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The preparation of the TMTSF molecule and some of i t s  
propert ies  a re  reviewed. The preparation of me ta l l i c  
and superconducting TMTSF X sa l ts  i s  described and so- 

2 me s t r u c t u r a l  aspects a r e  discussed, with emphasis of 
possible  order-disorder t r a n s i t i o n s  when X i s  a non- 
centrosymmetric anion. Preliminary r e s u l t s  f o r  TMTSF2 
TeF which remain conducting t o  a t  l e a s t  5 K a r e  pre- 
senzed. 

INTRODUCTION 
Simple 2:  1 salts of Tetramethyltetraselenafulvalene ,TMTSF, 
exh ib i t  a va r i e ty  of physical  propert ies .  For examFle 
TElTSF2C10 is  an ambient pressure superconductor below 1.4K 
whereas T4TSF2SiF i s  in su la t ing  a t  a l l  measured temperatu- 
r e s .  Naively a l l  the s o l i d s  i n  t h i s  isomorphous s e r i e s  of 
salts  contain the same near ly  uniform stack of TMTSF mole- 
cules  where the electron energy band i s  created by c a r r i e r  
delocal izat ion.  The counter ions play no apparent r o l e  i n  
the conduction process, bu t  do influence the p rope r t i e s  
strongly by control l ing the bandf i l l i ng  and the sub t l e  fea- 
t u re s  of the l a t t i c e .  

t h a t  the CDW i n s t a b i l i t y  observed i n  s i n i l a r  quasi  one-di- 
mensional organic conductors is  extremely weak. Instead 
SDlJ i n s t a b i l i t i e s  and superconducting i n s t a b i l i t i e s  seem 
t o  dominate the low temperature propert ies  unless the l a t -  
t i c e  is  already d i s t o r t e d  a t  higher temperature by i n t e r -  
act ion of the anions with the conducting s tack.  

The most remarkable feature  of the TMTSF2X salts i s  

[357]/1 
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2/[358] K. BECHGAARD 

TMTSF 

TMTSF w a s  f i r s t  prepared i n  19741f2. I n  turn 
s a l t s  were iden t i f i edL:  one in su la t ing  (mixed 

two TMTSF-TCNQ 
stacks)  and o- 

ne y t a l l i c  (segregated s tacks.  Later TMTSF-DMTCNQ w a s  prepa- 
red and it was shown t h a t  t h i s  materal under pressure 
mains metal l ic  down t o  the lowest accesible temperatures , 
whereas a t  ambient pressure a Peier s t r a n s i t i o n  a t  4 1  K 
give r i s e  t o  a semiconducting s t a t e  . It was shown t h a t  the 
charge t r ans fe r  i n  TblTSF-DMTCNQ is $ meaning that6the CDW 
i n  t h i s  material  is  commensurate with the la t t ice  . Also 
it w a s  shown t h a t  the onor s tacks dominate the t ransport  
propert ies  of the s o l i d  . 
mensurability does not lead t o  a subs t an t i a l  increase i n  the 
t r a n s i t i o n  temperature and t h a t  the donor stack dominates 
the t ransport  propert ies  it was decides t o  inves t iga t e  s in-  
gle chain compounds of TMTSF, i n  the hoFe t h a t  they migth 
behave l i k e  TMTSF-DMTCNQ. Ea r l i e r  it had been shown t h a t  
i n  several  selenium containing materials, it is  possible  t o  
suppress t e metal t o  in su la to r  t r a n s i t i o n  by hydrostat ic  
pressure . 
TE4TSF i n  the presence of appropriate inorganic ions,  based 
on the assumption t h a t  t h i s  technique would f a c i l i t a t e  the 
formation of conducting phases since the c r y s t a l  i t s e l f  can 
a c t  as  the electrode ( i f  conducting) whereas in su la t ing  pha- 
ses would coat  the electrode and s top the c r y s t a l l i z a t i o n .  
The technique proved succesful l  and has r e su l t ed  i n  a l a rge  
number of conducting TMTSF s a l t s  (and some insu la t ’ng )  most 
of which are of high pu r i ty  and good c r y s t a l l i n i t y  . 

