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RE S I S T I V I TY AN D T H R E S HO L D  E L EC T R I C  F I E L D  M EA S U REMENTS  UN D E R  

P R E S S U R E  FOR  TH E I N O RG AN I C  C HA I N  C O N DU C TO R  ( N b Se 4 ) 1 0 1 3 1

M .  Pe t r a v i c ,  L .  Fo r r6 a n d  J . R . Coop e r 

I n s t i t u te o f  P h y s i c s o f  t h e  U n i ve r s i t y ,  B i j e n i c k a  c .  4 6  

P O Box 3 0 4 , 4 1 0 0 1  Z ag re b , Y u g o s l a v i a

We r epo r t  r e s i s t i v i ty a n d  t h re s h o l d e l e c t r � c f i e l d  me a s u re ­
me n t s u n d e r p re s s u re on  t he l i n e a r c ha i n  compound  ( N b se 4 ) 1 0 1 3

1
wh i ch i s  a c h a rge  d e n s i t y w a ve s y s tem  s h ow i n g no n l i n e a r 
con d u c t i v i t y .  F rom re s i s t i v i t y me a s u reme n t s  ( i n  l ow e l e c t r i c f i e l d ) 
we d e t e rm i n e d  t he p h a s e  t r a n s i t i on tempe ra t u re  T a n d  t h e  v a l ue 
o f  t h e  e n e r g y  g a p  .6 . T h e  t h re s ho l d f i e l d  w a s  d e ? e rm i n e d  f rom
me a s u reme n t s  of d i f fe ren t i a l r e s i s t a n ce dV/d l . The  re s u l t s a re
comp a red  w i t h  p re s s u re wo r k  on t h e  re l a te d  compou n d  ( T a s e4 ) 2

1
a n d  a re d i s c u s s e d  i n  t h e  l i g h t  o f  s ome  r ecen t l y  p u b l i s h e d  
t h e o re t i ca l  mode l s .

( N b Se 4 ) 1 0 1 3 1 i s  a q u a s i o n e - d i me n s i o n a l ( l d ) me t a l  wh i ch  s h ows
a s t r u c t u ra l p ha se  t ra n s i t i on o f  t h e  Pe i e r l s  t y p e  a t  T =2 8 0  K ,

a s so c i a t e d w i t h  t he fo rma t i on o f  a c h a rge  d e n s i t y wave
c

( C DW )
( l ) 

As i n  o t h e r  l d  compo u n d s , t h e  C DW i s  p i n n ed by i mp u r i t i e s o r  
de fe c t s , bu t c a n  be d e p i n n e d by a sma l l e l e c t r i c  f i e l d  a bove  a 

th re s h o l d  va l ue ( E1 ) ( 2 ) . Th e  " s l i d i n g"  C DW g i ve s  t he n  an  e x t ra
co n t r i b u t i on to  the  e l e c t r i ca l  c o n d u c t i v i t y and  the  re s p o n s e  of  

t he  s y s t em to  t he ap p l i e d vo l t ag e  be come s n o n - l i n ea r ,  

I n  t h i s  p a p e r we r epo r t  re s i s t i v i t y a n d  t h re s h o l d  f i e l d  me a s u ­

reme n t s  f o r  ( N b s e4 ) 1 0 1 3
1 u n d e r p re s s u res u p  to  1 6  k b a r .

T he s i n g l e  c ry s t a l s  o f  ( N b Se 4 ) 1 0 1 3 1 we re  s y n t h e s i z e d  a t  t h e
I n s t i t u te o f  P h y s i q ue  Ap p l i q ue� , L a u s an n e , by  p ro f .  F .  L e vy . 

C u r re n t a n d  vo l t a g e  p ro b e s  we re made  on s amp l e s  o f  t y p i ca l  d i me n ­
s i on s  2 . 5x0 . 1 5 x 0 . 0 5 mm 3 b y  e va po r a t i ng g o l d .  A l l t h e  me a s u remen t s

we re  c a r r i e d  i .n a comme r c i a l l y  a va i l a b l e  p re s s u re ce l l  ( " Un l p re s s ; 

Po l an d , L C  2 0 I i q u i d  c e l 1 ; o n  l oa n  -f rom t he C e n t ra l  Re s e a r c h  

I n s t i t u te fo r P h y s i cs ,  B u d a pe s t ) w h i c h  c a n  b e  u s e d  fo r p re s s u re s

u p  t o  2 0 k ba r . The  p re s s u re t ra n s m i t t i n g med i um wa s t s open t a n e  a n d  

t h e  p re s s u re wa s mon i t o re d  i n s i de t h e  ce l l  w i t h  an l n S b  re s i s t a n c e  
sen s o r .  
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I n  F i g . 1 a re s h own s ome re s i s t i v i t y d a t a  i n  t he reg i on o f  t h e  

p ha s e  t ra n s i t i on fo r t w o  s ampJ e s  u n d e r d i f fe re n t p re s s u re s . T h e  

p h a s e  t r an s i t i on t emp e r a t u re l
e 

was  d e te rm i n e d  f rom t h e  p e a k  i n  

t h e  l og a r l tm i c de r i v a t i ve . Be l ow Tc t he re s i .s t i v i ty i s  .a c t i v a t e d

