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ORGANIC SUPERCONDUCTORS BASED ON SULFUR AND SELENIUM COMPOUNDS 

G U N Z I  SAITO 
Department of Chemistry, Faculty of Science,  Kyoto Universi ty ,  
Kyoto 606-01, Japan 

Abstract  This paper desc r ibes  b r i e f  background and o u t l i n e  of t he  
organic  superconductors based on TMTSF and BEDT-TTF. Especial ly  
w e  d i s c u s s  the  s t r u c t u r a l  and phys ica l  p r o p e r t i e s  of t he  s p e c i f i c  
organic superconductors (TMTSF) 2C10 and K-(BEDT-TTF),CU(NCS),, 
emphasizing t h e i r  dimensional i ty  cha$ac te r i s t i c s .  

INTRODUCTION 

More than f o r t y  organic  superconductors s o  f a r  prepared a r e  of charge 

t r a n s f e r  ( C T )  type and a r e  c l a s s i f i e d  i n t o  e i g h t  f a m i l i e s  on t h e  b a s i s  

of t he  organic  species;  namely TMTSF ( 7  members w i t h  t h e  h ighes t  Tc of 

3 K  a t  Skbar),  BEDT-TTF (22, 12.8K a t  0.3kbar) ,  DMET ( 7 ,  1.9K), MDT-TTF 

( 1 ,  5 K ) ,  BEDO-TTF ( 2 ,  lK) ,  dmit ( 4 ,  6K a t  19kbar) and Cb0 ( 5 ,  Onset 

33K1), Except c60 compounds, a l l  of them a r e  TTF r e l a t e d  conductors. 

Though t h e  t o t a l  number of organic superconductors i s  s t i l l  l e s s  than 

1% and t h e  maximum Tc is lower than t h a t  of inorganic  systems, t h e  

organics  have provided many i n t e r e s t i n g  f e a t u r e s  both i n  t h e  normal and 

superconducting phases. 

BRIEF OUTLINE FROM ORGANIC CONDUCTORS TO ORGANIC SUPERCONDUCTORS 

History 

Organic conductors s t a r t e d  i n  mid 50s by t h e  discovery of t h e  c a t i o n  
2 r a d i c a l  s a l t  of perylene-bromide by Akamatu, Inokuchi and Matsunaga. 

I n  1960 an e x c e l l e n t  acceptor  TCNQ was synthesized i n  the  course of t h e  

cyanocarbon chemistry conducted by Du pont group.3 The L i t t l e ' s  theory 

f o r  high Tc organic  superconductor based on t h e  electron-exci ton i n t e r -  

a c t i o n s  acce le ra t ed  t h e  s tudy of organic  conductors t o  g r e a t  e x t e n t  i n  

6 0 9 , ~  I n  1970 a good e l e c t r o n  donor a b i l i t y  of TTF was demonstrated by 

Wudl e t  a l a 5  Soon a f t e r  t h a t  the f i r s t  organic metal TTF-TCNQ was d i s -  

covered by Cowan's group6 and o the r s .  Since then more than 150 organic  
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meta ls  and h igh ly  conductive organic  conductors  were accumulated i n  

70s. A s  a r e s u l t  of t h e  ex tens ive  e f f o r t s  of chemis ts ,  t h e  f i r s t  

o rgan ic  superconductor emerged i n  I980 w i t h  Tc of  0.9K a t  12kbar. 7 

From t h e  p r a c t i c a l  p o i n t  of view, t h e  s t a r t i n g  p o i n t  of  o rgan ic  

superconductors was t o  f i n d  a way t o  suppress  t h e  me ta l - in su la to r  ( M I )  

t r a n s i t i o n  observed i n  t h e  organic  metal  such as TTFwTCNQ complex. TTF 

o r  TCNQ molecules form segrega ted  uniform s t a c k  i n  t h e  complex by mak- 

i n g  ove r l ap  of t h e i r  n -e lec t rons  t o  each o the r .  So t h e  complex i s  inev- 

i t a b l y  low-dimensional and shows a M I  t r a n s i t i o n  c h a r a c t e r i s t i c  t o  low 

d imens iona l i ty .  

T h e o r e t i c a l l y  i t  has  been p red ic t ed  t h a t  a low-dimensional metal  

e x h i b i t s  one of t h r e e  p o s s i b l e  low-temperature phases .  The f i r s t  one i s  

t h e  P e i e r l s  t r a n s i t i o n  due t o  t h e  electron-phonon coupl ing  and the  

system has a M I  t r a n s i t i o n .  The second i s  t h e  SDW s t a t e  due t o  t h e  s p i n  

- sp in  an t i f e r romagne t i c  i n t e r a c t i o n  and t h e  system becomes an  i n s u l a t o r  

t oo .  The t h i r d  one i s  t h e  superconducting s t a t e  due t o  t h e  format ion  of 

Cooper p a i r .  I n  t h e  case  of t he  BCS superconductor ,  t h e  Cooper p a i r  i s  

formed by t h e  electron-phonon i n t e r a c t i o n  wi th  s i n g l e t  sp in .  

