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ELECTRONIC STATE OF (TMTSF)*C104 IN METALLIC REGION 

TAKEHIKO ISHIGURO, KOJI KAJIMURA, HIROSHI BANDO, 
KEIZO MURATA and HIROYUKI ANZAI 
Electrotechnical Laboratory, Sakuramura, Ibaraki 305, Japan 

Abstract The transverse magnetoresistances along both the a 
(Paa) and the b (Pbb) directions are compared with the 
calculated based on the tight binding band model. The 
magnetic field dependence of Pbb can be well explained with 
the model, whereas Pa, cannot be. This suggests that some 
mechanism other than the single particle transport is 
dominating. Possibilities of the contribution from the 
fluctuating superconductivity, the magnetic breakthrough, and 
the SDW are discussed. 

INTRODUCTION 

The organic synthetic metal (TMTSF)2C10 has attracted great at- 

tention due to unusual characteristics ascribable to novel phases 

such as the superconductivity and the SDW phases.’ The efforts to 

understand the material have succeeded in clarifying the principal 

features on the whole, and the comprehensive picture drawn for 

this material will be a useful guide to investigate the other 

organic synthetic metals, which may bring about unknown nature 

hereafter. 

4 

However, it is true also that we still meet not a few un- 

solved problems with this material, if we look at it in detail. 

We throw here a light on the metallic behavior of (TMTSF) ClO at 

low temperatures. Jerome has pointed out the unusual features, 

such as the continual decrease in resistivity down to 1 K without 
satulation and the large magnetoresistance in contrast to the 

ordinary metals, and has insisted on the presence of the fluctuat- 

ing superconductivity specific to the low dimensionality even in 

2 4  
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20 T. ISHIGURO ct d. 

t h e  m e t a l l i c  regime. * 
I n  th i s  paper ,  w e  p r e s e n t  and d i s c u s s  our  recent r e s u l t s  on 

t h e  metall ic reg ion ,  w i t h  r e s p e c t  t o  two experiments:  (i) The 

t r a n s v e r s e  magnetores i s tance  a t  low temperatures  i n  t h e  inter-  

mediate  f i e l d  r e g i o n  and ( i i )  t h e  t u n n e l  j u n c t i o n  spec t roscopy of 

t h e  d e n s i t y  of s ta tes  near  t h e  Fermi s u r f a c e ,  We i n v e s t i g a t e  t h e  

magnetores i s tance  i n  t h e  i n t e r m e d i a t e  f i e l d ,  s i n c e  i t  is known 

t h a t  t h e  f i e l d  h igher  than 5 T may induce t h e  SDW and 

h inder  t h e  ground e l e c t r o n i c  s ta te  dominat ing i n  t h e  low f i e l d  

reg ion .  

TRANSVERSE MAGNETORESISTANCE 

A p o s s i b l e  Fermi s u r f a c e  of (TMTSF)2C104 is der ived  by t h e  two 

dimensional  t i g h t  b inding  band model, 5’6 as f o l l o w s ,  

~(k) = -2tacos a k - 2 t b c o s ( b  k - 8 s i g n  ka) 

where ~ ( k )  is t h e  energy of t h e  e l e c t r o n ,  k i s  t h e  pseudomomentum 

of t h e  e l e c t r o n ,  ti is t h e  e l e c t r o n  t r a n s f e r  energy along t h e  i - t h  

d i r e c t i o n  ( i  = a , b ) ,  9 is a phase f a ~ t o r . ~  

The e f f e c t  of a magnet ic  f i e l d  on an e l e c t r o n  s t a t e  is t o  

g i v e  t h e  change i n  t h e  e l e c t r o n  wavevector normal t o  both  t h e  

d i r e c t i o n  of t h e  magnet ic  f i e l d  11 and t h e  e l e c t r o n  v e l o c i t y  1 
which is i t s e l f  normal t o  t h e  edergy s u r f a c e .  Therefore ,  t h e  

e l e c t r o n  motion is confined t o  t h e  o r b i t  d e f i n e d  by t h e  inter-  

s e c t i o n  of t h e  Fermi s u r f a c e  w i t h  a normal p lane  t o  s. For t h e  

Fermi s u r f a c e  descr ibed  by eq. ( l ) ,  the induced e l e c t r o n  movement 

by However, d i f f e r e n t  s i t u a t i o n s  

are r e a l i z e d  w i t h  r e s p e c t  t o  t h e  c u r r e n t  d i r e c t i o n ;  whether i t  is 

in t h e  d i r e c t i o n  along t h e  open o r b i t  o r  n o t .  

is of open o r b i t ,  i n  any case. 