C J = f0 e x p  �/ k
8

T )  � n d  t h e  v a l u e s  o f  e n e r g y  g a p  6 we re  d e d u ce d

f rom t h e  s l o p e s  o f  l ogf - 1 /T 
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cu rve s i n  t h e  l ow �empe ra t u re 

reg i on ( 1 4 0 K - 2 0 0 K )  . 
F i g . 2 s hows t he p re s s u re 

de pen den ce  o f  Tc a n d  6 d e t e rm i ­
n e d  a s  de s c r i b e d  a b ove  • 

F i g .  3 s hows a ty p i c a l  

dV/d l c h a r a c te r i s t i c  f rom wh i c h 
t h e  t h r e s ho l d  e l e c t r i c f i e l d 

was  d e t e rm i n e d  a s  � he  va l u e  o f  
a pp l i ed vo l t ag e ( d i v i de d  by  t h e  

d i s t a n ce be tween  t h e  con t a c t s ) 

fo r wh i c h  t h e  dV/d l c h a r a c te r i ­
s t i c b eg i n s to s how n o n - l i n e r  

b eh a v i ou r .  

T h e  tempe r a t u re d e pe n den ce 

1 031 T (1/K ) 

F I  G .  1 .

o f  t h e  t h re s ho l d  f i e l d  fo r t h ree

s a mp l es u n d e r d i f f e ren t p re s s u r e s
i s  s h own I n  F i g . 4 . We d o  n o t

u n d e r s t a n d  why  ET fo r s amp l e  1
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sa t u ra te s  b e l ow 1 8 0K a n d  t h i s  s e t  o f  d a t a  wa s exc l u d e d  f rom  t h e  

a n a l y s i s  g i ven  be l ow .  

dV
• • p(kbar) e u tT ••o• {2-8 0 � ' .. �n )2 X � o X 

di • � 16 • w 
0

o l
,,_ 10 

0 V= I· .. � 
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As s hown  i n  F i g .  2 , Tc i n c re a s e s  f o r  p re s s u re u p  t o  6 k b a r

5 

• 

an d t h a n  b eg i n s to  d e c r e a s e , wh i l e .6 d e c r e a s e s  i n  t h e  who l e  p re ­

s s u re i n t e r va l .  I t  h a s  b e e n  s ug ge s t e d ( 3 ) t h a t t d  f l u c t ua t i on s  c a n

g re a t l y  r e d u c e  t h e  t r a n s i t i on t emp e r a t u re w h i c h i s  r n  f a c t  d e t e - · 
rm i n e d  b y  t h e  i n t e r ch a l n co u p l i n g . U n d e r p re s s u re t h e  l n t e rcha i n  

cou p l i ng i s  e n h a n ce d  a n d  I n i t i a l l y  t h i s . I n c re a s e s  T c bo t h  d i re­

c t l y  and  al s o  i n d i r e c t l y  by  s u pp r e s s i n g l d f l u c t ua t i on s . T h e  e f fe c t  

o f  a f u r t he r i n c re a se  i n  p re s s u re g i v e s  a mo re  a n d  mo r e  p ron o u n ce d

3 d c h a ra c te r t o  t h e  s y s t em a n d  Tc d e c re ase s , s i n ce fo r 3 d ma te r i a l s

n o  Pe l e r l s t ra n s i t i o n  ex i s t s . O n  t h e  o t he r h a n d , s t i f fen i n g t h e  

l a t t i ce b y  p re s s u re h a r d e n s  t he p �o n on f re q ue n c i e s a n d  A d e c re a s e s . 
P re v i o u s l y i t  h as b e e n  s ugg e s t e d ( 4 )  t h a t  t h e  t empe ra t u re d e ­

p e n d e n ce o f  ET c a n  be  a t t r i b u t e d  to  t h e  i n c re a s e  i n  s c reen i n g l en g t h
is s oc i a t e d  w i t h  t h e  red u c t i on i n  t he n o rma l e l e c t ron d en s i ty  a t  
l owe r tem p e ra t u re s . T h a t  i s  a t  l ow t emp e ra t u re t he s c re e n i ng b e co­

mes l e s s  e f fe c t i ve ,  the  C OW i s  mo re  s t ro n g l y  p i n n ed  and ET I n c re a­
s e s . H owe ve r w i t h i n t h i s  p i c t u r e o n e  wou l d  a l s o e xpe c t  ET to  d e ­

c re a s e  un d e r  p re s s u re s i n ce 6 d e c r e a s e s con t i n uo u s l y . As s h own I n