Almost a l l  organic  meta ls  prepared du r ing  70s were found t o  be t h e  

P e i e r l s  i n s u l a t o r s  and consequently f i n d i n g  a way t o  e l i m i n a t e  such M I  

t r a n s i t i o n  became t h e  most urgent  s u b j e c t  i n  o rde r  t o  s t a b i l i z e  t h e  

superconduct ing  s t a t e .  

T a c t i c s  i n  t h e  k-Space t o  Suppress M I  T r a n s i t i o n  

I n  one-dimensional metal  t h e  energy d i s p e r s i o n  of t h e  e l e c t r o n s  can be 

dep ic t ed  schemat i ca l ly  as  Fig.  l a .  The energy d i s p e r s i o n  a long  t h e  

d i r e c t i o n  i s  f l a t  and t h e  Fermi s u r f a c e s  a r e .  r ep resen ted  by two 

s t r a i g h t  l i n e s  wi th  a s e p a r a t i o n  of 2kF i n  t h e  kx-k p lane .  These Fermi 

s u r f a c e s  can over lap  completely by a 2kF modulation a long  t h e  k, and 

t h i s  p e r f e c t  n e s t i n g  i s  t h e  o r i g i n  of t h e  M I  t r a n s i t i o n .  A few methods 

have been proposed t o  avoid  t h e  p e r f e c t  n e s t i n g ,  among which t o  have an 

inc reased  d imens iona l i ty  i n  t h e  Fermi s u r f a c e  (F ig .  I b , l c )  was found t o  

be t h e  most e f f e c t i v e  way t o  suppress  t h e  M I  t r a n s i t i o n  and induce  t h e  

superconducting s t a t e .  But a t  t h e  same time such method sometimes g i v e s  

only  a s t a b l e  two-dimensional (2D) m e t a l l i c  s t a t e .  

kY 

Y 

T a c t i c s  i n  t h e  Real Space t o  Suppress M I  T r a n s i t i o n  

One may use  selenium o r  t e l l u r i u m  ana logues  of TTF t o  i n c r e a s e  t h e  
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a b C 

Figure 1 Ferni surfaces of one-dimensional metal (a), (TMTSF)2X ( b )  and 
a- (BEDT-TTF) 213 ( c  ). 

0 . 5 + '  

, 
f ' I ' I ' I 
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TEMPERATURE (K) 

Figure 2 Temperature dependence of resistivity (//a) of (TllTSF),C1O4 at 
slow (a) and intermediate (b) cooling rate [ l k l .  

T (K )  

Figure 3 Tem erature dependence of lII-N€R relaxation rate 1/T1 Of 
(T?ITSF)2C10 P201. The solid curve shows the theoretically calculated 
one for the4gapless superconductor (normalized to the experimental data 
at Tc) [21]. 
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i n t e r s t a c k  i n t e r a c t i o n  because of t he  l a r g e r  van d e r  Waals (vdW) rad ius  

of  Te (2.06A) o r  Se (1.90A) than t h a t  of S (1.80A).8 Also t h e  l a r g e r  

atomic p o l a r i z a b i l i t y  of Te o r  Se than S i s  a favorable  f a c t o r  t o  

reduce t h e  on-site Coulomb repuls ive energy i n  a CT complex. According 

t o  t h i s  ‘atomic s u b s t i t u t i o n  method‘ TMTSF superconductors and organic  

metals based on TTeF o r  HMTTeF have been developed.799 The Fermi 

surface of t he  TMTSF system turned out  t o  be not  closed 2D but I D  with 

f a i r l y  warping (Fig. Ib ) .  

A simple considerat ion i n  the  framework of t h e  BCS theory t e l l s  us 

t h e  disadvantage of using heavier molecules o r  atoms t o  r a i s e  Tc s ince  

T c = M - ’ / ~ ,  i f  we suppose t h e  phonon mode i s  a s soc ia t ed  with t h e  

molecular weight M. We have proposed an idea  t o  add appropr i a t e  

s u b s t i t u t i o n a l  groups t o  TTF moiety t o  inc rease  dimensional i ty  and 

prepared 2D BEDT-TTF organic metal  which d i d  not  e x h i b i t  M I  

t r a n s i t i o n .  Since then BEDT-TTF molecule, which has e thy lened i th io  

groups t o  t h e  two ends of TTF molecule and f i r s t l y  synthesized by 

Mizuno e t  a l .  , I 1  became the  cen te r  of t he  2D organic metals and 

superconductors which have a closed Fermi su r face  (Fig.  t c ) .  

The organic superconductors so  far prepared have been developed on 

t h e  b a s i s  of t h e  concept of increased dimensional i ty  by chemical method 

(above mentioned) with o r  without physical  method ( p r e s s u r e ) .  

