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THE DIMENSIONALITY CROSSOVER IN QUASI-1D CONDUCTORS

CLAUDE BOURBONNAIS
Laboratoire de physique des solides (C.N.R.S,) Université 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
(I~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 groperties at T_ and applicatiors
to (TMTSF)ZX compounds are discussed, X

I- INTRODUCTION

A problem of interest in the study of interchain coupling® in quasi
1D 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 94)0, a forward scat-
teringgzwith arbitrary sign, and a weak umklapp scattering 9x
(9(29,_)[9,0.1lu1tiplicative renormalization group arguments® (MRG)
tell us that this model scales into the 1D Tomona%a—Luttinger (T4L)
problem for which an exact treatment is available®, The T-L like
models have been of particular interest for application to
(TMTSF)ZX 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 im 1D2.
This property contrast with the 3D case (isotropic) where only
the Cooper channel is logarithmically divergent and where a negati
ve value of9zi'91 gives a pole in the ladder summation. Collective
effects exist however in 1D and can induce power law singularities
in the correlation functions of both channels. Tle one-particle den
sity o state at the Ferml level has & pover law decay with a non-

— 11

Invited paper of the International Conference on the Physics and
Chemistry of Low-dimensional Synthetic Metals, (ICSM) Abano Terme
Italy (1934).
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unlversal exponent ot (pseudo-gap) e, Consequently, when we
include the effect of small interchain transfer of single electron,
the transverse coherent motion which tends to decouple the two
channels of correlations will be less effective, This leads to a
decrease of ’I‘x compared to its value in the non-interacting case.
In this work, we analyse the renormalization of the electronic
spectrum and couplings by making use of standard crossover argu-
ments’ and exact 1D recults for the T-L model. We find the expres—
sion for Tx in terms of its symmetry breaking fieldiL(T,‘-v tr
through the crossover exponent =4~ eX . The non-universality
features of ¢. the value of renormalized lengths scale, energies
and couplings at T_ are analyzed and compared to the observed pro-
perties (THTSF 2X compounds.,

II- PARTITION FUNCTION
The Hamiltonian of a linear array of T-L metallic chains with in-
terchain hopping is given by:

He T 5 [wPr-2t000)] WK% Qpg (%,92)
K4y PO 69
+ 9;2 &u-;ﬂaow("ah,)d”iﬂ)a (3) Qpﬂe)
) EikAsl,

where apc 1s the annihilation (creatlon) operator for electrons
around the Fermi wave vector +Ke(Pst). K is the longitudinal wave
vector measured from in the linear approximation, g is
the spin index andEfVeKpis Fermi energy.t(dL) stands. for the Fou-
rier transform of the band structure in the transverse direction.
In the tight binding approach, ‘h.“l.htlcﬁ QQd, with di as the
interchain distance and 9; for the perpendicular wave vector. 93 is
the forwan scattering in the g-ology formulation of the T-L model.
The partition function 2= %‘ x can be put in a fermion
functional integral form® :

pbe | @)

anti-coumuting properties is the
action functional taken in the Euclidian space. Its Fourler trans-
form 1s given by:

S[YY ] = {‘: ?“’&)‘I’“tq) @ + Z‘Sm 344

.53 3
LW CRE LY ¢,¢q4

where the integral is made over Gts‘%:%field vi'n:iables ¢ with

& - . ”
where 9= (wm,K,4,), §% [ :r,:o"'Ztl-‘q‘ﬂ ana Frars” ((Wer VeFK)
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are the 2D and the 1D bare propagatomof the system. The W (2mu)uT
are the Matsubara frequencies for fermions, Here, quasi-one-dlmen—
sionality is characterized by the anisotropy ratio Cifee <1 between
transverse and longitudinal band energy. Therefore ‘4 can be treated
as a perturbation. The two quantities

the forward scattering vertex f;_ or the coupling 97_ (P "') para-
metrize the action § in the same way classical fileld functional do
for standard theory of critical phenomena® 7, However, here the
fields \P reflect fermion degrees of freedom which are quite rele-
vant for correlations whenever the system has no strong coupling
regime or gaps. Perturbation theory of vertex, single-particle and
pair correlation functions of the W' 1s the same as for the
original Hamiltonian representation and presents the logarithmic
divergencies in both channels of correlations?, This indicates
scaling features for the partition function.

III- YADAMNJFF EYPOTHESIS

The presence of logarithms in the 1D perturbation theory indicates
clearly that fluctuations at different energy (or length scale
smaller than ; ) give the same contrlbution and can therefore be
simply connected by a change of scale’. According to the Kadanoff
hypothe31sf this means that the integration of small length or
high energy scale fluctuations of the Y field will not change the
form of S except for a possible renormalization of various coup-
lings and for an additive constant which can be ignored for the
present discussion. As usual, this renormalization procedure can

be put as a partial trace of Z 9,10,

7= [[Trvoe)’ [[avov]" e [flovole.

