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Abstrace: The most important steps on the way from the simple tight-binding
band approximation to the simple fluctuation theory for high-temperature
quasi-one-dimensional conductors are discussed. The tight-binding for-
mulation is reviewed with particular emphasis on the strong anisotropic
effects. This formulation is then set into the context of the many-body theory.
It appears that at sufficiently high temperatures the parquet degeneracy
of the many-body theory might break. The ensuing simplification leads to
a single-order parameter phase transition theory which is reviewed and com-
pleted in respect of the problem of quasi-one-dimensional conductors.

1. Introduction

This paper deals with the recently discovered quasi-one-dimensional con-
ductors KCP (K,Pt(CN), Broy.3 - 3H,0) and TTF — TCNQ, but touches also
some more general problems. The common feature of the mentioned conductors
is that they show!: 2’ a structural instability at rather high temperatures kT, ~
~Hhwgy (;), where wq (;) is the bare frequency of the phonon ;, the softening of
which is related to the instability.

The first purpose of the present paper is to set the approximate theory which
was developed in a series of papers®~%), into a more general context of the many
body theory. The thinking behind the rather drastic simplifications of Refs.3~5’
is exposed in Sections 2 and 3. Our further aim here is to present our previous
results, scattered in literature, in an unified text, in order to emphasize their logical
interdependence. This is done in Sections 3 and 4. The Section 4 contains some
previously unpublished calculations added here for the sake of completeness.
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2. Tight-binding background

Both KCP and TTF-TCNQ are built of parallel linear chains. The chains
are quite well separated, and so the electrons propagate over a long distance along
a conducting chain before hopping on to a neighbouring chain. In a perfect con-
ductor this hopping from chain to chain will be coherent and can be described by
the well-known tight-binding band approximation. The propagation along the
chains also occurs by hopping. The corresponding hopping frequency is smaller
than that of the circular movement of electrons around the nucleus on a given
site, i. e. the tight-binding very probably applies also to the intrachain propagation.

The general theory of the electron-phonon interaction in the tight-binding
approximation has been described in our previous works®. It was shown that if
the electron spectrum is described by tight-binding, then the bare phonon spectrum
should be regarded roughly as including all the renormalizations unrelated to the
electron propagation. The extra renormalization due to the band formation can
be added through an appropriate bare (rigid-ion) electron-phonon coupling by
taking also into account the Coulomb interaction of the displaced charge density
waves (CDW). Simultaneously with the bare phonon frequencies w, (}), which
vanish in the long-wave-length limit, the bare electron-phonon matrix element
also vanishes in this limit. This illustrates the fact that in the tight-binding limit
the bare electron-phonon coupling is short-ranged.

The fact that the bare coupling is short-ranged, or more precisely, that its
anisotropy is roughly the same as that of the electronic band, is important in order
to understand the very existence of quasi-one-dimensional materials. If the elec-
tron band is quasi-one-dimensional, such will also be the bare electron-phonon
matrix element. E. g. band

& (%) =27 {cos ky dy + 7 [cos (k. d1), + cos (k. d1).]} (1)

-2
corresponds to the bare matrix element for the polarization €3

B = 2500 79082 (sin By dy — sin (& + q) dy] +
k, kiq °’\a, ¢ 1 ap I+ 9

d)\ A \
+ (ﬁ)l :-q' [sin &, 4, — sin (k; + ¢1) dJ.]l.z}-’ (2)

where g, and %’ are the appropriate coefficients. Equs. (1,2) with 5,%’ < | corres-
pond to KCP, while the geometry of TTF-TCNQ is more complicated; but even
so the tight-binding formulation remains tractable. Here we shall ignore the geo-
metrical problems currently under consideration by A. Bjeli§ and the author and
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keep in mind only Equs. (1) and (2). Since the small overlap % J is more sensitive
to the change in intersite distance than the large, one, J, 5’ is probably larger than
n, but this difference can safely be ignored in qualitative considerations.

To Equs. (1,2) we have to add the Fourier transform of the bare Coulomb
matrix element

— 2
U@ = Vo + ZT {a(g).0) + [a(gy,dy 0)cosqy dy]s..} 3)

This matrix element is associated with the CDW occurring on the lattice sites of
the crystal, i. e. we neglect here the presumably small displacements of ions ac-
companying the CDW. In Equ. (3), V, is the on-site Coulomb interaction, while

a(g) 0) = —log [2 (1 — cos g d))] 4
is the intrachain Madelung constant, and

e—mdL
Vayd..
is the interchain Coulomb coupling. Expressions (3—5) are valid, provided that
g dy % 1 (with a simple modification® in Equ. (5) for ¢, ~ =/d)).

