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Preface

Low-dimensional correlated electron systems are a fascinating topic in
condensed matter physics which started in the 1930s, developed in the
1960s and received great attention from physicists during the last decade.
Research into low-dimensional magnetism occupied an important part of
this field, because it originated from electron correlations due to Coulomb
interaction. In the last twenty years the problems of low-dimensional
correlated electron systems has turned from a narrow, special topic of
mathematical physics into one of the central problems of condensed matter
physics. This became true due to the great progress in the miniaturization
of technology, and many great findings in the composition of new materials
like metal-oxides, carbon nanotubes, organic compounds, optical lattices
for ultra-cold quantum gases, etc., in most of which the scale of research is
micro- and nano-physics. New mesoscopic and nano-devices are based on
quantum dots, wires, rings in which the low-dimensionality and quantum
nature are basic features. This, in turn, resulted in the creation and devel-
opment of powerful theoretical and mathematical approaches, like Bethe’s
ansatz, bosonization and conformal field theory. These approaches are not
only important to the pure quantum many-particle theory, but also hap-
pen to be extremely useful in a number of areas related to this theory.
The reason for such an application is that certain important phenomena,
like high-T, superconductivity, physics of magnetic impurities, etc., cannot
seem to be explained in the framework of weak couplings, i.e., perturba-
tive theory, or mean-field-like approach. One-dimensional exact solutions
provide a complete and unambiguous picture of correlated electron systems
and play a role in the basis to further applications of perturbative methods.

The aim of the book is to present an introduction to recent achieve-
ments in theoretical studies of exactly integrable low-dimensional models

vii
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of strongly correlated electrons and spin models. The central topic of this
book is finite size effects in lattice exactly solvable spin and electron mod-
els. However, this book is not a review. A great number of papers were
published since the 1920s till now on exact solutions in one-dimensional
quantum models and it would be completely hopeless to discuss and even
mention them all. (I would like to use this opportunity to sincerely apol-
ogise to those authors whose important contributions are not mentioned
here.) Unfortunately, it is impossible to write about the many very impor-
tant aspects of the Bethe’s ansatz, the main subject of this book, like its
purely mathematical developments, exact solutions of field theory mod-
els, continuous models of interacting electrons, models of systems with
more than one internal degree of freedom (e.g., orbital moments of elec-
trons), systems with lower symmetries, models with long-range interac-
tions, multi-chain quantum models, magnetic and hybridization impurities
in three-dimensional metals, etc., though they are related to the topic of
the book. Some effects, like the behaviour of elementary excitations in
quantum correlated electron and spin chains are also not presented here.
I can only refer the interested reader to some excellent monographs, re-
view articles, collections of reprints, like [Baxter (1982); Gaudin (1983);
Andrei, Furuya and Lowenstein (1983); Tsvelick and Wiegmann (1983);
Schlottmann (1989); Izyumov and Skryabin (1990); Jimbo (1990); Kore-
pin, Bogoliubov and Izergin (1993); Schlottmann and Sacramento (1993);
Korepin and Efiler (1994); Ha (1996); Schlottmann (1997); Takahashi
(1999)].

The structure of this book is as follows. After a short introduction to
statistical mechanics and thermodynamics, I remind the reader of some im-
portant facts about thermodynamics of quantum spins and free electrons
in crystals in Chapter 1. Very important Mermin—Wagner and Hohen-
berg theorems are also presented in this chapter, to explain to the reader
the importance of exact studies in low-dimensional quantum systems. In
Chapter 2 several exact results of one-dimensional theory of quantum spins
are presented. Those theories are relatively simple, but their knowledge
permits us to understand the deeper nature of homogeneous quantum spin
chains. Chapter 3 is devoted to the description of the main aim of this
book — the Bethe’s ansatz in its most known form, the co-ordinate Bethe
ansatz. The development of this method for models of correlated elec-
trons, the nested Bethe ansatz, is presented in Chapter 4. Chapter 5
explains features of the elegant algebraic Bethe ansatz, or the quantum
inverse scattering method to the reader. Hence, the reader experienced
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in Bethe ansatz is, probably, aware of those studies. The main results
of the book are presented in Chapters 6, 7 and 8. Chapter 6 describes
the difference in thermodynamic behaviours of bulk particles with those,
situated at edges (boundaries) of open chains. Similar effects of isolated
impurities are presented in Chapter 7. The reader can see how great the
difference in behaviours of host electrons (spins), and “surface” or impure
ones is. Very often effects for homogeneous hosts and “distinguished” sites
are qualitatively different, and they have to be taken into account when
one interprets data of experiments in low-dimensional electron systems. I
present results for various hosts and impurities, from the simplest ones, to
the more complicated. Chapter 8 gives the description for thermodynamic
behaviour of finite concentration of impurities in correlated electron and
quantum spin hosts. To the best of my knowledge, Bethe ansatz solvable
models are the only example, where it is possible to obtain exact thermo-
dynamic characteristics for correlated electron and spin systems with en-
sembles of impurities, e.g., to investigate the interplay between correlation
effects and disorder exactly. The important method of modern Bethe ansatz
thermodynamics, the quantum transfer matrix approach, is also presented
in that chapter. In Chapter 9 other finite size effects are described. For
example, recent experiments drew attention to studies of quantum topo-
logical effects, like persistent currents in quantum rings with or without
embedded quantum dots. Another aspect of similar finite size effects is
the possibility to extract from them the information about the asymp-
totic behaviour of correlation functions, using the conformal field theory
approach. This is why, in Chapter 9 a short introduction to the scaling
theory and conformal field theory is given. Finally, in Chapter 10 I discuss
which methods can be used beyond exact ones. Here some short descrip-
tions of scaling theory of quantum phase transitions and bosonization are
given. However, all these theories cannot be presented in detail, and I refer
the reader to several excellent books and review articles like [Ma (1976);
Sélyom (1979); Cardy (1996); Di Franchesco, Mathieu and Sénéshal (1997);
Sondhi, Girvin, Carini and Shahar (1997); Gogolin, Nersesyan and Tsvelik
(1998); van Delft and Schoeller (1998); Nagaosa (1998); Sachdev (1999);
Kadanoff (2000)]. T hope that those readers, who are familiar with exact
solutions, will find some new interesting facts about finite size effects in
one-dimensional quantum spin and electron systems, while the book can
serve as an introduction for beginners to introduce them to the beautiful
world of exact solutions.



b'q Finite Size Effects in Correlated Electron Models: Exact Results

My understanding of quantum low-dimensional magnetic systems and
correlated metallic systems has grown over many years. It is a great plea-
sure for me to thank the many friends and colleagues who contributed to
it. First of all T would like to thank my father, who introduced me to
the physics of low-dimensional systems, and V. M. Tsukernik, whose deep
knowledge of quantum physics of magnetism supported me so much. I espe-
cially want to thank my long-term co-authors Pedro Schlottmann, Andreas
Kliimper, Henrik Johannesson, and Holger Frahm for stimulating interac-
tion, helpful suggestions and essential support. I have benefited from and
appreciate interesting discussions with I. Affleck, B. L. Altshuler, N. Andrei,
R. Z. Bariev, B. Doucot, U. Eckern, F. H. L. E8ler, P. Fulde, T. Gia-
marchi, L. I. Glazman, F. D. M. Haldane, A. G. Izergin, Y. S. Kivshar,
V. E. Korepin, I. V. Krive, V. E. Kravtsov, H.-J. Mikeska, P. Nozieres,
A. A. Ovchinnikov, L. A. Pastur, N. M. Plakida, A. S. Rozhavsky, E. Runge,
F. Steglich, P. Thalmeier, A. M. Tsvelik, P. B. Wiegmann, Yu Lu, and
J. Zittartz. Finally, I am very grateful for all the valuable support as well
as suggestions from my wife, Natasha.

A. A. Zvyagin



Contents

Preface

1. Introduction

1.1 Why is the Topic of the Book Worthwhile Studying? . . . .
1.2 Thermodynamics. . . . . . . . ... .. ...
1.3 Statistical Mechanics: Simple Models . . . . . ... .. ..
1.4 Mermin—Hohenberg Theorem . . . . . . . ... ... ... ..

2. Quantum Spin-3 Chain with the Nearest-Neighbour Couplings

2.1  One-Dimensional Spin Hamiltonian . . . . .. ... .. ..
22 IsingChain . . . . ... ... L oo
2.3 Isotropic XY Ring . . . .. .. ... .o
2.4 TIsing Chain in a Transverse Magnetic Field . . . . . . . ..
2.5 Dimerized XY Chain . . . .. ... ... ... ... ....

3. Co-ordinate Bethe Ansatz for a Heisenberg—Ising Ring

3.1 Bethe Ansatz . . . . . . .. .. ... ...
3.2 Simple Solutions of the Bethe Ansatz Equations: Strings .
3.3 Thermodynamic Bethe Ansatz . . . . ... ... .. ....
3.4 The Ground State Behaviour . . . . . ... ... ... ...
3.5 Magnetic Field Behaviour in the Ground State: Wiener—

Hopf Method . . . . . . .. .. .. ... ... ...

4. Correlated Electron Chains: Co-ordinate Bethe Ansatz

4.1 Hubbard Chain . ... .. ... ... ... .. ... ....
42 ¢-JChain . . . . . ...

xi

vii

BTG, QSO

17

25

26
27
30
35
38

49

49
95
o7
62

66



xii Finite Size Effects in Correlated Electron Models: Exact Results

5. Algebraic Bethe Ansatz 115
5.1 The Algebraic Bethe Ansatz for a Spin—% Chain . ... .. 115
5.2 SU(2)-Symmetric Spin-S Chain . . . . ... ... ... .. 124

5.3 The Algebraic Bethe Ansatz for Correlated Electron Models 137

6. Correlated Quantum Chains with Open Boundary Conditions 149

6.1 Open Boundaries. XY and Ising Chains . . . . . .. .. .. 149
6.2 Open Boundaries: Co-ordinate Bethe Ansatz for the
Heisenberg—Ising Chain . . . . ... ... ... ... .... 153
6.3 Open Boundaries. The Algebraic Bethe Ansatz . . . . . . . 164
6.4 Open Hubbard Chain . . . . .. ... ... ... .. .... 171
6.5 Open Supersymmetric ¢-J Chain . . . . .. ... ... ... 181
7. Correlated Quantum Chains with Isolated Impurities 189
7.1 Impurities in XY Chains . . . . . . ... ... ... .... 189
7.2 Impurities in Spin Chains: Bethe Ansatz . . . . .. .. .. 200
7.3 Impurity in Correlated Electron Chains . . . . . . . . . .. 219

8. Correlated Quantum Chains with a Finite Concentration

of Impurities 243
8.1 Impurities’ Bands . . . .. .. .. ... ... 243

8.2 Disodered Ensembles of Impurities in Correlated Chains.
“Quantum Transfer Matrix” Approach . . ... ... ... 262
9. Finite Size Corrections in Quantum Correlated Chains 285
9.1 Finite Size Corrections for Quantum Spin Chains . . . . . 285
9.2 Finite Size Corrections for Correlated Electron Chains . . . 294
9.3 Elements of Conformal Field Theory . . . . . ... ... .. 304
9.4 Asymptotics of Correlation Functions . . . . . ... .. .. 316
9.5 Persistent Currents in Correlated Electron Rings . . . . . . 323
10. Beyond the Integrability: Approximate Methods 335
10.1 Scaling Analysis . . . . . . . .. ... ... 335
10.2 Bosonization . . . . .. ... Lo 339
Bibliography 395

Index 365



Chapter 1

Introduction

In this chapter we shall remind the reader of some basic ideas of thermo-
dynamics and statistical physics of interacting electron and spin systems.
We shall show how thermal fluctuations destroy long-range order in low-
dimensional quantum interacting systems at any nonzero temperature if
only short-range interactions are present.

1.1 Why is the Topic of the Book Worthwhile Studying?

Low-dimensional electron systems (insulating magnets and conductors)
have been an active topic of scientific research long before their experi-
mental realization in organic conductors, polymers, Peierls insulators and
nanoscale and mesoscopic systems, e.g., quantum wires and edge states of
the fractional quantum Hall effect devices. There are several principal dif-
ferences between one space dimension and higher dimensions, most of which
can be traced back to the reduced phase space in one dimension. Key prop-
erties distinguishing one-dimensional systems used to be connected with
thermal fluctuations destroying long-range order at any nonzero tempera-
ture if only short-range interactions are present and quantum fluctuations
tending to suppress a broken continuous symmetry, the spin-charge separa-
tion (the charge and spin content of wave functions of electrons move with
different speeds), the breakdown of the Fermi liquid description, i.e., ab-
sence of Fermi liquid quasiparticle pole in the Green’s function (it becomes
a marginal Fermi liquid or Tomonaga—Luttinger liquid with collective exci-
tations due to global conformal symmetry), and the localization of electrons
with even a small amount of disorder.

During recent years the interest in the strongly correlated electron
and quantum spin systems has grown considerably. Usually low-lying
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electron-hole excitations of three-dimensional metals are successfully de-
scribed within the phenomenological Landau’s Fermi liquid theory. A Fermi
liquid is the Fermi sphere and a gas of weakly interacting between each other
quasiparticles defined via poles in one-particle Green’s functions. Quasipar-
ticles continuously evolve from free fermions when the interaction is adi-
abatically switched on. This is why, they have the same sets of quantum
numbers and statistics as noninteracting electrons. In one space dimension
the residue of the Fermi liquid quasiparticle pole vanishes and it is replaced
by incoherent collective excitations, which follow from the global conformal
symmetry. These excitations involve non-universal power-law singularities,
which, in turn, determine the asymptotic behaviour of low-energy corre-
lation functions. Although the Fermi surface is still properly defined, the
discontinuity (jump) of the momentum distribution at the Fermi surface
disappears, due to the above mentioned singularities. Systems displaying
such breakdown of the Fermi liquid picture and exotic low-energy spectral
properties are known as Tomonaga—Luttinger liquids.

On the other hand, in a number of recent experiments on the low-
temperature behaviour of the rare-earth compounds and alloys, which are
essentially three-dimensional, the non Fermi liquid character of the be-
haviour of the specific heat, magnetic susceptibility and (magneto) resis-
tivity has also been observed during last couple of decades. It was pointed
out recently that these features of the non Fermi liquid characteristics can
be explained using the concept of the disordered behaviour of magnetic
impurities in such systems. Superconductivity and antiferromagnetism in
low dimensions has regained interest with the discovery of high-T, super-
conductors and new heavy fermion superconductors. Very anisotropic mag-
netic and transport properties of the former arise primarily from the CuO
planes there. Many of normal state properties of the two-dimensional high-
T, superconductors are very different from normal metals and cannot be
reconciled with a standard Fermi liquid theory. A marginal Fermi liquid
picture, similar to the one of one-dimensional electron systems, has been
proposed to explain some of these features. Models of stripe-like effec-
tively one-dimensional structures were proposed to explain some essential
properties of high-T, cuprates and heavy fermion Kondo lattices. The one-
dimensional Kondo lattice model, realization of which is often considered
as realistic model for heavy fermion materials, is still poorly understood.
One can say that the finite concentration of magnetic impurities and ran-
dom distribution of their characteristics (Kondo temperatures) will give rise
to frustration, spin gap, non Fermi liquid critical behaviour and possible
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additional magnetic phase transitions (similar to metamagnetic ones). Pos-
sible implications of one-dimensional strongly correlated electron systems
other than high-T, superconductors could be new metal-oxides with ladder
structure, and the edge states of the fractional quantum Hall effect, heavy
fermion systems, etc. Ladder spin or correlated electron structures are non-
trivial examples of quantum systems with the properties of both one- and
two-dimensional models.

A substantial level of understanding of one-dimensional quantum cor-
related electron and/or spin systems has been reached over the past years.
The exact solution with the help of the Bethe’s ansatz of numerous mod-
els together with field-theoretical studies have provided deep insight into
the ground state of systems, the complete classification of states, thermo-
dynamic properties, and an asymptotic behaviour of correlation functions.
Within the Bethe ansatz method the eigenfunctions and eigenvalues of the
stationary Schrédinger equation are parametrized by a set of parameters
known as rapidities. A system with internal degrees of freedom (such as a
spin) requires a sequence of additional, nested Bethe ansatz for the wave
function. In fact, each internal degree of freedom gives rise to one set
of rapidities. Independently of the symmetry of the wave function and
spin, eigenstates are occupied according to the Fermi-Dirac statistics, be-
cause hard-core particles are considered. Usually, in the ground state (and
at low temperatures) each internal degree of freedom contributes with one
Fermi (Dirac) sea. Fermi velocities of these Fermi seas are, generally speak-
ing, different from each other, giving rise to the effect of charge and spin
separation.

Over the past decade finite size effects in one-dimensional systems have
been of considerable interest. The finite size of a system (e.g., an electron
conductor or a magnetic chain) manifests itself in several ways. First,
impurities are important in low-dimensional quantum systems, since their
contribution to extensive quantities (e.g., the energy, charge and magnetic
susceptibilities, resistance and specific heat) can become relatively large and
observable. Boundaries and edges of open chains behave as some special
sort of impurities with many similarities and differences in their behaviours.
Second, the finite length of a mesoscopic (nanoscale) quantum chain (wire)
or ring gives rise to quantum topological effects, i.e., to persistent currents
with oscillation periods given by interferences of the Aharonov—Bohm and
Aharonov—Casher type. Finally, finite size corrections to the energy of
a one-dimensional system determine critical exponents of the asymptotic
dependence at large distances and long times of correlation functions via
conformal field theory.
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Integrable impurity models that represent realistic situations are a spin
(magnetic) impurity in quantum spin chains and the Anderson hybridiza-
tion impurity, in correlated electron chains. Similar behaviour was observed
in Kondo, mixed-valent and heavy-fermion systems. Persistent currents
have been observed experimentally in small quantum metal or semicon-
ductor rings in the geometry of the Aharonov—Bohm effect. Persistent
charge and spin currents arise from the magnetic flux and a radial electric
field through the ring, respectively. Quantization of fluxes leads to peri-
odic oscillations of currents. It is often important to know the influence of
magnetic impurities on persistent currents — this situation was recently re-
alized experimentally in nano-size devices, in which so called quantum dots
were embedded into quantum rings, where electron—electron correlations
play an essential role. The study of impurities or boundary potentials in
strongly correlated electron systems is a relatively new subject of investiga-
tions of the past decade. In one-dimensional quantum models, due to the
singularities in the density of states and collective excitations (Tomonaga—
Luttinger liquid properties) both impurities and interactions in the host
have to be examined with exact methods, because a perturbative approxi-
mate approach or a mean field-like theory could provide even qualitatively
incorrect results there. The interplay of interactions between electrons and
magnetic impurities can dramatically change low-energy properties in one-
dimensional quantum systems. Recent experiments on nanoscale quantum
rings with quantum dots embedded (applied point contact voltage) connect
the problem of impurities with that of conductance (closely related to recent
developments of theory of open low-dimensional electron systems), meso-
scopic persistent current and Coulomb blockade oscillations. The problem
of recent experiments on conductance oscillations for chiral edge state cur-
rents of the fractional quantum Hall effect in two-dimensional electron gas
and singularities of angle-resolved photoemission spectra of one-dimensional
electron systems are also deeply connected with low-temperature charac-
teristics of low-dimensional highly correlated electron systems.

In the present book we want to introduce the reader to the interesting
world of Bethe ansatz solvable (sometimes one uses the word integrable)
models of correlated electron systems in one space dimension. Our goal is to
give the reader descriptions of the main methods of the Bethe ansatz and to
show how the finite size effects, which we discussed above, can be described
in the framework of the Bethe ansatz theories. Unfortunately, we cannot
present all results here, which were published during recent years, and fol-
low only some, important (in our mind), main steps of the development of
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such theories. This is why, we want to apologize to those authors, whose
(very important) papers are not cited in this book, only because of the lack
of space and time. We also would like to apologize to the reader, who looks
for the proper description of approximate methods, used to describe one-
dimensional correlated electron systems. We shall mention those methods
only briefly, because those results have been reviewed in several brilliant
books and review articles. Finally, the book is devoted only to theoreti-
cal description of one-dimensional correlated electron systems, as a result
applications of the results to very interesting experiments (as well as the
description of those experiments themselves) are beyond the scope of our
book.

1.2 Thermodynamics

Thermodynamic potentials as a function of its natural (independent) vari-
ables completely determine the total thermodynamics of any system. Other
important quantities can be expressed as derivatives of thermodynamic po-
tentials. There are several such potentials. The most known is the internal
energy, F/, with the natural variables S, the entropy of our system, and V,
the volume, with

dE = TdS — pdV | (1.1)

where T is the temperature and p is the pressure. The other thermodynamic
potentials are obtained from the internal energy by Legendre transforma-
tions. If one has a convex function f(x) (i.e., such that its second derivative
with respect to x is positive, f”(x) > 0), the Legendre transform f(z) is
f(x) = 2y — f(z), where x(y) is defined as a root for given y of the equa-
tion y = 0f/O0x (the convexity guarantees that this equation can be solved
for any y that lies between the maximum and minimum gradients of f).
Obviously Legendre transformations are invertable. It also turns out that
f(x) = f(x). Then the Helmholtz free energy, F, which is the function of
the natural variables T" and V', can be obtained as

dF = d(E — TS) = —8dT — pdV . (1.2)

The Gibbs free energy, G, is the function of the natural variables T" and
p. [The fourth thermodynamic potential, H, which should not be confused
with the value of the magnetic field, see below, is the function of the natural
variables § and p.] The connection between the Gibbs free energy and the
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Helmholtz free energy is
G=F+pV. (1.3)

The temperature is the natural variable of the Helmholtz free energy, and
also other macroscopic parameters, which determine the energy levels of the
system, are natural variables too. For example, a simple magnetic system
has the Helmholtz free energy F(T, H), where H is an external magnetic
field. In such a case the Gibbs free energy is the Legendre transform of
F with respect to its second natural variable (e.g., G(T, M) = F + HM,
where M is the magnetization of the system).

Usually one distinguishes extensive (i.e., proportional to the mass of the
system) and intensive variables. The Helmholtz and Gibbs free energies are
both extensive variables. There are two different ways the energy of the
system can be changed: one can work on the system, or one can supply
heat to it. The change of, e.g., the internal energy, is dE = TdS — pdV,
where the first term is the supplied heat and the second term manifests the
work done on the system, both in a reversible change.

For any system, the natural variables for the Helmholtz or Gibbs free
energies are the temperature and an intensive variable, while the natural
variables of the other are T' and an extensive variable (¢f. H < M for a
magnetic system). The per-particle value of the free energy whose natural
variables are intensive is usually called the chemical potential, . Often one
also introduces free energies and other extensive variables per unit mass (e,
f and g or s and m, respectively).

For the magnetic system one has

B dg\ of
().,

_ ory _ (251
=1-1(50),- (%),

_ (o1
w=(a1),

(2,
om ),

where the subscript denotes the fixed variable and 3 = (kgT)~! (kp is
the Boltzmann’s constant, equal to 1.38x10723 JK~!; in what follows we

and

(1.5)
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shall put it equal to 1, except for specially mentioned places, i.e., we shall
measure the temperature in energy units). The magnetic susceptibility xr
and the specific heat, ¢, at constant temperature are then

XT = — <%)T (1.6)
and
(21 0
H

respectively. One can also define the specific heat at constant volume, cy .
By writing dE = ¢y dT — prdV (where pr is the isothermal pressure), we
get cy = T(0S8/0T)v, i.e., the entropy is S(T,V) = fT AT’ ey (V, T") /T’
(up to some arbitrary function of the volume).

1.3 Statistical Mechanics: Simple Models

When discussing the properties of quantum exactly solvable models we
shall mostly be concerned with thermal equilibrium. Here, together with
the thermodynamics, we need the help of statistical mechanics, because
it predicts the behaviour of a system with a great number of degrees of
freedom, given the laws ruling its microscopic behaviour. For systems in
thermal equilibrium a simple relationship between microscopic properties
and macroscopic behaviour takes place. Let us label the different micro-
scopic configurations of the system by the index a. These configurations
used to be called microstates. Depending on a system, microstates may
form either a continuous set (common for classical systems), or discrete
one (usual for a quantum system, e.g., in a finite volume: an example of a
discrete set of microstates are the eigenstates of a quantum Hamiltonian; we
shall mostly consider that situation in what follows). Even a system whose
Hamiltonian possesses discrete eigenstates can also be in a continuum of
states. The reason for such a property is due to a state being specified
by giving the magnitude for the considered system to be in each one of a
complete set of basic states. It turns out that these magnitudes are con-
tinuous variables. Nonetheless, in the framework of statistical mechanics
one usually operates with averages, and averaging the expectation value of
some quantum operator over all possible states produces the same result as
taking the average of only the members of a complete set of basis state.
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Denote the internal energy of some microstate o with E, and let the
system be in thermal equilibrium with a heated bath (sometimes called
a thermostat) at temperature T. The probability p, of the system being
found in the microstate « is

Pa = Z ' exp(—pBE.) . (1.8)

All time-independent properties of the considered system in thermal equi-
librium follow from this fundamental formula. The normalizing factor Z is
usually called the partition function: any system must always be in some
state, naturally, so that the total of p, must be one (i.e., Y po =1). It
yields for the partition function

Z = exp(—fEa) . (1.9)

This formula is known as the Gibbs probability distribution. The thermal
average (X) of any operator X of the system can be found if one knows mi-
crostates and energies of them, and knows the value X, in each microstate.
Then we obtain

(X) =) Xapa =2 Xaexp(—BE,) . (1.10)

Actually the Gibbs distribution provides a connection between microscopic
laws in a system and its behaviour in a thermal equilibrium.

The partition function Z is a function of temperature and of the pa-
rameters which determine the energies of microstates (usually called con-
straints). For instance, an external magnetic field H is such a constraint for
a magnetic system. A mechanical work is done on a system by varying the
constraints. In fact the reader can see that all the properties of the system
can be obtained from the functional dependence of the partition function
on T and the constraints.

According to the above, the mean (internal) energy of a system in ther-
mal equilibrium is

E(=(E))=2Z"'> Esexp(—BE.) . (1.11)

It is the sum of all microstates of energies of all microstates weighted by
the probabilities that the system is in those microstates. Naturally, it
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follows that

E::—(82f>v (1.12)

(i.e., no mechanical work is done on the system). The specific heat of
the system in a change at which constraints do not vary, e.g., at constant

volume, is
OF o (0*InZ
= —_— = - 1.1
v (aT)V ’ ( 0 >V )

Hence, changes in the energy of the system must be due to a supplied heat.
Therefore, cydl’ = T'dS, and one gets ¢y = —3(0S/98)v. Finally, the
entropy of the system can be written as

olnZ
Sz—ﬁ( a3 >V+an (1.14)

up to an arbitrary function of the volume (which is a function of the con-
straints on the considered system; the third law of the thermodynamics
requires the entropy of the system to be a constant at " — 0 which deter-
mines that function to be zero). It is easy to find the Helmholtz free energy,
for which the natural variables are the temperature and the constraints,

F=-ThhZ (1.15)

which can also be re-written as Z = exp(—GF).

It is possible to introduce many constraints. For a magnetic sys-
tem the magnetization M; (conjugate to the constraint H;) is M; =
T(0InZ/0H;)u,., s with other constraints fixed. Such equations are known
as the equations of state for the considered system. This implies that a sys-
tem with N constraints has 2V — 1 possible Gibbs free energies. The latter
differs in the choice of constraints.

As a result, the knowledge of the partition function (which can be found
from the knowledge of all the energies of microstates of a system), means
the knowledge of all thermodynamic potentials and other thermodynamic
characteristics. The Hamiltonian then is the function H of states a and con-
straints. The fundamental task of quantum mechanics is to find the states of
the Hamiltonian and related energies E,. Then statistical mechanics finds
the partition function of a system in thermal equilibrium. Finally, with the
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help of thermodynamics, one can find all necessary thermodynamic poten-
tials and other thermodynamic characteristics of the considered quantum
system.

Let us consider as an example L quantum spins % situated in an exter-
nal magnetic field. The Hamiltonian of this system is called the Zeeman
Hamiltonian. Suppose the magnetic field H is directed along the axis z,
then the Zeeman Hamiltonian is

L
Hz=-HY S7, (1.16)
j=1

where S7 is the operator of z-projection of the j-th spin, and one has L
spins. Notice, that in what follows we shall use the effective magneton,
i.e., the coefficient between the mechanical (spin) moment and magnetic
moment equal to 1, except for specially mentioned cases. Usually these
values are related via gup, where g is the effective g-factor of the magnetic
ion and pp = he/2m is the Bohr’s magneton, where —e denotes the charge
of an electron and m denotes its mass. The value of the Bohr’s magneton
is equal to 9.27x10~24 JT—L.

The partition function of these noninteracting spins can be written in a
simple form

H\E
Z = | 2cosh — . 1.17
( cos 2T) (1.17)

The Helmholtz free energy per spin is equal to
f=-T1In[2cosh(H/2T)] . (1.18)

It is the smooth function of temperature, and, therefore, there is no phase
transition for noninteracting quantum spins. One can calculate the specific
heat per spin:

H2
 AT2cosh®(H/2T) '

cH (1.19)

which shows that cg — 0 for T'— 0 and T" — oo and has a maximum as
a function of temperature. The magnetization per spin m? is calculated to
be

m® = %tanh(H/2T) ) (1.20)
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T

Fig. 1.1 The dependence of the specific heat on temperature for a spin—% in a magnetic
field H = 1, arbitrary units.

i.e., m* — 0 for H — 0 no matter what the value of T is and m* — :I:%
for H — +o0o. The magnetic susceptibility is

X = [4T cosh?(H/2T)] 7!, (1.21)

which tends to zero for high and small temperatures. In the ground state
(i.e., at T = 0), the magnetization per site is zero at zero value of the
magnetic field and takes its nominal value (i.e., :I:% for positive and negative
values of H, respectively) at any, even infinitesimally small value of |H|.
The illustration of the temperature behaviour of the Zeeman system is
presented in Figs. 1.1 and 1.2.

As the second simple example, let us consider the thermodynamics of
N noninteracting electrons. The Hamiltonian of these electrons is equal to

K2 0? 0? H?
Hfree—_% (@4’8—2!24-@) s (1-22)

where m is the mass of a free electron. The wave function of this equation
¢ = V=12 exp(ikr), where V = L3 is the volume of the system and k is the
wave vector of an electron. The eigenfunction of the stationary Schrédinger
equation is

—thQ.

E=—
2m

(1.23)

The value of the wave vector is related to the wave length A as |k| = k =
27 /. Connecting the momentum p and the wave length with the de Broglie
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T

Fig. 1.2 The dependence of the magnetic susceptibility on temperature for a spin-% in
a magnetic field H = 1.

relation A = 27h/p, one obtains

1 1
E=—p*=—mv? 1.24
= (1.24)
which is nothing other than the classical energy for a free particle of the
mass m and velocity v. The value of k is determined from the boundary
conditions. Periodic boundary conditions require ¥(x + L,y, 2) = ¥(z,y, 2)

with similar relations for y and z. It defines the wave vectors as

21
Fae = s (1.25)
where n, . = 0,£1,£2,.... On the other hand, for open boundary
conditions ¥(0) = (L) = 0; in each direction the eigenfunctions are
standing waves 1) = (1/2/L)?sin(nymx/L) sin(nymy/L) sin(n,mz/L), where
Ngy.> = 1,2,.... It implies that boundary conditions introduce a quanti-

zation into such a simple problem: not every value of k (related to the
momentum of a particle) pertains to eigenfunctions of the Hamiltonian.
Actually we see that the distribution of numbers n = {ng, .} deter-
mines states of free electrons. However, the reader remembers that due to
the Pauli’s principle each electron can only be in one state. A very im-
portant level is the one which divides the filled and vacant levels of free
electrons in the ground state (known as the Fermi level ng), as the func-
tion of the number of electrons N. The number of states, which have n less
than a certain value np is 2 x (47/3)n3. in a three-dimensional space, where
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the first multiplier takes into account the degeneracy due to two possible
values of spins of electrons (for H = 0). That implies (87/3)n% = NL3.
At T = 0, the energy, related to ng, is equal to

R2 (27> h2
=Fp=— (=) n%=-—@3Br°N)¥3 . 1.2
Bnr) = B =g (7 ) b = 5 (3n) (1.26)

It is known as the Fermi energy (sometimes it is used to speak about the
Fermi temperature Tr = Er/kg). The Fermi velocity of free electrons can

be defined as
vf = ,/2E—F = E(SW2N)1/3 : (1.27)
m m

It is often important to find the number of states per unit energy range per
unit volume as a function of the energy. Let us denote the density of states
g(E). One gets in the ground state

/g(E)dE =N= 3%(2mE/h2)3/2 (1.28)
and, hence,
g(E) = 2—;(2m/h2)3/2\/ﬁ : (1.29)

By the way, for the two-dimensional free electron system one has n% =
NL?/2rm, Er = (h?/m)nN, v = (h/m)v27xN and g(E) = m/nh?, while
for the one-dimensional one we get n% = N2L%/4, Ep = (h?/2m)m>N?,
vF = (h/m)nN, and g(E) = (1/7h)\/m/2E~/2, i.e., for small E the den-
sity of states of low-dimensional electron systems is enhanced in comparison
with the usual three-dimensional situation.

In the thermal equilibrium the partition function of free electrons with
energies E'is Z = Y (1+exp[(u— E)/T]), where the sum is over all possible
states of electrons. Then, the Helmholtz free energy per state is

fstate = =T'In(1 + exp[(p — E)/T]) . (1.30)

The mean number of particles per state in the thermal equilibrium is equal
to

_afstate _ 1
O exp[(E—p)/T]+1°

np = (1.31)
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It is called the Fermi-Dirac distribution function. This function defines
the distribution of an ideal gas obeying Fermi statistics, i.e., for which the
Pauli principle works. In the thermal equilibrium the number of electrons
dN with the energies between F and E + dF is given by

AN = np(E)g(E)dE = 2—7172 (

2m) 82 /EdE

%) o (1.32)

One can introduce the chemical potential p as the Lagrangian multiplier,
and it is determined from the condition that the total number of electrons
must be constant [ dN = N (and the total energy should also be constant).
The chemical potential plays the role of the Fermi energy of electrons at
nonzero temperatures. In a high temperature limit np(E) reduces to the
classical Boltzmann distribution law. In the ground state it is a step func-
tion, i.e., np(E < Ep) =1for E< Erp = u(T =0), and np(E > Er) =0
otherwise. Hence, at T = 0, one gets N = (1/372)(2mEr/h?)*/2, in
agreement with the above. At any temperature one has np(E = u) = %
The Fermi-Dirac distribution is called degenerate when 7" < p© and non-
degenerate when T > p, i.e., in the classical Boltzmann limit.

We can write the internal energy per unit volume of the free electron
gas as

e= /00 Enp(E)g(E)dE . (1.33)
0

For standard metallic systems the Fermi energy Er is often of the order of
several electron-Volts. Hence, it is important to know the behaviour of the
thermodynamic characteristics at low temperatures. Consider the integral
I = [ np(E)[dF(E)/dE)dE, where F(E = 0) = 0 is any function. Inte-
grating by parts one gets I = — fooo nw=(E)F(E)dE. Expanding F(E) by
Taylor’s theorem F(E) = F(u)+ (E — p)F' (1) + (1/2)(E — )2 F" (1) + - - -
one obtains I = LoF(p) + L1F'() + LoF" () + -+, where L, = — [;*
(E—p)"nn(E)dE. It is possible to replace the lower limits on the integrals
by —oo at low temperatures. Then the reader can see that Lo =1, L; =0
(as well as for any odd n, because n/-(u) is an even function of £ — u), and

27 g oo (T4 e7)2 6 (1:34)

_T_2/°° z2e®dx w272

This expansion is known as the Sommerfeld expansion. To determine the
number of electrons N one can use the function F(F) = fOEg(E)dE,
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so that

N = /OOO np(E)g(B)dE = /O#g(E)dE LTy

AR (1.35)

Taking into account that fOEF g(E)dE = N, one gets

7T2T2
F

which describes the low temperature corrections to the free energy. The

function F(F) = fOE Eg(E)dE can yield the internal energy of free electrons

per site at low temperatures

Ry
12

e~eo+ (u— Ep)Erg(Ep) + g(Ep)+--- =

2
eo + %Q(EF)TQ + -, (137)

where eg = 3NEp/5 is the ground state energy. The low temperature
specific heat per unit volume of the free electron gas can be written as

2

where the low temperature Sommerfeld coefficient of the specific heat per
unit volume is equal to
n2g(Er) 72N

v = 3 = T (1.39)

It is possible to introduce the Zeeman effect of an external magnetic
field H on spins of electrons as the renormalization

9(E) — %(Q[E + (H/2)] = glE - (H/2)]) , (1.40)

which implies that the magnetization of the free electron gas per site is
= 1
"= / 5 YIE + (H/2)] = g[E — (H/2)])nr(E)AE . (1.41)

At small values of H one obtains m* ~ H [ ¢'(E)np(E)dE ~ Hg(u).
Then we can use the function F(E) = OE ¢ (E)dE, which implies that
at low temperatures the magnetic susceptibility of the free electron gas is
proportional x ~ g(Er) = 3N/2EF, i.e., it is finite and proportional to the
density of states at zero temperature, or inversely proportional to the Fermi

energy. This is the famous Pauli paramagnetism of the free electron gas



16 Finite Size Effects in Correlated Electron Models: Ezact Results

(naturally, the orbital moment of charged electrons produces the Landau’s
diamagnetic term, the derivation of which we shall not reproduce here).

It is also worthwhile mentioning that the energy of the tight-binding
lattice model of electrons with the Hamiltonian

Hip=—t» > (af jarys0+He) (1.42)
5 o

where af , (ar,) creates (destroys) an electron with the spin projection o
at the lattice site r, t is the hopping integral, and the sum is over the nearest
neighbour sites, is reduced to the energy of the free electron gas in the limit
of small inter-site distances. Hence, in this limit one can use the above
results for the lattice tight-binding model of noninteracting electrons, too.
On the other hand, lattice effects can be included into the renormalization
of the values of g(E) etc. For example, the density of states of the d-
dimensional lattice can be obtained due to the equality

g(E)dE = ;/—2 / d?k (1.43)

where Z is the number of electrons per unit cell, k is the wave vector defined
up to the addition of an arbitrary linear combination of basic vectors h of
the reciprocal lattice of the crystal,

d
E(k)=E <k +> naha> , (1.44)
a=1

(no are integers), and the integral is extended to the region within one
cell of the reciprocal space, in which F < E(k) < F 4+ dE. Then an easy
calculation yields

9(E) = ;—2 Z/S a5 : (1.45)
br

(B) 4 [(0Ex)\?

where the summation ), . extends over all branches of E(k), S(F) for each
branch is defined by E(k) = E, and dS is the length of an infinitesimal
portion of S(E). Then the analytic singularities of the density of states
can originate from the so-called critical points of E(k), i.e., the points (let
us call them E.) where the derivatives 0E/0k, vanish. The analysis shows
that in one space dimension such critical points are related to the extreme
energies (edges) of each branch, where the singularities of the density of
states are g(F) ~ |E — E.|~'/2. For the two-dimensional lattice there
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is a logarithmic feature g(E) ~ In|E — E.| at saddle points in the two-
dimensional space, while there are no singularities in the three-dimensional
case. These features of the behaviour of the density of states are known as
van Hove features due to L. van Hove.

1.4 Mermin—Wagner—Hohenberg Theorem

In our book we want to review some exact results for interacting elec-
tron and quantum spin systems. Most of these results are obtained for
low-dimensional quantum systems. Why is it important to study low-
dimensional quantum systems exactly? It is clear that at low tempera-
tures most thermal fluctuations of quantum systems are frozen, and they
do not play an important role for such a situation. However, as the reader
knows from quantum mechanics, there can exist zero temperature quan-
tum fluctuations which mostly determine the ground state (for T' = 0)
and low-temperature behaviour of electron systems. These quantum fluc-
tuations are enhanced in low-dimensional systems, due to features of the
low-dimensional density of states. If one considers a many-body system, in
which an ordering takes place, then it is relatively simple to study the low-
temperature thermodynamics of that system, because one can describe the
many-body system using a simple wave function of a single particle. The
nonzero order parameter means that it has the same value at any place of
the system, and, hence, many-body effects are not so important (although
those many-body effects produce an ordering). On the other hand, for a
system in which there is no ordering, but an interaction between electrons
exists, one cannot use a single-particle description a priori.

This is why it is very important to present here the theorems due to
N. D. Mermin and H. Wagner and to P. C. Hohenberg, who stated that
isotropic Heisenberg systems with nearest-neighbour exchange interaction,
Bose liquid and interacting electron system do not manifest spontaneous
ordering for any nonzero temperature.

For example, for a low-dimensional magnetic system it means that there
is no spontaneous, at H — 0, magnetization in it.

The proof of this statement is based on the famous inequality due
to N. N. Bogolyubov for operators A and C' and some (yet undefined)
Hamiltonian:

o (LA ARG, 7, €1 > (G0, ADP (1.46)
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Here we use the standard notations of statistical mechanics from the pre-
vious section. Also, [.,.] ({.,.}) denote (anti)commutator, and AT is the
operator, Hermitian conjugated to A. Let us define

/

(4,B) = 3 (alAla’)" (0] Bla') g=—"5, (1.47)

where p, = Z ! exp(—BE,) and the summation is over all pairs of states,
except those with E, = FE,/. The reader can observe that

Pa — Po’ DPa + Do
0< E. L. < 5T (1.48)

which implies (A, A) < ({A, AT})/2T. Then, by using the Schwartz in-
equality (A, A)(B,B) > |(A, B)|? for B = [CT,H] and (A, B) = ([CT, AT])
with the equality (B, B) = ([CT,[H, C]]), one proves Eq. (1.46).

To prove the Mermin—-Wagner theorem let us apply the Bogolyubov
inequality to the quantum Hamiltonian of an interacting spin system

= I —1")S:S — H 57 exp(—iKr) , (1.49)

r,r’

where r and r’ run over lattice sites of some multi-dimensional lattice, peri-
odic boundary conditions are used for L spins, S7¥* are operators for the
projections of spin S in the r-th site of the lattice, and the sum > r2J(r)
converges (this is, naturally, the case for the nearest neighbour coupling).
As for K, it is zero for the ferromagnetic situation, and exp(iKr) = %1 for
the same (different) sublattices in the antiferromagnetic situation. Then we
take the standard Fourier transforms of all three projections of Sy and J(r),
and define C' = Slf and A = 57, . The application of the Bogolyubov
inequality yields

3(5Lac Scach) 2 AT (17 20706) = 70¢ 1)

—1
X (457, Se + {55, ST 1) + 2LHmZ) , (1.50)
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where m* = L™}~ (S7? exp(iKr)). The denominator of the last formula is
positive. One can also show that

L Z k') — - k)[(482 S5 + {Sk/, S~} +2LHmM?

< L~ 1|ZJ [1— exp(ikr)] Y (45%10 5% + {Sih, ST 1)
kl

+2L[Hm?| <AL J(r)[1 — cos(kr)|S(S + 1) + 2L| Hm”|

< 2L <k25(5+ 1)Zr2|J(r)| + |Hmz|> : (1.51)

Then we replace the denominator by its upper bound from the last inequal-
ity and sum both sides of Eq. (1.50) over k. It yields

2T (m?)? 1

S(S+1) > 2 SE RS, @+ T

(1.52)

Then, in the so-called thermodynamic limit, L — oo, we can proceed with
the calculation of the sums (integrals in the thermodynamic limit), inte-
grating only over the first Brillouin zone, which produces

2mS(S + 1)1

z\2
(") < T + 1/ )

(1.53)

for the two-dimensional case, and

" S(S+1) ’
(m*)? < |H|I<2Ttan1 I/|Hmz|> (1.54)

for the one-dimensional case, where I = S(S + 1)kZ>"_r?|J(r)| and ko is
the characteristic vector in the k-space, related to the distance from the
origin to the nearest Bragg plane. Taking the limit of small values of the
magnetic field H, we finally reach the following inequalities

C

|m?| < —— (1.55)
T|ln|H||
for two space dimensions and
B C/|H|1/3

for one space dimension, where C' and C’ are some constants.
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These inequalities actually state that for any nonzero temperature there
is no spontaneous magnetization (or spontaneous magnetizations of any
magnetic sublattices) for one- and two-dimensional Heisenberg magnets for
any value of site spins (including classical spins S — oo). However, this
theorem does not rule out the possibility of other phase transitions, and
can be applied for anisotropic spin systems only for a special direction of
the magnetic field with respect to the anisotropy axis. Also, it does not
give any conclusion about the behaviour of spin systems in one and two
space dimensions in the ground state (at 7' = 0). Hence, the possibility of
quantum phase transitions, which take place in the ground state, exists. In
the following chapters we shall consider many examples of such quantum
phase transitions.

One can generalize the construction to the case of bosons in a superfluid
liquid or superconducting pairs of correlated electrons. This statement is
known as the Hohenberg theorem.

First, we remind the reader that

Tt (t = 1") = L™ ([ Aw(1), [Bi (1))
> d
- / A8 () expli(t — 1) (1.57)
oo 2m T
is the spectral weight function, where d is the space dimension. If one defines

the response function as

= dw Ttk (W)
Xiew (2 )Z/ e —— (1.58)

and the static response function Xk K = Xk, 4B, (2 = 0), then the equal-time
correlation function can be written as a function of the spectral weight

function
Cidie = L™ ({Ax(t) — (Ax(t)), Bk (t) = (Bk(1))})
= /7 ;Z—C;Tff,( ) coth(w/2T) , (1.59)

which is the fluctuation-dissipation theorem.

Taking into account that ()zﬁﬁ,)* = )Zﬁ,th and )Zl‘iﬁT = )A(ﬁ“ﬁ > 0, one
can consider static response functions as scalar products. It is easy to show
that equal time correlation functions satisfy the Schwartz inequality

~ T T
Rkl < it P, (1.60)
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which, due to |coth(w/2T)| > 2T /|w| means that
2T < opat (1.61)

It is the other manifestation of the Bogolyubov inequality.

For the emergence of the ordered superfluid in a Bose liquid one needs to
have a nonzero order parameter, the amplitude of zero mode, L~% 2ay) =
L=%2(al) = L=%?(ap)d(k) = \/mod(k), where ng is the order param-
eter, and a;r( (ax) is the creation (destruction) Bose operator. To use the
Bogolyubov inequality we determine the operators Ay (t) = i(Op_k(t)/0t)
and By (t) = L=%?ay(t), where py is the Fourier transform of the density
operator a'(r,t)a(r,t) which has the property (po) = N (N is the number
of Bose particles). It is easy to show that

B
PR W) =l (), T (W) = w? 8 (W) |
1.62)
. dw ,p (
Xéf,k = / o fk k( ) =—+vno -
Lo 2T
From the continuity equation
9p +V. 0 (1.63)
ot i= '
and the f-sum rule it follows that
k*n dw ppT dw 7'AAT ) At
A =P =y 1.64
R | & A a6
where P denotes the principal part of the integral. Since k # 0 and CZP -
2<aLak> + 1, we obtain
1 Tmng
> _ 1.65
=75 k2n (1.65)
The value L=%Y", nik = n — no must be finite. But, as follows from

the above analysis, it is incompatible with Eq. (1.65) in one- and two-
dimensional cases, except for the situation, where ng = 0, i.e., there is no
superfluid ordering in one- and two-dimensional Bose liquid for any nonzero
temperature.

For a superconducting Fermi system one can introduce the order
parameter

A=L""Y" fqlarqa—q) , (1.66)
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where a,q destroys an electron with the momentum q and spin o, and fq
is an arbitrary function with the properties fo = 1 and Zq fq < o0.

The Bogolyubov inequality is applied in this case to the operators
A (t) = i(0p_1(t)/0t) and By (t) = L= >-q falak—qaiq), where one con-
siders the density operator for electrons. We see that

L™ [Bk, p-x]) = A+ n(k) , (1.67)

where 7(0) = A. Following similar lines as above we get

2Tm|A + n(k)|

cBB' > 2= =T RO 1.68
k = k2n ( )
The left hand side of this Bogolyubov inequality can be written in the
form CEBT = Fyx + Ry, where we introduced the Fourier transform of

F(r1 —r2) = [ [drdr' f(r1 — 1) f(rs — r’)(a]l (r)cﬁ(rl)aT (rg)a;(r')) and R
is a regular function for small k. Hence, one finally obtains

2Tm|A + n(k)|

> —-R ,
ke et k2n

(1.69)
but L=4Y", 20Tk < F(0) < oo. This is again the clear contradiction with
Eq. (1.69) for one- and two-dimensional cases, unless A = 0, i.e., there
is no nonzero superconducting order parameter for a system of interacting
electrons in one and two space dimensions at any nonzero temperature.

We have to stress again that the Hohenberg theorem also does not ex-
clude nonzero order parameter in the ground state, i.e., quantum phase
transitions.

Summarizing, for the most of low-dimensional electron systems with
the finite radius of interaction between particles temperature fluctuations
at T # 0 destroy possible ordering. This is why, the mean-field-like descrip-
tion, though very useful for systems in which an ordering can take place,
cannot a priori be used. On the other hand, for most of low-dimensional
multi-electron systems an interaction between particles is not weak, and,
hence, one cannot use perturbative methods either. Moreover, singulari-
ties of the low-dimensional density of states enhance quantum fluctuations.
All this, in fact, determines why when studying one- and two-dimensional
electron systems it is important (and often, it is only possible) to use non-
perturbative, optimally exact methods of the modern theoretical physics.
Actually, in this book we want to introduce to the reader some very pow-
erful non-perturbative methods of the modern theoretical physics, and to
present a number of exact results for such low-dimensional electron systems.
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Our book will mostly concentrate on one-dimensional correlated electron
and quantum spin systems, because for two space dimensions one still has
too small an amount of exact results for quantum many-body systems.

As for the references in this book: we shall introduce the rele-
vant references at the end of each chapter. For example, the main
description of thermodynamics and statistical mechanics can be found
in [Landau and Lifshits (1980)]. The reader can find a description of
“standard” electron systems in [Mahan (1990)], and read about magnetic
systems in [Mattis (1965)]. The Fermi liquid description of correlation ef-
fects in standard three-dimensional metals can be found, e.g., in [Pines and
Nozieres (1989)]. Our description of the Mermin-Wagner and Hohenberg
theorems closely follows original papers [Mermin and Wagner (1966);
Hohenberg (1967)]. Finally, the study of van Hove features in crystals
was introduced in [van Hove (1952)].
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Chapter 2

Quantum Spin-% Chain with the
Nearest-Neighbour Couplings

In this chapter we shall introduce the one-dimensional many-body quan-
tum spin Hamiltonians and present some exact results for thermodynamic
characteristics of the systems, described by those Hamiltonians. Such spin
systems describe electron insulators in which charge degrees of freedom of
electrons are frozen (e.g., electrons are localized) and the only spin, mag-
netic excitations determine the states of electron systems. The simplest
Hamiltonian of a spin system is the Zeeman Hamiltonian which describes
the behaviour of spins in an external magnetic field. It shows how the
degeneracy in the determination of the directions of spins is lifted by the
magnetic field. However, one cannot describe the behaviour of most of
magnetic insulators with only the Zeeman interaction. Generally speak-
ing, there exists an interaction between spin degrees of motion of electrons
in a crystal. It was concluded that the most important interaction, re-
sponsible for magnetic properties of multi-electron systems is the exzchange
interaction, which stems from the Coulomb interaction of electrons. The
Heisenberg model is the seminal model of quantum mechanics. It was in-
troduced to describe the exchange interaction of localized spin moments
in insulators. It is commonly accepted that for most of the properties
it is enough to consider exchange coupling between only nearest neigh-
bours on the lattice. The reader already saw such a Hamiltonian in the
previous chapter, when we considered the Mermin—Wagner theorem. In
the case of a three-dimensional lattice, the Heisenberg model successfully
describes ferromagnetic or antiferromagnetic ordering with the help of a
mean-field-like approximation. However, for a one-dimensional situation,
according to the Mermin-Wagner theorem, there is no magnetic order-
ing (at least for any nonzero temperature). This is why, it was necessary
to use non-perturbative methods of theoretical physics to study thermo-

25
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dynamics of a one-dimensional quantum Heisenberg model.  Histori-
cally, the spin—% Heisenberg one-dimensional model (and its magnetically
anisotropic versions, see below) was the first model of interacting quantum
many-body system, for which an exact solution was obtained. The meth-
ods which were used for that purpose became very popular. Later, they
were used to to treat many more complicated quantum correlated electron
and spin models. This is why, we shall start our description of exact re-
sults of finite size effects for low-dimensional quantum models with this
class of models. It turns out, that these results are interesting not only
as “model” results to study important methods, but also were successfully
used to describe low-temperature thermodynamics of some recently created
quasi-one-dimensional magnetic compounds.

2.1 One-Dimensional Spin Hamiltonian

Let us start our consideration of quantum low-dimensional exactly solvable
models with the Heisenberg model. The Heisenberg model, which we want
to consider, describes the behaviour of spins S = % in a one-dimensional
chain, each of which interact with its nearest neighbours. For L spins in
the chain the total number of states is 27, because the Hilbert space of each
site (for definition we enumerate this site with the subscript j) of the line
has two basis functions: one related to spin up (let us denote it by e+) and
the other one, related to spin down ( = ). There are four possible operators
acting in each site: the unity operator I; and three operators of the pro-
jections of the site spin S5"*"* which constitute the SU(2) symmetry group.
For S = 1, one can also use the Pauli operators o7V =257 with the
well- known commutation relations. It is convenient to introduce the linear
combinations of spin operators S * =57+ ZSU The reader can check that
the action of these operators on the ba81s functlons is determined by the
;r;r ;J—S++—Se;—OJeJ 26

o e = 2e; ,azei: ej,S;rej —e;r Sje =e;

T he Hamﬂtoman of the quantum spin—% chain with nearest- nelghbour in-
teractions can be written as

followmg relations o el = o’ e;
; and Ste i = :l:lei.

L—1
Hur = Z[ (878741 +S7S7,,) + J.S7S%,4]
=1

= Z[ (SFS7y+S755,) + 87854 - (2.1)
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or as
=
Hur = ZZ (05051 + ool ) + J.0507,]
j=1
1L 1
= Z Z |: ’+1 + O'j_o';;rl) + JZUJZ‘UJZ‘+1 . (22)

Here exchange constants J and J, define the interaction between the neigh-
bouring sites of the spin chain. The case J, # J corresponds to the magnet-
ically anisotropic situation of the uniaxial magnetic anisotropy. [Generally
one can introduce 9 independent different exchange constants, but here we
limit ourselves with the most known situation.] The case J = 0 describes
the Ising chain. By the Heisenberg Hamiltonian people usually mean the
magnetically isotropic case J = J,. Finally, sometimes it is instructive to
study the case J, = 0 which is called the isotropic XY model (sometimes
it is called XX0, XX, or planar model). In what follows we shall call the
Hamiltonian Eq. (2.1) the Heisenberg—Ising Hamiltonian.

It is easy to show that the sign of J is irrelevant when one calcu-
lates the spectrum of eigenstates. For this purpose let us use the rela-
tions 070;"Yof = —07¥. Then one can apply to the Hamiltonian Eq. (2.1)
the unitary transformation U = H; o7, where the prime means that the
product extends over all odd sites of the chain. Naturally, this unitary
transformation implies that we turn each odd spin down. Then it follows
that UHH[(J, JZ)UT = HH[(—J, Jz).

We can add to the Hamiltonian H g the Zeeman term, which describes
the effect of an external magnetic field on a quantum spin chain. The
Zeeman term commutes with the Heisenberg-Ising Hamiltonian Eq. (2.1),
and, hence, it has the same eigenfunctions as Hgy. The case J, < 0 pertains
to a ferromagnetic situation, while J, > 0 determines an antiferromagnetic
interaction between spins.

2.2 Ising Chain

Probably the simplest case is the Ising chain (let us consider periodic bound-
ary conditions S7_ ; = Sf). The Ising Hamiltonian was introduced by
W. Lentz as a simplest model for a ferromagnet, and it is named due to
E. Ising, who first solved it in one space dimension. For the Ising model one
does not especially need to look for solutions of the stationary Schrédinger



28 Finite Size Effects in Correlated Electron Models: Ezact Results

equation for the Hamiltonian, because local projections of spins, S, com-
mute with the Ising Hamiltonian, and eigenfunctions are trivial. However,
it is instructive to present the exact solution of statistical mechanics for
an Ising chain, which introduces such an important value as the transfer
matriz.

The partition function of the Ising chain can be written in a simple form

1
7 = Zexp —62 |:JszSj+1 + EH(SJ‘ + Sj+1):|

J=1
L
= Z H exp {—ﬁ |:JZSJ‘SJ‘+1 + %H(Sj + Sj+1):| } = TI"(’?’)L , (2.3)
sj j=1

where s; is the eigenvalue of S7 (equal to :I:%) and we introduced the
transfer matrix as

T,y = €xXp {—ﬁ [stus,, + %H(sM + s,,)} } . (2.4)

For § = %, each S7 has two possible values, so that 7 is 2 X 2 matrix.
Moreover, the latter is symmetric in its indices. The eigenvalues of 7 are
very easy to calculate, and, hence, one can calculate the trace of 77, Since 7
is symmetric and positive, it has positive eigenvalues. The trace is invariant
under orthogonal transformations of 7. Therefore, it can be diagonalized
by such a transformation. In the basis, in which 7 is diagonal, 7% is also
diagonal. Suppose Ag > A; are the eigenvalues of 7. Then it follows that

in the thermodynamic limit

. In(Trd)2 - In(AF[1— (A1/Ao)E])
P AL L “ide 29
The larger eigenvalue of Eq. (2.4) is
Ay = e PI=/4 {cosh(ﬁH/2) + \/coshQ(ﬁH/2) -1+ 66‘]2:| . (2.6)

This is why, the Helmholtz free energy of an Ising chain per site in the
thermodynamic limit is equal to
Js

f= i Tln {cosh(H/2T) + \/coshQ(H/2T) -1+ er/T} . (2.7)

It is a smooth function of temperature, and, therefore, there is no phase
transition in an Ising chain (except of the quantum phase transition at
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T = 0). One can calculate the specific heat at H = 0:
J2
1672 cosh?(J,/4T)

CH=0 (28)
which shows that cg — 0 for T'— 0 and T" — oo and has a maximum as
a function of temperature. The magnetization of the Ising ring per site m~*
is calculated to be

. sinh(H/2T)

m - 3
2\/cosh2(H/2T) —1+el:/T

(2.9)

which implies that the Ising chain becomes magnetically ordered only at
the infinite value of the external magnetic field for 7' # 0 and never be-
comes a ferromagnet, because m* — 0 for H — 0 no matter what the
value of T is. The magnetic susceptibility at zero H is calculated as
XH—0 = [4T exp(|J.|/2T)]~1, which tends to zero for high (as 1/T) and
low (exponentially) temperatures. The illustration of the temperature be-
haviour of the Ising chain is presented in Figs. 2.1 and 2.2. In the ground
state (i.e., at T = 0), the magnetization of the Ising chain is zero at zero
value of the magnetic field and takes its nominal value (i.e., :l:% for positive
and negative values of H, respectively) at any, even infinitesimally small
value of |H| for the ferromagnetic interaction. This suggests, naturally,
that the point H = 0 (at 7' = 0) is the special point of the quantum phase
transition for the ferromagnetic Ising chain.

Fig. 2.1 The temperature dependence of the specific heat for the spin—% Ising chain
with J, = 2 in a zero magnetic field.
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Fig. 2.2 The temperature dependence of the magnetic susceptibility for the spin—% Ising
chain with J, = 2 in a zero magnetic field.