We have c a r r i e d  o u t  t h e  numerical  c a l c u l a t i o n  of t h e  

conduct iv i ty  t e n s o r  component uEn i n  t h e  presence  of 11 by using 

t h e  fol lowing formula,  which i s  der ived  by applying t h e  t i m e  
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METALLIC STATE OF (TMTSF)2CI0, 

r e l a x a t i o n  approximation f o r  t h e  Boltzmann e q u a t i o n ,  

21 

w i t h  5, rl = a ,  b and v ( t )  i s  t h e  e l e c t r o n  v e l o c i t y  i n  t h e  

p re sence  of H, 
5 

where T is t h e  minimum r e l a x a t i o n  t i m e  of t h e  sys t em,  f o  i s  t h e  

Fermi-Dirac f u n c t i o n .  

By assuming t h a t  t h e  u n i t  c e l l  i s  approximated by a n  

or thorhombic l a t t i c e  by p u t t i n g  a = 6 = Y = 90' w i t h  a=3.63 A (we 

assume t h a t  t h e  d i m e r i z a t i o n  i s  n e g l i g i b l e  ) ,  b = 7.68 A and by 

u s i n g  t h e  f o l l o w i n g  v a l u e s , e  t 

T = 7 .3  x 1 0  s e c ,  w e  have c a l c u l a t e d  t h e  magnet ic  f i e l d  de- 

pendences of t h e  c o n d u c t i v i t y  and r e s i s t i v i t y  t e n s o r  components. 

The r e s u l t s  a r e  shown i n  F i g .  l a .  The t y p i c a l  f e a t u r e s  of t h e  

c a l c u l a t e d  a r e  summerized a s  f o l l o w s :  

magent ic  f i e l d .  On t h e  o t h e r  hand pbb(H)-pbb(0) is a lmos t  

p r o p o r t i o n a l  t o  H ~ .  

0 

= 0.29 e V ,  tb = 0.024 e V  and 
-12 

p a a  is independen t  of t h e  

I n  F i g .  2 ,  w e  show t h e  observed magnet ic  f i e l d  dependences 

of paa and Pbb a t  0 .5  K under  t h e  magne t i c  f i e l d  E / / c *  f o r  s l o w l y  

cooled samples t o  r e a l i z e  t h e  r e l a x e d  s t a t e  i n  which t h e  a n i o n s  

a r e  o rde red .  

H 2  a s  w e l l  as pbb(H)-p 

t h a n  f o r  t h e  l a t t e r .  

above 4 . 2  t e s l a  is  a s c r i b e d  t o  t h e  o n s e t  of t h e  Shubnikov-de Haas 

l i k e  o s c i l l a t i o n  and hence a n  i n d i c a t i o n  of t h e  appearance of t h e  

f i e l d  induced s t a t e .  I n  F i g .  2 ,  w e  f i t  t h e  c a l c u l a t e d  p b b  t o  t h e  

observed w i t h  T = 2 . 3  x 1 0  s e c .  The c a l c u l a t e d  p f o r  t h e  same T 

It  is e v i d e n t  t h a t  p 

bb 

(H)-paa(0) v a r i e s  a lmos t  w i t h  aa 
(O), a l t h o u g h  t h e  magnitude is smaller 

Note t h a t  t h e  u n d u l a t i o n  i n  pbb  appea r ing  

-1 2 
aa 
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22 T. ISHIGURO et al. 

uao %b,'bb pbb P o ,  %a 
2 
X l 6 *  

1.5 

- 
E 

C 

Q 

I ?  - 
0.5 

0 
0 1 2 3 4 5  

MAGNETIC FIELD ( T  ) 
0 1 2 3 4 5  

MAGNETIC FIELD ( T )  

FIGURE 1 Calcula ted  magnetic f i e l d  dependence of t h e  

c o n d u c t i v i t y  and r e s i s t i v i t y  t e n s o r  components in an 

orthorhombic s t r u c t u r e  (a) and a t r i c l i n i c  s t r u c t u r e  ( b ) .  

12 I I I I I, 

(TMTSFl,CIO4 
0.5K 

L I 1 I I I 
0 1 2 3 4 5  

FIGURE 2 Comparison of t h e  observed magnetic f i e l d  

dependence of P 

c a l c u l a t e d .  

MAGNETIC FIELD (T) 

( J / / a  J: c u r r e n t )  and Pbb ( J / / b )  w i t h  t h e  a a  
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METALLIC STATE OF (TMTSF)*CIO, 23 

i s  e x h i b i t e d  i n  t h e  same f i g u r e ,  which shows t h a t  t h e  e f f e c t  of 

t h e  magne t i c  f i e l d  up t o  5 T i s  less t h a n  0.1% of Paa (0 ) .  