It may be of use to make here a short physical digression. The quantity a (g,
d;, 0) has a simple physical interpretation. It is proportional®’ to a potential crea-
ted at the distance d; from a chain carrying a CDW with the wavelength 2 7/g,,.
At distances d, larger than the CDW wavelength, many periods contribute to the
potential. Since the overall charge of the CDW is zero, the resulting potential
is (exponentially) small. However, the range of a, ¢;;', is always larger than the
range of the overlap integrals J, given by ¢;-! of Equ. (2), which is an atomic distance.

Returning to our formulation, we realize that the problem is completely

)

a (qll sd150) ~

-
defined if the frequencies w, (g), the anharmonic interactions of bare phonons,

and the higher-order electron-phonon couplings are known. The frequencies wo(Z)
are also expected to be very anisotropic because, as mentioned above, they roughly
correspond to the forces in a neutral insulator. The inclusion of electron-phonon
couplings beyond the linear term (2) presents a considerable problem?®, and so
we should only mention that for most purposes all these terms may be combined
into a phenomenological anharmonic coupling.

3. Many-body formulation

General. The many-body theory for the problem defined above has been
worked out diagrammatically®” by neglecting both the anharmonic couplings
of bare phonons and the electron-phonon couplings beyond the linear term (e.
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g. Equ. (2)). The omission of these terms leads to an important formal simplifi-
cation, i. e. the whole theory can be formulated® in terms of an effective electron-
-electron coupling

v R, g 0) = U@Q) — 7.2 8. = Do @ ), 6)
where
g2 = (—i'i——_.—)%]..d @)
O \2NMw, (g)) e

Here D, is the bare phonon Green function while I, is given by Equ. (2). As

usual, the phonon mediated electron-electron interaction is retarded in time.
Following Ref.® we express the renormalized phonon Green function D

Mvv=’\f\«”\60&=,’a‘ ®
in terms of effective electron-electron interaction

D Do

D, .
AR = m+’\%©§°‘* ’%OO?" ®)
The shaded square represents the renormalized vertex involved in the usual Bethe-
-Salpeter equation
S=CO D (10)

shown here rather schematically for a two-particle two-points correlation function.
The renormalized vertex in Equs. (9,10) represents the sum of the usual »electron-
-electron« diagrams, with the elementary interaction (6).

At a finite temperature the elementary bubbles® in Equs. (9, 10)

o(—l W)=

TEwI= O (1
PUgW) = O (12)
Q®gwi= O, (13)

are regular for any ¢, w. Therefore, exempting the trivial singularities in D,, any

divergence in the correlation functions (9, 10) must come from the singularity
of the renormalized vertex itself.
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Space effects. The singularity of the vertex will not always be reflected in
the same way in a susceptibility to the staggered stress (9) or the electric field (10).
This is due to the k-structure (band structure) of quantity g2-as given by Equs.

(7 and (2). This E dependence causes the quantity Q° (;, w) to vanish for certain
highly symmetric (simply commensurate) deformations andfor for a half filled
band. (A detailed discussion of Q° is given in Ref®). In order to illustrate the pos-
sible consequence of the disappearance of Q°, with P° and /I° finite, we split the
vertex into the part which starts and/or finishes with a phonon line (e. g. diagrams
a, ¢ of Fig. 1) and the part containing all other diagrams (e. g. diagrams 1b, d).
The first part will be multiplied by a small quantity O° in Equ. (10) but not in
Equ. (9). Thus, if the part starting with a phonon line contains a strong singularity,
this singularity will be strongly reflected only in the phonon correlation function.
This is the case in which a small charge density wave (CDW) accompanies a large
lattice deformation. One can also easily imagine the opposite situation where the
leading divergence occurs in that part of the vertex which starts with the Coulomb
line. Then, again because of the possibly small Q° or else, because of the small
g, the deformation will be small with respect to the appropriately normalized CDW.

As a rule, the comphcatlon with O° may be 1gnored3’ when dealing with

incommensurate deformations and partially filled bands. Then the % structure of
g7 may be roughly neglected everywhere, especially in the dangerous quanitity
Q°. II°, P° and Q° become roughly proportional®’. Now, there is no difference
in discussing Equs. (9) and (10). Deformations and CDW's are simply proportional.
The temperature at which the vertex diverges is the common transition tempera-
ture for structural (Peierls) and dielectric (CDW) instability. However, it is im-
portant to distinguish between the phonon and the Coulomb mechanism of insta-
bility, according to which one of the two possibly attractive terms, (7) or (4,5),
dominates the vertex (6). Not only will the ratio of the deformation and CDW be
different in these two limits, but even the whole aspect of the many-body theory
may change. The latter point is further discussed in the next sub-section.

