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CHEMICAL AND PHYSICAL PROPERTIES OF CATION RADICAL SALTS OF 
BE DT-TTF 

GUN21 SAITO, I n s t .  S o l i d  
TOSHIAKI ENOKI, MOTOTADA 
H I R O O  INOKUCHI ,  I n s t .  Mo 

Abstract  Extension o f  T 
the donors super ior  even 
t i a l ,  p o l a r i z a b i l i t y ,  an 

State Physics, Univ. o f  Tokyo, Tokyo, 
KOBAYASHI,  KENlCHl  IMAEDA, NAOKI SATO, 
ecular Science, Okazaki, Japan. 

F skeleton by a l k y l t h i o  groups makes 
t o  TMTSF concerning i o n i z a t i o n  poten- 
o n - s i t e  Coulomb repu ls ion .  Further-  

more, due t o  the presence o f  the ou ter  s u l f u r  atoms, BEDT-TTF 
can form two-dimensional network by s ide-by-side arrangement 
i n  the complexes. The balance between the face-to-face and 
side-by-side i n te rac t i ons  r e s u l t s  i n  a v a r i e t y  o f  polymorphic 
complexes. We have been studying chemical, phys ica l ,  s t r u c t u r -  
a l ,  and designing works o f  c a t i o n  rad i ca l  s a l t s  o f  BEDT-TTF 
compounds. (BEOT-TTF)2C104(TCE) shows metal 1 i c  character 
down t o  1 .4K  w i t h  phase t r a n s i t p d s  a t  ca.170K and 15K i n  
e l e c t r i c a l  conduc t i v i t y .  The ESR and s t a t i c  magnetic s tud ies  
show add i t i ona l  phase t r a n s i t i o n s .  D i f f e r e n t  temperature de- 
pendence o f  magnetic p roper t ies  was observed i n  the  relaxed 
and quenched samples o f  t h i s  s a l t .  A magnetic phase below 20K 
was formed by re lax ing  the s a l t  a t  h igh temperature. 

INTRODUCTION 

I t  i s  we l l  establ ished tha t  t o  ob ta in  superconductor from o r -  

ganic metal,  i t  i s  essent ia l  t o  suppress the Pe ie r l s  t r a n s i t i o n  a t  

f i r s t .  I n  o rder  t o  do tha t ,  one has t o  destroy the nes t ing  o f  t he  

fermi surface o f  the low-dimensional organic metal.  Up t o  now, 

there  are two t a c t i c s  f o r  t ha t  purpose. The f i r s t  one i s  the i n t r o -  

duc t ion  o f  non-per iod ic i ty .  Many chemists synthesized unsymmetric 

donors and acceptors t o  modify the Fermi surface. Also the i n t r o -  

duc t ion  o f  d isorder  and defect  i n t o  the l a t t i c e  has been per 

t o  get nonperiodic surface. But un for tunate ly ,  these methods 

very d i f f i c u l t  t o  cont ro le ,  because we s t i l l  don’t know what 

o f  and how much nonper iod ic i ty  we need t o  suppress the  Peier 
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394 G. SAlTO ct d. 

t r a n s i t i o n .  The second t a c t i c s  a re  the  increase o f  d imens iona l i t y .  

Many phys i c i s t s  app l ied  pressure t o  organic metals t o  ob ta in  organ- 

i c  superconductors. And some cases they succeeded t o  wipe o u t  the 

Pe ie r l s  t r a n s i t i o n .  This i s  a physical  method t o  increase the  i n t e r -  

chain i n te rac t i on .  The l a s t  one i s  the chemical mod i f i ca t i on  t o  

increase dimensional i ty and we took t h i s  method. The f i r s t  candidate 

was the extension o f  TTF skeleton by chalcogenide atoms. 

WHY BEDT-TTF? 

