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A SYSTEMATIC STUDY OF THE RELATIONSHIP BETWEEN 
CRYSTAL STRUCTURE, ESR CHARACTERISTICS AND ELECTRICAL 
PROPERTIES I N  BEDT-TTF SYNTHETIC METALS 

PETER C. W. LEUNG, MARK A. BENO, THOMAS J. EMGE, 
HAU H. WANG, MICHAEL K. BOWMAN, MILLICENT A. 
FIRESTONE, LAUREN M. SOWA, and JACK M. WILLIAMS 
Chemistry and Materials Sc ience  and Technology 
D i v i s i o n s ,  Argonne Na t iona l  Labora to ry ,  Argonne, 
I l l i n o i s  60439, U.S.A. 

A b s t r a c t  The c r y s t a l  packing mot i f s  e x h i b i t e d  by t h e  
BEDT-TTF (or  "ET") donor molecules  i n  t h e  v a r i o u s  
ET:X c h a r g e - t r a n s f e r  sa l t s  are summarized. I n  s p i t e  
of t h e  v a r i a b l e  s t o i c h i o m e t r i e s  and c r y s t a l  symme- 
t r ies  found for  t h e s e  s y n t h e t i c  me ta l s ,  t h e  number of 

i n t e r s t a c k  (L- and Z-modes) and t h r e e  i n t r a s t a c k  
modes (a-, b- and c-modes). O f  t h e s e ,  superconduc- 
t i v i t y  has been observed  on ly  i n  t h e  2 : l  (BEDT-TTF:X) 
sal ts  which adopt a combination of t h e  L- and a-modes 
of i n t e r -  and i n t r a s t a c k  packing ,  r e s p e c t i v e l y .  ESR 
l i n e w i d t h  measurements p rov ide  a means of s e p a r a t i n g  
d i f f e r e n t  c r y s t a l  phases w i t h i n  a g iven  donor- 
accep to r  system and are e s p e c i a l l y  u s e f u l  i n  d i f f e r -  
e n t i a t i n g  t h e  non-superconducting a-( ET)2X phases  , 
X = 13- and IBr2-, from t h e  ambient p r e s s u r e  
superconduct ing  B-(ET)2X phases ,  X = 13- and I B r 2 -  
(Tc ' s  = 1.4 K and 2.7 K, r e s p e c t i v e l y ) .  

d i f f e r e n t  c r y s t a l  packing m o t i f s  is l i m i t e d  -- two 

INTRODUCTION 

The cha rge - t r ans fe r  s a l t s  of BEDT-TTF (b i s - e thy le l ene -  

dithiotetrathiafulvalene, CiOS8H8, a l s o  known h e r e a f t e r  as 

"ET"), form a new class of S-based o r g a n i c  conduc to r s  w i th  

novel  e l e c t r i c a l  p r o p e r t i e s  i n c l u d i n g  s u p e r c o n d u c t i v i t y .  
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114 P. C. W. LEUNG er al. 

The r ecen t  d i scove ry  of supe rconduc t iv i ty  i n  (ET) 2kO4  

wi th  Tc = 2 K (P > 4 kbar)  c o n s t i t u t e d  t h e  f i r s t  observa- 

t i o n  of t h i s  phenomenon i n  a su l fur -based  o rgan ic  

metall. The subsequent f i n d i n g  of supe rconduc t iv i ty  a t  

ambient p re s su re  i n  t h e  two r e l a t e d  compounds, B-(ET)213 

(Tc = 1.4 K)2-4 and B-(ET)2IBr2 (Tc = 2.7 K)596 p r e s e n t s  

BEDT-TTF o r  "ET" 

