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THE DIMENSIONALITY CROSSOVER IN QUASI-1D CONDUCTORS 

CLAUDE BOURBONNAIS 
Laboratoire de physique des solides (C.N.R.S.) Universitg de 
Paris-Sud 91405, Orsay (France). 

ABSTRACT A fermion path integral formalism is used for the 
study of one-dimensional (1D) gapless of Tomanaga-Luttinger 
(T-L) like electron gas models with interchain hopping. Sca- 
ling arguments and exact T-L1D results show that the one-par- 
ticle crossover temperature T is smaller than its free-elec- 
tron gas value. Renormalized properties at Tx and applicatiols 
to (TMTSF)*X compounds are discussed, 

X 

I- INTRODUCTION 

A problem of interest in the study of interchain coupling’ in quasi 
li) conductors is the calculation of the dimensionality crossover 
temperature T for the electronic correlations, When applied to 
real organic conductors, this is of major importance whenever we 
are tempted to interpreted the observed properties in terms of 1D 
effects. In this paper, we propose a description of the influence 
of single electron interchain hopping on intrachain collective ef- 
fect and finally we correlate the results with observed properties 
of organic compounds. 

For the 1D problem, we will focus our attention on a repulsive 
backward scattering between electrons namely 943 0, a forward scat+ 
tering9,with arbitrary sign, and a weak umklapp scattering 93 
(g,-Z&> 199. I Iul tiplica tive renormalization group argument s2 (EfRG) 
tell us that this model scales into the 1D Tomona a-Luttinger (TI) 
problem for which an exact treatment is available . The T-L like 
models have been of particular interest for application to 
(TiiTSF) X compounds‘, since they do not show any gaps in the char- 
ge or spin degrees of freedom’. As it is well known, this is a di- 
rect consequence of the interference between the electron hole 
(zero-sound) and pairing (Cooper) channels both divergent in 1D2. 
This property contrast with the 3D case (isotropic) where only 
the Cooper channel is logarithmically divergent and where a negath 
ve value 0f9~?9, gives a pole in the ladder summation, Collective 
effects exist however in 1D and can induce power law singularities 
in the correlation functions 01 both channels. Tle one-particleden 
s i q  0: state at the Fermi level his  c :‘~?7e: law decay with a non- - I1 
Invited paper 0: the International Conference on the Physics and 
Chemistry of Low-dimensional Synthetic Metals, (ICSM) Abano Terme 
Italy (i984). 
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I2 C. BOURBONNAlS 

universa l  exponent d (pseudo-gap) 3 j  6 .  Consequently, when w e  . 

include the  e f f e c t  of small i n t e rcha in  t r a n s f e r  of s ing le  e l ec t ron ,  
t he  t ransverse  coherent motion which tends  t o  decouple the  two 
channels of co r re l a t ions  w i l l  be less e f f e c t i v e .  T h i s  l eads  t o  a 
decrease of Tx compared t o  i ts  value i n  the  non-interacting case. 
i n  t h i s  work, we analyse the  renormalization of t he  e l e c t r o n i c  
spectrum and couplings by making use of standard crossover argu- 
m e n t ~ ~  and exact 1D r e s u l t s  f o r  t he  T-L model. We f ind  the  expres- 
s ion  fo r  Tx i n  terms of i ts  symmetry breaking f i e l d t L ( f g - v @ ' )  
through the  crossover exponent 40.1- o< . The non-universali ty 
f ea tu res  of 4,  t he  va lue  of renormalized l eng ths  sca l e ,  energ ies  
and COUPlinLTsat T a r e  analyzed and compared t o  the  observed pro- 
p e r t  i e s  (TIiTSFy2X compounds. 

11- PARTITION FUNCTION 
The Hamiltonian of a l i n e a r  a r r a y  of T-L metallic chains wi th  in- 
te rcha in  hopping is given by: z [$ PK- 2 tL&,u QL(Kt%) apu &qA)  H 

KqA P 6  t (1) 
t 9& i 61N.l+4aP4(~,q4)~~(~)~~~) 

(+I IK,QIPlp 
where ap, i s  the  ann ih i l a t ion  (c rea t ion)  opera tor  f o r  e l ec t rons  

+b(h?). K is t h e  longi tudina l  wave 

is F e m i  energy.f(qA) stands. f o r  the Fou- 
t h e  l i n e a r  approx"rmation. d is 

t he  spin index 
rier transform of the  band s t r u c t u r e  i n  t h e  t ransverse  d i r ec t ion .  
In  the  t i g h t  binding a p p r o a c h , t i ( l ) ' t ~ ~ q , d ~  wi th  dL as t h e  
in te rcha in  d is tance  and qs f o r  the  perpendicular wave vector.  92 i s  
the  fo rwadsca t t e r ing  i n  the  -olog formulation of t he  T-L model, 
The p a r t i t i o n  function 2.. +de-hj  can be put in  a fermion 
func t iona l  i n t e g r a l  form' . 