Retardation effects. If the phonon contribution dominates the bare vertex
(6), the retardation effects associated with heavy ions can play an important role
in the many-body theory. In order to develop this point in greater detail let us,
for reasons of clarity, ignore the Coulomb contribution to the bare vertex (6). Some
simple vertex corrections are shown in Fig. 1. These particular diagrams are
chosen because in the one-dimensional case (5 = 7' = 0) they all yield the same®
g%log2T contribution to the vertex, provided that the retardation effects are ne-
glected. Such a degenerate situation is usually named parquet.

*) Note however that the two logarithmic contributions are incompatible with the mo-
mentum 2% on all wavy lines of Fig. lc. This can be remedied by exchanging say, the
lower ends of the electron lines in the Cooper bubble, but then the spins in the bubble can
not be different.
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The retardation effects in the parquet become important® for temperatures
kT > kw, (c;). All Matsubara frequencies (5w, = 2 n kgT) except one (n = 0)
in Dys will then exceed wg (E). All vertex diagrams can then be conveniently di-
vided into two classes. Let the first class incorporate the diagrams which contain
integrations over the phonon frequency (e. g. diagrams 1b, c, d). Diagrams such
as la will then belong to the second class. Due to the energy conservation in the
electron-phonon vertex, each phonon line in Fig. 1a carries only and the same fre-

AL

(a) H
(b)

(c) ] : [
(d)

Fig. 1. Four (low order) parquet diagrams, degenerate at low temperatures.
quency, i. e. the external frequency of the entering electron-hole pair. In a phase
transition we are interested in the static response w, = 0. For this external fre-
quency the retardation effects are entirely absent from (la). In contradistinction,
the retardation effects are expected to reduce the contribution of the diagrams be-
longing to the first class, through summation over the presumably predominantly

small D, functions. The retardation effects on diagrams of the type (1b, d) invol-
ved in the Eliashberg equations have been studied in considerable detail by a num-

ber of authors38:9), As pointed out in Ref.®, phonons with frequencies % w®*4 G) <

< kgT are not very active in superconductivity, even if the external frequency in

Eliashberg equations vanishes. The stronger condition kT > /i w, (.é) > B w“”@)

is probably sufficient to ensure that all diagrams of the first class (lc etc.) are neg-

ligible with respect to those of the second class, provided that % is not too large.

In fact, % primarily reduces® the diagrams of the Migdal (RPA) channel (Fig. 1a).
To sumarize:

— within the phonon mechanism the parquet degeneracy of Fig. 1 breaks
for kT > ki wy if 5 is small, and

— only the RPA vertex corrections remain.

This conclusion differs somewhat from certain other calculations where
the RPA singularity in D was obtained by neglecting (in particular) these correc-
tions. Since this question is of physical importance, we are devoting the next sub-
-section to a detailed derivation of the RPA result.
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RPA theory. The usual quantity used in phonon theories is the phonon self-
-energy defined here by Equ. (8). This exact phonon selfenergy can easily be ex-
pressed in terms of the electron-electron vertex by eliminating the Green function
D between Equs. (8) and (9). Introducing further the RPA and g3 ~ g, sim-
plifications, we find immediately that

—g>P°(1 + I'o P°)

HRPA = 1 _gz Do (l _110 Po)’ (14)

where I'y represents the RPA vertex, obtained by the summation of all diagrams
of type la,
_ —8& 2 Do

Inserting Equ. (15) into Equ. (14), we obtain
HRpA=_gzPo=H°. (16)

Equ. (14) has the same algebraic structure as has the exact equation for I7, except
that in RPA the matrices are replaced by numbers. From this it is clear that Equ.
(16) for IT could have been obtained alternatively by saying that both the bare ver-
tex in the denominator and the renormalized vertex in the nominator of Equ. (14)

are small due to the smallness of D, for k3T > ki w, (}). (The Coulomb contri-
bution is already omitted here). But to remain consistent, we have to regard the
external lines D, in Equs. (8) or (9) as also being small, i. e. to arrive to D ~ D,,
far from the untrivial singularity in D.