(TMTSF) c i o  129’3 2-4 
Black shinny s i n g l e  c r y s t a l s  with needle shape (30x0.7x0.1mm3) of 

(TMTSF)2C104 were prepared by t h e  electrochemical  oxidat ion of TMTSF i n  

the  presence of TBA( tetrabutylammonium)C104 from THF. Other TMTSF 

superconductors (TMTSF)2X were a l s o  prepared by using TBA.X and they 

a r e  i s o s t r u c t u r a l  t o  each o the r ,  TMTSF molecules form a 1D zigzag 

columns along the  a a x i s  which a r e  separated by t h e  anion columns along 

t h e  c ax i s .  So the  a a x i s  i s  t h e  most conductive and t h e  c a x i s  i s  t h e  

least  conductive. Considerably s h o r t  Se..Se atomic con tac t s  which 

connect the conducting I D  columns a r e  e a s i l y  recognizable  a long t h e  b 

a x i s  when t h e  anion i s  small .  The t y p i c a l  intermolecular  i n t e r a c t i o n s  

along each a x i s  a r e  ta:tb:tc=ca. 0.25eV:ca. 0.025eV:ca. 0.0015eV=10:1: 

0.06. So the energy d i spe r s ion  i s  approximately represented as %=-2ta 

cosak -2tbcosbkb. but The Fermi surface of TMTSF system i s  n o t  closed a 
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opened along the kb a x i s  s ince tb i s  no t  s o  b i g  (Fig.  I b ) .  If tb 
reaches more than ca. 30% o f  ta, t h e  Fermi su r face  becomes a closed 

c y l i n d r i c a l  one. The degree of  warping of t h e  Fermi su r face  i s  

p ropor t iona l  t o  t b  o r  roughly t o  t h e  s t r eng th  of Se..Se i n t e r a c t i o n s .  

Although these Fermi su r faces  cannot overlap by t h e  2kF modulation 

along the ka d i r e c t i o n ,  they can overlap completely by t h e  s h i f t  of  

Qo=(2kF, n/b).  This i s  t h e  reason why TMTSF system i s  suscep t ib l e  t o  

M I  t r a n s i t i o n  even though they have 2D cha rac t e r .  For example, t h e  C104 

sa l t  e x h i b i t s  anion disorder-order  t r a n s i t i o n  a t  24K with t h e  

appearance of t h e  supe r s t ruc tu re  (ax2bxc). Since t h e  nes t ing  vector  

corresponds a l a t t i c e  modulation of (2ax2b),  t h e  anion disorder-order 

t r a n s i t i o n  of C10 does no t  lead an i n s u l a t i n g  s t a t e .  If t h e  sample 

c r y s t a l  i s  cooled very r ap id ly ,  e.g. 5OK/min, through 24K, t h e  anion 

d i so rde r  i s  frozen which r e s u l t s  i n  an SDW s t a t e  below 5K and no 

superconducting s t a t e  appears.  On t h e  o the r  hand, i f  t h e  cool ing r a t e  

i s  occurs 

r e s u l t i n g  i n  an appearance of superconducting s t a t e  with Tc=1.2K. The 

intermediate  cool ing r a t e  w i l l  cause t h e  appearance of SDW below 5K and 

superconducting s t a t e  below 1.2K (Fig.  2 )  . I 4  

4 

very slow, e.g. O.lK/rnin, above 24K, a complete anion order  

One of t h e  most e x c i t i n g  p r o p e r t i e s  of TMTSF sal ts  i s  t h e  f i e l d  

induced SDW observed under high magnetic f i e l d  appl ied perpendicular t o  

t h e  ab plane.15 Since t h e  e l ec t rons  near  t h e  Ferrni su r f ace  move along 

the  open o r b i t  with a pe r iod ic  modulation of G=eHb/hc under magnetic 

f i e l d  H, t h i s  system i s  suscep t ib l e  t o  t h e  SDW i n s t a b i l i t y  with a wave 

vec to r  Qx=2kF+nG, where c i s  ve loc i ty  of l i g h t ,  h i s  Planck 's  constant ,  

and n i s  an i n t e g e r .  An SDW phase appeared above a t  a c e r t a i n  threshold 

magnetic f i e l d  (e.g.  6T a t  1.5K f o r  C104 s a l t )  and s e v e r a l  d i f f e r e n t  

semimetall ic (except  n=O sub-phase which i s  i n s u l a t i n g )  SDW phases 

fol low successively then seems t o  r e t u r n  t o  t h e  normal s ta te  a t  around 

28T.I6 The boundary between the  normal and FISDW s t a t e s  i s  i n  t h e  shape 

l i k e  a b e l l  w i th  a maximum a t  ca. 17T and ca. 5.5K i n  t h e  magnetic 

f i e l d  and temperature diagram. A nonl inear  t r a n s p o r t  behavior was 

observed i n  t h e  semimetall ic sub-phases suggesting a s l i d i n g  of SDW.I7 

Many of t he  superconducting c h a r a c t e r i s t i c s  of t he  C10 s a l t  such 

a s  the  s p e c i f i c  heat  jump18 and t h e  energy gap19 deduced from tunnel ing 

spectroscopy a r e  cons i s t en t  with t h e  simple BCS theory.  However, a 

microscopic i n v e s t i g a t i o n  by proton NMR pointed o u t  t he  unconventional 
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na tu re  of the superconductivity of t h i s  s a l t . 2 0  The temperature 

dependence of the r e l axa t ion  r a t e  ( T , )  of protons a t  zero magnetic 

f i e l d  i n  

c o n t r a s t  t o  t he  t y p i c a l  superconductors with i s o t r o p i c  gap where 1 /T1 

i nc reases  below Tc reaching maximum a t  T=ca. 0.9Tc. Theore t i ca l ly  t h e  

temperature dependence of l /T1 f o r  t h e  s i n g l e t  o r  t r i p l e t  s t a t e  with 

an i so t rop ic  gap i s  known t o  behave t h a t  l/T1 reaches maximum around 

T=ca. 0.99Tc and has 5% l a r g e r  value than t h a t  a t  Tc, then v a r i e s  

approximately as  T3 down t o  0.5Tc and dev ia t e s  t o  lower values  a t  

lower temperatures. 21 This t h e o r e t i c a l l y  derived behavior coincide with 

the observed one f a i r l y  wel l  suggesting t h a t  t he  C104 sal t  has an 

an i so t rop ic  order  parameter having l i n e s  of zero on the  Fermi surface.  

