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The s t r u c t u r e  and phys ica l  p r o p e r t i e s  of te t ramethyl -  
te  t r a t h i o f  u lva lene  (TMTTF) s a l t s  a r e  reviewed. New 
r e s u l t s  are given about (TMTTF)2 PF6, (TMTTF)2 CRO4 
and the  selenium analog (TMTSF)2 CRO4.  An experimen- 
t a l  r e l a t i o n s h i p  i s  shown between the e l e c t r i c a l  and 
magnetic p r o p e r t i e s  and the  c l o s e s t  con tac t s  S-S o r  
Se-Se of neighbouring s t a c k s .  

I - INTRODUCTION 

Few years  ago we were i n v e s t i g a t i n g  a new series of ca- 
t i o n  r a d i c a l  s a l t s  based on tetramethyltetrathiofulvale- 
nium (TMTTF) ( 1  ) .The e l e c t r i c a l  p r o p e r t i e s  of these  salts  
were n o t  very  h igh  and they d i d  n o t  behave as t r u l y  metal- 
l i c  compounds. However they p resen t  some s p e c i a l  f e a t u r e s  
mainly a non-regular s t ack ing  of TMTTF+ r a d i c a l  c a t i o n s  
wi th  an a l t e r n a t e  overlapping.  

[663]/307 
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308/[664] S. FLANDROIS er u/. 

The discovery of a me ta l l i c  behaviour i n  Selenium analogs 
( 2 )  (TMTSP) with a phase t r a n s i t i o n  towards a supercon- 
ducting s t a t e  under pressure a t  low temperature (3)  in- 
c i t e d  us t o  pursue t h i s  work. As s u l f u r  and Selenium ap- 
peared t o  be isostoichiometric and isomorphous a compa- 
r a t i v e  study should be done t o  understand the difference 
observed f o r  the physical propert ies  and to  f ind the re- 
levant experimental parameters connected with the occu- 
rence of a superconducting s t a t e .  

In  t h i s  paper we w i l l  b r i e f l y  review the s t r u c t u r e  and the 
properties of TMTTF s a l t s ,  giving new r e s u l t s  spec ia l ly  
on TMTTF2-PF6, TMTTF2-CR04 and TMTSF2-Ck04. Final ly  we 
w i l l  show t h a t  a re la t ionship e x i s t s  between the descri-  
bed e l e c t r i c a l  and magnetic propert ies  and the c l o s e s t  
contacts S-S or  Se-Se of neighbouring stacks.  

I1 - CRYSTAL STRUCTURES OF TMTTF SALTS 

The c rys t a l  s t ruc tu res  are  known f o r  the sal ts  with the 
following counterions : BF4-, SCN', Br- ,  I- ( 4 ) ,  CRO4- 
and NO3- (5 ) .  A l l  compounds a re  t r i c l i n i c  (space group 
Pr) with p a r a l l e l  s tacks of TMTTF molecules. The struc- 
ture of (TMTTF) PF6 i s  shown as  the l a s t  known example 
i n  f igures  1 an$ 2 with project ion along b and a axis  
respect ively . 
A common feature  of the s e r i e s  i s  the zig-zag configura- 
t ion of the molecular stacks.  This leaves c a v i t i e s  i n  
which the counterions a r e  located. Moreover the s tacks 
are not regular ,  i n  the sense tha t  there  a r e  two diffe-  
r en t  distances (dl and d2, f ig .1)  between consecutive 
molecules i n  the same stack : the TMTTF molecules form 
diads. 

Figure 3 shows the molecular overlap of c l a s s i c a l  type 
for TTF family. I t  i s  seen t h a t  the TMTTF stacks form 
sheets p a r a l l e l  t o  (xOy) plane,  with the counterions i n  
between. The in t e rac t ion  between consecutive s tacks i n  
the sheets must be p a r t i c u l a r l y  e f f e c t i v e  through the 
nearest  s u l f u r  atoms. Each TMTTF molecule has two su l fu r  
atoms which are  i n  c lose contact with a s u l f u r  atom of 
the neighbouring stacks.  In  Table 1 are  given these S-S 
dj.stances,which a re  d i f f e ren t  from one s a l t  t o  another 
but always longer than the Van der Waals distance ( 3 . 7 0  1) 
except for  the bromine der ivat ive.  I n  t ab le  1 are  a l s o  
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STRUCTURE AND PROPERTIES OF TMTTF AND TMTSF SALTS [665]/309 

FIGURE 1 
a l o n g  b-axis .  