new o p p o r t u n i t i e s  f o r  

t h e  s y n t h e s i s  of novel 

materials w i t h  poss ib ly  

even h ighe r  TC1s. Ever 

s i n c e  t h e  f i r s t  d i s -  

covery7 of metal l ic  con- 

d u c t i v i t y  t o  1.4 K i n  

( E T ) ~ C ~ O ~ ( T C E ) O , ~ ,  numerous (ET)2X, X = monovalent anion, 

s y n t h e t i c  metals have been synthes ized .  These have 

included materials con ta in ing  v a r i o u s  monovalent an ions  

and, i n  some cases, d i f f e r e n t  s o l v e n t  molecules.  Of ten ,  

solvent-f  ree materials of t h e  type  (ET),(X), have a l s o  

been prepared. A wide v a r i a t i o n  i n  t h e  e lectr ical  pro- 

p e r t i e s  of t h e s e  materials has been repor ted .  In t h e  

p re sen t  s tudy ,  a summary of t he  known ET cha rge - t r ans fe r  

s a l t s  is repor ted  which relates t h e  c r y s t a l  s t r u c t u r e s  and 

b a s i c  room-temperature ESR d a t a  of t h e s e  materials t o  

t h e i r  e lectr ical  p r o p e r t i e s .  

THE CRYSTAL STRUCTURES OF THE CHARGE TRANSFER SALTS OF ET 

While t h e  more f a m i l i a r  TMTSF and TMTTF cha rge - t r ans fe r  

sa l ts  have similar s t o i c h i o m e t r i e s  and c r y s t a l  s t r u c t u r e s  

-- (TMTSF)2X or  (TMTTF)2X (X = clog-, BF4-, b o b - ,  PFtj-, 

AsFtj-, etc. which are i s o s t r u c t u r a l  ( space  group PI), 
t he  c r y s t a l  chemis t ry  of t h e  charge t r a n s f e r  sa l t s  of ET 
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A SYSTEMATIC STUDY OF THE RELATIONSHIP ... 115 

i s  q u i t e  va r i ed .  E l e c t r o c r y s t a l l i z a t i o n  r e a c t i o n s ,  u s i n g  

t h e  same anion  du r ing  c r y s t a l  growth and under i d e n t i c a l  

c o n d i t i o n s ,  o f t e n  produce s e v e r a l  d i f f e r e n t  c r y s t a l  

phases.  For example, t h e r e  are at least  t h r e e  such phases  

i n  t h e  ET:Re04 system v i z . ,  (ET)z(Re04),  (ET)3(Re01+)2 

and(ET)2(Re04)(THF)oe5 wi th  v a s t l y  d i f f e r e n t  e l e c t r i c a l  

p r ~ p e r t i e s l , ~ .  They a l s o  have d i f f e r e n t  ESR l i n e w i d t h s  a t  

room tempera ture  and have v a s t l y  d i f f e r e n t  t empera tu re  

dependent ESR s i g n a l s  ( s e e  Table 09. These d i f f e r e n t  

phases a r e  observed t o  c o - c r y s t a l l i z e  d u r i n g  a s i n g l e  

e l e c t  r o c r y s  t a l l i z a t  i o n  r e a c t  ion .  Depending on t h e  

c o n d i t i o n s  of c r y s t a l  growth, t h e  r e l a t i v e  abundance of 

t h e s e  phases may a l s o  vary.  However, on ly  one of t h e s e  

phases ,  (ETIzRe04, i s  observed t o  be superconduct ing  a t  

= 2 K ( P  > 4 k b a r ) l .  Even though some d e r i v a t i v e s  may 

even have i d e n t i c a l  s t o i c h i o m e t r i e s ,  t h e s e  c h a r g e - t r a n s f e r  

s a l t s  o f t e n  have d i f f e r e n t  e l e c t r i c a l  p r o p e r t i e s  and 

c r y s t a l  s t r u c t u r e s .  For example, (ET)zI3,  c r y s t a l l i z e s  i n  

two d i f f e r e n t  forms des igna ted  as t h e  a- and 8-forms, re- 

s p e c t i v e l y l O ,  l .  While bo th  of t h e s e  m a t e r i a l s  are 

m e t a l l i c  n e a r  room t empera tu re ,  a-(ET)2I3 undergoes a 

me ta l - in su la to r  ( M I )  t r a n s i t i o n  a t  - 135 K I O .  On t h e  