(Hc2), 

c r i t i c a l  current  ( J c )  of (TMTSF)2C104: Tc=l.2K (ambient pressure,  slow 

cooled sample);  Hc2(OK)=2.8(//a), 2.1 ( / / b ) ,  0 . 1 6 T ( / / ~ ) ; ~ ~  Jc(0.5K)=ca. 

0.1A/cm2(//c) 

i n d i c a t e s  t h a t  l/T1 decreases r a p i d l y  j u s t  below Tc (Fig.  3)  

The followings a r e  the summary of Tc, upper c r i t i c a l  f i e l d  

23 which i s  one order of magnitude smaller  than J c ( / / a ) .  

13924 BEDT-TTF SALT 

In  s p i t e  of t he  non-planar molecular conformation of n e u t r a l  BEDT-TTF, 

it becomes almost f l a t  except terminal  e thylene group(s)  on t h e  forma- 

t i o n  of CT complexes. BEDT-TTF molecules i n  a complex may p i l e  up by 

minimizing the  s t e r i c  hindrance caused by t h e  ethylene g roup( s ) ,  leav- 

i n g  cav i ty  a long the  d i r e c t i o n  of molecular long a x i s .  This tendency 

prevent t he  proximate face-to-face approach of BEDT-TTF molecules along 

the  s tacking axis .  Instead of t h a t ,  BEDT-TTF molecules have s t rong  

tendency t o  form proximate intermolecular  atomic con tac t s  of s u l f u r  

along the  side-by-side d i r e c t i o n  (molecular s h o r t  ax i s ) .  These two 

kinds of intermolecular  i n t e r a c t i o n s  b r ing  about t h e  c h a r a c t e r i s t i c s  of 

BEDT-TTF complexes such a s  two-dimensionality and polymorphism. 

A l i n e a r  anion I3 i s  the  t y p i c a l  one t o  e x h i b i t  remarkable 

polymorphism. More than 10  kinds of I3 s a l t s  have been known, among 

which B- and K-phases a r e  worth mentioning i n  connection with t h e  

following discussion. There a r e  a t  l e a s t  t h r e e  b-phase s a l t s  with Tc of 

1 .5K (low Tc 2K26 and 8.1K (high Tc B ) , 2 7  and t h e  h ighes t  Tc i n  

the  high Tc 6-phase i s  a t t r i b u t e d  t o  the  absence of both of t h e  

d i so rde r s  due t o  incommensurate s u p e r l a t t i c e  modulation and the  

ethylene conformation.28 I n  the B-phase s a l t ,  a l l  of t he  donor 
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molecules are o r i en ted  p a r a l l e l  t o  each other  t o  form a s tack.  Short  

S..S intermolecular  con tac t s  a r e  loca t ed  between donor molecules on 

neighboring s t acks .  These f e a t u r e s  provide 2D closed Fermi su r face  i n  

t h i s  sa l t  (Fig.  I c ) . ~ ~  I n  the K-phase s a l t ,  on t h e  o the r  hand, two 

donor molecules form a face-to-face d i ~ n e r . ~ '  Dimers a r e  o r i en ted  with 

approximately orthogonal alignment with r e spec t  t o  t h e i r  neighboring 

dimers and form 2D conduction network. The Fermi su r face  estimated f o r  

t h i s  s a l t  i s  a c i r c l e .  The 2D conducting donor l a y e r  i s  sandwiched 

between the i n s u l a t i n g  l a y e r s  composed o f  the anion 13. Even though t h e  

anion i s  the same between B- and K - I ~  (Tc=3.6K) sal ts ,  Tc 's  of them a r e  

q u i t e  d i f f e r e n t .  Within the B-phase s a l t s  der ived from the  s t r u c t u r a l l y  

r e l a t e d  anions;  I B r 2 ,  1 2 B r ,  and Au12, T c ' s  of them a r e  q u i t e  d i f f e r e n t ;  

2.7K, no Tc, and 3.4-4.9K, r e ~ p e c t i v e l y . ~ '  

To explain the s i z e  e f f e c t  of the l i n e a r  anion on Tc wi th in  the B- 

phase salts ,  f e w  i n t e r e s t i n g  c o r r e l a t i o n s  have been proposed between Tc 

and s t r u c t u r a l  parameters, such as l a t t i c e  pressure,32 u n i t  c e l l  

volume33 of 

longer  than 

t h a t  of the high Tc &I3 s a l t .  Since t r i i o d i d e  i s  the  longes t  one 

