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THE ANION STRUCTURE WHICH FACILITATES BEDT-TTF TO CONSTRUCT THE 
K-TYPE SUPERCONDUCTING SALT 

HIDEKI YAMOCHI, TOKUTARO KOMATSU, and GUNZI SAIM 
Department of Chemistry, Faculty of Science, Kyoto University, 
Sakyo-ku, Kyoto, 606 JAPAN 
MASAMI KUSUNOKI and KEN-ICHI SAKAGUCHI 
Institute for Protein Research, Osaka University, Yamadaoka, 
Suita, Osaka, 565 JAPAN 

Abstract The systematic comparison of the crystal structures of 
the BEDT-TTF salts with the planar anion layers elucidated that 
the pattern of the openings in the anion layer governs the packing 
motif of the donor molecules. On the ambient pressure BEDT-TTF 
superconductors, an almost linear relationship between the Vmes2 
and Tc was found out, where Vmes2 is the estimated volume of the 
space, mainly in which the carrier can distribute. 

INTRODUCTION 

From the discovery of the first example, (TMTSF)zPFg in 1980, a dozen 

years of the investigations have provided almost fifty kinds of molec- 

ular superconductors Among them, BEDT-TTF recorded the highest Tc's 

with K-(BEDT-TTF)~CU[N(CN)~IX (Tc = 12.8 K at 0.3 kbar for X = C1, Tc 

= 11.8 K at 1 bar for X = Br) as the planar molecule, and has provid- 

ed the richest variety of the superconductors in view of the crystal 

structure. The salts which exhibit the metallic conductivity and/or 

the superconductivity show the layered structure in which the donor 

and anion layer pile up alternately. This donor has the strong tend- 

ency to form the various packing motives in the salts and often pro- 

vides multiple modifications with the same anion. It is suspected 

that the production of the polymorphism may originate from the extreme 

flexibility of the outer six-membered ring of BEDT-TTF.2 

ometry of the donor molecules and for the physical properties of the 

salts, the importance of the weak hydrogen bonds between the anion and 

the hydrogen atoms of the ethylene group is ~laimed.~ 

proposals have been presented on the factors which determine the pack- 

ing motif of the donor molecules. 

For the ge- 

However, no 
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138 H. YAMOCHI ET AL. 

Analyzing t h e  c r y s t a l  s t r u c t u r e s  of t h e  newly obta ined  ambient p re s -  

s u r e  superconductors4,  K-(BEDT-TTF)~CU(CN) [N(CN)21 (Tc = 11.2 K) and 

P- (BEDT-TTF)~CU~(CN)~ (Tc = 3.8 K), it became apparent  t h a t  t h e  p a t -  

t e r n  of t h e  openings i n  t h e  an ion  l a y e r  governs t h e  packing motif of 

t h e  donor molecules i n  the sa l t s  wi th  t h e  p l ana r  an ion  l a y e r s .  Th i s  

paper d e s c r i b e s  t h e  gene ra l i zed  p a t t e r n s  of t h e  openings i n  t h e  an ion  

l a y e r s  which g i v e  t h e  K-type BEDT-TTF sa l t s  a long  wi th  t h e  s t r u c t u r a l  

parameter,  Vmes2 which is almost p ropor t iona l  t o  Tc. 

CRYSTAL STRUCTURES OF THE NEWLY OBTAINED BEDT-TTF SUPERCONDUCTORS 

Both of t h e  superconductors,  K-(BEDT-TTF)zCu(CN)[N(CN)21 and d-(BEDT- 

T T F ) ~ C U ~ ( C N ) ~ ,  belong t o  theK- type  BEDT-TTF s a l t  i n  which t h e  donor 

molecules form face- to- face  dimers packed o r thogona l ly  t o  each o t h e r  

i n  t h e  conducting donor l a y e r s  (F ig .1) .  I n  t h e  former s a l t ,  t h e  an ion  

l a y e r  c o n s i s t s  of t h e  i n f i n i t e  fCu-C-Nj c h a i n s  having t h e  pendants of 

N(CN)2 which coord ina te  t o  Cu atoms a t  t h e  t e rmina l  n i t r o g e n  atoms. 

