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I n  quasi-one-dimensional superconductors a f i n i t e  amount 
of e lectron tunneling between chains i s  e s s e n t i a l  t o  
couple t h e  superconduct ing order parameters on adjacent 
chains and t o  obtain thereby a nonzero t r a n s i t i o n  
temperature. This paper uses a microscopically derived 
Ginzburg-Landau theory t o  inves t iga t e  t h e  r e l a t i o n  
between t h e  electron interchain tunneling and the  order 
parameter coupling. Both a homogeceously coupled system 
and chains cross-linked by randomly d i s t r i b u t e d  short  
c i r c u i t s  a r e  considered. Application of t h e  theory t o  
(TMTSF)pPF6 shows t h a t  a reasonable concentration of 
short  c i r c u i t s  may considerably increase t h e  in t e rcha in  
coupling and may therefore  explain t h e  l a rge  increase of 
t h e  t r a n s i t i o n  temperature observed i n  recent experiments 
w i t h  GaSb-contacts. 

INTRODUCTION 

Quasi-one- i ensional organic superconductors of t h e  type 
(TMTSF)2X '-' a r e  characterized by a l a rge  anisotropy o f6 the i r  
normal e lectronic  propert ies ,  as shown both by t r anspor t  and 
opt ical7 measurements: t h e  electronic  e f f e c t i v e  mass i s  of t h e  
order of t h e  f r e e  e lectron mass f o r  motion along t h e  organic 
stacks (a-direct ion) ,  whereas it is  bigger by a f a c t o r  up t o  
2000 i n  t h e  b- and c-directions.  Due t o  t h i s  anisotropy t h e r e  
i s  only a r e l a t i v e l y  weak coupling between t h e  superconducting 

*Adress from november 1981: I n s t i t u t  von Laue-Langevin, 
38042 Grenoble, France 
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200/[556] H. J. SCHULZ 

order  parameters on adjacent  cha ins  . It i s  w e l l  known t h a t  
f o r  vanishing in t e rcha in  coupling ( i . e .  f o r  a s t r i c t l y  one- 
dimensional system) thermal f l u  t u a t i o n s  des t roy  long-range 
order  at  any f i n i t e  temperature  . If t h e r e  i s  a weak i n t e r -  
chain coupling, a phase t r a n s i t i o n  i n t o  a long-range-ordered 
superconducting s ta te  may occur at  a f i n i t e  temperature  T,. 
However, owing t o  t h e  s t rong  f l u c t u a t i o n s ,  t h i s  T, w i l l  be 
considerably lower than  t h e  temperature  TE where mean-field 
theory (which neglec ts  t h e  thermal f l u c t u a t i o n s  of  t h e  order  
parameter) p r e d i c t s  t h e  onset  o f  long-range order .  In  
(m/lTSF)$F6 (TczlK at  P=l lkbar )  t h e  very  l a r g e  and unusual ly  
temperature dependent conduc i v i t y  has been a t t r i b u t e d  t o  

evidence f o r  t h e  ex i s t ence  of superconducting f l u c t u a t i o n s  
over a l a r g e  temperature  reg ion  comes from measurements of 
t h e  dens i ty  of states by tunne l  experimentslO, showing a 
l a r g e  pseudogap ( i . e .  a superconducting gap washed out by 
f l u c t u a t i o n s )  up t o  at  l e a s t  10K. 

of (TMTSF)~PFG may be increased  t o  12K by evapoating GaSb 
onto t h e  organic  c r y s t a l .  A poss ib l e  explanat ion of t h i s  
e f f e c t  i s  an increase  of t h e  i n t e r c h a i n  coupling due t o  sho r t  
c i r c u i t s  between ad jacent  chains  which could be produced by 
d i f fus ion  of antimony atoms i n  between t h e  chains .  A l a r g e r  
i n t e rcha in  coupling due t o  t h i s  c ross - l ink ing  suppresses  
f luc tua t ions  and t h e r e f o r e  inc reases  T c .  