*
[ﬁy &)q}] Tr dq} q) gives the energy range ﬁo,r the integra—

tion of the degrees of freedom whereas is the
remaining part (ELE') |, Here Wi4ty is the longitudinal bandwidh
cut-off which makesthe theory free from ultraviolet divergences.
Its phy31cal meaning in real space corresponds to the shortest dis-
tance /\g= 2.—V" for electrons-electrons and electrons-holes
correlations, ﬁne must note that in the quasi-1D problem at
hand, there is also another natural cut~off given by the trans-
verse bandwidth Wis4tiyhich gives the characteristic energy for
transverse coherent hopping. $' is the effective action functio-
nal with renormalized values of fm and r; (or 94) and
scaled cut-off energy®)!'g’,

For the first. renormalization where E’¢ ]N;,Wn], we
decrease the magnification of fermions correlations for both chan-
nels in the parallel direction, In this range, |VeK| > 12ta(q)|and
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the scaling hypothesis for anisotropic systems tells us that ¢i
can be neglected’. Consequently the renormalization of § to g¥2,10
must have a purely 1D character-

-1 (o)1
;: - §ra = Zy ,,4°+2t1_(‘m (5.2)
n— l';_ =7Z,0 (5.b)
N -2
92_. 92 =2 (zzz, )9 . (5.c)

According to the standard,‘;heory of renormalization®,the Z
factors do not_depend on 9 but only on the integrated degrees of
freedom ratio E/Wu and the coupling 9; . It is worth mentioning
that for .30 , this result is equivalent to the Menyhard and
Sol)yom HMRG approach of the 1D electron gas model?, However, from

(4 'z is considered here as invariant under the Kadanoff
transformation whereas in the Menyhard and Solyom apgroach, it is
the Dyson equation which is taken as scale invariant®, From (5.a)
anisotropy is increased in the 1D regime since Z1>l . The 38
explicit form of Z, can be extracted from the exact T-L solution¥:

Zy= C( /W“),

mw+9;]yz 2WVe=9,
20VE =9, 27 Vg 49,

6)

%
with &= ';"l ]-2 and € is a
o

constant. (/Nu is of the order of the decrease of the density of

states at the Ferml level at T=E' due to 1D collective effects®.

This lowers the number of quasi-particles which can participate

to the transverse notion, Hence, one dimensionality is effectively
increased.

In the quasi-1D range of the RG where E JT,“W,L] s the
corrections to S are still 1D but interchain single electron trans—
fer becomes relevant in addition to the one in the parallel direc-
tion., Therefore, correlations in the transverse direction have also
to be integrated. But as long as the scale energy €' is greater than
TX, we get the same transformations (5) for §—» §°® . However,

due to the transverse coarse graining, the transverse cut-
off wave vector 98y scales to Q2 d! where dy is the effec-
tive interchain distance or the transverse Kadanoff block size:

d J;[%ARcCos(WL) 1]

d) ~ ( Elwi<cd).

€))

4
Iz
a-
| ot

+
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T is7determined by the renormalized condition for crossover which
reads’:

27, Max(€,(K)) = - Nax (2tulan),
(®)

where MAX (E”(K)) = VFKHQK and Max (Zt;(q,_)):-Zh.Cos‘h,,,éf=
2ti. Knax® o= and AL '?; with 5«""-’1-: and 8.2 ‘k‘-\- as the

longitudinal®™and tranversé coherence lengths at T  for fermions
field § . With the aid of the exact T-L result (8) for %,

and eq. (8) we get for Tx :
T o T (tf )"“ )
X ~ Ix Er
o_ t%r
where T;c = is the crossover temperature for a free quasi-~1D
electronyﬁas“'“. The symmetry breaking field (t_L) dependence of
Ti(»./ t.l. glves the crossover exponent =1-.

is non-universal since o¢ depends on the bare interaction 9z .
It follows from (9) that a strong anisotropy TL/ge & and sizeable
coupling (&€ ) are the necessary ingredients to lower the single
particle crossover temperature,