Inc luding  t h e  pendants,  no atomic c o n t a c t s  s h o r t e r  t han  t h e  sum of t h e  

van d e r  Waals r a d i i  (vdW) w e r e  observed between t h e  i n f i n i t e  cha ins ,  

and hence t h e  an ion  l a y e r  c o n s i s t s  of t h e  one dimensional polymeric 

an ions .  On t h e  o t h e r  hand, t h e  anion l a y e r  of t h e  K'-CU2 (CN)3 s a l t  

c o n s i s t s  of t h e  i n f i n i t e  two dimensional polymeric an ion  i n  which t h e  

i n f i n i t e  c h a i n s  of tCu-C-Nj are l inked  by t h e  d i so rde red  CN i o n s  a t  

t h e  Cu atoms.5 Despi te  t h e  d i f f e r e n c e  i n  t h e  anion s t r u c t u r e ,  bo th  of 

b 

C 

FIGURE 1 
( l e f t ) .  
are p r o j e c t e d  a long  the a-axes (middle and r i g h t ,  r e s p e c t i v e l y ) .  

The c r y s t a l  s t r u c t u r e  of K-(BEDT-TTF)~CU(CN)[N(CN)~I 
The anion l a y e r s  of t h i s  sa l t  and K ' - (BEDT-TTF)~CU~(CN)~ 
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ANION STRUCTURE FOR K-BEDT-ITF SALT 139 

t h e s e  t w o  ambient p re s su re  superconductors  show t h e  i s o s t r u c t u r a l  

donor packing mot i f .  

COMMON STRUCTURAL FEATURE OF THE PACKING PATTERNS I N  THE K-TYPE SALTS 

To seek o u t  t h e  o r i g i n  of t h e  common packing motif of t h e  K-type BEDT- 

TTF s a l t ,  t h e  r e l a t i v e  o r i e n t a t i o n s  between t h e  an ion  l a y e r s  and t h e  

donor molecules w e r e  reviewed on t h e  sa l t s  wi th  t h e  p l ana r  an ion  lay-  

e r ~ . ~  Viewing along t h e  perpendicular  d i r e c t i o n  t o  t h e  anion l a y e r s ,  

a l l  of t h e  sa l t s  e x h i b i t  t h e  common f e a t u r e  t h a t  t h e  e thy lene  groups 

of t h e  donor molecules locate a t  the openings i n  t h e  an ion  l a y e r  (F ig .  

2 ( a - f ) ) .  Here t h e  "opening" means t h e  space  where no an ion  atoms oc- 

cupy. J. M. Will iams e t  a l .  had a l r eady  recognized such vacant  space  

FIGURE 2 The arrangements of t h e  donor molecules and t h e  anion 
l a y e r s  i n K - t y p e  BEDT-TTF sal ts  p r o j e c t e d  onto  t h e  anion l a y e r s .  
( a ) K - I 3 ,  (b)K-Ag(CN)2.H208 ( c )  K-Cu(NCS)2, ( d )  K-Cu(CN)[N(CN)2I8 
(e)K-Cu[N(CN)2]Br and ( f , g )  K '-Cu2(CN)3 sa l t .  I n  a l l  cases, on ly  
h a l f  parts of t h e  donor molecules were d e p i c t e d  t o  s impl i fy  t h e  
f i g u r e s .  
spheres  wi th  t h e  r a d i u s  of 1.20 A and t h e  one c l o s e s t  t o  t h e  anion 
l a y e r  i n  each e thy lene  group i s  hatched. ( h )  The anion atoms i n  
K1-Cu2(CN)3 are i l l u s t r a t e d  wi th  t h e  spheres  of t h e  r a d i i  of vdW. 

I n  ( g ) ,  t h e  hydrogen a$oms were i l l u s t r a t e d  as  t h e  
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140 H. YAMOCHI ET AL. 