It is t h e  purpose of t h e  present  paper t o  es t imate  t h e  
e f f e c t  of i n t e rcha in  coupling on t h e  superconducting t r a n s -  
i t i o n  temperature and t o  e luc ida te  t h e  p o s s i b i l i t y  of  
increas ing  t h e  in t e rcha in  coupl ing by cross - l ink ing  t h e  
chains  v i a  randomly d i s t r i b u t e d  shor t  c i r c u i t s  o r  "bridges". 
In  t h e  fol lowing chapter  a Ginzburg-Landau model f o r  a quasi-  
one-dimensional superconductor i s  intoduced and t h e  depress ion  
of Tc due t o  f l u c t u a t i o n s  i s  discussed.  The c o e f f i c i e n t s  i n  
t h e  Ginzburg-Landau energy func t iona l  when only t h e  normal, 
homogeneous tunnel ing  between cha ins  is present  a r e  
ca l cu la t ed  i n  t h e  t h i r d  chapter ,  s t a r t i n g  from a microscopic 
model Hamiltonian. I n  t h e  f o u r t h  chapter  the  e f f e c t  of c ross -  
l i nk ing  on t h e  in t e rcha in  coupling i s  considered. I n  t h e  last  
chapter  t h e  model i s  discussed and a numerical example is 
given, showing t h a t  a moderate concent ra t ion  of  br idges  
may indeed l ead  t o  a l a r g e  inc rease  of Tc i n  (TWSF)*PF6. 

8 

F 

superconducting f l u c t u a t i o n s  k . Considerable a d d i t i o n a l  

Very recent  experimental r e s u l t s ' '  i n d i c a t e  t ha t  t h e  Tc 
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GINZBURG-LANDAU MODEL 

We consider  a rec tangular  a r r a y  of cha ins  o r i en ted  along t h e  
z-axis. Each chain i s  descr ibed by a complex order  parameter 
qmn(z) ,  where m and n number t h e  cha ins  i n  t h e  x- and y- 
d i r e c t i o n s ,  r e spec t ive ly .  The f ree  energy func t iona l  of t h e  
system i s  assumed t o  be of t h e  Ginzburg-Landau form 

A s  usua l  we se t  approximately a=a’(T/T:-l), and a’ ,b ,c ,A ? c y  and 
A are p o s i t i v e  cons tan ts  t o  be determined i n  t h e  fol lowing 
cxapters .  The first t h r e e  terms i n  F desc r ibe  t h e  p r o p e r t i e s  
of a s i n g l e  cha in ,  t h e  las t  l i n e  i s  t h e  in t e rcha in  coupling. 

has been ca l cu la t ed  by Scalapino e t  a l .  l 2  i n  t h e  l i m i t  of 
s m a l l  i n t e rcha in  coupling, us ing  exact  r e s u l t s 1 3  for t h e  
s i n g l e  chain problem and a mean-field approximation f o r  t h e  
in t e rcha in  coupling. In  t h i s  approach T, i s  given by 

The t r a n s i t i o n  temperature  i n  a system desr ibed  by eq. ( 1  ) 

A t  s u f f i c i e n t l y  low temperature f l u c t u a t i o n s  of t h e  amplitude 
of t h e  order  parameter a r e  f rozen  out  and only phase 
f l u c t u a t i o n s  a r e  important, so t h a t  one has 

14 and i n s e r t i n g  t h i s  i n t o  eq. ( 2 )  w e  ob ta in  

T c b  = “ d w  . ( 5 )  

The square roo t  dependence of T 
agrees  with genera l  arguments OF Bar i s i c  and Uzelac15. 

t h e r e f o r e  eq . (5)  are v a l i d  i f  only phase f l u c t u a t i o n s  are 
important ,  A q u a n t i t a t i v e  es t imate  of t h e  temperature  reg ion  
below TE where amplitude f l u c t u a t i o n s  a r e  s t i l l  impor tan t l6  
( i . e .  where e q . ( 4 )  i s  i n c o r r e c t )  i s  given by t h e  Ginzburg 

on t h e  i n t e r c h a i n  coupl ing 

The r e s u l t  ( 4 )  f o r  t h e  order  parameter s u s c e p t i b i l i t y  and 
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202/[558] H. J. SCHULZ 

c r i t i c a l  temperature  reg ion  which i n  one dimension i s  13 

bTz 213 

AT = 2T: [a,3/2c1/2] ' 