It was therefore important to show above that Equ. (16) holds not only when
I’ is small, but also when it is large and given by Equ. (15). I'; is large when

1 NgzDoPO. (17)

Of course, condition (17) coincides with the equation which gives the singularity
in D and is obtained by combining Equs. (16) and (8). This coincidence agrees
with our general statement (the end of sub-section General) that the nontrivial
singularity in D can arise only from the singularity in I

Equ. (17) may have one or more (complex) solutions w (;, T) for a given}
and T (workmg now with a retarded D (q, w). The requlrement ) (q, T)=0 gi-
ves T = T(q), while the largest of these temperatures T(x) Tyre plays the role
of the (mean-field) sransition temperature. In more physical terms, D-! (;, 0)
calculated within RPA is proportional to the harmonic deformation energy?.
This energy is minimal at 3= %. The value of the minimum is proportional to
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T — Twr, while the expansion of this energy in terms of ¢ — » determines® the
longitudinal and transverse correlation length, &, and &,,, respectively.

The limit n = ' = 0 in Equ. (17) has been thoroughly studied in Refs.!%-%).
Let us denote the characteristic frequency of Igp, by w.. For T < T (Fermi tem-
perature) kw, ~ A7 "2 kyT, where A7 = — ngg?w, (cﬁ. w, » wy means practically
kgT > ki w, since usually 17 ~ 1. In the latter inequality we recognize a condi-
tion for the applicability of the RPA theory. On other hand, w. > w, ensures that
Equ. (17) has only one (adiabatic) solution. In the opposite limit w. < wq, Equ.
(17) has two solutions. Close enough to Tyr, which is given by

Tye ~ 2.28 Tp e~ 117 (18)

irrespective of the value of w_/w,, the two solutions occur rather close to the real
w-axis. The first solution corresponds to w ~ w,. In the vicinity of this frequency,
IIgp, is small, i. e. D ~ D, (despite the fact that Iy is large). Thus, this solution
corresponds essentially to the trivial D, pole in Equ. (9). But since w, < wg, [Tgpa (w)
varies rapidly on the scale fixed by w, becoming large for w = 0. This time the large
I’y corresponds to a large renormalization /e, and to the instability at T = Tyf-
The two solutions give rise to a three peak structure of the neutron scattering cross-
-section. But.w, < w, also means k3 Tmr < /i wg, the limit in which the RPA re-
sults are incomplete. This might be one of the reasons why the fit!’ of the neutron
cross-section obtained on KCP by the RPA results is not too successful.

The requirement Tyr < Tr was omitted in Refs.3-!'!) with Nb,; Sn-like
compounds in mind, but keeping n =7’ = 0.

In Refs.%:12) kg Tyr is again taken as being much smaller than Tg but 5 # 0,
while " =0. The most unstable mode occurs at %= [2kg, m/d, , m/d,], where kg
is the Fermi wave vector of the corresponding # = 0 band. Such % corresponds
to the best nesting of the Fermi surfaces. T is still given roughly by Equ. (18).
The n # 0 model®-!? leads to interchain correlations. The longitudinal and trans-
verse correlation lengths are

Av
§o = kn_;' (19
EO_J_ N kg d_L §o|| > (20)

respectively. Not surprisingly, the length and time scale are related here, Soy| ~

~ vg[(AV? w,).
The interchain distance (10A) and the character of the d-functions forming

the band in KCP lead to a very small ». Thus, although the most unstable mode is
actually observed for the » found above, the measured avalues!’ of &,, are too
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large to be reconciled with Equ. (20). For KCP one must go back to the Coulomb
mechanism of interchain coupling, Equ. (5).

The situation in TTF-TCNQ and similar materials is less clear, because
of the considerable geometrical complications. It is not clear at present whether
our model® is sufficient or not to describe the empirical findings?’ in these con
ductors.

The Coulomb coupling (3) is always present and is probably important® in
both types of materials mentioned above. Extending simply the foregoing discus-
sion to the combined vertex (6), we shall find that the Coulomb coupling has to
be combined with a phonon term in the RPA channel; in other parquet diagrams
the phonon contribution may presumably be neglected for 23T > % w, (;). Then,
if the phonon coupling in the RPA channel is larger than the Coulomb term, the
lowest order Coulomb correction of the purely phonon RPA result is again given
by the RPA diagrams. This suggests that we can work with the RPA channel not
only up to the zeroth order in Coulomb coupling but also up to the first order.
Obviously, the quantitative elaboration of this idea requires a more detailed in-
vestigation of the retardation effects in the parquet.