F i g . 4 ET I n  f a c t I n c re a s e s  a t  a l l t empe ra t u re s .
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Recen t l y  s ome t h e o re t i ca l  mod e l s  h a ve been  re po r t e d  i n  o rd e r 
to ex p l a i n  t he ob s e r ved  exponen t i a l  t empe r a t u re d e pe n den ce o f  t he 
t h r e s ho l d  f i e l d  i n  J d  i n o rg a n i c  cpn d u c t o r s . K . Ma k i ( 5 )  s howe d t h a t
t h e  I n c l u s i on o f  t he rma l f l u c t ua t i on s  o f  t h e  p h a se o f  t h e  C DW 
o rd e r  pa rame te r l e a d s  to  t he  fo l l ow i n g e xp re s s i on fo r ET i n  t h e
s t rong  p i n n i n g reg i me

ET ( T ) =ET ( O ) e -T /To
( 1 ) 

whe re T0 i s  a ma te r i a l  con s t an t , i n depen den t o f  t he I mpu r i t y con­
cen t ra t i

�
n 

;
n d  p ropo r t i on a l  to  . C v 1 v

2
) 2 / ( v / T c ) ,  and  ET ( o ) --

1 / ( v 1 v
2

) v F ( v 1 a n d  v2 a re t he Fe rm i ve l o c i t i e s i n  t he two t ra n s ­
ve r se  d i re c t i on s  pe rpend i cu l a r  t o  t h e  c h a i n � 

J . R . T u cke r e t  a 1 ( 6 ) mod i f i e d t h e  a rg umen t g i ven  b y  Mak i a n d  
fou n d  t h a t I n  h i s  s t rong  p i nn i ng mode l ,  ET ( O ) "' ll / L  a n d  T0Ll. ,
whe re L i s t h e  p h a s e  co r re l a t i on l eng t h  wh i ch i s  a s s umed to  b e  
s ame a s  t h e  ave rage  i mp u r i t y  s p a c i n g  a l on g  a s i n g l e  ch a i n .

I n  F i g . 5 we p l o t t h e  p re s s u re d e pen d e n ce o f  t h e  p a ramat e r\ ET ( O )
a n d  T0 ob t a i n e d  f rom f i t s  o f  o u r . ex pe r i me n t a l d a t a  to  eq ua t i on tl.lr .

4 12 16 0 
P("kbar) 

F I  G .  5

12  16 

toge t he r  w i t h  t he mea s u red  va l ue s  o f  Tc and  A0 • I n  t he  s'ame f i g u r e
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a a t a  f o r  ( T a S e 4 ) 2 1 ex t r a c t e d f rom re fe ren ce s ] a n d  4 a re a i s o
s hown . We h a ve fo u n d  t h a t  ou r d a t a  fo r ET s c a l e s ne i t h e r w i t h  T /Tc
no r w i t h  Tit.lo . H oweve r t h e re i s  a n  o b v i o u s  q ua l i t a t i ve s i m i l a r i t y 
I n  t h e  b e h a v i ou r  o f  ET ( O ) , T0 , � O a n d  Tc fo r bot h compoun d s . Ou r
da ta  u p  to  ,..,9 k b a r a n d  t h e d a t a  fo r ( T a se 4 ) 2 1 a re i n  q u a l i t a t i ve
ag reemen t w i t h  t h e  p re d i c t i on s  o f  t he mod e l g i ven  b y  Mak i . N ame l y
ET ( O ) d e c re a s e s  wh i l e  T0 i n c re a s e s w i th  p re s s u r e d ue to  t he e n ­
h a nceme n t o f  t h e  a n i s o t ropy  coe f f i c i en t  "L c v 1 v2 /v F

2 • A mo re q u a n ­
t i t a t i ve co�pa r i son w i t h  t h e o r y  cou l d  b e  m a d e  i f  t h e  comp re s s i ­
b l l l t l e s o f  t h e s e  two compo u n d s  we re ava i l a b l e .

1 .  Z . Z . Wa ng , P . Hon ce a u , H . Ren a r d , P . G re s s i e r , L . G uema s a n d  
A . Hee r s c h a u t , S o l i d  S t a te Commun . 4 7 , 4 3 9 ( 1 9 8 3 ) , 

2 .  P . A . Le e , T . H . R i ce a n d  P . W . An d e r s on , S o l i d  S t a t e C ommun . 1 4 , 70 3 ( 1 9 7 4 )  
) .  P . A . Lee , T . H . R i ce a n d  P . W . An de r son , P h y s . Re v . Le t t 3 1 , 46 2 ( 1 9 7 3 )  
l+ .  L . Fo r rcS , H . M u t k a , S . B o u f f a rd , J . Ho r i l l o an d A . J .inos s y , i n  " C h a rg e  

De n s i ty Wa ves  i n  S o l i d s " , e d . b y  Gy . H u t i ray  a n d  J . S o l yom , 
S p r i n ge r-Ve r l ag Le c t u re Note s i n  P h y s i cs 2 1 7 ,  p . 3 6 1  ( 1 9 8 4 )  

5 .  K . Ha k i , P hy s . Re v . B 3 3_ , 2 852 ( 1 9 86 )  
6 .  J . R . T ucke r , W . G . Lyon s a n d  G . G amm l e ,  p re p r i n t  
7 .  D . Ho s e s  a n d  R . H . Boys e l , P h y s . Re v . 8 3 1 , 32 0 2 ( 1 9 8 5 )  
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