C r y s t a l  s t r u c t u r e  of (TMTTF),PF6 : p r o j e c t i o n  

FIGURE 2 
a l o n g  a -ax i s .  

C r y s t a l  s t r w t u r e  of (TMTTF)2PF6 : p r o j e c t i o n  
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310/[666] S. FLANDROIS et 81. 

given the i n t r a s t a c k  d i s t ances  d l  and d2 : the  d i ad ic  
cha rac t e r ,  a s  measured by the d i f f e rence  6 = d 1 - d ~  i s  
more o r  less pronounced according t o  the counter ion w i -  
thout  any obvious r u l e .  

Table 1 : I n t e r s t a c k  and i n t r a s t a c k  d i s t ances  of TMTTF salts  - - - - - 
I NO3 Br -  BF4 SCN- CEO4 PF6 

c l o s e s t  S-S 
i n  te rs tack 4.01 3.99 3.99 3.88 3.80 3.79 3.73 
d is tance  (A) 

I n  t r a s  tack 
d i s t p c e s  : 

dl (A) 3.56 3.59 3.62 3.56 3.54 3.56 3.53 

d2 <i> 3.49 3.52 3.52 3.54 3.50 3.50 3.50 

6=dl-d2 (i) 0.07 0.07 0.10 0.02 0.04 0.06 0.03 

I11 - PHYSICAL PROPERTIES OF TMTTF SALTS. 

The electrical conduct iv i ty  a t  room temperature i s  of t h e  
order  of 40 t o  100 !J-Icm-l, except  f o r  the bromine s a l t  
which presents  t he  h ighes t  conduct iv i ty  aRT=260 51-l cm-l 
( 1  ) , The temperature dependences gene ra l ly  e x h i b i t  a f l a t  
maximum and the  compounds become i n s u l a t i n g  a t  low tempe- 
r a t u r e .  However, due t o  the  b r i t t l e n e s s  of t h e  c r y s t a l s  
by cool ing ,  the  t r a n s p o r t  p r o p e r t i e s  have t o  be s tud ied  
very c a r e f u l l y ;  they w i l l  be presented  elsewhere (6) .  

S t a t i c  p rope r t i e s  such as magnetic s u s c e p t i b i l i t y  
a re  not  s e n s i t i v e  t o  the b r i t t l e n e s s .  The paramagnetic sus- 
c e p t i b i l i t y  of TMTTF2-PF6 i s  shown i n  f i g u r e  3 a s  a func- 
t i o n  of temperature.  A s  f o r  every compound of t he  series 
the room temperature value is  around 6 loe4 e m u/mole, 
a r a t h e r  h igh  value which could be due t o  e l e c t r o n i c  cor- 
r e l a t i o n s  ( 7 ) .  With decreas ing  temperature,  the  paramagne- 
t i s m  decreases  s l i g h t l y ,  then drops sharp ly  and inc reases  
again a t  helium temperatures.  The sudden drop i n d i c a t e s  a 
phase t r a n s i t i o n .  We have found the  c r i t i c a l  temperatures 
Tc = 15 K f o r  (TMTTF)2 PF6, 41 K f o r  (TMTTF2)BF4 and 75 K 
f o r  TMTTF2 CR04. 

anomaly on the s p e c i f i c  h e a t  C = f (T)  curves ( f i g u r e  4) 
These phase t r a n s i t i o n s  are respons ib le  f o r  an 
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STRUCTURE AND PROPERTIES OF TMTTF AND TMTSF SALTS [667]/311 
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3 1 U[668] S. FLANDROIS er al 

i n  the  case of the BF4 and CEO4 s a l t s  bu t  n o t  f o r  (TNTTF)2 
PF6. The na ture  of the  phase t r a n s i t i o n  must be d i f f e r e n t  
f o r  the PF s a l t .  It should be r e l a t e d  t o  the symmetry 