2.3 Isotropic XY Ring

Often it is also useful to change from spin operators to Fermi operators a;
and a;r- (with the anticommutators {a;, alT} =0, and {a;,a;} = {a;r-, alT} =
0) according to the well-known Jordan—Wigner transformation:

j—1

1
S7 = 5(1 - 2a;r-aj) , S;-r = H(l - 2a2ral)aj )
=1

j—1
ST =a) H (1- 2alal , (2.10)
=1

(notice that v; = HJ 1(1 - 2al ay) = exp(im Zz 1 Ta;)). We point out that
this transformation is non-local, i.e., a spin operator in one site is described
by Fermi operators of many sites, and reversible, i.e., one can write Fermi
operators in terms of spin operators. Suppose L is even. Then we observe
that

(Itvvy=Q0+v), L-vv;=—1), %(1+Vj)%(1 —v) =0,
1 1 1 1
5(1+1/j)+§(1—yj):1, Z(1j:z/j)2=§(1j:yj). (2.11)

Actually these equalities imply that 2 (1 + vp+1) is the projection of one
of the halves of our total space and (1 — vr4+1) is the complementary
projection.
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The Heisenberg-Ising Hamiltonian in an external magnetic field

Egs. (2.1) and (1.16) can be exactly re-written in terms of these spinless
Fermi operators as

L1
J t t
Hyr +Hz = 5 g al jaj+1 + aJJrla]) VL41G}Q1 — VL 41G1aF,

J=1

g | L-1

ZZ Z(l — 4a;aj) +4 Z a;ajaj»ﬂajﬂ +4abarala
j=1 j=1
L

H

S 2l (2.12)
=1

Then one can resolve the total Hamiltonian into two parts by using projec-
tion operators

1 1
Hur +Hz = 5(1 + VL)[HHI + Hz] + 5(1 — VL)[HHI —|—Hz]
1 1
= 5(1 +up)HT + 5(1 —v)H ™, (2.13)
where
A=
=3 a jaj+1+ a]+1a1) aLal — alaL
j=1
g X gk
ZZ Z (1- 4a}aj + 4a;aja}+1aj+1 -3 Z (1—2a! jaj) (2.14)
Jj=1 j=1
and
gLt g &
H = 3 Z(CLT%H + a]+1aj IZ Z 1- 4aj-aj + 4a}ajaj-+1aj+1)
j=1 Jj=1
L
H
_EZ (1—2ala;) . (2.15)
Jj=1

We can find the eigenvalues for each of H* separately and then take into
account the effect of the factors %(1 + vr41) by selecting half of the eigen-
values of H™ and half of those of H~. These two half-sets then constitute
the full set of eigenvalues of the total quantum Spin—% chain Hamiltonian.
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Now it is clear why the XY model is distinguished from others: for
J, = 0, the Hamiltonian of the spin—% chain is exactly equal to the sum
of Hamiltonians which are quadratic forms of the operators of free spinless
fermions. These Hamiltonians can be obviously diagonalized by using the

Fourier transform
L )
k 1
T —1/2 i . J

a), = (L)~ ;:1 aj exp [m (f - Z)} ,

L )
_ (ki 1
ap = (L)~1/2 ;:1 ajexp [—m (f - Z)} ;

after which the XY Hamiltonian can be written as

(2.16)

L/2
=L > [(J cos[2m(2k — 1) /L] + 2H)(aly,_ azn—1

2
k=1

+ a12k+1a—2k+1) —2H], (2.17)

and

(L/2)—-1
> [(Jcos[ank/L) + 2H)(alya2e + al 5 a_or) — 2H]
k=1

J+2H
5 (ahao +al_ ar—r) . (2.18)

_ 1
=3

+

Then it is not difficult to write down the partition function of the
isotropic XY model, because it is just the sum of partition functions of
several systems of free (non-interacting) spinless fermions

. ( i—[” o [H + J cos[2m(2k — 1)/L]}
k=1

2T
(L/2)-1
H+J] [H-J Lo [H + Jcos[drk/L]
+ cosh [ 5T } cosh [ 5T } kl;Il cosh [ 5T
(L/2)-1
. H+J] . H-J . o | H+ Jcos[drk/L]
— sinh {T] sinh [ 5T } kl;[1 sinh { 5T

L/2

+ HsinhQ [H + JCOS[Z(% - WL]] ) . (2.19)
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In the thermodynamic limit L. — oo the partition function is simplified to
the expression
2L

7 == dk coshQ[

H —|J|cosk
T Jo

57 (2.20)

The expression for the partition function according to the rules of statistical
mechanics immediately yields the Helmholtz free energy per site of the
isotropic XY chain

f:—z/ dk In [2cosh (w)] . (2.21)

It is easy to write down the magnetization per site of the isotropic XY

27r/ dk tan { |J|C°Sk} (2.22)

and the magnetic susceptibility at H =0 as

1 T dk
—0 = . 2.23
XH=0 =0 /0 cosh?[|.J| cos k /2T (2.23)

model as

The internal energy per site at zero magnetic field is equal to
= —|2i|/ cos kdk tanh|[|J| cos k /2T , (2.24)
T Jo

which produces the formula for the specific heat

J: [T cos? k
CH—0 = ——= dk . 2.25
=0 47TT2/0 cosh?[|.J| cos k/2T) (2.25)

Figures 2.3 and 2.4 present results for the behaviour of the magnetic
susceptibility and the low-temperature Sommerfeld coefficient of the specific
heat, 7, for an isotropic XY chain for H = 0 and in a weak magnetic field
H = 0.1J. Notice the difference in the low-temperature behaviour of these
characteristics for the XY chain and for the Ising chain. The difference
is due to the activation character of the spectrum of the Ising chain. It
results in the exponentially small behaviour of x and cy—q for the systems
with gapped elementary excitations. The reader can also see that a weak
magnetic field practically does not change the behaviour of thermodynamic
characteristics of an isotropic XY chain.
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Fig. 2.3 The magnetic susceptibility of an isotropic XY spin—% chain with J = 2. The
solid line shows the results for H = 0, the dashed line — for H = 0.2. For this value of
H the dashed and solid lines practically coincide.

It is interesting to study the behaviour of an isotropic XY model in the
ground state, at T'= 0. Remember that we deal with the fermionic system,
and, therefore, it is necessary to determine its’ Fermi sea for the ground
state, i.e., the ground state of free fermions pertains to the situation in
which all possible states of the Hamiltonian with negative energies are filled
and all states with positive energies are empty. This, naturally, depends
on the value of an external magnetic field. For H > |J| the ground state
magnetization of the isotropic XY chain per site is equal to its nominal
value 3 (and for H < —|J|, it is —3). Obviously, in these domains of
values of H the ground state magnetic susceptibility is zero. These phases
are frequently referred to as ferromagnetic (or spin-saturated) phases. On
the other hand, for —|J| < H < |J| the ground state magnetization per
site of an isotropic XY model is equal to m* = (1/7)sin"'(H/|J|), see
Fig. 2.5, and the magnetic susceptibility reveals square-root singularities at
H, =+|J|.

The latter is a smooth function of the field, though, for H — 0, in
contrast with the previously considered behaviour of an Ising chain in the
ground state. Nevertheless, this is again the manifestation of the quan-
tum phase transition (of the second kind, according to the classification of
P. Ehrenfest).
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Fig. 2.4 The Sommerfeld coefficient v = ¢/T for the specific heat of an isotropic XY
chain. The solid line shows the results for H = 0, the dashed line — for H = 0.2. For
this value of H the dashed and solid lines practically coincide.

2.4 Ising Chain in a Transverse Magnetic Field

In one of the previous sections we considered the simplest case of an Ising
ring in a magnetic field, parallel to the axis of the magnetic anisotropy
of the spin—spin exchange coupling. In that case the z-projection of spin
operator at each site commutes with the Hamiltonian, and, hence, there
is no (non-trivial) spin dynamics. However, the interesting spin dynamics
appears if the magnetic field is directed perpendicular to the axis of the
magnetic anisotropy of the spin—spin interaction. Equally important is the
fact that this case also permits us to obtain an exact solution, because, as is
clear from the previous section, the introduction of a magnetic anisotropy
in the xy plane of the XY chain (so-called anisotropic XY model) does not
violate the important property of its Hamiltonian: it can also be exactly
transformed to a quadratic form of Fermi spinless operators. This means
that one can introduce the term Zf;ll(JrS‘fS‘fH + JyS;-’S;’H) instead of
25;11 J(S§S%, + SJZ/S;-’H) in the Hamiltonian Hg;. Then one has to
change 2J — (J; + Jy) in formulae of the previous section and add to the



36 Finite Size Effects in Correlated Electron Models: Ezact Results

0.5

0.4

2 03
m

0.2

0.1

0

0 1 2 3 4
H S

Fig. 2.5 The ground state magnetic moment of the isotropic XY spin-% chain with
J=2.

Hamiltonians H* the following terms:

b L= dy [Nt t o1
dHT = — 2:(ajajJr1 —aj41a5) —ara; +arar,
j=1
J. —J L/2
= % > sinf2m(2k — 1)/L)(al,_jal 5, —a_skr1a26-1) , (2.26)
k=1

and
L
N
OH™ = Ty Z(a;a}H — aj41a;)
j=1

g, — g, 20

== Z sin[47rk:/L](a;kai2k —a_ggagy) . (2.27)
k=1

The reader can himself perform calculations, similar to those given above.
The only difference is that for the diagonalization of the quadratic form of
Fermi operators it is not enough in this case to use only Fourier transform;
one also needs the usual Bogolyubov transformation:

ar = upby + Ukb]ik R G’L = ukbz + vpb_p (2 28)
u,k:uk,v,k:—vk,u%—i—vz:l. .
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It has to be used in such a way that after the transformation the fermion
Hamiltonian does not have the “anomalous” combinations b%bi . and b_pby.
Then we obtain

(Jz + Jy) cos[2mk /L] o1+ (Jz + Jy) cos[2mk /L]

2€p, 2¢p,

1
5\/Jg + T2+ 2J,J, cos[2mk/ L] — AH|J, + J,| cos[2k/L] + 4H? |

2uf =1—

)

€k
Hy = e (bLby + b by —1) . (2.29)

After such a transformation we can write the expression for HT =
(1/2) 5421(27-{214_1 + (Jy + Jy) cos[2m(2k — 1)/L]), and analogous one for
H~ (different due to the boundary terms). Then, one can obtain the ex-
pression for the partition function. It coincides with Eq. (2.19), with the
replacements

[H/2] + J cos[2n(2k — 1)/L] — €a—1 , [H/2] + J cos[dnk/L] — eay, ,
(H/2]+J — [H/2] £ (J. + Jy)/2 . (2.30)

The special case of the Ising chain pertains to J, = 0 (or J, = 0). Then,
in the thermodynamic limit, the Helmholtz free energy per site of the Ising
chain in the perpendicular to the Ising axis magnetic field can be written
as:

f= —Z/ dk1n[2 cosh(\/4H? + J2 — 4H|J| cos k /4T)] (2.31)
™ Jo

(we used J, = J, or J, = J) and the magnetization per site is equal to

4 4H? 2 _4H
mzzi/ dktanh[\/ +J |J|COSk]
0

m 4T
2H —
X |J] cos k : (2.32)
VAH? + J2 — 4H|J|cos k
The zero-field magnetic susceptibility is equal to
1 1 4T
=0 = = | ———=—+ —tanh(J/4T) | . 2.33
XH=0= ] (coshQ(J/élT) J 7/ )) (2:33)

It is important to point out that because ) y S 7 does not commute with the
Hamiltonian in this case, there is no ferromagnetic phase (i.e., the domain
of values of the magnetic field, in which the magnetization becomes equal to
its’ nominal value, does not exist). The reader can see from Eq. (2.32) that
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m tends to % only in the infinite magnetic field. This is the consequence of
the magnetic anisotropy in the system. In the ground state the magnetic
susceptibility per site is equal to

JE [T sin® kdk
_ , 2.34
X=5 /0 (4H? + J2 — 4H|J| cos k)3/2 (2:34)

which implies the logarithmic singularity (i.e., weaker, than the square-
root singularity of the ground state magnetic susceptibility of the isotropic
XY chain) at H. = |J|/2. Here we are again faced with a quantum phase
transition. Such a quantum phase transition with a logarithmic singularity
of the magnetic susceptibility is present for an anisotropic XY model, not
only in the Ising limit.

2.5 Dimerized XY Chain

The other model which permits us to obtain an exact solution, is the mul-
timerized (multi-sublattice) XY chain. The Hamiltonian of that model has
the form:

N-1
Hmul - Z ( Z[ (Sw Sajn+1 + S Sj n+1)]

7 n=1
+ N (ST ST + SN SY ) HZ% ) (2.35)

where we take into account possible N different magnetic sublattices in
a chain of spins %, each sitting in the j-th cell of a chain, j = 1,..., L.
Here J,, denote exchange constants, and pu, denote effective magnetons.
They distinguish magnetic sublattices in each elementary cell of the one-
dimensional lattice from each other.

Using the generalized Jordan—Wigner transformation

1 1
S;,n = §Uj,n = 5 - a;’,najyn )

+ z
Sin =111 oinas

I<jn=1 2.
in= (2.36)

_ z =z 2 ) .
_HHJl,an,l'“O’j,mflaj,m ,m=2,...,M,

I<jn=1

ST (S+) ,n=1,....M,

=
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where AT is the operator, Hermitian conjugated to A, the Hamiltonian
Eq. (2.35) can be exactly re-written as a quadratic form of Fermi operators.
Then, by using the Fourier transform ay, ,, = L~1/2 > @jn exp(—ikj) (with
—7m < k <), we get in the thermodynamic limit L — oo

mul - A Z Hn + Z Z |:NnHaL7nak,n

n=1
JIn
+ o (az,nak,nﬂ + aL,n-}-lakyn)] + MNHGL,N%N
J. ; —i
+ TN(CLLNCLk,lelk + aL’lak,Ne k)] ) (2.37)

This is a quadratic form of Fermi operators, which can be diagonalized by
using a unitary transformation.

Let us consider the most important special case N = 2, i.e., the dimer-
ized spin—% XY chain. Here one can say that the chain is bond- and
site-alternating. Then the unitary transformation which diagonalizes the
Hamiltonian equation (2.37) can be explicitly written as (bg, destroys the
fermion mode with the quasimomentum k, which belongs to the n-th branch
of the spectrum)

agy = ur1(k)br1 + wi2(k)bre , arz = u1(k)br1 + u22(k)bra | (2.38)
after which the Hamiltonian finally becomes

LH 2
Hdim = _—(,ul + HQ) + Z Z akvnbl,nbka"

2
k n=1

2
Do chnlblbin — (1/2)] (2.39)

k n=1

where

1
erae = 5l + p2)H £ Vi1 — p2)2H2 + JZ 1 J3 4 21 T cos ], (2.40)

and the coefficients of the unitary transformations are

poH —epa i Ji+ Joe” ™ i(Y—¢)
k - =|——7+—— k
uu( ) < k2 —€k1 ) € ' u12( ) (2(u1H— é‘kg) u11( )e ’
Jl + Jgeik

ug (k) = <m) w1 (k) , uia(k) = w1 (k)e!@=9) (2.41)
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where ¢ and 1 are arbitrary phases. Let us consider non-negative values of
the magnetic field H > 0. We point out that in the thermodynamic limit
L — oo the first branch of the spectrum is positive for any value of the
quasimomentum k. On the other hand, the second branch is negative for
all £ in the region H < H. and positive for all k for H > H,, where

|1 F Jof
2y/mps

In the region H, < H < Hg, €2 > 0 for |k| > k., and €52 < 0 for |k| < ke,
where

H., = (2.42)

9H? — H? — H? e H? — J2 — J2
-1 c s —1 H1H2 1 2
kc = COS W = COS 2J1J2 . (243)

Hence the spectrum of the system is gapless for H. < H < H, and it has a
gap (spin gap) for H > Hs and H < H,.. The ground state of a dimerized
XY spin chain is organized as follows. The first branch of excitations is
non-occupied for any value of the magnetic field at 7" = 0. For small values
of the magnetic field, H < H,., the Dirac sea consists of all occupied states
of fermions from the second branch. In this case excitations have the gap
G(H) = (1/2)[\/(u1 — p2)2H? + (J1 — J2)2 — (u1 + po)H]. Tt is equal to
|J1 — J2|/2 for H = 0 and is closed at H = H,.. For intermediate values
H. < H < H, the Dirac sea consists of filled states of fermions from the
second branch with |k| < k., and low-lying excitations are fermions from
the second branch with |k| > k. and holes for |k| < k.. Finally, in the
region of H, < H the Dirac sea is empty and all excitations are activated.

The ground state magnetization of the dimerized spin chain for H < H,
can be written as

P (1 — p2)*H
Mp—g = Z I 5
2\/ (p1 — p2)?H? + J2 + J3 + 2J1J5cosk

_ (,ul - ,UQ) HK(K:) , (244)

T/ (1 — p2)2H? + (J1 + J2)?
where K (k) is the complete elliptic integral of the first kind and x? =
40102 /[(p1 — p2)?H? + (J1 + J2)?]. Obviously for H — 0, there is no
spontaneous magnetization. It turns out that M* = 0 for pu; = ue for any
H < H.. In this region of H absolute values of the z-projection of the
total spin (mechanic moment) of each sublattice are equal to each other
and compensate each other. For p; # po, there can be a weak magnetic

moment in this phase. We can call this phase the “antiferromagnetic” one
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for p1 = pe, or “ferrimagnetic” one for the case of nonzero magnetization
for H < H.. Notice that for J; = Jo = J, but for u; # ps, the magnetic
susceptibility has a logarithmic singularity at H — 0, because

(p1 — p2)*H . |y — po| H
g = — 1 2.45
¥ A ¥ 249
In the region of large fields the ground state magnetization is
mp—g = (m1 +p2)/2 (2.46)

i.e., the system is in the ferromagnetic phase, in which spins of each sub-
lattice have their nominal values % Finally, in the intermediate region of
fields H, < H < H, the ground state magnetization per site is equal to

. (tpe) (0 ke (1 — p2)2HF (ke /2, k)
<1 W) i 7/ (1 — p2)2H? + (J1 + J2)? ’

(2.47)

where F'(k./2,k) is the incomplete elliptic integral of the first kind. At
H = H., two second order quantum phase transitions take place. The
magnetic susceptibility of the dimerized XY spin—% chain reveals square
root singularities in the ground state x ~ 1/+/(H2 — H2)(H2 — H2).

The partition function (and other thermodynamic characteristics) of the
dimerized XY chain in the thermal equilibrium can be obtained straight-

forwardly. The Helmholtz free energy of the dimerized chain is equal to

2
f= —TZ Z In[2 cosh(ek ,/2T)] . (2.48)

k n=1
The magnetization is

m* =mp_g+

(p1 + p2) (p1 + p2)H
5 Z cosh 5T

k
Vi — 122 H2 + T2+ T3 + 201 T cosk;) -1

h
+ cos 5T

" [Smh (p1 + p2)H (1 — po)H

2T \/(Ml — p2)?H2 + J2 + J2 + 2J1J5 cosk

X <cosh [M] +e—\/(m—u2)2H2+J%+J§+2J1J2 cos k-/zT)] .
2T

(2.49)



42 Finite Size Effects in Correlated Electron Models: Ezact Results

The magnetic susceptibility can be written as

1 8 Ek,n Ek,n 85k n 2 1
anh ZEn , 2.50
X = ZZ 2 oz M op T [ 8H} Ty | &0

The specific heat can be calculated as

gkn
2.51
ZZ4T2cosh (ekn/2T) (251)

It is instructive also to calculate the staggered magnetic susceptibility of
the dimerized XY chain, i.e., the response of the system to the alternating
magnetic field

(11 = 112)° = o 0%ex €k,
4= 1= — = B tanh —2*
! 2 E,; 2 [3(u1 — )22 T

aék n 1
n ’ . 2.5
(8(,“1 - ,UQ)H> AT cosh®(eg /2T (2:52)

Some analytic results can be written for the case N =4, i.e., quadrimer-
ized XY chain. If gy = pe = ps = pg = p there are four values of the
magnetic field H, at which quantum phase transitions in the ground state
take place:

1
pHe1 234 = BN <J12 +J5+J5 + J;

1/2
+ \/[(Jl + J3)2 + (J2 + J4)2][(J1 — J3)2 + (JQ F J4)2]) .
(2.53)

At these values of the magnetic field the ground state magnetic suscep-
tibility reveals square root singularities, characteristic for quantum phase
transitions of the second kind. Suppose that JiJoJsJy > 0. Then for H
larger than the largest value of H¢y 23,4 the system at 7' = 0 is in the fer-
romagnetic phase with magnetic moments of each sublattice being equal to
their nominal value p/2. For H smaller than the smallest value of Hei 2,34
magnetic moments of sublattices compensate each other, and the ground
state magnetization is zero. It turns our that in these phases, as well as for
H being between two other critical values, the ground state magnetization
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of a multi-sublattice spin chain is not changed with the variation of an ex-
ternal magnetic field H, and the magnetic susceptibility is zero. It is used
to refer to such a situation as about magnetization plateauz.

It is interesting to notice that for a N-sublattice XY spin—% chain there
exist N quantum phase transitions with respect to an external magnetic
field directed along z axis. Moreover, it is important to emphasize that for
even N there is a spin-gapped “antiferromagnetic” phase at low values of
the magnetic field. On the other hand, there is no such a phase for N odd.
Equally important, in the ground state of the N-sublattice model there
are N phases with magnetization plateaux, in which the 7' = 0 magnetic
susceptibility is equal to zero. As the reader will see below, similar conclu-
sions can be made about the magnetic field behaviour of any “easy-plane”
antiferromagnetic spin—% chain.

Here it is worthwhile to present the theorem due to E. H. Lieb,
T. Schultz and D. J. Mattis about the ground state and excitations of
a Heisenberg—Ising spin—% chain with an “easy-plane” magnetic anisotropy.

First, we can prove that for such an antiferromagnetic model the ground
state is non-degenerate (and singlet) for even L. Let us use the same
transformation which was used to prove that Hgr(J, J,) = Hur(—J, J.),
i.e., rotate all even (or odd) spins about z axis.

Consider, first, only states with Zj S% = 0. A complete set of states
is the set of configurations in which L/2 spins are up and L/2 are down.
Denote these states by ¢,. Any eigenfunction of the Hamiltonian can be
expanded as ¥ = )" cq¢q. The stationary Schrédinger equation in this
representation for the Hamiltonian after the unitary transformation is

J
(B = Jeca)ea = 5 > car, (2.54)

where > ; 8757, 10a = €a¢a. The Hamiltonian is real, this is why one can
suppose that all ¢, are also real. Then, assume that for some ground state
W, with the energy Egy some ¢, = 0 for a = a1, . .., a,. For these coeflicients
we obviously have ), cor = 0 for @ = a1,...,a,. In at least one of these
equations (say the a,-th) some of ¢, # 0 (otherwise the Hamiltonian would
break into blocks with no matrix elements connecting ¢q,,..., ¢4, with
other configurations, which is impossible). Hence, there are nonzero ¢, of
both signs. Now consider the trial wave function ¥( = > _|cq|¢a. On the
one hand, it is not an eigenstate of Hg, because |cq,| = 0but ), [car| # 0,
so that from the variational principle we have for its energy E{) > Ey. On
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the other hand we have

J
E,=J, Z%Cz -5 Z lcallcar| s (2.55)

a,a’

and

Ey=J, Zeacz — g anca/ , (2.56)

a,a’

which imply that E) < Ey. This is in an obvious contradiction with the
variational principle. Hence, for any ground state with j Sj = 0 all
cq # 0.

For any ¥ to be a ground state one needs E{) = Ey. This occurs, if and
only if, all the terms c,c,s are positive, i.e., the coefficients of all config-
urations connected through J with each other should have the same sign.
But each configuration is ultimately connected with every other through re-
peated application of the interaction with .J. This is why, for every ground
state with Ej 57 = 0 all ¢, have the same sign. Then it is obvious that
there can be only one ground state with Ej 57 = 0. Otherwise, several
states would all have all positive coefficients and so could not be orthogo-
nal to each other. The onset of another ground state (whatever its multi-
plicity) would imply that there is a second ground state with >, S7 = 0,
which is impossible, see above. This is why at least one ground state has
> j S7 = 0. This is, in fact, true for any dimensions and any bipartite
lattice (i.e., which can be decomposed into two equivalent sublattices and
ferromagnetic interactions between spins of the same sublattice).

Next, consider the excited state

W), = exp <z'kzns;> Uy = OF, . (2.57)

Let us study the unitary operator T that displaces all the spins by one
site cyclically T'S;T~! = S;41 with periodic boundary conditions Sp41 =
Si. Observe that T' = exp(iP), where P is the total momentum of a
periodic spin chain. The reader can see that T' obviously commutes with
the Hamiltonian [Hgr,T] = 0 (as well as [Hyr, P] = 0). Then, if ¥y is
an eigenstate of Hpyy, so is TWy. The reader already knows that ¥y is
non-degenerate, then TWy = exp(ia)¥y. Thus

(Wo| W) = (Wo|OF| W) = (Uo|TORT 1| W) . (2.58)
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However, one has that

L
TOFT~! = OF exp(ik LS?) exp (—ik > S;) . (2.59)

n=1
Uy is a singlet. For even L we can choose exp(ikLS?) = —1, pro-
viding ¥ = 27m/L, where m is an odd integer. This means that
(Uo|Tyy = —(¥o|Py) = 0, ie., ¥y with & = 27m/L is orthogonal to

Uy. We can also calculate the energy of the state Uy as (Up|Hpr|Vy) =
(Uo|OF=H g1 OF|W). Notice that

OF1S1OF = S¥ coskj + Sisinkj ,
OF-18Y0F = §Y coskj — Sy sinkj (2.60)
Ok 1szok Sz

so that (taking into account periodic boundary conditions Sg4+1 = S1 and
that k = 2wm/L for the boundary term S.S7)

(Uo|OF Y H 1 OF W) = (Wo|Hpr + J(cosk — 1)

Mh

(57874 + S75Y,)

j=1

+ Jsink Z (STSY,, — SYST )W) . (261)
The reader knows that (Uo|Hpur|¥o) = Ep. Then it is easy to show that

L
(COSk‘—l \I’0| Z Sa:S +1+ j J+1)|\IJO>
=1

L
1 T
-5 (2r/L)? Z Wo|S7SF,y + SYSY, W)

< [(2m/L)*(L/2) + O(L~ )] ; (2.62)

and

L
Jsink(Wo| Y (S7SY

j+1 SyS]+1)|\IJO>
j=1

= —isin k(W] (W) = 0. (2.63)

> nS: Hur
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From these equations we conclude that for k = 27/L the energy of the
state Uy is

(U Her|¥y) < Eo + (272 J/N) , (2.64)

i.e., there is no energy gap. This is why, an excited state for a periodic
Heisenberg—Ising “easy-plane” antiferromagnetic chain with nearest neigh-
bour interactions has vanishingly small excitation energy in the limit that
the length of a chain is infinite, if the ground state is non-degenerate. One
can obviously generalize this statement for any space dimension for bipar-
tite lattices without spin frustration and for any half-integer values of a
site spin (notice that one needs numbers of sites of the system in other
than along the direction of the transformation 7" directions to be mutually
prime with the number of magnetic sublattices along the T direction). In
particular, the generalization of the Lieb—Schultz—Mattis theorem is often
used for a description of the behaviour of spin ladders, i.e., finite number
of spin chains connected with each other (usually due to nearest-neighbour
couplings between chains).

One can consider the generalization of this theorem for higher spins S
and multi-sublattice spin chains in an external magnetic field parallel to
the axis of a magnetic anisotropy, due to M. Oshikawa, M. Yamanaka and
1. Affleck. In fact, they pointed out that the proof given above works for any
ground state z-projection of an average spin moment per spin s* (caused
by a nonzero magnetic field H) except for values N (S —s*) = ¢, where N is
the number of magnetic sublattices (distinguished by non-equal exchange
couplings, or by different effective magnetons, as we considered above) and
q is integer. We see that T'Uy is orthogonal to ¥y, except if N(S —s*) = ¢,
which follows from the action of the operator exp(ik[LSF — ik 25:1 SZ).
This implies that for any non-integer N (S — s*) there is a low-lying excited
state with the energy JO(1/L). For § = 1 and N = 1, it is a trivial
statement, naturally the reader knows that if the ground state moment
per spin is equal to :I:%, we are in the ferromagnetic state (with gapped
excitations; the latter will be shown in detail in the next chapter), and the
points s* = :l:% are quantum critical points. From the above the reader
can check that it is true for N-sublattice isotropic XY chain in a magnetic
field. The situation with integer spins S, N = 1 and s* = 0 is, in fact,
related to the well-known conjecture due to F. D. M. Haldane (known as the
Haldane’s hypothesis), who was the first to emphasize that for Heisenberg
antiferromagnetic integer-spin chains at H = 0, low-lying excitations have
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gaps, while for non-integer site spins there is no such a gap. The onset of
magnetization plateaux, considered above, persists at least for an “easy-
plane” magnetic anisotropy.

Summarizing, in this chapter we presented some simple exactly solvable
models of quantum spin chains: Ising chains, isotropic and anisotropic XY
chains, multimerized XY chains. Common features for the behaviours of
all these models are the absence of T' # 0 phase transitions, while quantum
phase transitions in an external magnetic field are characteristic features for
this class of systems. We presented thermodynamic characteristics for these
models and pointed out similarities and differences in the temperature be-
haviours of magnetic susceptibility and specific heat. Finally, we presented
the Lieb—Schultz—Mattis theorem and discussed the inset of magnetization
plateaux in the ground state of (multimerized) quantum spin chains.

The interested reader can find the solution of the Ising chain in [Ising
(1925)]. The Jordan-Wigner transformation is introduced in [Jordan and
Wigner (1928)]. The solution of an isotropic XY chain for H = 0 is
given in [Lieb, Schulz and Mattis (1961)]. We closely followed an ap-
pendix of that paper when discussing the Lieb—Schultz—Mattis theorem.
The reader can find the generalization of that theorem for a nonzero mag-
netic field in [Yamanaka, Oshikawa and Affleck (1997)]. The solution of
an isotropic and anisotropic XY model (including the case of an Ising
chain in the perpendicular magnetic field) can be found in [Katsura (1962);
Pikin and Tsukernik (1966); Pfeuty (1970)]. The generalized Jordan—
Wigner transformation and an analysis of the behaviour of multi-sublattice
spin chains is presented in [Zvyagin (1990a)]. The special important case of
a dimerized XY chain can be found in [Kontorovich and Tsukernik (1967)].
The Haldane hypothesis was introduced in [Haldane (1983)].
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Chapter 3

Co-ordinate Bethe Ansatz for a
Heisenberg-Ising Ring

In this chapter we shall present the main ideas of the co-ordinate Bethe
ansatz using as the basic model the simplest case of interacting spin—% one-
dimensional systems.

3.1 Bethe Ansatz

Now our goal is to find the eigenfunctions and eigenvalues of the Hamilto-
nian H gy +Hyz for the general case J, # 0, J # 0. This, by now well-known
method, is due to H. Bethe who proposed it first for the Heisenberg spin
chain, is called the Bethe’s ansatz.

The total spin, as well as the z-projection of the total spin Zle S5,
commute with the Hamiltonian Hy; + Hz. This is why, we classify all
states of the Hamiltonian by eigenvalues of the operator Zle S5, It is
convenient to choose the basis functions in the form

T1,.., o) =€l ©@ Qe @ Qef @ e, ®---®@ef  (3.1)

M

(here ® denotes the tensor product), such that the values z; in it determine
M coordinates of sites with spins down (all other spins are directed up).
[Naturally, we could choose the opposite basis with M spins up and L — M
spins down, and the results would be the same.] We suppose that 1 < 7 <
T9 < -+ < xpr < L. Then the wave function can be written as

Uy = > alw,..ou)len. o) (3.2)

1 <x2< - <Tnm

where a(z1, ...,z ) is the wave function in the co-ordinate representation.
For this reason this method is often referred to as the co-ordinate Bethe
ansatz. Then the action of the Hamiltonian on the wave function Eq. (3.2) is

49
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easy to get. The condition for Wy to be the eigenfunction of Hyr+Hz (i.e.,
to fulfill the stationary Schrédinger equation, (Hys +Hz)Wy = EVyy) is

H(L-2M) J.L
e

Ea(w,...,x0) = (— >a(x1,...,xM)

2 4
1
+3 Z [Ja(zy,...,20) — J.a(zy,...,20)] 5 (3.3)
Ty Ty
where the set @, ..., 2}, differs from x1, ...,z by an interchange of spins

of some one pair of neighbours. Clearly, this set of finite difference equations
. . L
is valid for any > ., S7 = (L/2) — M.

Let us now consider simple examples of the realization of Eq. (3.3).
First, suppose that M = 1. In this case we have

—2H(L —2 L
Ea(z) = ( 1 )+

J J
a(x)— J.a(x)+ §a(x -1+ §a(x+ 1). (3.4)

It has the well-known solution

a(x) = Aexp(ikx) , E = —y + Jj—f —(J, —Jcosk), (3.5)
where an arbitrary constant A has to be determined from the normalization
condition for the wave function and k is defined by boundary conditions.
Let us consider periodic boundary conditions a(x) = a(z + L). Then we
have exp(ikL) = 1, and, hence, kL = 2xI, where non-equal integers are
I=0,+1,£2,....

For the case M = 2, we have to distinguish two situations. If x5 # z1+1,
one has the equation

—2H(L —4)+ J.L
4

Ea(zy,22) = a(z1,2) — 2Ja(x1, x2)

+ —[a(xy — 1,22) + a(x1 + 1, 22)
+a(ry, 20 — 1)+ a(z1,22 — 1)] , (3.6)

N

which general solution is

a(xth) _ Alei(klailJrkzwz) +A2€i(/€2931+k1902) ,

H(L-4) J.L 37
E:_T+%—2J2+J(cosk1+cosk2),

where A, o are arbitrary constants.
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On the other hand, when 23 = x1 + 1 (i.e., down spins are situated at
the nearest neighbour sites) one has

Ea(z,x+1) = (—y + JZL) a(z,x +1) —2Ja(x,x + 1)
—|—%[a(x—1,x+1)—|—a(x,m+2)]. (3.8)

We can look for the solution of this equation in the form, similar to the
previous case

a(xl,xQ) — A12€i(k‘1fr1+k’2fr2) +A21e’i(k2fr1+k’1$2) ,

H(L—4) , J.L (3.9)
4

E=— 5 —2J, + J(cosky + cosksa) ,

but with the constraint on the amplitudes A2 and As
J. (Ar2e™* 4+ Agre™) = %(Am + Az1) (1 + €i(k1+k2)) : (3.10)
The last formula implies
Agy = —Appe’¥thk2) (3.11)

where Aps is determined from the normalization condition for the wave
function and

J, sin —kl ko
_ —1
O(k1,k2) = tan <JCOS ke — . oo b k2> . (3.12)

Since in the case with two down spins not nearest neighbours we used
the same structure of the solution but with independent constants, one
may suppose that the function Eq. (3.9) is the general eigenfunction of
the Hamiltonian for the case M = 2 and any position of down spins. It
turns out that the phase factor 6(ki,k2) does not depend on the value
of an external magnetic field H, but the eigenvalue of the Hamiltonian
does depend on it. It is also instructive to observe that for the isotropic
XY model case J, = 0, the phase 0(k1,k2) = 0. Actually, this is the
manifestation of the fact, already known to the reader from the previous
chapter, the Hamiltonian of the isotropic XY model can be exactly mapped
onto the Hamiltonian of free (noninteracting) spinless fermions.
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The periodic boundary condition a(x1,x2) = a(xe, L + x1) (because we
supposed that z1 < z3) implies two similar equations for the values k; and
ICQI

e’ile — _e—ie(kl,kg) , e’ikgL — _e—ie(kg,kl) . (3.13)

Taking the logarithm one can re-write these equations in the form
k‘lL:27T11—0(k'1,k‘2) y ]CQL:27TIQ—0(/€2,/€1) s (314)

with non-equal half-integers I o = :I:%, :l:%, ..., because the logarithm is
the multi-valued function.

The reader can directly check after some straightforward but lengthy
calculations performed in a similar way that the cases M = 3,4 can also
be explicitly solved as for M = 2. This implies the general form of the
eigenfunction in the co-ordinate representation as the superposition of the
plane waves

M
a(xy,...,xp) :ZApeXp ikajxj , (3.15)
P j=1

where P denotes a permutation of M indices 1,2,..., M (there are M! terms
here). This is nothing other than the famous Bethe ansatz! Amplitudes
Ap are related to Ay 2. as

AP = :l:Al,Q,...,M exp[iZG(kj, kl)] s (316)

where the summation is extended over all pairs of indices j, [ obtained from
the initial arrangement of them for Ap, which is necessary to interchange in
order to get A; 2, ar. The sign is determined by the parity of those permu-
tations. The eigenvalue of the Hamiltonian Hg; + Hz, which corresponds
to the eigenfunction equation (3.15), is

M
H(L —2M
g HIL—2M)

) LJ,
5 + - - Z (J. — Jcosk;) . (3.17)

J=1
Finally, the periodic boundary condition for the general case of any M can

be written as

. =i 0L, 0(ks k)
eIt = (_1)M716 ll?gj l ) .7 = ]-7 s '7M ’ (318)
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which are well-known as the Bethe ansatz equations. Taking the logarithm
we obtain

M

Lkj =2rL; = > 0(kj, ki) (3.19)
=1,
1#j

with half-integers I; for even M and integers I; for odd M. For example,
the convenient choice for these numbers is I; = (L+M+1)/2 (mod 1). One
can naturally consider k; as quasimomenta of eigenstates. It is clear that
Bethe ansatz equations for essentially interacting system are very similar
to standard quantization conditions for noninteracting particles in a one-
dimensional box of length L.

These Bethe ansatz equations can be re-written in the following way.
For the case J = J, < 0 (i.e., for the isotropic ferromagnetic Heisen-
berg chain) one can introduce the set of so- called rapidities {A\;}}L; in-
stead of quasimomenta {k;}}L, as \; = 2cot 5 (or, in other words,
kj =2tan~! 2\; = —iIn[(2A;44)/(2)\;—1)]). To have independent solutions
of Eq. (3.18), one has to consider, e.g., real k; in the domain 0 < k; < 2,
which is related to the domain —oo < A; < co. The goal of such an intro-
duction is to re-write Bethe ansatz equations in a differential form

A+ (i/2) — N+
<)\ —(i/2) ) H ANi—N—i’ (3:20)
l#J

which, taking the logarithm, can be re-written as

M
2Ltan ' (2);) = 271; +2 Y tan~'(; = \)) , (3.21)
oy
where I; are (half)integers for M (even) odd, and the energy is

HL NJ Y
>

F=——+—
2 * 4 +.
j=1

[H —2J(4X3 +1)7'] . (3.22)

It turns out that for J = J, > 0, one can introduce the set of rapidities
as \; = %tan %’ The domain —oco < A; < oo is now related to the
one —m < k; < w. The energy and the Bethe ansatz equations, however,
formally have the same form as Egs. (3.20) and (3.22).

For J, # J one can introduce the value cosn = J,/J (real values of n
are related to the “easy-plane” magnetic anisotropy |J./J| < 1, while the
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“easy-axis” magnetic anisotropy with |J,/J| > 1 is described by imaginary
values of ). The set of rapidities is now introduced via k; = —iIn(sin[\; +
(n/2)]/ sin[A; — (n/2)]). The Bethe ansatz equations and the energy can be
written as

(sinuj—m/m) - H sinly — M — 7] (3.23)

and the energy
HL L NJ,
2 4

3 Jsin[\; + (1/2)] | Jsin[\; — (1/2)]
' Jz:; <H o 2sin[A; — (n/2)] + 2sin[\; + (n/2)] ) (3.24)

E =

For J, > J > 0, it is convenient to use the parametrization n — 7+ in and
Aj — (m— Aj)/2 within the domain —7 < A; < w. On the other hand, for
0 > J > J, the convenient parametrization is n — in and A; — A; /2 within
—m < A; < 7. In the “easy-plane” anisotropic situation —J < J, < J the
convenient parametrization is n — 7 —n and A\; — (7 —i);)/2 within the
domain —oo < A; < oo.

Notice that 0 is a single-valued real analytic function of J, J, k;, and k;
if the latter two are in the open interval given above, and (0,0) = 0. These
conditions uniquely define the branch of tan=!. Moreover, §(—p, —q) =
—0(p,q) = 6(¢g,p). C. N. Yang and C. P. Yang proved (we shall not present
the proof of those theorems and refer the reader to the original papers,
where very transparent and elegant proofs are given) that

e Forany M < L/2 and 0 < (J,/J) < 1, the Bethe ansatz equations
have an unique solution in the interval for rapidities (momenta).
Each k; is an analytic function of J./J.

o This solution satisfies the condition k; = —kp—j41, j =1,..., M.

e For M < L/2 and (J./J) <0, the Bethe ansatz equations have a
solution forming a continuous curve in the real k; x (J./J) space
with k; in the above mentioned interval. The curve extends from
J. =0 to all (J,/J) < 0 and at each point on the curve one has
ki 75 kj and kj = —kM,jJrl fOl"j = 1,...,M.

e The ground state of the Heisenberg—Ising Hamiltonian for finite
L and M is nondegenerate for any real J./J. The ground state
energy is analytic in (J,/J) for all real (J./J).
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e For J, = 0, the solution is unique.

e For any real (J,/J) < 1 and for M < L/2, the ground state is given
by the Bethe eigenfunction with k; = —kp—j4q for j=1,..., M.

o All k; are analytic in (J,/J) in an open strip containing the semi-
infinite real axis (J,/J) < 1.

Hence, the difficult problem of solving a stationary Schrédinger equation
for a quantum interacting many-body system is reduced to the solution of
a finite set of finite difference equations for rapidities. As we have seen, the
solution of the Bethe ansatz equations parametrizes the eigenfunctions and
eigenvalues of the considered quantum spin Hamiltonian.

3.2 Simple Solutions of the Bethe Ansatz Equations:
Strings

It is instructive to consider possible solutions of Bethe ansatz equations.
Let us for simplicity limit ourselves by the isotropic case J, = J. For the
simplest case M = 1, we already presented the solution in Eq. (3.5). The
reader can see that only real A = (1/2) cot 2rr1/L realize the solution. It is
not so for M = 2. Here the Bethe ansatz equations for A; » can be written
explicitly as

MA G2\ M= ddi et @2\ -+ (3.25)
M—(0/2)) M =X—i \X—(i/2))  X—-X—i
We can replace one of these equations by
Mt (i/2) | o+ u/z))L
. X - =1. 3.26
(B~ tem (3:20)

The real A2 solutions (which in the thermodynamic limit L — oo with
the exponential accuracy in L decouple) have the same form as for the case
M = 1. The energy of this solution is

L H(L-4
JT - % — J(2 — cosky — cosks)

JL  H(L—4) ks ki — ko
i e 2J (1 — c0s ———=c0os — ) . (3.27)

However, there exists a complex solution A; » = x1 2+%y1,2. Suppose y; > 0.
Then the first equation of Eqgs. (3.25) in the limit L — oo (i.e., with the
exponential accuracy in L) implies 1 = 29 = x, and y; = y2 + 1. On the

FE =
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other hand, Eq. (3.26) yields y; = 1 for any real z. Hence, the complex
solution of the Bethe ansatz equatlonb for M =2is Mo =2+ il 5, which
has the energy

B %_M_J(x%d)*l
']4L _ w _ %[1 —cos(ky + k2)] . (3.28)

This complex solution is usually referred to as the bound state, or the string
of length 2. It exists only if there is an essential interaction in a system
(i.e., when 6(k;, k;) # 0; there are no bound states for the case J, = 0,
in the isotropic XY model). From Eqs. (3.27) and (3.28), the reader can
conclude that for a fixed total momentum ki + ko the values of the energy of
a complex solution for M = 2 is lower than the energy of two real solutions
in the ferromagnetic case J, < 0, and it is higher than the energy of two
real solutions in the antiferromagnetic situation J, > 0.

The so-called string hypothesis is often used to study cases with arbitrary
M. Define the string of length 2m + 1 as

An = Am4+iy+0( ) y=—m,—m+1,....m—1,m, (3.29)

where A, is real (sometimes it is referred to as the centre of mass of the
string), m is a positive integer or half-integer and x > 0 (i.e., strings
are solutions to Bethe ansatz equations only in the thermodynamic limit,
with the exponential in L accuracy). Then, real solutions of Bethe ansatz
equations can be referred to as strings of length 1 (with m = 0) or spinons.
Let us denote by p,, the number of strings of length m. Then the total
number of strings is equal to Zm tom+1 and the total number of down
spins due to strings is

M =" (2m+ 1)ugmy1 - (3.30)

m, m and the total number of strings are often called a configuration.
Introducing strings as A\; = AT* +i[(m +1)/2 — v] with v = 1,...,m and
summing Eq. (3.21) for a distinguished string of length m for the parameters
A; occurring in it, one obtains

9m()\}n) = Ijm + Z Omn (AT = N') (3.31)

nl;é]m
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where 0,,(x) = 2tan"1(2x/m),

Omn () = (1 = 0m,n)0m—n|(€) + 20| —nj12(x) + -
+ 29m+n—2(x) + 0m+n (Z‘) s (332)

and integers or half-integers I; ,, appear because the logarithm is the multi-
valued function. In what follows we shall show that it is often convenient
to introduce two sets of these quantum numbers. Namely, the first set,
I; , which characterizes the strings present in the given configuration,
parametrizes “quasiparticles” (often they are mentioned just as particles),
and the second set, I j( ,,)L, which characterizes the unoccupied vacancies of
the given configuration of strings, parametrizes “quasiholes” (often men-
tioned just as holes).

The momentum of a string of length m for the isotropic case is
D = 2cot*1(2)\;-"/m) , (3.33)

and the energy is

2Jm

= Eo+ Hm — ——s"
A To VD R

(3.34)

J d
E,=FEy+H —
0+ m+2d>\m

where Ey = L(J, —2H)/4. The expression for the energy can be re-written
in a convenient form

E=Fy+ 5m(pm) ) 5m(pm) =mH — %(1 - Cospm) : (335)

The total energy with all possible strings can be written as

2J
E— Eo—f—ZZ[Hm )ﬁmQ

and the total magnetic moment of the system with all possible strings is
equal to

: (3.36)

z L -
M* =2 - > mwy, (3.37)

3.3 Thermodynamic Bethe Ansatz

The string hypothesis states that all solutions of Bethe ansatz equations
can be written in the form of strings of all possible lengths.



58 Finite Size Effects in Correlated Electron Models: Ezact Results

Then the main goal is to find the solutions to the Bethe ansatz equa-
tions in the thermodynamic limit L — oo. In this limit it is convenient,
following L. Hulthén, to introduce distribution functions for particles and
holes, corresponding to strings of length m. We replace discrete quantum
numbers by some continuous variable I, — z,, and replace summation
over j by integration over x,,. The densities of rapidities (sometimes re-
ferred to as “dressed densities”, to emphasize the fact that they are dif-
ferent from the ones of noninteracting quasiparticles, like an isotropic XY
model; the interaction “dresses” “bare” densities) p.,(z) are introduced
as pm(x) + pgn)( ) = dxp, /d\(z,). Here we also introduced the density
of holes p,’(x) as the complementary to p.,(z) function. Then, differen-
tiating equations (3.31) with respect to real parts of A; and introducing
continuous distributions of those real parts we obtain

1) = PO+ 3 A = 9 (3.38)

n=1

where a,,(r) = 2m/[r(42? + m?)], the convolution, A * B(z), means

Ao % pru( /dyAmn Y)pm() (3.39)
and

Amn(x) = a\m—n\(x) + 2a(lm—n|+2)(x)
e ) (1) + Q@) (3.40)

Notice that here we introduced the term with n = m, unlike Egs. (3.31),
by using the identity

o0

lim dyajm—n|(® = y)pm(y) = pm(x) - (3.41)
[m—n|—0 J_

Then the internal energy per site, e = F/L, and the magnetization m?* =
M?#/L per site are given as

e=eo+ i /OO AAeD N pm(N)

o0

(3.42)

8

m* = % i m dApm ()

8
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where we introduced the “bare” energy of the string of length m as el0 (N =

mH —2Jm/[(2\)? + m?] = mH — Jram(\) and eg = Ey/L.

Then, following C. N. Yang and C. P. Yang, we can assume that the
distribution function p,,(A\) together with pSQ )(/\) minimizes the Helmholtz
free energy F' = E —T'S. The change of the entropy for the given configu-

ration of strings can be defined as

[L(pt) (V) + pm(N)dA]!
[Lpm(N)AN[LpE (A)dA]!
~ L[(p3) (V) + pm (V) Il (A) + pm(N)]
=P (N I p(A) = pm(A) In prm (A)]dA (3.43)

dS,, = In

where we used the Stirling formula In 2! ~ xInz. Then the Helmholtz free
energy per site of the Heisenberg—Ising chain in the thermodynamic limit
can be written as

f=eo+ i / T DED V(M) — T ()
m=1" —>

) () (A) + i (X)) + ol (3) I p 00 (A)

+Tpm(N) Inpp, (V)] - (3.44)
Using the relation 5p5,’f) (x) = =, Amn*0pp(x) one can write the variation

of Eq. (3.44) with respect to dp,(\) as
of = Z/d)\ (sggw) —TIn[1 + 7, (V)]

TS A+ 1 1 O] ) (3.45)

where we introduced the function n,,(z) = pgf)(x)/pm(x) = explem (M) /7).
The function &,,(A) is often referred to as the dressed energy. Then 0f =0
implies

e =Tl +0m(N)] =T Apm *In[1 41, (V)] (3.46)
which set of equations completes the set Eq. (3.38). Both two sets, first

derived by M. Takahashi, M. Gaudin and M. Suzuki for a Heisenberg—Ising
chain, are known as thermodynamic (or thermal) Bethe ansatz equations.
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[We do not present here thermodynamic Bethe ansatz equations for a mag-
netically anisotropic situation, because they are more complicated than the
isotropic case J = J, and refer the interested reader to the original works.]
These equations can be re-written in the following useful form

Em(A) =Ts(A—=XN)*1n[l 4+ 1 (A)][1 + N1 (N)] — 270, 15(N)

s(2) = 1/2cosh(ra) | o 22 _ g (3.47)

Solving these equations for p,,(A) and 7,,(\) one puts those solutions
into Eq. (3.44) and it constitutes the exact (in the thermodynamic limit)
Bethe ansatz solution for the quantum spin—% Heisenberg chain. In fact,
inserting the thermal equilibrium density functions into the expression for
the Helmholtz free energy we obtain

(= ftm-etn=r [T )

— 00

(3.48)

where ¢(z) are digamma functions.

The results for the temperature behaviour of the Heisenberg chain for
H =0 and for a weak magnetic field H = 0.1J for J = 2 are presented in
Figs. 3.1 and 3.2. Notice the difference in the low-temperature behaviour
of these characteristics for a Heisenberg chain and for an Ising chain, and
the similarity with the results for an isotropic XY chain, ¢f. the previous
chapter. Observe low-temperature logarithmic corrections for an isotropic
Heisenberg chain in comparison with an XY chain, see the next section.
The reader can see that a weak magnetic field practically does not change
the temperature behaviour of the specific heat of a homogeneous Heisen-
berg chain, but removes logarithmic corrections in the susceptibility (the
magnetic field reduces the symmetry of the system, naturally).

Thermodynamic Bethe ansatz equations are nonlinear integral equa-
tions. They can be solved analytically only in two limiting cases: high
temperatures, 7' — oo, and low temperatures, 7" — 0. For all interme-
diate temperatures one has to solve these two infinite (in the framework
of the string hypothesis) sets of integral nonlinear equations numerically.
Still, the computation problem is much simpler than numerically solving
the stationary Schrodinger equation with the Heisenberg Hamiltonian. In
the following chapters we shall present a more convenient way to study
thermodynamics of quantum chains (in fact the results of Figs. 3.1 and 3.2
were obtained by using that method).
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0.08

Fig. 3.1 The magnetic susceptibility of an isotropic Heisenberg antiferromagnetic spin-
% chain with J = 2. The solid line shows the results for H = 0, the dashed line — for
H=0.2.

In the limit of high temperatures 7' > |J|, but keeping the ratio H/T
finite, one can consider 5,(2)()\) ~ mH (the term which does not depend on
the function to be determined is often referred to as the driving term in the
theory of integral equations). In this case driving terms do not depend on
A and we can solve Egs. (3.46) and (3.38) exactly. The solutions are:

m+1 m—1

z -z

= £2m) =1 o) = S et
_ 1 am(A) _ amt2(A) .
P = 05 Fm) (f(m—l) f(m+1)> |

These solutions permit us to find the magnetization of the quantum spin

chain at high temperatures
1 o 1 H
2 _ m = — h —_— . .
m 5 mg_l m /_OO dXpm (N) 5 tan T (3.50)

It is the magnetization of the free gas of quantum spins % at high tem-
perature in the nonzero magnetic field. This result is transparent, because
we neglected the exchange interaction between spins in this limiting case.
The magnetic susceptibility is equal to x = (1/4T cosh?(H/2T)). It is a
smooth function of the temperature with x ~ 7! at high temperatures,
as expected.
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0.2

0.20

0.15

0.10

0.05

0.0 1.0 2.0 3.0 4.0

Fig. 3.2 The Sommerfeld coefficient for the specific heat of the isotropic Heisenberg
antiferromagnetic spin—% chain (J = 2). The solid line shows the results for H = 0, the
dashed line — for H = 0.2. For this value of H the dashed line practically coincides
with the solid one.

In Figs. 3.3-3.6, the temperature dependencies of magnetic suscepti-
bilities and Sommerfeld coefficients of the specific heat (v = ¢/T) at zero
external magnetic field for Heisenberg—Ising spin—% chains with an “easy-
plane” magnetic anisotropy are presented. These figures manifest how the
magnetic anisotropy changes the temperature behaviour of a Heisenberg—
Ising chain. Notice, that for an isotropic ferromagnetic Heisenberg chain
the magnetic susceptibility follows a Curie-like law.

3.4 The Ground State Behaviour
The other important limit which permits us to obtain an analytic solution
of thermodynamic Bethe ansatz equations, is the limit of 7" — 0. From
Egs. (3.46), we have
em(AN) = (m —1)H + Tap, * In(1 + exple1 (N)/T))
+ TZ(Am—lm—l — Om.n linb an) * In(1 4 exp[—e,(N)/T]) ,
n=2

(3.51)
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Fig. 3.3 The magnetic susceptibility at H = 0 of an antiferromagnetic Heisenberg—

Ising spin—% chain with J = 2 and an “easy-plane” magnetic anisotropy. The anisotropy

J./J =0,0.2,...,1 for curves from top to bottom.

which implies that &,,(\) > 0 for m = 2,3, ... for the most interesting anti-
ferromagnetic situation J > 0. [Notice that in the ferromagnetic situation
J <0, em(A) > 0 for all lengths of strings m = 1,2,3,..., and the ground
state energy is just eg. This ferromagnetic state can also be referred to as
the string of the infinite length for up spins.] Then one can introduce the
positive and negative parts of £1(\) as: ] (\) = 1(A) for £1(\) > 0 and
ef(\) = 0 for e1(A\) <0, and 7 (\) = e1(A) for e1(\) < 0 and 7 (A) = 0
for €1(A\) > 0. By using these functions in the limit 7' — 0, we obtain

er(\) +azxer (\) =P, (3.52)

which can be re-written as (here we use the fact that the distribution of
quantum numbers is symmetric with respect to zero)

/ g1 (A) J
/ N S = -Gy (359)

This is, in fact, the determination of the Dirac (Fermi) sea for quasipar-
ticles (spinons) with dressed energies £1(A). The ground state pertains to
the situation in which all states of spinons with negative energies are filled
and all states with positive energies are empty. The limits of integration are
determined from the natural conditions €1 (+B) = 0. This means that +B
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3.0

Fig. 3.4 The same as in Fig. 3.3, but for a ferromagnetic “easy-plane” Heisenberg—Ising
spin—% chain. The anisotropy J./J = —0.9,—0.8,—0.6...,0 for curves from top to
bottom.

can be considered as the Fermi points for quasiparticles (spinons). Then
low-lying excitations for the antiferromagnetic Heisenberg spin—% chain are
quasiparticles with positive energies £1(\) and holes in the Fermi sea for
quasiparticles with negative energies. It is important to emphasize that
despite the symmetry of the wave function is mot antisymmetric for per-
mutation of two quasiparticles for any J, and J, the statistical behaviour
of quasiparticles is of the Fermi-Dirac type. As we shall show later, this
property is the general property of Bethe ansatz solvable models. For the
case of SplIl—— systems this property has the natural origin, though, it is
impossible to have more than one spin turn in each site of the lattice for
spins % The equations for densities stem from the equations for dressed
energies. In the ground state, 7' = 0, we have

h B
P10+ PO = ar(\) — /_ e = X)) (3.54)

The ground state internal energy can be written as

er= o—eo+/ d)\61 = / d)\e(o) p1(A) (3.55)
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Fig. 3.5 The Sommerfeld coefficient of the specific heat at H = 0 for an antiferromag-

netic Heisenberg spin—% chain with J = 2 and an “easy-plane” magnetic anisotropy. The

anisotropy J./J = 0,0.2,...,1 for curves at high temperatures from bottom to top.

and the ground state magnetization is equal to

z 1 B
m =3 —/_B Dpr(\) (3.56)

Obviously, the value of the magnetic field H determines these limits of
integration (i.e., Fermi points). The reader can see that for the antiferro-
magnetic situation J > 0 and large values of the external magnetic field
H > 2J (or H < —2J) the system is in the ferromagnetic (spin-saturated)
state and B = 0. Naturally, it means that in these regions of values of H
the ground state energy is equal to eg, the magnetization has its nominal
values :I:%, and the magnetic susceptibility is zero. On the other hand, in
zero magnetic field, for the antiferromagnetic situation at H = 0, we have
B = o0, i.e., quantum numbers (rapidities) fill the total interval (in the
thermodynamic limit L — 00). In the ferromagnetic situation, J < 0, the
point of the quantum phase transition is H = 0: any infinitesimal mag-
netic field removes the two-fold degeneracy of a ferromagnetic chain and
the magnetization of the latter becomes nominal.
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Fig. 3.6 The same as in Fig. 3.5, but for a ferromagnetic “easy-plane” Heisenberg—
Ising spin-% chain. The anisotropy J./J = 0,—0.2,...,—0.8,—0.9 for curves at high
temperatures from top to bottom.

3.5 Magnetic Field Behaviour in the Ground State:
Wiener—Hopf Method

In this section we shall, for simplicity, consider the isotropic antiferromag-
netic Heisenberg chain J = J, > 0. For small B, i.e., for H — H, < Hg,
where H is the critical value of the magnetic field at which the quantum
phase transition takes place, we can evaluate the Helmholtz free energy by
the direct iteration of Eq. (3.54). Thus, one gets the series

f:eo—%<%>3+H<%>+O<{%r> : (3.57)

The answer for the Helmholtz free energy for small values of the mag-
netic field can be also written analytically. Here we can apply the powerful
Wiener—Hopf method of solutions of linear integral equations. We shall use
this method in what follows very frequently, this is why, we want to present
it here in detail.