(10.1A) among t h e  symmetric l i n e a r  polyhal ides ,  we have searched f o r  

appropriate  anions among a v a r i e t y  of metal h a l i d e s  and metal 

pseudohalides. In  the course of t h i s  search, t h e  CU(NCS)~ s a l t  was 

discovered but it turned ou t  t h a t  t he  anion was n e i t h e r  symmetric nor 

o r  anion length.3L A l l  t he se  c o r r e l a t i o n s  suggest t h e  use 

symmetric l i n e a r  anion than I3 i n  order  t o  have higher Tc 

l i n e a r  and furthermore the s a l t  was no t  t he  B-phase. 35 

35 
K-(BEDT-TTF),CU(NCS!~ S a l t  

Single  c r y s t a l s  of K-(BEDT-TTF),CU(NCS), a r e  hexagonal t h i n  p l a t e s  

with t h e  dimension of 2-3mm along the  b a x i s ,  1-2mm along the  c a x i s  

and 0.05-0.lmm along t h e  a* a x i s .  They were prepared by t h e  

e l e c t r o c r y s t a l l i z a t i o n  o f  BEDT-TTF i n  t h e  presence of CuSCN, K S C N  and 

78-crown-6 e t h e r  from 1,7,2- t r ichloethane.  The c r y s t a l  i s  monoclinic 

and t h e  l a r g e s t  plane corresponds t o  t h e  bc plane. Within the  bc plane,  

donor molecules form dimers which a r e  or thogonal ly  a l igned  t o  cons t ruc t  

2D conducting l aye r .  This type of donor packing i s  no t  t he  B-type but 

t he  K-type (Fig.  4 ) .  There a r e  no inve r s ion  cen te r  a t  t h e  cen te r  of t h e  

dimer which i s  con t r a s t  t o  the case of t he  K - I ~  s a l t .  There a r e  s h o r t  

i n t e r -  and intradimer S..S contacts  g iv ing  2D conducting cha rac t e r  t o  

the  bc plane. Every conducting l a y e r  i s  sandwiched between the  
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Figure 4 Crystal structure of K-(BEDT-TTF),CU(NCS)~ (dextrorotatory 
form). The dotted lines show short atomic contacts between BEDT-TTF 
molecule and anion. 

1 :  I 

P .  
N - .  

I .  

I I 1 1 1 * 1 1  

10  30 100 300 
T/K 

Figure 5 Temperature dependence of resistivity (//b) of K-(BEDT-TTF), 
CU( NCS)2* 

"'I 10 

! 

Figure 6 Temperature dependence of upper critical field (Hc2) of K- 
( BEDT-TTF)2Cu(NCS)2. He2 values were determined by the midpoint of 
resistive recovery wi.th magnetic field. 
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i n s u l a t i n g  anion CU(NCS)~ along the  a-axis. The anion CU(NCS)~ i s  

asymmetrically bent  a s  a V shape where t h e  d i h e d r a l  angle  of SCN-Cu-NCS 

i s  121’. The anions a r e  l inked one a f t e r  t h e  o the r  t o  form a zigzag I D  

f l a t  polymer. There a r e  two c rys t a l log raphyca l ly  independent NCS 

groups. SCN(1) and Cut’ form i n f i n i t e  chain SCN(1). .Cu. .SCN(I) along 

the b a x i s  and the  other  l i gand  NCS(I1) i s  bonded t o  Cu t o  complete 

t r i a n g u l a r  coordination. Every polymer o r i e n t s  i n  t h e  same d i r e c t i o n  t o  

cons t ruc t  an i n s u l a t i n g  shee t  i n  the  bc plane.  So t h e  c r y s t a l  does no t  

have an inve r s ion  cen te r  and i s  o p t i c a l l y  a c t i v e .  Figure 4 i s  t h e  

s t r u c t u r e  of t h e  dex t ro  r o t a t o r y  form. The c r y s t a l  i s  no t  a c t i v e  i n  t h e  

second harmonic generat ion but i s  a c t i v e  i n  the  t h i r d  order.36 

There a r e  no s h o r t  atomic con tac t s  between the  neighboring anion 

polymers. However, hydrogen atoms on t h e  ethylene groups of BEDT-TTF 

molecule form s h o r t  atomic con tac t s  with N and S atoms of SCN(1). So a 

2D conducting l a y e r  of BEDT-TTF molecules i s  connected t o  both of t h e  

above and below 2D conducting l a y e r s  by these  s h o r t  C-H..N and C-H..S 

con tac t s  through t h e  t h i n  i n s u l a t i n g  l a y e r ,  t h a t  gives  3D na tu re  t o  

t h i s  s a l t .  I n  t h e  sense of t h e  e l e c t r o n  d e n s i t y ,  t h e  terminal  e thylene 

groups are no t  much important a t  a l l ,  because e l ec t rons  a r e  crowded i n  

the c e n t r a l  c6s8 moiety. But t h e  replacement of hydrogens with 

deuterium atoms has  big e f f e c t  on i t s  superconduct ivi ty  (vide i n f r a ) .  

The conduct ivi ty  a t  room temperature (aRT) i s  10-4OScm-’ ( / / b ) .  