4 PF6- has  a center  ofsymmetry unl ike  BF of the  anion : 
and CRO4-which a re  t e t r ahedra l .  From X-Ray d i f f u s e  sca t -  
t e r i n g  experiments,  it has  been shown t h a t  the  metal-in- 
s u l a t o r  t r a n s i t i o n  i n  CEO4 de r iva t ive  i s  dr iven  by the 
order ing  of CEO4' anions,  whereas (TMTTF)2 PF6 e x h i b i t s  
a I-D p recursor  s c a t t e r i n g  c h a r a c t e r i s t i c  of a P e i e r l s  
t r a n s i t i o n  (8) .  

- 6 

The phase t r a n s i t i o n s  do n o t  seem t o  a f f e c t  t h e  EPR 
l inewidth and the g-factor  value.  I n  f i g u r e  5 a re  given 
the EPR r e s u l t s  f o r  PF6 and CR04 s a l t s ,  obtained wi th  the  
s ta t ic  magnetic f i e l d  p a r a l l e l  t o  the s t ack ing  axis. As 
usual  fo r  one cha in  compounds, the  l inewidth  decreases  
almost l i n e a r l y  wi th  decreas ing  temperature ,  whereas the  
g-factor i s  quas i  independent on temperature.  A t  about 
20 K a maximum of l inewidth  appears on the  curve corres-  
ponding t o  pe rch lo ra t e  compound. This anomaly could be 
due t o  the o rde r ing  of methyl groups. 

I 

yl 2,0050 

0 I I I 
200 T ( K )  300 0 100 

FIGURE 5 Linewidth and g-factor  of TMTTF s a l t s  

The o v e r a l l  ana lys i s  of these  r e s u l t s  (6)  shows t h a t  
two k inds  of s i t u a t i o n  occur : 
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STRUCTURE A N D  PROPERTIES OF TMTTF A N D  TMTSF SALTS [669]/313 

- with  the non-cen t rosymet r i ca l  anions : an order-dis- 
o rde r  t r a n s i t i o n  of these anions e x i s t  a t  a h ighe r  t e m -  
pe ra tu re  than the  phase t r a n s i t i o n  which could occur  on 
the  TMTTF s t acks .  It  r e s u l t s  an opening of t he  energy 
gap a t  the  Fermi l e v e l .  

- With the centrosymmetrical  anions : The order -d isorder  
t r a n s i t i o n  does n o t  e x i s t  and the  “ i n t r i n s i c ”  metal-ins* 
l a t o r  t r a n s i t i o n  appears a t  a low enough temperature ,  
below 20 K gene ra l ly  : (TMTTF)2 B r  i s  a t y p i c a l  case 
(Tc = 19 K ) .  

IV - COMPARISON WITH TMTSF SALTS 

The c r y s t a l  s t r u c t u r e s  of t h ree  TMTSF sa l t s  (with CRO4-, 
( 9 )  , PF6- ( 1  0) and AsF6 ( 1  1 ) anions)  are known a t  room 
temperature.These s i l t s  areisomorphous o f  TMTTF s a l t s  wi th  
a s i m i l a r  d i a d i c  cha rac t e r  a l though less pronounced. The 
i n t e r  and i n t r a s t a c k  d i s t ances  are given i n  Table 2.  

Table 2 I n t e r s t a c k  and i n t r a s t a c k  d i s t ances  of TMTSF 
sa l t s .  

