p e n d e n t  b e t w e e n  0.5 

and 0.05. For VRH i n  a c o n s t a n t  d e n s i t y  o f  s t a t e s  WaT3/4  i n  3 D  and 

W q T 2 / 3  i n  2D. C l e a r l y  t h e  d e n s i t y  o f  s t a t e s  i s  n o t  c o n s t a n t  

( o t h e r w i s e  y = 0 )  b u t  a s imi l a r  t y p e  o f  r e l a t i o n  be tween  W and T 

is  e x p e c t e d  which would l e a d  o n l y  t o  a weak dependence o f  S on T 

( S  i s  c o n s t a n t  i f  WaT1/’). We c o n c l u d e  t h a t  c o n d u c t i o n  i n  t h e  

3RI . I  mater ia l  i s  by VRH and n o t  by a c t i v a t i o n  t o  a m o b i l i t y  edge.  

C F  B 

f o r  V R H ,  

EF 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e s i s t i v i t y  i n  t h e  V R H  

r eg ime  may be e x p r e s s e d  a s  p = p  exp[(l+m)W/kBT] where  m i s  r e l a t e d  

t o  t h e  e f f e c t i v e  d i m e n s i o n a l i t y  f o r  hopp ing  by W a R - m  and R is  t h e  

most p r o b a b l e  hopping r a n g e  a t  a g i v e n  t e m p e r a t u r e .  We may r e l a t e  

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

t h e  r e l a t i o n  l n p  = l n p o  + ( I+m)B J(S/yT).  

0 

T h u s ,  f o r  y c o n s t a n t ,  

Inp=<S/T)  f o r  any  d i m e n s i o n a l i t y .  T h i s  i s  t h e  b e h a v i o u r  o b s e r v e d  i n  

f i g u r e  4 o v e r  a much w i d e r  r ange  o f  t e m p e r a t u r e  t h a n  t h e  r ange  over 

which l n p  i s  p r o p o r t i o n a l  t o  T-”3 i n  f i g u r e  2. 

From t h i s  p l o t  w e  e s t i m a t e  a v a l u e  4 <  y < 40eV-I ( t h e  r a n g e  

r e f l e c t s  t h e  d i f f e r e n t  v a l u e s  c a l c u l a t e d  f o r  A).  F o r  a n  

incommensurate  PLD we e x p e c t  EF t o  l i e  i n  t h e  m i d d l e  o f  t h e  P e i e r l s  

pseudo-gap and hence a s m a l l  v a l u e  f o r  y . However, i f  t h e  PLD is  

commensurate  EF  w i l l  be d i s p l a c e d  from t h e  c e n t r e  o f  t h e  P e i e r l s g a p  

a n d . y  may be q u i t e  1arge.We c o n s i d e r  t h e  v a l u e  e s t i m a t e d  f o r  y 

t o  b e  a c c e p t a b l e  i n  t h e  p r e s e n t  c a s e  w h e r e  t h e  PLD i s  

c ommen s u r  a t e 6 .  
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156 P. C. KLIPSTEIN el al. 

I I I 1  
800 - 
600 - Ta S2(N2Hbl@82 

200 - 
loo- ;o 4b Qo Bblt 2k m 

T (KI 

FIGURE 3 Thermopower vs. T FIGURE 4 Logarithm of res- 
in TaS2 (N2H4) o. 82 istivity vs. square root of 

thermopower divided by tem- 
perature in TaS2(N2H4)0. 82 

Finally, we point out that a close relationship may exist 

between the conduction mechanism in the present intercalation 
complexes and that in lightly-doped samples of polyacetylene which 
exhibit non-metallic properties. In those samples the Fermi level 
should also lie in the Peierls gap, the gap between the soliton and 
conduction bands . 10 
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