o t h e r  hand 8-(ET)2I3 remains metal l ic  t o  1.4-1.5 K, a t  

which t empera tu re  t h e  o n s e t  of s u p e r c o n d u c t i v i t y  a t  

ambient p r e s s u r e  occur s  2-4. Superconduct i n g  8-( ET) 2 1  3 i s  

p a r t i c u l a r l y  i n t e r e s t i n g  because of t h e  occurence  of an 

incommensurate phase t r a n s i t i o n  a t  - 195 K which is a t t r i -  

buted t o  a d i s p l a c i v e  s t r u c t u r a l  modulation12. C l e a r l y ,  

t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e s e  charge  t r a n s f e r  sa l t s  

a r e  very  dependent on t h e i r  composi t ions  and, as we s h a l l  

demonst ra te ,  t h e  c r y s t a l  packing mot i f s .  A summary of 
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I16 P. C. W. LEUNG er al. 

c r y s t a l l o g r a p h i c ,  ESR, and e lectr ical  d a t a  of t h e  known ET 

s a l t s  i s  g iven  i n  Table  1. ESR measurements were per- 

formed on a Var ian  E-9 spec t romete r  a t  9.14 GHz w i t h  

100 KHz f i e l d  modulation. The modulation ampl i tude  was 

kept  w e l l  below t h e  l i n e w i d t h  and t h e  microwave power of 

lOmW was w e l l  below s a t u r a t i o n .  The f i r s t  d e r i v a t i v e  peak 

t o  peak l i n e w i d t h s  are r e p o r t e d  wi th  much of t h e  s t a n d a r d  

d e v i a t i o n  due t o  l i n e w i d t h  an i so t ropy .  The g r e a t  v i r t u e  

of t h i s  method i s  t h a t  even very  t i n y  (<  0.1 m) c r y s t a l s  

can be examinedz1. 

Although t h e  space  group symmetries and t h e  s t o i c h i o -  

m e t r i e s  of t h e s e  ET sal ts  appear  t o  va ry  wide ly ,  t h e  modes 

of c r y s t a l  packing of t h e  ET molecules  appear l i m i t e d  

( v i d e  i n f r a ) .  I n  g e n e r a l ,  t h e r e  are two d i f f e r e n t  t ypes  

of packing a long  t h e  i n t e r s t a c k  d i r e c t i o n s  ( s e e  F igu re  l ) ,  

des igna ted  as L- and Z-modes f o r  " l i n e a r "  and "z igzag" ,  

r e s p e c t i v e l y .  

F igu re  1. I l l u s t r a t i o n  of two d i s t i n c t  t y p e s  of i n t e r -  

s t a c k  packing of t h e  ET molecules  i n  ET:X 

sal ts :  z igzag  o r  Z-mode ( l e f t )  and l i n e a r  o r  

L-mode ( r i g h t ) .  The hydrogen atoms are omi t t ed  

f o r  c l a r i t y .  
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A SYSTEMATIC STUDY OF THE RELATIONSHIP ... 117 

A s  opposed t o  t h e  TMTSF and TMTTF systems8, i n  which t h e  

i n t e r m o l e c u l a r  S e * * * S e  and S - * * S  i n t e r a c t i o n s ,  

r e s p e c t i v e l y ,  a r e  more impor t an t  i n  t h e  i n t r a s t a c k  

d i r e c t i o n ,  s h o r t  S *  * * S  c o n t a c t s  always occur  mainly a long  

t h e  i n t e r s t a c k  d i r e c t i o n s  i n  t h e  ET:X systems. I n  f a c t ,  

t h e s e  s h o r t  S * * * S  c o n t a c t s  are o f t e n  s i g n i f i c a n t l y  s h o r t e r  

than  t h e  sum of t h e i r  van d e r  Waals r a d i i  ( 3 . 6  A)  

g e n e r a l l y  i n d i c a t i n g  s t r o n g  i n t e r m o l e c u l a r  i n t e r a c t i o n s .  