C loses t  Se-Se 
I n t e r s t a c k  d i s t ance  3 . 7 7  3.88 3.90 

(8) 
i n t r a s t a 2 k  d i s t ances  : 

d l  (A) 3.63 3.66 3.65 

d2 C& 3.62 3.63 3.62 

6 = d - d  0.01 0.03 0.03 1 2  

The Se-Se i i s t a n c e s  a r e  s h o r t e r  than the  Van d e r  Waals 
d i s t a n c e  ( 4 . 0  A), i n  p a r t i c u l a r  f o r  t he  pe rch lo ra t e  s a l t ,  
which d i sp lays  a superconduct ing state a t  ambient pres-  
su re ,  the  two o t h e r s  be ing  superconduct ing under a pres-  
sure  of s e v e r a l  k i l o b a r s .  The compactness a long t h e  stac- 
k ing  ax i s  i s  a l s o  h ighe r  i n  TMTSF sa l t s  than i n  s u l f u r  
d e r i v a t i v e s ,  a s  r e f e r r e d  t o  the  Se-Se o r  S-S Van d e r  
Waals d i s t ances  r e s p e c t i v e l y .  
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31446701 S. FLANDROIS er ul. 

We have r ecen t ly  measured the  temperature  dependence 
of t he  g-factor  and EPR l inewidth  of (TMTSF)2 CEO4,  from 
room temperature down t o  4 K ( 1 2 ) .  The d a t a  are shown i n  
f i g u r e  6. One component of t he  g-factor  has  a s p e c i a l  
behavior  : cons tan t  down t o  45 K ,  i t  i n c r e a s e s  r e g u l a r l y  
wi th  a f u r t h e r  temperature decrease.  This  increase might 
be r e l a t e d  t o  the presence of 1 d superconduct ing f luc-  
t ua t ions .  The l inewidth  does n o t  show any p a r t i c u l a r i t y  : 
i t  decreases  quas i  l i n e a r l y  as f o r  TMTTF s a l t s  w i th  a 
change i n  the  s lope  around 100 K. 

FIGURE 6 Linewidth and g- fac tor  of (TMTSF)2 CEO4. 

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:
38

 2
1 

Fe
br

ua
ry

 2
01

3 



STRUCTURE AND PROPERTIES OF TMTTF AND TMTSF SALTS [671]/315 

I t s  va lue  i s  much l a r g e r  than f o r  t he  s u l f u r  analogs 
(compare f i g u r e s  5 and 6)  due mainly t o  t h e  d i f f e r e n c e  i n  
spin-orbi  t coupl ings of s u l f u r  and selenium atoms. 

For the  purpose of comparison t h e  s p i n - l a t t i c e  rela- 
x a t i o n  mechanism has t o  be involved.  I n  these  one-chain 
compounds which e x h i b i t  a temperature  dependence s i m i l a r  
with those observed i n  n a t u r a l  metals  t he  p r i n c i p a l  rela- 
x a t i o n  mechanism is  the  modulation of the  sp in -o rb i t  cou- 
p l i n g  by the  phonons ( 1 2 ) .  I n  t h a t  c a s e ,  where t h e  ELLIOTT'S 
r e l a t i o n  is  v a l i d  two independent parameters  have t o  be 
considered ( 1 3 )  : 

- The g-factor  s h i f t  which depends a l s o  on the  sp in -o rb i t  
coup 1 i n g  . 
- The d imens iona l i ty  of t he  e l e c t r o n i c  system; i n  t h e  ca- 
s e  of a pure Id e l e c t r o n i c  gas ang r e l a x a t i o n  process  i s  
forb idden;  when the  e l e c t r o n i c  system i s l e s s  and less 1 d 
the  r e l a x a t i o n  mechanism through the  phonons is  more and 
more e f f i c i e n t  ( 7 ) .  Experimental ly  the  observed l i newid th  
i s  more and more broadened. 

To take account of t he  f i r s t  parameter  i t  i s  neces- 
s a ry  t o  normalize the  experimental  l i newid th .  I n  the  case  
of atoms i t  i s  known t h a t  t he  mean va lue  of the  g- fac tor  
an iso t ropy  AT%Z4,where Z i s  the  atomic number. In  t a b l e  3 
a r e  given the an i so t rop ie s  f o r  t he  d iagonal  terms of t he  
g- fac tor  tensor  i n  the  case of t h e  pe rch lo ra t e  and hexa- 
f luorophosphate  s a l t s .  The c a l c u l a t e d  r a t i o  of bg2 f o r  
selenium and s u l f u r  compounds i s  very c lose  t o  t h e  atomic 
r a t i o  ( Z  / Z  ) = 20.39. This  r e s u l t  means t h a t  most of Se S 

Table 3 Anisotropy of g-values a t  room temperature .  

