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The phase diagram of a quasi-one-dimensional metal w i t h  
r e t a r d e d  and n o n r e t a r d e d  forward and backward s c a t t e r i n g  
i s  d e r i v e d .  I t  i s  shown t h a t  s i n g l y  charged a c c e p t o r  
molecules  produce a p o t e n t i a l  a l o n g  t h e  conduc t ing  
c h a i n s  which l e a d s  t o  umklapp s c a t t e r i n g .  This umklapp 
s c a t t e r i n g  depends s t r o n g l y  on t h e  phonon f r equency  and 
can e x p l a i n  t h e  c r o s s o v e r  from s p i n  d e n s i t y  waves t o  
s u p e r c o n d u c t i v i t y  a s  obse rved  i n  t h e  (TMTSF) 2X 
compounds. The r e l e v a n c e  of r e c e n t  m a g n e t o r e s i s t a n c e  
measurements t o  t h e  proposed model i s  d i s c u s s e d .  

1. INTRODUCTION 

I n  p r i n c i p l e  t h e r e  a r e  f o u r  p o s s i b l e  t y p e s  o f  o r d e r  i n  a o n e  
d imens iona l  metal as T +. 0 : cha rge  d e n s i t y  waves (CDW), 
s p i n  d e n s i t y  waves (SDW), and s i n g l e t  a a d  t r i p l e t  supercon- 
d u c t i v i t y  (SS and TS). The u n d e r l y i n g  p h y s i c a l  p i c t u r e ,  which 
has  been t h e  c o r n e r s t o n e  o f  t h e  t h e o r i s t  v i ewpo in t  o f  one- 
d imens iona l  metals i s  t h e  phase  diagrain of an e l e c t r o n  sys t em 
w i t h  forward and b a c k s c a t t e r i n g .  On t h e  b a s i s  o f  t h i s  p i c t u r e ,  
t h e  c o m p e t i t i o n  between t h e  d i f f e r e n t  t y p e s  o f  o r d e r  and t h e  
p o s s i b l e  c r o s s o v e r  from one  t y p e  of  behav iour  t o  a n o t h e r  by 
e x t e r n a l  means, l i k e  p r e s s u r e  o r  i r r a d i a t i o n ,  were d i s c u s s e d  
e x t e n s i v e l y  i n  t h e  l i t e r a t u r e .  I n  o u r  p r e v i o u s  work on t h e  
s u b j e c t ,  w e  p u t  p a r t i c u l a r  emphasis o n  t h e  c o m p e t i t i o n  between 
CDW and SS, and t h e  p o s s i b i l i t y  of s u p e r c o n d u c t i v i t y  as  a 
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236/[592] B. HOROVITZ, H.  GUTFREUND and M. WEGER 

r e s u l t  of s u p p r e s s i o n  of t h e  competing c h a r g e  d e n s i t y  wave 
i n s t a b i l i t y  by t h e  a p p l i c a t i o n  of p r e s s u r e .  

one-dimensional metals w a s  enhanced by t h e  d i s c o v e r y  of t h e  
(TMTSF)2 
donor c h a i n s  o f  the  TITTSF molecu le s  p a r t i c i p a t e  in  t h e  e l e c t r o n  
t r a n s p o r t ' .  
from an i n s u l a t i n g  t o  a supe rconduc t ing  s t a t e  was observed 
under  p r e s s u r e .  The p r o t o t y p e  compound of t h i s  c lass  is  
(TMTSF)2 PF6, which h a s  a m e t a l - i n s u l a t o r  t r a n s i t i o n  a t  
ambient p r e s s u r e  around 12 K and becomes supe rconduc t ing  
around 1°K above 12 Kbars 2 7 3 , 4 .  
was abse rved  a t  6 .5  Kbar . ) .The most s t r i k i n g  n o v e l  f e a t u r e  
of t h e s e  compounds i s  t h a t  t h e i r  i n s u l a t i n g  s t a t e  is  a SDW , 
r a t h e r  t han  a CDW as i n  t h e  o t h e r  o r g a n i c  metals. 

p rev ious  work on t h e  c o m p e t i t i o n  between supe rconduc t ing  and 
i n s u l a t i n g  phases  i n  1-d metals. The new f e a t u r e s  of the  
(TMTSF)2 X compounds r e q u i r e  some m o d i f i c a t i o n s  o f  p r e v i o u s l y  
developed p i c t u r e .  I n  p a r t i c u l a r  t h e  i n c l u s i o n  of r e t a r d a t i o n  
e f f e c t s  and umklapp seems t o  b e  essent ia l .  When t h i s  is done, 
a n a t u r a l  e x p l a n a t i o n  o f  t h e  behav iour  o f  t h e s e  compounds 
emerges . The main p a r t  of t h i s  pape r  i s  devoted t o  t h e s e  
l a te r  developments.  

