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Preface

Advances in the physics and chemistry of low—dimensional systems have been
really magnificent in the last few decades. Hundreds of quasi-one—dimensional
and quasi-two—dimensional systems have been synthesized and studied.

The most popular representatives of quasi-one—-dimensional materials are
polyacethylenes CH, [1] and conducting donor-acceptor molecular crystals TTF-
TCNQ. Examples of quasi-two—dimensional systems are high temperature su-
perconductors (HTSC) based on copper oxides LA;CuQOs, YBa;Cu3Ogsy and
organic superconductors based on BEDT-TTF molecules.

The properties of such one— and two-dimensional materials are not yet fully
understood. On the one hand, the equations of motion of one—dimensional sys-
tems are rather simple, which facilitates rigorous solutions of model problems.
On the other hand, manifestations of various interactions in one—dimensional
systems are rather peculiar. This refers, in particular, to electron—electron and
electron—phonon interactions. Even within the limit of a weak coupling con-
stant electron—electron correlations produce an energy gap in the spectrum of
one—dimensional metals implying a Mott transition from metal to semiconductor
state.

In all these cases perturbation theory is inapplicable. Which is one of the main
difficulties on the way towards a comprehensive theory of quasi—one—dimensional
systems. — This meeting held at the Institute for Theoretical Physics in Kiev May
15-18 1990 was devoted to related problems. The papers selected for this volume
are grouped into three sections.

Section 1 contains papers dealing with electron correlation problems. Appli-
cations to 2—d superconductors, a connection between 1-d Hubbard and Luttinger
models, a treatment of correlations in high-T, superconductors, the 2—d Peierls—
Hubbard model giving rise to kink—antikink pairs with superconducting conden-
sation and the optical spectra of superconducting copper—oxides are discussed.
Section 2 provides information on progress in the understanding of Mott—Peierls
semiconductor polymers, on the way in which electron—electron correlations af-
fect the properties of polymers and a description of a new approach to the study
of electron—electron correlations in large molecules and polymers. Section 3 deals
with correlation effects in magnetization and kinetics including some features of
the 2-d Hubbard model.

Kiev, A A. Ovchinnikov
December 1990 1I. Ukrainskii
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Introduction
A.A. Ovchinnikov' and LI Ukrainskii®

! Institute of Chemical Physics, Kosygin St. 4, Moscow 117334, USSR
2 Institute for Theoretical Physics, Metrologicheskaya 14, SU-252 130 Kiew,
USSR

Advances in physics and chemistry of low-dimensional systems have been re-
ally magnificent in the last few decades. Hundreds of quasi—one-dimensional
and quasi-two—dimensional systems have been synthesized and studied. The
Properties of those materials attracted physicists, chemists and engineers.

The most popular representatives of quasi-one-dimensional materials
are polyacethylenes CH, [1] and conducting donor—acceptor molecular crys-
tals TTF-TCNQ [2].

One of the promising families relates to quasi-two—dimensional systems
are new high temperature superconductors (HTSC) based on copper oxides
LA;CuOy4, YBa;Cu;30g64y [3] and organic superconductors based on BEDT-
TTF molecules [4].

Quantum processes in low—dimensional systems are characterized by a
number of peculiarities. This fact results in the development of special meth-
ods of theoretical studies in low—dimensional phenomena. We describe this
problem now for one-dimensional (1-d) systems. In one-dimensional physics
and chemistry there is a number of certain difficulties and some of them
are far from being overcome. On the one hand, motion equations in one—
dimensional systems are much simpler. This facilitates rigorous solution of
a model problem which is often impeded by a large number of dimensions.
On the other hand manifestations of various interactions in one—dimensional
systems are rather peculiar. This refers, in particular, to electron—electron
and electron—phonon interactions. The perturbation theory is inapplicable
in both cases. Thus, electron-phonon interaction leads to field localization
of electron excitation in one—dimensional system which results in soliton
excitations and Peierls deformation. Calculations of soliton excitation can
not be done by decomposition in the series of electron-phonon coupling
constant.

Electron—electron interactions, even within the limit of a weak coupling
constant, produces an energy gap in the spectrum of one-dimensional metal
which means the Mott transition from metal to semiconductor state. And
in this case the perturbation theory is inapplicable.
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Similar situation occurs in one-dimension with respect to electron-
impurity interactions. Started by Mott and Twose theoretical studies of
this problem show that all one-electron states in 1-d disordered system are
localized and, hence, cannot be calculated using the perturbation theory.
State localization turns the direct current conductivity into zero.

Inapplicability of the perturbation theory is one of the main difficulties
on the way to accomplish the theory of quasi-one-dimensional systems.

These difficulties were being surpassed in different ways.

Regarding electron—phonon interaction the most fruitful method is is to
reduce the set of equations into a completely integrable system which can be
the nonlinear Schrodinger equation, the sine-Gordon equation and others.

Advances in description with respect to electron—electron interactions
turned out to be less pronounced however more yielding regarding the
physics of 1-d systems. The major reason for it lies in well-known compli-
cations of the many—electron theory for systems with an infinitely number
of electrons.