The above t reatment  i s  v a l i d  f o r  weak in t e rcha in  coupling. 
On t h e  o t h e r  hand, it i s  of cons iderabl?  i n t e r e s t  t o  know how 
much in t e rcha in  coupling i s  necessary t o  have a t r a n s i t i o n  
temperature near t o  t h e  mean-field one. A q u a n t i t a t i v e  
c r i t e r i o n  may be obtained from t h e  first order  co r rec t ion  t o  
t h e  mean-field t r a n s i t i o n  temperature  from thermal f l u c t u -  

mation ations17 ¶ 18 . To t h i s  purpose we go over t o  t h e  Four ie r  
t ransform of  t h e  order  parameter: 

ca  cu la ted  i n  a se l f - cons i s t en t  Hartree approxi- 

where L i s  t h e  l eng th  of t h e  system, N A  i s  t h e  number of 
chains ,  d, and d Y t h e  perpendicular  and p a r a l e l l  components of  t h e  wavevector k ,  
and here  and i n  t h e  fol lowing t h e  summation over k 
t h e  f i r s t  B r i l l o u i n  zone. From e a . ( 7 )  one ob ta ins  

are t h e  in t e rcha in  d i s t ances ,  k l a n d  kz are 

i s  over 

w2 = a + ck2 - 2Xxcos(kxdx) - 2X cos (k  d ) . 
k Z Y Y Y  

I n  t h e  Hartree approximation one sets 

where t h e  last  equat ion de f ines  t h e  se l fenergy  C .  To be self-  

of 
cons i s t en t  one has t o  r ep lace  wo 2 by z$ which i s  t h e  s o l u t i o n  

(10) 
-2 2 w = w + C ( t i o )  . 

0 0  

The t r a n s i t i o n  temperature  i s  given by t h e  condi t ion  
So(Tc)=O, so  t h a t  one has  t o  eva lua te  C(0). The form (8)  f o r  
wk leads t o  q u i t e  complicated i n t e g r a l s .  However, f o r  ro=O t h e  
most important con t r ibu t ion  t o  C comes from long-wavelength 
f l u c t u a t i o n s ,  so t h a t  one may expand w E  around k=O and r e t a i n  
only terms up t o  second order .  This  r e s u l t s  i n  
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INTERCHAIN COUPLING IN QUASI-ID SUPERCONDUCTORS [559]/203 

Tb 
c (0 )  = f ( A x , h  ) Y 

Y 

( 1 1 )  
1 f ( X  , A  ) = 7 a r s i n h F +  X a r s i n q ?  . 

2 Neglecting t h e  (usua l ly  s m a l l )  con t r ibu t ion  of Xx,hy t o  wo 
we ob ta in  from t h e  condi t ion  w o ( T c ) = O  and eqs. (10 )  and ( 1  1 )  

X X Y Y X Y  

bTo 
(12 )  

i . e .  t h e  denominator of t h i s  expression has t o  be small i f  T, 
has t o  be near TZ. We f i n a l l y  remark t h a t  f o r  weak i n t e r c h a i n  
coupling (when t h e  Hartree approximation i s  not expected t o  be 
very accu ra t e )  f o r  )\,=A t h e  r e s u l t s  ( 5 )  and (12 )  d i f f e r  by a 
f a c t o r  l e s s  t han  2, whegeas i n  t h e  l i m i t  Xx=const. , Xy+O eq. ( 5 )  
gives  T =const .  and eq. (12)  l eads  t o  Tc*. 

C 

MICROSCOPIC MODEL: HOMOGENEOUS INTERCHAIN COUPLING 

To de r ive  t h e  c o e f f i c i e n t s  i n  F microscopical ly  w e  consider  
t h e  model Hamiltonian 

H = H  o + H  i n t  + Himp 9 
(13a)  

Here t h e  aka a r e  a n n i h i l a t i o n  ope ra to r s  f o r  e l e c t r o n s  of  
wavevector k and sp in  a. N i s  t h e  number of s i tes  i n  t h e  
system, H i s  t h e  s ing le-e lec t ron  energy ope ra to r ,  where f o r  
t h e  t r ansve r se  (x-,y-) d i r e c t i o n s  we  assume a t igh t -b inding  
form wi th  t r a n s f e r  i n t e g r a l s  tx,t , r e spec t ive ly .  The Fermi 
v e l o c i t y  i s  r e l a t e d  t o  t h e  l o n g i t 8 d i n a l  t r a n s f e r  i n t e g r a l  t, 
(which w e  assume t o  be much l a r g e r  t han  tx,ty) by 
v =2t ,d ,s in(k~d,)  , t h e  long i tud ina l  e f f e c t i v e  mass of t h e  
eEectrons i s  m=kF/vF, and t h e  d, are t h e  l a t t i c e  cons t an t s  i n  
t h e  three d i r e c t i o n s .  The s i n g l e  e l e c t r o n  energy c0 l eads  t o  
an open Fermi su r face  i n  t h e  t r a n s v e r s e  d i r e c t i o n s .  H.  i s  
t h e  BCS-type a t t r a c t i v e  e lec t ron-e lec t ron  i n t e r a c t i o n  which 
l eads  t o  superconduct ivi ty ,  and H desc r ibes  t h e  s c a t t e r i n g  
of e l ec t rons  by impur i t i e s  distri&!ed over t h e  s i t e s  {R?). 