The i n t e r e s t  i n  t h e  p o s s i b l e  phase  t r a n s i t i o n s  i n  quas i -  

X class o f  "monochain" compounds i n  which o n l y  t h e  

I n  s e v e r a l  compounds of t h i s  class a c r o s s o v e r  

0 

( I n  r e f .  4 s u p e r c o n d u c t i v i t y  

5 

I n  t h e  p r e s e n t  paper  we  sha l l  f i r s t  b r i e f l y  r ev iew o u r  

6 

2. THE g-OLOGY PICTURE 

The main f e a t u r e  o f  t h e  1-d metals is t h e  s imul t aneous  d iv -  
ergence o f  t h e  e l e c t r o n - e l e c t r o n  and e l e c t r o n - h o l e  p r o p o g a t o r s .  
The f i r s t  d i v e r g e n c e  o c c u r s  a l s o  i n  a 3-d sys t em and i t  in-  
d i c a t e s  t h e  o n s e t  of Cooper p a i r i n g ,  which cou ld  be  e i t h e r  
s i n g l e t  o r  t r i p l e t .  The second d i v e r g e n c e  o c c u r s  i n  a system 
w i t h  a n e s t e d  Fermi s u r f a c e ,  namely, when ~(k) = -E(k - 40) 
f o r  some q, and a l l  k a t  t h e  Fermi s u r f a c e .  T h i s  7 s  a 
p r o p e r t y  of a 1-d system, and i t  i n d i c a t e s  t h e  o n s e t  of s i n g l e t  
(CDW) o r  t r i p l e t  (SDW) e l e c t r o n - h o l e  p a i r i n g .  The co -ex i s t ence  
of d i v e r g e n c i e s  l e a d i n g  t o  competing t y p e s  o f  o r d e r  w a s  f i r s t  
d i s c u s s e d  by Bychkov e t  a1 . 

I n  a s t r i c t l y  1-d system t h e r e  are no real  phase  t r a n s -  
i t i o n s  and t h e  meaningful  q u e s t i o n  i n  t h i s  case is:  what is 
t h e  t y p e  of o r d e r  a t  T = 0 ? I n  o r d e r  t o  d i s c u s s  a more 
r ea l i s t i c  model one  has t o  i n t r o d u c e  some i n t e r c h a i n  c o u p l i n g .  
Coulomb i n t e r a c t i o n  between t h e  c h a i n s  f a v o r s  CDW and is n o t  
s u f f i c i e n t  t o  s t a b i l ' z e  a 3-d t r a n s i t i o n  a t  f i n i t e  T f o r  t h e  
o t h e r  t y p e s  of o r d e r  . To t h i s  end o n e  n e e d s  i n t e r c h a i n  
t u n n e l i n g .  We have p r e v i o u s l y  adop ted ,  and d i s c u s s e d  

7 
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COMPETITION BETWEEN SDW AND SUPERCONDUCTIVITY [593]/237 

e x t e n s i v e l y  i n  v a r i o u s  c o n t e x t s ,  a model i n  which t h e  i n t  r- 
c h a i n  t u n n e l i n g  i s  r e p r e s e n t e d  by t h e  e l e c t r o n  d i s p e r s i o n  5 

E(k) = &(kZ)  - tl (cos a& + c o s  a k  ) ,  Y 

where t i s  t h e  i n t e r c h a i n  t r a n s f e r  i n t e g r a l ,  a - t h e  i n t e r -  
c h a i n  d i s t a n c e ,  and E(k ) i s  a f r e e  e l e c t r o n  d i s p e r s i o n  a l o n g  
t h e  c h a i n s .  The d e v i a t i o n  from one-d imens iona l i ty  is  chara-  
c t e r i z e d  by t h e  v a l u e  of t and t h e  i n t e r e s t i n g  range  of 1' 
v a l u e s  i s  

4. 
Z 

where T i s  t h e  Peier ls  t r a n s i t i o n  tempera ture  f o r  t = 0 P 1 
and T i s  t h e  Fermi tempera ture .  The upper  l i m i t  a s s u r e s  
t h a t  tEe system is n o t  too  3-dimensional 
s u f f i c i e n t  n e s t i n g  ( t h e  n e s t i n g  v e c t o r  i s  qo = ( r / a ,  I'rla, 2kF) 
f o r  t h e  p o s s i b i l i t y  of t h e  i n s u l a t i n g  phases  t o  o c c u r .  The 
lower l i m i t  a s s u r e s  t h a t  t h e  s y s t e m  i s  n o t  too  1-dimensional 
so t h a t  mean-field-theory would apply .  Moreover, t h e  Cooper 
channel  and t h e  P e i e r l s  channel  are  decoupled f o r  t h e s e  v a l u e s  
of t l ,  and t h e  most d i v e r g e n t  set of diagrams reduces  t o  t h a t  
of t h e  Hartree-Fock scheme f o r  each t y p e  of o r d e r  s e p a r a t e l y .  