By extension o f  TTF skeleton by chalcogenide atoms, one may 

expect increase o f  band width,  i n te rcha in  i n t e r a c t i o n ,  and p o l a r i -  

z a b i l i t y  and a l so  decrease o f  o n - s i t e  Coulomb repu ls ion .  A l l  these 

fac to rs  enhance the  m e t a l l i c  character,  and espec ia l l y  increased 

in te rcha in  i n te rac t i on  i s  correponding t o  the  increased dimension- 

a l i t y .  Table 1 shows gas phase(ad1abatic) i o n i z a t i o n  p o t e n t i a l  ( l a  
g'  

ev), est imated p o l a r i z a b i l i t y ( 6 ,  10-30m3) using i o n i z a t i o n  poten- 

t i a l  i n  s o l i d  s t a t e  and la and the d i f f e rence  of the f i r s t  and the  

second ox ida t i on  po ten t ia l (nE,  V) which i s  a measure o f  the on -s i t e  

Coulomb repu ls ion -o f  donors i n  TTF fam i l y .  By add i t i on  o f  four  

su l fu rs  t o  TTF; BEDT- and TTM-TTF, i o n i z a t i o n  po ten t i a l  decreases 

by 0.1-0.2eV t o  the value o f  TMTSF. While, the  p o l a r i z a b i l i t y  i n -  

creases more than twice o f  t ha t  o f  TTF, and 23-28% increase than 

g' 

1 

t ha t  o f  TMTSF. The on -s i t e  Coulomb 

repu ls ion  decreases considerably by 

tha t  extension. aE values o f  BEOT- 

and TTM-TTF are  almost h a l f  o f  t ha t  

of TMTSF. Therefore, BEDT- and TTM- 

TTF are b e t t e r  donors than TMTSF as 

long as these parameters concern. 

The s t r u c t u r a l  study o f  the 

neut ra l  donor ind ica tes  tha t  the 

extension o f  TTF skeleton makes the  

donor very nonplanar.2 Both donors 

are d i s t o r t e d  about the cent ra l  

TABLE I On-site Coulomb repu l -  
s i  n("U), i on i za t i on  p o t e n t i a l  ( I , , ) ,  8 and p o l a r i z a b i l i t y ( d ) .  

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 



CHEMICAL AND PHYSICAL PROPERTIES OF CATION RADICAL SALTS OF BEDT-TTF 395 

t e t r a t h i o e t h y l e n e  group p o i n t i n g  o u t  t h e  d isadvantage o f  u s i n g  TTM- 

and BEDT-TTF molecule i n  t h e  s tudy o f  o r g a n i c  me ta l s ,  because o f  

t h e  inconvinence f o r  t h e  f o r m a t i o n  o f  f a c e - t o - f a c e  segregated c o l -  

umns. However, i t  was d i scove red  t h a t  t h e  f o r m a t i o n  o f  CT complexes 

makes b o t h  molecules f l a t  except  t h e  t e r m i n a l  methyl o r  e t h y l e n e  

groups. I n  t h e  case o f  BEDT-TTF complexes, n o n p l a n a r i t y  o f  t h e  o u t e r  

e t h y l e n e  groups i s  n o t  so tremendous compared w i t h  t h a t  of t h e  o u t e r  

methyl groups i n  TTM-TTF where p r o t r u d i n g  methy l  groups p reven t  

compact pack ing o f  t h e  donor s t a c k  i n  complexes. There fo re  we need 

capping o f  t h e  o u t e r  s u l f u r  atoms t o  have a p p r o p r i a t e  s t a c k i n g .  

The most impor tan t  c h a r a c t e r i s t i c  o f  BEDT-TTF compounds i s  

the compromise between t h e  face - to - face  i n t e r a c t i o n  and t h e  s i d e -  

by -s ide  i n t e r a c t i o n  o f  BEDT-TTF  molecule^.^ 
t o  form s u l f u r - t o - s u l f u r  network a long  t h e  s h o r t  mo lecu la r  a x i s .  

High e l e c t r i c a l  c o n d u c t i v i t y  can be achieved a long  t h i s  d i r e c t i o n  

as w e l l  as a long  t h e  s t a c k i n g  a x i s  due t o  t h e  face - to - face  i n t e r -  

a c t i o n  where t h e  n o n p l a n a r i t y  o f  t h e  o u t e r  e t h y l e n e  groups p reven ts  

good o v e r l a p .  A s  a r e s u l t ,  t h e  balance between t h e  f a c e - t o - f a c e  and 

s ide -by -s ide  i n t e r a c t i o n s  and f l e x i b i l i t y  o f  t h e  o u t e r  e t h y l e n e  

groups y i e l d  a v a r i e t y  of polymorphic  complexes depending on t h e  

s o l v e n t s ,  coun te r  an ions,  and o t h e r  exper imenta l  c o n d i t i o n s .  