(2) 

where the  i n t e g r a l  is made over G as f i e l d  v r i a b l e s  II) with  
anti-ccmuting p rope r t i e s  19: *J=\+~&=O, 0 '=o* . s i s  the  
ac t ion  func t iona l  taken i n  the  Euc i d i a n  space. Its Fourier t rans-  
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THE DIMENSIONALITY CROSSOVER IN QUASI-ID CONDUCTORS 13 

a r e  the 2D and the  1D bare propagatomof the  system. The bh*(zm*dfi 
a r e  the  Matsubara frequencies f o r  fermions.Here, quasi-one-dimen- 
s i o n a l i t y  i s  charac te r ized  by the  anisotropy ratiotL/Epg<l between 
t ransverse  and longi tudina l  band energy. Therefore tL can be t r e a t e d  
as a perturbation. The two q u a n t i t i e s  9" and 
the  forward sca t t e r ing  ve r t ex  o r  t he  couplinggz (rp4) para- 
met r ize  the  ac t ion  S i n  t h e  same way c l a s s i c a l  f i e l d  func t iona l  do 
f o r  standard theory of c r i t i c a l  phenomena9a7. However, here the  
f i e l d s  r e f l e c t  fermion degrees of freedom which are q u i t e  r e l e -  
vant  f o r  co r re l a t ions  whenever t h e  system has no s t rong  coupling 
regime o r  gaps. Perturbation theory yf ver tex ,  s ing le -pa r t i c l e  and 
p a i r  co r re l a t ion  func t ions  of the  i s  the  same as f o r  the  
o r i g i n a l  Hamiltonian representa t ion  and presents  t h e  logar i thmic  
divergencies i n  both channels of co r re l a t ions2 .  This  i n d i c a t e s  
s ca l ing  f ea tu res  f o r  the  p a r t i t i o n  function. 

111- L%DPSWF :-:?POTHESIS 
The presence 0: logarithms i n  t h e  1D per turba t ion  theory i n d i c a t e s  
c l e a r l y  t h a t  f l uc tua t ions  a t  d i f f e r e n t  energy (or l eng th  sca l e  
smaller than ) give the  same cont r ibu t ion  and can the re fo re  be 
simply connected by a change of scale'.  According t o  t h e  Kadanoff 
hypothes is t ' th i s  means that the  in t eg ra t ion  of small l eng th  o r  
high energy sca l e  f luc tua t ions  of the  'k f i e l d  w i l l  not change t h e  
form of S except f o r  a poss ib le  renormalization of var ious  coup- 
l i n g s  and f o r  an add i t ive  constant which can be ignored f o r  t he  
present discussion. A s  usua1 , th i s  renormalization procedure can 
be put a s  a p a r t i a l  t r a c e  of & 'n1'. 

1 5' rl s 
~ = ~ ~ [ W k ' a ( k ] ' ~ ~ [ Q c % ~ ]  e = ~ 1 [ ~ ~ ' ~ ~ ]  e ' ( 4 )  

[''%)ql*=TT dc'9 o,r the  integra- 
t i o n  of th?bdkldegrees of freedom w h e + e a s ~ ~ ' & f i  i s  the  
remaining pa r t  (Ed E ' )  . Here WlT4ttl i s  the  long i tud ina l  bandwicth 
cut-off which makcsthe theory f r e e  from u l t r a v i o l e t  divergences. 
I t s  physical meaning i n  real space corresponds t o  the shor t e s t  dis- 
tance A,,= *Zf f o r  e lec t rons-e lec t rons  and electrons-holes 
co r re l a t ionsw8ne  uus t  no te  that i n  the  quasi-1D 
hand, t he re  i s  a l so  another na tu ra l  cut-off given by the  t rans-  
verse  bandwidth WL'4fLwhich g ives  the  c h a r a c t e r i s t i c  energy f o r  
t ransverse  coherent hopping. s' i s  the  e f f e c t i v e  ac t ion  functio- 
n a l  with renormalized va lues  of 0'"' and (or gz)  and 
scaled cut-off energy') "E'. 