With nonre ta rded  i n t e r a c t i o n s ,  h i s  scheme l e a d s  i n  weak 
coupl ing  l i m i t  t o  t h e  phase diagram shown i n  F i g u r e  1. 

so t h a t  t h e r e  i s  

10 

1! 

TS 

CDW 

FIGURE 1 Phase diagram of 1-d metals based on mean-field 
theory .  
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238/[594] B. HOROVITZ, H. CUTFREUND and M. WEGER 

The main f e a t u r e  of t h i s  diagram is t h e  separation-between 
superconducting and i n s u l a t i n g  phases  by t h e  l i n e  g1 = 2 i 2 ,  

and between s i n g l e t  and t r i p l e t  phases by t h e  l i n e  

gl  = 0, (g2, gl  
amplitudes measured i n  u n i t s  of t h e  bandwidth).  

- -  - 
are t h e  forward and backward s c a t t e r i n g  

3 .  PHASE DIAGRAM FOR THE FROHLICH HAMILTONIAN 

One of t he  advantages of t h e  mean-field approach i s ,  t h a t  one 
can inc lude  e x p l i c i t l y  phonons and t h e  r e t a r d a t i o n  e f f e c t s  
a s soc ia t ed  wi th  t h e i r  i n t e r a c t i o n .  The model based on e q . ( l )  
was appl ied  t o  i n v e s t i g a t e  t h e  phase diagram of an  e l ec t ron -  
phonon system descr ibed  by t h e  Frohl ich  Hamiltonian(without - 
Coulomb i n t e r a c t i o n s ) .  I n  t h i s  case 1, g2 < 0, and one 
f i n d s  a competi t ion between superconduct iv i ty  and t h e  Peier ls  
t r a n s i t i o n .  To d i s t i n g u i s h  between t h e  Coulomb, nonre ta rded ,  
i n t e r a c t i o n s  and t h e  phonon induced e l ec t ron -e l ec t ron  i n t e r -  
a c t i o n s ,  w e  s h a l l  denote  t h e  l a t t e r  by A1 and X 2  ( f o r  t h e  
backsca t t e r ing  and forward s c a t t e r i n g ,  r e s p e c t i v e l y ) .  Note 

t h a t ,  
phonon coupl ing cons t an t ,  f o r  q = 0 (i = 2) o r  q = 2kF( i= l )  
phonons, and 0 is t h e  phonon frequency (assumed he re  t o  be 
cons t an t ) .  

and Tp, f o r  t hese  ins tab-  
i l i t i e s  were ca l cu la t ed  by f ~ t $ n g  t h e  coupled El iashberg  
equat ions  i n  both channels  and t h e  r e s u l t s  are summar- 
ized  i n  Fig.  2a,b.  F ig .  2a p l o t s  T and T as a func t ion  of 

h = A = X f o r  s e v e r a l  va lues  of 0 /E  

nonretarded case ( C ) ,  t h e r e  is a c r i t i c a l  coupl ing above which 

T > T and below which T > Tp. This  c rossover  from t h e  

Peierls i n s t a b i l i t y  t o  BCS-pairing when X is  reduced, is 

demonstrated aga in  i n  Fig.  2b which shows t h e  b o r d e r l i n e s  
between t h e s e  i n s t a b i l i t i e s  i n  t h e  (g,., g,) -plane.  

one f i n d s  t h a t  f o r  a g iven  X t h e  maximum va lue  of T v a r i e s  

from w 150, f o r  weak X 2 ,  t o  0 120 ,  f o r  s t rong  A 

q u a l i t a t i v e  r e s u l t  was der ived  previously13 by assuming t h a t  

t h e  coupl ing cons tan t  A depends on T because of t h e  phonon 

so f t en ing  due t o  t h e  Kohn anomaly. 

