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SUPERCONDUCTING PROPERTIES I N  METALLIC PHASE OF NbS3 

MITSURU I Z U M I ,  TOSHIKI NAKAYAMA, KUNIMITSU UCHINOKURA, 
RYOZO YOSHIZAKI+ AND ETSUYUKI MATSUURA 
I n s t i t u t e  of Physics ,  + I n s t i t u t e  of Applied Phys ics ,  
Univers i ty  of Tsukuba, I b a r a k i  305, Japan 

A b s t r a c t  
t h e  c r y s t a l  o f  semiconducting NbS3. Metallic NbS3 
undergoes superconduct ing t r a n s i t i o n  around 2 K. The a n a l y s i s  
o f  t h e  angular  dependence of t h e  upper c r i t i ca l  magnet ic  f i e l d  
s u g g e s t s  t h a t  t h e  e f f e c t  of  f i lmy o r  f i b r o u s  morphology p l a y s  
an important  r o l e  i n  t h e  superconduct ing p r o p e r t i e s .  

M e t a l l i c  phase of  NbS3 was synthes ized  by h e a t i n g  

INTRODUCTION 

Niobium t r i s u l f i d e  has  been known a s  a Peierls semiconductor.’ 

Recent ly  s e v e r a l  k inds  of poly types  have been discovered.2 
e v e r ,  c o r r e l a t i o n  between t h e  electrical proper ty  and t h e  c r y s t a l  

s t r u c t u r e  has  never been well e s t a b l i s h e d  f o r  each c r y s t a l .  We have 
r e p o r t e d  e l e c t r i c a l  p r o p e r t i e s  on semiconducting NbS and t h e  ex- 

i s t e n c e  o f  t h e  superconduct iv i ty  i n  t h e  newly synthes ized  m e t a l l i c  

one.3 I n  t h i s  paper we s h a l l  r e p o r t  t h e  new r e s u l t  on t h e  super- 

c o n d u c t i v i t y  and some r e l a t e d  p r o p e r t i e s  o f  t h e  metall ic phase o f  

NbS3. 

How- 

3 

SYNTHESIS AND CHARACTERIZATION OF CRYSTAL 

M e t a l l i c  c r y s t a l  is obta ined  by h e a t i n g  t h e  semiconducting 
NbS3.3 The semiconducting c r y s t a l s  were p laced  i n  t h e  s i l i ca  

ampoule. I t  was evacuated and sea led .  Then c r y s t a l s  were heated 

above 60OoC. A semiconducting c r y s t a l  was d e n a t u r a l i z e d  t o  a 
m e t a l l i c  one. A l i t t l e  amount of s u l f u r  which evapora ted  from h o s t  

c r y s t a l s  was found o u t .  The shape and dimension of the metallic 
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80 M. IZUMI er al. 

c r y s t a l s  were a s  they  had been b e f o r e  hea t ing .  Scanning-electron- 
microscope (SEMI photograph h a s  shown t h a t  t h e  s u r f a c e  is c l e a n  i n  
c o n t r a s t  with t h a t  of semiconducting c r y s t a l .  Any o t h e r  related 
compound such a s  NbS2 was not  found by t h e  SEM photograph. Chemi- 
c a l  a n a l y s i s  f o r  Nb showed t h a t  t h e  composition of t h e  c r y s t a l  is 
NbS2.5,3.4. X-ray o s c i l l a t i o n  photograph and pre l iminary  work on 
Weissenberg photograph i n d i c a t e d  t h a t  t h e  v a l u e s  o f  t h e  l a t t i c e  

c o n s t a n t s  remain almost  t h e  same as  t h o s e  of type-I material.’ 
However, we n o t e  t h a t  t h e  l e n g t h  of the b a x i s  of the samples 

heated a t  68OoC (Tc=2.15 K), is t h e  h a l f  of t h a t  o f  type-I 
c r y s t a l  ( i .e. ,  no d i s t o r t i o n  of Nb atom along t h e  b a x i s ) .  I n  t h i s  
work we s h a l l  f o c u s  on t h e  p r o p e r t i e s  o f  t h e  samples heated a t  
62OoC. Dc electrical r e s i s t i v i t y  a t  280 K was lom2 t o  
ohmcm. H a l l  v o l t a g e  was measured up t o  14.5 kG f o r  t h r e e  samples. 
The observed H a l l  v o l t a g e  was p r o p o r t i o n a l  to  t h e  magnet ic  f i e l d  

wi th in  our  experimental  accuracy. The t y p i c a l  Hall c o e f f i c i e n t  was 
1.1 x 
determined. We es t imated  t h e  carrier d e n s i t y  under t h e  assumption 
t h a t  on ly  one t y p e  of carrier c o n t r i b u t e s  t o  t h e  conduct ion.  The 
r e s u l t  f o r  a t y p i c a l  sample was 5.7 x 1 0 ~ 9  m-3. 