5“- 
!i 

e 
Based mainly on two f ea tu res  of t h i s  material:  That com- 

71$ 

I t  was decided t o  use electrochemical oxidation of 

4 

THE MOLECULE 
TMTSF (Tetramethyl&etras-elenagulvalene,A2 I2 ‘-bi-4,5-Dime- 
thyl-1 ,?i-diszlenolylidene) i s  i s o l a t e d  as dark v i o l e t  need- 
l e s  decomposing above 250C. The material can be recrystal- 
l i zed  from aromatic hydrocarbons, b u t  i s  sparingly soluble  
i n  most comon solvents a t  ambient temperature. Usefull sol-  
vents a re  chlorobenz ne ,d’chloromethane,l,l,2-trichloroetha~ 
ne and THF where 10-’-10-3 M solut ions can be obtained. 

TMTSF xseHseK 
Se Se 
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TMTSFiX [359]/3 

TMTSF is  convenient ly  p u r i f i e d  by r e c r y s t a l l i z a t i o n  
from dry,deoxygenated to luen  followed by g rad ien t  ,sublima- 
t i o n  onto  Teflon ( 165C, 10 t o r r ) .  TMTSF i s  stable when 
s t o r e d  under argon i n  the  dark ,  b u t  decomposes s lowly,  when 
exposed t o  the  atmosphere.(A t y p i c a l  s i g n  of decomposition 
i s  t h e  s m e l l  o f  d i a c e t y l ) .  

The oxida t ion  p o t e n t i a l s  of TMTSF a r e  s l i g t h l y  h igher  
than those o f  t h e  corresponding sh lphur  analogue (TMTTF), 
both i n  the gas  phase and i n  so lu t ion .  The photoe lec t ron  
spectrum o f  TMTSF shows n9 dramatic  d i f f e r e n c e s  when compa- 
red  t o  t h e  TMTTF spectrum., 

bu t ion  of  selenium 8s-demonstrated by mass spectroscopy 
c l e a r l y  show t h e  “impuri ty” of n a t u r a l  TMTSF. a f e a t u r e  
whichinf luences the  phonon, l ibra t ion  and v i b r a t i o n a l  spectra 
of TMTSF. 

Recently a convenieqt  aRproach to  the  s y n t h e s i s  of 
TMTSF has  been p u b l i s h e d o .  

-5 

I t  should however be no t i ced  t h a t  the  i s o t o p i c  d i s t r i -  

PREPARATION OF TMTSF2X SALTS 

Single  c r y s t a l s  of  TMTSF2X are obta ined  by e lec t rochemica l  
ox ida t ion  according t o  : 

9 

- 
(TMTSF2X) -n e 2.n TMTSF + n-x-  - 

A cons t an t  c u r r e n t  technique has  been used f o r  t h e  fo l lowing  
reasons:  Constant  (low) c u r r e n t  g ives  t h e  p o s s i b l i t y  of moni- 
t o r i n g  t h e  c r y s t a l l i z a t i o n  rate throughout t h e  experiment;  
and f o r  experimental  reasons (high i n t e r n a l  c e l l - r e s i s t a n c e  , 
poss ib l e  contamination from t h e  r e fe rence  e l e c t r o d e )  it is 
more convenient.  

i n  CH C1 conta in ing  n-bu ylammonium-X (0.1 M )  i s  oxid ized  
on a plai inum rod  (0.2 c m  ) with  5-10 p amps t o  less than 
60% conversion. The r e s u l t i n g  c r y s t a l s  are ha rves t ed  and 
washed with CH2C12 and d r i ed .  Elemental  a n a l y s i s  are always 
i n  p e r f e c t  agreement with 2 : l  s to ich iometry .  

a few of a f f e r e n t  s to ich iometry  r epor t ed  so f a r .  The mater i -  
als  a r e  grouped according t o  the  symmetry of  t h e  anions.  
A l s o  l i s t e d  are t r a n s i t i o n  temperatures  f o r  m e t a l  t o  i n su la -  
t o r  ( M - I )  t r a n s i t i o n s ,  t h e i r  o r i g i n ,  and t r a n s i t i o n  temperatu- 
res f o r  supe rconduc t iv i ty (  T ) and c r i t i ca l  p re s su res .  