2 
X i  = Gi N(0)/wo where Gi i s  t h e  Frohl ich  e l ec t ron -  

0 

The t r a n s i t i o n  temperature  T 

P S 
Except f o r  t h e  1 2  0 c' 

P S'  S 

I n  gene ra l  

2 S 
The same 

0 0 2 '  
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COMPETITION BETWEEN SDW AND SUPERCONDUCTIVITY [595]/239 

BCS 

0.2 

0.4 

FIGURE 2 (a )  S o l u t i o n s  of E l i a s h b e r g  eqs. f o r  T ( s o l i d  

l i n e s )  and T 

FIGURE 2 ( b )  Boundary l i n e s  between BCS and P e i e r l s  r e g i o n s  

Broken l i n e  corresponds t o  g = g 1 2 '  
I n  b o t h  f i g u r e s :  a )  uo/Ec = 0.1; b) uo/Ec = 0 . 3 ;  

P 
(broken l i n e s )  f o r  tl = 0.1E 

S F and El = g2. 

- -  

c)  u o D c  - + a .  

T h i s  p i c t u r e  was t h e  b a s i s  f o r  t h e  d i s c u s s i o n  of t h e  
p o s s i b l e  e f f e c t s  of p r e s s u r e  as a means t o  s u p p r e s s  t h e  
P e i e r l s  i n s t a b i l i t y .  P r e s s u r e  is expected t o  reduce  t h e  ele- 
ctron-phonon coupl ing ,  which may be w r i t t e n  i n  t h e  form 

2 A = J N ( O ) / K ,  where K = Mu2 i s  t h e  f o r c e  c o n s t a n t .  

The main e f f e c t  of p r e s s u r e  is  t h e  i n c r e a s e  of K due  t o  a 
l a r g e  Gruneisen c o n s t a n t  and l a r g e  compr s s i b i l i t y  of t h e  
e x t e r n a l  modes i n  t h e  o r g a n i c  compounds : 1E 

-alnK/alnb = 20, i . e . ,  a 5% r e d u c t i o n  i n  t h e  i n t r a c h a i n  

l a t t i c e  spac ing  b ,  ob ta ined  a t  a p r e s s u r e  of about  10-15 k b a r s ,  
doubles  K. P r e s s u r e  a l s o  reduces t h e  numerator i n  A, b u t  t h i s  
e f f e c t  is  smal l ,  as v e r i f i e d  by t h e  v a r i a t i o n  of plasma f r e q -  
uency w i t h  p r e s s u r e ,  so  t h a t  t h e  n e t  e f f e c t  of p r e s s u r e  is  
expected t o  be a r e d u c t i o n  of A .  
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240/[596] B. HOROVITZ, H. GUTFREUND and M. WEGER 

4 .  THE (TMTSF)2 X COMPOUNDS 

A s  mentioned i n  t h e  In t roduc t ion ,  t h e  most apparent  d i f f e r -  
ence between t h e  (TMTSF)?X compounds and t h e  o t h e r  o rgan ic  
metals is  t h a t  t h e  i n s u l a t i n g  s t a t e  i s  a SDW state .  Based 
on Fig.  1, t h i s  sugges ts  t h e  p o s s i b i l i t y  t h a t  t h e  supercon- 
duc t ing  s ta te ,  obta ined  when t h e  SDW is suppressed by p res su re  
i s  a t r i p l e t  s ta te .  This  i s  u n l i k e l y ,  because t h e r e  is ex- 
per imental  evidence15 
of t h e  s i n g l e t  type.  Moreover, t h e  t r i p l e t  s ta te  i s  implied 
only by t h e  overs impl i f ied  diagram obta ined  when r e t a r d a t i o n  
e f f e c t s  are neglec ted .  We s h a l l  see t h a t  t h e  l a t t e r  modify 
the  "g-ology" p i c t u r e  i n  a s i g n i f i c a n t  way l ead ing  t o  a poss- 
i b i l i t y  of c rossover  from SDW t o  SS type  of order .  

compounds i s  t h a t  only t h e  donor cha ins  of t h e  TMTSF molecules 
p a r t i c i p a t e  i n  t h e  e l e c t r o n  t r a n s p o r t .  The accep to r  molecules 
are s i n g l y  charged, t he  charge t r a n s f e r  being determined by 
s to ich iometry .  The acceptor  molecules  induce a s t a t i c  poten- 
t i a l  along t h e  conducting donor cha ins  of t h e  form 

t h a t  t h e  observed superconduct iv i ty  i s  

The second important  new f e a t u r e  of t h e  (TMTSF)2~ 

W = Aexp(i4k R ) + h.c . ,  F n  ( 3 )  
where Rn are  t h e  coord ina te s  of t h e  donor molecules .  
induces a d imer iza t ion  gap, A,and makes 4k a vec to r  of t h e  
inve r se  l a t t i c e .  

two e l e c t r o n s  on one s i d e  of t h e  Fermi s u r f a c e  scatter tog- 
e t h e r  t o  t h e  o t h e r  s i d e  (F igure  3a) .  