The conduct ivi ty  anisotropy i s  ~ a * : i s b : ~ c = l  /600:1 :I  .2. The temperature 

dependence of conduct ivi ty  (Fig.  5 )  shows a semiconductive behavior be- 

tween 270K and 9 O K ,  which i s  not  i n t r i n s i c  s ince t h e  magnetic proper- 

t i e s  showed m e t a l l i c  nature  i n  t h i s  region. The semiconductive behav- 

i o r  was almost i d e n t i c a l  between those wi th in  t h e  2D plane and perpen- 

d i c u l a r  sa l t  

which showed considerable  anisotropy of t h e  semiconductive behavior.  

t o  it. This i s  i n  con t r a s t  t o  t h a t  of t he  K-CLI[N(CN)~]B~ 

Superconductivity s t a r t s  a t  11K and Tc defined by t h e  midpoint of 

r e s i s t i v e  t r a n s i t i o n  i s  lO.4K. We have compared i so tope  e f f e c t  on Tc by 

using t h r e e  kinds of BEDT-TTF molecules. One i s  t h e  normal BEDT-TTF, 

the  second i s  I3C molecule i n  which carbon atoms of e thylene groups a r e  

s u b s t i t u t e d  by I3C and t h e  t h i r d  i s  the  f u l l y  deuterated BEDT-TTF. Both 

the four-probe conduct ivi ty  and SQUID magnetic measurements revealed 

t h a t  Tc of t h i s  s a l t  i nc reases  i n  the order  of H-salt ,  ’13C-salt and D- 
s a l t .  the  This isotope e f f e c t  i s  opposite t o  what t o  be expected from 
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simple BCS theory .  According t o  t h e  s imple  BCS theo ry  Tc i s  propor t ion-  

a l  t o  one over square  r o o t  of i so tope  mass M. S ince  we do n o t  know t h e  

superconducting mechanism of t h i s  material, we do n o t  know what i s  t h e  

a p p r o p r i a t e  parameter f o r  M. .If we u s e  molecular weight as M ,  Tc of t h e  

deu te ra t ed  s a l t  should be lowered t o  10.3K b u t  t h e  observed Tc was 

11.1K and h ighe r  than  those  of H- and 13-salts. This  i n v e r s e  i so tope  

s h i f t  has  n o t  been r a t i o n a l i z e d  y e t ,  though we expec t  t h a t  CH v ibra-  

t i o n s  o r  CH..anion s t r e t c h i n g s  somehow c o n t r i b u t e  t o  t h e  super- 

conduc t iv i ty  of t h i s  sa l t .  

F igure  6 shows the  tempera ture  dependence of Hc2 va lues  d e f i n e d  by 

t h e  midpoint of r e s i s t a n c e  i n c r e a s e  by t h e  magnetic f i e l d .  A t  0.5K Hc2 
va lues  a r e  5.5T a long  t h e  a’% a x i s  and 24.5T w i t h i n  t h e  bc p lane .  The 

va lue  n o t i c e a b l e  

t h a t  Hc2 va lues  below 3K a r e  more than  the  P a u l i  l i m i t e d  va lue  ( H p ) ,  

which i s  c a l c u l a t e d  by a simple c o r r e l a t i o n  between Tc and t h e  magnetic 

f i e l d  which breaks s i n g l e t  Cooper p a i r  ( H  (T)=1.84Tc). I n  t h e  

convent iona l  superconductors,  Hc2 v a l u e s  a r e  l i m i t e d  by H So t h e  b ig  

enhancement of Hc2 observed h e r e  i s  a f u r t h e r  ques t ion .  

i n  t h e  bc p lane  i s  more than  t h a t  of Nb-Ti and it i s  

P 
P’ 

But t he  Hc2 va lues  determined h e r e  a r e  n o t  p l a u s i b l e .  We have used 

Hc2 
t h e  

t h e  r e s i s t a n c e  recovery curve  wi th  magnetic f i e l d  t o  de te rmine  t h e  

v a l u e s  i n  Fig.  6. The observed recovery  cu rves  were ve ry  broad f o r  

t r a n s i t i o n ,  which i s  r emin i scen t  t o  those  of ox ide  superconductors ,  

sugges t ing  e i t h e r  a flux-flow e f f e c t  o r  d i s t r i b u t i o n  of T c . ~ ~  I f  

f lux-flow e f f e c t  i s  dominant, t h e  p rev ious ly  ob ta ined  Hc2 va lues  a r e  

underestimated. A t  p r e sen t  t he  i n t r i n s i c  Hc2 v a l u e s  a r e  n o t  d e c i s i v e .  

t h e  

The magnetores i s tance  showed Shubnikov-de Haas o s c i l l a t i o n s  below 

ca. 1 K  and above ca .  8 T .  This was t h e  f i r s t  obse rva t ion  of such quantum 

o s c i l l a t i o n s  i n  o rgan ic  conductors and a conclus ive  evidence of t h e  

e x i s t e n c e  of t h e  2D c losed  Fermi su r face .  From t h e  o s c i l l a t i o n  pe r iod ,  

t h e  a r e a  of t he  ex t remal  o r b i t  of t h e  Fermi s u r f a c e  was eva lua ted  as 