For the  f i r s t  renormalization where E'T ]WA,hhi], w e  
decrease the  magnification of fermions c o r r e l a t i o n s  f o r  both chan- 
n e l s  i n  the  p a r a l l e l  d i r ec t ion .  In  t h i s  range, JVFyI > 1 2 t ~ t t ) ( a n d  

gives the  energy range 

problem a t  
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14 C.  BOURBONNAIS 

t he  sca l ing  hypothesis f o r  an iso t ropic  systems te l ls  us t h a t  ti 
can be neglected7. Consequently the  renormalization of 5 t o  S" l1 ' 

(5.2.) 

According t o  the  standardJheory of renormalization'  , the  2; 
f a c t o r s  do not depend on q 
freedom r a t i o  E'/vJ~~ 
that f o r  L a o  
Sol om iiRG approach of t h e  1 D  e l ec t ron  gas model2. However, from (47 z i s  considered here a s  i nva r i an t  under t h e  Kadanoff 
transformation whereas i n  the  t4enyhard and Solyom ap roach, i t  i s  
the  Dyson equation which i s  taken a s  scale invariant'. From (5.a) 
anisotropy i s  increased i n  the  1 D  regime s ince  B,> 1 
e x p l i c i t  form of 2, can be ex t rac ted  from the  exact T-L s ~ l u t i o n ~ ' ~ :  

but only on the  in t eg ra t ed  degrees of 
and the  coupling 9 ; ~ .  It i s  worth mentioning 

, t h i s  r e s u l t  i s  equivalent t o  the  Henyhard and 

. The 

oc- 
corrrstant. (%u) i s  of t h e  order of t he  decrease of t h e  dens i ty  of 
s t a t e s  a t  the F e n d  l e v e l  a t  T=E' due t o  1 D  c o l l e c t i v e  effects6. 
This lowers the  number of quas i -par t ic les  which can p a r t i c i p a t e  
t o  the  t ransverse  notion. Hence, one dimensionality i s  e f f e c t i v e l y  
increased. 

cor rec t ions  t o  S a r e  s t i l l  1 D  but i n t e rcha in  s ing le  e l ec t ron  t rans-  
In  the  quasi-lll range of t he  RG where E'c ]Tx,b&] , t he  

f e r  becomes re levant  i n  addi t ion  t o  t h e  one i n  the p a r a l l e l  d i rec-  
t ion .  Therefore, co r re l a t ions  i n  the  t r ansve r se  d i r e c t i o n  have a l s o  
t o  be in tegra ted .  But a s  long as t h e  sca l e  energy E' i s  g r e a t e r  than 
Tx, we ge t  the  same transformations (5) f o r  s-? S' . However, 

o f f  wave vec tor  q$'YdL sca l e s  t o  0 "Id; i s  the  e f fec-  
t i v e  in te rcha in  d i s t ance  o r  t h e  t ransverse  Kadanoff block s i z e :  

due t o  the  t ransverse  coarse gra in ing ,  t h e  , transverse cut- 
where dt  

(7) 
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THE DIMENSIONALITY CROSSOVER IN QUASI-ID CONDUCTORS 15 

T i s  determined by t h e  renormalized c o n d i t i o n  f o r  c rossover  which 
rgads' : 

where MAX (&(K))  VFl<h@x and MnX[2tl(q,l)=-Zti60q,,,II:' 

2tl* hi' and qA& fL w i t h  gi/-% and ~ L ~ A L  as  t h e  
l o n g i t u d i n a l  and t r a n v e r s e  coherence l e n g t h s  a t  T f o r  fermions 
f i e l d  
and 

l 

m 
. With t h e  a i d  of t h e  exac t  T-L r e s u l t  ( g )  f o r  s, 

eq. (8) we g e t  f o r  Tx : 

whereT:" ts 
e l e c t r o n  

i s  non-universal  s i n c e  oC depends on t h e  bare  i n t e r a c t i o n  gr . 
It fo l lows  from (9) t h a t  a s t r o n g  a n i s o t r o p y  t L / E ~ K l  2nd s i z e a b l e  
coupl ing (& ) are t h e  necessary  i n g r e d i e n t s  t o  lower t h e  s i n g l e  
p a r t i c l e  c rossover  temperature. 