This  

F 

A s  a r e s u l t ,  one can have an umklapp process  i n  which 

-kF +k F 

(a 1 (b) 
FIGURE 3 .  Umklapp s c a t t e r i n g  i n  presence of an e x t e r n a l  
p o t e n t i a l  of per iod  4k 
e l e c t r o n  s c a t t e r i n g ;  F' b) r e t a r d e d  process  v i a  two phonons. 

a )  non-retarded process  involv ing  
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COMPETITION BETWEEN SDW AND SUPERCONDUCTIVITY [597]/241 

We d e n o t e  t h i s  p r o c e s s  by g and i ts  s t r e n g t h  is r e l a t e d  t o  
g1 by g3 = gl(A/EF). An a d d i t i o n a l  e f f e c t  of t h e  p o t e n t i a l  

i n  eq.  (3) i s  t o  add t o  t h e  Hamil tonian a term which c o u p l e s  

2k and -2k phonons . The lowest  o r d e r  e f f e c t  of  t h i s  term 

i s  t o  provide  an a d d i t i o n a l  umklapp channel  (F ig .  3b) i n  which 

an  e l e c t r o n  w i t h  momentum k emits a 2k phonon, t h i s  i s  Bragg 

s c a t t e r e d  by t h e  p o t e n t i a l  t o  a -2kF 

u e n t l y  absorbed by a n o t h e r  e l e c t r o n  of  momentum k 

t h i s  Process  by A 

3 

6 
F F 

F F 
phonon, which i s  subseq- 

We d e n o t e  F. 
I ts  s t r e n g t h  i s  g iven  by 3' 

2 A = ( A l l  8 k  A 3 F 
2 

( 4 )  

The main p o i n t  is t h a t  A is  a r e t a r d e d  i n t e r a c t i o n  and depends 

s t r o n g l y  on p r e s s u r e .  Because of  t h i s  s t r o n g  p r e s s u r e  depend- 

ence,  we f e e l  t h a t  i t  p l a y s  a n  e s s e n t i a l  r o l e  f o r  t h e  under- 

s t a n d i n g  of t h e s e  compounds. 

3 

5. THE g-OLOGY PICTURE REVISITED 

L e t  u s  now extend  t h e  p i c t u r e  d i s c u s s e d  i n  s e c t i o n s  2 and 3,  
and i n c l u d e  i n  the Hamil tonian t h e  r e t a r d e d  and nonre ta rded  
i n t e r a c t i o n s ,  ag w e l l  as t h e  r e t a r d e d  umklapp p r o c e s s ,  
mentioned above . The gap e q u a t i o n s  f o r  t h e  d i f f e r e n t  
i n s t a b i l i t i e s  are obta ined  from t h e  lowes t  o r d e r  i r r e d u c i b l e  
se l f -energy  diagrams,  as i n  r e f e r e n c e  11. The s o l u t i o n  of  
t h e s e  e q u a t i o n s  i s  p a r t i c u l a r l y  s imple  i n  t h e  weak c o u p l i n g  

l i m i t ,  gi, A.,<< 1 and T << w << Ec (where w and E are 
t h e  phonon energy and e l e c t r o n  energy c u t o f f s ,  r e s p e c t i v e l y ) .  
I n  t h i s  case t h e  e f f e c t  of  t h e  phonons i s  t o  r e p l a c e  t h e  c u t -  
o f f  E by w f o r  t h e  r e t a r d e d  i n t e r a c t i o n s ,  r e s u l t i n g  i n  a 
BCS l i k e  e q u a t i o n s  w i t h  two c u t o f f s  

A3' 

- 
1 C 0 0 C 

(5) 
C 0 

t g h ( d 2 T  ) '2 sc dE 
-R WO tgh(€/2Tc) 

i = +  j dE 
-0 0 2 E  2 -E 2 E  C 
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242/[598] B. HOROVITZ, H. GUTFREUND and M. WEGER 

-R 
where g and 2 are t h e  e f f e c t i v e  coupl ing  c o n s t a n t s  f o r  
t h e  r e t a r d e d  and nonre ta rded  i n t e r a c t i o n s ,  and t h e i r  v a l u e s  
f o r  t h e  d i f f e r e n t  phases  are g iven  i n  Table  1. 