In  a t y p i c a l  experiment 10 m l  o f  a 

2 5 
M TMTSF s o l u t i o n  

In  table I are c o l l e c t e d  m o s t  of t he  TMTSF2X s a l t s  p l u s  

SC 
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4/[360] K. BECHGAARD 

TABLE I. TMTSF2XL 

R e f  0 Anion T ~ - ~ K  O r i g i n  T ~ ~ K ~  P a a r  

o c t a h e d r a l  

PF6 
AsF 
SbF6 17 
TaF 1 . 4  1 2  18 

12-17 SDW 0.9 6.5 9,11,12,13,14,15 
12-16 SDW 1.1 12 9 , 16 , 17 

6 - 0.4 11 9,18 
- 

NbFZ 12 - a b s e n t  , 12 19 

t e t r a h e d r a  1 
C104 a b s e n t  (SW) 1.4 a t  1 bar 20 , 2 1  , 18 
R e 0 4  180 diso.-o.  1.3 9.5 22,23,24 
BF 40 - 9 

"metallic" - 25 
semicond. - 26 

- 

p l a n a r  
1 2  (SDW) a b s e n t ,  12 9,27  

N03 

2 8  
'perdeutero-TMTSF2C104 behaves s i m i l a r l y  

n o n - s y m t r i c a l  ail ions 
SO 3F s o f t  t r a n s .  - 29 

TeF 

CF SO soft t r a n s .  - 19 

cond. a t  5 K - 19 
3 3  

5 
-----.PI_.---- 

O t h e r  S t o i c h i o m e t r i e s  

B r  ( l :0 .8)semicond.  
SCN ( 1 : 0.5 1 srxhicond. 
B r  ( l:O.$)semicond. 3 
NO3( 1:l) i n s u l .  

'R-SO~ ( 1 : l ) i n s u ~ .  
'SiF ( 2 : ~ ) i n s u l .  6 

TeF5 (3: 2 )  semicond 

39 
3 9  
19 
19 

19 
19 
19 

'R = Phenyl or p - t o l y l  
@ d i v a l e n t  an ion  
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TMTSSX [361]/5 

STRUCTURE 

The basic f e a t u r e  o f  t h e  s t r u c t u r e  o f  t h e  isomorphous 
TMTSF X s a l t s  is t h e  zig-zag s&yb of  t h e  n e a r l y  planar . A s i d e  view i s  shown TMTSF molecules  p a r a l l e l  t o  a 
i n  f i g .  1. The s t a c k s  are a r r a n g e d  i n  s h e e t s  w i t h  f a i r l y  
c l o s e  c o n t a c t  of Se atoms i n  neighbouring s t a c k s .  The c l o -  
s e  c o n t a c t  i s  n o t  u n i  ue for TMTSF X s a l t s  as TMTSF-DMTCNQ 
have similar c o n t a c t s  . T h i s  i n t e r c h a i n  coupl ing  is  impor- 
t a n t  i n  unders tanding  t h e  p r o p e r t i e s  of TMTSF X because i t  
may r e s u l t  i n  s t r o n g  c u r v a t u r e  o f . t h e  Fermi s u r f a c e  and co- 
h e r e n t  motion a l o n g  b.This f t e i s  s t i l l  c o n t r o v e r s i a l  
and w i l l  n o t  be t r e a t e d  h e r e  
t i o e  parameters  f o r  several TMTSF X salts .  

t y  of t h e  s t a c k s  i s  n o t  p o s s i b l e  i n  t h e  p r e s e n t  s t r u c t u r e  
type ,  and t h e  s l i g t h  d i m e r i z a t i o n  a l o n g  a leads t o  a gap i n  
t h e  e l e c t r o n i c  band s t r u c t u r e .  This  gap do however f o r  mo- 
n o v a l e n t  an ions  n o t  open a t  t h e  Fermi l e v e l  and does n o t  
i n  a f i r s t  approximation i n f l u e n c e  the t r a n s p o r t  p r o p e r t i e s  
i n  t h e  f o r m a l l y  h a l f - f i l l e d  band material. 