i )  I n  t h e  aboire ?zocedure of 
zenormal iza t ion  we have neglec ted  t h e  e f f e c t  of s u p p l c m e n t a r y t e m  

generated by t h e  p a r t i a l  t r a c e  o p e r a t i o n  (Eq.l;), TTe can show 
by a r e s c a l i n g  argument? t h a t  a l l  t h e s e  new terms (tircee-body 
i n t e r a c t i o n ,  i n t e r c h a i n  tunnel ing  of two p a r t i c l e s  e x . . . )  are n o t  
r e l e v a n t  i n  t h e  RG sen e and can t h e r e f o r e  be ignored.  i i )  For 
( y l m c F ~ ~ ~ ,  6 2  {-(9$n*)+ .... and t h i s  i s  compatible  w i t h  t h e  prev ious  
p e r t u r b a t i v e  r e s u l t  of Schuster"  and i t s  second o r d e r  m u l t i p l i c a -  
t i v e  RG ex tens ion  made by Progodin and Fi rsov '  '. :lowever, t h e s e  
t r e a t m e n t s  are v a l i d  o n l y  f o r  v e r y  small coupl ings  ( O C < < l  ). 
Morewer,they n e g l e c t  t h e  p a r t i a l  trace of t h e  t r a n s v e r s e  degrees  of 
freedom f o r  E'S ] b , b / ~ ]  and t h i s  "freezes"  unphys ica l ly  t h e  
growth of 5 ~ .  i n  t h i s  range of energy ( temperature) .  From 
t h e  renormal iza t ion  t ransformat ions  ( 5 ) ,  the Green- f u n c t i o n  a t  T 
is given by fo' ~;'CTx)[iWm-E,,<q)t 2!&;'Ufi)tl(qL)] ' and 

p l a y  t h e  r o l e  of an e f f e c t i v e  bandwidth'' i n  t h e  
t r a n s v e r s e  d i r e c t i o n ,  i i i )  From (5) , the 1 D  c o r r e c t i o n s  t o  t h e  ver -  
t e x  and t h e  coupl ing s t o p  
us ing  t h e  p e r t u b a t i v e  r e s u l t s  of r e f s .  1 0  and 12 t h a t  i f  t h e  zero  
sound bubbkand t h e  s e l f  energy graphs of f i g u r e  are c a l c u l a -  
t e d  w i t h  therenormal ized  Green funFt ion  (5-a) and v e r t e x  (5-b) 
t h e i r  logar i thmic  divergences a t  E<E s t o p  p r e c i s e l y  a t  Tx, i n d i -  
c a t i n g  a s p l i t - o f f  of t h e  two channels  of c o r r e l a t i o n s  a t  that 
temperature. So, even i f  t h e  c rossover  cri teria g iven  i n  (8) does  
n o t  make any e x p l i c i t  r e f e r e n c e  t o  t h e  1 D  zero  sound divergence 

i s  t h e  c rossover  temperature  f o r  a f r e e  quasi-1D 
as48l1,  The synnnetry breaking f i e l d  (t,) dependence of 7 x 4  t$ g i v e s  t h e  c rossover  exponent +=1-a. 0 

Few remarks are i n  order .  

fi 

X 

4 Z ; ' ( T x ) t  

a l s o  a t  Tx. Indeed, one can check by 

1 
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16 C. BOURBONNAIS 

a t  2Kf which en te r  i n  a l l  re levant  quan t i t i e s ,  it appears t o  be 
f u l l y  cons is ten t  wi th  i t s  ana ly t i c  p rope r t i e s  a s  a func t ion  of tL. 

ta) (b) 

FIGURE 1 Renormalized per tuba t ion  theory f o r  E<E’. The 
LD2Kf zero sound bubble graph (a) and t h e  one-particle s e l f -  
energy graph (b) s top  t h e i r s  logar i thmic  divergences at: T 

X’ 

One can genera l ize  the above r e s u l t s  f o r  t he  cases where the  
t ransverse  s p a t i a l  dimension DA is grea te r  than 1. For a 20 l a t t i c e  
of chains with the nea res t  neiHhbor i n t e r a c t i o n  tL taken 3s uniform 
an ex t r a  f ac to r  of 2 appears i n  the  formula f o r  Tx a.nd4 becomes 
the  1D-*3D crossover exponent. One can show r igo rous ly  t h a t  che 
r e s u l t s  f o r  T and 
chains (Dl+ 3 
t o  a more general  choice of 1 D  couplings is a l s o  -straightforward. 
I n  f a c t ,  NRG ca lcu la t iom f o r  1 D  e l ec t ron  gas model2 wi th  9,7/0, 92 
and$(9;19%> IMshow unambifously the  absence of gap: and sca l ing  t o  
T-L l i k e  behavior asT+O . In  absence of gaps, z; 
t he  form given i n  ( 6 ) * .  The exact expresoionsof d is not knobm so 