Table  1 

iN 
~~ ~ 

ss 

TS 

CDW 

SDW 

Note t h a t  t h e  umklapp s c a t t e r i n g  a f f e c t s  only t h e  CDW and SDW 
phases .  The s o l u t i o n  o f  eq.  (5) is 

The e f f e c t  of t h e  d i f f e r e n t  c u t o f f s  f o r  t h e  r e t a r d e d  and non- 
r e t a r d e d  i n t e r a c t i o n s  is  t o  reduce  t h e  coupl ing  c o n s t a n t s  g 
e x a c t l y  i n  t h e  same way as t h e  Coulomb i n t e r a c t i o n  parameter  
p is changedl&o E.l 
conduct ing T . 
t h e  f o u r  i n s t a b i l i t i e s .  The r e s u l t  is  shown i n  F i g u r e  4 ,  

to lowes t  o r d e r  i n  g l n ( E  /oo). The s o l i d  l ines  correspond 

t o  t h e  c a s e  of A ,  = 0. 

compared t o  F ig .  1. The degeneracy of t h e  p o i n t  a t  t h e  o r i g i n  

- N  , 
* i n  t h e  u s u a l  e x p r e s s i o n  f o r  t h e  super-  

C The phase diagram is a g a i n  o b t a i n e d  by comparing Tc f o r  

+ 
C 

This  phase diagram has a new f e a t u r e  
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COMPETITION BETWEEN SDW AND SUPERCONDUCTIVITY [599]/243 

a t  which a l l  fou r  phases c o e x i s t  i s  l i f t e d  and one g e t s  t w o  
po in t s ,  A and B ,  a t  which t h r e e  phases  coex i s t .  This  imp l i e s  
t h a t  a SS-SDW coexis tence  boundary is now p o s s i b l e  ( t h e  l i n e  
AB i n  Fig.  4 ) .  I n  a d d i t i o n ,  t h e r e  i s  a whole r eg ion  of pos- 
i t i v e  i n t e r a c t i o n s  t o  t h e  r i g h t  of t h e  l i n e  2 g  

superconduct iv i ty  occurs .  This  is t h e  consequence of retar- 
da t ion ,  exac t ly  as i n  o rd ina ry  meta ls  supe rconduc t iv i t~7  is 
not  excluded when 1 ~ .  > A ,  because one can s t i l l  have p < A .  

- 
= gl i n  which 

2 

* 

FIGURE 4 .  Phase diagram 
a c t i o n s .  F u l l  l i n e s  a r e  

wi th  r e t a rded  and nonretarded i n t e r -  
t h e  boundary l i n e s  f o r  ),- = 0. 

J 

A3 
Arrows i n d i c a t e  t h e  motion of p o i n t s  A and B when 

inc reases .  The c r o s s  r e p r e s e n t s  an  assumed p o s i t i o n  of t h e  

compound. 
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244/[600] B. HOROVITZ, H. GUTFREUND and M. WEGER 

L e t  u s  f i r s t  assume t h a t  a compound i s  represented  by 
a po in t  i n  t h e  SDW reg ion  t o  t h e  r i g h t  of t h e  l i n e  AB. The 

2' main e f f e c t  of p re s su re  i s  most l i k e l y  t o  reduce A1 and A 
so t h a t  such a po in t  would move away from t h i s  l i n e ,  and would 
not  c r o s s  t h e  l i n e  t o  t h e  SS reg ion .  To exp la in  such a 
behaviour i t  is necessary  t o  t ake  i n t o  account  t h e  umklapp 
process .  When A i n c r e a s e s  t h e  p o i n t s  A and B move as  in-  3 d i ca t ed  by t h e  arrows i n  Fig.  4 ,  and t h e  boundary between 
i n s u l a t i n g  and superconduct ing phases is s h i f t e d  t o  t h e  l e f t .  
This  happens a l s o  i n  t h e  case of nonre t a rde  i n t e r a c t i o n s .  
It w a s  shown 0 t h  i n  t h e  r igo rous  1-d model and i n  mean 
f i e l d  theory t h a t  i n  t h e  presence of umklapp t h e  l i n e  

f7 
1P 

- - - 
2 i 2  - gl  = 0 is rep laced  by 2 i 2  - g l  + g3 = 9. 