First, to prepare for the use of the Wiener—Hopf method in our case, let
us re-write the integral equation for dressed energies in the following way
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in the Fourier space

7TJA1m (w)

ef (w) =2mmH(w) — Feosh(w)2)

> — A (we,, (W), (3.58)
where
Apm(w) = coth(w/2)[exp[—|w||n — m|/2] — exp[—|w|(n +m)/2]] . (3.59)

Notice that for H = 0 it immediately follows &,,(\) = 0, for any m > 1 and
e1(A) = —mJ/2cosh(w)). Let us multiply Eq. (3.58) by A11(w)~t, where

Apm (W)™ = 8pm — (Gnmt1 + Onm—1)/2 cosh(w/2) . (3.60)

Then we take the inverse Fourier transform which yields

20 = g+ ([ [} ) s x0m00 o

where

o dw e*(‘td‘/?)*iww
@) = [m 27 2cosh(w/2) (3.62)

Now we define y(A) = €1 (A+B), so that the Fermi point for dressed energies
corresponds to y(0). Then we re-write Eq. (3.61) as follows (here we use
the identity €1(A) = e1(—X))

y(\) = % - WM T /OOO AN T\ — N )y(N)
+ /OO AN+ X +2B)y(\V) . (3.63)
0

If H < J, then B is very large and J(A + X +2B) ~ B~L. Hence, the last
term in Eq. (3.63) is order B~! smaller than the previous ones. We can,
then, solve Eq. (3.63) iteratively y(\) = y1(A\) + y2(A\) + ..., where

yi(\) = a mJ ; +/Ooo AN T = Ny (V)

2 2cosh[r(A+ B
(3.64)

y2(A) = /OOO dN' J(A = XN)y2(XN) +/OOO AN A+ X +2B)y1(N)

etc. These equations have the Wiener—Hopf structure and can be solved
analytically.
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Let us divide y into positive y* (A > 0) and negative y~ (A < 0) parts.
It yields for the Fourier transform of the equation for y;

Y (w)
Au(w)

_ mJexp(iwB)
2 cosh(w/2)

+y; (w) = THO(w) (3.65)
To apply the Wiener-Hopf method we re-write the kernel (A;;)~! as a
product of two functions, one, G (w), being analytic in the upper half-
plane, and the other one, Gi (w), being analytic in the lower half-plane,
where

Gl (w) =Gy (~w) = NeT:

Observe that G (c0) is a constant. The Wiener—Hopf method uses the fact
that from the analyticity of the functions yif(w) and GF (w) it follows that

iw iw/2m
! ( +°) T(1/2) — i(w/27)] . (3.66)

2me

+(w ~(w
vi' (w) = ——g+((w)) > yr (W) = é((w)) , (3.67)
where
ti) o
)= V2(w + i0)
_id [ dw T((1/2) +i(w'/2m)T(1/2) — i(w'/2m)]e”*""
2 Jooo 2m Gy (W) (W —w Fi0) '

(3.68)

We are interested in the results for large positive B, hence, the contour
of integration can be closed through the lower half-plane. Then, the value
of the integral can be given as the sum of the residua of T'[(1/2) —i(w’/27)].
The leading term, i.e., the pole closest to the real axes, yields the result
(the next term is of the order of exp(—27B) smaller)

n i H 72 J exp(—nB) )
= — . 3.69
R T (w 0 V2e[(3/2)(w + in) (3.69)
From the Fourier transform of the equation for ys, it stems
+H(W)GF Yo (w)
Y5 (w)GT (W) + _Gf(w)
— GHw)GT i +(—
_ [1 — GY (w)GT (w)] exp(—i27Bw)y; (—w) . (3.70)

Gy (w)
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The analyticity of ny (w) and G5 (w) implies

Y (WG] (W)
- /°° d' [1 = G ()G ()] exp(—i2m B )y (')
I > Cr (@) (@ —w —i0)

Again, we use the fact that 0 < 1 <« B and close the contour through
the lower half-plane. In this half-plane only G} (w) has singularities. The
leading singularity is the cut along the imaginary axis.

The parameter B is the function of the applied magnetic field H. It
is determined from the condition y(A = 0) = 0, which is equivalent to the
condition lim, .+ wy™(w) = 0. By using the results for yiQ(w) we get

. (3.71)

1 In(27B) } n2J exp(—7B)
Hl4+ ——-——S5+ | =—F——F7—"7"7"7F. 3.72
2rB  2(27B)? V2el'(3/2) (3.72)
Then the Helmholtz free energy can be written as
J ® dw e“Byt(w)
T=0H = —[(1/2)—(1)]— —. (3
ST =01 < J) = eot glo/2—u()-7 [ I @)

The contour has to be closed through the upper half-plane. Then the
value of the integral is given by the sum of the residua of the poles of
1/ cosh(w/2), any pole w = i(2n + 1) yields the term ~ (H/J)?*"*2. The
leading contribution arises from the closest to the real axis pole, w = i,
and it gives —exp(—mB)y " (i) ~ (H/J)?. Then the final answer for the
Helmholtz free energy of the Heisenberg antiferromagnetic spin—% chain in
a weak magnetic field is
H2
272 J

1 In|In(AH/J)|
x [1+ -
( 2In(AH/J)  4In*(AH/J)

where A = v/2¢el'(3/2)/m? is a constant. This implies the behaviour of the
magnetic susceptibility

_ 1 1 _ In[In(AH/D)]
X <1+2ln(AH/J) 4In®(AH/J) + ) ) (3.75)

P = 0.1 < J) = o+ 2 [6(1/2) — (1)) -

+ ) , (3.74)

which is valid for even L. The antiferromagnetic Spin—% chain with the odd
number of sites reveals the ground state and low-temperature behaviour,
different from the above discussed. The reason for this difference is clear,
there is a remnant spin—%, hence, the ground state is not a singlet at zero
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magnetic field. The ground state is degenerate for H = 0 with two different
momenta P = —mrS(1+ L")+ 1(1+1) mod 27, where S is the eigenvalue
of the operator of the z-projection of the total spin Zle S7. For example,
for the isotropic XY chain the ground state energy at H = 0 is

~ Jcos(m/L) cos(mS/L)
Lsin(n/L) '

E= (3.76)
Naturally, the remnant magnetization for H — 0 for odd L implies the
divergent ground state susceptibility, different from the above expression
for even L.

To summarize, in this chapter we presented the co-ordinate Bethe ansatz
for quantum spin—% chains (Heisenberg—Ising chains) with periodic bound-
ary conditions. We derived sets of transcendental equations for quantum
numbers (rapidities), which parametrize eigenfunctions and eigenfunctions
of stationary Schrodinger equations for these models. The difference in the
behaviour of interacting systems and noninteracting ones (e.g., XY chains)
appears to be in the presence of bound states (complex solutions to Bethe
anzatz equations), and in the distribution of rapidities, which depends on
interactions, for real solutions. We considered the way of description of
solutions of Bethe ansatz equations in the thermodynamic limit. In the
framework of the string hypothesis thermodynamic Bethe ansatz integral
equations are derived for (dresssed by interactions) densities of rapidities
and dressed energies of all states. High-temperature solutions to those
equations are presented. The transition to the ground state shows how
the Fermi (Dirac) seas for these interacting models are organized. Finally,
in the framework of the Wiener—-Hopf method we analytically derived the
Helmholtz free energy in the ground state as a function of an external
magnetic field.

The method, presented in this chapter was pioneered in [Bethe (1931)].
The scheme of the solution of Bethe ansatz equations in the thermody-
namic limit was given in [Hulthén (1938)]. Bethe ansatz equations for
a Heisenberg—Ising chain in the ground state without external magnetic
field were studied in [Orbach (1958)]. The ground state behaviour of a
Heisenberg-Ising chain in an external magnetic field was studied in [Yang
and Yang (1966a); Yang and Yang (1966b); Yang and Yang (1966¢)]. Ap-
plication of the Wiener—Hopf method for the ground state behaviour of
a Heisenberg—Ising spin chain in a weak magnetic field was introduced
there. In those papers the reader can also find the proofs of important
theorems, which we presented above. Analysis of Bethe ansatz equations
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for Heisenberg—Ising chains can be also found in the books [Gaudin (1983);
Izyumov and Skryabin (1990)]. Thermodynamic Bethe ansatz method was
introduced in [Yang and Yang (1969)]. The introduction of the string hy-
pothesis for Bethe ansatz-solvable models of condensed matter physics was
reviewed in the excellent book [Takahashi (1999)].
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Chapter 4

Correlated Electron Chains:
Co-ordinate Bethe Ansatz

Quantum spin systems, considered in previous chapters, describe only spin
dynamics of correlated electrons. However, it is interesting and important
to also understand charge dynamics of correlated electron systems.
Usually there are two main energetical scales in the behaviour of
electrons: the width of the band of itinerant electrons (and related to it
characteristic velocity of electrons or the Fermi energy of electrons) and
the strength of the Coulomb repulsion between electrons. If the former is
much larger than the Coulomb repulsion, then electrons can be considered
as a free lattice gas of itinerant electrons with Bloch-like wave functions.
The weak interaction between electrons can be treated in the framework of
perturbation theories. This kind of theory is well developed. The other lim-
iting case, which is studied even better than the previous situation, is the
atomic (localized) behaviour of electrons, where the effect of the Coulomb
interaction is considered exactly, and the hopping of electrons between lat-
tice sites can be considered perturbatively. In such a case wave functions
of electrons are of Wannier-type rather than Bloch-like. However, the most
interesting situation pertains to the case in which the energy of the hop-
ping of electrons from site to site of the crystal lattice (which characteristic
energy is the bandwidth of electrons) is of the same order as the strength
of the repulsion between electrons. Here correlation effects and itinerant
effects interfere with each other, which results in a reach behaviour of such
systems: they can reveal metal-insulator phase transitions, heavy fermion
behaviour, very special magnetic behaviour etc. However, the theoretical
description of such a situation is very difficult. Why is it so? As we already
mentioned, the well-developed methods of theoretical physics like perturba-
tion theories cannot be applied in this region of parameters. On the other
hand, in most of cases one cannot a priori state that there is any kind
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of ordering in these systems. Thus, the mean-field like methods, the other
powerful approach of the theoretical physics, cannot also be applied in most
cases. Then the only possibility is to study some approximate models of
correlated electrons, which manifest both the itinerant and correlated na-
ture of electrons, using exact methods. This program can be realized, for
example, in one-dimensional models of correlated electrons.

4.1 Hubbard Chain

The Hubbard model was introduced (usually it is connected with the names
of M. C. Gutzwiller, J. Hubbard and J. Kanamori) as a simple effective
model for the treatment of correlation effects in metals. It is believed
to provide a qualitative description of magnetic properties of correlated
electron systems and possible metal-insulator transitions. It’s Hamiltonian
consists of the term, which describes the hopping of electrons between (usu-
ally neighbouring) sites of the lattice, and the term, which describes the
Coulomb interaction between electrons in the simplest approximation: elec-
trons with different spins can affect each other only locally, being at the
same site of the lattice. Even for such great simplifications and its concep-
tual simplicity the Hubbard model does not permit us to obtain explicit
results in any space dimension. The rare exclusion is the one-dimensional
case, where the exact solution in the framework of the Bethe ansatz was
obtained by E. H. Lieb and F. Y. Wu. In their study they used the nested
Bethe ansatz scheme, discovered by M. Gaudin and C. N. Yang for a more
simple continuous model of electrons with the local (so called d-function)
interaction.

The Hamiltonian of the one-dimensional Hubbard model can be written

as:
L—1 L

Hu ==ty Y (@l aj10 +He) +U Y njmy (4.1)
j=1 o j=1

where a}a (aj,») creates (destroys) an electron with the spin projection

o ==1=1,] (it is used to simply explain that electrons can have up spins
or down spins) at the lattice site j, n; , = a}:aaj,g, t is the hopping integral
(in what follows we put it equal to unity, ¢ = 1, i.e., we shall measure
all other energies in units of ¢) and U is the constant of the Hubbard
interaction.
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The Hilbert space of each site of the lattice realizes four possibilities:
there can be an empty site without electrons, one electron sitting at the site
(two possibilities because of two spins of electrons) and two electrons sitting
at the same site (sometimes it is referred to as a local pair). This is why
the total number of states for the lattice of L sites is 4. It turns out that
the total numbers of electrons with spins up and down are conserved (the
commutators of their operators with the Hubbard Hamiltonian are equal
to zero [Hu, Zj njo] = 0), and, therefore, one can classify all eigenstates
with quantum numbers, related to those integrals of motion. In the Bethe
ansatz scheme the convenient choice of these numbers is the total number
of electrons, N, and the number of electrons with down spins, M. Let us
consider the situation with 0 < N < L and 0 < M < N/2. Other cases
can be obviously obtained from this one by using unitary transformations
(e.g., by turning spins, or using a particle-hole transformation). We can
consider the wave function

U= Z ¢(x1,...,xN,al,...70N)al;1701al2702---ach7UN|O) ,
T1<wa< - <TN

(4.2)
where the state |0) is taken such that a; ,|0) = 0 for any j and o. This wave
function is very similar to the wave function of the Heisenberg—Ising chain,
cf. the previous chapter. The difference is that now not only spin degrees
of freedom can be spread through the lattice, but electrons themselves can
move. The stationary Schrodinger equation for the wave function in the co-
ordinate representation can be written as (we use here periodic boundary
conditions)

Ew(xl,...,a:N,Ul,...,JN)—|—Z¢(x1,...,a:j:I:l,...,a:N,al,...,aN)
J

+UY 6y w00, (@1, N, 01, 0Nn) =0 (4.3)
g<l

Let us again consider the simple cases to understand the situation. In
the case N =1, one has the equation

—(x—1,0) =Yz +1,0) = EY(x,0) (4.4)

which has the trivial solution (it is, naturally, doubly degenerate, because
nothing depends on o; this degeneracy can be removed when adding the
Zeeman term —(H/2) >, (nj,1 —nj,|) to the Hubbard Hamiltonian, which,
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naturally, commutes with the latter, and, hence, it has the same eigen-
functions):

(a,0) = Aexp(ike) |

4.5
E = —2cosk , (4.5)

where A is determined from the normalization condition, and the momen-
tum k stems from the periodic boundary conditions exp(ikL) = 1.

For the case N = 2, we again must distinguish two situations. If two
electrons are situated at different sites, we have (there is no interaction in
this case)

—(z1 + 1,22,01,02) —Y(x1 — 1,22,01,02) — Y(z1,22 + 1,01, 02)
—Y(x1, 22 — 1,01,02) = EY(x1,22,01,02) , (4.6)

which has the simple solution

w(xly Z9,01, 0.2) — A017026i(k21$1+k}2$2) _ A/ ei(k2w1+k}19:2) ,

L2 (4.7)
E = —2(cosk; + cosks) ,

with arbitrary coefficients A, A’ (to be determined from the normalization
condition), and the values of k; o are also determined from periodic bound-
ary conditions exp(ik12L) = 1. Notice that the sign in the wave function
is due to the antisymmetry of the wave function of two fermions.

A more interesting case is when 7 = x5. Now the Schrédinger equation
for the wave function in the co-ordinate representation has the form

—¢($ + 17'7:70-1)0.2) - ¢($ - 1,33,0'1,0'2) - w(xax + 1701502)
—Y(x,x — 1,01,02) + Ubo, —on¥(x, @, 01,02) = EY(x,x,01,02) . (4.8)

For equal spins of electrons o1 = o9, the solution coincides with the above
solution for electrons in different sites. For o1 # o9, the interaction reveals
itself: when electrons occupy the same site, they “feel” each other. This
can be considered in terms of a scattering process, similar to the case of
the Heisenberg—Ising chain, i.e., the constants A become not independent,
but connected to each other due to the interaction. This can be formally
achieved by taking A, »,(k1,k2) dependent on the region z1 < x2, or
xr1 > T2

¢(x17 €2,01, 02) = Adl,og (klv kQ)ei(k1$1+k2$2)

— Ag, .0y (ko ky )i tR2mathrze) (4.9)
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for 1 < x9 and

¢($1,.’E2,0’1,02) = A(727O'1 (klka) k1w1+k2w2)

— Ay oy (K, by et R2mr Fhaz) (4.10)
for 1 > 5. It can be written in the compact way as

2
(1, 22,01,092) = Zblgn PQ)Asy, 00, (kp,, kp,)e' =o=1 7% (4.11)

where P = (P;, P») is a permutation of the momenta labels 1,2, (i.e., it is
the element of the symmetric group S3), and @ = (Q1, Q2) is the permuta-
tion of the labels of co-ordinates (it is assumed that zg, < zg,). The case
21 = x2 requires the single-valuedness (continuity of the wave function),

A01702 (kla k2) - A01702 (kQa kl) = A0270'1 (klv kQ) - A0270'1 (k'Qa kl) . (412)

Then the wave function equation (4.11) is the eigenfunction of the Hubbard

Hamiltonian in the co-ordinate representation, if the following equation
holds:

Z’(U/z)Ao'17o'2 (kl, kQ) + (sin k1 — sin kQ)A027gl (k‘l, kQ)
sinky —sinke +i(U/2)

A0'1,0'2 (kQa kl) =

(4.13)
This condition can be re-written in a compact way as
Agsor (Ray k1) = Y SgAT (K1, k2) Ay o (k1 K2) (4.14)
T2
where S7171(ky, k2) is the two-particle scattering matriz:
ST (o, ) — (sinky —sin ko) IZ17E 4-4(U/2)1IZLTL (4.15)

sinky — sin ke + i(U/2) ’

where we introduced the identity operator IZ!7! = §,,+,05,r, and the per-

mutation operator II7L7! = §5, 1, 00,7, - o

It is straightforward but quite tedious to generalize the above consid-
eration to the N-electron problem. There are N! possible arrangements of
1,...,TN, and, hence, N! space sectors to be matched at their common

boundaries. In analogy with Eq. (4.11), we can write the eigenfunction of
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the Hubbard chain for the general N case as

(X1, TN, O1, .-, ON)

= Z sign(PQ)AgQ““,UQN(kpl,.. ,kpy ) exp ka rq, | - (4.16)
P

Substituting it into the stationary Schrédinger equation we obtain the ex-
pression for the eigenvalue

N

U(L-2N

E:¥—2ZCOS/@. (4.17)
j=1

Using the condition of the single-valuedness of the wave function and solving

the matching conditions, i.e., the Schréodinger equation for the cases where

two of the coordinates coincide, one gets
AO'Q/ ,...,O'Q/ (kP’, ey kPIIV)

O'Q7T1
- g SO’Q 172 kPj 5 kpj+1)AO'Ql,...,O’Qj_l,T1,T2,O'Qj+2,...,O'QN (kPl’v ceey kPJ’V) )
T1,T2

(4.18)

where @ and P are arbitrary permutations and Q' = Q(j,j + 1), P’ =
P(j,j+1).
Periodic boundary conditions for N = 2, i.e.,

w(L_F 1 332,0'1,0'2) ¢(17$2701a02) )
ij 70 b = L’x ’0- 70 b)
P(0,22,01,02) = (L, x2,01,02) (4.19)
Y(x1, L+ 1,01,02) = ¥(x1,1,01,02) ,
Y(z1,0,01,02) = Y(z1, L, 01,02)
imply the following equations
AUQl’UQQ (kpl’kpz) = eikplLAUQ27”Q1 (kp2’ kPl) : (420)

If we have two electrons with spins up (or with spins down), periodic bound-
ary conditions imply exp(ik; oL) = 1, with the wave function in the sector
Q: Y(x1,29,01,02) = > psign(PQ)exp(i Z?:l kp,xq,). If we have one
electron with spin up and one electron with spin down the situation is
more complicated, and one needs to introduce the nested Bethe ansatz.
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The generalization for the N-electron case is straightforward. The pe-
riodic boundary conditions

w(xl,...,,xj_l,l,xj+1,...,a:N,Ul,...,aN)
:@[J(xl,...”xj,l,L—i—1,xj+1,...,xN,01,...,0N), (421)
w(xla"'ijflvoax]?Fla'"7xN7017"'70N)
:¢($1,...,,Z‘j_l,L,J,‘j+1,...,JZN,O'l,...,O'N),
where j =1,..., N, yield
Aan s 0Q N (kpl Yy kPN)
ikp, L
=e'"h AUsz""UQN’UQl (kP27~"7kPNakP1) ’ (422)

where () and P are arbitrary from Sy. These conditions can be re-written
using two-particle scattering matrices as

ikjLy _ No1eon .
e 5_ Z (TJ)Ui...U;\,(kl"'WkN)g ) (423)
ol...aly
where
it = UJTl 71 . .
(Ti)gian (ke k) = D0 (5777, )7 Ky kje)
T1...TN—1
X (o e ) (kg kjpa) - (S22 ) 7 (ke o)
X (o) kg k) (S5 )T Ry kn) - (4.24)
The vectors &, ¢ are composed of N! coefficients Ay, . oy (K1,...,kN)

(which depend on P and Q). Including all coordinate permutations it is
N!'x N!'x N!such coefficients, which are not all independent but restricted
by symmetries. It yields the solution for k;, analogous to the case of NV
spins down for the Heisenberg—Ising chain, but one needs to distinguish
[N/2] 41 cases (with [A] being the integer part of A) corresponding to the
possible values of M spins down.

We proceed further (with the help of the nested Bethe ansatz), introduc-
ing some auxiliary spin model on a one-dimensional ring of N sites. Every
site allows two spin configurations, spin up and spin down, analogous to the
ones for the Heisenberg—Ising chain. Let us introduce the following function

kpyykpy) = Y Agyon (ko kel o) (4.25)
o T
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where |21, ..., 2p) denotes the wave function with M down spins at posi-
tions x1 < --- < xps, cf. the previous chapter devoted to the Heisenberg—
1

Ising Hamiltonian of the spin-5 chain. Then the equality follows from the

above definition of the two-particle scattering matrix
|kP1 ) kP2> = YVLQ (bln kPl ,sin kP2)|kP2 ) kP1> ) (426)

where

(A1 = X)) +i(U/2)I12

N2l de) = 0 )

(4.27)

with I and IT15 = (I+4§1 gg)/Q being the identity matrix and permutation
operator for the Hilbert space of the auxiliary spin—% model. The periodic
boundary conditions Eq. (4.19) can be written as

\kp,, kp,) = e*"1 FTL15|kp,, kp,) (4.28)
or in the form
|/€p1,kP2> = eikplLXlg(Sinkpl,Sil’lkPQ)lkpl,kp2> s (429)

where

(N = A +i(U/2)1
NN+ i(U)2)

Xij (N, Aj) = i3 5N, Aj) = (4.30)

These equations can be straightforwardly generalized for the case of M
spins down of N spins:

|kp,, ..., kpy) = exp(iLkp, )Iiollas - - - Iy _in|kp,, ... kpy, kp,)
N-2

= exp(iLkp, )iollo3 - - - Iy_1n H YN-m—1,N—m(sinkp ,sinkp,_, )
m=0

X |/€p1, RN kpN> = exp(iLkpl)XLN(sin kpl,Sil’l kpN)
X X17N_1(Sink'p1,sinkpN_l) e ~X172(sinkp1,sinkp2)|kpl, ceey kPN> .
(4.31)

Now we need to distinguish [N/2] 4+ 1 cases corresponding to the possible
values of M.
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Let us introduce the monodromy matriz (on the inhomogeneous lattice)
as

T2 L (AL, AR

0'1..

— Yr-rl ()\ )\O)Yn-rz (/\ /\0)

T1---TN—1

Yy A ), (4.32)

O'

where A is a spectral parameter, the inhomogeneities are introduced via
0
)\17...,1\/7 and

eI +4(U/2)1 T

Yo'lTl — 0272 g2T2 . 4.
g27T2 ( ) $+Z(U/2) ( 33)

It turns out that (the summation over repeated indices is understood)

Y @)Y (g YR (y) = YOk () Yo (a +y)Yioh (x) . (4.34)

0’20’2 g30. 0’30'3

which is well known as the famous Yang—Baxter relation for two-particle
scattering matrices. The definition of the monodromy matrix can be re-
written in a symbolic way by omitting spin indices as

TO A, A% = Yor(A =AY - Yon (A= AY) (4.35)

where the subscript 0 denotes the additional indices, which are summed
over. Notice that Y (2)Y (—z) = I. With respect to the indices 7 and 7’
the monodromy matrix is 2 x 2 matrix. We define the trace of this 2 x 2
matrix as the transfer matrix on the inhomogeneous lattice, i.e.,

TN, AR =T (0,0
= tI‘()Y()l()\ — )\0) .- YE)N()\ — /\?V)
= Y7, (N — AO)YW(A A9) - Y;;";;T()\ - %) . (4.36)

0’10’
T1...TN—-1T

Let us denote the elements of the 2 x 2 monodromy matrix on the inhomo-
geneous lattice as

. A B
TT,(/\,)\?,...,)\?V):<C [))’ (4.37)

where the operators A, B, C' and D in the matrix representation have
indices o,...,0%,01,...,0n and also depend on inhomogeneities A},
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but for simplicity we do not write that dependence explicitly. It follows
from the definition that

FONL ) =A+D . (4.38)
It is easy to show that
Y= XTI = TETF YA =) . (439)

which is the direct consequence of Eqs. (4.32) and (4.34). This equation is

called the Yang—Baxter relation for monodromy matrices. Multiplying it

from the left by Y™ (\" — A) and summing over the indices 71 and 72, we
3

obtain

TN)FN) = 7N TN, (4.40)

where 7(z) is the transfer matrix, which means that transfer matrices with
different spectral parameters commute. It turns out that this result does
not depend on inhomogeneities )\(1)7___7 N

The operators A, B, C and D obey the commutation relations,
which stem from Eq. (4.39), some of which are relevant for the following
consideration

y
[B(x), B(y)] = [C(),C(y)] =0 . (4.41)

Let us denote the state with no spins down as |0) (it is often referred to as
the mathematical vacuum). Then the action of some matrix Yy;(x) (where
the index j denotes the position of this matrix in the inhomogeneous lattice)
on this vacuum state can be symbolically written as

Yo;(2)|0) = m (m ”(()Um iUfj> |0) . (4.42)

It is important to emphasize that the lower left element of this matrix is
zero, this is why such a form is usually called as triangular matriz form.
From the definition of the monodromy matrix the operators fl, B , C and D
can be obtained by successive multiplications of such matrices Y for each
site of the lattice of N sites. Then one can see that

Cloy=o0, (4.43)
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as the consequence of the properties of the triangular matrices. The action
of the operators A and D on the mathematical vacuum state is diagonal:

AN)[0) = |0} ,
N A0 — )\ (4.44)
by = 1:[1 A0 Py i(U/2)| )

The operator B plays the role of a “spin-lowering” operator. We can con-

sider the state with M down spins as a result of action of M operators
B:

M
A, A = [ BOw)I0) - (4.45)
B=1

Let us act with the operator 7 = A + D on the state Eq. (4.45) using the
commutation relations Eq. (4.41). We get

FO)A, A = AL AR AL A A A

M M
Y AL AR AL A [ BOwBO)[0) , (4.46)
~y=1

where

M .

A=A +i(U/2)

o _ T A e tiU/2)
il | e

+1]-V[ A0 — A ﬁA—)\g—i(U/Z)
LAY - A+i(U)/2) 21 A= Ag

Jj=

(4.47)
and
AN, A A )
_i(U)2) (_ ﬁ Ay — g +i(U/2)
W = Ay — g
N M .
11 5 —):\gi:t/zﬂ(yU/z) 11 Ay —)\);ﬁ:;;U/2)) . (448)

=1 J B=1
J B#~
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The state [A1,..., Aa) is the eigenstate of the transfer matrix if A, = 0. It
is true, if

N )\ —|—2U/2 PN, — Ag —i(U/2)
Jl;[l _H/\ —)\g—i—z U/2)’ (4.49)

which holds for any y=1,..., M.

It is convenient to choose P = @ = 1 (the identity) in Eq. (4.23) and
restrict ourselves to the spin subspace only. The conditions Eq. (4.49)
guarantee that operators T; commute with each other, hence, they can be
diagonalized simultaneously. It is easy to show, by using the properties of
Y matrices, that

Ti(ky,... . kn) = F(NAY =sinky, ..., A = sinky)azsink; . (4.50)
which implies
eika:A()\,/\(l):sinkl,...,)\g\,:sinkN,/\l,...,/\M)b\:Sinkj . (451)

It is convenient to shift A, — A, +i(U/4). Then the conditions for the sets
ki (j=1,...,N)and Ay (y=1,...,M) are

M. ;
I sink; — Ag +14(U/4)
eXp(lkJL) - ﬁl_Il blnk — Aﬂ — ’L(U/4) )

IJ—V[)W—Sinkj—i—z H — g +i(U/2)
jzlx\fy—sinkj—z Ay —Ag—i(U/2)
ﬁ#w

(4.52)

which are nothing other than the famous Bethe ansatz equations for the
Hubbard chain, first obtained by E. H. Lieb and F. Y. Wu. These Bethe
ansatz equations for charge (k;) and spin (\,) rapidities are quantization
conditions (similar to simple quantization conditions for noninteracting par-
ticles). One has to solve these equations, and then put the solution(s) into
Eq. (4.17) to obtain the eigenvalues of the stationary Schrédinger equa-
tion for the Hubbard Hamiltonian in one space dimension for arbitrary
number of electrons N and number of electrons with spins down M. It is
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also instructive to write down the expression for the eigenfunctions (II are
permutations from Sys)

1/)(%1,...,%]\7,01,...70']\7)
2

= Z Sign(PQ)Aan e 0Q N (kPl yrt kPN) exp(i Z kP7 mQj)
P

j=1
AUQl?"'7UQN (kpl,...,kpN) = Z Z

1<y1<-~-<yM<N II

A, — A, — i(U/2) 1
>< L
1§j§Hm§M A, H LA, = sink,, +4i(U/4)

y yﬁl A, — sinkn, —i(U/4)

4.
A, — sinkn, +i(U/4) ’ (453)

s=1

where y; are the positions of down spins in the sequence o1, ...,0n.
Observe that the structure of the Bethe ansatz equations (4.52) does not
depend on whether one has repulsive or attractive Hubbard interaction. For
the attraction one has to replace U — —U there.
The limit of small k; of the Hubbard model describes the continuum
gas of electrons with the d-function interaction of the strength U/2 with
the Hamiltonian, here presented in the first-quantized form

H5:—2<62> (U/2)) " d(x; — 1) (4.54)

Jj=1 Jj<l

in which the spin degrees of freedom are not present explicitly: they are
incorporated via the symmetry of the wave function. The Bethe ansatz
solution to this problem is given by

Ag +i(U/4)
L)
exp(ik; Hk s —i(U/4)
4.55
ﬂA—k +i(U H Ay — g +i(U/2) (4.55)
j:l)‘V_kﬂ_z Ay —Ag—i(U/2) "’

[3¢'v

where j=1,...,N and vy =1,..., M, and the energy

N
E = Z kJ + const . (4.56)
j=1
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Now we can study thermodynamic properties of a Hubbard chain. For
this purpose we shall use the string hypothesis, already known to the reader
from the previous chapter. In the thermodynamic limit L, N, M — oo with
N/L and M/L kept fixed we can consider three main classes of solutions
of Eq. (4.52). The first class consists of N — 2M™ real charge rapidities
k;, which correspond to unbound electron excitations with densities p(k),
densities of holes pj, (k) and dressed energies (k) = T lIn[pn(k)/p(k)] =
T'In&(k). The second class represents complex charge rapidities describing
spin-singlet pairs (bound states) of electrons or bound states of them with
sink!,,, = A, £i(U/4), where AL, , = )\fx7n+i(n+1—2l)(U/4) (1=1,...,n)
are parts of the string of length (n — 1) with n = 1,...,00. A},
and characterize the centre of motion of the bound state of n pairs and
a=1,..., M} label the strings. Notice that M* = "> nM]. These exci-
tations have densities o],()), densities of holes o7, (\), and dressed energies
Y (A) = Tlafol,,(N) /o), (N)] = Tlnk,(N). These two classes of solutions
are different from the solutions of the Heisenberg chain, presented in the
previous chapter, because they describe the propagation of charge degrees
of freedom of electrons. The third class, however, is already familiar to
the reader. This class consists of M,, spin strings (bound states) of length
(n—1) of the form X, | = o n +i(n+1-20)(U/4) (I =1,...,n) with real
Aanand o =1,..., M,. Naturally, because M is the number of down spins,
we have M = M* 4+ > nM, =Y ° n(M] + M,). These excitations
carry only spin and no charge and have densities o, (\), densities of holes
onh(A), and dressed energies ¢, () = T Infonp(X)/on(N)] = T lnn,(N). We
remark that the case of the continuum gas of electrons with the J-function
coupling has no bound states between pairs.

are real

By using straightforward but tedious procedures, similar to the case
of the Heisenberg spin chain, we obtain the thermodynamic Bethe ansatz
equations for densities

oK) + pu(k) = o= + cosk S anpa(sink — X) # [0 (\) + 4(V)] |

2w —
onn(A) = apuja(X —sink) * p(k Z Apm (X Yxom(N)
. 1 m=1 (4.57)

Tnn(N) = e A im

- Z Apm(N = N) %0l (X) = anyja(X — sink) = p(k) .
m=1
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The thermodynamic Bethe ansatz equations for dressed energies have the
form

H - ) 1+k,1N)
e(k) =—{2cosk+— + +T App/a(sink — A) xIn ——2——=
(== (2eosk 5 ) 4T D tsink =)+
TIn[l 4 n,(A\)] = nH — T cosk any/a(X —sink) xIn[l + £ (k)]

+ T 3 Apmn A= XY *1In[1 +n (V)]
mzl ( ) #Inf1 + 7,7 (A)] (4.58)

Tl + k,(N)] = —4Rey/1 — [A —in(U/4)]> — 2np

TIn[l +n,(AN)] = = Tcosk any/a(A —sink) * In[l + E71(k))
+ T Apm(A = N) x Il + 5, (V)] .
m=1

Here * denotes convolution, ay,,4(z) = (nU/4)/7w[z* + (nU/4)?], the
Fourier transform of A, (z) is coth(JwU|/8)[exp(—|n — m|lwU|/8) +
exp(—(n — m)|wU|/8)], H is the external magnetic field, p is the chem-
ical potential, and T is the temperature. The internal energy, the number
of electrons and the magnetization per site are given by

e:—2/7r dk cos kp(k 4ZRe/ d\/1 =[N —in(U/4)]20,,(N\) ,
/ dkp(k) + 22 / dxal (N , (4.59)
- % dkp(k) — ;n/_m dron(\)

—Tr

=

The Helmholtz free energy of the Hubbard chain per site is equal to

o [T A 1 3
f:_TE/oo T \/1— —in(U/4))? Inf1 + K, (N)]

- T/W ;’—’“m[ug*l(m] e —M—T/OO dAao(N) In[l + k1 (V)]

—T — 0o

™

T | dkpo(k)In]1 + £(k)] | (4.60)

—T
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where the ground state (internal) energy per site and densities for H = 0
and half-filled band with = U/2 are

P AR I CORALC))
= 4/0 w[l + exp(wU/2)] ’

1 oo
po(k) = Py + cosk/ dAoo(N)ag 4(A —sink) | (4.61)

7 dw Jo(w) cos(w)
w0 = [ S et

where Jy 1(x) are Bessel functions.

It is important to notice that the thermodynamic Bethe ansatz equa-
tions for densities of the attractive Hubbard model follow from Eq. (4.57)
with the change of the signs of the second term in the right hand side of
the first equation. On the other hand, the thermodynamic Bethe ansatz
equations for dressed energies of the attractive Hubbard model follow from
Eq. (4.58) with the change of the signs of In(1 + ¢~1!) and the sign of the
driving term for dressed energies of pair excitations (2nu keeps the same
sign though). One can see that these differences reflect the simple change
k — 7 — k. This simple difference is clear from the observation that the
transformation related to that change a;, — (—1)7a; », a;’a — (—1)%;)0
reverses the sign of hopping terms in the Hubbard Hamiltonian, but leaves
the other properties invariant. Then the Hamiltonian with negative U is
just the Hamiltonian for the repulsive Hubbard chain but with the total
negative sign. This means that the eigenstates are the same, but the ener-
gies differ by their signs. This is why, for the attractive Hubbard chain one
has to replace £(k) — £71(k) in the last term of Eq. (4.60), to add the term
—U/2 to ey (which now pertains to the case p = —U/2), and to change the
sign of the second term for the expression for po (k).

As for the spin—% Heisenberg chain, considered in the previous chapter,
thermodynamic Bethe ansatz equations for a Hubbard chain have analytic
solutions for high and low temperatures.

For high T we consider the limit T — oo, but with U/T, H/T and
wu/T kept finite. In this limit the terms, which depend on k and A in
driving terms can be neglected, and &, 1, and x,, are constants. There is
no movement of excitations from site to site in this limit. Then the solutions
of the thermodynamic Bethe ansatz equations are

w+w !

E= o =L =1 =g ) -1, (4.62)



Correlated Electron Chains: Co-ordinate Bethe Ansatz 89

where z = exp(—H/2T), w = exp[(2u — U) /2T, and

wnJrl _ wfnfl ZnJrl _ anfl

fn) = ——=—, 9(n) = ———— (4.63)

w— w1 z—2z2"1

The solutions for densities are

_L i+l cosk Re 1
Poive o T r G wro ) T mk (U2 )

, 1 ! = .
T Rtz T rutw I\ f(n—1)f \/1_ A —in(U/4)]”
1 1
_f(n—|—1 \/1— —i(n+2)(U/4)]? ) o
1 ! = 1
T r it ltwtw \gn—lD)yg \/1_ A = in(U/4)]2

1 1
(n—|—1 \/1— —i(n+2)(U/4)]? )
This is why, the numbers of electrons with spins up and down per site are

(N = M)

7 = (1+exp[(2U —2pu— H)/2T))~!

(4.65)
= (1 + exp|(2U — 2u + H)/2T))~"

These are obvious Fermi distribution functions. The total number of elec-
trons and the magnetization per site are

L cosh(H/2T) + cosh[(2u — U)/2T] ’

1 sinh(H/2T)
"~ 2cosh(H/2T) + cosh[(2u — U)/2T]

N cosh(H/2T) + exp[(2u — U)/2T]

(4.66)

Let us consider the behaviour of the magnetic susceptibility of the
Hubbard chain at high temperatures. It is also possible to consider the
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charge stiffness (charge susceptibility), defined as x. = —(0%f/0u?) =
(O(N/L)/Ou). They are

1 14 exp[(2u —U)/2T] cosh(H/2T)

T (cosh(H/2T) + cosh[(2pn — U)/2T))2 ’
1

1 1+ cosh[(2p — U) /2T
AT (cosh(H/2T) + cosh[(2u — U)/2T1)?

C

(4.67)

Y =

These expressions manifest that at high temperatures the Hubbard chain
has no phase transitions and the behaviour of its characteristics is smooth
with 7', p and H.

For low T we again, as in the previous chapter, separate dressed en-
ergies into their positive and negative parts, so that the terms with “+”
superscript are positive (empty states in the ground state) and those with

superscript are negative (those which form Dirac seas). Re-writing
Eq. (4.58), we obtain

Ink, () = Ucosh(Zﬂ(l/\ /) # In([1 + £t W)][L + Kt (N)])
I, (M) ! ([T + 7o 1 )+ g1 (N)])

~ Ucosh(2r(A = N)/U)

for n > 2, hence v,, > 0 and ¢,, > 0 for n > 2, and these excitations have no
Dirac seas. In the limit of low temperatures it is important to distinguish
the sign of the Hubbard coupling U. First, let us consider the repulsive
case U > 0. The T = 0 equation for 1; has the form

V1(A) = U—=2p—agy2(A=X)*py (X')—cosk ay/a(A—sink)xe ¥ (k) . (4.68)

Since for N < L we have 2pp < U, then ¢; = 0 for any A. Then the integral
ground state equations for dressed energies for the repulsive Hubbard chain
can be written as

B
mm+/3ﬁmmW—M@MU

Q
=H —|—/ dk coskay 4(X —sink)e(k) | (4.69)
-Q

H B
e(k) = —2cosk —pu — ) +/ dAag 4(A —sink)p1(N)
-B
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and the equations for densities are

B

o1(A\) + o1 (N) —|—/Bd)\’aU/2()\’ _ )\)01()\/)

Q
= /Q dkay 4(A —sink)p(k) , (4.70)

1 B
p(k) + pn(k) = o + cosk /_B dAay (X —sink)oi(A)

where the Fermi points for unbound electrons and spin strings of the length
1 (they are often called spinons, as for the Heisenberg—Ising chain) are re-
lated to the values of the chemical potential and magnetic field and deter-
mined from the conditions e(£Q) = 0 and ¢ (£B) = 0.

Let us consider the internal energy of the Hubbard chain as the function
of the number of electrons. From the symmetry we have

E(N —M,M,U) = —(L — N)U+ E(L - N+ M,L— M,U)
=(N—=MU+E(N-M,L-M,-U)
— MU+ E(L—- N+ M,M,-U) , (4.71)

where N — M is the number of electrons with spins up. The chemical
potentials for adding or removing an electron can be defined as

py = E(N—M,M+1,U)— E(N — M, M,U) ,

(4.72)
u_=EN-MMU)-EN-M-1,M,U) .

Notice that for the half-filled band, unless N—M = M = N/2, the chemical
potential depends on the spin of the electron added or removed, and p+
are related to opposite directions of spins. Since a metal (i.e., a conductor)
has to have a Fermi surface, then necessarily it follows that py = p_. On
the other hand, the insulator has to have an excitation gap when changing
the number of electrons, so py > p—. One can see that uy = U — p_ for
N = L, while py = p_ if the band is not half-filled for U > 0. Hence,
the repulsive Hubbard chain is a metal (conductor) for N < L, and for the
half-filled situation it is an insulator unless U = 0. The gap p4 — p— in
zero magnetic field asymptotically approaches U — 4 for large U and it is
proportional to exp(—2xU) for small U (i.e., nonanalytically vanishes as
U — 0). We can consider this metal-insulator quantum critical behaviour
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from the viewpoint of the commensurability of the backward scattering
of electrons. If the Fermi vector 4kp is equal to the Brillouin zone, i.e.,
it is commensurate with the reciprocal lattice vector, then the spin-flip
backward scattering may give rise to a gap at the Fermi level in the charge
excitation spectrum (notice that one has the electron-hole symmetry). We
would like to emphasize here that in the continuum version of the Hubbard
chain (the electron gas with the J-function repulsion) there is no metal-
insulator transition.

Let us now consider the half-filled band N = L. In this case we have
Q = 7 and pp(k) = 0 and p(k) = 1/27. The charged unbound electron
excitations have a gap, and we have from Egs. (4.69) and (4.70)

B ™
b1 (N) + / dNays(N = N1 (X) = H — dk cos® kag/4(A — sink) |,
B

- -7
B

o1(A\) + o1n(N) —l—/Bd)\’aU/Q()\’ _ )\)01()\/)

T dk )
= /_7T %GUM()‘ —sink). (4.73)

The ground state energy and the magnetization are

i B
eg = —2/ dk cos® k/ dAay 4(A —sink)oi(N)
o P (4.74)

1 B
m? 3~ / doy(N) .

-B
It is interesting to note that if U is large the k& dependence in driving terms
and the ground state energy can be neglected (sink — 0) and the resulting
integral equations and expressions for the energy and magnetization coin-
cide with those for the spin—% antiferromagnetic Heisenberg chain, cf. the
previous chapter. Hence, in the limit of large U for the half-filling we can
use already known to us results to describe the quantum phase transition
in the external magnetic field. Moreover, for any U such a transition also

takes place, but at the critical field

oo 16
S U+VI6+U?]
which pertains to the case B = 0. At this value of the magnetic field all

spins of electrons are polarized along the field direction, and the magnetic
susceptibility diverges as x ~ 1/ Hs — H. In zero magnetic field B = oo

(4.75)
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and we can solve the integral equations analytically with the ground state
energy and densities given above in Eq. (4.61) and the magnetic suscepti-
bility and the low temperature specific heat per site are equal to

I()(Q’]T/U)
8nl1(2n/U) ’

_ wl(27/U)
- 6L(27/U) U

X = =
(4.76)

where Iy 1(z) are modified Bessel functions. One can see that the following
(Wilson) relation for the Sommerfeld coefficient 7 of the specific heat holds:

4 2
S (4.77)
3
For U — 0, we have H, = 4 and the magnetization behaves as m* =

(1/2) — (1/m)sin~' /1 — (H/4)2. For U — oo we have H, — 0, and,

hence, the divergent magnetic susceptibility at H = 0 (i.e., an infinitesimal
magnetic field transfers the infinite-U repulsive Hubbard chain into the
spin-polarized, ferromagnetic ground state). Notice that at the values for
which van Hove singularities of empty one-dimensional Dirac seas of low-
lying excitations take place, see below, the low-temperature specific heat is
proportional to v/T.

Usually it is convenient to relate both of these characteristics with the
velocity of low-lying excitations (spinons in this case) taken at the Fermi
point

10¢1(N)

oA
as v = 7/3vf and x = 1/4mvl (at half-filling). It turns out that vf = 0
at H = H, (i.e., at B =0), and the susceptibility diverges. Naturally, the
Fermi velocity of unbound electron excitations

= (k)
Ok

vl = 2no1(N)”

g

Ix=B (4.78)

of = (2mp(k)) "

- lk=0 (4.79)

is equal to zero at half filling.

Considering the charge stiffness the reader can better understand why
we wrote about a metal-insulator transition at half-filling as about the
quantum phase transition: the ground state charge stiffness of the repul-
sive Hubbard chain diverges at half filling as x. = 1/ 47rv§ (similar to the
magnetic susceptibility at Hy). In the metallic situation, where both vf #0
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and v # 0, one has the general formula

T (1 1
Y= 5 <’U_F + ’U_F> . (4.80)
P o

Naturally, this formula is valid except for situations with the van Hove
singularities.

Some other analytic results can be obtained for the metallic case N < L
for H = 0. Here ¢; and o7 can be eliminated by the Fourier transformation
and we have

Q
e(k) = —2cosk — p —|—/ dk' cos k' A(sin k' — sin k)1 (N)e(k') ,
0 @ (4.81)
p(k) + pn(k) = % + cosk/@dk'A(sin K —sink)p(k') ,
where A(z) = Re([l + i(z/U)] — ¥[(1/2) + i(z/U)])/xU, and ¥(x)
is a digamma function. The number of electrons per site is given by
N/L = I—QQ dkp(k). The chemical potential is, by its definition, obtained
from the condition e(£Q) = 0. It increases with increasing U and the
number of electrons. For U = 0, we have eg = —(4/7)sin(wN/2L) and
u = —2cos(mN/2L), while for U — oo (where it is forbidden for two
electrons to occupy the same site) we get eg = —(2/7)sin(mN/L) and
uw = —2cos(wrN/L). The difference is transparent, because the effective
lattice size becomes twice as small for these effective “spinless fermions”.
The magnetic susceptibility, charge stiffness and Sommerfeld coefficient are
related to Fermi velocities of spinons and charged excitations, which are

LQQ dk cos ke (k) exp(2n sin k/U)

'Ug‘ = )
U [ dkp(k) exp(2msink/U) (4.82)
oF = (k) EW

The quantum phase transition to the spin-polarized state at T' = 0 takes
place at

Q
H=— / dk cos ke(k)ay ja(sin k) (4.83)
-Q
with the square-root singularity of the magnetic susceptibility. As we see,

this square-root singularity of the magnetic susceptibility is characteristic
for any one-dimensional system with SU(2) spin symmetry. It is related
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to the van Hove singularity of the one-dimensional empty Dirac sea of
spinons (low-lying spin excitations). The critical field H, is equal to 4[1 —
cos(mN/2L)| for U = 0, and, for given N decreases monotonically with
increasing U (vanishing at U — 00).

Now we turn to the attractive Hubbard chain, U < 0. Here one can
see that ¢, > 0 for any n for T'— 0. Then the ground state equations for
dressed energies and densities have the form

Q
wm&+[@whwxX—M%«M

B
dk coskay 4(\ —sink)e™ (k) ,
B

= —4Re\/1 — [N+ i(U/4)? - 2u — /

Q
e(k) = —2cosk — p— g - / dXag /4 (A —sink)py (A) (4.84)
Q

and

Q
%MHﬁMM+/QMmWW—MdW)

1 b :
= ;Re NSV - /_B dkayjs(X —sink)p(k) ,  (4.85)
Q
p(k) + pn(k) = 2i — cosk/ dhay a(A —sink)oi (N)
T -Q

where the Fermi points for unbound electrons and spin-singlet pairs are
related to the values of the chemical potential and magnetic field and de-
termined from the conditions e(+B) = 0 and 1 (£Q) = 0 (do not confuse
with the repulsive case: now charge excitations are connected with quan-
tum numbers A and @, while spin is carried by excitations with quantum
numbers k and B).

At H = 0, the magnetization is zero and, hence, B = 0. All electrons
are bound in pairs, and unbound electron excitations have a spin gap. The
chemical potential for the empty band is equal to —24/1 + (U/4)?, while for
the half-filled band it is —U/2. u monotonically decreases with increasing
|U| (as U? for N small and as U for N — L). It requires a magnetic
field larger than the critical one to have unbound electron excitations. The
critical field needed to overcome the binding energy of a spin-singlet pair is
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equal to

Q
Ho=—4=2m=2 [~ Dauui (3 (4.86)

where 11 (\) is determined from the first of Eq. (4.84) with B = 0. Nat-
urally, H. vanishes at U = 0 and grows with increasing |U|. The ground
state magnetization of an attractive Hubbard chain is zero for H < H,
and it is proportional to /H — H, for values of the magnetic field slightly
above H.. Hence, at H. the ground state magnetic susceptibility has a
square-root divergence which signals a quantum phase transition. It is the
consequence of the van Hove singularity of the empty one-dimensional band
of unbound electron excitations. For larger values of the magnetic field, the
ground state magnetization of an attractive Hubbard chain saturates at Hg
at which all spin-singlet pairs are broken up, i.e., at Q = 0. Again, at Hs we
have the quantum phase transition, related to the van Hove one-dimensional
singularity of the empty band of pairs and all spins of electrons are polar-
ized by the magnetic field. The magnetic susceptibility diverges at Hy and
H,. (it is zero for H > H, and H < H.) and it is finite for fields just below
H, (except for the half-filled case N = L).

The situation for the ground state of an attractive Hubbard chain is
reminiscent of the one for type-II superconductors. Namely, there are two
critical values of the external magnetic field. For H < H,. only Cooper-like
singlet pairs are low-lying excitations, while unbound electron excitations
are gapped. In the intermediate phase, H. < H < Hg both pairs and un-
bound electron excitations are gapless. Finally, at H > H all excitations
have gaps. However, there is a drastic difference: in a one-dimensional at-
tractive Hubbard chain pairs are not coherent even at ' = 0 (and, moreover,
for T' # 0, remember the Hohenberg theorem), and there is no spontaneous
superconductive ordering in that model.

The magnetic susceptibility, charge stiffness and Sommerfeld coefficient
for an attractive Hubbard model are again related to Fermi velocities of
pairs and unbound electron excitations

vl = (27r0/1()\))718w817§>\)|>\:¢2 , vf = (27Tp(k))7162(:) lk=n
as x = 1/4nvf, xe = 1/4mvl (for H < H.), and v = (472/3)[(v}) " +
(vE)71]. At H = 0, the Sommerfeld coefficient of the attractive Hubbard

o’

(4.87)

chain is

_ 7wly(27/U)
N = m . (4.88)
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Naturally, at the points of van Hove singularities of empty bands of low-
lying excitations the low-temperature specific heat is proportional to v/7'.

At finite but low temperatures the magnetic susceptibility is exponen-
tially small for H < H, and H > H,. At H = H. or H, the magnetic
susceptibility displays the /T feature corresponding to the van Hove sin-
gularity of empty bands. For H. < H < H,, on the other hand, the
magnetic susceptibility is finite as T' — 0.

The spin gap implies that the limits U — 0 and 7" — 0 cannot be
interchanged for a Hubbard chain.

It is important also to emphasize that except for U = 0, there are no
other critical values of the Hubbard coupling constant for spin—% electrons
(it is not so for the so-called degenerate SU(2S + 1)-symmetric Hubbard
chain with electrons carrying arbitrary spin S).

4.2 t-J Chain

Another important model of correlated electron systems, which possesses
an exact Bethe ansatz solution is the ¢-J model (it is integrable with some
restrictions on the values of coupling constants, see below). It became pop-
ular when it was realized that in the limit of strong repulsion the Hubbard
model with U > 0 reduces to it (for the antiferromagnetic situation). The
strong on-site repulsions limit site occupations to at most one electron.
States with double occupation of a site are energetically unfavourable and
can be projected out. Hence, in the ¢-J model there are only three states
per site: one empty state and two states with an electron, either with spin
up, or down, and the total number of states in the Hilbert space of the
t-J chain of the length L is 3%. However, virtual transitions to states with
doubly occupied sites give rise to an exchange and direct interaction be-
tween electrons on nearest neighbour sites. It turns out that a ¢-J model is
important as it is, without direct relation to the large U limit of a repulsive
Hubbard model. It is frequently invoked as a model for strongly correlated
electrons, in particular it is popular for the description of high-T, cuprate
superconductors and heavy fermion systems.
The Hamiltonian of the one-dimensional ¢-J model can be written as:

L1
Hir = Z[_t Zp(a}7oaj+l,a + H.c.)P
j=1 o

+ J§j§j+1 +V Z le,onj-i-l,o] ; (4.89)
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where a;,a (a;,») creates (destroys) an electron with the spin projection o =
+1 =71, | in the lattice site j, n;, = a}70aj,g, P=1-nj_c)(1-nj41,—5) s
the Erojection operator which excludes double occupation of each site, gj =
al,

(85 =(1/2)(nj,r —nj,y), S;-r = a;Taj,l, and S = a;laﬂ), t is the hopping
integral (in what follows we put it equal to unity, ¢ = 1, i.e., we shall
measure all other energies in units of ¢), J is the exchange constant and V
is the coupling constant of the nearest-neighbour interactions, respectively.
This Hamiltonian can be expressed in terms of Hubbard operators X ;-Lb =
la;)(b;|, where a,b denote states with one electron with spin up or down
and empty state (we can define them as T, |, 0, respectively), supplemented
with the local constraint X ]T T+ X ju + X = 1. These Hubbard operators

satisfy the following relations

Ss.010j,6 is the operator of the spin of the electron in the lattice site j

XPXPT £ XPOX P = 651(66,e X0 £ 60,0 XS7) . (4.90)

The Hamiltonian equation (4.89) can be re-written as
L—1
Moy = =13, | 2 (X7X0 + X70X70)
Jj=1 o

+IY XITXOS+ VXX | (4.91)
i

It turns out that the one-dimensional ¢-J Hamiltonian is exactly solv-
able by the Bethe’s ansatz only for J = +2¢ = +2, and V = —J/4, or
V = 3J/4. The model with these values of parameters used to be called
a supersymmetric model. We shall explain this definition in the following
chapter. Using the same method as in the previous section for a Hubbard
chain it is not difficult to find that the two-particle scattering matrix of a

supersymmetric ¢-J model for V = —J/4 is equal to

1 . o1 T
517k k) = 5 (114 exp(-2iwn, w1227

+U—%M4Wmmm&%), (1.92)

o1 . . . o1 .
where IJ1T1 = §5,r,00,+, is the identity operator, 11717l = 45, 1,05, is the

permutation operator, and

cot(k1/2) — cot(ka/2)
1 — (J/2)] cot(k1/2) cot(ka/2) — [1+ (J/2)] °

Ot Yk, ky = g[ (4.93)
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Equation (4.92) can be re-written as

—p2 +i(J/2)

where p12 = (1/2) cot(ky,2/2) for J = 2, and p1 2 = (1/2) tan(k;,2/2) for
J = —2. On the other hand, for V = 3J/4, we have

ST (ky, ko) =

0272

i plEn AR

ST (K, k
027'2( 2) p1L— po — Z(J/Q)
These equations have the same form as the two-particle scattering matrix of
a Hubbard model, Eq. (4.15), up to the re-formulation of charge rapidities
and, hence, we can use the results of the previous analysis and after straight-

forward, but tedious calculations we have for the sets p; (j = 1,..., N,
where N is the number of electrons) and Ay (y =1,..., M, where M is the
number of down spin electrons) for V = —J/4

<pj+zl/2> Hpj—)\g-l—l 1/2)

by —i(1/2) ;A i(1/2)

4.96
IJ—V[)W—pj—H H Ay —AgFi (4.96)
j:1)‘7_pj_l Ay —/\5—2'

ﬁ#w

Please pay attention that the Bethe ansatz equations do not depend on the
sign of J. The energy, contrary, depends on J

:_JZ< e +1> : (4.97)

The magnetic moment is equal to S* = (N/2) — M. On the other hand,
for V' = 3.J/4, the Bethe ansatz equations are

pj+i ) pj—pi+i oy pj— s —i(1/2)
(pj—l(/) Hpj pz—ZH —Aﬂﬂ(/?)’
L#j
(4.98)
H —p; +i(1/2) M A —Agti
Ay —pj—i(1/2) Th Ay = Ag =i

B#~y

and the expression for the energy coincides with Eq. (4.97) taken with
the opposite total sign. It turns out that the Bethe ansatz equations of the
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supersymmetric ¢-J model with V' = 3.J/4 are equivalent to the ones of the
SU(3)-symmetric spin-1 Hamiltonian

TN - -

Hsue) =5 D 185851 + (5585417 (4.99)
j=1
with N — Ny + N3 and M — N3 (N1 + Ny 4+ N3 = L), where N172,3 are
the number of spins with the z-projections up, zero and down.
It is important to point out that for a supersymmetric ¢-J model one
can introduce a magnetic anisotropy, and this introduction does not violate
the exact integrability. Namely, the Hamiltonian

[ea

L—-1
Han=—Y_ | Y Plal a1, +He)P
j=1

J i o' —o
— 5 Z(en81gn( )nj7gnj+17a/ — a;[,aj?g/a;_i_lﬁ,aj_‘_l’g) s (4100)

o0’

where 7 is the parameter of the “easy-plane” magnetic anisotropy (with
J = £2) is integrable by the Bethe’s ansatz. Naturally, for n = 0, this
Hamiltonian coincides with Eq. (4.89). The Bethe ansatz equations (we
keep the same notations for rapidities) are

(mm+mme:ﬁﬁmrwwwwm
sinlp; —i(n/2)]) 2 sinlp; = As —i(n/2)]

" inlhy —py /2] sinpy —dg il D
]1;[1 sin[A, —p; —i(n/2)] g sin[Ay — Ag —in] ’
B#~
with the energy
) v 1

and the magnetic moment S* = (N/2) — M. It turns out that while the
Bethe ansatz eigenstates equation (4.102) are real for the “easy-plane” mag-
netic anisotropy 77 — 7, the Hamiltonian equation (4.100) is non-Hermitian
for such a choice of the anisotropy, and, hence, we shall not consider that
case in what follows.

Now let us study the thermodynamic properties of the supersymmetric
t-J chain using the string hypothesis. Let us start with the case V' = —J/4.
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In the thermodynamic limit L, N, M — oo with N/L and M/L kept fixed
we can consider three main classes of solutions of Eq. (4.96). The first
class consists of N — 2M™ real charge rapidities p;, which correspond to
unbound electron excitations with densities p(p), densities of holes p,(p)
and dressed energies e(p) = T In[pn(p)/p(p)] = TIn&(p). The second class
represents complex charge rapidities describing spin-singlet pairs (bound
states) of electrons with p= = A, +4(1/2), where )\, are real and char-
acterize the centre of motion of pairs and o = 1,...,M’. These exci-
tations have densities ¢’(\), densities of holes o} (\), and dressed ener-
gies Y(X) = Tlno},(N)/o’'(A)] = Tlnk(A). It turns out that the su-
persymmetric ¢-J chain has no bound states between pairs. The third
class consists of M,, spin strings (bound states) of length (n — 1) of the
form )\iym = dan +i(n+1-20)/2 (I = 1,...,n) with real Ay, and
o = 1,...,M,. Naturally, because M is the number of down spins, we
have M = M* + Y >°  nM,. These excitations carry only spin and no
charge and have densities 0, (), densities of holes o,,(A), and dressed
energies ¢, (A) = T'lnfo,p(N) /0 (N)] = Tlnn, (N).

Then, by using straightforward procedures, similar to the case of a Hub-
bard chain, we get thermodynamic Bethe ansatz equations for densities

p(p) + pu(p Zanp N) ¥ 0n(A) —ai(p = A) xo'(A) ,

Tnh(A) = an(A —p) * p(p Z A = XY % o (V) (4.103)

o, (A) = az(p) — az(A = X') x o' (N) — a1 (A —p) * p(p) .