The o u t e r  s u l f u r s  tend  

Wi th p e r c h l o r a t e ,  BEDT-TTF g i v e s  f o u r  complexes, t h e  f i r s t  two 

a r e  2 : l  s a l t s  which i n c l u d e  solvent(l,1,2-trichloroethane(TCE) and 

d ioxane) ,  nex t  i s  3:2 s a l t  and t h e  f o u r t h  i s  a b l u e  s a l t  without 

any da ta  o f  p h y s i c a l  p r o p e r t i e s  because i t  i s  v e r y  e x p l o s i v e .  We 

show some magnetic p r o p e r t i e s  of two s a l t s ;  (BEDT-TTF)2C104(TCE) 

and (BEDT-TTF)3(C104)2, t o  understand t h e i r  phase t r a n s i t i o n s  and 

t h e i r  m e t a l l i c  cha rac te r  i n  o r d e r  t o  e x p l o r e  t h e  n e x t  d e s i g n i n g  

work. 

0.5 

PHYSICAL PROPERTIES 

(BEDT-TTF)2C104(TCE)o 5. . .Th is  s a l t  does n o t  show P e i e r l s  t r a n s i t i o n  

a t  a l l .  The room temperature c o n d u c t i v i t y  i s  25Scm-l, and 1 0 0 0 S ~ r n - ~  

a t  I S K ,  below t h a t  r e s i s t i v i t y  increases a l i t t l e  b i t ( C u r v e  a i n  
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Figure 1 ) .  But some cases we observe 
X I 6 2  

r e s i s t i v i t y  increase between 250K and 10 

170K when the coo l ing  r a t e  i s  slow(Curve 
a -  b i n  Figure 1 ) .  and then the upturn a t  

low temperature becomes more n o t i c i a b l e .  
E 

-6 

growing below 200K, and was considered temperature o f  
t o  be due t o  an o r i e n t a t i o n a l  o rder -d is -  (BEDT-TTF)2C104(TCE)o.5. 

- 
Î \ 

j \ 
.i '?. 

b j  

i */ 
- 

order  o f  TCE.4 A p re l im inary  X-ray study a t  150K revealed, however, 

t ha t  TCE and C104 molecules a re  s t i l l  dlsordered, wh i l e  the  termi-  

nal  ethylene groups are p a r t l y  frozen. 

The metal-metal phase t r a n s i t i o n  observed i n  Curve b i n  Figure 

1 suggests tha t  the o r i g i n  o f  the phase t r a n s i t i o n  i s  no t  a mole- 

cu la r  d i sp lac i ve  one, but more conceivably an order ing  o f  TCE o r  

ClO,, o r  f reez ing  o f  the ethylene groups. Since these molecules and 

groups are  arranged along b* ax is ,  ESR and magnetic r e s u l t s  along 

t h i s  d i r e c t i o n  w i l l  be mensioned mainly. 

The sp in -o rb i t  coupl ing i s  the grea tes t  along b* axis(g=2.013) 

and i n  the ac-plane g values a r e  the same as tha t  o f  f r e e  e lec t ron ,  

i nd i ca t i ng  tha t  the c a r r i e r  o f  conduction i s  ho le  and locates on 

BEDT-TTF molecules. g-Values do not show any anomaly t o  2K, r e f l e c t -  

ing  the non-displacive nature o f  the phase t r a n s i t i o n  o f  t h i s  com- 

pound(Figure 2). The l i n e  w id th  along b* i s  34 gauss a t  room temp- 

e ra tu re  and decreases gradua l ly  w i t h  temperature decreases (Figure 

2 ) .  There i s  an i n f l e c t i o n  po in t  around l l O K ,  which does no t  agree 

w i t h  the phase t r a n s i t i o n  i n  conduc t i v i t y .  This behavior cannot be 

explained now, b u t  the temperature dependence i s  very s i m i l a r  t o  

tha t  observed i n  (THTSF)2PF6 and here a l so  E l l i o t t  r e l a t i o n  cannot 
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CHEMICAL AND PHYSICAL PROPERTES OF CATION RADICAL SALTS OF BEDT-TTF 397 

FIGURE 2 Temperature depen- 
dences o f  g-values, line 
width(4H). and intensity o f  
quenched (BEDT-TTF) ,Clot 
(TCE)O .5 * 

FIGURE 3 
dence o f  
ed (BEDT- 

emperature depen- 
ntensity of relax- 
TF),C104(TCE)o.5. 

be applied5 intensity is almost 
flat down to 180K(Figure 2). This 

temperature is corresponding to 
the phase tiansition in conductiv- 

ity. At lower temperatures, there 
is some Curie-like paramagnetic 

signal which conceals the low 
temparature phase transition. 
Those are the results on quenched 

sample. 

to 
a d  

of 
cia 

3 ) .  