18% of t h e  f i r s t  B r i l l o u i n  zone. This  i s  i n  p e r f e c t  agreement wi th  t h e  

c a l c u l a t e d  2D Fermi s u r f a c e  (F ig .  7) .  The band c a l c u l a t i o n  based on t h e  

extended Huckel MO i n d i c a t e d  t h e  1 D  open Fermi s u r f a c e  t o g e t h e r  w i th  

t h e  2D c losed  one. The coex i s t ence  of t h e  ID and 2D Fermi s u r f a c e s  has  

been confirmed by t h e  obse rva t ion  of t h e  magnetic break down 

o s c i l l a t i o n s  under h igh  magnetic f i e l d  (>20T) .38 
The temperature dependence of t he  p e n e t r a t i o n  depth  deduced by 
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5 10 
MAGNETIC FIELD H(T) 

Figure 7 Shubnikov-de Haas signals and Fermi surface of K-(BEDT-TTF)~ 
CU (NCS) 2 * 

150 

5 100 

6 > 
E 

50 

0 100 T/K 200 300 

Figure 8 Temperature dependence of resistivity ( / / b )  of K-(BEDT-TTF)~ 
Cu[N(CN) IBr . 

6 9 0  700  710  7 2 0  
V e f f  i 3  

Figure 9 Effective volume (V 
1:Re04, 2:@-IBr2, 3 : ~ - 1  , 4:8-f3, 5:low Tc B-13, 6:high Tc @-I3, 
7:B-Au12, and 8:K-CU(?$d)2 salts. 

) dependence of Tc of (BEDT-TTFl2X: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
5
8
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



356 

both the complex s ~ s c e p t i b i l i t y ~ ~  and pSR40 measurements suggest 

an i so t rop ic  superconductivity of gapless  na tu re ,  although t h e r e  a r e  

some experimental r e su l t s41  of o the r  groups which a r e  i n  accord with 

the  conventional BCS type which has a f i n i t e  superconducting gap. 

The followings a r e  the summary of Tc, Hc2 and J c  of K-(BEDT- 

TTF)2C~(NCS)2 s a l t :  Tc=10.4K (normal BEDT-TTF), 11.1K (deuterated BEDT- 

TTF) ; Hc2( 0.5K, tentat ive)=24.5T( / / c ) ,  5.5T( / /a*) ; Jc=102-1 03A/cm2. 

c r e a t e  new organic superconductors by modifying t h e  anion which i s  

composed of t r a n s i t i o n  metal and (pseudo)hal ide.  NH4Hg(SCN)4,42 Ag(CNl2 

~ ~ 0 4 3  and CU[N(CN)~]X ( X = C 1 ,  B r ) 4 4  anions a r e  among them, a-(BEDT-TTFl2 

NH4Hg(SCN)4 has  much s t rong  2D cha rac t e r  s ince  t h e  2D conducting l a y e r s  

a r e  separated by t h e  very t h i c k  2D polymerized anion of NH4Hg(SCN)4.42 

The considerable suppress of Tc i n  t h i s  s a l t  (Tc=0.8K) by inc reas ing  

t h e  thickness  of t he  anion l a y e r  may suggest t h e  importance of t h e  3 D  
cha rac t e r  o r  inter-donor-layer i n t e r a c t i o n s  t o  r e a l i z e  s i z a b l e  Tc. 

The e f f i c i ency  of t he  l igand N ( C N ) 2  was demonstrated by 

preparat ion of K-phase superconducting s a l t s  of CU[N(CN)~]X 

T c = l l . 6 ~ ,  B r  Tc=12.8K a t  0.3kbar) by Williams e t  a l .  recent ly .  44 
anion l a y e r  i s  composed o f  1D i n f i n i t e  chains of ..Cu..NCNCN..Cu.. 

Cut' i s  f u r t h e r  coordinated by X. Since t h e r e  a r e  weak inter-a  

the  

x=c1 
The 

and 

ion- 

chain i n t e r a c t i o n s  i n  the  K-CU[N(CN)~]B~ sa l t ,  t h e  dimensional i ty  of 

t he  anion l a y e r  i s  somewhat higher than the  CU(NCS)~ salt .  Figure 8 

shows the temperature dependence of t h e  K-CU[N(CN)~IB~ sal t  prepared i n  

our group.35C945 The K-CU[N(CN)~]B~ s a l t  e x h i b i t s  semiconductive behav- 

i o r  between 270K and 70K, which i s  very reminiscent  t o  t h a t  of t h e  

Cu(NCS), s a l t .  There i s  a d i p  a t  ca. 80K with two r e s i s t i v i t y  maximum 

a t  around 70K and 90K. These pos i t i ons  of t h e  maximum and d i p  show 

anisotropy. The conductivity anisotropy i s  0//:01=200:1, so  t h e  magni- 

tude of 3 D  seems t o  be a l i t t l e  higher  than t h a t  of the K-CU(NCS)~. Tc 

was 11.7K i n  our sample with a t r a n s i t i o n  width of 0.5K. Hc2 values  

were considerably higher than those of t he  CU(NCS)~ s a l t .  A t  1.5K Hc2 

values  a r e  7.4T( 1) and 30.6T(/ / ) ,  t h e  l a t t e r  exceeds the  P a u l i  l imi t ed  

value. Here a l s o  t h e  broadening of t h e  r e s i s t i v i t y  recovery curves by 

the  magnetic f i e l d  was outstanding i n d i c a t i n g  these  Hc2 values  a r e  not  
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i n t r i n s i c  and underestimated. Shubnikov-de Haas o s c i l l a t i o n s  were no t  

observed y e t  i n  t h i s  sa l t .  The d e u t e r a t i o n  of t h e  t e rmina l  e thy lene  

groups of t h i s  s a l t  lowered Tc by O.4-0.5K which i s  i n  c o n t r a s t  t o  

t h a t  observed i n v e r s e  i so tope  s h i f t  i n  t h e  K-CU(NCS)~ salt.45 