Quantum chemistry and, in particular, the theory of many—electron sys-
tems are based upon the Hartree-Fock approximation. Making a joke theo-
reticians often rephrase the saying “the word came first” into “the Hartree—
Fock approximation came first”.Then various many—electron theories ap-
peared where the wave function must be represented not by one Slater
determinant but an infinite series of these determinants. And if the number
of particles in the system grows as N(N — oo) then the number of terms
in this infinite series must increase at least as e®", where a is a constant
(a = 1). This particular infinite complication of the theory is the main
hindrance for its wide application in calculations. One of the objectives of
the present book is to show , however that very often these difficulties are
being considerably exaggerated. As a rule, having analyzed the Hamilto-
nian of the system under study using the many-electron theory one can
reduce the problem to a simpler Hamiltonian or, or without any loss in
quality construct multiconfigurational wave function of the system which
can be factorized into an antisymmetrized product of one- or two—electron
wave functions. As approximations for a wave function, besides the extended
Hartree-Fock approximation (EHF) described in details in [1], the spinless
fermion approximation in case of strong interactions and the variable local-
ized geminals approximation (VLG) can be mentioned [5].

In the EHF and spinless fermion approximations a many—electron wave
function is finally factorized into the product of single—particle functions
(orbitals), and in the VLG approximation the factorization into the product
of two—particle functions (geminals) is done.

Now we draw the reader’s attention to another aspect of the the-
ory of quasi—one-dimensional systems. Real systems with one-dimensional
anisotropy are, in fact, three-dimensional. In case of a theoretical study it
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is expedient to mentally separate a 1-d subsystem out of the real system
using its specific features.

The separation of a quasi—one—dimensional subsystem goes naturally
through analysis of the total Hamiltonian represented by the sum

A=Y Fnt3 Y Vo, (1)
n n,m

where ﬁn,m is the Hamiltonian of a n-th quasi-one—dimensional substruc-

ture (filaments needles, chains or stacks), and operators Vn,m describe its
interactions with other quasi-one—dimensional subsystems.

Further we assume that the interaction operators include no terms re-
sponsible for electron exchange between separate quasi-one-dimensional
subsystems. And this predetermines the subdivision of the Hamiltonian into
the sum (1). This approximation provides satisfactory description of poly-
acethylenes, donor—acceptor molecular conducting crystals and many other
quasi-one—dimensional systems.

Before we start to consider particular expressions for the Hamiltonians of
electron—phonon systems under study it is worthwhile to note the following.

Most processes of interest in quasi-one-dimensional systems are deter-
mined by the energy spectrum and the nature of elementary excitations of
these systems. The low—energy region of the spectrum is mainly related to
a small part of the total number of the system electrons. This facilitates
a rigorous enough description of electron processes occurring in these sys-
tems. Say, most interesting properties of polyacethylenes originate from the
m—electrons number equals the number of carbon atoms and essentially less
than the total number of electrons in the system.

Studying most significant properties of donor-acceptor molecular con-
ducting crystals it suffices to consider one electron only per a donor—-acceptor
pair. For a TTF-TCNQ crystal it means that only one electron out of 208
is to be considered.

A similar situation occurs in other quasi-one-dimensional systems.

A reduced number of the degrees of freedom of the system requires a
model Hamiltonian parameters of such a Hamiltonian are to be obtained
from experiments on related systems.

In terms of quantum chemistry we should use semi-empirical methods.

Coming back to close similarity in the quantum chemistry and the theory

of conjugated molecules and polymers, we write down a well known Hiickel-
Pople (HP) Hamiltonian [1]

H = E ﬂmmrc:,ﬁ.,cm'a+2 amc}  cmo+
mm'o m

1 + +
5 Ymm'CpeCmoCryigCm'o
mm'o
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+» is an electron creation operator on the m—th site with the spin
0. The HP Hamiltonian allowed to study most interesting properties of
molecules with conjugated bonds.
As a rule, in (2) it suffices to consider electron hopping (a resonance
term) for adjacent atoms only, that is

Bmm' = .B(Rm,m’)6m’,m+l ) (3)

where Ry, m is the distance between m-th and m/'-th atoms. To obtain a
qualitatively correct description of most effects one can use in the electron
interaction operator (the second term in (2)) only first several terms. A
most frequently used approximation is that of Hubbard-Anderson (HA)

where ¢,

TYmn = 705mn . (4)

Sometimes it is of importance to consider electron interactions of the neigh-
boring atoms, that is, to assume

706mn )
mn — 5
¥ {716mi:l,n . (5)

The values of a resonance integral (3) is a function of the distance be-
tween the m-th and (m + 1)-th sites. In conjugated molecules it is suf-
ficient to use the first term of this function expansion in the vicinity of
R = Ry = 1.397 Acorresponding to the c—c bond length in benzene

B(R) = fo — (R — Ro)B" . (6)

The approximations (3)—(6) suffice to study a great number of experiments
except for dynamic (and kinetic) properties of quantum-one-dimensional
systems to explicitly account for vibrational degrees of freedom. This is
done by adding to the Hamiltonian (2) the phonon Hamiltonian

1
Hop = Zhﬂki(b};bki + 5) g (7
ki

where b',:'- is a phonon creation operator of the :—th mode with a quasi-
momentum k.

Starting from (6), the operator of electron-phonon subsystem interac-
tions is chosen like that suggested by Frohlich

He—ph = Z )‘qi(b;-,i - b—q.i)at,aakﬂ,v ) (8)
kq

where a constant Ag; is proportional to the # derivative with respect to R,
that is A’ in (6).

Like other cases, for quasi-one—dimensional systems it is often sufficient
to use only the classical form of the phonon part of the Hamiltonian