This  behaviour exp la ins  t h e  experimental  r e s u l t s  i n  t h e  
(TMTSF) X compounds q u i t e  n a t u r a l l y .  These compounds a re  2 
presumably loca ted  somewhere a t  t h e  p o s i t i o n  marked by t h e  
c r o s s  i n  Fig.  4 .  A t  ambient p r e s s u r e  they have a SDW ground 
s ta te  because X 3  # 0. 
s h i f t  t h e  AFi l i n e  t o  t h e  r i g h t  u n t i l  t h e  system f i n d s  i t s e l f  
i n  t h e  superconducting reg ion .  S ince  X appears  i n  t h e  ex- 

S DW ponent of T and X appears  i n  t h e  exponents of bo th  T 

and TSS, and both  coupl ing  c o n s t a n t s  decrease  under p re s su re ,  

w e  expect  t h a t  bo th  t r a n s i t i o n  temperatures  decrease  wi th  

pressure .  Since X i s  more s e n s i t i v e  t o  p re s su re  than X 1 ,  

w e  expect  a s t ronge r  p r e s s u r e  dependence of  TSDW than of TSS, 

which is c o n s i s t e n t  w i th  t h e  experiment:  

The main e f f e c t  of p re s su re  is t o  

3 
S DW 1 

3 

dT /dP = -0.087 'K/Kbar 3 '4 , and dTSDw/dP=-(1-2)'K/Kbar 2 ss 
It w a s  r e c e n t l y  found18 t h a t  (TMTSF),C104 is supercon- 

conducting a t  ambient p r e s s u r e  below 1.3 OK. The C104 ions  

appear t o  be  d isordered  i n  t h i s  compound. A p o s s i b l e  expla- 

na t ion  along t h e  l i n e s  o f  t h e  p re sen t  model, i s  t h a t  t h e  d i s -  

o rde r  excludes the umklapp s c a t t e r i n g  and p r e s s u r e  is n o t  

necessary t o  suppress  1 

cond i t ions  f o r  superconduct iv i ty .  

i n  o r d e r  t o  recover  t h e  f avorab le  3 

In  conclusion,  we wish t o  p o i n t  ou t  t h a t  a q u a l i t a t i v e l y  

s i m i l a r  explana t ion  f o r  t h e  SDW-SS crossover  based on t h e  
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COMPETITION BETWEEN SDW AND SUPERCONDUCTIVITY [601]/245 

19 nonretarded g term was r e c e n t l y  suggested by Barisic e t  a l .  3 

6. THE MEANING OF ONE-DIKENSIONALITY 

Another p o s s i b l e  explana t ion  of t h e  p re s su re  e f f e c t  i n  t h e  
(TWSF) X Compounds is t h a t  p re s su re  inc reases  t h e  i n t e r c h a i n  
coupl ing and thereby des t roys  t h e  n e s t i n g  of t h e  Fermi s u r f a c e  
and excludes t h e  p o s s i b i l i t y  of SDW's t o  form. I f  t h i s  were 
t h e  case, t h e  system would be e f f e c t i v e l y  three- ,  o r  a t  least 
two-, dimensional.  This  po in t  of view w a s  promoted i n  r e f .  4 ,  
who found t h a t  t h e  an iso t ropy  of t h e  e l e c t r i c  conduc t iv i ty  
i s  s t rong ly  reduced under p re s su re ,  reaching a va lue  of 

2 

ob(4.20K) / oa(4.2OK) 7 a t  10 Kbar. 

However, t h e r e  i s  experimental  evidence t h a t  i n  s p i t e  of t h a t ,  
t he  n e s t i n g  proper ty  is  no t  destroyed.  The au tho r s  of r e f .  4 
f i n d  a gap over  most of t h e  Fermi s u r f a c e  i n d i c a t i n g  t h e  fo r -  
mation of d e n s i t y  waves. We wish t o  po in t  o u t  that i n  t h e  
contex t  of t h e  present  model, a system i s  "one-dimensional" 
as  long as t h e  n e s t i n g  proper ty  i s  preserved ,  r e g a r d l e s s  of 
t h e  va lue  of t 9 

1' 
Recently,  Kwak e t  a lZo  observed Shubnikov-deHaas o s c i l l -  

a t i o n s  a t  7 .5  kbars  i n  (TMTSF)2PF6, i n d i c a t i n g  e l e c t r o n  and 

hole  pockets  of equal  c ros s - sec t iona l  areas of less than  1% 

of t h e  B r i l l o i n  Zone, and an  e f f e c t i v e  m a s s  c l o s e  t o  m . 
Such pockets  were observed and accounted f o r z l i n  t h e  two- 