The a n i o n s  e x h i b i t  a f a i r l y  c l o s e  c o n t a c t  t o  t h e  sele- 
nium atoms as s e e n  i n  fig..:2 which show a view a l o n g  a. 

In  t h e  p a r t i c u l a r  s t r u c t u r e  of t h e  TMTSF X s a l t s  t h e  
an ions  r e s i d e s  i n  an i n v e r s i o n  c e n t e r .  N o n - c e n t r o s y m e t r i c  
a n i o n s  ( f . e x .  ClO, 
l e n t  p o s i t i o n s  s t a t i s t i c a l l y  o r  are o r d e r e d  and change t h e  
p e r i o d i c i t y  o f  t h e  l a t t i ce .  (Fig.  1 show t h e  t w o  p o s i t i o n s  
o f  t h e  C10, i o n  i n  TMTSF C 1 0 4 ) .  The o r d e r i n g  may have impor- 
t e n t  e f f e c t s  on t h e  t r a n s p o r t  p r o p e r t i e s  and a c t u a l l y  v a r i o u s  
e f f e c t  a r e  seen  depending on which p a r t i c u l a r  a n i o n  is pre- 
s e n t .  (See below) 

2 

9 2 

2 

. Table I1 g i v e s  t h e  l a t -  52, YS 

From a c r y s t a l l o g r a p h i c  poing  of view s t r ic t  uniformi-  

2 

and NO-) consequent ly  occupy 2 equiva-  3 

2 

PHYSTCAL PROPERTIES 

D e t a i l s  f h p s ’ c a l  p r o p e r t i e s  a r e  t reated i n  l e n g t h  e l -  
sewhere 3’r35”4”’r’6and t h e  i n t e n t i o n  h e r e  i s  j u s t  t o  c l a s -  
s i f y  some o f  t h e  TMTSF X materials a f t e r  p r o p e r t i e s  which 
seems t o  be d i r e c t l y  r e l a t e d  t o  t h e  type  of an ion  involved .  2 

OCTAHEDRAL ANIONS ( X = PF6,AsF ,SbF6,TaF 
A l l  t h e s e  s a l t s  e x h i b i t  h i g h  metall ic c o n 9 u c t i v i t y  t o  tempe- 
r a t u r e s  below 20 K. Then a M - I  t r a n s i t i o n  occur  
between 1 2  and 18 K.The M - I  t r a n s i t i o n  i s  t h e  e f fec t  of a 
SDW d i s t o r t i o n  r a t h e r  than  t h e  CDW d i s t o r t i o n  observed  i n  
s i m i l a r  materials. T h i s  w a s  most c l e a r l y  demonst ra ted  b 
s u s c e p t i b i l i t y  measurements on o r i e n t e d  s i n g l e  c r y s t a l s  

and NbF6). 

YS, 17 
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6/[362] K. BECHGAARD 

a' 

F I G .  L. Side-view of the stack i n  TMTSFZC104. The dimeri- 
zation is c l e a r l y  v i s i b l e  i n  the Se-Se intermolecu- 
lar  contacts.  The l e f t  anion-column i l l u s t r a t e s  the 
po ten t i a l  2 a ordering ( as found for TMTSF2Re04) 
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TMTSF2X [363]/7 

F I G U R E  2 .  V i e w  a long  a for  TMTSF2PF6. 

The close anion-  selenium c o n t a c t  is i n d i c a t e d  
by the dotted l i n e .  
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8/[364] K. BECHGAARD 

TABLE 1. Unit c e l l  dimensions ( A  
TMTSF2X salts. 