If in the presence of a small Coulomb term the RPA procedure is accepted,
the corresponding results are obtained by simply replacing g2D, with g2Do, —U
in Equs. (15) and (17) (the RPA theory in which g keeps its k2 dependence is des-
cribed in Ref.¥). Taking # = %’ = 0 and considering again the limit Tyr < T,
with

Tur =~ 2.28 Ty exp [1/:»;F (fT: + U(;))] (21)

we recover the most unstable mode » at x = [2kg, =jd, , #ld,]). ¢, = 7/d 1 makes

the best use of the attractive coupling (5). Expanding again in terms of (q - x),
we also also recover Equ. (18), but Equ. (19) is replaced by

2T|.-

oLldy ~ (22)

a (g5 dy, 0) log? ——==

with a from Equ. (5).

Equ. (22) seems to fit reasonably well the experimental findings? in KCP.
Also, the Coulomb model is currently being extended to include the geometrical
complications encountered in TTF-TCNQ. Although the preliminary results®
seem to agree with the phase sliding (%, =x, (T)) observed? in TTF-TCNQ,
the respective work has not yet produced any firm conclusions.

Obviously, the mechanism which gives the larger interchain correlation,
i. e. the one which within the simple model defined by Equs. (1 —5) produces the
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larger &,, between Equs. (20) and (22), is the one which should be retained phy-
sically as the cause of the interchain correlations. However, we wish to warn once
more against using the too large (negative) a's of Equs. (4) and/or (5) in the RPA
theory. It is true that Equs. (20, 21) remain well defined!? in the limit |U (:_1.) |
>|&%/wo|> and have a simple physical meaning of the CDW instability in Equ.
(10) with nothing much happening to the Peierls Equ. (9). However, the strong
Coulomb mechanism requires full many-body treatment, beyond RPA, as discus-
sed in Refs,% 71419 Tt should also be kept in mind that some of our basic ap-
proximations, especially the omission 3 of the electron-phonon coupling through
Coulomb forces in Equ. (3), may become questionable® in the strong Coulomb-
-weak hopping limit.

Transitory remarks. The RPA or even the parquet approximation are mean-
-field theories in the sense that even in the one-dimensional system they lead to
phase transition at finite temperature Tyr. Of course, the physical systems under
consideration are not one-dimensional and the phase transition is allowed to occur
at some finite T,. However, T, may be considerably lower than Ty If 25T, is
still larger than % wg, the arguments which led us to retain the RPA diagrams re-
main valid close to T; < Tgy. The shift from Tyr to T, may be attributed to the
terms mentioned in Section 2 as giving rise to an effective anharmonic coupling.
These terms are omitted in the discussion of this Section. Also, the diagrams
beyond RPA may contribute!® to the effective anharmonic coupling, but this
point too would require a careful consideration regarding the retardation effects.

This line of thinking brings us to a rather simple Ginzburg-Landau-like
model in which an effective anharmonic coupling of deformations is added to the
harmonic deformation energy Dgl,. In a one-dimensional conductor such a single-
-order parameter model would lead to T, = 0. But in the range k3T < /i wg, the
results of the model are not applicable to the one-dimensional conductor. In this
range of temperatures the situation is parquet likeS:1%15), i, e, it involves two-
(or more) order parameters at the same time. For the quasi-one-dimensional con-
ductors, however, the model may apply to the whole range of temperatures if it
leads to k3T, > % w,. Below the three-dimensional transition at T, the situation
may continue to be non-parquet like, down to low temperatures.

In the following section we shall investigate the Ginzburg-Landau (GL)
single-order parameter model. Althought this model, applies to low-dimensional
conductors with the reservations made above, it is relevant for other, simpler low-
-dimensional systems. One important approximation (mean-field treatment of
interchain coupling), which is usually used without justification in this!?-'® or
more complicated models, is shown to lead to correct results, at least within the
Ginzburg-Landau model.

* This point arose during a discussion with G. Griiner.
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4. Ginzburg-Landau theory

General considerations. The starting point of this Section is the spatially ani-
sotropic G-L functional

+53.LZ

i=d'+1

fO=a [———lwl’ + ez

] +blpls. ()
Here y is the n-component order parameter, and we assume
E:'L = agL < l. (24)

We keep here the one-dimensional notations (18 —22) but do not specify d and
d’ for the moment.