A Re la t ion  Between Tc and E f f e c t i v e  Volume 

A l i n e a r  c o r r e l a t i o n  between Tc ' s  of s e v e r a l  BEDT-TTF sal ts  of d i f f e r -  

e n t  phases and t h e  e f f e c t i v e  volume of one c a r r i e r  i n  a u n i t  c e l l  was 

observed (F ig .  9).35b The e f f e c t i v e  volume i s  de f ined  as [ ( u n i t  c e l l  

volume)-(anion volume) ]/(number of formal  c a r r i e r s  i n  a u n i t  c e l l )  and 

may c o r r e l a t e  w i th  t h e  d e n s i t y  of s t a t e .  On t h e  b a s i s  of t h e  e f f e c t i v e  

volume cons ide ra t ion ,  t h e  fo l lowing  guide  l i n e s  are withdrawn: 

t h e  

&phase h a s  b igge r  e f f e c t i v e  volume by ca .  10A3 which corresponds t o  

t h e  Tc d i f f e r e n c e  of ca. 3K. This means t h a t  t h e  donor molecules i n  t h e  

&phase Therefore 

i t  i s  d e s i r a b l e  t o  f i n d  s u i t a b l e  l a r g e  an ion  which f i t  B-type ( o r  

l o o s e )  packing of donor molecules. 

1 )  Comparison of t he  &phase and K-phase I3 sa l t s  i n d i c a t e s  t h a t  

s a l t  a r e  packed more l o o s e l y  t h a n  t h e  K-phase sa l t .  

2) The use  of l a r g e  an ion  i n c r e a s e s  u n i t  c e l l  volume t h a t  u s u a l l y  re -  

s u l t s  i n  l a r g e  e f f e c t i v e  volume. But bulky anion i n c r e a s e s  an ion  volume 

t h a t  w i l l  d ec rease  e f f e c t i v e  volume. For example, t h e  K- I3  and K- 

CU(NCS)~ sa l t s  have almost t h e  same u n i t  c e l l  volume but  t h e  e f f e c t i v e  

volume i s  smal le r  by ca .  10A3 i n  the  I3 s a l t  because I3 i s  t h i c k  
compared t o  CU(NCS)~ (vdW rad ius  I=l.98, S=l.80, C=l.70, N = l . 5 5 A ) .  
Therefore i t  i s  d e s i r a b l e  t o  use t h i n  an ion  l a y e r  composed of b i g  an ion  

u n i t .  The use of t h i n  an ion  l a y e r  may correspond t o  t h e  i n c r e a s e  of t h e  

three-d imens iona l i ty  i n  t h e  an i so t ropy  of  t h e  e l e c t r i c a l  conduc t iv i ty .  

3 )  The thermal con t r ac t ion  of organic  superconductor i s  q u i t e  l a r g e .  

For example from room temperature t o  around 10K t h e  u n i t  c e l l  volume of 

t he  K-CU(NCS)~ s a l t  dec reases  by 6 0 ~ 3 , 4 ~  which corresponds t o  t h e  

dec rease  of e f f e c t i v e  volume of 30A3 o r  10K i n  Tc. So it i s  very 

c r u c i a l  t o  avoid t h e  thermal c o n t r a c t i o n  of o rgan ic  c r y s t a l s  i n  o rde r  

t o  have high Tc. The comparison of t h e  temperature dependences of t h e  

l a t t i c e  parameters of K-CU(NCS)~ and K-CU[N(CN)~]B~ sal ts  r evea led  t h a t  

t h e  magnitude of thermal con t r ac t ion  a long  a c e r t a i n  d i r e c t i o n  depends 

on whether t h e r e  i s  t i g h t  i n t e rmolecu la r  atomic c o n t a c t s  o r  not."35c For 
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example, since there are short atomic contacts between donor ethylene 
groups and CU(NCS)~ anion along the a axis, a thermal expansion instead 
of contraction of the lattice was observed in this salt. The 
anion..anion interactions play an important role in the thermal 
contraction. The b axis of the K-CU(NCS)~ salt where CU(NCS)~ anions 
are bonded to each other shows very small thermal contraction. On the 
other hand, since the anion polymers are isolated to each along the c 
axis, the contraction of this axis is large. The anion polymers of the 
K-CU[N(CN)~]B~ salt are connected to each other by weak Br..N atomic 
contacts, so the contraction along this direction is not so large. 
Therefore, in order to keep the thermal contraction small, it is 
desirable to use a structurally two-dimensional anion layer which is 
able to provide short anion..donor contacts. 

As a consequence, the summary of the anion designing is as follow: 
use big anion which forms thin two-dimensional anion layer and provides 

both the loose donor packing and strong anion. .donor atomic contacts.47 
This statement is equal to find more three-dimensional, loosely packed 
and thermally hard organic superconductor. 
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