0 

i n  
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2044 5601 H. J. SCHULZ 

ing c lose ly  t h e  method of Gorkov19 we can c a l c u l a t e  t h e  
c o e f f i c i e n t s  of  t h e  free-energy func t iona l .  I n  t h e  Born 
approximation t h e  impuri ty  averaged normal s t a t e  Green's 
func t ion  i s  

S t a r t i n g  from t h e  model Kamiltonian, eq. ( 13), and follow- 

( 1 4 )  t ( k , w n )  = (i(wn+sign(w )-) 1 - co(k) ) - l  n 2~ 

where w =(2n+l)aT is  t h e  fermion Matsubara frequency, and t h e  
e lec t ro%c l i fe t ime parameter i s  given i n  terms of t h e  
impurity concent ra t ion  no by ( 2 ~ ) - ~ = d , n ~ u ~ / v ~ .  Now, i n  r e c i -  
p roca l  space t h e  Ginzburg-Landau equat ion r eads  

Here Q ( k )  i s  t h e  Cooper p a i r  s u s c e p t i b i l i t y :  

K 
w k c h ,  including ladder-type v e r t e x  ~ o r r e c t i o n s ' ~  
by t h e  equat ion 

i s  t h e  impuri ty  average over a p a i r  of Green's func t ions  
i s  given 

This i n t e g r a l  equat ion i s  separable  and l eads  t o  

A s  discussed i n  t h e  previous chapter  near t h e  t r a n s i t i o n  
temperature only long-wavelength f l u c t u a t i o n s  are important ,  
so t h a t  we may l i m i t  ourse lves  here  t o  terms up t o  second 
order  i n  k. The mean-field t r a n s i t i o n  temperature i s  given by 
t h e  condi t ion  l/g-Q(O)=O. From e q s . ( l 5 )  t hen  we ob ta in  

- 1 - Q ( k )  = %bn(T/T:) + +x((21r~T)-') 

F 16a T g 

(16) Y Y Y  
x(vEkE + 2 t  2 2 2  d k + 2 t  d 

x x x  

< ( x )  i s  Riemann's zeta func t ion  and x (x )  is  t h e  Gorkov func t ion  
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89 
and $ ( x )  i s  t h e  d i g m a  function2'. The c o e f f i c i e n t  B i 
given by an averadged product of fou r  Green's func t ions  . 
free-energy t o  be s t a t iona ry .  Normalizing t h e  order  parameter 
so t h a t  c=1/2m and comparing t h e  small-k expansion of uk wi th  
eq . (16)  it fol lows from e q s . ( l 5 a )  and (16) 

The Ginzburg-Landau equat ion i s  obtained by r e q u i r i n g  t h e  

(18a) 

( l a b )  

a =  8n2T2 ln(T/Tz)  = a ' ln (T/Tc)  0 , 
7r;(3)mvFx ( ( 2 ~ r T 1 - l )  

A = t a / ( m v G )  2 , a=x,y , 
a 

and t h e  f o u r t h  order  coupling i s  

b = a1/ (2kFx((2nrT)- ' ) )  . ( 1 8 ~ )  

A s  a l r eady  pointed out  i n  ref .8  t h e  t r a n s v e r s e  coupl ings are 
propor t iona l  t o  t h e  square of  t h e  tunne l ing  i n t e g r a l s ,  o r  
i nve r se ly  propor t iona l  t o  t h e  square o f  t h e  t r a n s v e r s e  
e f f e c t i v e  masses. Contrary t o  t h e  present  case  of an open 
Fermi sur face ,  f o r  a closed Fermi su r face  these  coupl ings are 
inve r se ly  propor t iona l  t o  t h e  masses themselves. 