The thermodynamic Bethe ansatz equations for dressed energies have the
form

() = — (1= ras)] + 5+ 1)
+ Tai(p—A) *In[l + K1 (\)]
ST ai(p— ) £ Inll + 5 ()]
n=1

Tl 4 n,(\)] = nH + Ta, (A — p) = In[1 + £ (p)]

+T i Anm(>\ - )‘I) * 11’1[1 + nT:LI()\/)] )

m=1
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Y(N) = = (J[2 = maz(N)] +24) + Tar (A — p) * [l + £ (p)]
+ Tag(A = X) *In[1 +x"1(N)] . (4.104)
Here = denotes convolution, a,(z) = (n/2)/7[z? + (n/2)?], and
the Fourier transform of A, (x) is coth(|w|/4)[exp(—|n — m|w|/4)+
exp(—(n — m)|w|/4)]. The internal energy, the number of electrons and

the magnetization per site of the supersymmetric ¢-J chain for V = —J/4
are given by

=—J— +J7T/ dpai(p)p(p) +J7T/ dhaz(N)a'(N) ,
N
T =/ dpp(p +2/ da’ (M) (4.105)

. 5/7 dpp(p Z / Ao (A

The Helmholtz free energy of the supersymmetric ¢-J chain for V = —J/4
per site is equal to

3
||

f= _T[o dhaz(N) In[1 + £~ (V)]

7 / " dpar(p) 1+ € ()] = 0(0) —p— T . (4.106)

At high temperatures we consider the limit 7' — oo, keeping H/T and
w/T finite. In this limit the terms, which depend on p and A in driving
terms can be neglected, and &, 7, and k are constants. There is no move-
ment of excitations from site to site in this limit. The solutions of the
thermodynamic Bethe ansatz equations are

2
g JLEER _ [sinh (57 +2) | 1
— 1+771 bl 77n - blnh(ﬁ) I
(14 K)32K% = exp(—=2u/T)[V1 + k + /1 +m], (4.107)

1+ exp[—(H + 2u)/2T]
1+ exp[(H —2p)/2T)

exp(x) = exp(H/T>\/
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The Helmholtz free energy per site at high temperatures is
f=-=Tn[l+ 2exp(p/T)cosh(H/2T)] , (4.108)

which describes three degrees of freedom per site (a hole and a free spin—%).
The total number of electrons and the magnetization per site are

N _ 2 cosh(H/2T)
L~ 2cosh(H/2T) + exp(—p/T) (4.109)
. sinh(H/2T)

~ 2cosh(H/2T) + exp(—pu/T)

The charge and magnetic susceptibilities of the ¢-J chain at high tempera-
tures are

1 2exp(—u/2T) cosh(H/2T)
Xe =T (2 cosh(H /2T) + exp(—p/T)]? ’

_ 1 1+exp(—p/T)cosh(H/2T)
" T [2cosh(H/2T) + exp(—p/T)]?

(4.110)

These expressions manifest that at high temperatures the supersymmetric
t-J chain with V' = —J/4 has no phase transitions and the behaviour of its
characteristics is smooth with 7', © and H.

For low T we again, as in the previous chapter, separate dressed en-
ergies into their positive and negative parts, so that the terms with “+”
superscript are positive (empty states in the ground state) and those with
“~7 guperscript are negative (those which form Dirac seas). By using sim-
ilar procedures as in the previous section for a Hubbard chain, the reader
can see that dressed energies are positive, ¢, > 0, for any n, hence, these
excitations have no Dirac seas. Then the ground state equations for dressed
energies and densities have the form

N+ [ e = nur ()
=—-2J+7nJaz(\) —2u — /dpal()\ —-pk (p), (4.111)

p) = ~J + Ja(p) -~ p -~ [ D= P (Y.
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and

AW + ) + [ NV = N )
=)~ [ dpar (3= ) (4.112)

o) + p(p) = ax(p) — / drar (A - p)ol (V) |

where the Fermi points for unbound electrons and spin-singlet pairs are
related to the values of the chemical potential and magnetic field and de-
termined from the conditions e(£B) = 0 and 1 (£Q) = 0. These equations
are similar to the ones for the attractive Hubbard chain.

For the ferromagnetic coupling J = —2, two dressed energies €(p) and
¥(A) have their minima at p = A = 0. Then the ground state energy is
minimum if ¥ (0) is maximum, i.e., when the band of pairs is empty, @ = 0,
(no spin-paired electrons, which is clear for the ferromagnetic case). All
electrons occupy states of the band e(p), with

4 H

-2 411
p1 M (4.113)

ep) =2~ 5

Hence, all states with |p| < B are occupied (the Dirac sea for unbound
electrons), where B? = (4 + 2+ H)/4(4 — 2u — H).

For the antiferromagnetic situation J = 2, the dressed energies are
decreasing functions of |p| and |A|. Hence, the Dirac seas, and, therefore,
the integrations in Eqs. (4.111) and (4.112) are in the intervals |p| > B and
A > Q.

The case with one electron per site N = L, since the double occupancy
is excluded, pertains to the insulator. The hole density o}, vanishes, @ = 0,
and eliminating o’ by using the Fourier transform we get

p(p) + pr(p) = Go(p) + / o dp'G1(p — p)p(p') | (4.114)

where G, (z) = [7°_ dw exp[—iwz — (n|w|/2)] /47 cosh(w/2). In the absence
of the magnetic field we have p = 0 (and ¢’ (\) = Go(XA)). This is why, the
ground state energy is equal to

eo=—2In2. (4.115)

The ground state is singlet. There is no gap for spin-carrying excitations
(unlike an attractive Hubbard chain). The magnetic susceptibility is finite.
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It coincides with the magnetic susceptibility of a Heisenberg Spin—% antifer-
romagnetic chain, described in the previous chapter, with J = 2. Any weak
magnetic field begins to polarize electrons linearly with small logarithmic
corrections. At the critical value H (related to B = 0), the magnetic field
totally polarizes all the spins of electrons, and the system undergoes the
quantum phase transition into the spin-polarized (ferromagnetic) phase. It
is important to point out that, despite the ground state Bethe ansatz equa-
tions for a supersymmetric antiferromagnetic ¢-J chain with V' = —1/2 are
similar to the ones for an attractive Hubbard chain, there is no gap for
unbound electron excitations for a ¢-J model, and, hence there is no phase
with only paired electrons (which implies H. = 0).

For the metallic case N < L, the integral equation for density of un-
bound electrons can be written as

p(0) + pn(p) = Golp) + / dp'Gr (0’ — p)py)

lp'|>B

Q
+ / d\Go(p — Ny, () . (4.116)
-Q

Actually the holes of pairs determine the metallic behaviour of the chain.
The magnetization is zero for H — 0. Notice, that even for a small magnetic
field the Fermi point B is much larger than any given Q. Then the last term
in the right hand side can be considered as small perturbation and for small
H (large B) we can solve this equation using the Wiener-Hopf method,
described the previous chapter. The H = 0 magnetic susceptibility (x =
1/47vl, where vf is the Fermi velocity of unbound electron excitations,
defined as for the case of a Hubbard chain), is

Q /
= % 1+ f_Q d;\ah(/\) exp(mA) | (4.117)
4721 4 (1/2n) S () exp(mA)

where o, and ¥ are solutions for zero magnetic field. The zero-field mag-
netic susceptibility diverges for N — 0 as the consequence of the van Hove
singularity of the empty band of pairs.

At H = 0, the magnetization is zero and, hence, B = co. All electrons
are bound in pairs (we assumed the even number of electrons), and there
are no unbound electron excitations. The equation for the density of pairs
in this case is

Q
o(A) + on(N) = Go(N) +/ AN G1 (N = Nan(\) . (4.118)
-Q
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If the band is almost half-filled (@ small) we have o/(\) = [2— (N/L)]G1(\)
for |A\| > @ and zero elsewhere, where the number of electrons per site
is (N/L) = 1 — (2Q/n)In2. On the other hand, if the band is almost
empty (@ large) we have for the number of electrons per site (N/L) =
(7Q)~t + (1/2) In(Q)(7Q)~2 + .... The Fermi point can be related to the
value of the chemical potential y = Q2 — 2. The charge stiffness is inverse
proportional to the Fermi velocity of pairs. It is, naturally, divergent at
N — 0 (for empty band, where u = —2), because the Fermi velocity of
pairs goes to zero in this limit.

In the metallic situation, where both vff # 0 and v%, # 0, except of van
Hove singularities (where the specific heat is proportional to \/T) one has
the general formula for the Sommerfeld coefficient of the low-temperature
specific heat

(1 1
v = § (U_F + 'U_F> . (4.119)

5 o

At finite but low temperatures the magnetic susceptibility is exponen-
tially small for H > H,. At H = H,, the magnetic susceptibility displays
the /T feature corresponding to the van Hove singularity of empty bands.
For H < H,, on the other hand, the magnetic susceptibility is finite as
T — 0.

For the system with V' = 3.J/4, the thermal equilibrium properties are
classified according to the string hypothesis as strings of the length (n — 1)
of both p; and A, introduced as

—iv
2 (4.120)
v=—(n—-1),-(n-3),...,(n—1), n=1,...,00,

1,
p;'/,n =Pjn*t E'LV 5 p(Vy,n = )\a,n +

where pj,, and A, , are real and related to the momentum of the centre
of mass of the bound state. Notice, that real rapidities p; and A; pertain
to n = 1. Dressed energies of string solutions can be denoted by sg) =
Tln n,(f), where [ = 1 pertains to p-strings and [ = 2 corresponds to A-
strings. Thermodynamic Bethe ansatz equations for dressed energies can

be written as

! !
1+78 ) +n,2>_1>]
(1+n)

[u +aiT)a +nf:“ﬁ>1>}

(1+771(f))

lnn,(f) = —¥§n,1Fm + Fy ln{

+ Fi +In

(4.121)
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where [,m = 1,2 (I #m), n,gl) =0 and

1
V3[2cosh(27mz/3) — (—1)m]
Equation (4.121) (which are similar in structure to the second form of

thermodynamic Bethe ansatz equations for a Heisenberg chain, c¢f. the
previous chapter) have to be complemented by the asymptotic conditions
w_2/=2m-H

1 1 H
nh_)rrgo - In 7, 5T , nh_)rrgo - Inn = T - (4.123)

F(x) =

(4.122)

The Helmholtz free energy per site of the supersymmetric ¢-J chain with
V =3J/4 is equal to

f= —% = T/Oo dpF;(p) (1 + 1" (p)]

— 00

-T / h AAFL(\) In[1 + P (V)] (4.124)

The ground state pertains to the Dirac seas fillings of two low-lying
excitations (i.e., to solutions of Bethe ansatz equations with negative ener-
gies), namely, unbound electron excitations and spinons. The ground state
Bethe ansatz equations for dressed energies are

Q
M) +/Q dpas(p — p)et (')

H B
=J—-nJai(p) — pu— 5 —|—/ dhaq(p — )\)agz)()\) , (4.125)
B

Q

B
D0 + / Ny = M) () = H + / o= Vel ).

and the equations for densities are

Q
p1(p) + p1n(p) + /_Q dp'az(p —p')pr(p')

B
— i (p) + / dhar(p— N () |
B (4.126)

B
o1 (V) + o1 (A + [ dNas(r = X))

Q
:/ dpai(p — A)p1(p) -

-Q
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The internal energy, the number of electrons and the magnetization per
site in the ground state are

co = / dp[1 = ma1 (p))p1 (1)

N
/ dpp1(p) (4.127)
# d>\ A) .
m 2 T 1(A)
The ferromagnetic situation J = —2 is trivial, as for the case V.= —J/4.

For the most interesting antiferromagnetic situation J = 2 in the absence
of a magnetic field we have B = oo and the Dirac sea of spinons is totally
filled, o1, = 0. Then the dressed energy and density of spinons can be
eliminated via a Fourier transformation. Hence, in zero field the ground
state problem reduces to the solution of Fredholm integral equations of the
second kind

Egl)(p)+[ dp'Gs(p — p)et” (0) = 2 — 2ma1(p) — 11

() = / dpGo(p — Ve (p) |
(4.128)

p1(p) + p1n(p / dp'Gs(p —p')p1(p") = ar(p) ,
(A\) = /_Q dpGo(p — N)p1(p) ,

where G, () is the Fourier transform of exp(—n|w|/2)/2 cosh(w/2). We can
solve these equations analytically for small @ (which pertains to the small
number of electrons in the system) and large ). At small @) the dominant
feature is the van Hove singularity of the empty band for unbound electron
excitations, and we have p = —2 + 16Q?, (N/L) = (1/7)v/2+ p and Ep =
—2N. On the other hand, for @ — oo we obtain p =2, (N/L) =2/3 (it is
the maximum band filling for this model, which corresponds to the equal
number of electrons with spins up, down, and empty sites; it is the point
of higher symmetry) and eg = (2/3)[(1/3) — (1) + 2|, where () is a
digamma function. For large, but finite ) the Wiener—Hopf-like solution of
the integral equations gives @ ~ |In(2—pu)|, e.g., (N/L) = (2/3)—(2—p) /3.
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Why does the solution not exist for N > 2L/3? The Bethe ansatz is for-
mulated for the mathematical vacuum state with all spins pointing upward.
All states with non-negative magnetization can be generated by reversing
spins. The construction, however, breaks down if more than half of the
spins are reversed, because the wave functions (plane waves for the Bethe
ansatz) are no longer linearly independent. States of negative magnetiza-
tion are created by flipping states from the mathematical vacuum with all
spins pointing downward. A similar situation arises here for band fillings
larger than 2/3. Then empty states are in the minority as compared to
the electrons with spins up and down, and a different representation of the
mathematical vacuum state has to be used. If we assume that the number
of electrons with spins up is larger or equal to the number of electrons with
spins down the mathematical vacuum state consists of the filled band with
all L electron spins pointing upward, rather than the mathematical vacuum
corresponding to the absence of electrons, which we used.

The charge stiffness is the monotonically decreasing function of N,
which becomes zero at N = 2L/3 and it is divergent at small N as 1/Q), as
the consequence of the van Hove singularity of the empty band of charged
unbound electron excitations. It is inverse proportional to the Fermi veloc-
ity of those charged low-lying excitations. The magnetic susceptibility is
equal to

- %, dpexp(=mp)p1 (p) | (4.129)

2m [, dpexp(~mp)et” (p)

Again, except for van Hove singularities (where the specific heat is pro-
portional to v/T') one has the general formula for the Sommerfeld coefficient
of the low-temperature specific heat

(1 1
Y= 5 (’U_F + UT) s (4.130)
o1

P1

and the magnetic susceptibility is x = (1/47)[(vE)~"+ (v} )~']. The latter
is divergent at N — 0, where vfl ~ @2, and monotonically decreases with
increasing N.

At high temperatures for N = 2L/3 (where there is no charge dynamics)

for H = 0, the Helmholtz free energy per site is

f=-Thh3. (4.131)
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This result is simple to understand, if one takes into account that the
Hamiltonian of the supersymmetric ¢-J model with V' = 3J/4 is equivalent
to the Hamiltonian of the spin-1 system. For the finite ratios H/T and p/T
the free energy at high temperatures is the smooth function of u, H and
T, i.e., there are no phase transitions in this model at high T

Now we want to consider the supersymmetric antiferromagnetic t-J
chain with an “easy-axis” magnetic anisotropy and V = —1/2. This class
of models reveals the most interesting properties in the ground state, and,
hence, we restrict ourselves here with only 7" = 0 and low temperatures.
The ground state of the system is given by N — 2M unbound electron
states (with real charge rapidities p;) and M singlet Cooper-like bound
states for which charge rapidities are complex conjugated pairs. It follows
from Eq. (4.101) that they are related to spin rapidities Ag, such that (to
exponential accuracy e~ %) pt = Ap £iZ. Inserting real charge rapidities
p; and pair solutions (characterized by A, ) into Eq. (4.101) and taking the
logarithm of resulting equations we obtain

M
LO[pj n/2) =2al;+ > O[pj—Aan/2] , j=1,...N—2M |

a=1
N-—-2M
LOarnl =21Jo+ Y O —pj,n/2 (4.132)
j=1
+ > ODa— g, a=1,..,M,

=1
B#a

where O[z,n] = 2tan~!(tanz cothn). The quantum numbers I; and J,
arise because the logarithm is a multivalued function. Quantum numbers
completely determine the solutions for the ground state and elementary
excitations. The ground state energy of the system is

N2M

_ Z — cos 2pj)c05h( )
cosh — cos(2p;)

l sinh?(n)
—2cosh(n) Y <2 00 % sk (77)) . (4.133)

a=1

In the thermodynamic limit (i.e., L, N, M — oo with the ratios N/L
and M /L remaining fixed) we introduce densities for rapidities, p(p) and
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o’(N), and their holes, pn(p) and o}, (). Bethe ansatz equations satisfied
by densities are

O [p.n/2 = [ A [p = A 1/20" () + 21(p(p) + pn )]
O’ [An] = /dp9’ (A —p,n/2] p(p) (4.134)
+ /d)\’@’ A=X,n]d'(XN) +2x[c’(A) + a,( V)],
where the prime at O[z,y] denotes derivative with respect to the first ar-

gument (x). Dressed energies, €(p) for unbound electron states and ¥ (\)
for singlet pairs, satisfy following integral equations in the ground state

O lp.n/2 ~ = g = 5 [ ANE o= /20N + <)
O Dol = 2= 5 [ a8’ A= pn/2)(p) (4.135)

n % / AN [N = N ] () + () .

All states with negative (positive) dressed energy are populated (empty).
The bands £(p) and ¥ () can form Dirac seas with the filling beginning at
the edges of the interval [—m, x|, where dressed energies have their mini-
mum. In the thermodynamic limit the internal ground state energy of the
system is

- 1 — cos(2p) cosh(n)
o = _2/p(p) [ cosh(n) — cos(2p) ] v

, sinh?(n)
— 2cosh(n)/a (N {2 - S0 1 Sinh2(n)] dx . (4.136)

The number of electrons and the z-projection of the magnetization per site
are given by

(N/L) =2 / Ao’ (V) + / dpp(p) . m* = (1/2) / dpp(p) . (4.137)

respectively.
The energy of unbound electron states are gapped for an external mag-
netic field less than a critical value, H., given by

H, = =24+ 20’ [r,1/2] %/dA@’ [ = M\ n/2] () - (4.138)
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In other words, H, is one half of the minimal external magnetic field nec-
essary to depair a singlet bound state. The presence of a spin gap and,
hence, this quantum phase transition in the ground state of an anisotropic
supersymmetric ¢-J chain at H. distinguishes it from the isotropic situation
(at which n = 0, and, thus, H. = 0). The presence of a spin gap is similar
to a Hubbard chain with an attraction between electrons. However, the
drastic difference exists between the present model and an attractive Hub-
bard chain. Namely, the attractive Hubbard chain respects SU(2) magnetic
symmetry, while the present model reveals only U(1) spin symmetry.
If the value of an external magnetic field is larger than Hg, given by

Hy = —2u+20 [1,n/2] , (4.139)

the magnetization is maximal, i.e., saturated. At this saturation field the
system undergoes a second order quantum phase transition into the fer-
romagnetic spin-polarized state, in which there are no pairs because the
dressed energy of bound electrons is gapped. This behaviour is also simi-
lar to a type-II superconductor in a magnetic field: for H < H. there are
only Cooper-pairs, while for H. < H < H; pairs and unbound electrons
coexist, which is reminiscent of the Meissner effect. Note, however, that
in a one-dimensional electron model there is no true superconducting or-
der with off-diagonal long range orderings, but the correlation functions
of singlet pairs and/or unbound electrons fall off with power-laws for long
times and/or distances. For H > H,, it is straightforward to obtain the
ground state energy. In the intermediate phase, H. < H < Hg, however,
the ground state energy depends on the filling of both Dirac seas.

We first study the case H < H., where the ground state Dirac sea only
of singlet pairs (2M = N) is present. In this case Bethe ansatz equations

reduce to only one set of equations,
-Q T
Lo+
—TT Q
(4.140)

Here £@Q are Fermi points, because in the ground state only states with A €
[—7, —QJU[Q, ] are filled. The wave functions of pairs are symmetric (pairs
of electrons form bosons), but these bosons are hard-core ones, satisfying

0" [\,n] = 2w[0’ () + o,(A)] + dNO' [N =XN,nld'(N) .

an anyon-like exclusion statistics, as a consequence of interactions among
pairs. Because they are hard-core bosons, Cooper-pairs form a Dirac sea.
The parameter @ is related to the chemical potential, pu, via (@) = 0.
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The energy and the total number of electrons are now given by Eq. (4.136)
with only the o density term integrated over occupied states.

Next we consider the situation H. < H < H,, where both, unbound
electrons and singlet pairs, have gapless low-lying excitations, i.e., form
Dirac seas. Due to the van Hove singularity of the empty band of unpaired
electron states, the magnetization is proportional to v/H — H, for fields
H slightly larger than H.. This feature is characteristic of a Pokrovsky—
Talapov level-crossing transition, which is the analog of a second order
phase transitions in one-dimension. With increasing magnetic field the
population of the Dirac sea of singlet pairs gradually decreases until Hy is
reached, which is the field at which the band is empty. For fields larger
than the saturation field H, the magnetization is equal to m* = (N/2L).

At finite but low temperatures the magnetic susceptibility is exponen-
tially small for H < H. and H > H;,. At H = H. or H, the magnetic
susceptibility and the Sommerfeld coefficient of the specific heat display
VT features corresponding to van Hove singularities of empty bands. For
H. < H < Hg, on the other hand, the magnetic susceptibility is finite as
T — 0. The specific heat is proportional to temperature everywhere away
from van Hove singularities.

To summarize, in this chapter we presented the derivations of exact so-
lutions of stationary Schrodinger equations for several models of highly
correlated electrons: one-dimensional Hubbard repulsive and attractive
chains and supersymmetric ¢-J chains (with and without anisotropy of
interactions) with periodic boundary conditions in the framework of the
co-ordinate nested Bethe anséatze. Thermodynamic Bethe ansatz equations
are derived and solved analytically in several important cases. The ground
state behaviour and low-energy behaviour of thermodynamic characteristics
of these models are analyzed.

The importance of interactions in electron systems was pointed out in
[Anderson (1959)]. The Hubbard model was introduced in [Hubbard (1963);
Gutzwiller (1963); Kanamori (1963)]. The co-ordinate Bethe ansatz solu-
tion for a repulsive Hubbard chain is given in [Lieb and Wu (1968)]. A
nested Bethe ansatz scheme for correlated electron systems was pioneered in
[Gaudin (1967); Yang (1967)]. The ground state magnetic susceptibility of
a repulsive Hubbard chain was given in [Shiba (1970)]. For thermodynam-
ics of a one-dimensional repulsive Hubbard model in the framework of the
string hypothesis, consult [Takahashi (1999)], see also [Jiittner, Kliimper
and Suzuki (1998)] for thermodynamic characteristics of a repulsive
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Hubbard chain. The exact solution of an attractive Hubbard chain can be
found in [Bahder and Woynarovich (1986); Lee and Schlottmann (1988);
Lee and Schlottmann (1989)], see also [Sacramento (1994); Sacramento
(1995)] for the numerical solution of thermodynamic Bethe ansatz equa-
tions in this case. The completeness of the Bethe ansatz solution for
a Hubbard chain was proved in [Eler, Korepin and Schoutens (1992)].
The one-dimensional supersymmetric ¢-J model was solved in [Lai (1974);
Sutherland (1975); Schlottmann (1987)] (notice that the SU(3)-symmetric
t-J model was solved even earlier, in [Uimin (1970)]). The completeness of
the Bethe ansatz solution for a supersymmetric ¢-J chain was proved in [Fo-
erster and Karowski (1993a)]. The reader can find the exact solution of an
anisotropic ¢-J chain in [Bariev (1994); Bariev, Kliimper, Schadschneider
and Zittartz (1993); Foerster and Karowski (1993b)]. The description of
the crossover one-dimensional phase transition can be found in [Pokrovsky
and Talapov (1979)]. The exclusion statistics was introduced in [Haldane
(1991)].



Chapter 5

Algebraic Bethe Ansatz

In this chapter we shall describe the algebraic Bethe ansatz. This version of
the Bethe ansatz will be very useful for following studies of inhomogeneous
quantum chains, the main topic of this book. Generally speaking, it is very
important for the search of models which permit Bethe ansatz solutions.

5.1 The Algebraic Bethe Ansatz for a Spin—% Chain

As we pointed out in the previous chapter, when we studied the nested
Bethe ansatz for a Hubbard chain, the problem for a quantum spin—% chain
can be solved in a different way than using the co-ordinate Bethe ansatz
from Chapter 3. Namely, we take into account that the condition on a
Bethe ansatz two-spin nested wave function for a Hubbard chain (which is,
in fact, the wave function of an inhomogeneous one-dimensional Heisenberg
spin-3 model) can be written as

| kp, ke, )
:Ymn(sinkpm,sink‘pn)|...,kpn,...,kjpm,...> . (51)

Here we used the wave function of a Hubbard chain

kpyy o kpy) = Y Agy o (kp kel o) (5.2)
01, ,ON

where |z1,...,25) denotes the wave function with M down spins (of N
electrons) at positions 1 < - -+ < xps and the two-particle scattering matrix
Y of a Hubbard chain.

In general for a SU(2)-symmetric spin—% chain of length L one can in-
troduce spectral parameters A (which, e.g., can be related to momenta of
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Bethe ansatz wave functions), so that

)\fmn + icﬁmn

Yin(A) = A+ ic

, (5.3)
with fmn and Pmn being the identity and permutation operators acting in
the Hilbert space of the m-th and n-th spin (n,m = 1,...,L) V,, ® V,,
where V;, is isomorphic to C?, and ¢ is some coupling constant. Here
the identity and permutation operators in that Hilbert space are fgg,, =
Saardss and PP = 5,56, 5. For example, for the Heisenberg spin-3

model the permutation operator is equal to P = (I + 4S5,,5,)/2. The
permutation operator can be written as the 4 x 4 matrix in C? ® C?

pos

aa’! T

(5.4)

o O O
O = O O
o O = O
_ o O O

In the previous chapter we also showed that the Yang—Baxter relation for
two-particle scattering matrices takes place

YIS YIS (A WY (1) = YR Y SS + mYSs () | (5.5)
where summation over repeated indices is understood. The use of the
co-ordinate Bethe ansatz implies that all two-particle scattering matri-
ces satisfy Yang-Baxter relations. [These relations are called sometimes
“triangular”, or “star-triangular” ones.]

Generally speaking, we can introduce some R-matrix (the central object
of the algebraic Bethe ansatz, which is often also called the quantum inverse
scattering method). This method was developed mostly by the Leningrad
(St. Petersburg) group headed by L. D. Faddeev. For example, for spin—%
system it can be the 4 x 4 matrix acting on the tensor product space Vy® Vy,
where V} is isomorphic to C2,

a(\) 0 0

_| o ( (
BO=1"0 ) s
0
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where a()), b(A) and ¢(\) are c-number functions. Actually, this structure
is implied by the structure of the two-particle scattering matrix for spin—%

system
ad) 0 0 0
o7 ey ey 0
SV=1 0 w0y ey o | (5:7)
0

which is the generalization of the two-particle scattering matrix of the
Heisenberg chain Y acting in Vy ® Vo. It turns out that R(\) = PS()).
Suppose these two-particle scattering matrices satisfy the Yang—Baxter
equation

S (A)S"l"l A+ u)s"%",% (p) = 87272 (H)S”}”}, (A + u)S"}”}, A\, (5.8)

0207 0305 0503

cf. Fig. 5.1 (from that figure, the reader understands why the Yang—Baxter
relations are often referred to as “triangular” equations).

Fig. 5.1 Illustration of Yang—Baxter relations for two-particle scattering matrices.

We can demand from R-matrices to satisfy the Yang—Baxter equation
which can be written in the symbolic form for the R-matrices acting in the
space Vo @ Vo ® Vp as

Rog(MN)Ri2(A + p)Ras(p) = Raa(p)Raz(A + p) Raz2(A) (5.9)

where the subscripts indicate in which spaces the R-matrix acts nontrivially.
For the concrete example, considered here, these equations imply the fol-
lowing relations between the functions a(x), b(z) and c(z):

o(x)  ely) L:y) (5.10)
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for which a solution in the most simple form for a linear function of the
spectral parameter for the quantity ¢(x)/b(x) is

clr) =

o) "o (5.11)

where ¢ is the coupling constant. Taking into account that S(A = 0) = P
and, hence, R(A = 0) = I (in the Hilbert space Vo ® Vp) we can choose,
e.g., a(\) =1, b(A) = ic/(A+ic) and ¢(A) = A/(X + ic), but such a choice
is not necessary: the only condition for the R-matrices with the structure
equation (5.6) to satisfy the Yang-Baxter equation is a(\) : b(\) : ¢(A\) =
(X + ic) : ic: A. Naturally, our choice of the solution of the Yang-Baxter
equation for R-matrices is not unique. In general, what is necessary for the
algebraic Bethe ansatz is to have R-matrices which satisfy the Yang—Baxter
relation.

We can now define an L-operator acting on the tensor product between
the “matrix-space” Vpy (it is often called the auziliary subspace) and the
quantum space V,, which is identified with the Hilbert space over the n-th
site of our lattice. For example, for our case of spins %, we define

)\IA()’n + iCP()’n

La(A) = A+ ic

1 (A, +i(1n/2) + SE]e 2iS; ¢
(A i)™ ( 255+ ¢ A, +i[(1,/2) — S;]c> !
(5.12)

where jO,n and ]507,1 are the identity and permutation operators in the space
Vo ® V,,, respectively, and I, and SZ ™~ are the identity and spin operators
acting in the quantum Hilbert space V;,. We can see that the following
Yang—Baxter relations for L-operators (they are often called intertwining
relations) hold

RO\ = 1)(La(N) @ La(w)) = (La(i) ® La\))ROA —p) ,  (5.13)

where the tensor product is between quantum spaces, i.e., these Yang—
Baxter relations are nontrivial over the space Vo®@Vy®V,,. In fact, intertwin-
ing relations determine the structure of L-operators, if one already knows
R-matrices. Actually, in the Hilbert space of all L spins of the Heisenberg

spin-1 chain the L-operator is the matrix (L;)gl) 057 (A) where the in-
dices o1,...,0p and of,...,0; denote the state of spins at sites 1,...,L

before and after scattering (in the quantum space), while 7 and 7" denote
the states before and after scattering in the auxiliary subspace, i.e., a L-
operator acts in the space Vp ® V; ® --- ® V. For a more general case
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indices of the quantum space define the state of all quantum particles in
the system. However, the L-operator acts nontrivially only in the quantum
subspace V;:

LT N =L hL® @8N\ @ oI
= 501,0{ 57’/}’1 T Szj;’lw ()‘) T 5(7L-(7’L§’7L—1,'r’ ) (5-14)
A ’

i.e., it is diagonal over the indices 0,0/, (n =1,..., L) except of n = j.
Then we can introduce the monodromy matrix acting in the space Vp ®
Vi®---®Vy as

TI0Te T (A) = Ly(\) - Lo (V)

_ 57—771, (/\) . S%:—/l’Yj ()\) . S’YL_I,’T/()\) ’ (515)
01,07 0j0; LT,
cf. Fig. 5.2.
o
n
n
1 2 L

Fig. 5.2 Illustration of the monodromy operator of an integrable model.

Due to the definition and intertwining relations for L-operators the mon-
odromy matrices also satisfy Yang—Baxter (intertwining) relations

RO\ = p)(T(N) @ T(n)) = (T(0) @ TW)RA—p) ,  (5.16)
see Fig. 5.3.
T(v) T(w)
R(u-v) R(u-v)
T(u) L , T(v)
1 L

Fig. 5.3 Illustration of the intertwining relations for monodromy operators.
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By tracing the monodromy matrix over the auxiliary space Vp, we get
the transfer matrix
FolIEE (V) = TrLi(V) -+ L ()
= ST () ST ST (5T)

/ /
01,07 OL,0p,

for the graphical illustration see Fig. 5.4.

Fig. 5.4 TIllustration of the transfer matrix of an integrable model.
Equations (5.16) and (5.17) imply that

[F(N), (W] =0, (5.18)

i.e., transfer matrices with different spectral parameters commute. This
property is the fundamental property, which implies the exact integrability
of a system. The exact integrability means that there exists infinitely many
(for a system with infinitely many degrees of freedom) integrals of motion
which commute mutually, and, hence, have the common set of eigenfunc-
tions. Then one can construct any function of the transfer matrix, and due
to the property equation (5.18), all such functions will commute mutually
and with the transfer matrix.

Generally speaking, one can introduce any function of 7()) as integrals
of motion. In practice, the following series is used for the determination of
integrals of motion (which was given by M. Liischer, the Hamiltonian from
this series was first introduced by B. Sutherland)

. " 1In#(\)

Qn(A) = An——5—|x=0, (5.19)
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where finally, after taking derivatives, the spectral parameter is taken to be
equal to its value, at which the R-matrix is unity (or two-particle scattering
matrix is the permutation operator), and A,, are constants. This series is
chosen because of the locality property: the integral of motion Q. acts
nontrivially only on n sites of a chain.

Let us consider some integrals of motion of a Heisenberg spin—% chain.
For n = 1, we have

Ql =AIn7(0)=A;1In Py -+ Pyp, = constP (5.20)

(where the subscript 0 denotes the auxiliary subspace), which is (up to
a constant) the total momentum operator (where 7(0) is the cyclic shift
operator). The total momentum operator has the property

exp(—iP)ST¥ % exp(iP) = ST%* (5.21)

which follows from the definitions. For n = 2, we need to consider an
operator which has the form

R N

2 987771 (N)
Tj+10
= const Z 0oy 07 -5%.717(,_;_1 87/\]|A:05aj+2,a_;+2 0007,
j=1
i L—-1
= —const- |4 ; S;Sj1— LI| | (5.22)

where [ is the identity operator and we used the property

871 () 2 1
01410 _ il o
Thzo —— |:Sﬂl+101'+15010'{ — 1501+17‘72+15”l‘71’ . (523)

We see that Qs coincides (up to constants) with the Hamiltonian of the
spin-1 Heisenberg model.

The reader can check that for a Heisenberg—Ising spin—% chain one needs
to take the following parametrization of the trigonometric solution of the
Yang—Baxter equation

a(A) : ¢(A) : b(A) =sin[A + (n/2)] : sin[A — (n/2)] : sinn , (5.24)

which, after some straightforward calculations along the described above
lines produces Q2 proportional to the Heisenberg—Ising Hamiltonian with
the parameter of the magnetic anisotropy (J./J) = cosn.



122 Finite Size Effects in Correlated Electron Models: Exact Results

To summarize, the strategy of the algebraic Bethe ansatz is as follows.
One starts with the solution of the Yang-Baxter equation for R-matrices.
Using that solution one constructs L-operators and monodromy operators
of a Bethe ansatz-integrable system. The trace of the monodromy operator
over the auxiliary subspace is the transfer matrix. As the consequence of
the Yang—Baxter relations for L-operators and monodromies (intertwining
relations), transfer matrices with different spectral parameters commute,
which constitutes the exact integrability of the model. Finally, the integrals
of motion (including the operator of the energy, the Hamiltonian) can be
constructed from the expression for the transfer matrix.

This is why, now the task of the algebraic Bethe ansatz is to find the
eigenfunctions and eigenstates of the transfer matrix. For the spin—% chain
it was done in the previous chapter for the nested Bethe ansatz of the
Hubbard chain. Here the reader can use those results taking them for
N = L and )‘(1)....,N = 0, i.e., for the homogeneous chain. Nevertheless, it
is better to repéat here the main steps, because this procedure is the main
issue of the algebraic Bethe ansatz.

Let us denote the elements of the 2 X 2 monodromy matrix in the aux-

iliary subspace V as
A B
(N =1\, =~ 2
20y (C D>, (5.25)

where the operators A, B, C and D in the matrix representation have
indices 01,...,0%,01,...,0r. It follows from the definition that

FN=A+D. (5.26)

The operators A, B, C and D obey the following commutation relations,
which stem from the intertwining relations for monodromies,

[A(x), A(y)] = [D(x), D(y)] = [A(z), D(y)] = 0,
c(z —y)A(z)B(y) = B(y)A(z) — b(z — y)B(z)A(y) (5,27
c(y — 2)D(x)B(y) = B(y)D(z) — by — 2)B(z)D(y) , ’
3(y))

Let us denote the mathematical vacuum as |0). The action of the L-operator
Lo;j(A) on this vacuum state is

(5.28)

L0 = (it (M1 o

0 A
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The lower left element of this matrix is zero. From the definition of the
monodromy matrix the operators A, B, C and D can be obtained by suc-
cessive multiplications of such L-operators for each site of the lattice of L
sites. We have C|0) = 0, while action of the operators A and D on the
mathematical vacuum state is diagonal:

AMN)I0) = a(N)[0) = 10) , DN)[0) = *(N)]0) - (5.29)

The operator B plays the role of a “spin-lowering” operator, hence we
consider the state with M down spins as a result of action of M operators
B:

ALy Aar B(X\s)|0) . (5.30)

u,:]i

Let us act with the operator # = A 4+ D on the state equation (5.30) using
the commutation relations (5.27). We get

FOVA, - A = A AL - A A - )

M M
+ ZAV(A,M,---,AM) H B(A\s)B(V)[0) , (5.31)
=t o
where
M M
ANAL LA =Tt Os =N+ [ et =2s)  (5.32)
B=1 B=1
and
Ay (N A, o)
bA—\,) ( )
=T v A — \y) —cF c*y —Ag) ) . (5.33
=) H "(A\s H 3 (5.33)
B#~y B#~

The state |A1,..., Ayr) is the eigenstate of the transfer matrix if A, = 0. It
is true if

M
) = [ Sas =) (5.34)
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which holds for any v = 1,..., M. The energy is the logarithmic derivative
of the eigenvalue of the transfer matrix taken at the value of the spectral
parameter A = 0

8111/\()\,)\1,...,)\]\/[)

oA
M

24 L 1 1
=22 (5 wra)| (539

j=

FE = A2 |)\:O

Taking the values \; — A; —i(c/2), and using ¢ = 1 and Ay = —i(J/2),
we obtain the Bethe ansatz equations and the expression for the energy of
a Heisenberg chain, which coincide with the ones obtained in Chapter 3 in
the framework of the co-ordinate Bethe ansatz:

Aj+ (/2 Aj— AN+
()\ — 1/2) H)\J—)\l—z’ (5-36)
where j =1,..., M, and

E==" QJZ AN +1)7! (5.37)

j=1

5.2 SU(2)-Symmetric Spin-S Chain

The usefulness of the algebraic Bethe ansatz reveals itself, naturally,
for other models, different from the models which possess co-ordinate
Bethe ansatz solutions. A good example of such a model is the SU(2)-
symmetric spin-S chain, for which the Bethe ansatz solution was provided
by H. M. Babujian and L. A. Takhtajan (Takhtadzhan). Here we shall
follow the strategy of the algebraic Bethe ansatz, described in the previous
section. We start with the Yang-Baxter equation for R-matrices, Eq. (5.9).
Suppose we obtain the solution of this equation in the form Eq. (5.6). Now
let us look for the solution of the intertwining equation for L-operator,
Eq.(5.13). In the previous section we considered this equation in Vp ® V,,,
where the dimension of Vj coincided with the dimension of the quantum
Hilbert space for a spin % Let us write the solution of this equation as:

(2X\ +ic)

oLon(A) = 2ic

1
Iy I, + 200®0n, (5.38)
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where we used the Pauli matrices for the definition of spins % for conve-
nience, see below. The notations are similar to the previous section, i.e., we
use the subscript 0 to define the auxiliary subspace and subscript n to define
the quantum subspace of the n-th spin, where the L-operator acts nontriv-
ially. It turns out that such a form does not contradict the intertwining
relations for L-operators, because the solution of the latter is determined
up to a multiplier, see the previous section. Using this L-operator, accord-
ing to the rules of the previous section, we can obtain the Hamiltonian of
the spin—% chain. However it is easy to check that the L-operator

osLon(N) = %Io @I, +3,®5, , (5.39)
where we introduced the operator S, acting in the subspace V,, with the
dimension 2S5 + 1, is also the solution of the intertwining relations. This
solution, as well as Eq. (5.38), respects the SU(2) symmetry. It is also
possible to consider the L-operator of the form

j .
sLonN) =->_]1 Adilep, (5.40)

where P; is the projection operator acting in the space which is a tensor
product of two spin S spaces (i.e., we consider here not only the quantum
space V,,, but also the auxiliary space Vj being of the dimension 2S5 +
1). Naturally, here we need to look for the solution of the Yang-Baxter
equation for R-matrices in the same auxiliary subspace of the dimension
(25 +1) x (25 4+ 1). The projection operator fixes the state with the total
spin j, i.e., if |m) is a state with the total spin m, then P;|m) = 0y, ;|m).
This operator can be written as

2S — —
So®S; —
P; = -5 vm 5.41
; ]:[ s (5.41)
mAj
where
1

Tm =zm(m+1)—-S(S+1). (5.42)

2

The illustration of the Yang—Baxter relations for the operators ,sL(u) and
sL(u+ v) see Fig. 5.5.

By using the construction of the previous section the reader can show
after some lengthy but straightforward calculations that the second integral
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s T3
]
~ L I gL(u+v)
-~
TS el %3
-~
Yz' ~ o -
1 o
aqd B 3
1 osk(u) 1 gH(u+v)
Y ¥

Fig. 5.5 [Illustration of Yang-Baxter relations for L-operators related to a SU(2)-
symmetric spin-S Hamiltonian.

of motion of the transfer matrix, which is constructed using the L-operators
as in Eq. (5.40), has the form

L-1
Hsu) = A2 Y A2s(S;Si41) (5.43)
j=1
where A is a constant and
i 28 m 1 28 € —x
m\;= 7 )
One can use the conditions ¢ = ¢ and Ay = —(J/4) to obtain the standard

Heisenberg Hamiltonian (up to a constant shift) for S = % For example,
for S = 1 the Hamiltonian is
gL o
Hsve) = > 1858541 = (8;38541)° - (5.45)
j=1
Please notice that this SU(2)-symmetric spin-1 exactly solvable Hamilto-
nian differs from the SU(3)-symmetric spin-1 exactly solvable one, intro-
duced in the previous chapter, by the value of the coefficient in front of the
biquadratic exchange term.
Actually, the Yang—Baxter equation which is necessary to be solved by
the L-operator Eq. (5.40) is

o5L12(N)sLi3(A + p)gsLoas(pt) = o5Laz(p)sLis(A + p)osLi2(X) , (5.46)

with obvious notations. This implies that for intertwining relations for
L-operators Eq. (5.40) one can use the R-matrices acting in the auxiliary
subspace Vp ® Vp with the dimension 2 x (25 + 1).
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Now we can construct two monodromy matrices:
Ts(A\) =sLi(N)---sLr(N\), (5.47)

which acts in the auxiliary subspace with the dimension (25+1) x (25+1),
and

To(N) = osLi(N\) -+ 5sLr(N) (5.48)

which acts in the auxiliary subspace with the dimension 2 x (25 + 1),
and two transfer matrices 7g(A) and 7,5()\), as the traces of monodromies
Egs. (5.47) and (5.48), respectively. As follows from Eq. (5.46) and the
intertwining relation for the operator ,L(A) we have the Yang—Baxter (in-
tertwining) relations for these monodromies

sLOA =) (Ts(N) @ Ts(p)) = (Ts (1) @ Ts(A)) s LA — )
os LA =) (T5(A) @ Ts () = (Ts () @ To(A)os LA = ), (5.49)
o LA =) (To(N) © To (1) = (To(p) @ To(A)o LA — 1))

in which the L-operators Eqgs. (5.40), (5.39) and (5.38) play the roles of
R-matrices (in fact one can rewrite these equations using the R-matrices,
obtained by the multiplication of L-operators by the permutation operators
of the subspace with the dimensions (25 + 1) x (25 + 1), 2 x (25 + 1)
and 2 x 2, respectively). Then, multiplying from the left Eq. (5.49) by
sL7Y(\), oL71()\) and ,5L~1()), respectively, and taking the traces over
the auxiliary subspaces, we get

[7s(A), Ts(W)] =0, [7o(X), 7s(w)] = 0, [7o(A), 7o (w)] =0 . (5.50)

At the points, where sL=*(\), ;L7 1()\) and ,5L~*(\) do not exist, the
commutativity follows from the analytical continuation principle. The first
of these equations means that transfer matrices 7s(\) with different spectral
parameters commute, which justifies the construction of the Hamiltonian.
On the other hand, the second equation (i.e., the mutual commutation of
75(A) and 7s(p)) implies that these transfer matrices have the same set of
eigenfunctions. The consideration of the eigenfunctions for 7, () is simpler
than for 7s(u), and we concentrate on this case in what follows.

Let us again denote the elements of the 2 x 2 monodromy matrix T, (\)

T5(N) = (é g) : (5.51)

as
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Hence, the transfer matrix 7, () is
ts(\)=A+D. (5.52)

The operators fl, B , C and D obey the commutation relations, which stem
from the intertwining relations for the monodromies T, ()

[A(z), A(y)] = [D(x), D(y)] = [A(z), D(y)] = 0,
B(x)A(y) = bly — 2)B(y)A(x) + c(y — 2)A(y) B(x) , (5.53)
B(y)D(x) = by — 2)B(2)D(y) + c(y — «)D(2) B(y) , ‘
]

where b(A) = ic/(A+ic) and ¢(A) = N\/(\ +ic) are related to the elements
of the L-operator Eq. (5.38) (or the R-matrix). Let us again denote the
mathematical vacuum (the state with all spins up) as |0). Then the action
of the L-operator ,5Lg;(A) on this vacuum state can be written as

s Los(V]0) = 1 (2/\ +ic(2S +1) ideS; ) 0)

2ic 0 2XA —ic(28 - 1) (5:54)

The lower left element of this matrix is zero. Then the reader can see that

Cloy=0, (5.55)
and the action of the operators A and D on the mathematical vacuum state

is diagonal:

2ic

. L
Do) = (2)\—10(125— 1)) 0) .

2ic

. L
A0y = (W) 0) |
(5.56)

The operator B again plays the role of a “spin-lowering” operator. Hence,
one again can consider the state as an eigenstate of the transfer matrix

7o(A)

::]s

ALy Aar B(X\s)|0) . (5.57)

B=1
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Let us act with the operator 7 = A + D on the state Eq. (5.57) using the
commutation relations Eq. (5.53). We get

ToMN) A, s A = Ao (M A1, A [ A1, o A (5.58)
where

o\t ic(2S + D\NE M\ _ :
Aa(/\,)\l,---,/\M)=< A+ ic(2S + )) Hx\g A +ic

2ic 31 )\5 - A

2A —ic(25 — D)\ ¥ 1t A= Ag +ic

. (—%C ) 1525 6559
=1
The state |A1, ..., Ay) is the eigenstate of the transfer matrix if
Ay +ic(25+1)/2
, 5.60
<)\ —zc(2S—1/2> [1_[1/\5—)\ +ic (5.60)
B#y

which holds for any v = 1,..., M. Taking the values A, — \; — i(c/2),
and using ¢ = 1 we finally get the Bethe ansatz equations for the SU(2)-
symmetric spin-S chain

No+iS\E N =N+
=7 &—== 61
<Aj—z's) H)\j—/\l—i’ (5.61)

where j=1,..., M.

The energy is the logarithmic derivative of the eigenvalue of the transfer
matrix 7g(\) taken at the value of the spectral parameter A = 0. That
transfer matrix can be written as

7A'S(>\) = Z (Ts)mmo\) ) (5'62)

m=—S

i.e., the sum of diagonal matrix elements in the auxiliary subspace with the
dimension (25 + 1) x (25 + 1). The intertwining relations for this matrix
imply the following relations

(Ts)mm (@) B(y) = em(x = y)By)(Ts)mm ()

+ 1 (@ = y)(Ts)mm—1(2) A(y)
+ ema2(x = y)(Ts)mi1m () D(y)
+ems(@ = ) (Ts)me1m-1(x)C(y) ,  (5.63)
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where

on(z) = L2328 +1)/2)w —ic(25 ~ 1)/2)

(o) = - YVELME —m+1)
Cmiit) = x+ic(2m—1)/2

(5.64)
ea(z) = YE—mE +m 1)
" x+ic(2m+1)/2
V(82— m?)[(5 +1)2 —m?]

m3l®) = B em 1)) 2 +ic@m =12

Now it is necessary to find the matrix elements of the operator gL(A). Re-
denoting |0) = |S,.5) (which respects the fact of the highest eigenvalue of
the operators S and S# acting on this state) we obtain from the definition
of the projection operator P;

)\—i—zcl

(S, m'|sL(\)|S,m)|S, S) ZH m + S|m, S)

7j=01=1
x(m',m+S—m'ljm+S)m+S—m',m+S—-—m'), (565)

where (j,1|m, S) = (j,1|m,S) are, in fact, the short-hand notations for the
Clebsch—Gordan coefficients. Then the diagonal matrix elements are

(S, 8|(S, m|sL()\)|5 m)|S, S) = (sL(\) g

S\ l
= —ZH S+ Sim, ) (m, 515, 5)
7j=01=1
5 N+ic(l—8)
- 2T T PG L(A)2E .
X +ic(l+ 9) (sLN)sls » (5.66)
l=m+1
where
25 .
S,S _ )\ + ZCZ
(sL(AN)ss = N id (5.67)

Then the action of the diagonal elements of gL(\) on the mathematical
vacuum is

S N+ic(l—S) £ A +icl!

Atic(l+8) 52 A —icl! '

(sLO)gm = —
I=m+1

(5.68)
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Using this formula and taking into account the Bethe ansatz equations
Eq. (5.60) we finally obtain
TsN)| A1, A = As(A Ary oo A A, - A (5.69)
where

As(A A, )

5 l ; 25 ; Y
— A +ic(l = S) A+ icl’
-z < Atic(l+8) 2 A — el gcm(A Ay) . (5.70)

m=—5 \l=m+1

Unwanted terms become zero due to Bethe ansatz equations. Then, taking
the logarithmic derivative we obtain the energy of a SU(2)-symmetric spin-
S chain (notice that only the term with m = S contributes) as

In A
Ezconst—|—AQ8n SN AL Ar)

B o
M
21 1 1
o 2 _ (571
const — - AQ; (AJ» Fic2S—1)/2 A +ic(2S + 1)/2) (5:71)

Taking the values A; — A\;—i(c/2), and using ¢ = 1 and const = —i(J/2) we
obtain the expression for the energy of the SU(2)-symmetric spin-S chain

M
E=FEy—S8J) (A +5%)7". (5.72)
j=1
The total magnetization of this chain is equal to M* = SL — M. We would
also like to present some interesting property of the monodromy matrix:

L

€T z 1 xT z
D ST ot | (V)] =0 (5.73)
j=1

In the framework of the string hypothesis we look for the solution
of Eq. (5.61) in the form of strings of length 2m + 1 (we denote by
tm the number of strings of length m). Introducing strings as A\, =
Ajom +i[(m+1)/2—v] with v = 1,...,m and summing Eq. (5.61) for
a distinguished string of length m for the parameters A; occurring in it, we
obtain

oo MUn

m 2T 1 m n
Hm,QS(Aj ) = ij,m + z Z Z emn()‘J - /\l ) ) (574)

n=1[=1
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where 0,,(x) = 2tan"!(z/n),

min(m,n)

Omm() = > Omirgn-u(), (5.75)
=1

and

@mn(x) = (1 - 5m,n)0|mfn|(x) + 29\m7n\+2(x) +oee
+ 29m+n,2(:€) + 9m+n(x) s (576)

and I ,,, are integers or non-integers, which appear because the logarithm
is the multi-valued function. Then we look for solutions to Bethe ansatz
equations in the thermodynamic limit I — oo, introducing densities for par-
ticles and holes, corresponding to strings of length m: p,,(x) and pmn(x),
respectively. Then, differentiating Eq. (5.74) with respect to real parts of
A; and introducing continuous distributions of those real parts we obtain

min(m,25)

Pmh ()\) + Z Am,n * pn()\) = Z Am4+25+1-21 > (577)
n=1

1=1
where * denotes the convolution,

min(n,m)—1

Apn(@) = Q) (@) +2 Y amipn-2(2) + G (@) (5.78)
=1

and a,,(r) = 2m/[r(42? + m?)]. Then the internal energy and magnetiza-
tion per site can be written as

1
e=co—5 > [ Ny
e (5.79)
m*=5— Zm/ dApm(N)
m=1 -

where ey = (Ey/L).
Then, the set of equations for dressed energies e,(A\) =
T'In[pnn(A)/pn(N)] = nn(A) is

Hm — J6,, 55(\) = TIn[l + 1 (N)] = T > Ap = In[1+ 1, (V)] , (5.80)
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which set of equations completes the set Eq. (5.77). These equations can
be rewritten in the following useful form

em(N) = T(2cosh[r(A = X)) * In[1 + 11 (V)][1 + Ding 1 (V)]
. WJdm,QS lim Em()\)
cosh[r(N)] 7 m—cc m

Inserting the thermal equilibrium density functions into the expression for
the Helmholtz free energy we obtain

f=eo+ 2(0(1/2) - [(1/2) + 5)

2
> In(1+ expleas(N)/T))
- T[m dA 2 cosh(mA) ’

(5.82)

where v are digamma functions.

In the limit of high temperatures T > |J|, but keeping the ratio H/T
finite, we can consider 61(2)()\) ~ mMH. In this case driving terms do not
depend on A\ and we can solve Egs. (5.80) and (5.77) exactly. This high
temperature solution describes the behaviour of a free spin .S in an external
magnetic field H. The magnetic susceptibility is the smooth function of the
temperature at high T, as expected.

In the limit of T'— 0 from Eq. (5.80) we see that &,,(\) > 0 for m #
2S5 for the most interesting antiferromagnetic situation J > 0. In the
ferromagnetic situation, J < 0, £,(\) > 0 for all lengths of strings m =
1,2,3,..., and the ground state energy is just ey. Then, introducing the
positive and negative parts of ea5(\) we obtain

£25(N) + Asg o % e55(A) = 2SH — Jhg 5(N) - (5.83)

This equation determines the Dirac sea for quasiparticles with dressed en-
ergies e25(A). The ground state pertains to the situation in which all states
with negative energies are filled and all states with positive energies are
empty. The Fermi points (related to the limits of integration) are deter-
mined from the conditions e25(£B) = 0. The equations for densities stem
from the equations for dressed energies. In the ground state, T' = 0, we
have

B
mpasn(N) = Oy 5s(N) — / AN Assas(h— Mpas(V) . (5.84)
—B
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The ground state internal energy can be written as

B
eT—o = €g +/ d>\[2SH - JH/QS,QS(A)]/JQS(A) (585)
_B

and the ground state magnetization is equal to

B
me=5— /_ s (5.86)

The value of the magnetic field H determines these limits of integration
(i.e., Fermi points). For the antiferromagnetic case large values of the
external magnetic field |H| > H, the system is in the ferromagnetic state
and B = 0. In these regions of values of H the ground state energy is
equal to eg, the magnetization has its nominal values S, and the magnetic
susceptibility is zero. On the other hand, in zero magnetic field, for the
antiferromagnetic situation at H = 0 we have B = oo, i.e., rapidities
fill the total interval in the thermodynamic limit. In the ferromagnetic
situation, J < 0, the point of the quantum phase transition is H = 0: any
infinitesimal magnetic field removes the degeneracy of the ferromagnetic
spin-S' chain and the magnetization of the latter becomes nominal.

The behaviour of the internal energy for small values of the magnetic
field can be found analytically, by using the Wiener—-Hopf method. First,
we rewrite the integral equation for dressed energies in the following way
in the Fourier space

7S A 25(w)

eh (w) = 2rmH§(w) — 3 cosh(w/2)

- — Aog m(w)e, (w) (5.87)
where
Ap,m(w) = coth(w/2)[exp[—|w|[n — m|/2] — [exp[—|w|(n +m)/2]] . (5.88)

Notice that the solution for H = 0 immediately follows: e2g(\)
—7J/2cosh(mA) and €,,,(A) = 0 for any m > 1. Let us multiply Eq. (5.87)
by Ass2s(w)™!, where

Apm (@)™ = 0pm — (Snmt1 + Onm—1)/2 cosh(w/2) . (5.89)

Then we take the inverse Fourier transform which yields

sgs(x)zg 2cosh = (/ / )d)\.])\ Meas(N) , (5.90)
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where the kernel is the Fourier transform of 1 — Asg 25(w) ™. Now we define
y(A) = e25(A+ B), so that the Fermi point for dressed energies corresponds
to y(0). Then we rewrite Eq. (5.90) as follows (here we use the identity

€25(A) = €25(—A))
H wJ
2

vV =5 - 2 cosh[r(A + B)] +

/Oo AN TN = N)y(N)

0

+ /OO dAJ(A+ X +2B)y(\N) . (5.91)
0

If H < J, than B is very large and J(A+ ) +2B) ~ B~L. Hence, the last
term in Eq. (5.91) is order B~! smaller than the previous ones. We can,
then, solve Eq. (5.91) iteratively y(\) = y1(A\) + y2(A\) + ..., where

LA C R
2 2cosh[r(A+ B)]

y2(N) = /Ooo dN' J(A = XN)y2(N) +/Ooo AN AN+ X +2B)y1(N)

"\ = /0 TN N (V)

(5.92)

etc. One divides y into positive y* (A > 0) and negative y~ (A < 0) parts.
The Fourier transform of the equation for y; is

Y1 (w)
Azs 2s(w)

wJ exp(iwB)

+or () =mHow) = 2 cosh(w/2)

(5.93)
To apply the Wiener-Hopf method we rewrite the kernel (Ass25)~! as a
product of two functions, one, G5g(w), being analytic in the upper half-
plane, and the other one, G54(w), being analytic in the lower half-plane,
where

G;s(w) = Gyg(—w) ‘
_ 1 (5(—w + 0)>l5‘“/ T T[(1/2) — i(w/2m)T[1 — i(wS/7)]
2V'rS Il —i(w/2m)] '

(5.94)

Observe that G;S(oo) is a constant. The Wiener-Hopf method uses the
fact that from the analyticity of the functions yi (w) and Gig(w) it follows
that

A N N )
G;_S(W)

Y (w) = : (5.95)
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where

W =—GEn) 3
. DI0/2) +i(w'/2m)I0[(1/2) - (! [2m)] e~ B |
Gag (W) (W —w F10)

iHVS  iJ /°° dw’

o 2T

(5.96)

We are interested in the results for large positive B, hence, the contour
of integration can be closed through the lower half-plane. Then, the value
of the integral can be given as the sum of the residua of T'[(1/2) —i(w’/27)].
The leading term, i.e., the pole closest to the real axes, yields the result
(the next term is of the order of exp(—27B) smaller)

i (W)

S ( o n2JS% exp(—nB) ) . (5.97)

T Glyw) \wFi0 ST+ 9)(w +im)

The Fourier transform of the equation for ys yields

Ys (w)
Yy (W)G;s (w) + 7(;2,5 @)
1 - Giy(w)Gig(w)] exp(—i2n Bw)y (—w)
_ s S ) L (5.98)

The analyticity of ny (w) and Gig(w) implies

Ya (w)Gig(w)
_ /oo d_w’ [1- G;S(w’)GQ_S(w’)] exp(—i2nBw' )yt (—w’)
oo 2m Gug(W)(w' —w —1i0)

. (5.99)

Again, we use the fact that 0 < 1 <« B and close the contour through
the lower half-plane. In this half-plane only G;S (w) has singularities. The
leading singularity is the cut along the imaginary axis.

The parameter B is the function of the applied magnetic field H. It
is determined from the condition y(A = 0) = 0, which is equivalent to the
condition limy, oo wy™ (w) = 0. Using the results for yiQ(w) we get

S S%In(S/7B) ~ 72585 Jexp(—7B)
A+ T5+ 2(nB)? T ST+ 8)

(5.100)
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Then the Helmholtz free energy per site can be written as

FIT=0,H < .J) = eo+ 5(6(1/2) ~ 6[(1/2) + 5))

_J / * dw Pyt (w)

v 27 2cosh(w/2) (5.101)

The contour has to be closed through the upper half-plane. Then the
value of the integral is given by the sum of the residua of the poles of
1/ cosh(w/2): any pole w = i(2n + 1)7 yields the term ~ (H/J)?"*2. The
leading contribution arises from the closest to the real axis pole, w = i,
and it gives —exp(—mB)y* (i) ~ (H/J)?. Then the final answer for the
Helmholtz free energy of the Heisenberg antiferromagnetic spin chain in a
weak magnetic field is

FT =0, <) = o+ S(0(1/2) ~ 6[(1/2) + 5])
SH? S _521n|1n(AH/J)|+”.>

=y (1 P M@AHD) T m(AH))

(5.102)

where A = eT(1 + S5)/72S9% is a constant.

5.3 The Algebraic Bethe Ansatz for Correlated Electron
Models

As a good example of the power of the algebraic Bethe ansatz for correlated
electron models we study its solution to the supersymmetric ¢-J chain. Here
we also introduce to the reader the graded version of the Bethe ansatz.