cha in  compound HMTSF-TCNQ. They were a l s o  observed below 

t h e  Peier ls  t r a n s i t i o n  i n  t h e  one-chain system NbSe 

t r a n s p o r t  methods?2 Such pockets  are expected i n  gene ra l  i n  

a two-chain system due t o  t h e  dev ia t ions  from a p lana r  Fermi 

sur facez0 ,  and i n  monochain systems whenever t h e r e  are dev- 

i a t i o n s  from p e r f e c t  n e s t i n g  of t h e  F e r m i  su r f ace ,  and t h e  

nes t ing  vec to r  q becomes a r e c i p r o c a l  l a t t i c e  vec to r  ( i n  

presence of C D W ' s  o r  SDW's). I n  t h e  la t ter  case, t h e  two 

shee t s  of t he  Fermi su r face  are almost equiva len t ,  and s h i f t -  

ing one of them by t h e  n e s t i n g  vec to r  r e s u l t s  i n  s m a l l  e l e c t r o n  

e 

3 by 

-0 
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246/[602] B. HOROVITZ, H. GUTFREUND and M. WEGER 

and ho le  pockets .  It i s  reasonable  t o  assume t h a t  i n  
(TMTSF)2PF6, go = (ZkF,n/b,qc) 

c e r t a i n  but  i r r e l e v a n t  f o r  t h e  p re sen t  argument),  and t h a t  
t h i s  vec tor  a t  P = 7.5 kbars  is s t i l l  a r e c i p r o c a l  l a t t i c e  
vec to r  due t o  t h e  presence of SDW’s4. 
banana-shape e l e c t r o n  and ho le  pockets  w i th  a volume of t h e  
o rde r  of (tl/trl)’ 

shape o f  t h e  c ross -sec t ion  of t h e  Fermi s u r f a c e  i n  t h e  ( k  
p lane  f o r  a p a r t i c u l a r  set of  parameter^^^. 
hole  pockets  r e s u l t i n g  from s h i f t i n g  one shee t  of t h e  Fenni 
su r face  a long  t h e  n e s t i n g  v e c t o r  are shown i n  Fig. 5. 

( t h e  va lue  of  q, i s  less 

This  r e s u l t s  i n  small 

of t h e  B r i l l o i n  zone. 
To demonstrate  t h i s  e f f e c t ,  w e  have taken t h e  c a l c u l a t e d  

The e l e c t r o n  and 
a’ kb) 

Y 

FIGURE 5 (a )  Calculated c ros s - sec t ion  of t h e  Fermi s u r f a c e  
of (TMTSF)*PF6 ( r e f .  2 3 ) .  
(approximate).  
(b) Elec t ron  and ho le  pockets  formed by s h i f t i n g  t h e  lower 
s e c t i o n  of t h e  Fermi s u r f a c e  along t h e  n e s t i n g  vec to r .  

Arrow i n d i c a t e s  t h e  n e s t i n g  vec to r  

To ge t  t h e s e  small pockets ,  a r a t h e r  s m a l l  an i s t ropy  
(of t h e  o r d e r  of  0.1) i s  requ i r ed ,  bu t  t h e  d e v i a t i o n  from 
nes t ing  a t  t h i s  an i s t ropy  is a l s o  s m a l l .  Thus, t h e  s t r o n g  
decrease  under p re s su re  i n  t h e  an i s t ropy  of t h e  e lec t r ica l  
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COMPETITION BETWEEN SDW AND SUPERCONDUCTIVITY [603]/247 

c o n d u c t i v i t y  accompanied by Shubnikov-deHaas o s c i l l a t i o n s  i s  
c o n s i s t e n t  w i t h  and s u p p o r t s  t h e  n o t i o n  t h a t  t h e  sys t em w e  are  
d e a l i n g  w i t h  is e f f e c t i v e l y  "one-dimensional" w i t h  a v e r y  s m a l l  
d e v i a t i o n  from t h e  n e s t i n g  p r o p e r t y .  

We have shown t h a t  t h e  d i s c o v e r y  of t h e  (TMTSF)2X Compounds 
r e q u i r e s  some m o d i f i c a t i o n s  i n  t h e  'lg-ology" p i c t u r e  which 
accompanied t h e  f i e l d  of one-dimensional  metals s i n c e  t h e  
beg inn ing .  I n  p a r t i c u l a r ,  t h e  i n c l u s i o n  of r e t a r d a t i o n  e f f -  
ects  and umklapp s c a t t e r i n g  seems t o  b e  e s s e n t i a l .  When t h e s e  
are i n c l u d e d ,  a s i m p l e  and n a t u r a l  d e s c r i p t i o n  o f  t h e  behav- 
i o u r  of t h e  (TMTSF) X compounds i s  o b t a i n e d .  2 
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