ob ta ins  t h e  Ginzburg c r i t i c a l  temperature  region 
We note  t h a t  s e t t i n g  approximately T=Tz i n  e q s . ( l 8 )  one 

i . e .  even f o r  a pure system ( x = 1 )  t h e  c r i t i c a l  reg ion  i s  
larger t han  TZ i t s e l f .  Though t h e  approximation T=TE i s  
obviously incons i s t en t  over such a wide temperature  r eg ion ,  
t h i s  r e s u l t  never the less  i n d i c a t e s  t h a t  amplitude f l u c t u a t i o n s  
are important even far below To, so  t h a t  t h e  approximations 
l ead ing  t o  e q . ( 5 )  a r e  only v a l i d  f o r  very  weak coupling. 

s u f f i c i e n t l y  s t rong  so t h a t  t h e  Har t ree  approximation becomes 
v a l i d ,  t h e  lowering of Tc due t o  f l u c t u a t i o n s  can be expressed 
i n  terms of  an e f f e c t i v e  in t e rcha in  coupling J: 

c 
On t h e  o the r  hand, i f  t h e  i n t e r c h a i n  coupling i s  

J = J 2 t x ( ( 2 n r T ) - l ]  X Y  [q a r s h 3 E  ars+]-' , (20a)  

so t h a t  from eq. (12)  one ob ta ins  D
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MICROSCOPIC MODEL: CROSS-LINKING 

Recent experiments' ' i nd ica t e  t h a t  t h e  t r a n s i t i o n  temperature 
of (TMTSF) 2PF6 under pressure may be considerably increased 
by evaporation of a GaSb-layer onto t h e  c r y s t a l .  A possible  
explanation21 of t h i s  e f f ec t  i s  t h a t  antimony atoms d i f fuse  
in to  the  c r y s t a l .  Due t o  t h e i r  s m a l l  s i z e ,  compared t o  t h e  
s i z e  of a TMTSF molecule, these atoms may come very c lose  t o  
t h e  organic molecular stacks.  The atomic o r b i t a l s  then have 
a considerably l a rge r  overlap with adjacent molecules than t h e  
d i r e c t  TMTSF-TMTSF overlap,  i .e.  t h e  antimony atoms would 
c rea t e  short-circui ts  or  "bridges" between t h e  chains. I n  t h i s  
chapter such a bridge i s  represented by a l o c a l  t r a n s f e r  
i n t e g r a l  t. I n  order t o  gain some physical i n s igh t  i n  t h e  
e f f ec t  of randomly d i s t r ibu ted  bridges on t h e  coupling between 
t h e  superconducting order parameters we s h a l l  first investgate  
the  cross-linking e f f ec t  between two i so l a t ed  chains. 

Two Cross-Linked Chains 

We consider a model Hamiltonian 

Here H1 and H2 describe t h e  electrons on t h e  individual  chains,  
s i m i l a r  t o  H of eq. ( 1 3 ) ,  however without impurity sca t t e r ing  
(u=O) . The "cross-linking Hamiltonian" H1-2 describes e l ec t ron  
tunneling from one chain t o  t h e  other  at randomly d i s t r i b u t e d  
s i t e s  {Ri) and has t h e  form 

t i (k-p R i  ( a+ + 
H1-2 = - I  NkDoi e 1kaa2pa + a2koalpo) 

The operator aaka (a=1,2) r e f e r s  t o  e lectrons on chain a. 
Due t o  t h e  lack of t r a n s l a t i o n a l  invariance t h e  single- 
e lectron Green's funct ion i s  not diagonal i n  t h e  wavenumber, 
and t o  lowest order i n  t one has 

yo i s  t h e  single-electron Green's funct ion f o r  t = O ,  and a , @  
a r e  chain indices.  To t h i s  order t h e  intrachain p u t  remains 
diagonal i n  k, and only t h e  interchain p a r t  has nondiagonal 
components. Correspondingly, i n  t h e  Ginzburg-Landau equation 
ierived from H 
superconducting order parameters) : 

( r e t a in ing  only t h e  lowest order i n  t h e  I1 
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INTERCHAIN COUPLING IN QUASI-ID SUPERCONDUCTORS [563]/207 

only t h e  in t e rcha in  coupling func t ion  Q1 has nonvanishing 
components f o r  

Q, (k ,q)  = 

k=q. Q1 i s  given by 

Here we a r e  i n t e r e s t e d  i n  t h e  averadged (over t h e  p o s i t i o n s )  
va lue  of Q1. Averaging each br idge  independently one has 

exp(iqR.)  = 6 
1 q,o . 