By relaxing the sample down 
OK(coo1 ing rate=5-10K/hr), 
fferent temperature dependence 
ntensity was observed espe- 
ly at low temperature(Figure 

Although the Curie-like sig- 
nals interfere the low temperature 
feature considerably, this figure 

indicates that some amount of 
paramagnetic species became dia- 

magnetic below 20K by relaxing. 
Static magnetic susceptibil- 

ity measurement shows the phase 
transition m r e  precisely. There 
are possible phase transitions at 
175, 90, 50, and 15K on quenched 
sample (cool ing rate=5K/mi n) (Figure 

4a) .After the phase transition at 175K, the magnitude decreases 

gradually but remains positive down to 2K. This emphasizes that 
the quenched (BEDT-TTF)2C10b(TCE) 

ature range measured. 

is metal in the whole temper- 
0.5 

To investlqate the effect o f  phase transition around 17% 
alone, we have relaxed(5K/hr) the complex only down to 160K, then 
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398 G. SAITO et al. 

FIGURE 4 
Magnet ic  s u s c e p t i -  
b i l i t y  o f  quenched 
(Curve a) and 
re laxed(Curve b) 

(TCE) 0.5. 
(BEDT-TTF)~CI 04- 

quenched(5K/min) t o  2K. A f t e r  t h a t ,  s u s c e p t i b i l i t y  was measured up 

to 90K( ind i ca ted  by shaded c i r c l e s  

Then the  sample was quenched t o  2K(5K/min) and x va lues  were mea- 

sured aga in  up t o  h i g h  temperature(  i n d i c a t e d  by c ross  F i g u r e  4b, 

warming rate=lK/min) .  The behav io r  a t  low temperature changed 

d r a s t i c a l l y ,  t h a t  some s p i n s  were k i l l e d  and t h e  d e n s i t y  of s t a t e s  

decreased by r e l a x i n g  t h e  sample above 160K. 

s i m i l a r  t o  t h a t  observed i n  ESR measurement. The h y s t e r e s i s  below 

50K i n d i c a t e s  t h a t  warming t h e  r e l a x e d  sample up t o  90K makes i t  

more and more d iamagnet ic .  

F i g u r e  kb,  warming rate=lK/min) .  

T h i s  f e a t u r e  i s  q u i t e  

Table 2 shows a summary o f  t h e  2: l :O.S complex. F l r s t  of a l l  

(klgln of Rme TrOaltlm +-%- TcE? Cl$? fWEtk 

.1 .1 J. Tim  me Tmltkn mtol- mm- mtol--mtal--umlm 

i t  may be emphasized t h a t  o u r  exper iments 

i n g  t h i s  BEDT-TTF s a l t  above 160K induces 

TABLE 2 Summary of phase 
t r a n s i t i o n  o f  ( B E D T - T T F ) ~  
C 1  oq(TCE)o. 5 -  

(Q):quenched sample 
( R )  : re1  axed (21 60K) sam- 

p l e  
* : P r o f .  H .  Kobayashi. 

p r i v a t e  cornmunica- 
t ion .  

i n d i c a t e  t h a t  t h e  r e l a x -  

t h e  m a g n e t i c a l l y  o rde red  

s t a t e  a t  low temperature below 20K. We suppose t h e  phase t r a n s i t i o n  

above 160K i s  due t o  t h e  f r e e z i n g  o f  e t h y l e n e  v i b r a t i o n .  We a l s o  

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 



CHEMICAL AND PHYSICAL PROPERTIES OF CATION RADICAL SALTS OF BEDT-TTF 399 

suppose t h a t  t h e  phase t r a n s i t i o n  around 50K i s  a s c r i b e d  t o  t h e  

o r d e r - d i s o r d e r  o f  C104 as i n  t h e  case o f  TMTSF s a l t .  I f  so, above 

experiments l ead  t h a t  t h i s  p e r c h l o r a t e  mo t ion  i s  s t r o n g l y  connected 

w i t h  t h e  f r e e z i n g  o f  e t h y l e n e  v i b r a t i o n .  The f r e e z i n g  o f  e t h y l e n e  

v i b r a t i o n  f o r c e s  t o  o r d e r  p e r c h l o r a t e  ions,  and t h e  o r d e r i n g  o f  t h e  

ions may be a t r i g g e r  o f  t h e  meta l -semiconductor  t r a n s i t i o n  around 