Let us start with the graded linear space V(™) = V(") ¢ V(™) where
n and m denote the dimensions of the parts of this space and @ denotes the
direct sum. Let {e1,...,en+m} be a basis of Vv (lm) guch that {e1,...,en}
is a basis of V(™ and {€n+1;---sEntm} Is a basis of V() The Grassmann
parities of the basis vectors (they are often called the grading) can be given
byey =---=¢,=0and €,41 =+ = €4, = 1. Then any linear operator
on V™) can be represented in a block form as

A B A 0 0 B
(A B) e(2 ) oe(S B)ar a
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and the supertrace (the graded trace) of this matrix is defined as
strM =trA —trD , (5.104)

where the traces on the right hand side are the usual operator traces in
V() and V(™| respectively. The graded tensor product V(™) gV (nlm)

in terms of its basis vectors {e, ® ey} (where a,b = 1,...,m + n) can be
defined as
VR W = (eqvq) ® (epwp) = (eq @ ep)vgwp(—1) v | (5.105)

i.e., the additional factor (—1)¢= occurs comparing to the standard tensor
product. This factor originates from passing v, past ep. The action of the
right linear operator F ® G on the vector v @ w in V™) @ V(™) has the
form (F @ G)(v @ w) = F(v) ® G(w) with its matrix elements

(F ® Q)% = FupGeg(—1)clcater) (5.106)

Then the identity operator in V(™) g y(nlm) g fgcll’ = 0q,b0¢,4 and the
permutation operator is ng = 0g,d0c,p(—1).

Using the above definitions of graded operators, it is easy to see that
the operator R(A\) = b(A)I + ¢(A\)P, with ¢(\) = M/(A + ic) and b(\) =
ic/(X + ic) satisfies the Yang-Baxter equations for R-matrices Eq. (5.9)
acting in V™) @ v (®lm),

Why is this mathematical construction relevant for physics? It is help-
ful when one considers a system of n species of bosons and m species of
fermions. In such a case Vj("‘m) denotes the quantum Hilbert space of con-
figurations at every site of the lattice (if we consider a lattice situation).
For example, for the supersymmetric ¢-J model with V' = —J/4 we have
one boson (an empty state) and two fermions (electrons with spins directed
upward and downward) at each site. Then the quantum space for each site
for such a model can be considered as Vj(m).

In the previous chapter we promised to explain why the ¢-J model
(here we shall mostly concentrate on the V' = —J/4 case) is called super-
symmetric.

Let us consider nine operators at each site j (here we keep the notations
of the previous chapter). The first of these operators is the unity operator
I;. The second one is related to the operator of the number of electrons
in site j, n; = n;; +n;, as N; = 1 — (1/2)n;. Three other operators,
8% = (1/2)(njr — nyy), Sj'-" = a;Tajl, and S; = a;laﬂ, form the SU(2)
algebra. Finally, there are four more operators: Q1 = (1 — njl)a}w Qj =

(1- an)aL, Q;‘T = (1 —n;,)a; and Q;‘l = (1 — njt)a;;. All these nine
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operators (let us call them, e.g., J§*, where a = 1,...,9) are the generators
of the algebra gl(1]|2) which can be written in the form

a 18 ea€g 78 Joo _
Jj Jj — (—1) BJj Jj = (ZBJJ’»Y , (5.107)

where f]; are the structure constants of gl(1]2), and e, = 0 for the first
five generators (i.e., they are bosonic operators), and e, = 1 for the last
four (fermionic) operators. The fundamental matrix representation of the
generators is in the basis, in which the fermionic states are e;1 = (1 0 O)f
for the electron with spin down, ejo = (0 1 0)7 for the electron with spin
up, and the bosonic state is e;3 = (0 0 1)3" (empty state) is:

0 0 0 0 1 0
S;=(1 0 0], Sf={0o o o],
0 0 0 0 0 0
L[ 00 1 0
Si=51 0 1 0], NJ: 0 1 ol ,
0 0 0 0 2

(5.108)
0 0 0 0 0 0
Ql,=(0o 0 o], Qr=10 0 1],
0 1 0 0 0 0
0 0 0 0 0 1
Ql =fo 0o o], Q=10 0 0
1 0 0 0 0 0

We can introduce the invariant nondegenerate bilinear form K,g, given as
the supertrace over two generators

Kop = (K%)= str J2J7 . (5.109)

It is easy to show that using these operators we can write the Hamiltonian
of the supersymmetric ¢-J chain at V = —J/4 as

L—-1
J
Hor == 3 Q@ + Qo Qi)+ (ST + 55 S
Jj=1

j=1 o

L
+28257 = 2N; N1 + L) — 20 > (n; (5.110)
j=1
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which at the supersymmetric point J = 2 can be rewritten as

L
Hig=—Y ZK"‘ﬁJ"‘ T —2n5+1
j=1 \a,f=1

L
== [y —2n; +1], (5.111)

Jj=

=

where the graded operator II; ;41 permutes the three possible configura-
tions (empty state and states with electrons with spins up or down) between
sites j and j+ 1, picking up a minus sign if both of the permuted configura-
tions are fermionic. This Hamiltonian is obviously supersymmetric, because
it is the quadratic form of the generators of the gl(1|2) algebra with the
coefficients being the invariant nondegenerate bilinear form of those gen-
erators. Notice that the sums of all nine generators over all sites of the
lattice commute with the Hamiltonian of the supersymmetric ¢-J model,
[Htj,zj (Jfl=0fora=1,...,9.

One can show that the case V = 3J/4 (J = £2t = +2) pertains to the
grading, in which all nine Grassmann parities of generators are bosonic.
This is clear, because they form SU(3), but not gl(1|2) algebra.

Let us now consider the algebraic Bethe ansatz for the gl(n|m)-
symmetric correlated electron chain. For the gl(1]2)-symmetric chain the
Hilbert space at each site is isomorphic to C® and is spanned by the above
mentioned three basis vectors. In the FFB grading, i.e., in which e;; and
ejo are fermionic (the Grassmann parities are €19 = 1) and e;3 is bosonic
(the Grassmann parity is €3 = 0) we can start from the mathematical vac-
uum state |0) = Hle ej3. This choice of the grading implies that R-matrix
for the gl(1|2)-symmetric chain has the form

-1 0 0 0 0 0 0 0 O
0O 0 0 -1 0 0 0 0 0
O 0 0 0 0 0 1 0 0
0O -1 0 0 0 0 0 0 0
x| 0 00 0 -1 0 0 0 0 (5.112)
O 0 0 0 0 0 0 1 0
O 01 0 0 0 0 0 O
O 00 0 0 1 0 0 0
O 00 0 0 0 0 0 1
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Let us consider the monodromy matrix T'(\) for the gl(n|m) symmetric
model as the (n +m) x (n 4+ m) matrix in the auxiliary subspace

T(A) = (é g) : (5.113)

where A is n x n matrix, Dismxm matrix, B is n x m matrix and C is
m X n matrix. For the gl(1]|2)-symmetric chain we have

vy Ay Ap
A = < ™ ,2122> , (5.114)

and

B= (B, B,)", C=(C, () . (5.115)
Hence, the transfer matrix 7()) is
F(\) =strT(\) = —tr A+ tr D (5.116)
where for the gl(1]|2)-symmetric chain we have
#(\) =—Ay — A+ D . (5.117)

Let us define the action of the monodromy matrix on the mathematical
vacuum so that the action of diagonal matrix elements T,, produces c-
numbers, i.e., Tha(A)|0) = aq(N)]|0) and the mathematical vacuum is the
eigenstate for these diagonal components, and the action of all upper ele-
ments T,g with o < ( is zero, i.e., Tag(N)|0) = 0 for @ < . Then the
monodromy matrix has the triangular form. Such a monodromy matrix sat-
isfies the intertwining relation for monodromy matrices Eq. (5.16) with our
R-matrix in the graded space. Then it is not difficult to show that transfer
matrices with different spectral parameters commute, which constitutes the
exact integrability of the problem.

For the gl(1]2)-symmetric correlated electron chain Cy 5 operators play
the role of “creation operators” (please do not confuse: now we define the
operators C as “creation operators”, unlike the operators B of the previous
sections, it is dictated by our choice of the mathematical vacuum). Let us
construct the states

N
A S ARIE) = Fayan [ Cay (A9)10) (5.118)

Jj=1
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Using the intertwining relations for the monodromy matrices we obtain the
following nontrivial commutation relations for the operators A, B, C' and
D

(=D)cerris(y —2)Cy(x) Aualy) = —bly — 2)Cs(y) Aae(x)

where a,b,c,d, f =1,2 and
ab(\ _ _ - (2) (2)
cd( ) b(x)&a,bdc,d C({E)(sa,d(sc’b = b(x)I + C(LC)P . (5.120)

Here the operators I? and P play the role of the 4 x 4 identity and
permutation operators corresponding to the grading €;2 = 1. One can
check that the operator () satisfies the Yang-Baxter equation (5.9) (with
the replacements R — r; such a Yang-Baxter equation is called a graded
one) and can be identified as the R-matrix of a fundamental spin model
describing two species of electrons (with spins up and down).

Let us act with the transfer matrix on the state Eq. (5.118). We have

DAY, ..\ F) = as() AR

u:]z

N
+ ZTk % G (A ch X)) Fir —an10) .
k=1
(5.121)
and
(“DNA(A) + A (W]IAY, .. A |F)

N
=T et O = A (AN ()2 HCb Fay..an|0)

j=1

<.

— (Tl Zcbk H C; (A)) Fay..an |0) - (5.122)
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Here the matrix

(F@)brbr () = g7 ()) (5.123)

al...aN

plays the role of the graded transfer matrix of a fundamental spin model
describing two species of electrons (with spins up and down), with the
monodromy of the fundamental inhomogeneous spin model

TAN =LP A=) @0 LD A=), (5.124)
where
@y _ @) @)
LE ) =0\ PP +e(NIP . (5.125)

Again, L;z)()\) can be interpreted as the L-operator of the fundamental
spin model on the inhomogeneous lattice of the length N. The eigenvalue
condition

FOAY, AN E) = A AL, AN, LAY F) (5.126)

implies that Fy, ., to be an eigenvector of the nested transfer matrix
%(2)(/\), and that the cancellation of the unwanted terms
[(Tk)by.....bzv _ (Tk)bl...bN ]Fa1...aN =0. (5.127)

al...anN

The unwanted terms in Eqgs. (5.121) and (5.122) are

(TkF)bl---bN = _Sgi:::i)l];()\g)Fa1~~~akbk+1~nbN

b0 — \) o
0 k 1740 0
X ag()\k)m lj[l C ()\J — )\k) s (5128)
ik
and
(TkF)b1~~~bN = tr[A(/\g)G(/\g)]le......lz)zkkFblmbkfﬂlkmaN
b= N0) &
yk+1 k 130 _ 40
x (—1) O Hc (AR =XY) ., (5.129)
ik
where

S(x) = phr—10k (A, — x)rb’“*QC’“*l (A —2)-- -rgifl (A — ) (5.130)

Ck—10Kk—1 Ck—20Kk—2
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and

G(x) = (LR (e = LKL T @ = M)+

bynan by_1aN-1

X (L (= M) (5.131)

bry1ap41

It is easy to derive the following intertwining relation for the monodromy
matrices of the fundamental spin model

(@ = y)(T@ @) o T (y) = (TP (Y @ TP (@))r(z —y) . (5.132)

Let us now define

A Be)
T<2>(A)=< e pe | (5.133)

Then the transfer matrix of the fundamental spin model can be written
as 7@ (\) = —A®(\) — D@ ()). The intertwining relation implies the
following commutation relations

c(xl— D) c@ (x)A(Z) (y) + %0(2)@)/1(2) () = A® (y)é(z) (@) |
cly 1_ ) CA(x)DP (y) + %0(2) (y)D? (z) = D@ (y)CD(z) , (5.134)

[C®)(2), P (y)] = 0.

Let us take as the mathematical vacuum for this nested fundamental
spin problem the state [0)(2) = H;V:1 |O)§-2). This state has the property
B®(X)[0)® = 0. Then it follows that

N
2NN = (DN TTe = aDI0)*
Nl (5.135)
D@ (XN)[0)® = (- H |0 @)

Notice that [Aab()\),Tc(j)()\)] =0, for a,b,c,d = 1,2 (i.e., in the auxiliary
subspace), which can be proved using the definition of the monodromy
matrix of the fundamental spin model. It is important, because we are also
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interested in the action of operators

A(2) A(2) 2) N (A=A
BN A2 () + DEN AN = (~)YaxN) [ 705510

N
AP AN + DN AW]0)® = (=1)Na () [T e(r = 2D,
[AD(N)A21(N) + CP(A) A (N)]]0)® =0 . (5.136)

Also, similar to the previous cases we can consider c® operators as “cre-
ation operators” for the fundamental spin model and study the action of
the transfer matrix 7(2)(\) on the state Hyzl C®(A,)|0)). This state is

the eigenstate of the matrix tr[A(A\)7® ()\)], which appears in Eq. (5.122),
with the eigenvalue

N
]\(2)0\’)\ A%) < 1;[0)\0 5 H

N M
CLQ(;'V%l:Ic_l()\?—)\V):HM L. M. (5138)

Ry
W
2=

The cancellation of the first set of the unwanted terms yields (those
equations can be obtained after some lengthy but straightforward calcula-
tions, which we drop here)

N C()\g _>‘0) (2) b1 bN
ag(Ax) Hl WFbl ox = (DN e AT ) ]el 0 Fas e
(5.139)
where k = 1,..., N. Inserting Eq. (5.137) here we obtain
a AO M
l J):Hc*(A?—Aw),j:1,...,N. (5.140)
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Then the eigenvalue of the transfer matrix 7()) is equal to

N M
A = as(\) H T A9 = N) = az(N) H A =Nt =)
1= o J= Y=
—a1(\ H Ty =) (5.141)

Taking the logarithmic derivative of the eigenvalue A(\) at A = 0 we get

da3 ()\)
DN N

+ Aaz1(0) (5.142)

N )
ic
FE = Aeron——— — 2
; [ ()‘2 + zc))\g

where A is a constant.

It turns out that these derivations never used the concrete form of L-
operators of the problem, but rather used the triangular property of the
monodromy matrix: the action of diagonal matrix elements T, produces
c-numbers, Toq(A)|0) = aa(A)|0), and the action of all upper elements Tog

with o < § is zero, i.e., Ta(N\)]|0) = 0 for a < 5.
Let us consider the L-operator of the supersymmetric ¢-J chain for V =
—J/4 and J = 2 as

L;(\) = (VI —p(r)

(N; +sj)(1j — Nj +5%) -sF —Qjr
X S; (N]—SJZ)(IJ—N]—S]Z) _le
-Qj -}, —(N; = S5)(N; + 57)

(5.143)

It is easy to check that such an L-operator satisfies the graded intertwin-
ing relations (Yang—Baxter relations) for L-operators with the graded R-
matrix, Eq. (5.112), from which we started. The corresponding monodromy
matrix T'(\) = Lp(A) ® -+ ® L1(\) also satisfies the graded intertwining
relations. The reader can check that the action of the L-operator on our
mathematical vacuum |0) is

L;(\)]0) = 0 N 0], (5.144)
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i.e., it has the triangular form, which implies

T(N)|0) = 0 cEN) 0] . (5.145)
Ci(\) Ca(\) 1

Eq. (5.145) means the triangular action of the monodromy matrix on the
mathematical vacuum, i.e., this choice of the L-operator can be used for
the above described scheme with a;(A\) = az(A) = ¢“(\) and az()\) = 1.
The Hamiltonian of the supersymmetric ¢-J chain for V- = —J/4 and J = 2
can be obtained (up to constants) as

My = —z'cA% Infstr #(A)]|azo - (5.146)

One can check that the Hamiltonian, constructed this way, coincides with
the Hamiltonian of the supersymmetric ¢-J chain, and Egs. (5.138), (5.140),
and (5.142) for shifted rapidities A} — X} —ic/2 and ¢ = 1 coincide
(up to constants) with the Bethe ansatz equations and the expression
for the energy of the supersymmetric ¢-J chain presented in the previous
chapter.

It is interesting to notice that the Bethe ansatz equations and the ex-
pression for the energy of the Hubbard chain can be obtained (up to con-
stants) from Eqs. (5.138), (5.140), and (5.142) with the choice X} = sin k;
G=1,....,N), Ay = Ay —ic/2 (y =1,...,M) ¢ = U/2, together with
a1 (A —ic/2) = ag(\ —ic/2), and as(sink) = a1 (sink)exp(ikL). This re-
flects the fact that the Hubbard chain also respects SU(2) (here equivalent
to gl(2)) spin symmetry. However, we have to point out that the algebraic
Bethe ansatz analysis for the Hubbard chain is, generally speaking, more
complicated, and we shall not present it here, referring the reader to the
original paper.

To summarize, in this chapter we presented the algebraic version of the
Bethe ansatz: the quantum inverse scattering method. The main feature of
the Bethe ansatz solvable models, i.e., factorization of multi-particle scat-
terings into a two-particle one is discussed in the formalism of Yang—Baxter
relations. In the framework of the algebraic Bethe ansatz we re-derived
Bethe ansatz equations for a Heisenberg spin—% chain and for a super-
symmetric ¢-J chain (with graded Bethe ansétze), and derived the exact
solution for higher-S SU(2)-symmetric spin chains (Takhtajan—Babujian
model). Using the algebra of operators we showed the supersymmetry of
the considered ¢-J chain.
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The algebraic Bethe ansatz (or the quantum inverse scattering method)
was formulated for lattice integrable models, e.g., in [Takhtadzhan and
Faddeev (1979)].  The Yang Baxter relations were introduced by
M. Gaudin, C. N. Yang and R. J. Baxter [Gaudin (1967); Yang (1967);
Baxter (1982)]. The reader can find the description of the algebraic Bethe
ansatz in [Korepin, Bogoliubov and Izergin (1993)], see also [Izyumov
and Skryabin (1990)]. The construction of the integrals of motion for
Bethe ansatz-solvable models was proposed in [Liisher (1978)]. The Bethe
ansatz solution of the SU(2)-symmetric spin-S chain was obtained in
[Takhtajan (1982); Babujian (1983)]. The graded Bethe ansatz solution of
the supersymmetric t-J chain can be found in [Efler and Korepin (1992);
Gohmann (2001)]. For the algebra of generators of the gl(1]|2)-symmetric
models, please, consult [Scheunert, Nahm and Rittenberg (1977)]. The
reader can find the algebraic Bethe ansatz solution of the Hubbard chain
in [Ramos and Martins (1997)].



Chapter 6

Correlated Quantum Chains with
Open Boundary Conditions

In this chapter we shall present the results of the Bethe ansatz studies for
quantum spin and correlated electron chains with open boundary conditions
and shall discuss the effects of local potentials or fields applied to open
edges of quantum chains. The important generalization of the algebraic
Bethe ansatz for open chains will also be presented here.

6.1 Open Boundaries. XY and Ising Chains

So far we considered spin and correlated electron chains with periodic
boundary conditions, i.e., we considered chains in the ring geometry. How-
ever, the reader can ask the question: what will happen if a chain is not
closed in a ring?

At the level of the Hamiltonian it means that we have to equate the
terms like S7¥*S7%, aTLdalg, CLLGLU and nr,n1, to zero in previous for-
mulae. To have more general results, we can add some boundary magnetic
fields to the Hamiltonian of a spin chain with open boundary conditions as

Hys = —h1S7 — hp,S% | (6.1)

For the case of a correlated electron chain we can add not only the term
Eq. (6.1), but also the term

Hpe = —pany — prnyg, , (6.2)

which determines the action of boundary potentials (for example, related to
point contact potentials applied only to edges of a chain). We shall call
the case with h; = hy = p1 = pp = 0 the situation with free boundary
conditions, or free edges of an open quantum chain.

149
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Let us start with the simplest spin—% chains. Consider, first, the
isotropic XY chain, J, = 0. According to the procedure of Chapter 2, we
can use the Jordan—Wigner transformation from spin operators to spinless
Fermi operators. The Hamiltonian of the XY chain after such a transfor-
mation becomes a quadratic form of the Fermi operators. The difference
between the periodic and open boundary conditions appears to be not very
dramatic: one has to remove the terms —(J/2) [VLHaTLal —VL+1LaJ{aL] from
Eq. (2.12), but to add instead the terms —(hy/2)(1 — 2a]{a1) — (h/2)(1 -
2aTLa ). Actually, it implies even simpler consideration than what was used
in Chapter 2. Namely, the Hamiltonian of the isotropic Spil’l—% XY open
chain can be straightforwardly diagonalized with the help of the Fourier
transform. The dispersion law for these spinless fermions after the diago-
nalization becomes ¢, = H —2J cosk, i.e., the same as for the periodic case.
Here H describes, as in previous chapters, the homogeneous magnetic field
acting on all spins of a chain, é.e., the field H + h; 1 acts on edge spins.
However, for the open boundary situation the values k (which play the role
of quasimomenta) are determined from the quantization conditions

ke (T £ 2hie” "\ (T £2hpe” ™Y _ ) (6.3)
J 4+ 2h etk J £ 2h etk ’ '

where we can choose either plus, or minus signs. The reader can see that
even for free edges hy = hy, = 0 quantization conditions are different from
the case of a periodic chain. However, in this case the only real ks are
solutions to Eq. (6.3). Actually, these solutions (with real ks) define stand-
ing waves, unlike plane waves for the periodic boundary conditions. On
the other hand, nonzero boundary fields produce features, which are not
present in the periodic chain. Namely, one can see that complex ks can be
solutions to Eq. (6.3) for hy # 0, or Az, # 0. These complex solutions are
called boundary bound states. Their wave functions decay with distances
from edges, unlike the case with real ks. Notice, that even for complex so-
lutions for ks, energy eigenvalues are ever real. We shall consider features
of those solutions in what follows more precisely.

Let us study the effect of open boundaries for an isotropic XY chain in
the situation with the large length of the chain. In this case we can write
the expression for the internal ground state energy as

E=eL+f+o(L") (6.4)
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where e coincides with the ground state energy for a periodic chain of the
length L, and f is the energy of open edges themselves. For example, for
the homogeneous magnetic field equal to zero, H = 0, we obtain after some
straightforward calculations

F=_ h1+hL__Z/ sinh[2 — 25;(h;)]z ’ (65)

sinh 2x cosh x
j=1,L
where
2 J + 2h;
S' h =—t -1 T z 9 66
j(hs) = Zant (5 ) (6:6)

and tan~! takes the principal branch for h; < 2.J, and takes the branch
with the principal value minus 7 for h; > 2J. The reader can see that
the difference, as expected, is of the order of 1 (compared to the main
contributions of order of L, which are equal for open and periodic chains;
we shall show that the latter is true for any exactly solvable quantum chain).
It is clear, because the difference between the periodic and open chains is
connected with only one link, i.e., it is the finite size effect. Even for h; =0
the ground state energy of the open XY chain differs from the periodic one,
closed into a ring. The difference is equal to J[1 — (2/7)]. This is, in fact,
the energy of infinitely large potential walls at the edges of an open chain,
which reflect waves and produce standing waves instead of plane waves.
The reader can also see that for H = 0 the magnetic moments of edge spins
are

o (6.7)

. 1 8 J? /°° xcoshz[2 — 251 1,(h1,1)]
sinh 2x cosh x

T2 AR

which implies m{ ; |, ;=0 = 0. On the other hand, local magnetic suscep-
tibilities of edge spins are

8
X17L|h1,L:0 = 57 (68)

3
i.e., they are finite.
Now let us study the difference in the behaviours of the Ising model
(e.g., with J, = J, J, = J. = 0) in the transverse magnetic field for
periodic and open boundary conditions.
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Consider the behaviour at the quantum critical point H = J/2. Here
the dispersion law is ¢, = J cos(k/2), where the quantization conditions are

k(2L +2) J? = [(J +2h1)* = J?|e”*
T2 [(J + 2)? — 2o

J? —[(J +2hp)? — J?|e* B

(6.9)

Again, we see that for free edges hy = hy = 0 only possible solutions for
this equation are real ks, but for hy # 0, or Ay # 0 complex solutions, i.e.,
boundary bound states, can appear.

Again, the main contribution to the ground state (internal) energy, e,
coincides with the one for the Ising chain in the transverse critical field
with periodic boundary conditions. The difference (in the quantum critical
point H = J/2 for hy = hy, = h) is

== (1-2)+ Zr@- e -, (6.10)

where

1—2? . 2\/x

and tan~! takes the principal branch for < 1 and takes the branch with
the principal value minus 7 for z > 1.

Out of the quantum critical point the boundary bound states appear
even for free edges hy = hy, = 0. Here the dispersion law for free fermions
after the diagonalization is €, = /(J/2)2 — HJ cosk + H?2, but quantiza-
tion conditions are

sink(L+1) J
sinkL  2H (6.12)
The reader can see that for H < —J/2 (or H > J/2)) one of L roots of this
equation becomes complex: kg = 7 + v, where

sinhv(L + 1) J
sinhv L 2H (6.13)
The excitation with ko carries the energy
J oo
€hy = 5(—1)L(2H/J)L > ay(—2H/T)* . (6.14)

p=0
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Why is this one state so important? For H < —(J/2) this equation reveals
the asymptotic degeneracy of the ground state leading to the onset of an
ordering in the system when L — oo (the gap of order of (2H/.J)" tends to
zero when L — oo more rapidly than 1/L). Suppose L is finite. The ground
state of the Ising model at H = 0 is doubly degenerate with (0]S¥0) = +3.
When a transverse magnetic field is switched on, this degeneracy is removed,
and, thus, one has (0[S}|0) = 0, because the new ground state is symmetric
and remains unchanged when S7 is changed to —S7, while the first excited
state is antisymmetric and changes its sign. If L tends to infinity, i.e., we
are in the thermodynamic limit, for H < —(.J/2) (or H > J/2) the ground
state becomes degenerate with the boundary bound state and (0[S5|0) # 0.
On the other hand, if H < |J/2| the ground state remains non-degenerate
and no order appears. At any nonzero temperature, naturally, the long-
range order vanishes and there is no phase transition (i.e., in this system
only quantum critical point exists).

6.2 Open Boundaries: Co-ordinate Bethe Ansatz for the
Heisenberg—Ising Chain

Let us now study the behaviour of the Heisenberg—Ising spin—% chain
with open boundary conditions using the co-ordinate Bethe ansatz. The
z-projection of the total spin commutes with the Hamiltonian Hg; + Hz +
Hps. This is why, we classify all states of the Hamiltonian by the eigen-
value of the operator Zle 57, as for periodic boundary conditions. It is
convenient to choose the basis functions of the form

[Z1,. . am) =ef ©---Qe, @ Qef @6, ©---®ef,  (6.15)

M

where x; determine M coordinates of sites with spins down (all other spins
are directed up). We suppose that 1 < 1 < 29 < -+ < zp; < L. Then the
wave function can be written as

Uy = > alw,..ou)len. o) (6.16)

1 <x2<-<Tn

where a(z1,...,x)) is the wave function in the co-ordinate representation.
First, suppose M = 1. In this case we have for x # 1, L
H(L-2 J.L 5J,
Ea(x) = —¥a(x) + —a(x) — a(x)
2 4 4
hi+h J J
- %a(x) + Ea(x -1+ Ea(x +1). (6.17)
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At the boundaries we have slightly different equations
H(L-2 J(L—3
(L-2) , J(L-3)

Ea(l) = — 5 1 a(l) — J,a(1)
- wal) + %a(2) ,
(6.18)
Fa(L) = -2 (L2_ 2 I Z(L4_ 3) (L) - Ja(L)
M = hLony+ %Q(L —1).
We want the solution
a(z) = A(k) exp(ikz) — A(—k) exp(—ikx) ,
(6.19)

H(L—2)+hi +h, J.L 5J.
2 14

to be valid for x = 1 and = = L. This happens if the following equations
hold

FE=—- + Jcosk

Ja(0) = (J, + 2h1)a(l),  Ja(L+1) = (J, +2h)a(L) .  (6.20)

This can be re-formulated as

a(k) = 31T + (J: — 2h1) exp(~ik)]

(6.22)
B(k) = —%[J + (. — 2hy) exp(ik)] explik(L + 1] .
This yields
a(k)B(k) = a(=k)B(=F) , (6.23)
or this quantization condition can be written as
SRiK(L—1) (Jet* —2hy — J,)(Je* — 2hy, — J,) 1 (6.24)

(Je—ik —2hy — ) (Je * — 2hy, — J.)

The solution for A(k) is A(k) = B(—k), but it should be noted that this
coefficient is determined up to a factor that is invariant under the change
ke —k.



Correlated Quantum Chains with Open Boundary Conditions 155

For the case M = 2 we have to distinguish two situations. If zo # 21 +1
one has the equation

H(L—-4 J.L
%a(xl,m) + Ta(xl,xg)

9J, J
— Ta(xl,xg) + g[a(xl —1,29) + a(x1 + 1, 22)

Ea(z1,22) = —

+a(z1, 22 — 1)+ a(z1, 22+ 1)] . (6.25)

On the other hand, when o = x1 + 1 (i.e., down spins are situated at the
nearest neighbour sites) one obtains

H(L - 4)

J.L 5J,
Ea(z,z+1) = — a(x,x+1)+Ta(x,x—|—1)—Ta(x,x—i—l)

no|

+-la(z—1,z+1) +a(z,z+2)] . (6.26)

These equations coincide with Egs. (6.25), if the following condition is sat-
isfied

Ja(zy,21) + Ja(zy + 1,21 + 1) = 2J a(x1, 21 + 1) . (6.27)

As for M =1, these equations in the case of open boundary conditions are
added by the following equations
Ja(0,22) = (J, 4+ 2h1)a(l, z2) ,

(6.28)
Ja(x1, L+ 1) = (J, + 2hp)a(x1, L) .

We can look for the solution of these equations in the form, similar to the
previous case

a(xy,xa) = ZGPA(kl,kg)ei(k1“+k2z2) , (6.29)
P

where the sum extends over the permutations and the negations of k1 and
ko, and ep is the sign factor, that changes sign on negation or pair inter-
change. The eigenvalue for the energy is

H(L=4)+h +h, J.L 9J.
2 4 4

E=- + J(cosky + cosks) . (6.30)
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Then the conditions on the coefficients A(ki, k2), which follow from
Egs. (6.24) and (6.28) are
A(k‘l, kJQ)S(k‘l, k‘g) = A(kQ, kl)S(k'Q, k‘l) y
A1, k2)a(—k) = A(—k1, k2)a(kr) (6.31)
Ak, k2)B(ke) = A(ky, —k2)B(—k2) ,

together with nine other equations that can be obtained from the above
formulae by applying permutations and negations. Here the coefficient is

1 . .
(ki kz) = =3 (J —2Jeth ¢ Je“’“l*k?)) . (6.32)
It implies
a(kl)ﬁ(kl) — B(_klv kQ) (6 33)
a(—k1)B(=k1)  Blki, k2)
where
B(k, k') = s(k,k)s(k',—k) . (6.34)
Finally, the quantization condition can be written as
7;k71 _ _ 7;k71 — —_ J—
eQi/ﬁ(L*l) (J@ 2h1 Jz)(.]e 2hL Jz) - B( k‘l,k‘g) . (635)

(Je=1 —2hy — J)(Je=*i —2h; — J,)  B(ki, ko)

Due to the symmetries ki 2 < —k; 2 the eight more functional relations
result in only one additional equation (quantization condition)

o2ika(L—1) (Je*2 —2hy — J)(Je™ —2hy —J.)  B(=ka k1) (6.36)
(Je—thz —2hy — J.)(Je=*2 —2h; — 1) Blka k1) =~
The coefficient A(kq, ko) has the form:
A(kr, ko) = B(=k1)B(—ka) B(—k1, ka)e™ ™ . (6.37)

This implies the general form of the eigenfunction in the co-ordinate rep-
resentation as a superposition of waves

M
a(xy,...,Ta) :ZGPA(kl,...,kM)exp iijxj , (6.38)
I3 j=1
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where the sum extends over all permutations and negations of of k1, ..., kys
and ep changes sign at each such “mutation”. The coefficients are given as

M
Aky, .. kan) = [[8(=k) T[]  B(=kj k) exp(—iki) . (6.39)

1<j<I<M

The quantization conditions for the quasimomenta k; can be written as

a(k;)B(k;) B(—k;, k1)
= ; (6.40)
a(—k;)B(—k;) E B(kj, ki)
1]
where j = 1,..., M. This can be re-written in the following way:

o2k (L—1) (Jetki —2hy — J,)(Jeki —2hy, — J,)
(Je ik —2hy — J.)(Je~ i — 2hy, — J.)

= H exp(—i[0(k;, k) + 0(kj, —k)]) , (6.41)

where j =1,..., M and

J kl kg
O(k1, ky) = tan™" . :m N (WD)
Jcos itk _ J cos ke

which coincides with the definition of this function for periodic boundary
conditions, c¢f. Chapter 3. Equation (6.41) is the Bethe ansatz equation
for the Heisenberg-Ising 5p1n— chain with open boundary conditions. The
eigenvalue of the Hamiltonian Hy; + Hz + Hps, which corresponds to the
eigenfunction Eq. (6.38) is

E=- — Jcosk;) . (6.43)

H(L=2M) + b+ (L=1)] i”:
2

Jj=1

Taking the logarithm, e.g., for hy ; — £o00, we get

M
(L~ Vky =15 — 5 S [0y, k) + ks, —h)] (6.44)

=1,

1]
with positive integers I;. It is easy to check that equation (6.41) for J, =0
agree with the quantization conditions and the definition of energies for the
isotropic spin—% XY chain with open boundary conditions.
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These Bethe ansatz equations can be again re-written in the following
way. For the case J = J, (i.e. the isotropic Heisenberg chain) one can
introduce the bet of rapidities {/\ 1, instead of {k;}}Z; as in Chapter 3
(e.g., \j = 5 cot 7 etc.). Then the Bethe ansatz equations can be written
in the differential form

+ (i/2)\*" A +iS)1 A +iSL
(/2) Aj —iS1 A —iSL
— NI+ N+

= . 4
/\—)\l—z)\J—F/\l—z (6.45)
#J

l

The energy is

H(L—2M) ~hy —hy  (L=1)J]

M
2 —1
5 2/ D (AN +1) (6.46)

Jj=1

E=-—

where H is the value of the homogeneous magnetic field and

25, = 1. (6.47)
hir

For the anisotropic chain with cosn = J,/J the set of rapidities is intro-
duced wia k; = —isin[A\; + (n/2)]/sin[\; — (n/2)]. Bethe ansatz equations
and the energy of an open chain become

<smpj + (n/2)])2L sin[\; + i9}] sin[A; + iS5} ]

sin[A; — (n/2)] sin[A; —4S1] sin[A; —iS7 ]
M
oy sinfAy = N 4 m sin[A; + A+ 1)
o ll;I [)\ — A\ — ] sin[)\j + N = 77] (6.48)
where
;L 1 N sin([ln \/cosn + (2h12/J) — (n/2)]
e T3] <sin[1n Ve n T @)+ (n/2>]> O

and the energy is

HL+hy+hy (L—1)J,
5 R
M Jsin[A; + (n/2)]  Jsin[A; — (n/2)]
(e S e o) )

E=—
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The quantities 5]  are defined in such a way that at hy,;, = 0 they are
ZSi’L =m —n, and for hy , — oo one has S{’L =27 — 1.
We see that Bethe ansatz equations for an open chain differ from the

ones for a closed geometry, Egs. (3.20)—(3.23), by:

e There are not only differences but also sums of rapidities on the
right hand sides of Bethe ansatz equations for an open case;

e The effective length of a chain is doubled, i.e., L is replaced by 2L
for a system with open boundaries;

e On the left hand sides of Bethe ansatz equations for an open case
there are multipliers connected with nonzero boundary fields.

Now, let us study how these differences affect thermodynamic character-
istics in the limit of large L and M (with M/L fixed), concentrating on the
case of the antiferromagnetic Heisenberg spin—% chain (i.e., J, = J > 0).

In the framework of the string hypothesis we look for the solution of
Eq. (6.45) in the form of strings. Introducing strings as A; = Ajm +
i[lm+1)/2—v] withv=1,...,m, we get

1
Om, 1 (A]") + oL (Om,25,(A]") + O 25,(A]"))
. 1 oo M,
= 2 hmt 57 2 D [Omn(A = A1) + Oma(A] + AT)] , (6.51)
n=1 [=1
n#Em 1#£j

where 0,,(z) = 2tan~!(z/n),

min([m],[n])

Omn(z) = Omt14n—21(x) , (6.52)

Il
—

[x] denotes the integer part of x,

O (@) = (1 = 6m,n)0m—n|(®) + 20} —n|12(2) + - -
+ 20 4n—2() + Opmin () | (6.53)

and integers 1 < I, < (L + M,, — 2> ", min(m,n)M,) appear be-
cause the logarithm is the multi-valued function. Again, we introduce two
sets of these quantum numbers. The first set, I, which characterizes
strings present in the given configuration, parametrizes quasiparticles, and
the second set, 1 ](i;)“ which characterizes unoccupied vacancies of the given
configuration of strings, parametrizes quasiholes.
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Then we look for solutions to thermodynamic Bethe ansatz equations
for large L, keeping corrections of order of L~!, too. In the framework
of the string hypothesis it is justified, because we dropped only terms of
order of exp(—L), when we used string solutions, ¢f. Chapter 3. In this
limit we introduce distribution functions (densities) for particles and holes,
corresponding to strings of length m: p,,(z) and pmn(x), respectively. It
yields

[Amn (A = X) 4 Amn (A + X [pn(A) = p(X)m.1]

NE

1
th(/\) + 5

n=1

oo

1
= oL Z[Am’"(/\ — )\I) + Amm(/\ + /\/)] *p(/\/)(5m,[251] +5m,[252]) , (6.54)

n=1
where p(\) = 1/4 cosh(w\/2), * denotes the convolution,

min(n,m)—1

Apn(@) = Q@) +2 Y tman-2(z) + amyn(x) . (6.55)
=1

and an(r) = 2m/[r(42? + m?)]. The internal energy E and the total
magnetic moment M? are given as

E = Eo——Z/ AN, L (N)pm (V)
MZZE_LmZ;m/O dA\pm(N)

where Ey = —[2(HL + h1 + he) — (L — 1)J.] /4.
The set of thermodynamic equations for dressed energies e,(\) =
T'n[pnn(A)/pn(N)] = nn(A) is

Hm — J0,, 1 (A) = Thn[l 4 n,(N)]

5 S A= X) 4 A+ X)L Il V)], (657)

(6.56)

which completes the set Eq. (6.54). We, actually, see that the set of equa-
tions for dressed energies for the chains with open and periodic boundary
conditions coincide, up to the change A, (A —X) — (1/2)[Anm(A—=X) +
Apm (A + X))

The reader can observe that thermodynamic Bethe ansatz equations for
densities are linear integral equations. There are two kinds of driving terms:



Correlated Quantum Chains with Open Boundary Conditions 161

the ones of order of 1, and the ones of order of L~!. This is why, one can
divide densities as p,(\) = pﬁf’) N+ L’lpg)()\) (and the same for densities
of holes). Then one can separate Bethe ansatz equations for densities into
two sets: one of the scale 1 for the main (of order of L) contribution to the
energy, magnetization, etc., i.e., for pﬁf))(,\) only, and the other one of the
scale L1 for the finite contribution (of order of 1) to the energy, magnetic
moment, etc., i.e., for pﬁﬂ)(/\) only. The former describes thermodynamics
of the bulk, while the latter reveals the contribution from edge spins. It
turns out that the set of equations for dressed energies does not have terms
of order of L™ explicitly.

We already showed that the most interesting behaviour of one-
dimensional quantum systems is in the ground state and at low temper-
atures. The reader knows that for a spin—% Heisenberg chain only spinons
(i.e., strings of length 1) have negative energies (the Dirac sea). The latter
is defined as the solution of the equation

e1(A) + %[AM()\ —N)+ A A+ M) xer (V) =H—J0 1 (\)  (6.58)

with the same notations as in the previous chapters. The Fermi point
(related to the limit of integration) is determined from the condition
€1(B) = 0. The equations for densities in the ground state are

p1(A) + pin(N) = a1 (X) + % (azs,(A) + azs,(A))

1 B
—5/ AN [as(h— X) + as(r+ M)]pr (V) . (6.59)
0
The ground state internal energy can be written as
B
Broo=Eo+ [ dMH = J8,(0)n () (6.60)
0

and the ground state magnetization is equal to
I B
M%:E_L/ (M) (6.61)
0

Additional terms in Eq. (6.59) comparing Eq. (3.54) describe bound-
ary fields. There S; 1 play the role of effective “boundary spins”. These
“boundary spins” depend on the values of the boundary fields h; ;. For
hi,r = 0 these boundary spins are infinite, leading to the effective twists
of m at each edge. At hy ; = %.J these effective “boundary spins” change
their signs. This situation is related to the effective addition or removal of
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one site to or from the chain, respectively, with finite zero-field magnetic
susceptibility. It leads to onsets of complex roots of Bethe ansatz equations
(6.45) in the ground state: for —% < 51,1 < 0 there appear bound states
parametrized by complex rapidities A\; = (i/2)[1 — (J/h1,1)], localized at
edges. Finally, for hy; — +oo we have Si 1 — —
one site, respectively, from the system.

The value of a homogeneous magnetic field H determines the limit of
integration, i.e., the Fermi point. For the antiferromagnetic case large
values of the external magnetic field |H| > Hy = 2J the system is in the
ferromagnetic state and B = 0. In these regions of values of H the ground
state energy is equal to Ey, the magnetic moments of all spins have their
nominal values %, and the magnetic susceptibility is zero. On the other
hand, in zero magnetic field, H = 0, for the antiferromagnetic situation we
get B = o0.

Since €1 (A) and p1(A) are even functions, one can re-write the equation
for dressed energies as

3, effectively removing

e1(N) + Ait(A = N) xer () = H — J6, (V) (6.62)

The main contribution to the equations of densities, which describes the
behaviour of the bulk, can be written as

B
P00+ 6000 =) - [ dNaah - X)) (6.63)
B
It is easy to check that the answers for the main contribution for the open
chain coincide with those for the periodic chain, as expected.
Let us then concentrate on the finite size contributions, for which we
have the equation for dressed densities:

AV O) + A0 = 3 [82(3) + ar(3) + azs, (A) + azs, (V)]

B
—/CM@@—XmPuq, (6.64)
B

where we introduced the term a1 (\) + a2()) to avoid double counting due
to the symmetrization of functions (with A = 0) and to take into account
the term with A, = Ag in the right hand side of Eq. (6.45). In fact,
the limits of integration are already determined by the main contribution,
see Chapter 3. Combining all contributions we obtain for the vanishing
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homogeneous magnetic field H = 0, where B = oo and for positive S r:

gy At ey % _ % W(3/4) — p(1/4) + B[(25: + 3)/4]
—[(28h + 1)/4] + $[(2S1 + 3)/4] — (21 +3)/4]| | (6.65)

where ¢(x) are digamma functions. The reader can see that there is a
difference of order of 1 between this expression and the one for a periodic
chain. This is the ground state energy of free edges of the chain (the surface
energy) and the energy of applied boundary fields. The nature of the former
contribution is as follows: edges are affected by infinitely large potentials,
which do not permit waves to propagate through them. This ground state
corresponds to the total magnetic moment —% for nonzero h; 1, and odd L,
and to zero for hy,; = 0 and even L.

For small values of the homogeneous magnetic field H we can apply the
Wiener—Hopf technique, described in Chapter 3. The magnetic moment of
open boundaries consists of two contributions: from free edges themselves
and from boundary fields. The magnetic moment of free edges of the open

chain is
1 1 Ini|ln/eH/Vm3J
mgdges:_ - n2|n\/€ / " |+ . (666)
2 \ 2ln/eH/Vr3J|  4(nyeH/VrsJ)2

This contribution is different from the linear in H contribution for the
magnetization per site of bulk spins (which is the same as for periodic
spin—% chain). Naturally, the magnetic susceptibility of free edges is also
different from the finite value of the one for bulk spins:

1
CAHW2(JeH/VT3)

Xedges = (667)

Magnetic moments, caused by finite boundary magnetic fields h; 1, are given
by

1 281, — 1
mi=--—14 2L L) 6.68
Ty < In /e H /73 J| ) (6.68)

for 251, < |Iny/eH/vV73J|, and

1
z \/ 3 .
mp = — 2(251 1) |1n \/EH/ T J| + s (669)

)
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for 281 1, > |In\/eH/V/m3.J|. As discussed above, the contribution —1 for
each boundary in a vanishing bulk field H is due to the fact that we consider
a chain of odd size in the presence of boundary fields. Magnetic moments
of boundary spins and their magnetic susceptibilities can be extracted for
H = 0 by differentiating Eq. (6.65) with respect to hy,r. Boundary mag-
netic moments vanish for H = hy ;, = 0, but local boundary magnetic sus-
ceptibilities are finite. It is necessary to note that for large boundary fields
the result coincides with Eq. (6.69), but for small boundary fields the expec-
tation value of an edge spin is only half of the expression in Eq. (6.69). The
reason for such a difference is the non-commutativity of the limits H — 0
and hyr — 0.

It turns out that if the homogeneous magnetic field H and the boundary
ones hy y, are connected to each other, e.g., via b1, = (1 — p1,1)H, where
p1,1, are effective magnetons of edge spins of an open chain, we can use the
above result for H small enough and/or p1 1, ~ 1. For larger field H the
perturbative solution outlined above fails and integral equations should be
studied numerically.

It is important to point out that for negative Si r, where boundary
bound states appear, the energy and the magnetic field dependence of mag-
netic moments are the same as above, despite appearing of local levels.

At low temperatures the contribution of free edges for hy; = 0 can
produce for the most interesting case n = 0 the divergent local magnetic
susceptibilities x ~ (8T |Inz|)"![1 — (In|Inz|/2|Inz)] + ..., where z =
arnJy\/m/e/T, a is a constant, the divergent Sommerfeld coefficient of the
low-temperature specific heat v ~ 372 /32T In* z; the boundary entropy is
S ~ 72 /32| Inz|3.

6.3 Open Boundaries. The Algebraic Bethe Ansatz

In the previous section we studied the behaviour of an open chain using the
co-ordinate Bethe ansatz. It is interesting now to show how the algebraic
version of the Bethe’s ansatz (the quantum inverse scattering method) is
modified due to the presence of open edges of a quantum chain and bound-
ary potentials. This technique was developed mostly by I. V. Cherednik
and E. K. Sklyanin.

As for the periodic chain we start with the R-matrix acting in the space
V1 ® Vo ® V3, which satisfies the Yang-Baxter equation

Ro3(A)Ri2(A + p) Roz (1) = Raa(p) Raz (A + p) Ria(N) (6.70)
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where the subscripts indicate in which spaces the R-matrix acts nontrivially.
One can also require from the R-matrix the unitarity Ris(x)Ri2(—2x) =
p(x), crossing-unitarity Rya(z)R12(—z—ic) = p(x) (where p and p are scalar
c-functions), and we want the R-matrix to be symmetric PiaRi2(z) P2 =
Ria(z) and RYL(2) = R%(x), where Py is the permutation operator P(x®
y) = y ® x, and t;2 denotes the transposition in the space Vi . One
can consider the monodromy matrix 7'(x), which satisfies the intertwining
relations

RO = )T @ T(w) = (T() @ TONRA—p) . (6.71)

Now let us introduce two new algebras K+ via so called reflection equa-
tions introduced by Cherednik and generalized by Sklyanin:

Riz(z — y)Ky (7) Raz(x + y)Ks5 (y) = Ky (y) Raz(z + y)K (2) Riz(z —y) ,
Riz(y — =) (K{)" (z) Ria(—x — y — 2ic)(KF)" (y) (6.72)
= (K3)" (y) Ria(—x — y — 2ic) (K )™ (2) Raa(y — )

respectively. The illustration of a reflection equation is presented in Fig. 6.1.

2 2
v
R(x-y) K(x)
1 R(x+y)
K(y) K(y)
v R(x+y) =
R(x-y) Kex)
1
2 2

Fig. 6.1 TIllustration of a reflection equation for an integrable model with open boundary
conditions.

Then it is easy to show that the quantities 7,(\) = tr KT(A)K™ (M),
can be considered as transfer matrices for open chains and commute with
different spectral parameters: [7,()), 7,(1)] = 0. The latter property con-
stitutes the exact integrability of the problem, as for the situation with
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periodic boundary conditions. Actually it is possible to consider the ma-
trices

K=() =T~ (K- W)(T7) (=),

’ (6.73)
(KN = (T NED)MNT)(=A)
where T%(x) = (T1)!(z), K(z) = K~!(—z) and
T=(A) = Ln(A)--- La(A) TH(A) =Lr(N) Ln41(N) (6.74)

where L,(A\) are L-operators (which satisfy intertwining relations with
R-matrix), and K*()\) are representations of KX* in C!, i.e., c-number
matrices. One can prove that

#(A) = tr KTWTW)EK - (ANTH(=A) | (6.75)

where T'(A) = TT(A\)T~(A\) = Lr(\)---Li()\) is the monodromy matrix,
and it is independent of the factorization of T'(\) into T (X) and T~ (\).
The illustration of a transfer matrix of an open integrable chain is presented
in Fig. 6.2.

T(u)

Ln(u)
— \ Gr; —

K*(u) K (u)
—1 / On
- L(u -

1 - . . n PR L

T =)

Fig. 6.2 [Illustration of a transfer matrix of an integrable model with open boundary
conditions.

Taking K—(0) = I and using the properties of L-operators and R-
matrices we can construct the Hamiltonian of an open chain as the
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logarithmic derivative of the transfer matrix of an open chain

Lt 1d

d _
H, = const (JZ_} D Lagr1(Nh=o + 572K (M=o

tI'() KS_ (O)di)\LN,O()\)b\—O)

2T 0) (6.76)

where the index 0 denotes the auxiliary subspace and we used the notations
from Chapter 5.

Let us now apply this scheme to the open Heisenberg Spin—% chain,
considered in the previous section with the help of the co-ordinate Bethe
ansatz.

We shall use the expressions for the R-matrix and L-operator from the
previous chapter, Egs. (5.6) and (5.12), respectively. Reflection equations
then yield

K- =KOME), KN =KO+ict),
6.77)
C(EtA 0 (
Then the application of Eq. (6.76) produces (up to constants)
L—1 1 1
H, = Sj j+1 + ic (—Sf + —SlL) , (6.78)
= - Er

which coincides with the Hamiltonian of the Heisenberg spin—% open chain
with hy g — —icgZ".
It is possible to write down

o¥T(x —ic)o¥

T T (z—i(c/2)}

T%(x) (6.79)

where
M{T(z)} = triz PpTi(z — i(c/2))Ta(z + i(c/2)) (6.80)

is the quantum determinant of T(z). Here Py, = (1 — Pi2) is the antisym-
metrizing operator. Then we can re-write

K- =T~ (K~ () 05{(§[jl(ii<z/i5))>iy

(6.81)
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Then, let us introduce the matrices

U (z) =T (2)K (z —i(c/2),6_)o¥(T™ ) (—z — ic)a? (6.82)
and

(U (@) = (TH"(@)(K) (2 +i(c/2), &4 )0 T (—2)0? (6.83)
which satisfy the reflection equations

Lio(z — y)Uy (z)Lia(z +y — ic)Us (y)
=U, (y)Liz(z +y —ic)Uy (x)Liz(z —y) ,

. _ iy (6.84)
Lia(y — z)(Uy)" (2) Laz(—2 — y —ic)(Uy") "™ (y)
= (U2 (y) Lna(—x — y — ic)(UH)" (2) Laa(y — ) -
In fact all previous results can be applied to U*.
It is easy to prove that for any = and y
A{U (@)}, U ()] =0, (6.85)

where
A{U™ (x)} = triz PoUy (x —i(c/2))L12(2x — ic)Uy (x4 i(c/2)) . (6.86)

The latter quantity can be considered as the “Casimir operator” of the
algebra U~. The reader can check that

AU (2)} = 5{T (@)}6{T ™ (—2)}A{K (z — i(c/2),6-)}
L
= (20 = 2i)(w+ &) (z = &) [ [ o{Ls@)}o{Ls(—)} . (6.87)

Consider now U~ (A) in the auxiliary space as the 2 x 2 matrix
_ A B
U (N = <C D) . (6.88)

One can write (U~) " (z) = U~ (z—ic)/A{U (x—i(c/2))}, where U (z) =
2tr12 PjoUy (2)Li2 () is usually called the algebraic adjunct of U~ (x). This
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quantity can be written in the auxiliary space as 2 x 2 matrix

- (2 )

(20)A — c(20)D B
= ( c Ce(2VA + b(2>\)D> - (6:89)
Then
AU (2)} =U (x+i(c/2)U (z — i(c/2))

“(z—i(c/2)U (z +i(c/2))
(@ —i(c/2))D(x +i(c/2))
—B(z —i(c/2))C(z +i(c/2)) . (6.90)

U
D

It follows from these facts that

FN) =trUT (AU (V)
=tr KA\ +i(c/2),E)TANK (A —i(c/2),¢-)a?TH(=N)a?  (6.91)
is the even function of the spectral parameter.
Let us introduce the mathematical vacuum as C|0) = 0, and with the

diagonal action of the operators A and D: A(z)|0) = a(x)|0) and D(x)|0) =
5(x)|0) (do not confuse with a delta-function). It is easy to see that

Az +i(e/2)A(z —i(c/2)) = A{U (2)} | (6.92)

where Ay (2) = a(x) and A_(z) = 226(x) — ica(x). Again, we construct
the vector

M
ML) = [ BOY)I0) (6.93)
j=1
Let us apply the operator
T(A) = A+ & +i(e/2))AN) — (A = & +1(c/2))D(N) (6.94)
to the vector |A1,...,Ay). The following commutation relations can be

used:
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(z =)z +y)D(2)B(y) = (r —y +ic)(z +y +ic)B(y)D(x)
+2¢2B(x) A(y) —ic(z +y + ic)B(z)D(y)
+ic(z —y + 2ic)B(z)D(y) ,

(z —y)(z+y)A@)B(y) = (x —y —ic)(z +y —ic)B(y) Alx)
+iclz+y —ic)B(x)A(y)
—ic(z —y)B(z)D(y) ,

(6.95)

which stem from intertwining relations for monodromies. It is important to
emphasize that these relations differ from the ones for periodic boundary
conditions not only by the presence of coefficients with sums (z 4 y), but
also due to onsets of the operators A in the first relation and D in the
second one. The vector |A1,..., Ay) is an eigenstate of the transfer matrix
of an open chain if

A+ &4 —ile/2) Ap()) BN — N —ich + N —ic

— 2N — ic) =
N /2 By PN T EAj—Al+icAj+Al+ic’

1#]
(6.96)
where j = 1,..., M. The eigenvalue of the transfer matrix is
2\ + ic _ NN\ e A+ A — e
A(N) = - 2NA J J
O = S ok i) [[ 52525
C L e 4i(e/2)A) Fr A=\ +ic A+ A +ic 6.97)
2\ B B A=A AN T

j=1

Let us now put 7'~ (A) = T'(\) into the definition of U~ (A). In the auxiliary
2 x 2 space the monodromy of a periodic chain can be written as

T\ = <g g) . (6.98)

Its components act on the mathematical vacuum as

Cl0) =0, AJ0) =54 (M)|0) ,

. (6.99)
D|0) = 6-(N)]0) ,
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where 04 (z + i(c/2))d_(z — i(c/2)) = 6{T(z)}. Then after some tedious
but straightforward calculations one gets

As(@) = (0 + & —i(e/2))5:(2)0-(—a) ,
A (@) = — (20— ic)(@ — & +i(¢/2))b4 (~2)0- () .

These expressions can be introduced into Egs. (6.96) and (6.97). Then

taking the logarithmic derivative of Eq. (6.97) with respect to the spectral

parameter A, equating A = 0, and shifting A\; — \; —i(c/2) we finally obtain
Bethe ansatz equations and the expression for the energy for a Heisenberg

(6.100)

chain with open boundaries (with ¢ = 1), presented in the previous section.

6.4 Open Hubbard Chain

So far in this chapter we considered quantum spin chains with open bound-
ary conditions. Let us now see how open boundaries affect the behaviour
of correlated electron chains with the possible charge and spin dynamics.
Let us start with the open Hubbard chain, in which Hamiltonian Eq. (4.1)
we exclude terms — ZU(aTNﬂaLg + H.c.), but, instead, introduce the term
- Zj:LL > o PicNjo, descfibing local boundary potentials and magnetic
fields, which act on edge electrons. We assume the following wave function
to be the eigenfunction of the Hubbard Hamiltonian of an open chain:

V(X1, o TN, O1, ., ON)

N
= PAog,..oay (kprs. . kpy)exp i Y kpag, | . (6.101)
P j=1

where the sum extends over all permutations and negations of of k1, ..., kn
and ep changes sign at each such “mutation”. Our strategy is the same as
in Chapter 4, but taking into account negations as in the second section
of the present chapter. By using the co-ordinate representation of the
wave function in a stationary Schrodinger equation we define scattering
and reflection matrices as follows

A oo, o kp kP )

=Y (kp, kp o)A oo (o ke )
A (kb ) = Uy (kp) Age . (—kprs.)
Avg (s kipy) = Voo (—kpy)A gy (- —kpy) |

(6.102)
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where

(sin k; — sin ]CJ)H + Z(U/Q)I

Y(kj, ki) =
(k3 Fa) sink; —sink; +i(U/2)

(6.103)

(I and II are the identity and permutation operators), and boundary ma-
trices Uy (k) and V, (k) are

0 Tty 0
U(k)=< TO o (k) ) ; V(/f)=< 10 By (k) ) ;

ap(=k) Bi(=Fk)

(6.104)
ay (k) =1 — p1, exp(—ik) ,
By (k) = [1 — pLo exp(—ik)] exp[ik(L + 1)] .
They have to satisfy the following relations:
& +sink & +sink
—k)y=>t"""" k)=t 1
UiUL-k) = S5 ViRV = 2 (6109)

where &1, = oo for piry = piry, and & = (1 = pfp4)/2ip1ry for
p1,0.1 = —p1,r|- The fulfillment of these relations is necessary to apply the
algebraic Bethe ansatz for open chains, described in the previous section.
Hence, it is possible to obtain a Bethe ansatz solution for an open Hubbard
chain only for these two sets of boundary potentials, i.e., if one has only
boundary potentials or only boundary magnetic fields. We point out that,
as for an open spin chain, we can obtain all other similar relations by
negations and permutations of k;.
By using these matrices we obtain the following relation

A~~~°’Q_7~v~(' o kpy, ) = TjA,,,ng,,,,(. s kpyy ) (6.106)
where
T; = tro Ko (kj) Lo (kj, —k1) x --- x Lon(kj, —kn)
x Ky (kj)Lon(kj, kn) x -+ % Loi(k;, k1) , (6.107)
where

(sink; — sinky,) o, + (U/2)I,

Ln iy om ) = : 1 ] ’
0 (kJ k ) Slnkj —smkn-f-l(U/Q)

(6.108)
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with Iy, and Py, are the identity and permutation operators acting in the
quantum subspace V,, and auxiliary subspace Vy, and

Ky (k) =V(k),
(2sink +i(U/2)) aT(kk))
o 0
Ky - 2k iU/2) —iU/) 7
0 © 2sink(2sink 4 iU) a (k)
(2sink +i(U/2)) all(_k)
0
—i(U/2) 218
(6.109)

To diagonalize the matrix T; we proceed along the lines of Chapter 4 by
using the fundamental spin problem for an open Spin—— chain from the pre-
vious section with introduced inhomogeneities (charge rapidities). Then
one obtains Bethe ansatz equations for an open Hubbard chain (this di-
agonalization was first performed by H. Schulz for p = 0) for the sets k;
(j =1,...,N, N is the number of electrons) and A\, (y =1,..., M, M is
the number of electrons with spins directed downward)

N M
[Terviae cyonOy) = TTTL e Ay £sinky) [T ea(r £29)

1,L + j=1 p=1

Sl 6.110
a1(ky) b <k> T o
ar(—ky) Br(—k = 1;[ 1(sink; — Ag)ei(sink; + Ag) ,

where e, (z) = (4o + iUn)/(4x — iUn). The energy is

N
E=-2) cosk; . (6.111)
j=1

In the framework of the string hypothesis we can write the thermody-
namic Bethe ansatz equations for the open Hubbard chain. Let us perform
it first for the values of boundary fields or potentials, at which there are no
boundary bound states, see the analysis below.