Terms with i= j  and with i*j l ead  t o  con t r ibu t ions  Q,, and &,2 
t o  t h e  averaged Q, ,  r e spec t ive ly :  

1' 
2 

Y 

where n i s  t h e  concent ra t ion  of br idges .  For long-wavelength 
conf igura t ions  only Q,(O) is important .  From (27)  one o b t a i n s  

lead ing  t o  a t o t a l  coupling f a c t o r  between t h e  cha ins  

Phys ica l ly ,  t h e  coupling of t h e  order  parameters i s  due 
t o  tunnel ing  of Cooper p a i r s  through t h e  br idges.  The Q12- 
con t r ibu t ion  comes from processes  i n  which t h e  two e l ec t rons  
tunne l  a t  d i f f e r e n t  s i t e s .  The p r o p a b i l i t y  of a s i n g l e  
e l ec t ron  t o  tunne l  i s  propor t iona l  t o  n t ,  so t h a t  one has 
& ~ ~ a ( n t ) ~ .  On t h e  o ther  hand, i n  t h e  Qll-process  both 
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208/[561] H. J. SCHULZ 

electrons tuneel  a t  t h e  same s i t e .  The p ropab i l i t y  f o r  t h i s  
process i s  d i r e c t l y  proportional t o  t h e  number of s i t e s  and, 
as two electrons a r e  involved, t o  t2, leading t o  Ql1=nt2. 
However, before t h e  tunneling process t h e  Cooper p a i r  has 
t,o move t o  t h e  s i t e  of t h e  bridge, whereas i n  t h e  Q12-process 
t h e  two electrons move individual ly  t o  t h e  two bridges ( i . e .  
t h e  Qlg-process involves t h e  r e l a t i v e  motion of t h e  two 
electrons) .  It i s  t o  t h i s  difference t h a t  w e  a t t r i b u t e  t h e  
f ac to r  d, f E 0  i n  Q11. 

Landau equation another possible  approach would be t o  
calculate  t h e  coe f f i c i en t s  of the  free energy funct ional  f o r  
a f ixed bridge d i s t r i b u t i o n  and t o  average only t h e  r e s u l t s  
derived from t h i s  f r e e  energy. Concerning t h e  Qll-coupling 
t h i s  leads t o  r e s u l t s  exactly equivalent t o  t h e  present 
approach. However , t h e  proper treatment of t h e  QI2-process , 
which involves correlated pairs  of bridges,  would lead t o  
considerable d i f f i c u l t i e s .  Therefore, a l s o  i n  t h e  following 
sect ion we s h a l l  average d i r e c t l y  i n  t h e  microscopic equations. 

Instead of using t h e  bridge-averadged &I i n  t h e  Ginzburg- 

Cross-Linking i n  a Quasi-One-Dimensional System 

In  an a r r ay  of coupled chains t h e  cross-l inking operator i s  

which i s  added t o  H of eq.(13).  Here {R;) and {Rf} a r e  t h e  
randomly distributed s i t e s  of bridges connecting adjacent 
chains i n  t h e  x- and y-directions,  respect ively,  and tx,tY 
a r e  t h e  corresponding t r a n s f e r  i n t eg ra l s .  

In  Born approximation t h e  average Green's funct ion i s  

E(k) = 

(2TI-l 

X Y  where n ,n 

vF( IkZ (-kF)-2(tx+nXtx)cos( kxdx)-2( t +nYtY)cos( k d ) 

= p ( n  u +2nxtx +2nYtY2) 
Y Y Y  

(31) 
d 0 2  2 

, 
F 

a re  t h e  concentration of t h e  bridges i n  the  
corresponding d i r ec t ions .  The bridges give both an addtional 
contribution t o  t h e  t ransverse bandwidth (due t o  t h e  increased 
tunneling p ropab i l i t y )  and t o  t h e  s c a t t e r i n g  time (due t o  t h e  
addi t ional  d i so rde r ) .  

eqs. ( 1  5b)-( 15d) , however, t h e  ve r t ex  correct ion f ac to r  o (k )  
A s  before, t h e  Cooper p a i r  s u s c e p t i b i l i t y  i s  given by 
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INTERCHAIN 

now reads  

0 2  a ( k )  = n u 

Proceeding as i n  

COUPLING IN QUASI-ID SUPERCONDUCTORS [565]/209 

2 2 
+ 2nxtx cos(kxdx) + 2nyty cos(k  d ) . (32)  

