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FROM TWO COUPLED CHAINS TO QUASI-ONE-DIMENSIONAL OR-
GANIC CONDUCTORS

HIDEO YOSHIOKA and YOSHIKAZU SUZUMURA
Department of Physics, Nagoya University, Nagoya 464-01, Japan

Abstract Electronic states of two coupled chains of interacting electron sys-
tems are investigated by means of phase Hamiltonian, and phase transition of
quasi-one-dimensional organic conductors are discussed from the point of view
of the two chains.

INTRODUCTION

Charge transfer salts which consist of two TMTSF electron donors and a monova-
lent anion such as PFg, AsFg, ClO; and so on, are known to be typical quasi-one-
dimensional (quasi-1D) electron systems. The salts show various phase transition
characteristic in low dimension.! For example, (TMTSF),PF4 exhibits metallic be-
havior down to about 20K, below which the salt undergoes metal-insulator (M-I)
transition to an insulator of spin density wave (SDW) state in ambient pressure. By
applying the pressure, critical temperature of the M-I transition decreases and su-
perconducting (SC) phase appears at the critical temperature of 0.9K for 12 kbar.2 It
has been considered that the competition of the SDW state and the SC state results
from the fact that the nesting condition originated from quasi-1D band structure is
essential to formation of the SDW state but not of the SC state.

Two chains of interacting electron systems coupled by interchain hopping are
basic models of the above quasi-1D conductors. In order to understand the various
phase transition in the conductors, we investigate two kinds of models of the two
chains by use of phase Hamiltonian based on bosonization method. The first one is
the model with both the intrachain and interchain forward scattering (MODEL I),3
and the second one consists of the intrachain forward scattering and the intrachain
backward scattering (MODEL II).* Recently, it has been reported that the ground
state of the two chains of electron systems with repulsive intrachain interaction is
given by SC state with interchain and in phase pairing in the case of the weak
interaction.” & 78 9 However, this result seems to be inconsistent with the phase
diagram of the above quasi-1D system. It is because the low pressure leads to the
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SDW state due to the good nesting condition, while the two chains show the SC
state in spite of the condition of the perfect nesting. We give an answer to such a
problem by use of the renormalization group approach, and understand the phase
transition of the quasi-1D systems from the point of view of the two coupled chains.

MODEL I

We first diagonalize the kinetic terms in the Hamiltonian in order to take
account of the deviation of the fermi wavenumber due to the interchain hopping.
Next we apply Abelian bosonization method to the electronic states near the new
fermi points and express the Hamiltonian in terms of the phase variables. Thus the
Hamiltonian, H = Hy + Hp, is represented as follows,?

Hr

/d { (0:84)2 + n,(0,6_) }+—/dx{ 0,64 + (8:6-)}, (1)
Hp = E/m (0.4 + (8,8-)2 + (D:64)? + (8:-)2}

+ vp_(g;za;_g’zz /dz {cos V20_ — cos(2gyz — \/§5+)}
X {cos V26_ + cos \/5(24} ) (2)

where v, = vp\/(l + 29, + 2¢5)(1 — 2g2 — 2g3), 1, = \/(1 — 29y — 2g5)/(1 + 292 + 245)
and gop = 2t/vp. Here vp, a™! and t are the fermi velocity, the upper cutoff of the
wavenumber and the interchain hopping, respectively, and go (g3) is a normalized
matrix element of the intrachain (interchain) forward scattering between oppositely
moving electrons. The phases, 64 and ¢, describe the fluctuations of the total charge
and the total spin, respectively, while 8, and ¢4 express the transverse fluctuations
of the charge and the spin degrees of freedom. Therefore Hr with gapless excitations
expresses the total charge and spin fluctuations, and Hp including complex nonlinear
terms represents the transverse charge and spin fluctuations.

According to Finkel'stein and Larkin,!? the Hamiltonian Hp has a fixed point
of the strong coupling and then the nonlinear terms, which do not include the misfit
parameter, grow. In this case, the treatment of the mean field (MF) for Hp is useful.
We express Hp in terms of the new fermion fields, ¥; (i = 1 ~ 4),% and utilize the
MF method. Then Hp is expressed as follows,

Hr = vp/dx {J’I(—iaz)lz’l — PY(=i8, )y + P}(—i0, )3 — 151(43:)'/-)4}
+ 7vr(g2 — g2) / do {949} - iPaths — Didae™ 207 — Flpye207)
x {i0{P} — ity + P} + Dleha}, (3)
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FIGURE 1 Phase diagram on the plain of g, and g which shows the most domi-
nant state (the subdominant state in the parenthesis).

— HUF = vp [do {§l(-i0.)d — Fl(~i0.)n)
+ 5 [ a0~ iy + Bl + B}

+ vp [ de {B(=i0) — B0} + &' [ da {4} - iuds}
AA'L

- === 4
2ror(en — ) ®
where g, # g5 and the gaps, A and A’ are self-consistently determined by,
A g LT
5 = moe(er— ) {i(Pah) -1 (¥etn)}, (5)

A" = mur(gs — gb) {i <1/_)w;> - i<$2¢1> + (@Ml) + <1/_)11/;2>} . (6)
We calculate correlation functions by using Mz and H¥ F and obtain the phase
diagram on the plain of g, and g} shown in Figure 1. In Figure 1, DZ° and S7”
express the density wave (DW) state with out of phase ordering and the SC state with
in phase pairing, respectively, where + (—) denotes intrachain (interchain) ordering.
Here 0 and o' express spin indices. In the present case, the state of SDW and
charge density wave (singlet superconductivity and triplet superconductivity) are
degenerate in the sense that the correlation functions have the same powers. The
fact is due to the symmetry between ¢, and ¢_ in Equation (1) and that between
¢, and é_ in Equation (2). It is noted that, in the repulsive region of go > |gj|, the
SC state remains subdominant though the most dominant state is the DW state.