Anion PF6 c104 

and deg) f o r  various 

ReOq 

a 7.297 7,266 7.284 

b 7.711 7.678 7.751 

C 13.522 13.275 13.483 

a 83.39 84.58 83.23 

B 86.27 86.73 86.56 

Y 71.01 70.43 70.08 

v A3 714.3 694.4 710.5 

Anion SbF6 TaF6 

a 7.299 7.280 

b 7.728 7.716 

C 13.901 13.918 

a 82 .  I 1  82.88 

B 85.23 85.37 

Y 71.52 71.67 

v A3 737.0 735.6 

Data a r e  col lected a t  300 K 

A l l  f ive  salts are i s o s t r u c t y r a l  and c r y s t a l l i z e  i n  
the t r i c l i n i c  space group P 1 
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TMTSFiX [365]/9 

In these s a l t s  h y d r o s t a t i c  pressure removes the SDW ins t a -  
b i l i t y  and in s t ead  me ta l l i c  behaviour(above a s p e c i f i c  c r i -  
t i c a l  pressure) i s  restored.  Four of these mater ia ls  i n  turn 
a re  superconducting around 1 K whereas a t r a n s i t i o n  has not 
ye t  been observed i n  the l e s s  pure TMTSF2NbF 

TETRAHEDRAL ANIONS ( X = BF4,C104,Re0',Br04 and I04). 
A s  shown i n  Fig. 1 the t e t r ahedra l  anion occupy two equiva- 
l e n t  posi t ions i n  P i .  A t  lower temperature the anions may 
order ,  but i t  i s  not a p r i o r i  obvious how. 

neZ2 tend t o  favour pe r iod ic i ty  a r b r  xc and g l ide  plane sym- 
metry. I t  has a l s o  been argued t h a t  a smallal ternat ing t rans-  
l a t ionZ3  w i l l  favour 2a,2b, xc. 

The experimental r e s u l t s  a r e  diverging. There i s  thus 
so f a r  no evidence f o r  ordering i n  TMTSF C 1 0  which remain 
metal l ic  down t o  1 . 4  K where the materia? becomes supercon- 
duc ti ng . 
180 K . This t r a n s i t i o n  i s  observed simultaneously i n  con- 
duc t iv i ty ,  spin- and s t a t i c  susceptibility,thermopower and 
o p t i c a l  measurement and a gap of 0.2 eV i s  estimated. Also 
s t r u c t u r a l  e ~ i d e n c e ' ~  show the development of a superstruc- 
t u re  of 2ar2b,2c below 180 K. Thus the Fermi surface i s  com- 
p l e t e l y  destroyed a t  the t r a n s i t i o n .  No 1-D precursor e f f e c t s  
a r e  observed. A de t a i l ed  s t r u c t u r a l  invest igat ion below 
180 K may resolvewh'ether the t r a n s i t i o n  is  driven by the 
coulombic in t e rac t ions  i n  the anion l a t t i c e  o r  a l t e rna t ive -  
l y  t h a t  the t r a n s i t i o n  r e s u l t s  from a "Peier ls"  i n s t a b i l i t y  
where the main energy gain i s  dsgociated with the quasi  1-D 
nature of the material .  

A t  high pressure the metastable disordered s t a t e  pro- 
bably i s  s t a b i l i z e d  t o  lower temperature and the supercon- 
ducting s t a t e  ( a t  intermediate pr sures  i n  coexistence 
with the d i e l e c t r i c  s t a t e )  a t  1 . 4 K .  

gated . The 3Fq s a l t s  show a M - I  t r a n s i t i o n  below 41 K 
l i k e l y  of the same o r ig in  as  i n  TMTSFZReO 
mate and the periodate the r e s u l t s  a r e  s t l l l  unclear. 

6: 

4 

Examination of the naked anion l a t t i c e  i n  the a-b pla-  

4 

59 con t ra s t  TMTSF Re0 undergoes a M - I  t r a n s i t i o n  a t  2 4  

53 
The other salts  of t e t r ahedra l  anions a r e  l e s s  i nves t i -  

For the serbro- 4' 