Regard less  of t h e  type  of i n t e r s t a c k  packing ,  many of 

t h e s e  m a t e r i a l s  e x h i b i t  metallic p r o p e r t i e s  ( s e e  Table  1).  

Along t h e  l o o s e l y  packed (ds..,s > 3.60 A )  i n t r a s t a c k  

d i r e c t i o n ,  t h e r e  appear  t o  be t h r e e  d i f f e r e n t  packing 

modes e x h i b i t e d  by t h e  ET molecules  i n  t h e  known ET:X 

systems. For convenience,  t h e s e  in t r a s t ack -pack ing  modes 

a r e  des igna ted  as a-, b-, and c-modes ( s e e  F igu re  2) .  I n  

t h e  a-mode, t h e  ET molecules  pack i n  a face- to- face  

manner. A s  shown i n  F igu re  2 ,  q u a n t i t a t i v e  d i f f e r e n c e s  i n  

t h e  i n t e r m o l e c u l a r  o v e r l a p s  can occur  due t o  t h e  r e l a t i v e  

molecular  d i sp lacements  a long  t h e  long in-p lane  axes  of 

t he  o rgan ic  molecules.  This  d i sp l acemen t ,  des igna ted  "D" 

by Mori et & . 1 3 ,  i s  a ve ry  impor tan t  f a c t o r  i n  

de t e rmin ing  t h e  o v e r l a p  i n t e g r a l s  between a d j a c e n t  ET 

molecules.  It  is noteworthy t h a t  a l l  t h e  known super- 

conduct ing  phases of t h e  ET sal ts  adopt  t h e  a-type packing  

mode. 

I n  c a s e s  of t h e  &mode, t h e r e  is no d i s t i n c t  s t a c k i n g  

d i r e c t i o n .  Each ET molecule o v e r l a p s  wi th  two o t h e r s  

a long  a d i r e c t i o n  pe rpend icu la r  t o  t h e  ET s h e e t s .  A l l  

known ET sa l t s  which adopt t h i s  packing mode are metal l ic ,  

bu t  s u p e r c o n d u c t i v i t y  has never been observed  i n  t h e s e  

systems. For example, ( E T ) ~ C ~ O ~ ( T C E ) O . S  remains metal l ic  
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A SYSTEMATIC STUDY OF THE RELATIONSHIP ... 119 

t o  1.4 K but i s  never s u p e r c ~ n d u c t i n g . ~  A t h e o r e t i c a l  

c a l c u l a t i o n  by Mori e t  a l .  l 3  i n d i c a t e s  tremendous 

v a r i a t i o n s  i n  t h e  i n t e r m o l e c u l a r  o v e r l a p  i n t e g r a l s  as a 

f u n c t i o n  of 4 ,  t he  ang le  between t h e  molecular  p l anes  of 

two ad jacen t  ET molecules.  The v a l u e s  of 4 are 0" and 90' 

f o r  t h e  side-by-side and face-to-face (bo th  are w i t h i n  t h e  

a-mode) i n t e r a c t i o n s ,  r e s p e c t i v e l y .  The b-mode has  4 
v a l u e s  which are i n t e r m e d i a t e  between t h e s e  two va lues .  

I n t e r e s t i n g l y ,  t hose  ET sal ts  which adopt t h e  c-mode 

of i n t r a s t a c k  packing are a l l  semi-conductors 14'16. I n  

t h e  c-mode, of t e n  d e s i g n a t e d  as t h e  "herring-bone' '  con- 

f i g u r a t i o n ,  o v e r l a p s  between t h e  ET s h e e t s  a long  t h e  

s t a c k i n g  a x i s  are thought  t o  be small ,  as sugges ted  by t h e  

l a r g e  d i f f e r e n c e s  i n  t h e  a n i s o t r o p i c  c o n d u c t i v i t i e s .  I n  

8-( ET)zPF6, f o r  example 1 4 ,  t h e  room tempera tu re  

c o n d u c t i v i t i e s  a long  t h e  i n t e r -  and i n t r a s t a c k  axes  d i f f e r  

by almost a f a c t o r  of 100. 