Y Y  

t h e  t h i r d  chap te r ,  t h e  c o e f f i c i e n t s  a r b ,  and 
c a r e  unchanged from eq . (18) ,  and t h e  i n t e r c h a i n  coupl ing 
c o e f f i c i e n t s  a r e  

2 3 2.rr TdZ ( ta+n a a 2  t 1 
+ nata  , (a=x,y)  (33) 

The f i rs t  term comes from t h e  increased  t r ansve r se  bandwidth 
of t h e  ind iv idua l  e l ec t rons .  This  corresponds t o  t h e  Q12- 
process  of t h e  previous sec t ion .  The second terms comes from 
t h e  dependence of t h e  v e r t e x  c o r r e c t i o n  u on t h e  t r a n s v e r e s  
momenta. This  i s  t h e  Q11-process. Indeed, t h e  diagram repre-  
sen t ing  Q I 1  ( eq . (27b) )  i s  exac t ly  t h e  f i r s t  term of t h e  l adde r  
graph series r ep rese  t e d  by a. The second term i n  (33) has  a n  
a d d i t i o n a l  f a c t o r  x with r e spec t  t o  t h e  f i r s t .  The o r i g i n  
of t h i s  d i f f e rence  i s  similar t o  t h e  poin t  discussed at  t h e  
end of  t h e  previous sec t ion :  A process  where both e l e c t r o n s  
tunne l  at  t h e  same poin t  ( t h e  second t e r m  i n  (33))  i s  less 
s e n s i t i v e  t o  loss of coherence induced by impuri ty  s c a t t e r i n g  
than a process where t h e  two e l ec t rons  tunne l  at  two d i f f e r e n t  
(and d i s t a n t )  po in t s .  

7 5 ( 3 h v i x  ( (  2.rr.rT I-’) 2 
F 

A =  a mv 

-T 

DISCUSSION AND NUMERICAL APPLICATION 

I n  der iv ing  our r e s u l t s  va r ious  approximations have been made. 
Concerning t h e  microscopic model for cross- l ink ing ,  it may 
appear somewhat s impl i f i ed  t o  descr ibe  t h e  coupl ing between 
cha ins  due t o  an i n t e r c a l a t e d  atom by a simple add t iona l  
t r a n s f e r  i n t e g r a l .  I n  a more r e a l i s t i c  model one would 
consider  an a d d i t i o n a l  l o c a l i z e d  atomic l e v e l  of energy E 
and desc r ibe  t h e  over lap  of t h i s  o r b i t a l  wi th  t h e  two 
adjacent  chains  by tunnel ing  i n t e g r a l s  t .  However, p re l iminary  
ca l cu la t ions  i n d i c a t e  t h a t  t h e  coupling between order  para- 
meters i n  such a model may indeed be descr ibed  by a s i n g l e  
t r a n s f e r  i n t e g r a l  t as long as [ E - E F l < t  (cF=Fermi energy) .  

Landau func t iona l  involves  seve ra l  assumptions. F i r s t  , i n  
t r e a t i n g  t h e  average over t h e  br idge  s i t e s  we have neglected 
both t h e  p o s s i b i l i t y  of pe rco la t ion  type  phenomena, which 
may become important at very low concent ra t ions  , and 
co r re l a t ions  between t h e  po::it,jona. of br idges  which, however , 
w e  expect t o  be small at  concent ra t ions  below 10-20%. Also, 
ca l cu la t ing  averaged c o e f f i c i e n t s  we have neglected t h e  l o c a l  

The d e r i v a t i o n  of t h e  c o e f f i c i e n t s  of t h e  Ginzburg- 
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2 10/[566] H. J. SCHULZ 

change of t h e  order parameter due t o  t h e  bridges. I n  analogy 
t o  t h e  case of normal impuri t ies ,  however, t h i s  e f f e c t  i s  
expected t o  be unimportant. Final ly ,  t h e  der ivat ion given here 
imp l i c i t l y  assumes a small order parameter , whereas a t  l e a s t  
a t  low temperature, where t h e  order parameter has a well 
defined amplitude, it would be more appropriate t o  include 
t h i s  f ixed amplitude i n  t h e  s t a r t i n g  Hamiltonian. 