FIGURE 3 The d i s t r i b u t i o n  of t h e  openings i n  t h e  p l ana r  anion 
l a y e r s  of t h e  K-type BEDT-TTF s a l t s .  Open e l l i p s e s  i n d i c a t e  
t h e  e s s e n t i a l  a r e a s  of t h e  openings. The anion atoms can l o c a t e  
i n  t h e  hatched region. 

r ep resen t ing  it a s  "hole" i n  K-(BEDT-TTF)~CU[N(CN)~]X (X = C1, B r ,  

I ) ,  however, they have no t  r e a l i z e d  such openings i n  o t h e r  s a l t s . 6  

f a c t ,  t h e  openings e x i s t  i n  a l l  of t h e  K-type BEDT-TTF sal ts  wi th  

p l ana r  anion l a y e r s  (see Fig.Z(h) f o r  example). Drawing t h e  hydrogen 

atoms as t h e  spheres  of vdW, t h e  r e l a t i o n s h i p  between t h e  donor m o l e -  

c u l e s  and t h e  anion l a y e r  i s  understood obviously,  e s p e c i a l l y  i n  K ' -  

Cuz(CN)3 salt .  

of an opening wi th  t w o  hydrogen atoms which belong t o  t h e  d i f f e r e n t  

molecules and locate closest t o  t h e  anion l a y e r  i n  each e thy lene  group 

(F ig .  2 ( g ) ) .  The r e l a t i o n s h i p  between t h e  hydrogen atoms and t h e  a n i -  

on l a y e r  i n  t h i s  s a l t  may be one of t h e  packing motives which w e l l  

s a t i s f y  t h e  close-packing cons ide ra t ions .  The e s s e n t i a l  p a t t e r n  of 

t h e  openings i n  t h e  t w o  dimensional anion l a y e r  can be a b s t r a c t e d  as 

Fig. 3 i n  which t h e  openings are r e l a t e d  by the two-fold screw opera- 

t i o n  t o  each o the r .  In  t h i s  f i g u r e ,  t h e  r ec t ang le s  i l l u s t r a t e d  wi th  

t h e  t h i c k  l i n e s  correspond t o  t h e  r epea t ing  u n i t  of t h e  anion area. 

Refer r ing  t h e  s t r u c t u r a l  parameters of t h e  K-type BEDT-TTF sal ts ,  t h e  

u n i t  a r e a  has  t h e  s i z e  of ca. 55 i2. I n  t h e  K1-Cu2(CN)3 and K - A ~ ( C N ) ~  

- H 2 0  sa l t ,  t h e  openings are i s o l a t e d  by t h e  t w o  dimensional network of 

t h e  anion atoms completely. In c o n t r a s t  t o  these sal ts ,  t h e  e s s e n t i a l  

areas corresponding t o  t h e  ellipses i n  Fig. 3 a r e  connected t o  each 

o t h e r  by t h e  a d d i t i o n a l  openings i n  t h e  o the r  K-type s a l t s .  However, 

t h e  very  i n t e r e s t i n g  f e a t u r e  i s  t h a t  a l l  of t h e  p a t t e r n s  of t h e  open- 

i n g s  con ta in  t h e  e s s e n t i a l  open areas correspondirig t o  those  ind ica t ed  

i n  Fig.  3. 

In  

Namely, a face- to- face  donor d i m e r  s t u f f s  up one s i d e  

THE PATTERNS OF THE OPENINGS I N  THE OTHER MODIFICATIONS 

To compare t h e  p a t t e r n s  of t h e  openings between t h e  K-type sa l t s  and 
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ANION STRUCTURE FOR K-BEDT-TI'F SALT 141 

FIGURE 4 The arrangements of the hydrogen atoms of the donor 
molecules and the anion layers in (a) a-, (b) B-, and (c) 8- 
(BEDT-TTF1213 projected onto the anion layers. 
were illustrated as the spheres with the radius of 1.20 1 and the 
one closest to the anion layer in each ethylene group is hatched. 

The hydrogen atoms 

the other 'modifications of the BEDT-TTF salts with planar anion lay- 

ers, the I3 salts are adequate since this anion gives the richest va- 

riety of the salts. Viewing along the perpendicular direction to the 

anion layers, a-, B-, 8-salt show the unique pattern of the openings, 

respectively (Fig. 4 ) .  Since the anion is a discrete one, the essen- 

tial pattern of the openings in each modification is not discrete. 

However, it is obvious that the anion layer of the 8-type salt con- 

tains openings of the straight streak. The 6-13 salt seems to con- 

tain the wedge shaped openings parallel to each other in the anion 

layer. The essential pattern of the openings in the anion layer of 

the K-type salts (Fig. 3) differs from those of the other mcdifica- 

tions. Concerning the before-mentioned fact that this donor gives 

numerous modifications of the salt even with the same anion species, 

BEDT-TTF is regarded to have the ability to construct the packing mo- 

tif which fits to the structure of the counter components. Basing on 

these discussion, the essential structure of the planar anion layer 

which gives the K-type BEDT-TTF salts reveals the one which contains 

the openings as illustrated in Fig. 3 .  