(TMTTF)2PF6 -0.0003 0.0088 0.0067 0 . 4 0 8 ~  1 0-4 
4 20.2 (TMTSF),PF6 -0.0123 0.0377 0.0300 8.24 XIO- 

(TMTTF)2C!?,04 -0.0001 0.0087 0.0067 O . 4 0 2 ~ 1 0 - ~  1 9 . 3  

(TMTSF),CRO,, -0.0123 0.0367 0.0287 7 .74  X I C I - ~  
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31646721 S. FLANDROIS et ul. 

t he  s p i n  dens i ty  l i e s  on the  S o r  Se atoms. It is  poss i -  
b l e  t he re fo re  t o  use Clg2 a s  a measure of t h e  sp in -o rb i t  
coupl ing s t r e n g t h  f o r  t hese  compounds ; f o r  a comparison 
between s u l f u r  and selenium d e r i v a t i v e s  we w i l l  use the  
reduced l inewidth  (Slag’). In  f i g u r e  7 t hese  room tempe- 
r a t u r e  l inewidths  a r e  p l o t t e d  a g a i n s t  the  i n t e r s t a c k  S-S 
or  Se-Se d i s t ances  normalized wi th  r e s p e c t  t o  the  Van der  
Waals d i s t ances  ( see  t a b l e s  1 and 2 ) .  A unique co r re l a -  
t i o n  i s  observed f o r  bo th  series of compounds which shows 
an inc rease  o f  the  l inewidth  wi th  the  i n t e r c h a i n  coupl ing .  
A similar r e l a t i o n s h i p  is  observed f o r  the  room tempera- 
t u r e  conduct iv i ty  ( f i g u r e  7 )  : t he  absolu te  value a t  room 
temperature inc reases  whereas the  temperature  of t he  con- 
d u c t i v i t y  maximum i s  going dom.  These experimental  re- 
l a t i o n s h i p s  show the  importance of t he  t r ansve r se  cou- 
p l i n g s  a long  b-axis and t h e  terdency toward a 2d e l e c t r o -  
n i c  system. 

, 

Figure I : Experimental  r e l a t i o n s h i p s  between t h e  l i ne -  
width,  the  conduc t iv i ty ,  the  temperature  of the  maximum 
conduct iv i ty  and the  i n t e r s t a c k  S-S o r  Se-Se d i s t ances  
normalized t o  the Van d e r  Waals d i s t ance .  

V - L’UNCLUSLUN 

This work c l e a r l y  shows t h a t  t h e  c l o s e  c o n t a c t s  between 
s u l f u r  o r  selenium atoms belonging t o  ne ighba r ing  s t a c k s  
inf luence  d r a s t i c a l l y  the  phys ica l  p r o p e r t i e s  of t he  com- 
pounds i n  the  series. It i s  s t r i k i n g  t o  n o t i c e  t h a t  the  
less one-dimensional compound TMTSF - CRO is a l s o  the  

-- 

2 4 

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:
38

 2
1 

Fe
br

ua
ry

 2
01

3 
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o n l y  one which d i s p l a y s  a supe rconduc t ing  s ta te  a t  am- 
b i e n t  p r e s s u r e .  Furthermore,  t h e  bromine d e r i v a t i v e  of  
TMTTF which becomes supe rconduc t ing  around 4 K under  
25 k b a r  (14) i s  a l s o  t h e  less one d imens iona l  compound 
i n  t h e  TMTTF series.  

A second c r u c i a l  pa rame te r  i s  t h e  n a t u r e  of t h e  coun- 
t e r i o n .  The i n s t a b i l i t i e s  which occur  i n  t h e s e  compounds 
depend on t h e  symmetry and on t h e  s i z e  of t h e  c o u n t e r i o n  
( 6 ) .  T h i s  a n a l y s i s  might h e l p  t o  o r i e n t a t e  t h e  s y n t h e s i s  
of new supe rconduc t ing  o r g a n i c  m a t e r i a l s .  
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