20K. The h y s t e r e s i s  below 50K suggests t h a t  t h e  p e r c h l o r a t e  mo t ion  

i s  a l s o  assoc ia ted  w i t h  t h e  t r a n s i t i o n  a t  ca.SOK, maybe t h i s  i s  

o r d e r - d i s o r d e r  o f  TCE. Or another  e x p l a n a t i o n  o f  t he  h y s t e r e s i s  i s  

t h a t  more p e r c h l o r a t e  ions become o rde red  s t a t e  by annea l i ng .  I f  

we can r e l a x  t h e  s a l t  p e r f e c t l y ,  we may know the  n a t u r e  o f  t h i s  

meta l -semiconductor  t r a n s i t i o n  i n  d e t a i l .  Anyway we can say a t  t h i s  

s tage t h a t  t he  ground s t a t e  o f  t h i s  s a l t  i s  m a g n e t i c a l l y  o rde red  

one, and these t h r e e  p o s s i b l e  phase t r a n s i t i o n s  caused by mo t iona l  

f r e e z i n g  cannot make t h i s  s a l t  i n s u l a t o r ,  maybe due t o  s t r o n g  two- 

d i m e n s i o n a l i t y .  

As a m a t t e r  o f  f a c t ,  t h e  assignment o f  t h e  o r i g i n s  o f  these 

phase t r a n s i t i o n s  i s  c o n j e c t u a l ,  and we need p r e c i s e  X-ray s tudy a t  

low temperatures and a l s o  works on d e u t r a t e d  compounds t o  c o n f i r m  

t h e  above assignment. 

(BEDT-TTF) (C 1 04) .; .The c o n d u c t i v i t y  shows r a t h e r  sharp P e i e r l  s 

t r a n s i t i o n  a t  170K, and we a l s o  exper ienced gradual  r e s i s t i v i t y  

anomaly around 200K i n  t h i s  s a l t .  g-Values e x h i b i t  d r a s t i c  change 

below 200K, which resembles t o  t h a t  observed i n  (BEDT-TTF) (Re04)2 

by I B M  group? T h i s  i s  an ev idence o f  t h e  s t r u c t u r a l  d i s p l a c i v e  

n a t u r e  o f  t h i s  t r a n s i t i o n ( F i g u r e  5 ) .  L i n e  w i d t h  d i s p l a y s  sharp d r o p  

a t  170K corresponding t o  t h e  P e i e r l s  t r a n s i t i o n ,  and a weak anomaly 

around 55K.  The i n t e n s i t y  shows weak anomaly around 60K a l s o ( F i g u r e  

5 ) .  The i n f l e c t i o n  p o i n t  a t  155K i s  s l i g h t l y  lower than  those ob-  

served i n  c o n d u c t i v i t y  and l i n e  w i d t h .  The s t a t i c  magnet ic  suscep- 

t i b i l  i t y  p o i n t s  o u t  t he  P e i e r l s  t r a n s i t i o n  c l e a r l y  a t  170K(Figure 

6 ) .  The a c t i v a t i o n  energy below t h i s  t r a n s i t i o n  i s  620-63OK. By r e -  

l a x i n g  t h i s  compound down t o  160K, we have observed s l i g h t  magnet ic  
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change below 45K, but  w i t h  o ther  samples we d i d  not see any change 

a t  a l l .  We suppose tha t  there are  two phase t r a n s i t i o n s  above 1 6 0 ~ ,  

one i s  a aharp Pe ie r l s  t r a n s i t i o n  and the o the r  i s  t h e  f reez ing  o f  

ethylene v ib ra t i on .  This f reez ing  may be no t  connected w i t h  the 

phase t r a n s i t i o n  around 50K, presumably t h i s  i s  due t o  o rder -d is -  

order o f  perch lo ra te  ions. The molecular motions o f  these two pa r t s  

a re  more independent than the case o f  solvated 2 : l  complex. 

L 

lllODCCCOCDOo 00 HLc 2.m - 
FIGURE 5 
Temperature 
dependences o f  
9-values, l i n e  
width(AH), and 
i n t e n s i t y  o f  
( B E D T - T T F ) ~ ( c ~ ~ ~ ) ~  

FIGURE 6 
Magnetic 
suscep t ib i l -  ,,, 
i t y  o f  (BEDT- 2 
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