THE STRUCTURAL PARAMETER WHICH IS CORRELATED TO Tc 

Previously, we had proposed the concept of Veff which is calculated as 

the difference between the unit cell volume and the anion vo1ume.l 

The definition came from the idea that the less density of BEDT-TTF 
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142 H. YAMOCHI ET AL. 

results in the narrower band width, the higher density of states at 

the Fermi level, and hence the higher Tc. Veff is the estimated vol- 

ume of the space in which the carrier can move around three-dimension- 

aly. 

served for some ambient pressure BEDT-TTF superconductors, the esti- 

mated anion volume contains the big ambiguity. For example, the Tc 

for the fbI3 salt is estimated as 4.5 to 15 K depending on the choice 

of the atomic radius of iodine. To avoid such ambiguity, we intended 

to calculate the volume corresponding to Veff basing only on the atom- 

ic parameters. 

Concerning the anisotropic conducting nature of the BEDT-TTF salts1, 

the carrier density in the conducting layer should affect on the su- 

perconductivity mainly. Therefore, firstly, we defined three kinds of 

the spaces dividing the crystallographical unit cell according to the 

expected contribution to the carrier distribution. The "most effec- 

tive space" contains the c6sg skeleton of BEDT-TTF and the intra- 

donor-layer overlap space between the atomic orbitals belonging to 

this IT-system. The shape of this space will be a sheet-like one par- 

allel to the donor layer having the finite thickness. The "anion 

space" which is defined as the space occupied by anion atoms. 

space contributes nothing to the carrier distribution because of the 

closed-shell electronic structure. The "secondary effective space" is 

defined as the rest part in the unit cell in which the donor ethylene 

groups and the openings in the anion layer are included. This part is 

sandwiched by the two "most effective spaces" and contributes to the 

carrier distribution less than the "most effective space". 

To simplify the calculation, the "most conductive space" is approxi- 

mated by the parallelepiped having the same base area to the anion 

layer. Here we defined the height of this parallelepiped as the base 

contains the donor sulfur atom which give the shortest interlayer S..S 

distance through an opening in the anion layer. The volume of the 

parallelepiped was calculated per two carriers and denoted as Vmes2. 

Despite of the crude approximation, an almost linear relationship 

between Vmes2 and Tc was observed for the ambient pressure BEDT-TTF 

superconductors (Fig. 5). a-NH4Hg(SCN)4, K'-CU~(CN)~, and B-13 
salts deviate from the relationship and were omitted in the figure. 

The crystal structures of the former two salts contain the thick anion 

Although a linear relationship between Veff and TC had been ob- 

This 

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

3:
57

 1
8 

Fe
br

ua
ry

 2
01

3 



ANION STRUCTURE FOR K-BEDT-'ITF SALT 143 

layer and the disordered polar groups, respectively, both of which 

empirically lower the Tc and the effects are not concerned in the cal- 

culation of Vmes2. 

can not be explained yet. However, the existences of the low-Tc and 

high-Tc phases at low temperature may affect on the deviations. 

Under the crude approximation assumed here, every K-type salt gives 

the bigger Vmes2 and hence the higher Tc than those of the @-type 
salt having the similar area of the anion layer. 

For the B-I3 salt, the origin of the deviation 

CONCLUSION 

Reviewing the crystal structures of the ambient pressure BEDT-TTF 

superconductors with the planar anion layers, the factors which deter- 

mine the donor packing motif and the Tc became apparent. 

Tc is almost proportional to Vmes2 which is the estimated volume of 

the "most effective space" for the carrier distribution. Although the 

approximation is crude, the K-type salt gives the higher Tc than that 

of the @type salt having the same area of the anion layer. 

fore, we propose that the development of the K-type salt will facili- 

tate to raise the Tc of BEDT-TTF superconductors. 

To obtain the K-type salt, the concept of the pattern of the openings 

is useful. The pattern of the openings in the anion layer governs the 

There- 
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144 H. YAMOCHI ET AL. 

packing motif of BEDT-TTF and the K-type salts are provided by the 

anion layers which posses the pattern as illustrated in Fig. 3. 
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