In the limit of large L, N, N with N/L and M/L kept fixed we can
consider three main classes of solutions of Eq. (6.110): one again considers
real charge rapidities, spin-singlet pairs and bound states of them, and
spin bound states, with the same notations as in Chapter 4. By using
straightforward procedures, similar to the case of a Heisenberg open chain,
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we obtain thermodynamic Bethe ansatz equations for densities

2[p(k) + pn(k)] = % + %P(k) +cosk Z[aUn/4(sink -}

n=1

+ayn a(sink + X)] x [0, (X) + 0, (V)]
20,1 (X)) = %Qn()\) + [ayp/a(X = sink) 4 agp (A + sin k)] * p(k)

i AN = N) + AN+ M) 5 o (V),  (6:112)

m=1
2000 = Lo + 1LY
- Z (A = )+ A (A + X))+ 0], (X)
m=1
— [avn/a(A —sink) 4+ agp /s (A — sink)] * p(k) ,
where
P(k) = 1 —p1pLy 1+ piypry — (p1y +pry) cosk 7
7 (1+pf; —2piycosk)(1 +p7, — 2pry cosk)
A) = i[azﬂ(/\) + ;. (N)] (6.113)
j=1

2n
Qn(A\) = => P(k™) = Qu(\)
j=1
with
Zj1,L = 7’—!-(77,—2]’)% , (6.114)

and

Ev2tl = 1 —sinT A +i(n —25)(U/4)], j=1,...,n—1

, " (6.115)
k™2 =sin MA+i(n—25)(U/4)], j=1,...,n—1.
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Thermodynamic Bethe ansatz equations for dressed energies have the form

o0

H T .
e(k) = — <2cosk—|— B} —l—u) +3 Z[aUn/4(81nk— A)

n=1

L+k,' (V)
(M)
T .
Tln[l+4n,(\)] =nH — 5 cos Elayy,/a(X — sink)

+ayp a(sink + A)] xIn

+ agrpa(X +sink)] « In[1 + €1 (k)]

f:nmAA
r

)] Il + 0t (V)]

D> m|'ﬂ

(6.116)

TIn[l + k,(\)] = =4Re /1 — [\ —in(U/4)]2 — 2nu

T
— 3 cos klagy/a(X — sink)

+ agrn/a(A + sink)] = In[1 + €71 (k)]

A = X)) *In[1 + k1 (V)] -

To remind the notations: apna(z) = (nU/4)/7w[z? + (nU/4)?], the
Fourier transform of A, (z) is coth(|wU|/8)[exp(—|n — m|lwU|/8) +
exp(—(n —m)|wU]|/8)]. The internal energy, the number of electrons and
the total magnetic moment are given by

E= —2L/ dk cos kp(k)
0

—4L§: Re/ /T —in(0/A 0. (A) |

0

N:L/ dkp(k)+2LZn/ dra’ (\)
0 1 J0
L s 1S ]
M= = 5/ dkp(/c)—LZn/ dAon (N
0 1 J0

(6.117)
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Thermodynamic Bethe ansatz equations for densities of an open attrac-
tive Hubbard chain follow from Eq. (6.112) with the change of the signs of
the third term in the right hand side of the first equation. Thermodynamic
Bethe ansatz equations for dressed energies of an open attractive Hubbard
chain follow from Eq. (6.116) with the change of the signs of In(1 + £71)
and the sign of the driving term for dressed energies of pair excitations,
while 2nu keeps the same sign.

Noting that thermodynamic Bethe ansatz equations for densities are
linear integral equations, one can divide them into two sets: one of the scale
1 for the main (of order of L) contribution to the energy, magnetization,
number of electrons, etc., and the other one, of order of L=!. The former
describes thermodynamics of the bulk of an open Hubbard chain, while the
latter reveals the contribution from electrons sitting at edges. The set of
equations for dressed energies does not have terms of order of L™! explicitly.

Since all dressed energies, densities and kernels of integrals in
Egs. (6.112) and (6.116) are even functions, we can re-write those equations
in the form, similar to a periodic Hubbard chain, permitting distributions
of k and A over total intervals instead of half-intervals. It is important,
however, to exclude double counting of states related to k; and A, with
j =~ = 0 and to count the possibility of A, = Ag in Eq. (6.110), which
implies subsequent changes in the equations for densities of order of L~!,
cf. the results for an open Heisenberg chain. After this procedure we see
that the main contribution in L is, naturally, the same for a Hubbard chain
with periodic and open boundary conditions. The difference appears in
behaviours of energies, magnetic moments, valences (the average number
of electrons per site) of edge sites. By performing this program we obtain
the set of equations for densities (with the superscript (1) we again denote
the values of order of L~1!), while the set of thermodynamic Bethe ansatz
equations for dressed energies of an open Hubbard chain formally coincides
with Eq. (4.58)

pO (k) + o\ (k) = P(k) + cosk

x 3" agnja(sink — A) # [0 () + (a5) D)

n=1
Ur(zlh)()‘) = Qn(/\) + ayp a(X —sink) * p (k)

o0

=D AN =X) 0l (N)

m=1
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(o) P (N) ZAnm A=) (07,) P (N)

(6.118)
— aUn/4()\ —sink) * p(M (k) ,
where
15 ZGUMM sink)(2 — oz 0 — 6nr,,0)
m=1
Q ( + Z Anm 1 - (SMm,O) 5 (6119)
m=1

The internal energy, valences and magnetic moments of edge sites of an
open Hubbard chain are then

Cedge = —2/ dk cos kp(l)(k)
0

—4§:Re/ d\/1 =[N —in(U/0)]2(,) V0N ,

neaoe = [ dhp V(D) +23 " [ axe) .
n=1 0

0

1 ™ oo oo
Migge = 5 /0 dkpM (k) =Y n /0 dra(D(\)
n=1

These corrections are nonzero even for p; ., = 0, which is the contribution
from free edges themselves.

It is interesting to compare, e.g., the behaviours of a local specific heat
(connected to edge sites) and the one for bulk sites of an open Hubbard
chain. Denote the specific heat of bulk sites per site as ¢, and the lo-
cal specific heat of edges as ceqqe (notice that we do not now distinguish
contributions from edges themselves and boundary potentials or fields).
Then after some straightforward but tedious calculations one obtains, for
example, that at low temperatures (with H > T)

(6.120)

Cedge = Coo0f (6.121)

for —p < =2 — (H/2), where 65 = 0 for p;,r,; = 1, and 6y = (1 + 2p13 —
p11P11)/ (1 — p11)(1 — pry) elsewhere. In this region of parameters the
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low temperature specific heat is proportional to v/T. Observe that in the
absence of boundary potentials or fields, p; 11 = 0, the local specific heat
of edges coincides with the bulk one per site. For —p > —2 — (H/2)
the specific heat is proportional to T (i.e., the Sommerfeld coefficient is
constant). Calculations yield

Cedge = Coo™P(Q) (6.122)

where ) is the Fermi point of unbound electron excitations. For —p >
2—(H/2), H> (V16 + U? — U) the specific heat is also linear in T" and
one gets

FP(T(')C, + Ic,
Cedge = Cm# ) (6.123)
where c. s are contributions to the bulk specific heat due to charged and

spin low-lying excitations, respectively (coo = c. + ¢5) and

r_ w1+ (U/4)?

5 < ' dkay 4 (sin k)P (k) + Ql(o)) . (6.124)

Now let us consider the effect of boundary bound states. In principle
one is free to leave the boundary bound states empty. This gives rise
to another continuum of states, which are important if one studies, e.g.,
multiple Fermi edge singularities in the presence of those boundary bound
states. For simplicity we shall discuss the case with pr, = 0 and pi =
pi| = D, i.e., without boundary magnetic fields but with only one boundary
potential applied to the left edge of the chain. Other cases can be studied
analogously. We can consider four situations. For p < 1 there are no
boundary bound states, and we can use the previous analysis. For 1 <
p <p1 = (U/4) + /14 (U/4)? there is a complex solution to the Bethe
ansatz equations ky = 7Inp. To take into account this solution, but to keep
the total number of roots of Bethe ansatz equations fixed, we renormalize
Eq. (6.110) as

=

eQikj(L'i'l)Sp(kj) = H 61(Sin k] + )\ﬂ) )
+

ki
I

(6.125)
62(/\7 + )\g) s
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where j = 1,...,N =1, v = 1,..., M, s,(k) = [1 — pexp(—ik)]/[1 —
pexp(ik)] and f = —isinky = (p? —1)/2p < (U/4). The contribution
of this bound state to the energy is Ep; = —(p? +1)/p+ u — (H/2). For
p1 <p<p2=(U/2)+ 1+ U? there appears the complex solution A\y; =
i[f—(U/4)] (here f > U/4). We have to renormalize Bethe ansatz equations
to

eQikj(L+1)8p(kj)

M—1
= eo_(sf/v) (5ink;j)eg s/ (sin k; H H ei(sink; £ Ag) ,
+ B=1

N—
(6.126)
61—(8f/U)()‘ )es— (8f/U) H H (Ay £sink;)
M—-1 -
= H [T e2(n £ 2s)
B=1
B#y

where j =1,...,N—1,y=1,...,M — 1. Finally, for p > py a boundary
singlet bound state with A\y; = sinky — i(U/4) = sinky + i(U/4) = i[f —
(U/4)] appears. In this case Bethe ansatz equations are modified as

M—1
€2k (L) 5 (k) = eq_ s/t (My)ess Oy H H e1(sink; £ Ag) ,
+ B=1
o s (6.127)
HH (Ay £sink;) HHez)\ +Ag)
+ j=1 + s=1

B#~

where j = 1,....N -2, vy =1,....M — 1. The energy of this singlet

boundary bound state is Epo = —2\/1 +[f=U/2)]2+p—(H/2).

The energy of edges for a repulsive Hubbard open chain in the ground
state can be calculated as

Q B
_ 3 3 _H
Cedge — /0 dke (k) P(k) + /0 DG NG ()~ 2

+1+0(p—1)Ey +HO(p—p1)+0(p—p2)Er2 , (6.128)

H
4

where 0(z) is the Heaviside step function,
pcosk — p?
m(1 4 p% — 2pcosk)
+0(p — p1) cosklass(sink) 4+ aq/2)—ay(sink)] ,  (6.129)

1
P(x) = — —cos kaya(sink) +
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and
Q1(N) = ayy2(A) +0(p — DO(p1 — p)law a—ar(X) + a@w/ay+ar (V)]
+6(p — p1)0(p2 — p)laas—(w/a)(N) + a@ujay—ar(N)] - (6.130)

The dressed energies are the solution of the ground state equations
Eq. (4.69). In the absence of the homogeneous magnetic field H = 0 we
can simplify those equations, which become

Q
e(k) = ji—2cosk + / Ak G2y, (02 (sin k — sin &) cos Ke(K') , (6.131)
-Q

where G, () is the Fourier transform of exp(—a|w|/2)/2 cosh(bw/2). Then
the valence of the first site is

Decdge —9 [f = (U/2)](1 +p?)
= =0(p—-1)(1—p2)+0(p—
ny o (p—1(1—-p ) +0(p p2)2p2 T - O/
1 Q
=5 [ b (3000 + 060 = 1062 )
0 .
X COS ka—p[G(U/g),gﬁ(U/g) (sm k)
. 0 .
+ Gy2)+21,w/2)(sin k)] + 0(p — p2) cos ka—p[a4f(51n k)
+ Cl4f,(U/2) (sin k)]) y (6132)
where

_ p?cosk 4 cosk —2p
(1 +p?—2pcosk)

(k) (6.133)
Notice that #-functions in Eq. (6.128) must not be differentiated with re-
spect to p to obtain Eq. (6.132). In the limit of large p only the first two
terms survive and the expected answer ni|p—oo = 2 results. Depending
on U and the total number of electrons (or w) the local charge stiffness
of the first site of an open Hubbard chain reveals one, two or no features,
which are related to the values of p at which ny is close to zero, 1 and 2.
This behaviour is very different from the behaviour of bulk electrons in a
Hubbard chain.
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6.5 Open Supersymmetric t-J Chain

Let us now consider the behaviour of a supersymmetric ¢-J chain with open
boundary conditions. In this section we shall limit ourselves with the case
V=-J/4and J =2.

The analysis of reflection equations of an open supersymmetric ¢-J chain
in the framework of the algebraic Bethe ansatz shows that there are several
solutions of those equations. Here we shall consider two of them. In the
first case boundary potentials are applied as

Hpr = —pin1 — ppne (6.134)

and in the second case edge sites are affected by the mixed influence of
boundary potentials and fields which are equal to each other

1
Hp2 = —5[]91(2512 —n1) +pL(257 —nr)] . (6.135)
Let us denote
2
- (6.136)
p1 L

for the first case and

Sip=1+ 2 (6.137)
p1,L
for the second case.

The construction of Bethe ansatz equations of an open supersymmetric
t-J chain is similar to the one of a Hubbard chain of the previous section.
We, however, shall use a slightly different Bethe ansatz description of this
problem. Let us start with Bethe ansatz equations for the sets of spin
{Aa}AL, and charge {p;}}_, rapidities, where N and M denote the number
of electrons and the number of electrons with spins down, respectively.
The Bethe ansatz equations are (for simplicity we now study the case with
p1,L = p’L 1, = 0; the case with nonzero boundary potentials can be treated
analogously):

N M
HHel)\ +p;) HHeg()\a:I:)\g)
+ g=1 = (6.138)
e (py) =[] [[ ex(pi £ 2s)
+

I
=

B



182 Finite Size Effects in Correlated Electron Models: Exact Results

where e, () = (2 + in)/(2z — in). Equations (6.138) are written for the
FFB grading. This form of Bethe ansatz equations for a periodic model was
introduced by C. K. Lai and P. Schlottmann. However, for some purposes
it will be more convenient to use the BFF grading scheme of the algebraic
Bethe ansatz with the Grassmann parities e; = 0 (this state is related to a
hole at the site) and €3 = e3 = 1. We re-write Eq. (6.138) as

N+ M
H H ea(u; £ ug) Hel (uj £v3)

Nh+M

1:H H e1(ve T ug) ,
+ k=1

(6.139)

where N* = L — N is the number of holes (non-occupied sites). This form
of Bethe ansatz equations for a supersymmetric ¢-J chain with periodic
boundary conditions was first introduced by B. Sutherland. It is easy to
show that the two forms, Egs. (6.138) and Eq. (6.139), are equivalent. For
this purpose one can consider the second set of Eq. (6.139) as the root of
some polynomial P(v,) = 0 with

x):];[NlﬁM <:r,j:uk——) HNf[M <xj:uk+ > . (6.140)

We separate the first N roots v, of the N* 4 M roots of P(x) and label
the remaining M roots by A,. Then we have the factorization

= const - H H T+ A) H T £vg) (6.141)
B=1

+ a=1

from which it follows

A
HHeluj:I:)\ Helujztz/ﬁ %:g H ea(uj +ug) .
k=1

+ a=1
(6.142)
Then using this relation and the first set of Eq. (6.139) we obtain the second
set of Eq. (6.138), with u; = p;.
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Next, the second equation of (6.138) can be re-written as Q(p;) = 0
with the definition

Q(z) = (x—f—%) HH (x:l:)\g——>

+ g=1
_(x—%) 1;[51_[1(x:t>\5+ > (6.143)

As above, separating first the IV roots p; of this polynomial and labeling
the remaining N + M roots by uj we obtain the factorization

N Np+M
(x) :const-HH(x +p;) H (x £+ ug). (6.144)
+ j=1 k=1
From this we get
N N"+M .
QAo +1/2)
1;[ Hel(/\a +p;) H e1(Aa £ug) = Q0w —i/2)
7j=1 k=1

M
H (Ao £ Ag) . (6.145)

I
=

=

Together with the second set of Eq. (6.139)
the first set of Eq. (6.138).
For nonzero boundary potentials we have

or A\, in place of v, it gives

NP+ M NP
ma(u)edt (u) = T [ eaus +ue) [T er " (u; £ vp)
o A=t (6.146)
N"4+M
1= (o) H H e1(va £ ug)
+ k=1
where

m=1, Gi(z) =e_g (v)e_g; (x) , (6.147)

772(x) =€-5; (LC)C,SL (ZC) ) CQ =1.

The energy corresponding to the solution of Bethe ansatz equations is

Np+M

E= —(/L—Q)(L—Nh)_g(L_Nh_2M)_Ep1,2_ Z
j=1

4

—_— .14
4u§—|—1 , (6.148)
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where E,1 = p} + p} and Eps = (p1 + pr)/2. The number of down spins
must be smaller than or equal to the number of up spins, i.e., 2M < L— N,
in this construction of the Bethe ansatz. The states which do not satisfy
this constraint must be constructed by switching the mathematical vacuum
to the state with down spin electrons at each site. This change formally
leads to p ;,p1, — —p) 1, —p1,. in the definition of S} ; and Sy 1. The
advantage of this approach is the simplicity of the limiting case N = L (i.e.,
Ny = 0). The reader can see that in this case Bethe ansatz equations for
a supersymmetric ¢-J model coincide with the ones of a Heisenberg spin—%
chain.

The analysis of thermodynamics of a supersymmetric open ¢-J chain is
similar to the one of the periodic ¢-J chain and to the analysis of an open
Hubbard chain from the previous section. We shall not present it here to
save space. The interested reader can perform such calculations without
difficulty, using the knowledge of methods of the previous section. We limit
ourselves with the most interesting case T' = 0. The other advantage of
the Bethe ansatz equations (6.146) is that the ground state corresponds to
only real u; and v,. In the limit of large L, M and N},, but with the ratios
Ny /L and (N}, + M)/L fixed, the ground state Bethe ansatz equations for
dressed energies (with obvious notations) are

es(x) = H —2maq (x / dyas(x — / dyai(z —y)ec(y) ,
(6.149)

gc(z) =p—2- g +/_B dyar(z — y)es(y)

where a,(z) = 2n/7(42% +n?), and £5(u) is minus the energy of an elemen-
tary excitation with the real rapidity u, while .(v) is minus the energy of
an elementary excitation with the real rapidity v (i.e., they rather describe
holes, than quasiparticles). The Fermi points, as usual, are determined as
es(£B) =0 and ¢.(£Q) = 0, which are related in such a way to the values
of the chemical potential p and the homogeneous magnetic field H. The
ground state Bethe ansatz equations for densities are

pan(a) 4 o) = F0le) ~ @) + [ dyon(e o)
psh(@) + ps(x) = 2a1(z) + %[az(x) + X1,2()] (6.150)

/ dyas(z — y)psn(y / dyar (z — y)pen(y)
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where
X1 (IL‘)
Yi(z)

0, XQ(x) =a-s (LC) +a-—s;, (LC) )
a_s;(z) +a_g; (2), Yo(z) =0.

The ground state energy is equal to

(6.151)

E = (u—2)N 4+ HM?* 4 Le(0) — 2uL + 4L

/ do X1 (x)—|—% /_ 2 Vs o (2)eo ()

H
- 585(0) - g 14+ T+ B+ 0(L7). (6.152)

It is worthwhile to present results here for the ground state properties of
bulk electrons, of edges, and contributions from boundary potentials. The
internal ground state energy for bulk electrons per site is

~ 2In2¢(3) A3

™

1
¢ 82 2 H ’
81n2(fi + 2a)3/2> (6.154)

2 _

p=2In2—-p+2.

e=-p+2-2In2-2 (6.153)

where

The magnetic moment per bulk site is

. H In2 /84 + 2a) 1t
m = <1+ p 306 )(1 S T >+ . (6.155)

The magnetic susceptibility per bulk site at H = 0is xy = 1/27%+.... The
average valence of bulk sites is

N In2 [8(i+2a)
f_l_T T(S)-f— (6.156)

and the charge stiffness per bulk site is

2102 1
Yo = 2 T (6.157)

T 6((3) (1 + 2a)
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These answers coincide with the ones for periodic boundary conditions,
naturally. At half filling the charge susceptibility is divergent, as the con-
sequence of a one-dimensional van Hove singularity.

The contribution from edges themselves is

. _ 1 H +ln1nH P 8(p+2a)*
edge = "5 T H omH ) M T ’

R _ H 1_'_lnlnH n
Medge = "I H 2n H ’

-1 (py Ay 6.158
Xedge = 4Hln2H 2In H 3 ( . )
1 2(f + 2a)
edge — & 1 Y T
4In2+m

Xewedge = = /6C(3) (i 1 20) N

We see that the ground state magnetic susceptibility of open edges them-
selves of a supersymmetric ¢-J chain is divergent. The boundary charge
stiffness (charge susceptibility, or compressibility) of edges is negative and
diverges as one approaches half-filling.

Now we want to consider contributions from boundary potentials. For
small boundary potentials p’ (—2[1+ (p’)~!] > B) the contributions due to
each boundary potential to the magnetic moment, magnetic susceptibility,
valence and compressibility are

H 1
Lty ol | QR R
R ( 21nH)+ :

F H? 1
__2F __ P
Npr = - ey Xc’pl_ﬂ'(ﬂ—l—2a) ey
where
P [(B+2a)
F=— , 6.160
1+p 6¢(3) ( )

we determined the valence and the charge stiffness as derivatives with re-
spect to the chemical potential p. [The case in which boundary potentials
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and p are connected to each other has to be considered numerically.] The
reader can see that valences of edges, caused by boundary potentials, are
larger than in the bulk. For large boundary potentials of the first type one

gets
L _H (1 LY,
M = 42 2In H 7F ’

_ (ot H? ) L),
v = e 7F | 4m3F (i + 2a) 2 H

1 2 [2(i+ 2a) 1
=1+ ==
e 2( T\ T 3®) >+27TF+ ’

B 31n2 . 1 .
Xew' = J6C3) (i + 2a) | 27 F(ji+ 2a)

The reader can see that the valence at edges is less than the one in the bulk
due to the strong nonzero boundary potential of the first type.

Now let us consider the action of boundary potentials/magnetic fields
of the second kind. For each large boundary potential/magnetic field p >
—27/|In H| we can find (here we write the first terms in series)

1 p+1 HA

m, = —— +

(6.161)

(Wllp = 1)/p] = ¥(=1/2p)) ,

P74 " 2pInH ' 4md
X0 =~ + s (ltp = /o]~ v(-1/20) (4 + i)
my = == wllo = /] - w(-1/200) 55
Xer = 3= (= 1/s) = (1120 [ g (6.162)

where we again considered a boundary potential as an independent param-
eter and determined characteristics as derivatives with respect to H and p.
Each small boundary potential/magnetic field yields (we again present the
first terms in series)

2 _plnH ___p
P on2 0 0T oy
(6.163)
n = P JHEF2) P
Pooor\l3¢3) P o J6(+ 20)C(3)
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It turns out that it is impossible to take H — 0 without taking p — 0 first.
This is why, the magnetic moment in this situation is small. However,
depending on how fast one takes p — 0, as compared to the homogeneous
magnetic field H, the contribution to the magnetic susceptibility, caused
by a weak boundary potential of the second kind, may diverge or not.

To summarize, in this chapter we introduced the reader to the main re-
sults of exact solutions of many-body quantum systems with open boundary
conditions. We started with simple XY and Ising chains, and then presented
Bethe ansatz solution to the problem in the frameworks of co-ordinate and
algebraic Bethe ansatz. For the latter the reflection equations (compli-
mentary to Yang—Baxter relations) are derived. Finally, we compared the
behaviours of correlated electron models with open and periodic boundary
conditions.

Open XY and Ising spin—% chains were studied in [Lieb, Schulz and
Mattis (1961); Pfeuty (1970)]. Studies of open Bethe ansatz integrable
chains was pioneered by M. Gaudin [Gaudin (1971)], see also [Gaudin
(1983)]. The co-ordinate Bethe ansatz ground state calculations for an open
spin—% Heisenberg-Ising chain can be found in [Alcaraz, Barber, Batchelor,
Baxter and Quispel (1987)]. The reader can find calculations of the con-
tributions from free edges themselves and boundary potentials of an open
Heisenberg chain in [Frahm and Zvyagin (1997b)], and thermodynamics of
an open Heisenberg-Ising chain in [de Sa and Tsvelik (1995)]. Reflection
equations were proposed in [Cherednik (1984)], and the algebraic Bethe
ansatz for open integrable chains was developed in [Sklyanin (1988)] (we
closely follow this work in the derivation of the algebraic Bethe ansatz
for open chains). The first Bethe ansatz solution of an open Hubbard
chain was performed in [Schulz (1985)]. Role of boundary potentials in
the behaviour of open spin and correlated electron chains was studied (and
in this chapter we follow those studies) in [Asakawa and Suzuki (1995);
Frahm and Zvyagin (1997a); Bediirftig and Frahm (1997); Yue and Deguchi
(1997)] for Hubbard and quantum spin chains and in [Efler (1996)] for a
supersymmetric ¢-J chain.



Chapter 7

Correlated Quantum Chains with
Isolated Impurities

In this chapter we shall present exact results for thermodynamic char-
acteristics of impurities in quantum spin and correlated electron chains
and compare their behaviours with those of free edges of homogeneous
quantum chains, and with magnetic and hybridization impurities in three-
dimensional metals (the Kondo and Anderson impurities).

7.1 Impurities in XY Chains

In previous chapters we considered mostly homogeneous quantum spin and
correlated electron chains. The only inhomogeneity, considered so far, was
the possibility of cutting a periodic chain. In that case the behaviour of
edges of open quantum chains was different from the behaviour of bulk
sites of that chain. This situation (with open chains) can be realized if one
introduces a nonmagnetic impurity into a periodic spin chain. However,
more generic situation with an impurity in a quantum correlated chain is
the following:

e An impurity can have different local characteristics (e.g., an ef-
fective magnetic moment or local potential energy) from those of
other sites of a chain;

e an impurity can be coupled to other sites of a chain with an in-
teraction, different in its strength (and, generally speaking, in the
way of coupling) from interactions between other sites of a chain.

Actually, an open boundary, studied in the previous chapter, can be
considered as a special impurity. The strength of an interaction of the
link between the first and the last sites of a periodic chain is zero for an
open chain, and, hence, it is different from couplings in the bulk. Also,

189
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an effective magnetic moment of such an “impurity” is modeled by a local
boundary magnetic field, and a local potential energy of such an impurity
is modeled by a local boundary potential. It is important, nevertheless, to
study the behaviour of a more general impurity, which is coupled to a host
chain with the coupling, different from the one of a host, but when this
coupling does not cut that chain.

Let us consider first a simple isotropic spin—% XY chain with a single
(isolated) impurity. The Hamiltonian of such a model can be written as

Hxyi=— . J(STST, +8YSY )= uHS:
Jj#Jjo,jo—1 J#jo
—J(S5 8% +SYSY L +SF SE+5Y

J Jo*~ jo+1 Jo—1 Jo—1

S )W HS;,

Jo ?

(7.1)

where we situated an impurity in the site number jy (nothing actually
depends on the number of the impurity site, see below). The impurity is
different from other sites of the chain by its effective magneton p' (with u
denoting magnetons of host sites), and by the exchange constant J’, which
describes the coupling of the impurity site with the right and left nearest
neighbors (with J being the homogeneous coupling of the host), i.e., in this
case the local field, acting on the impurity is h = ' H.

To diagonalize the Hamiltonian Hxy; we first use the Jordan—Wigner
transformation Eq. (2.10), which exactly relates the spin—% Hamiltonian to
the quadratic form of spinless Fermi operators as

L—-1

Hxy; = -5 E (a}ajﬂ + a;L-Haj) - Z/L+1CLTLCL1 — VL+1aJ{aL
=1,
J#jo.jo—1

L !/
wH
E (1- 2a;aj) - T(l - 2a§-0aj0)

j=1
i#3o

uH
2

/!

- E(aj'oajoJrl + “§o+1% + a;‘g—lajo + G}O%—l) : (7.2)

Suppose L is even. Dividing the Hamiltonian Eq. (7.2) into H* by using
the projection operators 1(1 & vz) as in Chapter 2, we can study those

2
parts separately.

1 1
Hxyi = 5(1 +v)Hxyi + 5(1 —vr)Hxvs

1 1
= 5(1 + I/L)H?— + 5(1 — I/L)H; , (7.3)
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where
J L—1
'Hf =-3 Z (a}ajﬂ + a}Haj) — aTLal — a‘{aL
.7‘¢jfjlo—1
pH < t pH i
— T Z (1 — 2(1]0,]) — T(l — 2aj0aj0)
o
__/(T. +af - ral ,+T,) (7.4)
o o Xo+1 T Ao 41jo 7 Ajp—1%jo T Ay Ajo—1) 5 :
and
L—1 L
_ J (W + pL)H
H = -3 Z (a}aﬂl + aj-Haj) +pH Z aj.aj -
j ;éjfjlo -1 J’7¢:.7‘10

!
t Sy t t t
+M/Haj0aj0 - _(ajoajo+1 + Q1050 T Q1G5 + ajoajo—l) .

2
(7.5)

One can find eigenvalues for each of M separately and then take into
account the effect of factors (14 wz41) by selecting half of eigenvalues of
H; and half of those of H; .

Consider, e.g., the Hamiltonian H; (H; can be studied in a similar
way). It is a quadratic form of Fermi operators, and, hence, it can be
diagonalized with the help of the unitary transformation

8&)

a; = Zuj(/\)cu s ’Lhﬁ =Exa) . (76)
A

The coefficients u;(A) satisfy the following equations (we omit the explicit
dependence on A here)

J L
(5_,UH)U:J+§(’U/J+1 +Ufj—1):Oa j#]Oa]Oilv
1
(E — /J,H)Ujoil + E(J’uj'oiz + J/Ujo) =0 s (7'7)

1
(e = W H)ujo + 57" (jor1 + jo—1) = 0.

The last three equations can be considered as the boundary condition for
the first homogeneous linear equation in finite differences. The standard
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solution of these equations describes a gas of fermions with the dispersion
law
ex = uH — Jcosk . (7.8)
However, if
r’>1+uz, (7.9)

where I = J'/J, v = (uH/J)(a — 1), a = p’ /i, impurity bound states are
split off from the continuous-like spectrum with the energies of these local
levels

(1 —1?) £ I?V22 + 212 -1
212 -1 .

If just one of the inequalities is satisfied, then either the level €1 below the
band of the continuous spectrum, or the level €5 above the band of the
continuous spectrum, respectively, are split off. Notice that for 212 = 1
the bound state level is € = p/H + J/2x for |z] > 1.

It is not difficult to calculate the magnetic moment of an impurity in
thermal equilibrium for large L (notice that in order to keep the total
number of states in a finite system one has to remove two states from the
bands of extended states)

el =pH—J (7.10)

!/

k 1
s W sin
Mo =5 7K Z |z + cosk — I? exp(ik)|? 1 + exp(ex/T)

1—7”12) 1
— 01> — 1 , (7.11
MJZ;21+T122]2—1)1+exp(612/T) ( Fa), (711)

where 6(z) is the Heaviside step function, and
r Va2 4212 —
212 -1

It turns out that we are interested only in |r12| < 1, i.e., in decaying
solutions. In what follows we shall consider only the case of large enough
L.

(7.12)

T2 =

In the ground state the expression for the impurity magnetic moment

reduces to
PN & /k0 dk sin® k
m,; = — —
o2 7 Jo |x+4cosk—I?exp(ik)|?
/ (1 — rl)

“Wirpee o a1
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where ko = cos™'(uH/J). The reader can see that the magnetic moment
of an impurity can have a jump when arguments of the Heaviside functions
vanish. However, for I? = z + 1 we have r; = 1 and there is no jump.
Hence, the jump exists only at the field value, at which e; = 0. The
necessary condition for such an onset of a jump is the inequality

!/
LI S 7.4
Mta) 2+ i) (7.14)
The critical value of the field at which a jump can exist is
JI?
H; = (7.15)

/(212 —a)
The stronger inequality follows from the condition r| H=H; < 1, which
reads I2 > a. The magnitude of a jump is equal to

5 I’ —a
(5ij = MIIQ( (716)

a+1l)—a’
which has the maximum value pu'/(p + p'). As I? tends to «, the jump
vanishes and H; becomes equal to Hy = J/p, i.e., the value at which the
quantum phase transition in the homogeneous isotropic XY model into the
spin-polarized phase takes place. The local susceptibility of the impurity is

o pp' IPla = 1)rg
Xio = T T2 11+ (202 — 1)2
W 12\/1— (H/H,)?
— pnH
o = L e i)
n 2u’ (1 — p) /kO dksin® k(z 4 cosk — I cos k)
wJ 0 |z + cosk — IZ exp(ik)|*

VH - 1 (7.17)

I
TR o) ¢ H2 (2 1Y) 4 2H (e — 12)

If H > H,, then the second, third and fourth terms in the above formula
vanish and the sign of the first term is determined by the sign of o — 1,
i.e., for a < 1 the susceptibility in this domain of values of field (adjoining
Hj;) is negative. A decrease of the magnetic moment of an impurity in this
domain is then compensated by a positive jump. For I? = « the second
term in Eq. (7.17) has the same square root singularity as in the homo-
geneous isotropic XY chain. For I? > « both the moment and the local
susceptibility of an impurity are regular for all values of the magnetic field.
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The presence of an impurity affects the distribution of magnetic mo-
ments of a host. For example, in the ground state we obtain

mp_1.1 (k _ sin2kolj —j0|> (1 - )22 lg(r2 — 1 — )
poo2 S 20—l 1+ (212 — 1)2
_1_2 ko dksinzk[(x—i—cosk) sin 2k|j —jo| — I? sin k(2[5 —jo| —1)]
™ Jo |z + cosk — I? exp(ik)|? ’
(7.18)

from which the reader can see that magnetic moments of the host also un-
dergo jumps for I? > o at H = H;, which magnitudes decay exponentially
as distances from the impurity |j — jo| grow (naturally, then, they grow due
to the periodicity). The total jump of the total magnetic moment is equal
to

5 21 —
AM? =1/ 2 (7.19)

14+a)—a’
It is important to emphasize that the total jump of the total spin moment
is equal to 1.

It is interesting that results for a semi-infinite XY chain with an impurity
at the edge follow from the above results using the change I — I2/2.
Also, results for a (non-magnetic) impurity, which renormalizes a coupling
constant of only one link can be obtained with the change I? — I?/2 for
p=p(a=1).

Now, let us consider the behaviour of an impurity in the XY chain if the
local field h is directed, e.g., along x. This problem can be solved explicitly
only for the semi-infinite chain with an impurity at the edge and only for
the case H = 0. The Hamiltonian is

Hxyir =— Y J(SISFy +SYSY, ) — hS§ — J'(S§ST + S§SY) . (7.20)
J#0

Here we can use the following trick. The average magnetic moment of an
impurity with the above Hamiltonian is equal to

(S5) = 21 tr[S§ exp(—FHxviL)] (7.21)

where the partition function is Z = trexp(—Hxvy.1 ). Let us introduce the
auxiliary Hamiltonian H, = Hxyi1L + hS§ — 2hS5S”, where we formally
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added one spin j = —1 to the semi-infinite chain. Since the operator S*;
has the eigenstates i% the reader can see that

(S5) = trlpaS (L + 257 ,)] = 2t2[SES 1 pu] (7.22)

where p, = exp(—0H,)/trlexp(—FH,)]-

The diagonalization of the Hamiltonian H, is obtained with the help of
the Jordan—Wigner transformation and following unitary transformation of
Fermi operators

a; = Z[uj()\)cu + 'Uj(A)ClT)\] , (7.23)
)

the coefficients of which satisfy the following set of equations (we again
drop the explicit dependence on \)

—J(Uj+1+Uj_1)=2EUj , J(’Uj_H —|—11j_1)=2€1]j , j=1,...,00,
—Jus — J'ug =2eu; ,  Jvg + J'vg = 2evy ,
(7.24)
—J'uy — h(u_1 — U_l) = 2eug , —Jug + h(u_1 — ’U_1) = —2evq ,
—h(’u,o — ’U()) = 25u_1 s h(’u,o — UQ) = 26’()_1 .

Again, as for the previous case, the reader can see that there are two types
of solutions. One of them describes a continuous-like spectrum of extended
states, and the second describes local levels of impurity bound states. It
is also clear that solutions can be divided into two classes: the one, which
is dependent on h, and the other one, which is h-independent. Using this
solution we obtain the value of the magnetic moment of an impurity for
large L limit

2wI? dk sin® k cos k
5 = tanh(J cos k/2T
o m /|2(C082k—y2)_IQCOSkexp(ik)P anh(J cos k/2T))

vr(l —1r?)
1+ri(12 - 1)

where v = h/J and

tanh[J(r® 4+ 1)/4rT)0(1* — 2+ 20%) ,  (7.25)

22 1 12 —2— (WP L 2 — 1612
7n:\/” + V2 + I7)? — 1602 (7.26)

21— 12

It is interesting to consider some limiting cases. In the ground state for
small h we have

mg ~ (h)J)In(h/J) , (7.27)



196 Finite Size Effects in Correlated Electron Models: Exact Results
while for h > J we obtain

my=—-—— . (7.28)
It means that the magnetic susceptibility of an impurity spin is divergent
in the ground state for small fields, while the saturation value % is achieved
only in the infinitely large field h.

Now let us study the behaviour of an impurity in the dimerized XY
chain of spins % The Hamiltonian of this system has the form

Haimp = Z [J1( le sz + S;'j,lsjy,z) - NlHSj,l - N2HS;,2]

Jj#Jo
Y Ja(S5aSTi + 8] a5 ) — mHSE
i#dodo—1
+J1(S5, 1552 + 95155, 2) + T2 (S5, 25,110 + 55, 255 110)

(7.29)

where we used the same notations as in Chapter 2. An impurity is defined
by couplings Jj 5 and the effective moment 1}, which can be different from
the values in a host.

The Hamiltonian Hgimp can be exactly diagonalized using the gener-
alized Jordan—Wigner transformation from Chapter 2 and the procedure,
similar to the one, described above for the isotropic XY chain with an
impurity. Eigenstates of the system are divided into:

e Two bands of a continuous-like spectrum with energies

(p1 + p2)H

61’2(/€) = 5

1
+ 5\/(;“ — p2)2H?2+ J2 4+ J3 +2J1Jacosk 5 (7.30)
e Discrete levels are split off the edges of the bands with energies

j (p1 + p2)H

81,2 2

1
+ 5\/(,[11 — ,LLQ)QHQ + (J1 + JQT‘j)(Jl + JQ’/’j_l) . (731)
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Here |r;] <1, j = 1,2 are real solutions of the equation

P25 J7 — (J1)2T5 — (J5)* T3] + r i Jo[J7 4+ J5 — (J1)° — (J3)*]
+JPIE = 200 o (g — ) Hr[(pn — p2) H
/(1 — p2)2H2 4 T2+ 3+ ITo(r + 1)) (7.32)

We are interested only in solutions of this equation, which satisfy the con-
dition |r| < 1. This equation is of the fourth order, and, hence, there can
be, generally speaking, up to four solutions (and, hence, up to four local-
ized levels, each being split off the upper or lower edges of two branches of
the continuous-like spectrum). The reader can can see that for Jj , = Ji o
and p) = py the only solutions are r = +1, i.e., there are no local levels
of impurity bound states in the homogeneously dimerized XY chain, as it
must be.

It is straightforward to calculate the specific heat of the system in the
limit of large L:

‘= T2 Z {/wcosh /2T Z cosh;gll_};l]'z)]  (733)

m=1,2 =1,2

where () is the Heaviside function. We can also calculate for large enough
L the total magnetic susceptibility of the model:

o B E G ey (S52)

1
6(1 — ™ tanh 2T
8 cosh®(e,, (k) /2T) ) lzl:Q Iral) <8H2 anh(sy, /27)

o7 (%) stz 734

It is clear from the above expressions that contributions from extended
states (bands) to the specific heat and magnetic susceptibility are similar
to the ones for the homogeneous dimerized XY chain (notice that in order
to keep the total number of states in a finite system one has to remove four
states from extended states), but there appear additional contributions
from local levels of bound states.
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By using eigenvalues and eigenvectors we can obtain the magnetic mo-
ment of an impurity

_ dk 2.J3 J1J2+J2J1) sin? k
" [ > /5 BT

x [em (k) — qu](|2J2(u1 - m)H[sm(k) — peH] = J3(J1J2 + J3J1)
+ Jyexp(ik)[JE + J2 + 2J1Jacosk — (J7)? — (J5)Z*)
— D 00— A1 = D)7 T3 (e, — poH)X (1 —17) 5

l,m=1,2

X [2J1(gl, — poH) + J{(J1 + Jor)]® + rfd(el, — poH)?[(J])?J5

m=1,2

+ (J)2TE] 4 (J)2TZ (1 + Jori)? + (J5)2 TR (1 + Jor D)7
(7.35)

where n1 o = [1 +exp(e12(k)/T)] "t and nyy, = [1 + exp(el,/T)] L. In the
. 1.2 .
ground state, since 1 (k) and e7’” are always non-negative, ny; = nim, = 0.
Also one has to replace ng — 0[—e2(k)] and ngy, — 0—¢ L 2]
It turns out that for pj = u1 we can write the explicit formula for r:
r2 = (2[(J1)2J3 + (J5)2J7 — JRI3) Ve[ JF + I3 = (J1)? = ()

[T 4 T3 — ()2 — (J5)212 + 4[(J})2 T3 + (J)22 — J3J7) |

(7.36)
In this case eigenvalues of local impurity levels are:
+u2)H 1
ety = U M — a2 + ()
[(J1)*J3 + (J3)*J7] 2., 12 2 N2
SRR+ (g — g T )
1/2
+ \/[Jf +J3 = (J1)? = (J3)?P+A[(J)2 T3 + (J3)2JF — J3J7))
(7.37)

It is interesting to note that for pj = p; = pe the magnetic moment of
an impurity in the ground state depends on the magnetic field only via the
limit of integration for extended states (the contribution from local levels of
bound states and integrand do not depend on H). Hence, in this limit the
local magnetic susceptibility of an impurity is zero in the phases H < H,
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and H > H,, where the critical values of the homogeneous dimerized XY
chain, ¢f. Chapter 2, are

H,, = D EP (7.38)

2y/pip2

In the ground state for ) = p1 the Heaviside functions 6(—¢}) imply
the onset of critical values

\/J12 +J3+ JiJa(rie +715)
AV
L UDPIE + ()2
2[(J])2J2 + (J5)2J2 — J2J2]

Hip s = =@ﬂﬁﬂﬂ@f+wf

(J§ +J5 = (J1)* = (J3)?

1/2
iwﬁ+@—mv—wmu4wﬁﬁ+wﬁﬁ—ﬁmﬂ .
(7.39)

At these values of an external field a jump of the magnetic moment of
an impurity can take place. If 0 < 72 < 1, the corresponding critical
field Hj1 2 exceeds critical values of the homogeneous dimerized XY chain,
i.e., H. < Hy < Hj12. On the other hand, if —1 < 75 < 0, we have
Hj1 2 < H. < Hs. Depending on the relation between exchange constants
the following situations are possible:

e (a) For J2 + J2 > (J])? + (J3)? and (J])2J3 + (J5)2J? > J2J3, or
for JE+J2 < (J])?>+(J5)? and (J7)2J3 + (J4)?JE > J2J3, one has
r1 >0, rg < 0 and, hence, Hjs < H. and H, < Hjq;

o (b) For J2+J3 > (J])? + (J5)? and (J7)2J3 + (J4)2J2 < J?2JZ, one
has r; <0, r2 <0, and Hj1 2 < He;

e (c) Finally, for J? + J2 < (J1)? + (J4)? and (J])?J3 + (J5)?JE <
JEJZ, one has 1 > 0, 72 > 0, and Hj1 2 > Hs.

In the case (a) local levels of bound states 6%72 emerge when the following
conditions are satisfied

20773 < (J1)2J3 + (Jo)*JF = Jila[JR + J5 = (J1)* = (J3)°] . (7.40)
while local levels €7 , emerge when

20393 < (J1)2J3 + (Jo)2 TP + Ida[J7 + 5 — (J1)% = (J3)°] . (7.41)
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In the case (b) local levels E%g are formed, if one has

20303 > (J1)2J3 + (J3)*J7 — JiJolJE + J5 — (J1)* = (J3)?] . (742)
Finally, in the case (c) local levels sig are formed if

20373 > (J1)2J3 + (Jo)*JF + JiJo[JR + J5 = (J1)* = (J3)°] . (7.43)

Jumps of host magnetic moments exponentially decrease with increasing
the distance between host spins and an impurity (again, one has to take
into account periodic boundary conditions).

7.2 Impurities in Spin Chains: Bethe Ansatz

In the previous section we considered characteristics of magnetic impurities
in isotropic XY spin—% chains. Those studies are relatively easy because
the reader knows that Hamiltonians of spin—% XY chains in the transverse
magnetic field can be exactly mapped onto Hamiltonians of quadratic forms
of Fermi operators (by using the Jordan—Wigner transformation). However,
a nonzero Ising component, J, # 0, as the reader knows from Chapter 2,
introduces an interaction between Jordan—Wigner fermions, and we needed
a more sophisticated approach, the Bethe ansatz. Is it possible to study
exactly, e.g., a Heisenberg—Ising chain with an impurity, similar to the one
of the previous section? It is easy to check that the Hamiltonian

Hi= > [J(S7SF, +SYSY ) + L9587, — > uHS;

J#Jjo.jo—1 J#Jo
+ J/(Sfosfo+1 + SijS;!O+1 + Sfo—lsfo + 5?0*15;!0)
IS5 S5 Ly S5\ SE) — W HSE, (7.44)

cannot be diagonalized by using the Bethe ansatz. The reason is very
simple: the two-particle scattering matrix of the system with the Hamilto-
nian Eq. (7.44) does not satisfy Yang—Baxter relations, which are necessary
conditions to apply the Bethe ansatz scheme, as we showed in Chapter 5.
Moreover, the reader saw in Chapter 6 that the only possibility to intro-
duce a local magnetic field (a local potential) is to apply it to edges of an
open quantum chain, to preserve the Bethe ansatz integrability. Hence,
at least from this perspective, the reader already knows how impurities,
which can be described only by the action of a local magnetic field (or
a local potential), behave. Nonetheless, the question appears: can one
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consider inhomogeneous quantum chains, in which a coupling between an
impurity and the host is different from couplings between other sites of
the host, but such that their Hamiltonians can be diagonalized by using
the Bethe’s ansatz? The answer is affirmative. To find such Hamiltonians,
we shall follow the pioneering idea of N. Andrei and H. Johannesson, look
for some transfer matrices composed with “defect” L-operators (which will
define an impurity), but constructed in such a way that those impurity
L-operators and, hence, monodromy operators with impurity L-operators
included satisfy intertwining relations with R-matrices (which satisfy Yang—
Baxter relations). The idea was to use the fact, already known to the reader
from Chapter 5. Namely, we know that L-operators of higher spin values,
Eq. (5.39), which describe the Takhtajan—Babujian model, satisfy inter-
twining relations with the R-matrix of the Heisenberg chain, ¢f. Fig 7.1.

Fig. 7.1 TIllustration of the Yang—Baxter relations for a host’s and impurity’s L-operator.

Let us construct the monodromy matrix

Timp(A) = Lot (A) -+ Lo (\) Liimp (A — 0) (7.45)
where
Lon(N) = — Iy @ I + icx60 & (7.46)
Oon - A+Z(C/2) 0 n 200 On .
and
_ . Nz . =
Lgi,mp()\) — ;/ </\ Q+ z/cJ(rS imp 'LC(S.)zmzl) . ) ’
A—0+icS ic(S")imp A=0—ic(S)inp
(7.47)
see Fig. 7.2.

The subscript ¢mp denotes the co-ordinate of an impurity. The impurity
L-operator differs from other L-operators by two parameters. The first
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i 2 - - -« L  imp

Fig. 7.2 TIllustration of a monodromy operator of an integrable model with an impurity,
situated at the last site of the lattice.

one, S’ determines the value of the spin of an impurity, while the role of
the other parameter, 6, (absent in the analysis of Andrei and Johannesson)
we shall clarify below. Naturally, for § = 0 and S’ = % the impurity L-
operator coincides with the ones of the host. It is easy to check that the
L-operators Eqgs. (7.46) and (7.47) satisfy Yang—Baxter relations mutually
and intertwining relations with R-matrices of the Heisenberg chain for any
S’ and 6. Tt is also easy to check that the monodromy operators Eq. (7.45)
satisfy intertwining relations with the R-matrices of the Heisenberg chain,
and, moreover, this fact does not depend on the position of an impurity
L-operator, cf. Fig. 7.3.

T(u)

T(v)

Fig. 7.3 Illustration of intertwining relations for monodromy operators of an integrable
model with an impurity.

Then, it follows that the transfer matrices with different spectral pa-
rameters, constructed as traces of Eq. (7.45) over the auxiliary subspace,
commute. This constitutes the exact integrability of the problem. Now
it is necessary to construct the Hamiltonian of the Bethe ansatz solvable
Heisenberg spin chain with an impurity. To do it, we shall follow the pro-
cedure, described in Chapter 5, i.e., we shall use as the Hamiltonian the
logarithmic derivative of the transfer matrix (with embedded impurity L-
operator) with respect to the spectral parameter A, putting then A\ = 0.
The Hamiltonian is H = Hy + Himp, where Hy = JEJL:l §j§j+1 (S = %,
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and periodic boundary conditions are assumed). Suppose that the impurity
L-operator is situated between mth and (m + 1)th L-operators of the host,
then

-

Himp = Jlmp((‘gm + §m+1)§z{mp + {gmgl/mpa §m+1sz{mp}
— 2i0[S1S) s St Sy + (0% — 28 (S" +1)) S Sis1) 5 (7.48)

where

4J

462 4 (28" 4+ 1)2 (7.49)

Jimp =
plays the role of a coupling constant between the impurity site and two
neighboring sites of the host Heisenberg chain, and [.,.] ({.,.}) denotes
a commutator (anticommutator), for the illustration see Fig. 7.4. The
term with the commutator can be re-written as —iﬁ[gmgémp, §m+1§£mp] =
9§m(§gmp X Spmi1), where (@ x b) denotes the vector product. The reader
can see that 6 actually determines the coupling between the impurity and
the host, i.e., distinguishes the impurity site even for S’ = % It is impor-
tant to notice that for S’ = % and 6 = 0 the model reduces to the L+ 1-long
periodic Heisenberg chain. On the other hand, for § = co the impurity term
is totally decoupled from the host Heisenberg Hamiltonian. The fact that
the Hamiltonian is blind to the position of an impurity is, naturally, the
artifact of the Bethe ansatz construction, used here.

imp

imp imp

J’ J

m m+1

Fig. 7.4 TIllustration of interactions in a Hamiltonian with a Bethe ansatz integrable
impurity. In the simplest case of the isotropic Heisenberg spin—% chain the local impurity-
host exchange constant is Jimp = 4J/[40]2- + (28 +1)2].

Bethe ansatz equations, which solutions determine eigenfunctions and
eigenvalues of the Schrodinger equation with the Heisenberg Hamiltonian
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with an integrable impurity are

eF(\j)eas (A — 6) HeQA -N), j=1,....M, (7.50)

l7ﬁ7

where e, (z) = (2z + in)/(2z — in), and M is the number of spins down
(the total magnetic moment is M* = (L/2) + S’ — M), and the energy is

M 07

(L-1)J HES +1) , Jimp(0®+25)
4 2 4 '

(7.51)

By =

Notice, that except for the trivial contribution to the energy of the ferro-
magnetic state Ey, the expression for the energy does not depend on the
parameters of an impurity explicitly.

It is straightforward to generalize the above construction for the
Heisenberg—Ising chain with an integrable impurity. For J, # J we again
introduce the value cosn = J,/J (real values of 7 are related to the
“easy-plane” magnetic anisotropy |J.| < J, while the “easy-axis” mag-
netic anisotropy with |J,| > J is described by imaginary values of n). The
Bethe ansatz equations and the energy can be written as

sinfA; + (1/2)] " sin[\; —0+S"n] M sin[\; =\ + 1)
(sin[kj - (n/2)]> sin[\; — 0 — 8] LL sin[x; — A — 7] (7.52)

#J

and the energy is

E=-

H(L+28) | (L=1)J. , JiiyJ=(cosh0 +25)
2 4 47

" Jsin[\; + (n/2)]  JTsin[\; — (17/2)]
: Z<J ~H T sy ) 2zl (n/2)]) (753

where J& = Jsin®n/(sinh” 6 + sin® n).
For the most interesting case of S’ = % the Hamiltonian of the
Heisenberg-Ising ring with an integrable impurity, e.g., for the “easy-

plane” magnetic anisotropy has the form H = 37, H; ;41 + Himp, where
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the impurity site is supposed to be situated between mth and (m + 1)th
sites of the host,

Hjje1 = JSiSj + (J. = ))S; 7 (7.54)
and

Himp = J{’/,fp (Bl (Hm,imp + Himp,m-‘rl) - Hm,m+1
— 2iBo[Hum imp, Himp,m+1]) (7.55)

where the operator B; modifies the Heisenberg-like interaction by mul-
tiplying transverse terms (with x and y components) with coshé, and
By = tanh#/sinn. The isotropic Heisenberg limit is obtained by the re-
scaling 6,7 — 0 with /17 — 6 being fixed.

The reader can see that an impurity acts threefold. First, it is coupled
to two neighboring sites of the host chain. Second, it renormalizes the
coupling between neighboring sites of the host. And, finally, it introduces
three-site terms. All these terms are determined by nonzero 6 and the
value of the spin of an impurity, S’, being nonequal to the value of host
spins. There is no other free parameter of an impurity, using one, one can
remove the second and third parts of the impurity Hamiltonian. Three-site
terms violate time-reversal (T) and parity (P) symmetries separately, but
TP, naturally, holds, so that the CPT-theorem works. These three-spin
terms introduce the topological spin current (spin chirality) around the
elementary triangular cell (formed by the impurity spin and spins of two
neighboring sites of the host). One can check that these three-site terms
are only important in a quantum mechanical description. If one replaces
quantum spins by classical vectors, then a three-spin term is a total time
derivative, and, hence, does not change classical equations of motion. One
can speak about three-spin terms as about local Noether spin topological
currents, induced by an impurity (they are also similar to the Pontriagin
indices, or winding numbers). Naturally, the Hamiltonian of an integrable
impurity is different from what was expected, Eq. (7.44) for S’ = % The
question appears, whether one can avoid the action of these three-spin
terms and the renormalization of an interaction between host sites. The
answer comes if one considers a chain with open boundary conditions. If an
impurity is situated in the bulk of an open chain, the only difference is the
presence in the Hamiltonian terms with boundary fields and the absence
of interactions between the first and the last sites of the chain. However,
suppose an impurity is situated at the edge (e.g., first) site of an open chain.
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Then the impurity Hamiltonian with an impurity situated to the left from
the first host site has the form

Himpop = Jimp (glgimp + hl |:(S/)lzmp + 20(‘9%(5/)37711) - S%(S/);Emp)
5 g 1
+{()imps SimpS1} + <92 —~ 58" +1) + Z) SfD , (7.56)

where h; is the boundary local magnetic field acting on the impurity site. If
we put hy = 0, we obtain the deserved Hamiltonian H;ppop = Jimpgl §£mp,
in which the action of an impurity is only in the renormalization of the
coupling of an impurity to the neighboring host site, i.e., what we wanted.
Then, by using the methods of the previous chapter, we can write the Bethe
ansatz equations and the expression for the energy of the open Heisenberg

chain with an impurity
et (Nj)ezsr (A; — 0))eas: (A; + O)eas, (A))eas, (A7)

M
=T 1] e =M (7.57)

4+ i=1,

1#j
and
o HIL-2M+28) - —hy  JimpS'  (L=1)J
2 2 4
M
27> (4N +1)7", (7.58)
j=1
where
A (7.59)
hir

)

for an impurity in the bulk, and hy — 4h;[462 + (25" + 1)?] for an impurity
situated at the left edge of an open chain. Notice that it is the only change
related to the position of the impurity. Actually for hy = hy = 0 Bethe
ansatz equations for an open Heisenberg chain with an impurity do not
depend on the position of an impurity. These equations for the interesting
for us case hy = hy, = 0 are similar to Bethe ansatz equations of a periodic
Heisenberg chain with an integrable impurity, but with several changes.
First, there is a renormalization L — 2L. The reader already knows what
does this change produce from the previous chapter. As for the impurity
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effect: for an open chain we have two multipliers, related to the impurity,
with +6, instead of one term in Eq. (7.50). Physics of this change is clear:
it originated from the fact that a reflection from a boundary wave also
scatters off an impurity, but that reflected wave has the opposite sign of its
wave vector, and, thus, of the rapidity, while the sign of # remains the same.
In what follows we shall analyze the behaviour of an integrable impurity
in an open Heisenberg chain, and shall only point out differences which
appear in the periodic case. Also, we mostly limit ourselves to real 6.

In the limit of large L (results will be given for the generic case L odd)
in the framework of the string hypothesis thermodynamic Bethe ansatz
equations for an open chain with an impurity

—_

8

= i Z[Am,n(A X))+ A A+ M) (N = 0)(Om2s) , (7.60)

where p(\) = 1/4 cosh(mw\/2), * denotes the convolution,

min(n,m)—1

A () = a)—n)(z) + 2 Z Amtn—21(T) + Gmin(x) | (7.61)
=1

and a,,(z) = 2m/[r(42? + m?)]. Then the internal energy E and the total
magnetic moment M? are given as

E= EO—JZ/ AN, 1 (A)pm ()
M2:§+S'—Lzm/ dXpm(N)
m=1 0

The set of thermodynamic equations for dressed energies e,(\) =
T'In[pnn(A)/pn(N)] = nn(A) is

Hm = J6), ;(\) = T[1 + 0, (\)]

(7.62)

g S A A= X) + A A+ X)) Il (V)]
(7.63)

which completes the set Eq. (7.60). We see that equations for dressed
energies do not depend on the parameter of an impurity explicitly.
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Thermodynamic Bethe ansatz equations for densities are linear integral
equations. There are two kinds of driving terms: the ones of order of 1,
and the ones of order of L~!. This is why, we can divide the densities as
pn(A) = pﬁf)(A) + L’lpg)()\) (and the same for densities of holes). Then
one can separate Bethe ansatz equations for densities into two sets: one of
the scale 1 for the main (of order of L) contribution to the energy, magne-
tization, etc., i.e., for pSLO)(/\) only, and the other one of the scale L~ for
the finite contribution (of order of 1) to the energy, magnetic moment, etc.,
i.e., for pﬁﬂ)(/\) only. The former describes thermodynamics of the bulk,
while the latter reveals the contribution from edges of open chain and from
an impurity.

The most interesting behaviour of the one-dimensional quantum system
is in the ground state and at low temperatures. For the spin—% Heisenberg
chain only spinons have a Dirac sea. The latter is defined as the solution
of the equation

sﬂM+%MMQ—AU+AMQ+AN*qQU:H—J%AM.(TM)

The Fermi point (related to the limit of integration) is determined from the
condition €1(B) = 0. The equations for densities in the ground state are

P+ pn(A) = ar() + 5 (a2 (A + ) + azss (A — 6)

B
- % /0 dNaz(A = N) + az(A + XN)]p1(X) . (7.65)

The ground state internal energy can be written as

B
Broo=Eo+ [ dH = I8, (0)n () (7.66)
0
and the ground state magnetization is equal to
I B
Aﬁ=§+S—L/ Dpr(\) | (7.67)
0

Two additional terms in Eq. (7.65) comparing to the homogeneous case
describe the behaviour of an impurity.

For the antiferromagnetic case large values of the external magnetic field
|H| > Hs = 2J the system is in the ferromagnetic state and B = 0. In
these regions of values of H the ground state energy is equal to Ejy, the
magnetic moments of all spins have their nominal values, :l:% for the host
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and £S5’ for an impurity, and the magnetic susceptibility is zero. For zero
magnetic field in the antiferromagnetic situation at H = 0 we have B = co.

Since €1(\) and p;(\) are even functions, we can re-write the equation
for dressed energies as

e1(A) + A1 1A — N) e ep (V) = H — J0, ,(\) . (7.68)

This equation, naturally, coincides with the one for a periodic Heisenberg
chain with an impurity. The main contribution to equations of densities,
which describes the behaviour of the bulk, can be written as

B
PO ) + 0D ) = ar(N) - /B AN as(h = N)pr (V) . (7.69)

It is easy to check that the answers for the main contribution for an open
chain coincide with those for a periodic chain, as expected.