RELATIONSHIP OF CRYSTAL STRUCTURES AND ELECTRICAL 
PROPERTIES 

C l e a r l y ,  t h e  d i f f e r e n c e s  i n  c r y s t a l  packing of t h e  ET 

molecules can s i g n i f i c a n t l y  a f f e c t  t h e  band s t r u c t u r e s  of 

t h e s e  m a t e r i a l s .  A s  shown above, some of t h e  c r y s t a l  

packing modes a r e  c h a r a c t e r i s t i c  of a s t r u c t u r e  t h a t  

e x h i b i t s  s u p e r c o n d u c t i v i t y  at  low t empera tu re ,  wh i l e  t h e  

o t h e r  modes o f f e r  l e s s  f a v o r a b l e  i n t e r m o l e c u l a r  S * * * S  

o v e r l a p s  and are no t  a s s o c i a t e d  wi th  t h e  supe rconduc t ing  

s t a t e .  

I n  g e n e r a l ,  a two-dimensional packing of t h e  ET 
% 

molecules appears  necessa ry  i n  o r d e r  t o  suppres s  low tem- 

p e r a t u r e  M I  t r a n s i t i o n s  which are ve ry  common i n  low- 
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dimens iona l  conductors .  Indeed, t h e  ex tended  e x o c y c l i c  

(non-TTF S-atom framework) r i n g s  i n  t h e  ET molecules o f f e r  

an o p p o r t u n i t y  f o r  two-dimensional i n t e r a c t i o n s .  These 

e x t e r i o r  S-atoms are absent  i n  t h e  r e l a t e d  TMTTF and TMTSF 

systems. However, t h e  s i g n i f i c a n t  i n t e r s t a c k  i n t e r a c t i o n s  

i n  t h e  ET salts always appear  t o  invo lve  such  e x t e r i o r  

s u l f u r  atoms. The importance of t h e  2-D S***S inter-  

a c t i o n s  can be s e e n  i n  t h e  modulated s t r u c t u r e  of B- 
(ET)2I3 i n  which t h e  d i s p l a c i v e  s t r u c t u r a l  modulation 

causes  l a r g e  l o c a l  m o d i f i c a t i o n s  of t h e  i n t e r m o l e c u l a r  

( S o  -0s) con tac t s12 .  Yet, t h e  v a r i a t i o n  i n  t h e  r e s i s t i v i t y  

of t h i s  material is smooth throughout  t h i s  incommensurate 

t r a n s i t i o n  a t  195 K22. 
It  appears  t h a t  t h e  d e t a i l e d  c r y s t a l ,  packing of ET 

molecules i n  t h e s e  materials depends not  on ly  on t h e  

i n t e r m o l e c u l a r  i n t e r a c t i o n s  between t h e  ET molecules ,  bu t  

a l s o  on t h e  i n t e r a c t i o n s  between t h e  coun te r ions .  I n  

a d d i t i o n ,  t h e  packing energy  of t h e  d i f f e r e n t  modes of 

i n t e r a c t i n g  ET molecules appear t o  be n e a r l y  degene ra t e  

s i n c e  they  o f t e n  c o - c r y s t a l l i z e  d u r i n g  t h e  same 

s y n t h e s i s .  Hence, s u b s t i t u t i o n  of d i f f e r e n t  an ions  can 

cause  s u b s t a n t i a l  changes i n  t h e  an ion-ca t ion  i n t e r a c t i o n s  

which can be very  s i g n i f i c a n t  i n  t h e  o v e r a l l  c r y s t a l  

packing. A s y s t e m a t i c  s t u d y  of t h i s  i n t e r - p l a y  between 

c a t  ion-cat i o n  and cat ion-anion i n t e r a c t  i o n s  is expec ted  t o  

be very  f r u i t f u l  i n  terms of f u t u r e  s y n t h e t i c  s t r a t e g i e s  

aimed at the  development of new materials. 
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