The G-L functional (23) has to be combined with appropriate cut-off wa-
ve-lengths. These wave-lengths need not be the same in d’ longitudinal and A =
= d—d’ transverse directions. Let us denote them with Qj* and Q7', respecti-
vely. The cut-offs describe that portion of the Brillouin zone to which harmonic
part of the expansion (23) applies. As will be shown below and as argued previou-
usly-12:19 the question of cut-offs is quite important and thus requires some
discussion.

Fig. 2. Two opposite limits for the behaviour of the Fourier transform f(;) of the harmonic free
energy given by Equ. (23). The Fourier componet ¥ (;) of p (;5 is kept independent of
; in the figure.

If both &} and &5 are smaller than the corresponding Brillouin zone dimen-
sions, it is natural to truncate the harmonic part of Equ. (23) at the same energy
in all directions (Fig. 2a).

This leads to
agL Q4
—GLﬁ =1L (25)
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We shall note that the limit of small agL can be achieved in the regime (25) only
by taking QO small (&, large) since Q cannot exceed the Brillouin zone dimension.
When ag, of Equ. (24) is decreased by decreasing £, , with &¢ remaining fixed,
Q, reaches its maximal value determined by the Brillouin zone and then stays
constant (Fig. 2b); Equ. (25) breaks. In conclusion, the limit of small &, is physically
associated with ag_-independent cuf-offs Q) and Q, and the limit of large &y,
£o1 with Equ. (25). Let us start by considering the former.

Crossover limit. This is the situation in which the system (23) exbibits a cros-
sover behavior. Above a certain crossover temperature T*(ag.), it behaves according
to the d’-dimensional critical indices; below it, the critical behavior is essentially
d-dimensional (for d and d’ see Equ. (23)). When ag. tends towards zero, both
T*(agL) and the critical temperature T.(agL) tend continuously towards the cri-
tical temperature of the d’dimensional system. For brevity, we shall deal here only
with situations in which the dimensionality d’ is so low that there is no phase tran-
sition at finite temperature associated with this dimension. That is to say that we
are considering here the crossover from the unshaded into the shaded region of
the n, d’ diagram of Fig. 3. But instead of extending our homogeneity argument®
to this whole region, we will pay particular attention to the n - oo limit, where
the otherwise lacking constants of proportionality can be calculated in detail.

It seems therefore advisable to try and clarify the analogy between the fa-
miliar free Bose gas$’ and the n — o0 G-L system. We shall do it by calculating
T.(acL) for the latter case. In the limit n - oo the anharmonic term in Equ. (23)
can be treated in the Hartree approximation. The transition temperature is then
determined by

TMF c _ zc‘

Tur

(26)

Neglecting the contribution to the self-energy ¥, coming from wave vectors beyond
the cut-offs Q), O, we obtain

Qu
bks T, J‘ f 1
T~ Gy a ey | ke | R ey @n

Here A = d—d’, and &4 and k, are the wave vectors in d’ and A dimensions, res-
pectively. We notice the analogy between Equ. (27) and the equation (5) determing
the transition temperature of the free anisotropic Bose gas: with ag. — 0, Z, tends
towards the constant a’/n which here plays a role which is analogous to the total
number of free bosons in the boson equation. For T.< Twr, Equ. (27) can con-
veniently be rewritten as

lz

x""1 dx
1 + x2

r—2 Qy "/kA
a' bSy S -
(27! :a' EAz kB TC QgL Tz J- de 3 dkA

0 0

(28)
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with
S, = 2772 I' (p/2).

In thelast integration the upper limit is large for any finite 2, < Q, , provided

that
2

n__
oo > b (29)

i. e. that Equ. (25) is not fulfilled. In other words, the infrared cut-off Q, disap-
pears from Equ. (28) if the increase of Q% with decreasing &% | is slower than ag}.
This is particularly the case for small §;, when Q  , as mentioned before, is roughly
independent of ag.. The integrations (28) are easily carried out when the upper
limit in the second integral is set equal to infinity (ag, small). The result is con-
vergent, provided that d > 2 and 2 > 4’ > 0. In analogy with the result® for
the Bose gas we find that

d=1(q _ ., nd
da' &2, 2n)*=1(d—2) sin —— 2-a

kgTC = b Q‘l‘z Sa SA QgL 2 . (30)

Equ. (30) coincides in fact with a more general expression

2-d

Tr~Te~E a2 @1)

GL

which K. Uzelac and the author propose, extending the d’ = 1 homogeneity ar-
gument!® to the shaded region of Fig. 3. The latter argument is more general
because it is independent of n, assumed large in Equ. (30). Since for T* and T, the
exact cross-over exponents, i. e.