A more fundamental object ion concerns t h e  appl icat ion of 
Ginzburg-Landau theory,  which t r e a t s  t h e  order parameter as a 
c l a s s i c a l  va r i ab le  and has long-range order at T=O, t o  a one- 
dimensional Fermi gas, which i s  well  known t o  have no long- 
ran e order and power-law decaying co r re l a t ion  functions at 
T=O’2. One should, howeverynotice t h a t  considering t h e  order 

23 parameter as a quantum v a r i a b l e  one recovers,  at l e a s t  
qua l i t a t ive ly ,  t h e  T=O-properties of t h e  microscopic model 
It appears t he re fo re  t h a t  even i n  t h e  present case Ginzburg- 
Landau theory provides a convenient s t a r t i n g  po in t ,  though t h e  
necessary extensions t o  make contact with microscopic one- 
dimensional models requires  fu r the r  work. 

In  conclusion, we bel ieve t h a t  i n  s p i t e  of t h e  above 
discussed approximations t h e  present model provides a b a s i s  
at l e a s t  f o r  a semiquantitative understanding of t h e  e f f e c t  of 
cross-linking i n  quasi-one-dimensional superconductors. 
Quant i ta t ive values f o r  t h e  parameters of t h e  theory are 
derived as follows: Plasma edge s tudies7 give tz=250meV and 
tx=3meV f o r  t h e  longi tudinal  and l a r g e s t  t r ansve r se  t r a n s f e r  
i n t eg ra l s ,  respect ively.2the anisotropy of t h e  perpendicular 
upper c r i t i c a l  f i e l d s  i s  
Landau theory of Hc2 of Turkevich and KlemmZ5 and eq. (18b) : 

. 

H:2!Hz2=15. From t h e  Ginzburg- 

and using t h e  l a t t i c e  constants26 of (TMTSF)2PF6 one a r r i v e s  
at ty=O.lmeV. From t h e  tz-tx anisotropy, ref .25,  and eq.( l8b)  
one would expect HE2/Hg2=40, apparently l a r g e r  than t h e  
observed value27. Apart from an overestimation of t h e  aniso- 
tropy from t h e  plasma edge data two reasons may explain t h e  
discrepancy: ( i )  due t o  t h e  l a r g e  anisotropy HE2 i s  highly 
sens i t i ve  t o  very small deviat ions from t h e  exact z-direction 
and may t h e r  f o r e  be hard t o  determine (indeed, some 
experiments2g show very l a r g e  values of dHE2/dT up t o  70kG/K), 
(ii) preliminary ca l cu la t ions  show t h a t  f l uc tua t ions  tend t o  
decrease t h e  Hc2-anisotropy below i ts  mean-field25 value. I n  
view of these d i f f i c u l t i e s  &e use t h e  plasme edge r e s u l t s .  
Assuming a mean f r e e  path ( = v ~ T )  of 2501 one obtains  (witho 
T = l K )  J=1.2K. This means t h a t  even f o r  a r e l a t i v e l y  high T, 
one expects a T of t h e  order of 3, as observed. 

25 

C 
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INTERCHAIN COUPLING IN QUASI-ID SUPERCONDUCTORS [567]/21 I 

Fina l ly ,  l e t  us  consider  a numerical example f o r  cross-  
l i nk ing :  assume a concent ra t ion  of 2% of ”pe r fec t ”  b r idges  
( i. e. t‘=tz=25GmeV) i n  both t r a n s v e r s e  d i r e c t i o n s .  From eqs. 
(17)  , (31) , and (33) one ob ta ins  X,=O. 18meV, where 80% of  t h e  
coupling comes from t h e  second term i n  ( 3 3 ) ,  i .e.  from t h e  
Qll-process .  This  gives  (a t  T=lOK) J=150K, i .e .  t h e  coupl ing 
i s  g r e a t l y  enhanced wi th  r e spec t  t o  t h e  case  without  cross-  
l i nk ing .  Assuming f o r  (Tb!%%’)2PF6 TF=15K we conclude from 
eq. (20b)  t h a t  a moderate concent ra t ion  of  4% br idges  i s  
l a r g e l y  s u f f i c i e n t  t o  expla in  t h e  observed s t a b i l i z a t i o n  of 
superconduct ivi ty’  at  T=12K. 
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