PLANAR ANION (X = NO3) 
TMTSF NO 
A t  & ien t  pressure a metal l ic  s t a t e  p e r s i s t s  
where probably he SDW d i s to r t ion  s e t s  i n .  The s t r u c t u r a l  
invest igat ions show a superstructure  ( 2 a r b r c )  below 40 K. 
This t r ans i t i on  i s  barely v i s i b l e  i n  the t ransport  data  a t  
ambient pressure.  Thus the anion ordering does no t  lead t o  

is  an i n t e r e s t i n g  addendum t o  the PGrrhenate. 
3 to 12 K 

2 t  
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10/[366] K. BECHGAARD 

complete destruct ion of the Fermi surface.  
Under pressure the M - I  transitiqq i s  suppressed b u t  supercon- 
duc t iv i ty  has not  been observed . 
t i ve  an  e lectron acceptor as the o the r  anions studied. Thus 
back t r a n s f e r  could occur under pressure and the r e s u l t i n g  
paramagnetic centers  could a c t  as pairbreakers.  

This may r e s u l t  from the f a c t  t h a t  NO3 i s  not  as  effec-  

DIPOLAR ANIONS (CF S O  ,FS03 and TeF5) 
These s o l i d s  are less investigated.  .The FSO 
be disordered a t  higher temperat~59.CF3S0~ i a s  a narrow me- 
t a l l i c  regime a t  high temperature 

show a s o f t  resistancelbinimum around 70 K, 
but  remains conducting t o  a t  least 5 K. . 

3 3  
ion appeaG9 to  

bu t  no sharp t r ans i t i on .  
TMTSF TeF 2 5  

PURITY PROBLEMS/ALLOYING. 
The TMTSF2X s a l t s  i n  most cases c r y s t a l l i z e  with very high 
pu r i ty  i n  con t r a s t  t o  1-D charge t r a n s f e r  s a l t s  i n  general ,  
where magnetic impuri t ies  a r e  general ly  a severe problem. 
The very high'laccidental" p u r i t y  of the TMTSF2X salts i s  
a prerequis i te  f o r  the observation of superconaFiQtivity 
i n  these sal ts  . For example X-ray i r r a d i a t i o n  c rea t ing  
defec55-.at the 100 ppm l e v e l  wipe ou t  the superconducting 
sta5%, 2 p d  likewise donor stack doping is extremely e f f i c i -  
e n t  .It is a l s o  su rp r i s ing  t h a t  anion doping such as 
7% R e 0 4  
s t a t e  t o  a t  l e a s t  below 0.5K . Note a l s o  t h a t  TMTSF2SbF 
is  superconducting only below 0.4 K and t h a t  superconducei- 
v i t y  i s  so f a r  no t  observed i n  TMTSF NbF6. Both these anions 
a re  hydrolyt ical ly  unstable and smal? amounts of species 
such a s  SbF OH- may be formed. Also i !&istine" TMTSF2C104 
the T depends on the c r y s t a l  qua l i t y  . 
The €winning observed i n  most large c r y s t a l s  of these salts  
do not seem t o  e f f e c t , t h e  p rope r t i e s  dramatically,  although 
one migth expect the de fec t  zones to contain trapped 
f r ee  spins.  

i n  TMTSF C104  suppr5gsed a possible superconducting 2 

5 
SC 

OTHER SMICHIOMETRIES 

Several other phases than the 2:l has been observed. These 
materials have so  f a r  a t t r a c t e d  less a t t e n t i o n  than the 
TMTSF2X s a l t s .  A s  Shown i Table I most of these materials 
a re  semiconducting o r  insulat ing.  It should be mentioned 
t h a t  the f i r s t  s ing le  chain salts  of TMTgF prepared ( B r  and 
SCN) both exh ib i t  the zig-zag s t r u c t u r e  . The la t t ice  is  
orthorhombic with long interchain contact  and a disordered 
anion latt ice.  
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TMTSFiX [367]/11 

The 1:l salts seems to crystallize in alternating stacks 
with resulting insulating behaviour, whereas TMTSF TeF5 cry- 
stallize in a triclinic cell with short interplanar contacts. 3 

CONCLUSION 

In conclusion the properties of TMTSF, and some properties 
of its salts with various inorganic anions have been revie- 
wed. The role of the anions in the interplay with the 
conducting stack has been emphasized, and it has been argu- 
ed that the"accidenta1" high purity of the materials is a 
prerequisite for the observation of superconductivity . 
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