m3Ce1. The s i g n  of t h e  H a l l  c o e f f i c i e n t  was not  

SUPERCONDUCTING PROPERTIES 

Figure  1 shows t h e  t y p i c a l  behavior  of t h e  normal-to-superconduct- 
i n g  r e s i s t i v e  t r a n s i t i o n  as a f u n c t i o n  of temperature .  The t r a n s i -  
t i o n  temperature  (Tc) was 1.65 K. Some of t h e  samples c l e a r l y  
showed zero  r e s i s t a n c e  wi th in  o u r  i n s t r u m e n t a l  accuracy.  Magnetic 
f i e l d  dependence of  t h e  r e s i s t i v e - t r a n s i t i o n  curve  (F ig .  7 of ref. 

3) a t  s e v e r a l  t empera tures  and l a r g e  c r i t i c a l  magnet ic  f i e l d  
sugges t  t h a t  t h e  m a t e r i a l  is a type-I1 superconductor .  S i n c e  
high-current d e n s i t y  a f f e c t s  t h e  measurement o f  T, and t h e  upper- 
cri t ical  magnetic f ie ld  (Hc2) ,  t h e  low-current d e n s i t y  (0.3 to  
2.2 A/cm2, which was much smaller than  t h e  t y p i c a l  c r i t i ca l  , 

c u r r e n t  d e n s i t y  100 A/cm2) was used. Curren t  flow was along t h e  b 
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SUPERCONDUCTING PROPERTIES IN METALLIC PHASE OF NbSl 81 

a x i s .  

l i m i t e d  c o n f i g u r a t i o n  a t  1.16 K. To analyze  t h e  r e s u l t  we f i t t e d  

t h e  experimental  d a t a  t o  two t h e o r e t i c a l  models. Broken and s o l i d  

curves  correspond t o  t h e  r e s u l t s  of t h e  b e s t  f i t t i n g  by t h e  effec- 

t i v e  mass model 

r e s p e c t i v e l y .  I n  t h e  l a t t e r  model t h e  a n i s o t r o p y  is due t o  sample- 

size l i m i t a t i o n s  when t h e  t h i c k n e s s  o f  t h e  sample is much less than  

t h e  i s o t r o p i c  coherence length .  F a i r l y  good agreement was o b t a i q e d  

wi th  t h e  l a t te r  model. The r e s u l t  s u g g e s t s  t h a t  t h e  f i lmy or 
f i b r o u s  morphology p l a y s  an important  role  i n  t h e  superconduct ing 

p r o p e r t i e s .  P r e c i s e  measurement of t h e  a n g u l a r  dependence of t h e  

Hc2 is now i n  p r o g r e s s  t o  c l a r i f y  t h e  superconduct ing p r o p e r t i e s .  

F igure  2 shows t h e  angular  dependence o f  t h e  Hc2 i n  t h e  

4 and t h e  model of Harper and T i n k h a ~ n , ~  

Tc = 1.65K 
35 

I - 
OO 1 2 3 4 

TEMPERATURE ( K  ) 

FIGURE 1 D c - r e s i s t i v e t r a n s i t i o n  c u r v e  i n  m e t a l l i c  NbS3 
obtained by h e a t i n g  semiconducting NbS3 a t  
62OOC. T r a n s i t i o n  tempera ture  Tc was 1.65 K.  We 
d e f i n e  Tc as t h e  tempera ture  a t  t h e  midpoint  i n  
t h e  r e s i s t i v + t r a n s i t i o n  curve.  
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82 M. IZUMI ef ul. 

35 FIGURE 2 Angular depend- 
ence of t h e  upper c r i t i c a l  
magnet ic  f i e l d  Hc2(8) a t  
1.16 K.  The angle  between 
t h e  b axis and t h e  d i rec-  
t i on  of magnetic f i e l d  is 
denoted a s  8. The broken 
c u r v e  r e p r e s e n t s  the theo- 
r y  based on t h e  a n i s o t r o p y  
of Fermi s u r f a c e  (ref.  5) .  
The s o l i d  curve  r e p r e s e n t s  
t h e  theory  of t h i n  f i l m  
w i t h  i s o t r o p i c  Fermi sur- 
face ( r e f .  6 ) .  We t a k e  
HQ(e) as  t h e  magnet ic  
f i e l d  a t  t h e  midpoint  i n  
t h e  r e s i s t i v b t r a n s i t i o n  

metallic NbS3 # 5  

a - 4 1  

30 60 90 curve .  
ANGLE e(deg . )  

OO 
' ' I I ' I I ' 
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