From t h e  test whether  t h e  m a g n e t o r e s i s t a n c e  obeys t h e  

K o e h l e r ' s  r u l e ,  Cooper e t  a l .  have c l a imed  t h a t  t h e  a a x i s  i s  n o t  

e x a c t l y  a p r i n c i p a l  a x i s  of t h e  c o n d u c t i v i t y  tensor . '  I n  f a c t  the 

TMTSF molecu le s  a r e  n o t  on t h e  (100) p l a n e  b u t  a lmos t  on t h e  (210) 

p l a n e  and t h e  d i r e c t i o n  of t h e  s t r o n g e s t  i n t e r a c t i o n  may d e v i a t e  

from t h e  a a x i s .  However, by t a k i n g  accoun t  of t h e  f a c t  t h a t  t h e  

o v e r a l l  s t a c k i n g  d i r e c t i o n  i s  i n  t h e  a a x i s ,  i t  is r e a s o n a b l e  t o  

c o n s i d e r  t h a t  e l e c t r o n  mot ion  i s  c o h e r e n t  a l o n g  t h e  a a x i s  and 

hence t h e  a a x i s  is  t h e  p r i n c i p a l  d i r e c t i o n .  

I t  is worth-while  t o  i n s p e c t  t h e  e f f e c t  of t h e  t r i c i n i c  

n a t u r e  of t h e  l a t t i c e .  To do so ,  we have  c a r r i e d  o u t  t h e  numeri- 

cal  c a l c u l a t i o n  by t a k i n g  accoun t  of t h e  i n c l i n a t i o n  a n g l e s  

a = 8 4 . 6 " ,  B =  86.7', y = 70.4" and w i t h  = -33": The c a l c u l a t e d  

r e s u l t s  a r e  shown i n  F i g . l b , w h i c h  have q u i t e  similar f e a t u r e s  as 

F i g .  l a .  Note t h a t  a l t h o u g h  t h e  o f f - d i a g o n a l  component % r a i s  

n o t  z e r o  a t  H=O due t o  t h e  t r i c l i n i c  s t r u c t u r e ,  we f i n d  t h a t  P 

is independent  of H .  

10 

aa 

We shou ld  remind t h e  anomalous a n g u l a r  dependence of P f o r  a a  
t h e  t r a n s v e r s e  magnet ic  f i e l d  .ll The a n g u l a r  dependence i s  

anomalous w i t h  t h e  f o l l o w i n g  r e s p e c t s ;  (1) t h e  a n g u l a r  dependence 

e x h i b i t s  a l o c a l  minimum f o r  H / / c '  ( F i g .  2 of r e f .  11 )  and (2 )  t h e  

magne t i c  f i e l d  dependence i s  v e r y  weak f o r  H//b '  b u t  P a t  t h e  

s u p e r c o n d u c t i n g  c r i t i c a l  f i e l d  H is a l r e a d y  l a r g e r  t h a n  t h a t  f o r  c2 
t h e  o t h e r  d i r e c t i o n  ( F i g .  1 of r e f .  11). The t e m p e r a t u r e  and t h e  

magne t i c  f i e l d  dependences of t h e  l o c a l  minimum f o r  H / / c '  s u g g e s t  

c o n t r i b u t i o n  of some f i e l d - i n d u c e d  s t a t e .  3' 

a a  

Then, a q u e s t i o n  shou ld  a r i z e ;  what mechanism is  domina t ing  

t h e  Pas? The f i r s t  one  

i s  t h e  p re sence  of t h e  f l u c t u a t i n g  low d i m e n s i o n a l  s u p e r c o n d u c t i v -  

i t y  a s  i n s i s t e d  by Jerome e t  a1.* The second i s  t h e  e f f e c t  of t h e  

magnet ic  b reak th rough  a s  proposed by Cooper e t  a l .  : The 

For t h i s  w e  can remind of t h r e e  f a c t o r s :  

9 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
43

 2
0 

Fe
br

ua
ry

 2
01

3 



24 T. ISHIGURO et al. 

breakthrough may occur  a c c r o s s  the s u p e r l a t t i c e  gap which i s  

caused by t h e  an ion  order ing;  t h e  gap i s  expected t o  be  small due 

t o  weak p o t e n t i a l  modulation a s s o c i a t e d  w i t h  t h e  anion order ing .  

The t h i r d  i s  t h e  e f f e c t  of t h e  p r e c u r s o r  of t h e  SDW phase 

condensat ion.  

In  the fo l lowing  w e  d i s c u s s  t h e  p o s s i b i l i t y  of t h e  f l u c t u -  

a t i n g  superconduct iv i ty  j u s t  above t h e  superconduct iv i ty  t ran-  

s i t i o n  temperature  T This  h a s  been t h e  c o n t r o v e r s i a l  p o i n t  

s i n c e  t h e  d iscovery  of t h e  l a r g e  magnetores i s tance  i n  t h e  TMTSF 

s a l t .  1 

C' 

TUNNEL J U N C T I O N  SPECTROSCOPY 

The most s t r i k i n g  key to  raise t h e  f l u c t u a t i n g  superconduct iv i ty  

is, a f t e r  a l l ,  t h e  tunnel  j u n c t i o n  experiment performed by Fournel  

e t  a l .  wi th  GaSb Schot tky d iode  s t ruc ture .12  

(1)  They d id  not  observe t h e  t h r e e  dimensional  superconduct ing gap 

corresponding t o  T of 1 . 2  K and, i n s t e a d ,  (2)  they observed l a r g e  

energy gap 2A of 8 meV corresponding t o  T of 26 K. 