y=y=5—7 (32)

are independent of n, Equs. (30) and (31) coincide in this respect in the case of an
arbitrary n. The same cross-over exponent was obtained previously!” 18" for
d’ = 1, n = 2 applying the mean-field approximation
to the interchain coupling &%, in Equ. (23). We can
see here that in the Ginzburg-Landau model this ap- |d' D2 s n
proximation leads to the exact result (32). ;l_ o
2
1

Equ. (30) gives the prefactor lacking in Equ. L R SN

(31), provided that only the lowest-order anharmonic l&&\ Tox \\\\\\ \ \l\

coupling b is retained. Of course, the dependenceonn  °

in Equ. (30) should not be taken too seriously if n is Fig. 3. Parts of the d’, » plane

of the order of one. For &’ = 1, n > 1, Equ. (30) for Which the ) =0 model
duces to of Equ. (23) has respectively fi-

re T 3 (2n)'-! (d nite or zero transition tempera-

<= —2 EorL O (33) ture. The @’ = u line has not
T; 7 Sa-1 been firmly established.
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which defines the characteristic temperature scale

4 a,2 éou
T o (34)

The same temperature T also occurs for d' = 1, n = 1 when5:19

ks Ty =

(35)

[

We shall note that T has nothing in common with Tyg, which becomes an unim-
portant parameter for T, < Tt.

Symmetric limit. This is the limit in which Equ. (25) applies. Let us start
again by considering the simple # — o0 equation. With X, defined by Equ. (26),
and introducing a new variable

ga = VacLka (36)
into Equ. (27) and taking into account Equ. (25), we shall find that

bk,, S, -4
id—2 LR

pINEN (37

a' &,
provided that d > 2. It should be noted that with Q,, ~1/&,,, (small), Z, is roughly
independent of &;,. In fact we should always ensure that the retained contribution

to X, is really dominant. Equs. (26) and (37) can easily be solved for T,

T, » ;“F - (38)
1+ _Ml!: GL2
where
’ E2 d
Ry Ty =% S QY @—2) (39)

nb Q""2 Sd

As pointed out before, Equ. (38) is roughly independent of &, (large).

An equation similar to Equ. (38) is found in the linearized renormalization
group theory2?). In order to show that, we shall follow the prescription of Ref.!?
and symmetrize the expression (23) with cut-offs (25), and change the variables
(36) in the direct space. Thus introducing

X = Va. XA (40)
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we have
Fly) = [&7]@) = (471 () 1)

Here!?

- - é - _A. (42)
Yo={xy. . xasXpir1. . Xp-xah () =a2 f(), Q =a2 Q.

=, 2
dy(r)

ar'

-
The new function f’ (') has a symmetric gradient term

and is associated,

by Equ. (25), with the same cut-off Q) in all directions.
Applying now the usual ¢ = 4-d expansion procedure to the determination
of the critical surface (line) in the parameter space defined by Equ. (42), we find

T
T, = - 57 Ton _% (43)
gt ke
Here
n+2
wN("+2)(l+—2"+16 ) "
2+ (1 _ +_2__) e

and Ty depend on the recurrence step used in the renormalization procedure??).
Equ. (43) is valid for » arbitrary, 4 > d > 2, and with Tyr ~ T2. Equ. (38) is va-
lid for large n, 4 > d > 2 and Tyr arbitrary. For large » and T* ~ Ty, Equs.
(28) and (48) coincide (and determine the lacking, n-independent factor in @ of
Equ. (44)). It is interesting that the constant T} of Equ. (39) approximates the
corresponding quantity of Equ. (43) rather faithfully over the whole range of n.

As argued previously!?’, the symmetrizable system (23) and (25) obeys the
d-dimensional critical laws. Only the scales are changed according to relations
(40) and (42). The critical range is increased and the fluctuation effects are enhan-
ced. In particular, the fluctuation specific heat is increased. Both temperature de-
pendent correlation lengths & (T') and §,(T) follow the same temperature law be-
cause they are deduced from the correlation length &, (T) by the inverse transfor-
mation (40). Their ratio is therefore independent of temperature,

B(T) &L
fﬁ (T) = ﬁaﬁ = QgL (45)

in contrast to the cross-over case where this ratio is strongly temperature dependent.

~ Conclusion. In this Section we have seen that according to the choice of cut-
-offs the large anisotropy (agL. < 1) may correspond to two qualitatively different
situations, the cross-over or the symmetric limit. In both limits the shift of the
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transition temperature from its mean-field value may be considerable, depending
on the parameters. The clear-cut difference between the two limits occurs in the
critical behaviour itself.