Let us then concentrate on finite size corrections (considering the case
L odd), for which we have the equation for dressed energies:

o)+ ) = 3 [a200) + a1(3) + ass (A -+ 0) + azse (A~ 6)]

B
- / dNas(A — X)pP (V) (7.70)
B

where we introduced the term (1/2L)[a1(\) + a2(A\)] to avoid the double
counting due to the symmetrization of functions (with A = 0) and to take
into account the term with A\, = Ag in the right hand side of Eq. (7.57).
The limits of integration are determined by the host. For periodic boundary
conditions we have to change the driving term as

1
3 [az(A) + a1(A) + azsr (A +0) + azsr (A — 0)] — agsr/(A—0) . (7.71)
Combining all contributions we obtain for the vanishing homogeneous mag-

netic field H = 0, where B = oco:

2L+1 nJ J

E=FE— JIn2 + T"[ W(3/4) — (1/4)

+Z (25" + 3)/4 +i0] — ¥[(2S" + 1)/4 + i6)) (7.72)

where ¢(x) are digamma functions. For small values of the homogeneous
magnetic field H we can apply the Wiener—Hopf technique. For a periodic
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system we have to replace the terms of order of 1 by

_%w[(zs’ +3)/4— 6] — |25 +1)/4— i]) . (7.73)

The magnetic moment of free edges themselves is given in the previous
chapter. The magnetic moment of an impurity S’ # 5 in an open chain is

1
Pimp ’“[ *;( 2/In e/ V3 T AL
_ln%|1n\/EH/\/FJAi|+M>}
4(In\/eH/Vm3JAL)? '

Here Ax = exp(#76). There is a resonance at |In y/eH/v/73.J| = 76|, and,
hence, Tx = +/73/eJ exp(—m|0]) can be considered as the usual Kondo
temperature for a magnetic impurity. This is why, the reader can see that
the parameter 6 in fact determines the resonance shift of the Abrikosov—
Suhl (Kondo) resonance of a magnetic impurity in a quantum spin chain.

(7.74)

As we saw, it is related to the coupling between an impurity and the host.
For a periodic chain with an impurity we obtain

1 Ini|ln H/Tk|
2nH/Tk| 4(InH/Tk)?

mi. = |1+

imp

(7.75)

In the limit of small H the difference in answers for the behaviour of the
impurity magnetization in open and periodic chains is negligible; it can be
essential for high enough values of the field. For H <« Tk we take y; =
S'— 2,
low-lying excitations of the cham to the value S’ — 5, and the latter behaves
asymptotically free. On the other hand, for H > Tk we choose u; = S’
and the lower sign, which means that at higher values of the magnetic field
the non-screened spin of an impurity S’ behaves asymptotically free. For
6 = 0, which pertains to the impurity spin coupled to the host with the
maximal strength, the Kondo screening is maximum (Tk is maximum).
On the other hand, T,y — 0 for § — oo, and the spin of an impurity is
not screened. This case is also obvious physically, because it corresponds
to the impurity spin totally decoupled from the host. If we have S/ = %
in the region H < Tx we have to use u = 2H/7?J cosh7f for an open
chain and p = 4H exp(w|0|)/n?J for a periodic chain. This implies that
the ground state of an impurity is singlet, i.e., it is totally screened by low-
lying excitations of the host with the magnetic susceptibility of an impurity

and the upper sign, i.e., the impurity spin S is underscreened by the
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Ximp = 4/v/meTk, i.e., inverse proportional to the Kondo temperature, as
expected. It is renormalized by a factor of Tgl with respect to the host
susceptibility.

As it is clear from Eqgs. (7.48) and (7.56), an imaginary 6 implies the
non-Hermitian Hamiltonian for an impurity situated in the bulk. The only
possibility to consider imaginary 6 with the Hermitian Hamiltonian is to
study an impurity at the edge of an open spin chain with the zero boundary
field. One can see that imaginary 6 with 8 > S + % pertain to the ferro-
magnetic coupling of the impurity spin to the host (other cases correspond
to an antiferromagnetic impurity-host interaction). For imaginary 6 we can
divide it into its integer and fractional part, 2|0| = [2|0]] + {2|6|}. In this
case the fractional part can define the “Kondo temperature” of an impurity
T ~ Jlcos(m{2]0]}/2)]~*. Hence, this “crossover scale” is larger than the
characteristic energy of spinons, which, in turn, defines the critical field Hy
of a quantum phase transition to the spin-saturated (ferromagnetic) phase.
It follows that the only special point in the behaviour of such an impurity is
H,. Another feature of an imaginary @ is that incident and reflected waves
effectively scatter off different effective “impurity spins”, S + [2|2—9”. Nega-
tive effective spins signal the onset of local levels (related to bound states
caused by the impurity spin situated at the edge, however their appearance
is not connected with the boundary field, as in Chapter 6, but only with
the ferromagnetic coupling of the impurity spin to the host).

For low temperatures T' <« Tk we can use the Sommerfeld expansion
and calculate H = 0 contributions to the magnetic susceptibility and the
specific heat of the S’ = % impurity. The entropy of such an impurity
is zero at T = 0. The Sommerfeld coefficient of an impurity is equal to
Yimp = 87°/2/3\/€Tk, which implies the Wilson ratio Yimp/Ximp = 272/3,
i.e., the universal Fermi liquid-like behaviour. On the other hand, at high
temperatures T' > Tk, we have a Curie-like behaviour of the magnetic
susceptibility Ximp ~ 1/12T and a Schottky-like behaviour of the specific
heat. For S’ # % for both high and low temperatures we have a Curie-
like behaviour of the magnetic susceptibility of an impurity, but with the
coefficient, proportional to [(S)? — 1]/3 at T' < Tk and [S'(S’ + 1)]/3 for
T > Tg. The remnant entropy is equal to Simp = In(25" — 1)/2 in this
case, and we have a Schottky-like maximum in the behaviour of the specific
heat of an impurity.

It is important to emphasize that the finite value of the magnetic
susceptibility of an impurity in the case of an open chain is very small
comparing to the divergent magnetic susceptibility of free edges, c¢f. the
previous chapter.
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At high temperatures T' > J with H/T finite the impurity spin behaves
as a free spin 5.

We can generalize the approach considering the behaviour of a spin S’
impurity in an anisotropic spin-S Takhtajan—Babujian chain. To construct
the Hamiltonian we start with R (), the standard R-matrix of a spin
S chain with the uniaxial “easy-plane” anisotropy. Indices a; and (3; denote
states of the spin at site 7 (acting in the Hilbert space V;), and p denotes
states in the auxiliary space (Hilbert space Vp). The R-matrix has the form

smhn [i2(25 = 1) — )\] sinhn[i2(2S — 1) + )]
r= PZ H sinh n[i2(25 —1)] H sinhn[i2(2S —1)]

jOlO

H 2sin® nXo; — sinypsiny(p + 1) ’ (7.76)

2% sinn(j —p)sinn(j +p+1)
P#J
where ) is the spectral parameter, 7 is the parameter of the (“easy-plane”)

magnetic anisotropy, the operator P permutes the spaces V; and Vy and

cosnScosn(S+1)
sinn

Ko = et (1555 + 57571+ 5755

+ 2 ns S,m;](s +1) cosn.S7 cos nSé) eS| (7.77)
sin“ 7
which in the limit of the SU(2)-symmetric system (n — 0) simplifies to
S;Sy + S(S +1). R-matrices satisfy the Yang-Baxter relation. The trans-
fer matrix 72()\) has the form of the trace over the auxiliary space of the
product of L-operators (constructed similar to the ones in Chapter 5) with
the same values of spins S in sites of the host and the L-operator of a
spin S’ with its spectral parameter shifted by 6 in the impurity site. L-
operators satisfy intertwining relations, hence, transfer matrices with dif-
ferent spectral parameters commute and the problem is exactly integrable.
The Hamiltonian of the uniaxial quantum spin S chain with an impurity
with the spin S’ is obtained as the derivative of the logarithm of the transfer
matrix with respect to the spectral parameter (taken at A = 0). It has the
form H = Zj JH;j j+1 + Himp. In general, the form of the lattice Hamilto-
nian is very complicated; it depends on S, S’, # and the anisotropy 7. For
example, for the isotropic SU(2)-symmetric spin S host the structure of the
Hamiltonian with an impurity is (without an impurity it corresponds to a
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Takhtajan-Babujian chain, ¢f. Chapter 5)
Himp = J<Hm,imp + Himp,m—i—l + {Hm,imp7 Himp,m+1}

— 2i9[Hm,impa Himp,m+1] + (92 — 25/(5/ + 1))Hm,m+1> s (778)

S+5’ S+5’

k T — T
Ha,b = Z Z m H o s (7.79)

) T
§=|S—S8'|+1 k=|S—S'|+1 1=|S—5'|

& = 8,8 (a,b=m,m+1,imp), and 2z; = j(j +1) = S(S+1) = 5'(S"+1).
Note that in this case the multiplier at the impurity term is [#%+(S+5")?] 7!
and the coefficient in front of H,, m+1 becomes —25'(S" + 1) — (S" + )2
For an anisotropic case one has to replace x by Xm’m+1, cf. Eq. (7.77) and
x; by appropriate coefficients from Eq. (7.76).

Bethe ansatz equations, the solutions of which determine eigenfunctions
and eigenvalues of the Schrodinger equation with the Takhtajan—Babujian
Hamiltonian with an integrable impurity in the case of periodic boundary
conditions are

els(N)eas (Aj — 6) HeQA -N), j=1,....M, (7.80)
l7ﬁ7

where e, (z) = (2 + in)/(2z — in), the total magnetic moment is M* =
LS+ 5" — M), and the energy is

M S
E=FE— Jj; (m - H) : (7.81)

Again, the Hamiltonian is simplified in the case of an impurity situated
at the edge of an open chain with boundary fields equal to zero. The
reader already saw above that the difference in the behaviour of a magnetic
impurity itself in an open and periodic chain is small in the most interesting
case of a weak magnetic field, and, therefore, we shall present results for
the periodic case below. Results for the behaviour of a magnetic impurity
with open boundary conditions can be straightforwardly obtained from the
ones for a periodic situation. We emphasize again, that for open boundary
conditions there exists a contribution of free edges themselves, which is of
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the same order of magnitude as the contribution from a single impurity,
but its features can be stronger than the ones from an impurity.

We shall present our results for the generic case L odd. Let us first
study the ground state behaviour of the considered system. In the absence
of a magnetic field the ground state energy of an impurity is

mJ sin(2nS)
4nsS
wo SINh[Z2min(S, S7)] smh[(— — mmax(S, S"))w]
/dweli L

’ sinh(7w) sinh(%2)

leo(0)]imp = —

(7.82)

Consider now the ground state behaviour of an impurity in a small magnetic
field H. The ground state energy of an impurity is equal to (we shall
consider small enough n < 7/25)

dw iwne YH(%2)sinh(wmS’)
[eo (0, H)Jimp = leo(0)]imy —/%e ! 2 cosh(Z2) sinh(wmS) (7.83)
for S’ < S and
w(S'—S)H
[60(97 H)]iml) = [60(9)]imp - m
iwr +(22) sinh w’T—Q — 78’
[ e VST,
2 2 cosh(%2) sinh[(w] — 75)]

for S’ > S. Here y*(w) is the positive part of the solution of the equation

7J sin(2nS)
4nS cosh[ == quB)]

+/ du'y(u)J(u—u') — HS +
0

_ / Ty ) Tl 4 2B) (7.85)
0

where the Fourier transform of J(x) is

sinh(%?) sinh(%2)

J(w) = 2 cosh(%2) sinh(nwS) sinhw(Z — nS)]

(7.86)

and B is connected with the value of the external magnetic field.
Equation (7.85) for small fields can be solved as the sequence of Wiener—
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Hopf equations. It also gives the connection between H and B:

2 . ) (1 + U
g = TSsinCnS) e U+ ) — ..., (1.87)
25 T+ SC(1-5+Z)

where a is a constant.
For S’ = S we close the contour of integration in Eq. (7.84) through the
upper half-plane (the main pole is of cosh(mw/2)) and obtain

25%n(r — 2nS)H?
H imp — imp T 1

[eo (0, H)limp = [e0(0))imp 273 sin(2nS) Tk

A[2+4n/(m—2nS)

- Tx

T (7.88)

for H < Ty, where A is a constant and for small n, T = v¥ exp(—|6|/n)
W =7J %}Lgs) — 7J/2 is the Fermi velocity of low-lying excitations,
i.e., strings of the length 25). It plays the role of the Kondo temperature,
similar to the crossover scale in the behaviour of a magnetic impurity in a
metal. The spin of a magnetic impurity is totally compensated for H < Tk.
The magnetic susceptibility of an impurity is finite as H — 0 and it is
renormalized by a factor of T ! with respect to the host susceptibility. For
H > Ty the impurity spin is not screened.

For S’ > S the main contribution to the integral arises from the poles
at w = im/n (and then w = 27/(7m — 2nS)) which produces for H <« Tk

leo (8, H)imp = [€0(0)]imp — (ir’:ii)??;f
2n/(7—2nS)
o <%> T (7.89)

where C is a constant. The reader can see that for H — 0 the spin of an
impurity is underscreened to the value S’ — S by host low-lying excitations.
For H > Ty the spin of an impurity S’ is not screened and behaves with
the known asymptotic freedom. It turns out that some authors connect
the multiplier (1 —2nS/7) with the renormalization of the effective g-factor
of spins, while other works relate such a change to the non Fermi liquid
critical behaviour caused by the magnetic anisotropy.
Finally, for §' < S and H < T, we get

18
(0 (0, H)limp = [0(6)]omp — C'H (%) oL (7.90)



216 Finite Size Effects in Correlated Electron Models: Exact Results

for S > 1, where C’ is a constant, and for S =1, S’ = % we have

2n(m — 2n)H?

leo (0, H)]imp = [e0()]imp — 474 sin(2n) Tk

In(Tx/H)+... . (7.91)
Hence, for S’ < S the spin of an impurity is overscreened, which produces
the critical, non Fermi liquid behaviour.

For low T the temperature behaviour of the magnetic susceptibility and
specific heat of an impurity also strongly depends on relative values of host
spins S and the impurity spin S’. For S > S’ the impurity is underscreened
by low-lying excitations of the chain. The magnetic susceptibility Ximp of
such an impurity is divergent at H = 0 for T" — 0. The specific heat cjm,
exhibits a Schottky anomaly, related to the undercompensated spin of an
impurity. The entropy of an impurity at 7= H = 0 becomes nonzero,
Simp = In[l + 27(S" — S)/(m — 21S)]. A finite magnetic field lifts the
degeneracy and the remnant entropy becomes zero. On the other hand, for
S’ < S the spins of low-lying excitations of the antiferromagnetic critical
chain overscreen the spin of an impurity. This yields the critical behaviour,
which reveals itself in divergences of the T' — 0 magnetic susceptibility of
an impurity and of the low-T" Sommerfeld coefficient of the specific heat for
H = 0. In this case one has a remnant T'= H = 0 entropy of an impurity
Simp = In(sin[m (25" +1)/(25" + 2)]/sin[r /(25 + 2)]), which is removed by a
finite magnetic field that lifts the spin degeneracy of the system. It is not
difficult to show that at low T one has cimp < Ximp ~ (T/Tx)? SV for
S > 1, and Yimp X Ximp ~ Tgl In(Tx /T) at zero magnetic field. For the
case S’ = S we obtain the low temperature behaviour of the free energy of
an impurity (for H = 0)

F(@)imp = [e0(0)]imp — B

7ST? { 393
(S+1)Tk

+m:|+... , (7.92)

where « is a constant. In the presence of a weak magnetic field H < T we
can calculate the temperature corrections to the free energy of an impurity

wST? SH?
F(0)imp = €06, H) imp — 2(S+ 1)Tx - 2Ty
S S?In|In(aTyk /T)|

x |1+ } +0(T?), (7.93)

(T /T) In?(aTx/T)

which is the famous Kondo behaviour of the asymptotically free spin (char-
acteristic for a Kondo impurity in a free electron host).
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At high temperatures T' > J with H/T finite the impurity spin behaves
as a free spin 5.

We see that the behaviour of an impurity in an antiferromagnetic quan-
tum spin chain is similar to the behaviour of a magnetic impurity in a metal
(the Kondo impurity). This similarity is not occasional. Let us consider
the behaviour of a Kondo impurity in a metal. The Hamiltonian, which
describes the Kondo problem, is

Hik = Z 6k¢£,0¢k70 +(1/2) Z s’ ¢k 0'0.0'0' it (7.94)

k,o k.k/ 0,0’

where z/JLU creates an electron with spin ¢ and quasimomentum k, S is the
operator of the impurity spin ((($)2) = §'(S’+1)) situated at zg, €y is the
energy of the free electron gas and I is the local exchange constant between
an impurity and the free electron host. It is easy to prove that the problem
is effectively one-dimensional. One expands the electron wave in spherical
harmonics about an impurity

Vo= Vim&/R)U] s - (7.95)
l m

Then the Hamiltonian obtains the form

HK: Z ekwl7l,m’g¢k,l,m,a

k,l,m,o

+(1/2) Z S¢kooaooo¢k'ooa, (7.96)

k,k’ 0,0’

where only s-waves interact with the impurity. Fourier transforming the
Hamiltonian yields the effectively one-dimensional Hamiltonian. Then usu-
ally the relativistic dispersion law for electrons (linearized about Fermi
points) is considered (we put the Fermi velocity equal to 1 below).

In the framework of the Bethe ansatz the behaviour of the Kondo model
is described by the solution of Bethe ansatz equations. They determine the
sets of quantum numbers, charge ({k; }] 1, N is the number of electrons)
and spin ({\o}M;, M being the number of down spins) rapidities, which
parametrize eigenvalues and eigenfunctions of the Schrédinger equation of
the Kondo Hamiltonian. There are two types of scattering processes in
the problem. Let us look for the two-particle scattering matrix between a
magnetic impurity and an electron in the form:

5 = 872 (0) = 516 () +¢ (@605, + [0 (@) = ()], G, (797)
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where « is the spectral parameter, s and s’ denote z-projections of the impu-
rity’s spin before and after scattering, (while o and ¢’ denote z-projections
of the spin of an electron, respectively), ¢/(a) = ad’(a)/(a + ig), and g is
related to the impurity-electron exchange constant I. We emphasize that a
dynamical magnetic Kondo impurity produces only elastic scattering, with-
out any reflection. For the exact integrability of the problem two-particle
scattering matrices have to satisfy the Yang—Baxter relations:

Sij(@)S 4o (0 + a)S] 4, (@) = 5} 4 (@) S} (@ + ") S () (7.98)

,Zo J,To J,To ,Z0o

and
Siyj (OZ)S“@(CK + O/)Sj,k(o/) = Sj,k(a')S@k(a + O/)Si’j (a) , (7.99)

where i, j, k enumerate positions of electrons and zy denotes the position
of a magnetic impurity. Then two-particle scattering matrices between
electrons dynamically yield the form, similar to Eq. (7.97) due to the Kondo
interaction with the magnetic impurity:

oa,00h 1
S12=587"7(a) = §[a(a) + C(O‘)]ém,o’{dtfz,dg

01,01

+ 5 a(0) ~ e(0))F01 01F0s . - (7.100)
where ¢(a) = aa(a)/(a + ig) and a(0) = 1. Those electron-electron scat-
terings also do not produce any reflection. It is easy to check that Yang—
Baxter relations are satisfied provided h(a) = h'(«) and h(a) + h(a') =
h(a+a’), where h(a) = c¢(a)/[a(a) —c(«)]. The Hamiltonian H yields the
electron-impurity scattering matrix of the form Eq. (7.97) with a'(ap) =
(o + ig)[e15'/2 4+ e=(S"+D1/2) 120y and (28" + 1)g = o tan[(25” + 1)1 /4].
[Notice, that as the reader knows from Chapter 5, Yang—Baxter relations
can be satisfied up to an arbitrary factor in a(a), b(a), a’(a) and ¥’ («), i.e.,
not in the unique way.] Then, proceeding as it was described in Chapter 4,
we obtain Bethe ansatz equations for the Kondo problem with periodic
boundary conditions in a box of length L

M
easr(Ma +a0/g)ef Aa) = [ e2(ha—29)
B=1,0#a
o v (7.101)
exp(ik;L) = exp(iIS'/2) [ ex(Ma) , E= kj

a=1 j=1
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where « = 1,...,M, j = 1,..., N. Taking into account the second set of
Eqgs. (7.101) we can re-write the expression for the energy as

(IS' —2xM) 2N
ZI S—L7T Ztan*lzxa, (7.102)

where I; appear because the logarithm is the multi-valued function. The
total magnetic moment is M% = (L/2) 4+ S’ — M. We see that actually
the Bethe ansatz equations for an impurity in a quantum spin—% chain co-
incide with the ones for a Kondo impurity in a metal, up to re-definitions
of eigenvalues and 6. It is also easy to show that the Bethe ansatz equa-
tions for the n-channel Kondo impurity in a metal coincide with the ones
for a spin-S’ impurity in a S = n/2 SU(2)-symmetric quantum antiferro-
magnetic chain, up to similar re-definitions. Hence, our analogies become
transparent. The Kondo temperature for the Kondo case is defined as
Tk = (2N/L)exp(—mag/g), i.e., it is also related to the shift in Bethe
ansatz equations, as for a spin chain.

7.3 Impurity in Correlated Electron Chains

So far in this chapter we considered the behaviour of magnetic impurities
in insulating systems, in which only spin degrees of freedom possessed dy-
namics. It is interesting to investigate how impurities behave in correlated
electron chains using exact methods. From the previous chapter the reader
already knows one possible model of an impurity: it pertains to a local field
or potential. For the Bethe ansatz integrable models this kind of impurity
can be considered only when it is situated at the edge of an open chain.
Now we shall study the behaviour of an integrable impurity of another
kind: the one, studied in the previous section, which is introduced into
the Bethe ansatz scheme wia a special L-operator, which, though, satisfies
Yang-Baxter (intertwining) relations with R-matrices of the host model.
Let us start our consideration with the supersymmetric antiferromag-
netic ¢-J model for the most popular case V = —J/2 and J = 2. We
shall first work in the framework of the graded scheme of the algebraic
Bethe ansatz, introduced in Chapter 5. We begin with the gl(1|2) invariant
R-matrix, which satisfies the Yang—Baxter equation. We already proved
in Chapter 5 that one can construct monodromy operators, which traces,
transfer matrices, with different spectral parameters mutually commute.
This constitutes the exact integrability. The only condition we demanded
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from a monodromy matrix was the following. The action of diagonal ma-
trix elements of the monodromy T,, on the mathematical vacuum in the
auxiliary 3 x 3 space has to produce c-numbers, T (A)[0) = an(A)]0), i.e
the mathematical vacuum is the eigenstate for these diagonal components,
and the action of all upper elements T3 with a < 3 is zero ( To5(A)[0) =0
for « < 3). Then the eigenvalue of the transfer matrix for the eigenstate

AL ANIF) = Fayay HC% A9)l0) (7.103)
Jj=1

where C plays the role of “creation operators” is

ITe08 ~ ~a) [T 08 =0 T[

~y=1
M
—a1(\ H . (7.104)

Taking the logarithmic derivative of the eigenvalue A(\) at A = 0 we get

P=3 [apiy

where A is a constant. The Bethe ansatz equations were the conditions on
rapidities {)\jo-};\f:l and {\,}21,

da3 ()\)
DN N

+ Aaz1(0) (7.105)

M

U«Q()\ ) . C(A"Y B )\ﬂ) _ 1 M
al()\ P _];[c()\ﬁ_A'y)’ Y=14..., 5
5% (7.106)
ag()\?) M

Let us now study the representation of diagonal matrix elements of the
monodromy matrix for a supersymmetric ¢-J model with an impurity. Con-
sider the unity operator I;, the operator of the number of electrons per site
n;, and three operators of prOJectlons of the total spin of the system, S}~ +.
respectively. They form U(1) and SU(2) subalgebras ([S7, Si] = S]i,
[S;.r, S;] = 25%) of gl(2|1). Fermion operators (QfQ)j satisfy anticommu-
tation relations

S —SZ 4,

(@) @)} =% {(@D)(@Q)}==—75 (7.107)
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with other mutual anticommutators being zero. They satisfy commutation
relations with the bosonic generators

s oty g Lo (@) Y] (@)
95.@E) = +02 p(@] = COMEEE L
ST, Q7)1 = @), [55,(@);]=0,
with { = 1,2. To remind, we denote [.,.] ({.,.}) a commutator (anticom-

mutator). In the basis, where n;, S? and S7 are diagonal, non-vanishing
matrix elements of (sz) j are

1

SFo
51(@15.5.0) ==

2 )

1 1
<S—|— - S——,0%
2 2

(7.109)

1 1 1 S+to
S,8,0/(Q3)|1S+ 5, S—=,0F 5 )= :
(s.5.01@15+ 5.5 - 507 5) =25
Actually these operators are sums of local operators of the same structure
at each site of the system. For § = % one can express these operators
in terms of standard electron creation and annihilation operators as n; =
+

it gL, 287 = mjp =gy, SE o=l ey, (@) = (1—mng ek,
(Q;)j = (1—-n;1)cj,, and (QiQ)j = (QTQ);r The multipliers (1 —n; ) of
fermionic operators @@ exclude double occupations of each site, as it must
be for a ¢-J model. Notice that in Chapter 5 we used definitions, in which,
for § =4, (@QF); = Qi (QF); = Qj1, (@1); = QL (Q3); = Ql}, and
we used the operator N; = I; — (1/2)n;.

Let us consider the L-operator of host sites of a supersymmetric t-J
chain for V.= —J/4 and J = 2 as

Li(A) = eI — by

(Nj + 87)I;—N; + 55) -sf -Qjp
X S; (Nj—S;)(Ij—Nj—S;) —le
-Ql -Q] —(Nj = S5)(N; + 55)

(7.110)

For the impurity site we introduce the operator with its spin equal to S’
and the spectral parameter being shifted by 6, i.e.,

Limp\) = c(A = 0) I —p(x — 0)

imp
(Nj + S3)(I; = N + 5%) -5 -(@D);
x S; (Nj—83)(I1;—N;—5?) —(@3);
—-(Q1); —(Q3); —(Nj — S2)(N; + 57)

(7.111)
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In these formulas we used the same values for b(x) and c¢(z) as in
Chapter 5 for a t-J chain. It is easy to check that these L-operators sat-
isfy graded intertwining relations (Yang-Baxter relations) for L-operators
with a graded R-matrix, Eq. (5.112), from which we started. Correspond-
ing monodromy matrix of a supersymmetric ¢-J chain with an impurity
T(A) = Limp(A) L (A) @ - - - ® L1(\) also satisfies graded intertwining rela-
tions. One can check that the action of this monodromy on the mathemat-
ical vacuum |0) is

cE(N)es (A —0) 0 0
T(N)|0) = 0 cENessA=0)Z(A—=0) 0] , (7.112)
(V) Ca(N) )

where cg/(x) = (x+1icS")/[x+ic(1+5")] and Z(z) = (z —icS")/(z + icS’).
Equation (7.112) means the triangular action of the monodromy ma-
trix on the mathematical vacuum, i.e., this choice of the L-operator can
be used for the above described scheme with a;(\) = c®(\)es (A — 6),
az(\) = cF(N)esr (A — 0)Z(X\ — 6) and az(\) = 1. The Hamiltonian of the
supersymmetric ¢-J chain with an impurity for V= —J/4 and J = 2 can
be obtained (up to constants) as

Hyimp = —icA% In[str #(A)] |x—o (7.113)

for shifted rapidities A — X} —ic/2 and ¢ = 1. Tt consists of two parts, the
host Hamiltonian, Hpest, and the impurity Hamiltonian, H;y,p. The host
Hamiltonian is Hpest = Zj H; j+1, where

M1 =— Y Plel civro+ ¢l gei0)P+ch el ey

g
+el el e = ngmgen —ngangg . (T114)

which is the standard Hamiltonian of a ¢-J chain, studied in previous
chapters. The impurity’s part of the Hamiltonian (for an impurity situ-
ated between sites m and m + 1) is

(M,o|M + o)
62+ (S + 3)2
+ {Hm,imp; Himp,m—i—l} - 2i0[Hm,imp; Himp,m+1]) ) (7115)

Himp = (Hm,imp + Himp,erl - 25(5 - 1)Hm,m+1

where {.,.} ([.,.]) denote anticommutator (commutator) and (M, o|M + o)
denotes the Clebsch-Gordan coefficient (10, S’M|3S'SM + o) with S =
S+ % An integrable impurity embedded in a host lattice is (as for the
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spin case) located on a link of the chain and interacts with electrons on both
sites joined by the link. All the coupling constants of the impurity Hamil-
tonian depend on two parameters: S, determining the spin of the impurity,
and the off-resonance shift 6 (here we mostly limit ourselves with real 6),
determining the impurity-host coupling even for S = % From Eq. (7.115) it
is clear, that the “impurity” of spin § = % and € = 0 is, in fact, an addition
of one more site to the host. On the other hand, the case § — oo defines
an impurity, totally decoupled from the host ring. Three-site terms of the
impurity Hamiltonian violate the T and P symmetries separately, while
their product PT is of course invariant. These terms are total time deriva-
tives in the classical sense and are only important in quantum mechanical
aspects. Although the reflection amplitude is zero as a consequence of the
integrability, an impurity interacts with both partial waves (forward and
backward moving electrons). Three-site terms can be avoided by placing
the impurity site at the open end of the host chain. This considerably
simplifies the impurity Hamiltonian, since one of the neighboring host sites
is absent. Bethe ansatz equations for the supersymmetric ¢-J model for
V = —J/4 and J = 2 with an impurity for periodic boundary conditions
are:

N
eas (X H

—)\5 Oz=1,...7M7

easi1(pj — 0)el (p))

ﬁ
oo,

=

a=

The total magnetization is M* = (N/2) + S — M and the energy of the
system is given by

N

_ (1/2)
E = —JN+JJ;W . (7.117)

The reader already knows how to generalize Bethe ansatz equations (and
following results) for an impurity with open boundary conditions:

N M
[ e2s(Aa £0) H Mo £9)) [[ 2" a £As) = a=1,....M,
* = o (7.118)
e (p H625'+1pji‘9 HelpJ:I:/\) j=1,...,N.

a=1
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It is instructive to obtain the Bethe ansatz description of the same model
using a different Bethe ansatz scheme. We can start from the two-particle
scattering matrices of the host

A I\ +iP;
XA)=—F, 7.119
) == (7.119)
where I, is the identity and P, the two-particle permutation operator in
the spin subspace. The impurity scattering matrix in the spin subspace can
be written as

Svo',o' (}\) _ A(SU,U’(SM,M’ + B(Sfo",a(sM’,MJrQU
MM A—0—i(28+1)/2 ’

(7.120)

where o (¢/) and M (M’) are the electron and impurity spin S’ components
before (after) scattering, and

A=X—-0-1i(28 +1) 1—((7]\4|M—|—U)(U'M'|M’—l—a’) ,
2 (7.121)

B=i(28 +1)(cM|M +o)(c'M'|M" + ') ,

where S = S’ + % The impurity S matrix is generally a two-parameter
function (a discrete parameter is the spin of the impurity and the coupling
to the host, 0, is a continuous parameter), which differs the impurity matrix
S from X (X =8(0=0)for S = 1). Matrices X satisfy the Yang-Baxter
relation

Xi2(A1 = A2) X13(A1 — A3) Xaz(Aa — A3)
= Xzs(/\z — )\3))213(/\1 - Ag)Xlz(Al —A2), (7.122)

where indices enumerate scattering host electrons. The scattering matrix
S satisfies the following Yang—Baxter relation:

X12(M = A2)S1imp(M = 0)52,imp (A2 — 0)
= SQ,imp()Q - 9)g1,imp()\1 - 9)X12(A1 — A2, (7.123)
where the indices for the matrices S show which particles scatter. The

monodromy matrix in the spin subspace on the inhomogeneous lattice is
defined as

L()‘apla R 7pN79)
= Xo1(p1 — M) Xo2(p2 — ) Xon (pn — N)Soimp(@ — ), (7.124)
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where the index 0 defines the auxiliary subspace, and A is the spectral
parameter. With respect to the states of the auxiliary space the monodromy
matrix Eq. (7.124) forms 2x2 matrix. Monodromy matrices satisfy the
Yang-Baxter relation

Xio(A =X)L\, v1,...,0)L(N,v1,...,0)
= LN, v1,...,0)L(\ v, ..., 0)X12(A = X)), (7.125)

which is the direct consequence of Eqs. (7.122) and (7.123). The exact
integrability of the system follows from the fact that transfer matrices
(T'(\) = tro L(A, p1,...,0), which is the trace over the states of the aux-
iliary particle) commute with different spectral parameters, because any
functions of T'(\) commute mutually and with the transfer matrix (i.e., we
have an infinite number of conservation laws). Let us construct the matrix
T;(p;) defined as

Tj<pj>=X;}_1<pj—pj71>--- Xty —p1) x o x Sk (ps —0)

x Xj_lif(pﬂ —pN) X X X (5~ pie) - (7.126)

The action of the matrix 7 (p;) implies periodic boundary conditions, i.e.,
that one has to interchange a given electron with all other electrons in the
periodic box, including the impurity. Corresponding eigenvalue of T;(p;)
is exp(ik;L), which is related to p; for the supersymmetric ¢-J chain for
V = —J/4, J =2 as [(2p; +i)/(2p; — i)]F. Substituting A = v; into the
monodromy matrix we see that T'(A = v;) = Tj(v;). Consider components
of the monodromy matrix taken in the subspace of the auxiliary particle,
L;; (i,j = 1,2). The transfer matrix is, naturally, T'(X\) = L11(A\) + Laa(N).
These operators obey commutation relations, which follow from Eq. (7.125).
Let us denote the vacuum state Qg as L2129 = 0. The vacuum state is the
eigenstate of diagonal matrix elements with eigenvalues

0—A—i(28' —1)/2 77 v — A
522(/\) - 1 H — ’
0—A—i(28' +1)/2 11 v — A+ (7.127)
00— A+i(284+1)/2
L11(A) = 6—\—i(28"+1)/2 "

On the other hand, the operator Lis has the properties like a “spin-
lowering” one, such that the vector



226 Finite Size Effects in Correlated Electron Models: Exact Results

M
e, om) = [] Lrzlas)o (7.128)

corresponds to M flipped spins. Bethe ansatz equations are the conditions
on the sets of parameters p; and ag, under which the state €2 is the eigen-
state of the transfer matrix 7. The application of the operator Li1 + Loo
produces the eigenvalue (with the reproduction of the state (2)

M .
—ag+1 A—ag—1
L1 (A H o L L) [ & (7.129)

and unwanted terms. The condition of cancellation of those unwanted terms
is

6 — a7+z25’+1/2HpJ Oy + i ﬁ ay—ag—i
6 — ., —i(29 L pj—ay a, —agti

(7.130)

Substituting A = p;, ay = A, + i/2 and using Eq. (7.126) we obtain
Eq. (7.116).

We shall present results here for the periodic case; the ones for open
boundary conditions can be obtained in a similar way. The results will be
presented for the generic case N even. In the framework of the string hy-
pothesis we can write thermodynamic Bethe ansatz equations for densities
of a supersymmetric ¢-J chain for V.= —J/4, J = 2 as (here we keep the
same notations as in Chapter 4). After the Fourier transformation we have

Ow

2w L

Um+1,h(w) + Um+1,h(w) + 5m,25
= 2cosh(w/2)[om (W) + omp(w)] , m>1,
(7.131)

e(fsl\w\JriGw)
— 2641/2 cash(w/2)[o’ () + 7 ()] + p(w) |

2wL
010 (@) + 0 (@) + 1 = 2cosh(w/2)[p(w) + pr(w)] -

op(w)+1+

Thermodynamic Bethe ansatz equations for dressed energies for the
chain with an impurity coincide with Eq. (4.104). The internal energy, the
number of electrons and the magnetization of a supersymmetric ¢-J chain
for V.= —J/4, J = 2 with an impurity are given by
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E =—-2N+27L /700 dpai (p)p(p) + 27 /700 dhaz(N)o'(N) ,
N = L/ﬁoo dpp(p) + 2L /jo da'(N) (7.132)

L e} e 0
M*=S+Z L 2(\)
S+ 5 /_Oodpp(p) ;n/_mdmf (\)

The Helmholtz free energy of a supersymmetric ¢-J chain with an impurity
for V.= —-J/4, J =2 is equal to

o0

g =—L /Z dhaz(A\) In[1 4+ x~1(N\)] — L/ioo dpay (p) [l 4 &1 (k)]

— [ iNGasria (= )it + )]+ GolA — ) nl1 + s (V)

— 0o

(7.133)

where a,(z) = 2n/(42% + n?) and the G, (z) is the Fourier transform of
exp(—n|w|/2)/2 cosh(w/2).
At high temperatures we obtain

fimp = —T'In(Zs + explg(0) — W Zs—(1/2)) , (7.134)
where Zg is the partition function of the free spin S:

sinh[(2S + 1)H /2T
sinh(H/2T) ’

s = (7.135)

the chemical potential p is measured from the bottom of the conduction
band, and the function g(f) measures the admixture of states with the
spin S and S — % (it is even in 6 and monotonically decreases with 6 for
positive 6 with g(+oo) = 0). For p = 0, ie., for the empty band the
configuration with S — 1 is favored, while for 4 = 2In2 (half-filling) the
favored configuration is rather S. For a fixed H the specific heat of an
impurity displays a Schottky anomaly, while the magnetic susceptibility
follows the Curie law at high temperatures.

In the ground state integral equations for densities (we here write down
only equations for the part of order of L=, dropping the superscript; equa-
tions for dressed energies and the ones for densities of order of 1 coincide
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with the ones from Chapter 4) are:

on(p) + p(p) + /M dar(p— N)o'(A) = ass(p—6) ,

o () + 0/ (\) + /A|>Q AN as(A — Mo’ (V) (7.136)

4 / dpay(p — Np(p) = azssr(A—6) .
|p|>B

In the absence of a magnetic field, B — oo, we can obtain analytical results
for the valence of an impurity

Nimp =/ dpp(p) + 2/ d\a’'(\) (7.137)
|p|>B A>Q

which is equal to Ny = (25 +1)Q/27(Q? — 6?) for large @ (we assumed
that @ > |0]), i.e., for low electron density, and nm, = 1 —O(Q) for small
Q, i.e., for the electron density close to half-filling. Hence, as a function of
the band filling the valence of an impurity smoothly varies between 0 (for
N — 0)and 1 (for N — L). The valence is a decaying function of 6 for fixed
band filling. It is clear, because the larger 6 pertain to weaker coupling of
an impurity to the host. The valence is maximum for # = 0 which is the
resonance situation (the impurity level is situated at the Fermi point for
the Dirac sea of pairs). The impurity valence also decreases as a function
of S close to half filling, and increases for higher values of the impurity spin
for small total number of electrons in the system. The magnetization of an
impurity for H =01is 8’ =S — 4.

For H # 0 we can obtain the valence of an impurity for S —1 > |Q — 6|
as Nimp ~ 21/|Q — 6]/m(25 — 1), and for the opposite case S — 3 < |Q — |

as Nimp = 5 + (1/m)[In21/]Q — 0] — (25 — 1)/24/]|Q — 0], where

2
Q* = 3« ] (21n2 w+ f—) . (7.138)

We point out the magnetic field dependence of the impurity valence in both
limits. When switching on the magnetic field the valence of an impurity
becomes smaller than unity even at half filling. This is connected with the
fact that the magnetic field acts twofold: it affects the magnetization of an
impurity, and also creates spin excitations of the host (which carry charge
too) and changes the number of charged excitations, e.g., destroying pairs,
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which carry zero spin. This is the manifestation of correlations between
electrons in the host.

The ground state magnetization is the sum of two contributions, the
magnetization arising from the valence admixture and the one due to spin
degrees of freedom of an impurity. Since the magnetic field is usually much
smaller than the band width, the former contribution is small (and linear
in H), and can be neglected. Then the Fredholm equation, which describes
only the “Kondo-like” spin excitations is

on(p) + p(p) - /| G0 = Gasalp—0) . (1199)
p'|>B

Here we assumed that 0 < 1 < #. Then one can introduce the Kondo

temperature via 7(6 — B) = In(H/Tk), and we obtain the solution for the

magnetization of an impurity

. 1 _In|n(H/Tg)|
mim”_”1<1i2|1n(H/TK)| 41n(H/T) )

where we use for H > Tk the lower sign and p; = S, and for H < Tk
we use the upper sign and p; = S — 1 for S > 3, and p; = H/Tk for
S = % This means that the impurity spin is underscreened at low fields
to the value S — 1 for S > 1, while for S = 3 it is totally screened with
the finite magnetic susceptibility (inverse proportional to the Kondo tem-
perature). For high enough values of the magnetic field the impurity spin
behaves as an asymptotically free spin S. We see, that the Kondo temper-
ature depends on the band filling via B. If charge fluctuations are totally
suppressed, for N = L, the Kondo temperature is Tx = Ep exp(—|6)|).
Notice that for open boundary conditions one has similar behaviour of an
impurity itself (contributions from open edges also appear, see Chapter 6)
with the renormalized Kondo temperature, in which exp(—m|6|) is replaced
by [2cosh(76)]~1. The magnetic susceptibility at H = 0 of the impurity
spin is Curie like (~ T71') in the Kondo limit with the Curie constant
S(S +1)/3 for T > Tk and with [S? — (1/4)]/3 at T < Tk for S > 1
and it is finite for low temperatures for S = % We emphasize on the cor-

(7.140)

rections due to the mixed valence of an impurity: they shift the value of
the Kondo temperature, e.g., as Tx — Tk (1 + 2¢(3)Q3) for Q < 1. This
is also the manifestation of correlations between electrons in the host. It
is important to notice that only unbound electron excitations which carry
spin can screen the spin of an impurity. Spin-singlet pairs only renormalize
the valence of an impurity, but their distribution affects the distribution of
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unbound electron excitations. At H > Hj, in the spin-saturation phase,
the magnetization of an impurity is equal to M7, = S" + (nim;/2), where
Nimp is the valence of an impurity. The specific heat of an impurity ex-
hibits two features: a Kondo resonance at T' ~ Tk and a Schottky peak at
T ~ /73 /eH. For higher values of H both peaks can merge into one.

As it is clear from Eq. (7.115), the imaginary € implies the non-
Hermitian Hamiltonian for an impurity situated in the bulk of a correlated
electron chain. The only possibility to consider imaginary 6 with the Hermi-
tian Hamiltonian is to study an impurity at the edge of an open ¢-J chain
with zero boundary fields/potentials. Imaginary 6 with 62 > (S + %)2
pertains to the ferromagnetic coupling of an impurity to the correlated
electron host (other cases correspond to antiferromagnetic impurity-host
interactions). For imaginary 6 we can divide it into its integer and frac-
tional part, 2|6| = [2|6]] + {2]6]}. In this case the fractional part can define
the “Kondo temperature” of an impurity T ~ [cos(m{2]0]}/2)]~!. Hence,
such a “crossover scale” is larger than the characteristic energy of low-lying
spin excitations of the bulk, which, in turn, defines the critical field Hy of
a quantum phase transition to the spin-saturated (ferromagnetic) phase.
Hence, there is only one special point in the behaviour of such an impurity,
H;. Another feature of imaginary 6 is that incident and reﬂeci?(lieﬁvvaves

1£[2

effectively scatter off different effective “impurity spins”, S — —5— and

S+ [2|2—9”. Negative effective “impurity spins” signal the onset of local lev-
els (related to bound states, caused by an impurity situated at the edge,
however their appearance is not connected with a boundary potential, as
in Chapter 6, but only with the ferromagnetic coupling of an impurity to
the host). These levels can influence the remnant entropy of an impurity.

It is interesting to mention that there is another possibility to include
a magnetic impurity into an integrable correlated electron chain. We can
consider the impurity scattering matrix in the spin subspace being similar
to an exchange impurity of the Kondo problem

ST ()

22 + c? 2 . L =
=\ T T s T 12 11 el @ T U)o drsar +iCTo0 Saanr']

(7.141)

We shall not present the investigation of this case here, but rather refer the
interested reader to original publications.

Now let us consider the behaviour of an impurity in the supersymmetric
t-J chain with V' = 3J/4 and J = 2. Here we shall consider a slightly
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different impurity with the impurity scattering matrix in the spin subspace

5,0-,0-’ (}\) o A50,0’5M,M’ - B50/7—U5M,7M+20'
M, M A—0+i(25+1)/2

(7.142)

where o (0/) and M (M’) are the electron and impurity spin S’ components
of the before (after) scattering, and

A=X—-0+4+i25+1) %—(0M|M—|—a)(0/M'|M'+0/) , ( )
7.143

B=i(2S+1)(cM|M +0)(c’'M'|M'+¢') .
The Clebsch—Gordan coefficient selects the way how the impurity interacts
with itinerant electrons. The impurity can temporarily absorb the spin of

one conduction electron and form an effective spin S’ = S — % The Bethe
ansatz describes such a system as the solution of equations

61(pj NH€2 - m) Hel i—Ag), j=1,...,N,
l#J
625 H61 H62 —)\g a:l,...,M, (7144)
ﬁ?ﬁw
N N
E=2N -4 P2+ 1), MF=_4+S—-M.
;( pi+1)7", 5+

The most interesting properties of an impurity is in the ground state and at
low temperatures. In the absence of a magnetic field the impurity valence
is equal to nimp = 2Q0G25(0) for low electron density @ — 0, where @ is the
Fermi point of charged low-lying excitations. The energy of an impurity in
this limit is ejmp = —2mmp On the other hand, for large electron density
() — oo we obtain n;mp = 3, L independent on 6 and

Cimp = —%Re {g/; (LL?_M) — <7S+§_w>} , (7.145)

where 9(z) is a digamma function. For this case H = 0 the magnetiza-
tion of an impurity is equal to mj,,, = S — % The charge susceptibility
of an impurity is equal to the one of the host per site. The energy is a
monotonically increasing function of |0], and the valence of an impurity
is a monotonically decreasing one. The behaviour of the magnetization
and magnetic susceptibility of an impurity is similar to the one of the pre-

vious case, i.e., depending on the value of the impurity spin, it is either
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underscreened by low-lying spin-carrying excitations of the host, or totally
screened for S = % with the finite magnetic susceptibility. At very large
fields H > H, the impurity magnetization becomes equal to S. The charac-
teristic crossover scale, that defines the low-energy behaviour of a magnetic
impurity is the Kondo temperature, which is proportional to exp(—ml6]). It
means that § measures the resonance shift. The smaller 0 (i.e., the stronger
the coupling of the impurity site to the host), the larger Kondo scale.

It is also important to consider the behaviour of a magnetic impurity
in the supersymmetric ¢-J chain with the “easy-axis” magnetic anisotropy,
considered in Chapter 4, with the host Hamiltonian Eq. (4.100). This case is
important, because here we can study the behaviour of a magnetic impurity
in the correlated host with spin-gapped excitations. The structure of the
Hamiltonian of an impurity is similar to Eq. (7.55). The energy of the
system is given by (with standard notations)

B _zi 1 — cos(2v;) cosh(n)
B — cosh(n) — cos(2v;)

+ const . (7.146)

The z-projection of the magnetic moment of the system is M? = S +
%;D — M. The Bethe ansatz description (here we present the case of
periodic boundary conditions) of that model is based on the solution of the
following equations

sin(Aq — 0 + (25 —
sin(Aq — 60 — (25 —

1)1) ILV[ sin(A vj+i2) sin(Ao — Ag + 1)
) et sin(Aq —vj —i%) e sin(Ao — Ag —in) ’

sin(v; — 0 +iSn) [sin(v; + i4
sin(v; — 0 —iSn) |sin(v; —i4)

(7.147)

where j = 1,...,N and a = 1,..., M. Only the first factor on the left
hand sides of Egs. (7.147) correspond to the impurity, while the energy,
Eq. (7.146), depends only implicitly on the impurity. Bethe ansatz equa-
tions are again independent of the position of an impurity in the chain.
Dropping the analysis of the Bethe ansatz solution we only present re-
sults here. Energies of unbound electron states are gapped for an external
magnetic field less than a critical value, H., see Chapter 4. H, is one half
of the minimal external magnetic field necessary to depair a singlet bound
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state (pair). If the value of the external magnetic field is larger than Hy,
the magnetization is maximal, i.e., saturated. At this saturation field the
system undergoes a second order phase transition into the ferromagnetic
spin-polarized state, in which there are no pairs because the dressed energy
of unbound electrons is gapped. This behaviour is similar to a type-II su-
perconductor in a magnetic field: for H < H, there are only Cooper-pairs,
while for H. < H < Hj pairs and unbound electrons co-exist, which is rem-
iniscent of the Meissner effect. Note, however, that in a one-dimensional
electron gas there is no true superconducting order with off-diagonal long
range order, but correlation functions of singlet pairs and/or unbound elec-
trons fall off with power-laws for long times and/or distances. For H > H,
it is straightforward to obtain the ground state energy. In the intermediate
phase, H. < H < Hg, however, the ground state energy depends on the
filling of both Dirac seas.

We first consider the case H < H., where the ground state consists
only of singlet pairs (2M = N). The magnetization of an impurity is
exactly S’ for H < H, for both, open or periodic, boundary conditions.
This implies that the Kondo effect is absent in this model, due to the
spin-gap, induced by the Ising-like (“easy-axis”) magnetic anisotropy. The
low-lying excitations do not carry spin, and, consequently, cannot couple
to the spin S’ to form a magnetic moment of spin S for H < H.. Recall
that S’ = S — 1/2 represents the effective spin of the low temperature fixed
point. The valence varies as a function of the number of electrons in the
system from one for a filled band or the maximal number of conduction
electrons to zero for an empty band of conduction electrons.

Next we consider the situation H. < H < H,, where both, unbound
electrons and singlet pairs, have gapless low-lying excitations, i.e., form
Dirac seas. The valence of an impurity again depends on the density of
electrons, and, interestingly, also on the external magnetic field. Due to
the van Hove singularity of the empty band of unpaired electron states, the
magnetization of the host is proportional to v H — H. for fields H slightly
larger than H.. This feature is characteristic of a Pokrovsky—Talapov level-
crossing transition, which is the analog of a second order phase transitions
in one-dimension. The magnetization of an impurity is driven by the host,

N 1
Mipp =5 =5+ fs(0,n)vVH - He, (7.148)

where fs(6,7) is also a function of the band filling. The magnetic suscepti-
bility of an impurity has a square root singularity as H. is approached from
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above. This is also very different from the standard Kondo effect, where
for spin—% the magnetic susceptibility of an impurity is finite for small mag-
netic fields. For open boundary conditions the magnetic susceptibility of an
impurity diverges as strongly as the magnetic susceptibility of open edges
themselves (all inversely proportional to «/H — H.). This is also very dif-
ferent from the usual behaviour of a magnetic impurity in an open ¢-J chain
with SU(2) spin symmetry and gapless excitations, where the magnetic sus-
ceptibility of edges diverges (though logarithmically), while the one for an
impurity of spin S = % remains finite. With increasing magnetic field the
population of the Dirac sea of singlet pairs gradually decreases until Hy is
reached, which is the field at which the band is empty. For fields larger
than the saturation field H, the magnetization of an impurity is equal to
Mz, =S = [(1 = nimp) /2], where nipy, is the valence of the impurity.

For imaginary 6, the Hamiltonian of an impurity if placed in the bulk,
i.e., not at the edge, is non-Hermitian (the energy eigenvalues are real,
though). This is independent of the boundary conditions (open or periodic).
In this case incoming and reflecting waves of electrons “see” two different
effective spins of the impurity corresponding to S’ + &;H. However, the
Ising magnetic anisotropy of the model again suppresses any manifestation
of the Kondo effect, since only spin-singlet pairs are gapless for H < H,, but
cannot screen effective spins of an impurity. For fields slightly larger than
H. the van Hove singularity of the empty band of unbound electron states
manifests itself, rather than the weaker logarithmic Kondo singularities.

At finite but low temperatures the magnetic susceptibility of an impurity
(as well as the susceptibility of edges of an open chain) is exponentially small
for H < H. and H > Hs. At H = H. or Hg the magnetic susceptibility
and the Sommerfeld coefficient of the specific heat display the /T features
corresponding to the van Hove singularities of empty bands. For H. < H <
H,, on the other hand, the magnetic susceptibility is finite for S = % as
T — 0 and Curie-like for S > % The specific heat is proportional to the
temperature everywhere away from van Hove singularities.

Here it is instructive to compare the behaviour of an impurity in the
supersymmetric ¢-J chain with the behaviour of the Anderson impurity
model with the Hamiltonian

Ha =Y el o + Y Vio(Wh odo + dithio)

k,o k,o

+ Z eane +Unyng , (7.149)
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where the notations are similar to Eq. (7.94), with n, = d! d,, di creates an
electron on the impurity orbital, U denotes the Coulomb repulsion, and €4
measures the energy of the impurity orbital from the Fermi level. The inter-
action of conduction electrons with localized electrons is described by the
magnitude of the hybridization, Vi, which is often supposed to be k- and
o-independent, Vi , = V. Using similar arguments as for the Kondo prob-
lem, see above, one can reduce the Hamiltonian to the one-dimensional one,
in which the relativistic dispersion law for itinerant electrons (linearized
about Fermi points) is considered (we put the Fermi velocity equal to 1),

2= X [ o —ivd @) vn ) + VO @) + dbaa)] + eans
+Uniny . (7.150)

By solving the stationary Schrédinger equation with the Hamiltonian
Eq. (7.150) for one conduction electron and one electron, localized on the
orbital, and for two conduction electrons, then by using Yang—Baxter equa-
tions for the subsequent two-particle scattering matrices, one finds that
eigenfunctions and eigenstates are parametrized by the solution of the fol-
lowing equations (obtained for periodic boundary conditions in a box of
length L)

N
Hel()\a—g(kj)):—Heg o« —Ag) , a=1,...,.M,
j=1

eva(pj — eq)e Hil = H er(glk;) =),  j=1,...,N,

where g(k) = (2k — 2¢4 — U)?/8UV?2. The energy of the system is given by

N
E=> k. (7.152)
j=1

Theorists often study the situation in which the Coulomb repulsion of elec-
trons localized on orbitals is considered to be large, so that in this limit one
has to replace g(k) — k/V2. One can see that the Bethe ansatz equations
of the Anderson model (after the renormalization A\, — Ao /V?) for large U
(which excludes a double occupation) are similar to the ones of the super-
symmetric ¢-J chain for V = —J/4 and J = 2, for an impurity with S’ =0
(S = 1) but with two differences: namely, with the presence of an additional
parameter V2, and with the linearized dispersion law. It is interesting to
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notice that the ground state of the Anderson impurity model also pertains
to the filling of Dirac seas for unbound electron excitations and spin-singlet
pairs, as for the ¢-J chain. This is why, the analogy in the behaviours of the
Anderson impurity model and an impurity in a correlated electron chain
becomes transparent. It is known that an Anderson impurity, depending on
the value of ¢4 (which works analogous to ), reveals non-magnetic regime
with 74mp ~ 0, mixed valence regime and the magnetic regime (where the
valence of an impurity is close to 1). In the magnetic regime, where charge
fluctuations are suppressed, the behaviour of the impurity spin is similar to
the behaviour of a Kondo magnetic impurity, with the characteristic Kondo
temperature Ty ~ exp(—mleq|/V?).

Let us now consider how an integrable impurity behaves in a Hubbard
chain. Bethe ansatz equations can be obtained within the second scheme
(introducing the impurity scattering matrix in the spin subspace). For the
repulsive Hubbard chain let us study the behaviour of an impurity with the
scattering matrix

AU,O', ()\) _ 4£C2 + [j2 4
MM\ 1622 + (28 + 1)202 22 + iU
X (x4 1(U/4))05.0/ 00010 +1(U/2)G 5o Sararr] . (7.153)

This two-particle scattering matrix satisfies Yang-Baxter relations with
two-particle scattering matrices of electrons for the Hubbard chain, cf.
Chapter 4. By using the method, described above, Bethe ansatz equations
for this system with periodic boundary conditions can be written as

Ao — 0 +iUS/2 15 Ao —sink; +iU/4 ﬁ Ao — Mg +iU/2
Xa =0 —iUS'/2 12 Ng —sink; —iU/4 14 A —A—iU/2
- e (7.154)
oiks Ly _ H sink; — Ag +1iU/4
sink; — Ag —iU/4 "’

p=1

where j =1,...,N and « = 1,..., M and ¢; = tan™'[2(sink; — 6)/U] —
tan~'[4(sink; — 0)/U(2S + 1)]. The magnetization of the model is M* =
(N/2)+ S — M, and the energy is E = —2 Zj\]:l cos kj; + const. The reader
is already aware that one can divide everything into the part, describing the
host, and the one, describing the impurity. We shall write only equations
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and results for an impurity, because the host part behaves in the same way
as it is presented in Chapter 4.

The most interesting behaviour is in the ground state, where Bethe
ansatz integral equations for densities (we keep the notations of Chapter 4
and drop the superscript, which denotes an impurity) are:

B
mm+mw¢qu[3wwﬂu—mmww

cosk

- T[a(2S+I)U/4(Sink —0) —ayys(sink —0)] ,

5 (7.155)

o(A) +on(N) + / . dNagja(X—X)o(X)

Q
:/ dkay 4(X —sink)p(k) + asyj2(A —0) .
Q

The energy, magnetization and the valence of the impurity are given by

Q Q
Cimp = —2/ dk coskp(k) , Nimp =/ dkp(k) ,
-Q - (7.156)

1 (9 B
7@m=s+—/ MMM—/ dAo(N) .
2 -Q _B

For H = 0 we have B = oco. For the half-filled host (i.e., for the insulator)
the valence of an impurity is zero independent on # and S. In the limit
U — 0 the valence is njm, = 1 for 0| < sin @ and zero otherwise, while
for U — oo it is always zero. The valence monotonically decreases with
increasing U and has its maximum at ¢ = 7/2. The energy of an impurity
monotonically increases with |6|, while the valence monotonically increases
for the metallic case. The effect is largest when the impurity parameter 0
lies in the Dirac sea for charged excitations, because it is in resonance with
itinerant electron states. The magnetization of an impurity m7,,, =S — z
for H = 0. For the weak magnetic field it is totally screened by host
excitations for § = % with the finite magnetic susceptibility. The relation
of the magnetic susceptibilities of the impurity and the host for large |6]
and sufficiently large U is

Ximp €™ 4y

= . (7.157)
Xhost N/L
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For S > % in the metallic case in the Kondo limit, where charge fluctuations
can be neglected we obtain

1 In [In(H/Tk)| ) , (7.158)

s = (1% -
Mhimp “( 2n(H/Tx)|  4n®(H/Tx)

where T, ~ exp(—27|0|U). Here we use for H > Tk the 1ower sign and
w; =S, and for H < Tk we use the upper sign and p; = S—=. This implies
that the impurity spin is underscreened at low fields to the Value S—=, and
for high enough values of the magnetic field the impurity spin behaveb as
the asymptotically free spin S. Naturally, at H = H, the impurity spin is
S, and the impurity susceptibility reveals a square root divergence, as the
consequence of the van Hove singularity of the empty band.

For the attractive Hubbard chain U < 0 we study the impurity scatter-
ing matrix of the form

Abo o bpr,mr + Bd_or 000 M 420

Shiar (2) = -0 U5 + /A : (7.159)
where
25" +1
A=z—-0— zw[l —2(eM|M +o)(o'M'|M' + o)),

4 (7.160)
B=iU@2S5 +1)(cM|M +o)(c'M'|M' +05")/2,

with S = 5" + % This two-particle scattering matrix also satisfies Yang—
Baxter relations with the two-particle scattering matrices of electrons for
the Hubbard chain. Bethe ansatz equations for such a system with periodic
boundary conditions can be written as

Ao — 0 +iUS' /2 H —sink; +iU/4 ﬁ —Ag+iU/2
Aa =0 —iUS'J2 {1 Ao = sink; —iU/4 Aa —A—iU/2
570 (7.161)

ity Sik; — 0 +iU(25 +1)/4 ﬁ sink; — \g + iU/4
sink; — 0 —iU(25"+1)/4 sink; — A\g —iU/4"’

B=1

where j = 1,...,N and a = 1,..., M. In the ground state Bethe ansatz
integral equations for densities of an impurity are:
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Q
p(k) + pn(k) + cosk/ dhay a(A —sink)o’(X)
-Q

=cosk aU(25/+1)/4(SiH]€ — 9) s

o (7.162)
o' (A) + o, (N\) + /_Q dNag (A= X)a'(N)

B
= —/ dkay/4(X —sink)p(k) + asr41yu/2(A —0) .
-B

The valence of an impurity, magnetization and energy are given by

B Q B
Nimp = / dkp(k) + 2/ d\a'(N), mi,, =5+ / dkp(k)
_B —Q _B

B
Cimp = —2/B dk cos kp(k) (7.163)

—4Re/ /1 =[N —i(U/4)]20"(\) .