(la) valuesof the  couplings: 9,’ z 9: 0 and 9,”Y[(9,h-q) 
In any case,  i f  t he  couplings remain weak (%<wtt) , we can s a f e l y  
assume that o < oc < 4 f o r  Tx . This gapless  model has been 
extensively studied i n  connection t o  the  observed p rope r t i e s  of 
(TI4TSF) X family of organic s u p e r c ~ n d u c t o r s ~ ~  
be f u r t i e r  analyzed i n  the  context of t he  present  work. 

a r e  a l s o  exact f o r  a complete l a t t i c e  of 
wi th  a f ixed  t ransverse  b a n d ~ i d t h ’ ~ .  The extensicn 

have a l s o  

f a r .  Usually one can take  T-L expression of 94 with  t h e  f i x e i  

and t h i s  deserves t o  

IV- APPLICATION TO (‘II4TSF) 2X COIPOUNDS 

Evidence f o r  important Coulomb i n t e r a c t i o n s  and gapless  m e t a l l i c  
phase i n  (Ti4TSF) X compounds have j u s t i f i e d 4  the i n t e r e s t  given t o  
the  T-L models. 2 gapless  me ta l l i c  phase a l s o  suggests that t h e  
t ransverse  e l ec t ron  hopping can be an important mechanism f o r  the  
in te rcha in  coupling4. Quasi-one-dimensionality i n  these  compounds 
is usual ly  found’ t o  be given by the  band anisotropy r a t i o  
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THE DIMENSIONALITY CROSSOVER IN QUASI- ID CONDUCTORS 17 

tL /EF% 1/10 .......I /so w i t h  loo... . . . .  300 K 
According t o  t h e  above r e s u l t s ,  T, can be s t r o n g l y  reduced from i t s  
b a r e  va lue  5°=30. . . . - . .  8 O U  
Unfortunately,  t h e  p r e c i s e  v a l u e s  o f d  f o r  a l l  compounds are d i f -  
f i c u l t  t o  p r e d i c t  microscopica l ly .  However, i t  i s  u n i v e r s a l l y  ad- 
m i t t e d  that t h e  coupl ings are n o t  too  s t r o n g  
but  n o t  too small  e i t h e r 4 ,  s o  t h a t  o( can t a k e  any s i z e a b l e  v a l u e s  
w i t h i n  t h e  range o < a C C l  . I n  absence of a r igourous  determina- 
t i o n  of o( and consequent ly  of Tx f o r  each compound, one must pay 
a t t e n t i o n  t o  experiments  which can e x h i b i t  low dimensional  f e a t u r e s  
i n  t h e  range T <TI? , i n  o r d e r  t o  e s t a b l i s h e d  o r  n o t  a d e c r e a s e  
of Tx. Recent NiiR experiments  l 5 , l 6  made on t h e  (TMTSF)2CL04 metal- 
l i c  phase have e f f e c t i v e 1  evealed an important  enhancement of t h e  
n u c l e a r  r e l a x a t i o n  rate <-‘for T( 25 K 
s a t u r a t i o n  a t  Ta 8 b( 16 .  It has been shown16 t h a t  such an  enhan- 
cement of T;‘ can be p r e d i c t e d  from a T-L e l e c t r o n  g a s  model (9170) 

a t  Tx. Therefore ,  t h e s e  d a t a  i n d i c a t e  t h e  presence of 1D coopera- 
t i v e  phenomena f o r  Tart and s t r o n g l y  suggest  t h e  v a l u e  T x r  8 K 
f o r  t h e  p e r c h l o r a t e  compound, From t h e  above express ion  of Tx, t h i s  
would imply ci=‘/4 ...... ‘/a that is, an  a p p r e c i a b l e  drop of t h e  dens i -  
t y  of states a t  t h e  Fermi level due t o  c o l l e c t i v e  e f f e c t s  and t h i s  
must be put  t o g e t h e r  w i t h  t h e  similar i n t e r p r e t a t i o n s  g iven  i n  t h e  
contex t  of t h e  tunnel ing  17’: i n f r a r e d  17*’ and h e a t  conduct iv i ty’”  
experiments. 

i f  t h e  v a l u e  of& becomes a p p r e c i a b l e .  

( 9 i <  Ws ) 

followed by i t s  sudden 

and t h e  e f f e c t  of t L  w a s  t o  s t o p  t h e  enhancement p r e c i s e l y  
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