At sufficiently high temperatures KCP falls into the cross-over limit. &,
measured ! ), or calculated from Equ. (22), is considerably smaller than d, . However,
&0 itself is (non-critically) temperature dependent and at T, is estimated to be of
of the order of d, . However, the temperature dependence given by Equ. (22) (and
also by Equs. (19, 20)) should not be taken too seriously for T < Tyg. This equa-
tion neglects (at least) the electron-self-energy effects!22.23 (the Peierls pseu-
dogap). Still, it appears probable that close to T,, KCP falls somewhere between
the two extreme limits considered here.

The symmetric limit corresponds very probably to the BCS superconducti-
vity in the conducting polymer?# (SN),. It seems that there the ratio of the longi-
tudinal and transverse correlation lengths is temperature independent, as in Equ.
(45).

The situation in TTF-TCNQ is potentially much richer than that in KCP.
Transverse correlations in this material are probably considerably stronger in
one than in the other of the two transverse directions. This can lead to a complicated
3—2—1 dimensional cross-over for » = 2. Empirically?’, however, the fluctuation
tails do not seem to be as large in this material as they are in KCP. It might well be
that the structural transition in TTF-TCNQ falls into the symmetric limit, with
only the fluctuations enhanced. It would be interesting therefore to have more
data about the temperature behaviour of all three, or at least of two correlation
lengths.

5. Final remarks

In this paper we have tried to describe the most important steps on the way
from the simple tight-binding approximation to the simple fluctuation model for
quasi-one-dimensional conductors. A major crossing on this way is certainly tra-
versed in earlier sub-sections, where are given the arguments in favour of the sin-
gle-order parameter phase transition theory for high-temperature quasi-one-di-
mensional conductors.

In order to emphasize the main line of reasoning, many details were delibe-
rately left out and some problems neglected. Such are, for example, the electron-
-self-energy effects which merit at least to be mentioned here. The lowest-order
self-energy correction gives rise to the Peierls pseudogap above T,!32%23_ The
Peierls pseudogap is present in the electron spectrum even when the phonon re-
tardation effects are included?®. The role of the Peierls pseudogap in parquet
corrections or even in the Eliashberg-BCS equation has not yet been carefully
investigated. Related with it is the problem of the role played by the long-range
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(g, ~0) part of the interaction®. This question has been discussed in detail, for
example in Ref?’, using the unretarded long-range forces. In this connection it
should be noted that the quasi-one dimensional equation (3) obtained here for
gy d, > 1 becomes strongly three-dimensional in the »long range« limit ¢, d;, < 1.
In the ensuing many-body theory”’, the decisive ratio seems to be e?/Avy or equi-
2
———;I Z‘Jii versus %‘ll'
-dimensional-like »infrared catastrophe« situation; the other limit has not been
examined in detail. Although &,/d; is large in KCP and probably also in TTF-

valently . €% < ki vp was shown” to correspond to the one-

2
-TCNQ, it is still very likely that ;— |kg Twr is even larger in these materials. It
L

might be therefore reasonably expected that the g;; ~ 0 part of the forces does not
play a very important role in the theory of these materials.

Obviously, many of the ideas presented or mentioned here are qualitative
and require a more careful examination. Therefore the present paper should not
be misunderstood as an attempt to supply a final answer to the question of basic
physics in KCP and TTF-TCNQ; it only indicates a possibly fruitful line of re-
search and gives some results along this line.
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STRUKTURNA NESTABILNOST LANCASTIH VODICA PRI VISOKIM
TEMPERATURAMA

S. BARISIC
Institut za fizitku SveuliliSta, Zagreb
Sadrzaj

IzloZen je put od jednostavne aproksimacije ¢vrste veze u ra¢unu vrpci do
jednostavne teorije fluktuacija za lan¢aste vodice pri visokoj temperaturi. Opisana
je aproksimacija ¢vrste veze s posebnim naglaskom na jakoj anizotropiji koja slijedi
za lan¢aste vodice. Ta je formulacija zatim unesena u teoriju mnostva Cestica.

PredloZeno je mifljenje da pri dovoljno visokim temperaturama nestaje »par-
kets degeneracija te teorije. To pojednostavnjenje vodi teoriji faznog prijelaza s
jednim parametrom uredenja, koja je opisana i upotpunjena s obzirom na problem
lan¢astih vodica.
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