MODEL 11

As is seen in the previous section, the competition between the SDW state and
the SC state is not observed in the presence of only the forward scattering. Now
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we investigate the competition by taking account of the backward scattering. We
consider the case of only the repulsive intrachain interaction.

The interchain hopping leads to two kinds of energy regions, i.e., the high
energy region where the excitations are essentially the same as those in the absence
of the hopping and the low energy region where the hopping plays an essential role.
By applying the renormalization procedure of 1D systems to the high energy region,

the effective Hamiltonian available for the low energy region is calculated as,% 4
w = 2 far{loornoor) 2 [a{les e
+ f;j; [ar {%(0 B4)? + (0.6 )2} = [ {;&(a,&)? + vz@(0,¢_>2}
+ 7r ,2g /dmcosx/_e cos V2¢_ + Fag+/dxc05\/§5_cos\/§$+
+ p aga/d:ccosx/_¢+c08\/_¢+ + —Egb/dxcosx/—¢+cosx/_¢_
- mgc/dxcosfdbrcosx/_g_, (7)

where o/ ~ vp/t > @, vg = vpy/(1 + 202 — 91)(1 — 292 + 91), v = vry/(1 ~ g1)(1 + g1),
m=J0-20+0)/(1+20—0), 7 = /1 +¢)/(1-g}) > 1, 55 =5 = 1,
gr =g2— 01 /2£9}/2, g, = g; = g: = 9. Here g is a matrix element of the back-
ward scattering and g is a renormalized one given by g1/{1+2g; log(vr/ta)} = g;.1!
In the present Hamiltonian, the symmetry of spin degrees of freedom are broken due

to the renormalized backward scattering which vanishes in the limit of ¢ — 0. We
consider the case of 2g2 > g; and then 7y < 1.

Properties at temperatures lower than the hopping energy are examined by
applying the renormalization group method to Equation (7). The equations of the

renormalization group are given as,*

S = 6+ e, ®
;2"43 = i(g- - Gim5 — gang + 9°), (9)
die”" = Zlf(ya +g52+9.%), (10)
T (1)
%9+ = (2- ﬂlé ~13)9+ (12)
%gl = (214~ n3)90 (13)
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6 8 10 12
In(t/w) In(t/w)
FIGURE 2  Solutions of the renormalization group equations in the case of ¢, =
0.3, go = 0.4 and ta/vp = 0.1. Here the thick arrow denotes the boundary between
the regions I and III (III and II).

0o 2 4

d . 1. .
&gb = (2-n4— ;&)gb» (14)
d »* 1 »

'(_]ch - (2 — Ny — ;;)gc, (15)

where ¢ = In(t/w) with w being the scaling energy. We numerically solve the above
equations. The result for g; = 0.3, g» = 0.4 and ta/vp = 0.1 is shown in Figure 2.
There are three kinds of regions lower than ¢, ie., t > w > wy (I), wy >
w > wy (III) and wy > w (II), where the locations corresponding to In(t/w;) >~ 9
and In(t/we) ~ 11.5 are shown by the thick arrows. In the region I, n; increases
and 7y decreases since g4 (g-) tends to the strong (weak) coupling. On the other
hand, variations of the nonlinear terms including ¢; and 7, are negligible. In the
region III, the gaps for the transverse fluctuations of both charge and spin degrees
of freedom appears owing to the relevant g,. In this region, the variables §_ and
é4 show the relevance and the transverse spin density wave (TSDW) state and the
singlet superconducting (SS) state are selected. Since the exponent of the correlation
function for the TSDW (SS) state is given by (ne + 71,")/2 ( (7" + 74)/2 ) and 7,
decreases to zero, the TSDW (SS) state becomes the most dominant and the SS
(TSDW) state is subdominant for w near w; (w;). Thus a crossover from the TSDW
state to the SS state is seen in the region III. In the region II, the gap of the total
spin fluctuation also appears in addition to the above transverse degrees of freedom

t,5 6.7, 8,9 while the correlation function of the

and the SS state is the most dominan
TSDW decays exponentially.
The existence of the region III is essential to relating the result of the two chains

with the phase diagram of the quasi-1D conductors as a function of temperature and
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pressure. When three-dimensional coupling is taken into account, the crossover from
the TSDW state to the SS state in the region III of Figure 2 becomes the actual
phase transition. The crossover with fixed w and increasing ¢ indicates the transition
from the SDW state to the SS state with fixed T and increasing pressure in the
phase diagram of the quasi-1D organic conductors since the pressure has an effect
of increasing t. The present crossover from the SDW state to the SC state is purely
due to the increase of ¢, i.e., the dimensionality. The pressure also leads to the
breaking of the nesting condition. This may cause an additional effect of increasing
the crossover energy.

SUMMARY

We investigated electronic states of two chains of interacting electron systems coupled
by the interchain hopping at low temperatures by use of phase Hamiltonian. In the
presence of only the repulsive forward scattering, the dominant state is given by
the DW state and the SC state is subdominant. However, the crossover from the
SDW state to the SS state is seen in the presence of both the forward and backward
scattering. The existence of such a crossover is essential to explaining the phase
diagram of SDW vs. SS states in the quasi-1D conductors such as (TMTSF),X.
This work was partially supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture (No.05640410), and a Grant-in-
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