What are noted a r e :  

I n  t h e  l i g h t  of t h e  importance of t h e s e  exper imenta l  r e s u l t s ,  

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

a d i f f e r e n t  s t r u c t u r e  w i t h  (TMTSF)2C10 /a-Si/Pb.13 (F ig .  3) This  

can g ive  a superconductor/insulator/superconductor (S / I /S)  con- 

f i g u r a t i o n ,  which can g i v e  t h e  d e n s i t y  of states f o r  t h e  super- 

conducting s t a t e  most c l e a r l y .  

of s ta tes  of (TMTSF)2C10 

cerned wi th  t h e  e l e c t r o n i c  s t a t e  above T . 

4 

F u r t h e r  w e  can i n s p e c t  t h e  d e n s i t y  

above T 4 C' 
which may be  d i r e c t l y  con- 

C 
From our exper imenta l  r e s u l t s  w e  have reduced t h a t  (1) The 2A 

of 0.34 m e V  corresponding t o  T 

c o n f i g u r a t i o n ,  (2)  whereas t h e  2 A  corresponding t o  t h a t  r e p o r t e d  

by Fournel  e t  a l .  a r e  n o t  observed. Under t h e  (N/I/N) (N;  normal 

s t a t e )  c o n f i g u r a t i o n  which i s  r e a l i z e d  above 7.2 K ,  we  can see a 

s l i g h t  decrease  i n  dI/dV c e n t e r i n g  a t  zero  b i a s  r e g i o n ,  b u t  t h i s  

cannot be d i r e c t l y  r e l a t e d  t o  t h e  presence  of t h e  pseudo gap of 

of 1 . 2  K is observed under (S / I /S)  
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METALLIC STATE OF (TMTSF),CIO, 25 

t h e  f l u c t u a t i n g  s u p e r c o n d u c t i v i t y ?  Thus w e  cannot  r e c o g n i z e  t h e  

f l u c t u a t i n g  s u p e r c o n d u c t i v i t y  above T and hence i n  t h e  metal l ic  

r e g i o n .  

> 
73 
\ 

-0 
- 

FIGURE 3 D i f f e r e n t i a l  

conductance of 

(TMTSF) 2C104/a-Si/Pb 

t u n n e l  j u n c t i o n  a t  

v a r i o u s  tempera tures .  

11K 

1 

- 4  -2  0 2 4 mV 

DISCUSSION 

The reason  f o r  t h e  absence of t h e  magnet ic  f i e l d  e f f e c t  i n  t h e  

c a l c u l a t e d  p is t h a t  pa, i s  determined p r i n c i p a l l y  by t h e  

v e l o c i t y  normal t o  t h e  q u a s i  one-dimensional Fermi s u r f a c e  which 

i s  dominated by t h e  d i s p e r s i o n  of t h e  band s t r u c t u r e .  

aa 

The magnet ic  breakthrough a c r o s s  t h e  gap formed by t h e  an ion  

o r d e r i n g  w i t h  (0,1/2,0) does n o t  b r i n g  about  a change in d i r e c t i o n  

of t h e  v e l o c i t y  t o  form c l o s e d  o r b i t s  and hence paa(H) i s  l i t t l e  

a f f e c t e d ,  even i f  i t  occurs .  Fur thermore ,  i f  t h e  magnet ic  break- 

through works,  some t h r e s h o l d  i s  expected in paa(H) c o n t r a r y  t o  

t h e  observed which shows smooth H-dependence down t o  low f i e l d .  

The only way t o  e x p l a i n  t h e  p (H) w i t h i n  t h e  p r e s e n t  c o n t e x t  a a  
i s  t o  i n t r o d u c e  t h e  e f f e c t  of n e s t i n g  w i t h  which t h e  d i r e c t i o n  of 

t h e  e l e c t r o n  motion induced by t h e  magnet ic  f i e l d  i s  changed to  
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form c losed  o r b i t s .  

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

condensed. Th i s  i s  t h e  e f f e c t  of t h e  f l u c t u a t i n g  SDW. However, 

t h e  a s s o c i a t e d  anomaly i n  t h e  a n g u l a r  dependence of Paa(H) seems 

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

SDW.13 

The n e s t i n g  i s  p e r m i t t e d  a t  l i m i t e d  parts’of 
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