Few remarks are in order, 1) In the above procedure of
~enormalization we have neglected the effect of supplemencary terms
generated by the partial trace operation (Eq.4). e can show

by a rescaling argument:9 that all these new terms (three-body
interaction, interchain tunneling of two particles etc...) are not
relevant in the RG senge and can therefore be ignored, ii) For
Wm;«‘l, ¢2‘ {-(9f-/mw)+---. and this is compatible with the previous
perturbative result of Schuster'! and its second order multiplica-
tive PG extension made by Progodin and Firsov!?, However, these
treatments are valid only for very small couplings ( &< <<4 ).
Moreorer,they neglect the partial trace of the transverse degrees of
freedom for E’'S JTx,Wi] and this "freezes" unphysically the
growth of £ in this range of energy {(temperature). From
the renormalization tran§formations (5), the Green function at Tx
is given by ?‘f Z,"(Tx)[t.wm'Eu(qH- -'ZZI‘(Tx)t;(QJ.)]" and
4.2;’(1’,)& play the role of an effective bandwidth'? in the
transverse direction, iii) From (5),the 1D corrections to the ver-
tex and the coupling stop also at Tx' Indeed, one can check by
using the pertubative results of refs. 10 and l2that if the zero
sound bubble and the self energy graphs of figure 1 are calcula-
ted with therenormalized Green function (5-a) and vertex (5-b)
their logarithmic divergences at ECE'stop precisely at T_, indi-
cating a split-off of the two channels of correlations at™that
temperature. So, even if the crossover criteria given in (8) does
not make any explicit reference to the 1D zero sound divergence
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at 2K_ which enter in all relevant quantities, it appears to be
fully consistent with its analytic properties as a function of ty..

)
T3

;=

&

(a) (b)

FIGURE 1 Renormalized pertubation theory for E<E'., The
1D2K. zero sound bubble graph (a) and the one-particle self-
energy graph (b) stop thelrs leogarithmlc divergences at Tx.

One can generalize the above results for the cases where the
transverse spatial dimension Di is greater than 1. For a 2D lattice
of chains with the nearest neighbor interaction tL taken as uniform
an extra factor of 2 appears in the formula for 7T and¢ becoues
the 1D»3D crossover exponent, One can show ®igorously that the
results for T, and § are also exact for a complete lattice of
chaing (O > of  with a fixed transverse bandwidth'*, The extensim
to a more general choice of 1D couplings is also _straightforward.
In fact, MRG calculatiors for 1D electron gas model® with 9,%0, 9,
and % (9,-29, %l)show unambigously the absence of gaps and scaling to
T-L like behavior as T#0°, In absence of gaps, Z, have also
the form given in (6)2. The exact expressionsof o¢ 1is not known so
far. Usually one can take T-L expression of 9% with the fixed ggiqg
(1:0) valuegof the couplings: 9% = 95 3O and 9% =[(9,4-9;,)" - 94"
In any case, 1f the couplings remain weak (%<Wy) , we can safely
assume that o < o< 4 for Tx . This gapless model has been
extensively studied in connectlon to the observed properties of
(TUTSF), X family of organic superconductors*’® and this deserves to
be furtﬁer analyzed in the context of the present work.

IV- APPLICATION TO (TMTSF)ZX COHPOUNDS

Evidence for important Coulomb interactions and gapless metallic
phase in (THISF),X compounds have justified” the interest given to
the T-L models. i gapless metallic phase also suggests that the
transverse electron hopping can be an important mechanism for the
interchain coupling*, Quasi-one-dimensionality in these compounds
is usually found® to be given by the band anisotropy ratio
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tifeen Yo /a0 with ti= 00....... 300K
According to the above results, T, can be strongly reduced from its
bare value TX® .-80K if the value of & becomes appreciable.

Unfortunately, the precise values of & for all compounds are dif~
ficult to predict microscopically. However, it is universally ad-
mitted that the couplings are not too strong ( 9{< Wu )
but not too small either®, so that of can take any sizeable values
within the range o € &® <4 . In absence of a rigourous determina-
tion of ®& and consequently of Tx for each compound, one must pay
attention to experiments which can exhibit low dimensional features
in the range T <'Tk , in order to established or not a decrease
of T . Recent NilR experiments 15,16 pade on the (TMTSF) CLO4 metal-
lic phase have effectivel fevealed an important enhancement of the
nuclear relaxation rate Ty for T<L 25K followed by its sudden
saturation at Ta 8K !, It has been shown'® that such an enhan-
cement of Ty "4 can be predicted from a T-L electron gas model (9,>0)
and the effect of £, was to stop the enhancement precisely
at T_. Therefore, these data indicate the presence of 1D coopera-
tive phenomena for T<¢Ty¥ and strongly suggest the value WX 8K
for the perchlorate compound., From the above expression of T_, this
would imply ='4...... Y2 that is, an appreciable drop of the"densi-
ty of states at the Fermi level due to collective effects and this
must be put together with the similar interpretations given in the
context of the tunneling 17 ‘ infrared !7*®and heat conductivityll‘
experiments.
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