For H < H,. the valence of an impurity varies between 0 and 1. For
U — 0 we have n;m,, = 1 for |§] < Q and zero otherwise. For large U — oo
the impurity valence tends to zero. It is a monotonically decreasing function
of 8, while the energy of an impurity is a monotonically increasing function.
For H < H., where only spin- binglet pairs have their Dirac sea, the impurity
magnetization is equal to S — 5. When H, is approached from above the
impurity magnetic bcheptlblhty has the square root singularity, similar to
the case of an impurity in the anisotropic ¢-J chain. At Hg, where the Dirac
sea for pairs is empty, the magnetization of an impurity is equal to m7,,,, =
S — % + 22 We see, that such a behaviour of an impurity, where there is
no characterlbtlc Kondo logarithmic dependencies, is typical for a magnetic
impurity embedded into a one-dimensional correlated electron host with
spin-gapped low-lying excitations. The strong van Hove singularity of the
empty Dirac sea (the singularity due to the quantum phase transition in
the host) is more stronger than weak Kondo logarithms in these cases. On
the other hand, the valence of an impurity depends on the band filling
and on the parameter of an impurity €, but also depends on the value of
the external magnetic field. The last feature is the manifestation of strong
correlations in the chain.

Some other possibility of integrable impurities in correlated electron
hosts are known. It is worthwhile mentioning the model, in which an im-
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purity site differs from other host sites of the supersymmetric ¢-J chain by
different representation. For example, this site permits four states, unlike
other sites of the chain, where two states with electron either with spin up
or down and the empty state are possible. For other models one replaces
an empty state of an impurity by the state with two electrons. Hamiltoni-
ans of such models are very complicated, too, but the characteristic feature
of Bethe ansatz solvable Hamiltonians with an impurity survives. An im-
purity is coupled to two neighboring sites of the host, it renormalizes the
interaction and hopping between these sites of the host, and causes three-
site terms, which violate T and P symmetry, but preserve PT symmetry.
Again, choosing open boundary conditions with zero boundary fields and
potentials one can avoid unwanted terms in the impurity Hamiltonian. For
instance, the valence of an impurity with four possible states varies with the
band filling from 0 to 2, as expected. The magnetic susceptibility of such
an impurity is finite. There exists some critical electron density, which de-
pends on the external magnetic field H, at which the charge susceptibility
of an impurity (charge stiffness) has a feature. We again refer the interested
reader to original publications.

To summarize, in this chapter we presented to the reader with exact
results for behaviours of single magnetic impurities in quantum spin chains
and correlated electron chains. We started with the description of magnetic
impurities in simple XY chains, then followed by the description of single
magnetic impurities in Heisenberg quantum spin chains. Finally, the Bethe
ansatz description of the behaviour of single magnetic and hybridization
impurities in correlated electron chains was presented. We compared the
behaviour of an impurity with the behaviour of host sites and with the
behaviour of edges of open chains and with the behaviours of the Anderson
impurity model and the Kondo model.

Studies of the behaviour of a magnetic impurity in an isotropic
XY chain can be found in [Tjon (1970); Kleiner and Tsukernik (1975);
Kleiner and Tsukernik (1980)]. The behaviour of an impurity in a dimer-
ized spin-3 XY chain is presented in [Zvyagin and Segal (1995)]. The
first Bethe ansatz study of a spin-S impurity in a Spin—% periodic chain is
[Andrei and Johannesson (1984)], for higher-spin host see [Schlottmann
(1991)]. The reader can find the study of a two-parametric magnetic
impurity (which can have the same spin as the host ones) in an open
and periodic spin chain in [Frahm and Zvyagin (1997b)], for thermo-
dynamics see also [Zvyagin (2002)]. The behaviour of a magnetic im-
purity in a uniaxial spin chain is described in [Schlottmann (1999);
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Schlottmann (2000)]. The comparison of characteristics of a magnetic im-
purity in a quantum spin chain and in a metal (for Bethe ansatz equations
of a Kondo impurity, see, e.g., [Wiegmann (1981)] for a single-channel
case and [Tsvelick and Wiegmann (1984)] for a multi-channel situation)
can be found in [Zvyagin (2002)]. The first co-ordinate Bethe ansatz
description of a magnetic impurity in a correlated electron gas with a
S-function attraction was in [Schulz (1987)]. The two-parametric mag-
netic impurity in a supersymmetric ¢-J periodic chain was introduced and
solved in [Schlottmann and Zvyagin (1997a)]. For a comparison use the
exact solution of the Anderson impurity model [Wiegmann and Tsvelick
(1983)]. For an impurity in an open ¢-J chain, and for the algebraic Bethe
ansatz description of the magnetic impurity in an integrable chain con-
sult [Zvyagin (1997)], see also [Zvyagin and Johannesson (1998)], where
the ferromagnetic coupling of an impurity to the host was considered,
and [Zvyagin (2003)]. The reader can find the Bethe ansatz descrip-
tion of an impurity in a Hubbard chain in [Zvyagin and Schlottmann
(1997)].  Other (nonmagnetic) integrable impurities in correlated elec-
tron chains are presented, e.g., in [Bediirftig, Efler and Frahm (1996);
Foerster, Links and Tonel (1999)]. An interesting approach for integrable
impurities, which can be simultaneously scatterers and reflectors was re-
cently proposed in [Mintchev, Ragoucy and Sorba (2002)].
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Chapter 8

Correlated Quantum Chains with a
Finite Concentration of Impurities

In this chapter we shall present Bethe ansatz results for thermodynamic
characteristics of a finite concentration of impurities in quantum spin and
correlated electron chains. We shall mainly consider two effects: the onset of
impurities-induced bands and the behaviour of disordered impurities. Both
these effects qualitatively differ the situation with the finite concentration
of impurities from the behaviour of a single impurity.

8.1 Impurities’ Bands

The problem of the behaviour of many impurities in quantum chains is a
special problem of great interest. From the previous chapter the reader
already knows how the behaviour of an isolated (single) impurity differs
from the behaviour of host particles in quantum correlated chains. If the
number of impurities, IV;, is much less then the number of host sites, L,
(or, in other words, the concentration of impurities ¢ < 1) one can consider
those impurities as independent and their contribution to characteristics
of the studied system can be considered as additive. On the other hand,
the reader is aware that, e.g., in metals with a finite concentration of mag-
netic impurities, a reflection of conduction electrons off magnetic impuri-
ties produces an impurity-impurity long-range interaction (known as the
Ruderman—Kittel-Kasuya—Yosida, or RKKY, coupling). Naturally, prop-
erties of interacting magnetic impurities in metals are then very different
from those of isolated impurities. This, actually, determines the aim of this
chapter: we want to inform the reader about exact results, which are known
for the situation with many impurities in correlated electron hosts (in the
insulator case, where only spin degrees of freedom possess the dynamics,
and in the metallic case).
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Let us start from the description of the behaviour of impurities of a finite
concentration in quantum spin chains. Generally speaking, one can solve
the stationary Schrodinger equation for the XY spin—% chain with many
embedded impurities, because by using the Jordan—Wigner transformation
one can exactly transform such a Hamiltonian to a quadratic form of Fermi
operators. However, the explicit diagonalization of that form is a very
difficult problem (one needs to diagonalize L x L matrix of the tridiagonal,
in the case of the nearest-neighbor interactions, different from each other
matrix elements).

One of the great advantages of Bethe ansatz integrable impurities,
studied in the previous chapter, is the possibility to find thermodynamic
characteristics of quantum chains with many impurities. It is based on the
fact that, by construction, one can introduce any number of L-operators of
integrable impurities into the monodromy operator of a quantum exactly
solvable chain. All monodromy operators, obtained that way, satisfy inter-
twining (Yang—Baxter) relations with R-matrices of the host, and, hence,
transfer matrices of those monodromies with different spectral parameters
commute. This constitutes the exact integrability of such systems. Natu-
rally, all integrable impurities, studied in the previous chapter, which can
be introduced to a monodromy, preserving the Bethe ansatz solvability,
have the same property: they do not produce any reflection. This, natu-
rally, limits the applicability of exact results, which can be obtained. For
example, it is impossible to have the RKKY-like interaction between impu-
rities. Nevertheless, in the framework of the Bethe ansatz it is possible to
introduce an interaction between the nearest-neighboring impurities, which
can produce features of thermodynamic characteristics of integrable impu-
rities, reminiscent of real magnetic impurities in metals with the RKKY
interaction.

Actually, the Hamiltonian of a spin chain with the finite concentra-
tion of impurities, ¢, is the same as Egs. (7.48), (7.55), or (7.78), with
many impurities embedded between sites of the host chain. Suppose the
concentration of impurities is such that many of them are situated at the
nearest-neighboring links of the original host chain. Then, it is obvious
from the construction of the Hamiltonian of impurities and its’ algebraic
Bethe ansatz, that one can consider the other Hamiltonian, for which im-
purities and host sites are interchanged. Naturally, this corresponds to the
situation, in which “impurities” define “host” chain, and original host sites
play the role of impurities situated at links between the sites with impu-
rities and coupled to the neighboring sites with impurities. The situation
is reminiscent of zig-zag spin chains, in which there is a nearest-neighbor
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and the next to nearest neighbors interaction. Additional Hamiltonian has
the same structure as the original one, by definition. It is easy to check
that transfer matrices of these two Hamiltonians commute for any spectral
parameters in the case if shifts, 6, are the same for both systems. This fact
depends neither on how many neighboring impurities are connected with
each other (or, in other words, how long these effective spin clusters are,
connected to each other wvia zig-zag-like interaction, which is determined
by the parameter 6), nor on overall multipliers (J) in front of each Hamil-
tonian. Then, the commutation of transfer matrices implies that these
Hamiltonians have the same set of eigenfunctions. Summarizing, one can
introduce a direct coupling between integrable impurities situated at neigh-
boring links of the host Bethe ansatz-integrable chain, for the illustration,
see Fig. 8.1, and, in the case if interactions between the host and impurities
and impurity-impurity interaction are related to the same parameter 6, such
an impurity-impurity interaction does not violate the exact integrability of
the problem. Naturally, this fact pertains not only to quantum spin chains,
but, also, to correlated electron systems with impurities, constructed this
way.

imp1 ¥ imp2

m-1 m m+1

Fig. 8.1 Illustration of impurity-host and impurity-impurity interactions. In the sim-

plest case of the isotropic Heisenberg spin—% chain the local impurity-host exchange

constant is Jimp = 4J/[49]2. + (28" +1)?),and J' = 0]2-Jimp.

Bethe ansatz equations for a spin S Heisenberg (Takhtajan—Babujian)
chain with N; = c¢L (please, do not confuse this with the coupling constant
of the algebraic Bethe ansatz description, set to unity here) embedded
impurities with spin S’ can be written as:

ek (\)end (A — Heg =N\, j=1,...,M, (8.1)

l#J
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where e, (z) = (2x + in)/(2x — in), the total magnetic moment is M* =
LS + N;S" — M, and the energy is

M
_ J(1—-¢)S JcS'
E_Eo—jz_:l<)\?+52 +()\j_9)2+(5,)2—H>, (8.2)

where Ej is the energy of the ferromagnetic state (of the mathematical
vacuum with all spins directed upward). For ¢ = 0 or ¢ = 1 we recover the
standard Bethe ansatz equations for a Takhtajan—Babujian homogeneous
spin-S or spin-S’ chain, ¢f. Chapter 5. Notice, that for ¢ = % the system
reduces to an alternating spin-S — S’ zig-zag-like chain. It is clear also that
for N; = 1 the situation reduces to the case of a single impurity, studied
in the previous chapter. The reader can, obviously, see that Bethe ansatz
equations do not depend on whether # is real or complex. Moreover, we
see from the expression for the energy that the energy is ever real, does not
matter whether 6 is real or complex. However, as the reader knows from the
previous chapter, the Hamiltonian of an integrable system is non-Hermitian
for imaginary 6 (it is senseless to consider only two impurities at edges of
an open chain to look for a concentration dependence of thermodynamic
characteristics of a system with a finite concentration of impurities). This
is why, from now on in this chapter we limit ourselves by real . Also, we
shall consider here the case of L + IN; even.

In the framework of the string hypothesis integral Bethe ansatz equa-
tions for for dressed energies are (with the notations, similar to previous
chapters)

Thfl+n,(N)] =T i /OO AN Ay (X — X) In[1 4+ 7. (V)]
n=1"Y ">

min(n,25S)
=nH-mJ(l—c) Y  aniass1-2()
=1
min(n,25")
—nJc Z an+251+1_21(x\ — 9) s (8.3)

=1

where pn, pnh, €n = Tln(pnn/pn) = Tlnmn, are the density, density of
holes, and the dressed energy of the spin string of length n. The set of
integral equations for densities of spin strings of length n has the form
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pun(N) + 3 / AN A (3 = V) (X) = (1= )

min(n,25) min(n,2S")
X Z ant2s+1-21(A) + ¢ Z ant2s+1-21(A —0) . (8.4)
=1 =1

The internal energy per site is

0o 0o min(n,25)
e=eg+ Z/ dpn () {nH —7J(1—c¢) Z an+25+1—21(A\)
n=1"v " =1
min(n,25")

—mle Y anwslﬂgl(x—e)} , (8.5)

=1

the Helmholtz free energy per site and the magnetization per site are equal
to

f:fo—T/_OO #}%[(1—@1@1—#7725(/\)]—|—cln[1—|—7725r(/\—t9)]],
(8.6)

m* =cS +(1—¢)S — Zn/ dApn(N)
n=1 -0

where

fo=J( =S (W[(1/4) + (5/2)] = ¥[(3/4) + 5/2)])
+JeS" ([(1/4) + (8'/2) — 6] — ¥[(3/4) + S/2) —i6]) , (8.7)

and v (z) are digamma functions.

Let us consider the actions of parameters of impurities, S’ and 6, sepa-
rately. First, let us investigate which contribution S # S’ yields for 6 = 0.
In such a case in the ground state only two kinds of strings, the ones of
length 25, and the ones of length 25" can have negative energies, i.e., their
Dirac seas. Energies of all other states (solutions to Bethe ansatz equations)
are non-negative. At H = 0 the solution of the ground state equations for
dressed energies is a singlet with

€25  Ea5r wJ

1—¢) ¢ 2cosh(m)\)’

(1-0¢) (mA) (8.5)
p2s P25 1

(1—c¢) ¢ 2cosh(m))
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It is important to point out here that the above results are valid only for
finite ¢. On the other hand, if ¢ — 0 (IV; = 1), the situation is different
since only spin strings of length 25 (but not of 25’) have their Dirac sea. In
this limit e55/ vanishes, and one has pag: = [2L cosh(7)]~!. Consequently,
the limit N; — 1 (¢ — 0) is singular. For isolated impurities at H =T =0
one gets the remnant magnetization S’ — S for S’ > S and critical non
Fermi liquid behaviour for S’ < S, i.e., it is not a singlet. As the reader
knows from the previous chapter, there exists a remnant entropy of a single
impurity for S # S’. Hence, the situation with a single impurity can
be qualitatively different from the case of a finite concentration of such
impurities. It is namely because the onset of the new band of impurities’
states (the new Dirac sea), 95/, which appears only for finite concentrations
of similar impurities, due to the interaction between nearest impurities.
To be concrete, let us write down integral equations for dressed energies
1

and densities for the case S = 5 and S’ = 1 (other cases can be studied in

a similar way). Those ground state integral equations have the form

B
w0 = nH = mlga () = [ VK= X))
—B

B>
- / AN s (A — Mea(V) |

— B>

5 (8.9)
PN+ V) = 9 () = [ N Ka (3 = N)pa (V)
_Bl
B>
— / AN Kpa(A = XN)pa(N)
_32
where n = 1,2 and
Ki1(x) = as(z) Koo (x) = as(z) + 2a2(z) ,
Klg(l‘) = K21(x) = ag(x) + al(x) y
(8.10)

g1(x) = (1 = c)ay(x) + caz(z) ,

g92(x) = (1 — ¢)az(x) + car () + caz(x) .

Here B 2 are the Fermi points of Dirac seas, determined from the conditions
€12(£B12) = 0. Naturally, for H = 0 both B; 2 = co. Both these limits
decrease with increasing the value of the magnetic field H. However, for
c small By decreases faster than B;. This situation holds for any S’ > S.
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The monotonic decrease of the values of the Fermi points implies that the
Dirac seas for esg and egg/ are gradually depleted with the field. The
magnetization is zero at H = 0 and is monotonically increased with H
until the Dirac sea for bound spin states with higher spin (for ¢ < (1 — ¢))
becomes empty. For example, for S = 1 the Dirac sea for eag (S > 1) is
depleted first at the critical field H.(c), defined as

25’
J [1—-¢ 2
He=35 | =5 +C;4S’+1—2l
1 (B
+2_5// de1(N)[azs 41 (N) + azs/—1 (V)] . (8.11)
-B;

As the consequence of the van Hove singularity of the empty band (Dirac
sea) for eo95 the magnetization per site has a cusp with the infinite slope
when H.(c) is approached from below. At H.(c) the ground state magnetic
susceptibility diverges. This value of the magnetic field pertains to the
second order quantum phase transition. Naturally, for ¢ — 0, the critical
field H.(c) tends to zero, giving rise to the singular behaviour of a single
impurity at H = T = 0. For H = H, only the Dirac sea 35 (S < ') is
partially filled. The magnetization increases monotonically with increasing
field until the Dirac sea ea2g (for S < S’ and ¢ < (1 — ¢)) becomes empty.
For example, for S = % this happens at

25'1—c)+c

S’ '
At this quantum critical line the second order quantum phase transition to
the spin-saturated (ferromagnetic) phase takes place. Close to H = Hg(c)
the ground state magnetic susceptibility diverges as 1/v/Hs — H (and the
magnetization has a cusp). For H > H, the magnetic susceptibility is
zero and the ground state magnetization per site is (1 — ¢)S + ¢S’. H(c)
decreases linearly with ¢, while H(c) increases linearly with ¢. For ¢ > 1—c¢
the Dirac seas for 25 and €25/ interchange their roles in the ground state
behaviour in the external magnetic field.

The low temperature specific heat of the chain is proportional to T
(i.e., the Sommerfeld coefficient is constant), except of critical lines H, s(c),
where it is proportional to /7.

Now let us study the effect of a nonzero coupling constant 6. Here we
limit ourselves, e.g., with the case S = S’ = % (other cases can be studied
analogously). Consider the ground state behaviour of a Heisenberg spin

Hy(c)=J (8.12)
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chain with a finite concentration of impurities. The ground state pertains
to solutions of Bethe ansatz equations with negative energies. The set of
integral equations for densities of rapidities and dressed energies of low-
lying excitations (spinons for § = 5" = 1) are:

p1(A) + p1n(X) + " dvas(A—v)p1(v) = (1 —c)ar(A) + car (A —6) (8.13)

and

e1(N\)+ dvag(A—v)e1(v) = H—nJ(1—c)ar(\) —nwJcar(A\—0) . (8.14)
(B)

Integrations are performed over the domain (B), determined in such a way
that dressed energies inside these intervals are negative. The limits of
integrations are determined by zeros of dressed energies; they are Fermi
points for each Dirac sea. The ground state for H = 0 is known, see above
for § =58 = % There Fermi points for the Dirac sea of spinons are foc.
In the nonzero external magnetic field H # 0 the situation appears to be
very different for different values of the coupling constant 6 and c. Let us
for simplicity shift A — A — (6/2) (nothing, naturally, depends on such a
shift for a periodic system).

For small 6 < 0.(c) (the critical value of 6. is dependent of the concen-
tration of impurities ¢) there is only one Fermi sea for spinons (i.e., there is
only one minimum in the distribution of dressed energies), ¢f. Fig. 8.2. For
H > H, and 0 < 6. the system is in the spin-saturated, ferromagnetic phase
at zero temperature and spinons become gapped. The magnetic suscepti-
bility manifests a square root singularity at Hs: x(H) ~ 1/+/(Hs — H). Tt
is related to the one-dimensional van Hove singularity of an empty Dirac
sea of spinons. In a weak magnetic field the magnetic susceptibility is pro-
portional to x oc (72.J)" (1 + (2|In AH|)~' — (In|In AH|/41n* AH) +---)
where A is a non-universal constant (logarithmic corrections appear due to
SU(2)-symmetry of the model).

At 6 = 6. there is also only one minimum in the distribution of dressed
energies. However, this extremum is more flat than for § < 6.. Instead of
the behaviour of the dressed energy near the minimum ~ \? for 6 < 0.,
for = 0. it is proportional to A*, ¢f. Fig. 8.3. This is why, the magnetic
susceptibility manifests the different singularity y(H) ~ 1/(H, — H)3/* at
H, for 6 = 0.. For H > H, elementary excitations are gapped and the
ground state magnetic susceptibility is zero.
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L eV

RNV

Fig. 8.2 Dressed energy of spinons as a function of a spectral parameter of a Heisenberg
spin chain with a finite concentration of impurities for < .. For illustrative purposes

we shifted the spectral parameter by —6/2 and consider the case ¢ = %

~~——"- H =H
S C

Fig. 8.3 The same as in Fig. 8.2 but for 6 = 6.

For 8 > 6. two minima for the dressed energy of spinons appear at
A= +60/2, i.e., there are two minima and one maximum in the distribution
of dressed energies, cf. Fig. 8.4.

Hence, the ground state behaviour strongly depends on the value of an
external magnetic field and the concentration of impurities. There are two
critical values of the field for 8 > 6.. For H > H, the system is in the
spin-saturated phase with gapped spinon excitations. The magnetic sus-
ceptibility also manifests square-root singularity at Hy (x ~ 1/vHs — H).
For H < H, spinons are gapless. There exists an additional critical value
of an external magnetic field, H., which also depends on ¢ and @ (it is,
unfortunately, impossible to find the explicit analytic expression for H.,
because one needs a numerical solution of the Fredholm integral equation
with finite limits of integration). For H < H. and 6 > 6, there is only one
Dirac sea for spinons. However, for H > H. the behaviour of a spin chain is
drastically changed: there are two Dirac seas for spinons (with four Fermi
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Fig. 8.4 The same as in Fig. 8.2 but for 8 > 0.. Filled circles and filled squares denote
Fermi points for “particles” and “holes” for H # 0. Notice that for H < H. there are
only two Fermi points (open circles).

points). One can also speak about the onset of the Dirac sea of “holes”
of spinons (related to the onset of the maximum in the dependence of the
dressed energy on A) for H > H.. According to this picture the critical
field H. pertains to the van Hove singularity of the empty band of these
“holes” of spinons. Notice, that at 8 = 6., H. = Hg, i.e., this point is
tricritical. Fillings of these two Dirac seas for spinons for H > H., 6 > 6,
are not independent. This is the direct consequence of the fact that the
same magnetic field determines fillings of the Dirac seas for “particles” and
“holes”, or, in other words, fillings of two Dirac seas for spinons centered
at A = +6/2. The Dirac sea for “holes” disappears, naturally, for H — H.,,
0 — 0.. We have to point out here that there is a crucial difference between
behaviours of a quantum spin chain with a finite concentration of impurities
and correlated electron models in the metallic phase. In the later case two
Dirac seas of the ground states are connected with different kinds of exci-
tations, e.g., unbound electrons and spinons for a repulsive Hubbard chain,
or Cooper-like singlet pairs and unbound electrons for a supersymmetric
t-J chain for V. = —J/4 or an attractive Hubbard chain. They pertain
to two different kinds of Lagrange multipliers: the chemical potential and
magnetic field. Thus, low-lying excitations are practically independent of
each other (spin-charge separation). [Note that spin and charge sectors are
connected though via integral equations. This is the consequence of the fact
that unbound electrons carry both charge and spin.] On the other hand,
two Dirac seas appear for the same kinds of excitations for a spin chain
with a finite concentration of impurities. Their fillings are governed by the
same Lagrange multiplier, the magnetic field. Two Dirac seas appear for
nonzero ¢ due to two minima in the bare energy distribution and correspond
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to nonzero 6 in Bethe ansatz equations. The ground state phase diagram
of a spin chain with a finite concentration of impurities H —  is presented
in Fig. 8.5.

ferro

tricritical point

2nd order

incommensurate

2nd order

Fig. 8.5 The ground state phase diagram of a spin—% Heisenberg antiferromagnetic
chain with a finite concentration of impurities as a function of the magnetic field H and
coupling constant of impurities 6.

The limit ¢ — 0 (N; = 1) is again singular. For ¢ — 0 the critical
field H, goes to zero. The magnetic susceptibility of the impurity spin is,
though, finite for S = S’, at low temperatures and it is determined by the
parameter 6 (i.e., related to its’ Kondo temperature). On the other hand,
for ¢ # 0 there is a second order quantum phase transition at H = H,. with
the square root singularity in the behaviour of the magnetic susceptibility
at T =0 for 0 > 0.(c). At H. = H, for 6 = 6.(c) the singularity is more
weak.

The low temperature behaviour of the magnetic susceptibility and the
low-temperature Sommerfeld coefficient of the specific heat have square
root features at H = H, for § > 6., and in the tricritical point they are
proportional to 73/4. The quantum phase transition at H, is a transition
between a commensurate (for H < H.) and an incommensurate phase. Out
of the lines of phase transitions the magnetic susceptibility is finite at low
temperatures and Curie-like at high temperatures, while the Sommerfeld
coeflicient is finite, reminiscent of the Fermi liquid behaviour.
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Summarizing, a finite concentration of impurities in quantum spin
chains causes the onset of quantum phase transitions (related either to
the different coupling of impurities to the host, or to different spins of im-
purities, or to both reasons together). These quantum phase transitions
are consequences of the appearance of additional Dirac seas (bands) caused
by the finite concentration of impurities. The limiting procedure to the
behaviour of a single impurity is singular, because of van Hove singularities
of those empty one-dimensional bands.

Now, let us consider the behaviour of correlated electron chains with a
finite concentration of magnetic impurities.

Let us start with a supersymmetric ¢-J chain with a finite concentration
of impurities. For V = —J/4, J = 2 situation Bethe ansatz equations are

M

N
ee 1 (A H =H€2(x\a—/\ﬂ), a=1,....M,

@
Il
Jal
—~~
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=
ot
~

eni(pj — 0)el(p;) =
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e1lpj—Aa), j=1,...,N.
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[e3%

The total magnetization is M?* = (1 — ¢)(N/2) + ¢S — M, where ¢ = N, /L
is the concentration of impurities and the energy of the system is equal to

E= E0+27TZ (1 = c)ar(p;) + cazs(p; — 0)]
j=1

M
—27c Z azs—1(Aa — 0) , (8.16)
a=1

where the last two terms are related to impurities. If the energy is measured
from the bottom of the conduction band, then Ey = 0. Naturally, for V; = 1
we obtain Bethe ansatz equations for a single impurity. For ¢ = 0 (and
N; = 0) we obtain standard Bethe ansatz equations for a supersymmetric
t-J chain. At half filling, on the other hand, the model reduces to the spin-
% Heisenberg chain with a finite concentration of spin-S impurities (this
can be seen more directly in the Sutherland’s version of the Bethe ansatz
equations, cf. Chapter 6).

As the reader already knows, the manifestation of differences in the
behaviour of a quantum correlated chain with a finite concentration of
impurities is most pronounced in the ground state. Let us write down the
set of integral Bethe ansatz equations (we keep the notations of previous
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chapters) for dressed energies at T' = 0

H

e(p) = 2m(1 — ¢)a1(p) + 2wcass(p — 0) — p — 5

—ai(p—A) *(N) +azs—1(p — A) x pas—1(\) ,
PY(A) = 2m(1 — c)as(N) + 2mcasg+1(A —6) — 21

—ar(p - N) #e(p) — as(A = N) o (N) (8.17)

25—-1

¢pas—1(A) = (25 — 1)H — 2mc Z agi—1(A—0) —ass—1(A —p) xe(p)
=1

25-2
- <a4s2(>\ —N)+2 > an(A - X)) * dag—1(N)
=1

where * denotes the convolution over the intervals for which dressed energies
are negative. One can see that a finite concentration of magnetic impurities
results in the onset of an additional Dirac sea for spin strings of length
25 — 1. The reader can check, that for ¢ — 0 the second term in the third
equation becomes zero and, hence, the dressed energy of spin strings of
length 25 — 1 becomes positive for any H, like dressed energies of other
spin excitations. Densities satisfy the equations

p(p) + pr(p) = (1 — c)ai(p) + cags(p — 0) — ar(p — ) * o’ (A)
— azs—1(p — A) * o2s-1(A) ,
o'(A) +0,(A) = (1 = ¢)az(N) + cazs+1(A — 0)

—ai(p—A) *p(p) —az(A = \)x0'(N) ,
(8.18)
o25-1(A) + o25-1,n(N)

25-1

=c Z azi—1(A—0) + azs—1(A —p) * p(p)

=1

25—-2
— <CL4S_2()\ — )\/) +2 Z agl(/\ — )\/)> * 0'25_1(/\/) .

=1

The number of electrons and the magnetization are given by

N = / dpp(p) + 2 / '), M* = % / Doss1n(N), (819
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and the ground state energy is
B =2 [ dpl(1 = Jaa(p) + cazs(p — 6)}p(p)

Ty / AN[(1 = c)az(\) + cass 1 (A — 0)]o" (V)
25—1

—2me(25 - 1) Y / dhagi—1 (A — 0)oas_1(N) . (8.20)
=1

Naturally, the results for N; = 1 coincides with the ones from the pre-
vious chapter. We see that again, the transition ¢ — 0 (with N; = 1) is
singular (for S # %, because of the additional Dirac sea for spin strings of
length 25 — 1 and for S = % because of the additional Dirac sea for 6 > 6,
in a nonzero magnetic field).

For H =0 and S # £ we have ¢25_1(\) = —mc/ cosh[r(A — 6)]. Hence,
the Dirac sea of spin strings has no holes and the magnetization is zero.
This differs from the case of a single impurity with S > %, for which the
remnant magnetization, and, hence, the remnant entropy appears, cf. the
previous chapter. The integral equation for dressed energies of spin-singlet
pairs is decoupled for H = 0 because of the spin gap for unbound electron
excitations

P(A) = 2m(1 — ¢)az(\) + 2mcazs 1 (A — 0) — 2 — as (A — X)) x (). (8.21)

The integration limits depend on the band filling. For 6 < 6.1 (c, S) there is
only one Dirac sea for pairs. However, for § > 6., an additional Dirac sea
can appear depending on the band filling. Hence, in this case we can observe
a quantum phase transition between commensurate and incommensurate
phases, which is governed by the number of electrons in a correlated electron
chain. This transition is of the second order for 8 > 6., and there is
a tricritical point at § = 6.;. The charge stiffness and the Sommerfeld
coefficient of the specific heat are divergent at the critical line p = g1,
with the low-temperature square root singularities. On the other hand, at
the tricritical point their singularities are weaker, proportional to 7—3/4.

On the other hand, for H > Hg the Dirac sea for spin-singlet pairs is
depopulated and the Dirac sea for spin strings is also empty. The ground
state behaviour is determined by unbound electron excitations with dressed
energies

e(p) =27(1 — ¢)ai(p) + 2mcass(p— 0) — p — g . (8.22)
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The number of electrons is determined by the integral over p at which the
energy of unbound electrons is negative. The saturation field Hy is given by
the lowest magnetic field so that the Dirac sea for pairs is empty, i.e., when
w= % In general, the saturation field has to be determined numerically.
The magnetization in the spin-saturated phase is M* = (1 — ¢) 2 + ¢S.

At nonzero magnetic field for small  only one minimum exists for spin
strings at A = 0. Hence, in this region only one critical value of the magnetic
field, H, exists, at which the system undergoes a transition to the spin-
saturated phase. For 6 larger than some, generally speaking, other critical
value 6.2(c, S), there appears an additional Dirac sea for spin strings of
length 25 — 1. This additional Dirac sea also affects the behaviour of
the ground state characteristics of a correlated electron chain with a finite
concentration of impurities. It reveals itself in the onset of an additional
quantum critical point at H., which describes the quantum phase transition
from a commensurate phase at H < H. to an incommensurate phase for
H > H,. (both for # > 0.2). This phase transition is related to the van Hove
singularity of an additional Dirac sea of spin strings of length 25— 1, which
becomes empty at H = H.. For larger values of the magnetic field a phase
transition to the spin-saturated, ferromagnetic phase at H = H, takes
place. At the lines H = H, and H = H, the magnetic susceptibility has
square root singularities for the values of the magnetic field larger (smaller)
than H,. (Hy), and at low temperatures the magnetic susceptibility and the
Sommerfeld coefficient are proportional to T-/2. At the tricritical point
0 = 6., H = H. = H, the quantum phase transition is weaker, with
divergences, proportional to T-3/4. Out of the lines of phase transitions
the magnetic susceptibility is finite at low temperatures and Curie-like at
high temperatures, while the Sommerfeld coefficient is finite, reminiscent
of the Fermi liquid behaviour.

The situation with S = % differs from the considered above, because
there are no only spin-carrying low-lying excitations. In this case it is more
convenient to use the expression for the magnetization

3 =3 [ doto) (8.23)

However, dressed energies of spin-singlet pairs and unbound electron exci-
tations can have additional Dirac seas due to nonzero 6 for large 6. Hence,
additional quantum phase transitions due to a finite concentration of im-
purities can also take place. These phase transitions again manifest that
the limit N; =1 (¢ — 0) is singular.
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In the general case, to know the quantative behaviour of a supersym-
metric ¢-J chain with a finite concentration of impurities one has to solve
integral equations for dressed energies and densities numerically.

Now let us briefly consider the behaviour of a supersymmetric ¢-J chain
with V' = 3J/4 and J = 2 with a finite concentration of impurities. The
Bethe ansatz describes such a system as the solution of equations

N M
et (pj) = ()N [ e2(p; — m) H ety —As), j=1,...,N,
=) =
N
625 H H62 —)\g 0421,...,M,
i1 i (8.24)
[3¢a
N
E = —277(1—c)z 1(pj —27762@25 ,
1—¢)N
MZ:%—FSC—M,

where the energy is measured from the bottom of the conduction band.
The model reveals the most interesting properties in the ground state and
at low temperatures.

The analysis is similar to the cases, considered above. The ground state
set of Bethe ansatz equations for dressed energies is

€1+ az x €1 + (a2s—1 + a2s41) * €25 — a1 * P1 — G25 * Pas
= —2m(1 = c)ar(p) — p — g ,
€25 + Kas * €25 + (a2s-1 + azs+1) * €1 — K1 * a5 — azs * 1
= —27(1 — ¢)azs(p) —2Su — SH , (8.25)
$1 4 az * @1 + (azs—1 + a2511) * Pas — a1 k€1 — A25 * €25
= H — 2mwcazs(A —0)
$2s5 + Kas * ¢as + (azs—1 + azsy1) * ¢1 — K1 * g2 — ags * €1

= 25H — 2rcK (A —0) |

where

25-1

28
= Zagl_l(x) , Kos(x) = ass(z) +2 Z ag () . (8.26)
I=1

=1
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This set implies that the finite concentration of impurities causes the onset
of additional Dirac seas for charged bound states of the length 25 and
spin strings of the length 25, comparing to the case without impurities, cf.
Chapter 4. The set of Bethe ansatz equations for densities is

p1+ P+ az * p1 + (a2s—1 + G2s+41) * pag
—ay %01 —ags * 025 = (1 — c)ar(p) ,
p2s + p2s,h + Kas * pas + (azs—1 + azg+1) * p1

— Ky % 095 — azs x 01 = (1 — c)azs(p) , (8.27)
o1+ 01h +ag ¥ 01 + (a25-1 + G2541) * 025 — a1 * p1 .

— ags * pas = cazs(A —0) ,
025 + 025, + Kag * 025 + (a25—1 + a2541) * 01 — K1 * pag
— Q28 * p1 = cKl()\—H) .

The analysis of the ground state and low temperature behaviour of this
model is very similar to the above one. The case N; = 1 (¢ — 0) is singular,
because of van Hove singularities of additional Dirac seas. These additional
Dirac seas for a finite concentration of impurities are related either to S # %
or to large enough §. Then additional quantum phase transitions as a func-
tion of an applied magnetic field or governed by the filling of the system
with electrons take place with special divergent behaviours of spin or charge
susceptibilities and the Sommerfeld coefficient of the low-temperature spe-
cific heat. The interesting feature of the behaviour of a finite concentration
of spin § = % impurities is the onset of two additional (together with the
quantum critical point of a transition to the spin-saturated phase Hy, which
is equal to Hy, = H,(c = 0)+2¢/(6*+ 1)) quantum critical points, at which
the magnetic susceptibility diverges.

Finally, let us investigate the behaviour of a finite concentration of mag-
netic impurities in an attractive Hubbard chain. This case is of interest
physically, because it manifests how a finite concentration of magnetic im-
purities changes the ground state properties of a system with gapped spin-
carrying low-lying excitations. Bethe ansatz equations can be written as

M

()\a—0+z’U(S—%))Mﬂ Aa—sink; +iU/4 1% Aa—Ag +iU/2
Aa=0—iU(S—3) /) 1% Aa—sink; —iU/4 23 Aa=A—iU/2 "
pro (8.28)

piks L (sinkj—9+iUS/2 >N B ﬁ sinkj —Ag + iU /4

sink; — 0 —iUS/2 e sink; — A\g —iU/4 "’
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where j = 1,...,N and o« = 1,..., M. In the ground state Bethe ansatz
integral equations for the densities are:

Q
p(k) + pn(k) + cosk/ dXay a(A —sink)o’(N)
-Q

1
-__¢ +ccosk asy/a(sink —0) ,
2

2
l—c 1 (8.29)

RV

Q B
= —/ dNayja(A—X)o'(N) — / dkay a(X —sink)p(k) .
-Q B

a'(A) + o () — — cas+nyu/a(A —0)

The energy is given by

B
€= Ceimp—2(1— c)/ dk cos kp(k)

41— ) Re/_ TP —(TAR (), (8.30)

where e;r,;, is the energy of impurities per site, and the number of electrons
and magnetization per site are equal to

B Q
N /_B dkp(k)+2/_Q A’ (N |
(8.31)
WE B
7 =cS

The expression for the energy of impurities can be derived from the
algebraic Bethe ansatz. It is very cumbersome. The total energy can be
approximated for ¢ < 1 as

B
e= —2/ dk cos k[l + cR,]p(k)

—4Re/ dM/1T— A= i(U/D2[1 + cRy]o’(N),  (8.32)

where R, = pimp/phost and Ry = 0}, /0},45 P = Phost + (1/L)pimp,
o' = 0},5 + (1/L)0},,,- Then the ground state equations for an attractive
Hubbard chain with a finite concentration of magnetic impurities can be
approximated as
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@ H
+ / dAay 4(A —sink)yp(A) = —2cosk[l 4+ cRy] — p — 5

3

/ N ag s (A — N)p(N) / dkays(A — sink)e(k) (8:33)

—4Re\/1 — A —i(U/4)2[1 + cRy]) — 210 .

Naturally, the Fermi points are determined by the conditions e(+B) = 0
and ¥(£Q) = 0. Since the total number of electrons is conserved, the limits
of integration are renormalized due to the nonzero impurity concentration
c.

One can check that the answers for a single impurity ¢ — 0 (IV; = 1)
coincide with the ones given in Chapter 7.

Let us calculate the spin gap G, which is the smallest energy required
to depair a singlet bound state. In zero magnetic field it is given by

G = —2[1+cR,) / dhau s (VBN - (8.34)

The analysis of the numerical solution of the above presented integral equa-
tions shows that the spin gap decreases with the concentration of impuri-
ties as the consequence of the term, proportional to R,, which is in general
larger than the renormalization of the chemical potential as a function of ¢
(observe that (du/dc) < 0). The decrease is linear with the concentration.
At some critical concentration c., the gap can be closed. The value dG/dc
is negative and monotonically increases with 6. |0 < @ is in-resonance
case (here an isolated impurity lies in the continuum of charge rapidities
of Cooper pairs), while the large |f| describes the off-resonance situation.
The mechanism of the reducing of a spin gap due to magnetic impurities
is then of the pair weakening type rather than pair breaking as for stan-
dard magnetic impurities in a Bardeen—Cooper—Schrieffer superconductor.
No unpaired electrons are generated as long as there is a spin gap. The
pair weakening decreases with increasing spin for small |0, while it is re-
versed for large absolute values of 6. For § = % and very large |0| the spin
gap slightly increases with the impurity concentratlon. This is related to
the fact that a finite concentration of magnetic impurities works twofold:
it increases the density of states of pairs, supporting pairs, but, on the
other hand, as usual for magnetic impurities, it reduces “superconducting”
properties.
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For the impurity concentration larger than c.. a fraction of itinerant
electrons is depaired and spontaneously magnetized. It follows from the
fact that e(k) is negative, and M* # 0 for H = 0. This differs the behaviour
of a finite concentration of magnetic impurities introduced into a correlated
electron chain with the spin gap. As the reader saw, magnetic impurities
in correlated electron chains without spin gaps, see above studied cases of
supersymmetric ¢-J chains, are antiferromagnetically correlated, and the
ground state is a magnetic singlet.

8.2 Disodered Ensembles of Impurities in Correlated
Chains. “Quantum Transfer Matrix” Approach

In the previous section we studied the behaviour of many similar impuri-
ties in quantum correlated chains. However, sometimes impurities possess
characteristics different from each other. This is why, it is important to in-
vestigate how the disorder in the distribution of characteristics of impurities
can affect thermodynamic behaviour of quantum chains.

It is known that the theoretical description of disordered systems is
more complicated than the study of homogeneous ones. So far, only a few
exact results are known about the behaviour of disordered systems. Bethe
ansatz solvable models give a rare opportunity to find exactly (and in many
cases analytically) thermodynamic characteristics of ensembles of impuri-
ties with randomly distributed parameters. Actually, it is, probably, clear
to the reader, who already knows the structure of Bethe ansatz integrable
chains with embedded impurities. The fact that impurity L-operators (in-
troduced into monodromy matrices) satisfy intertwining (Yang—Baxter) re-
lations with R-matrices of the host, and, the exact integrability, as the
consequence of these algebraic constructions, does not depend on the val-
ues of characteristics of an impurity (e.g., on the values of § and S”). Also,
this fact does not depend on how many impurities are introduced. Hence,
this crucial feature gives the possibility to consider as many different im-
purities of the structure, studied in Chapter 7, as it is necessary, and all
models, constructed this way will be integrable. Naturally, this does not
pertain to boundary impurities, which introduce reflections. This is why,
the main feature of disordered impurities, which permit exact solutions, is
the absence of reflection (i.e., these impurities are only elastic scatterers and
do not cause relaxation). Naturally, this condition prohibits the presence
of local levels caused by impurities (bound states caused by an interaction
are possible to study though). To summarize, the Bethe ansatz gives the
unique possibility to study the common effect of disorder and interactions,
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which is impossible, to the best of our knowledge, with the help of any
other method.

To start, let us consider quantum spin chains with embedded impurities,
studied in the previous chapter, each of which is characterized by its own
spin S} and own coupling to the host chain, i.e., own 6;. According to
the previous section, we can also study neighboring impurities, coupled to
each other (in the case if they have the same ;). However, in what follows
we shall study the situation, in which lengths of such clusters are small
compared with the length of a chain L.

From the previous chapter the reader, in fact, is informed that due to
the linearity of integral thermodynamic Bethe ansatz equations for den-
sities the contribution from each impurity can be considered as additive.
This is, naturally, based on the use of the string hypothesis. Now we shall
study a different version of Bethe ansatz thermodynamics, which is not
based on the string hypothesis in what follows. For the consideration of
one-dimensional inhomogeneous quantum spin chain at any temperature
we choose a suitable lattice path integral representation by some mapping,
preserving integrability. Following several authors, (here it is worthwhile
to mention M. Suzuki, M. Inoue, T. Koma, A. Kliimper, P. A. Pearce and
others, who contributed to the development of this method), we propose
to study an associated two-dimensional classical vertex model instead of
the direct treatment of a one-dimensional quantum system, as we used in
previous chapters. The connection of exactly Bethe ansatz solvable quan-
tum one-dimensional problem with the one of classical models of statistical
mechanics is well known and it has been studied in several monographs, to
which we refer the reader.

Let us start with the R-matrix Eq. (7.76) which describes the behaviour
of a quantum spin-S chain with the uniaxial magnetic anisotropy. Let us
for definiteness consider the case of the “easy plane” anisotropy. One can
introduce R-matrices of different type, related to the initial one by an anti-
clockwise rotation R4 (u) = R (u) and RZg(u) = RI%(u) by a clockwise
rotation. Then the transfer matrix 7(u,{6}% ;) can be constructed in a
way similar to the case of a standard transfer matrix constructed with the
help of usual R-matrices. Here 6; characterizes the coupling of the j-th
impurity to the host. Then we substitute u = —J sinn/NT, where N is the
Trotter number. We observe that

[r(u)7(u)]N/? = e /T 4+ O(1/N) . (8.35)

Hence, the partition function of the quantum one-dimensional system is
identical to the partition function of an inhomogeneous classical vertex
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model with alternating rows on a square lattice of size L x N

Z = lim tr[r(u)7(u)]N? . (8.36)
N—o0

Interactions on the two-dimensional lattice are four-spin interactions with
coupling parameters depending on (NT)~! and interaction parameters 6;,
where ¢ is the number of the column to which the considered vertex of
the lattice belongs. Note that interactions are homogeneous in each col-
umn, but vary from column to column. This is similar to the McCoy—Wu
model, which is the two-dimensional Ising model with a columnar disor-
der. [However in its’ one-dimensional realization the Hamiltonian of the
McCoy—Wu model can be mapped on a quadratic fermion form by means
of the Jordan—Wigner transformation, i.e., there are no interactions in that
model; models, considered in this section, definitely reveal an essential cou-
pling between particles.] We study this system in the thermodynamic limit
N, L — oo using an approach, which is based on a transfer matrix describing
transfers in horizontal direction. Corresponding column-to-column transfer
matrices are referred to as quantum transfer matrices (an external magnetic
field H is included by means of twisted boundary conditions)

N/2
R (O5.0) = e T [ R (e i0)

1 -1

X RiZin ™ (u— b)) . (8.37)

The illustration of a quantum transfer matrix is presented in Fig. 8.6.
In general all quantum transfer matrices corresponding to L columns are
different. However, all these operators commute pairwise. Therefore, the
Helmholtz free energy per lattice site of the considered one-dimensional
quantum chain can be calculated from the largest eigenvalue of a quantum
transfer matrix (corresponding to only one eigenstate). The Helmholtz free
energy per site f of a one-dimensional inhomogeneous quantum spin chain is
given by only the largest eigenvalue of the quantum transfer matrix Agras

as
A
f=-Jim - Z; Jim In Agras(0:,u) | (8.38)
where u = —% and the dependence on N is understood implicitly.

Let us consider the hierarchy of quantum transfer matrices acting on the
subspace ®VVag (subscripts determine spins of scatterers) with T}, being a
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* Trotter
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number

Fig. 8.6 The classical two-dimensional model with four-spin interaction around vertices
and alternating coupling parameters from column to column, related to a quantum one-
dimensional chain.

member of such hierarchy with the auxiliary subspace V;, (here the index
n determines the spin of the auxiliary particle, i.e., the auxiliary particle
with spin S scatters off N spins S). By means of a Bethe ansatz procedure
we find the eigenvalue of the quantum transfer matrix to be given by

Ao (6:) = Basr (5) (8.39)
OIS (sinh(ipn)) V2 '
and
p+1
Ap(@) =Y A (@) (8.40)
=1
where
)‘z(p)(x): Z(P)(x)eH(erQle)/T
8 Qlz +i(p+1)]Qlx —i(p+1)]
Qe +i2l—p—1)|Qz+i(2l—p—3)] ’
p—i+1 (8.41)
Y (@) = [ o-lo—i(p—25—22)o1[x +i(p— 25 +2 — 22)]
z=1

-1
XHQS z—i(p—25+2—2z2)|pL[z+i(p— 25 — 2z2)]
z=1
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with p > 2, Ag = 1 and

Mi(@) = byl — i(25 — D}o_{a — i(28 + 1))/ T LET2)

Q(z)
+¢_ [z +i(25 — 1)]éy [z +i(2S + 1)]e—H/T% . (8.42)

Here we have dropped the dependence on u and 6;, which are fixed, and
consider the dependence on the spectral parameter z explicitly. We have

used
62(0) = st 2=
m (8.43)
Q(z) = [ sinhln™="2
j=1

with the renormalized u' = 2u/n. Here {z;}2; is the set of Bethe ansatz
rapidities which are subject to the “local” Bethe ansatz equations

¢ [:Cj +1i(28 — 1)]¢+[£Cj +i(2S +1)] _ _2H/T Q(z; + 2i) (8.44)
Pylry —i(25 = D]¢-[z; —i(25+1)] Q(x; — 2i) '

where m is the number of the roots of the “local” Bethe ansatz equations,
being different for different eigenstates of the quantum transfer matrix. For
the largest eigenvalue we have to take m = N S. However, we shall not solve

Eq. (8.44) directly, but rather shall be interested in the functional properties
of the eigenvalue of a quantum transfer matrix. Note that Ag = 1 and

Ap(x +)Ap(z — i) = fp(z) + Ap_1(2)Apta () , (8.45)

where p > 1 and
fu(@) = [ [ dletitn—2S =2+ 1)]psfw+i(2S —n+2j+1)] . (8.46)
j=1 £

For this purpose we introduce auxiliary functions y, (z), Y, (z) = 1+ yn,(z),
b(z), b(z), B(x) =1+ b(z) and B(z) = 1 + b(x) by
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Yn(x) = A1 (@) Apya(2)/ frlz) , n > 1,

b() = AgQS/)(x +i) 4+ )\%S,/)(x +1i)
T I

25’ . 25’ .
by = 2@+ A (e )

A?y%x—i>

)

where n > 1. Then one can straightforwardly check that (yo = 0)
Yn(@ +0)yn(z — i) = Yoo1(2) Yot (2)
Aosi (@ +1) = Ba)ASs ) (a +1)

25 Q(x — 2i9")
_ _—28'H/T (o _9q’ _ —
—e gjl;[l¢i[x+z(2] +25—28 il)]Q(x+2iS’) ' (8.48)
Ao (z — i) = Bx)AP) (z — i)
25’ .
_ 2S'H/T it oo Q(z +2i8")
—e l"i[j];[l@[x i(25 + 28 — 28 il)]icg(x—%sq :

The first set of equations is known as the fusion hierarchy (so-called Y-
system). Let us use the first 25’ — 2 equations of the Y-system as they are.
In the equation for yo5/_1 we replace Yas:(z) by B(x)B(x), due to

Y,(z) = B(z)B(x) , (8.49)
i.e., we have
ygs/,l(x - i)ygs/,l(x + Z) = Ygslfg(x)B({E)B({E) . (850)

Then it obviously yields

b(z) = e(5'+D) H/TH ot w+z(2S—2S’i1)]AQS, 1(x)
T dalo +i(2) + 28 — 28" £1)]

Qlz +1i(25" +2)]
Qz —2i8")
B - bx[r +i(2S — 28"+ 1)]Asg_1(x)
_ (28'+1)H/T
e H 127 6l —i(2j + 28 — 28" £1)]
Qlx — (28" +2)]
Q(z 4 2i8")

(8.51)
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and
Akfl(x — i)Ak71(£C + Z) = Yk,l(x)fk,l(x) , (8.52)

which are the consequences of definitions.

The reader can see that these auxiliary functions are analytic, non-zero
and have constant asymptotic behaviour for the strip —1 < Ima < 0 for
b(x) and B(z), for the strip 0 < Imaz < 1 for b(z) and B(z) and for the
strip —1 > Imz > 1 for y, and Y,,. Introducing a(z) = b(2(z + i€)) and
a(z) = b(2(x — ie)) (infinitesimal € > 0), taking the logarithmic derivative
of these functions, then Fourier transforming the equations, eliminating the
functions Q(z) and finally inverse-Fourier transforming, we obtain the final
set of nonlinear integral equations. Eventually, we take the limit N — oo.
Proceeding this way we find for our system the following set of nonlinear
integral equations for the “energy density” functions a, a, A = 1 + a,
A=1+a,y, and Y, dependent of the spectral parameter x:

Iny; (z) = /k'(x —y)InYa(y)dy ,

Iny;(z) = / K (o — ) [ ()Y )y , 2<F <25 — 1,
(8.53)

[ = 9 Yas o) + Ko -y + i) ln Aly)
+k(x —y —ie)In A(y)|dy = Inyag—1(z) ,
and
/[k(x —y)In A(y) — k(x —y — iT +i€) In A(y)

n ol _ mH
Tcoshx  2(m—2Sn)T

+ k' (z —y+ie)InYag _1(y)]dy = Ina(x)

/[k(x —y)InA(y) — k(z —y +iT —ie) In A(y)

+ vf i mH
Tcoshx  2(m—2Sn)T "’
(8.54)

+k(z—y—ie)InYag_1(y)|dy = Ina(x)

F _ sin(2nS)
=7J S

where v
kernel functions

is the Fermi velocity of low-lying excitations, with
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2

k() = 1 /d sinh[(35 — 25 1)w] cos(aw)

27 2 cosh(%5?) sinh( ”7237377 W)

(8.55)

and

| cos(zw)

It is important to emphasize that this set of nonlinear equations does not
depend on 6;. The Helmholtz free energy per site f is given by

T / In A(y)dy T / In A(y)dy

f(@) = eo(z) = 21 | cosh(z —y+ie) 27 ) cosh(z —y—ie)

, (8.57)
where e is the ground state energy. The Helmholtz free energy of the total
quantum spin chain with impurities is

F=Y" f[%ej +in(S - S)], (8.58)

where the sum is taken over all the sites (for sites without impurities we
get f(0)). Notice that for S < S one has to put InY2g/ into Egs. (8.53)
and (8.54) instead of In AA, as follows from Eq. (8.49).

These equations can be easily solved numerically for arbitrary values of
the magnetic field and temperature. The random distribution of the val-
ues 6; can be described by a distribution function P(6;). It is worthwhile
to emphasize here the simplicity of the derived equations: For each im-
purity there are only two parameters, the real and imaginary shifts of the
spectral parameter in the formula for the free energy per site Eq. (8.57).
Then the exact solvability of the problem for any number of impurities
permits to introduce the distribution of these shifts (related to strengths of
impurity-host couplings pertained to local Kondo temperatures, which one
can introduce to describe the local behaviour of each magnetic impurity in
a quantum correlated chain, ¢f. the previous chapter, and spins of impuri-
ties). One has only 25’ + 1 non-linear integral equations, Eqgs. (8.53) and
(8.54), to solve, and the answer can in principle be obtained for arbitrary
temperature and magnetic field ranges.

It turns out that for the most important case S = S’ = % the set of
integral equations is considerably simplified. We have y,, =0 (Y,, = 1), and
only two integral equations totally describe thermodynamics of a disordered
ensemble of spin—% integrable impurities in a spin—% chain.
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The next-largest eigenvalue of the quantum transfer matrix is related
to the correlation length & of the longitudinal spin-spin correlation function
as

A(Q)

¢ +iPF = — lim In 94
N —oo AQTM

o (8.59)

where PF is the Fermi momentum of low-lying excitations. For the simplest
case S = §' = % the nonlinear equations, which describe thermodynamics
of such an excitation are two last equations from Egs. (8.54) with y,, =0
(Y, = 1) and with the addition of driving terms

+im F 2imk[x — A\ Fi(w/2)] F 2ink[x — Ao F i(7/2)]
sinh [z — Ao Fi(7/2)]

1
T Lo £i(n/2)]’

(8.60)

for the equations for a(r) and a(z), respectively, where Ag 1,2 define the
positions of holes, related to elementary excitations (with Aj 2 on the real
axis, or forming a conjugate pair and complex rapidity Ao with ImAg = 7/2).
These parameters are not arbitrary, but satisfy coupled equations

alu + i(m/2)] = alde +i(r/2)] = aldo +i(m/2)] = —1 ,

(8.61)
a[h —i(n/2)] = alhe —i(n/2)] = alro —i(m/2)] = —1.
The next-largest eigenvalue of the quantum transfer matrix is then
AP (x) 1 1
QTM
In ———— =1In( tanh —(z — A\j) tanh —(z — A . 8.62
RIS — i (ranh 5o~ ) tanh o~ ) ) (5.62)

Naturally, the method, described above, is valid for the study of homo-
geneous systems, too. We would like to emphasize that in the low temper-
ature regime lattice effects are non-essential and couplings of impurities to
the host can be considered as contact ones in the thermodynamic limit.

The coupling of an impurity to the host (Jijmp) is determined by the
constant ¢;. The reader already knows that precisely this constant deter-
mines the effective Kondo temperature of the impurity, e.g., in a Heisenberg
spin chain via Tjx o exp(—n|6;]). For energies higher than this crossover
Kondo scale one has an asymptotically free impurity spin S’, while for lower
energies the impurity spin is underscreened for S’ > S (with the Curie-like
behaviour of a remnant effective spin S’ — 9), totally screened for S’ = S
(with the usual marginal Fermi liquid-like behaviour persisting with the
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finite susceptibility and linear temperature dependence of the specific heat
at low temperature, and, hence, a finite Wilson ratio in the ground state)
and overscreened for S’ < S with the critical non Fermi liquid behaviour of
a single impurity spin. It is similar to the findings in the theory of a Kondo
impurity in a free electron matrix. In other words, §; measures the shift of
the Kondo resonance (higher values of |6;| correspond to lower values on
the Kondo scale) of the impurity level with host spin excitations, similar
to the standard picture of the Kondo effect in a free electron host.

One can see from Eqs. (8.53)—(8.58) that for low T the temperature
behaviour of the magnetic susceptibility and specific heat of isolated impu-
rities strongly depends on relative values of host spins S and impurity spin
S’. This fact, naturally, agrees with the description of thermodynamics of
quantum spin chains with the help of the string hypothesis, presented in
previous chapters.

For S < 8’ an impurity is underscreened by low-lying excitations of a
chain. Naturally, the total low-temperature magnetic susceptibility of any
disordered ensemble of such impurities is also divergent at low tempera-
tures. On the other hand, for S’ < S the spins of low-lying excitations
of an antiferromagnetic “easy-plane” chain overscreen the spin of a single
magnetic impurity. This yields the critical behaviour, which reveals itself in
divergences of the 7' — 0 magnetic susceptibility of a single magnetic impu-
rity and of the low-temperature Sommerfeld coeflicient of the specific heat.
The total low-temperature magnetic susceptibility and the Sommerfeld co-
efficient of any disordered ensemble of such impurities are also divergent
at low temperatures. Here the disorder of distributions of impurity-host
couplings does not yield any qualitative changes, introducing only specific
additional features of the non Fermi liquid behaviour of the total system,
which is already present for a single magnetic impurity.

A more interesting situation is for the case S’ = S. Here the so-
lution of Egs. (8.53)—(8.57) can be obtained analytically at low temper-
atures. We know that at sufficiently low temperatures the functions a
and In A manifest a sharp crossover behaviour, reminiscent of a step func-
tion: |a|] < 1 and |InA| <« 1 for z < InaT,x/T and |a|,|In A] ~ O(1)
for x > InaT;x /T, where « is some constant and for small anisotropy
Tk = vI exp(—nl0;|/n), c¢f. Chapter 6. We can introduce the scaling func-
tions Ina® = Ina(E[z + In(aTjx /T)]), ma* = na(E£fz + In(aTjx /T)]),
InA* = ImA(E[z + In(aTjk/T)]), mA* = InA(£[z + In(aTjk/T)]),
Iny¥ = Iny,(£[z + In(aTjx /T)]) and nY;E = InY,(£[z + In(aTjx /T))),
where p =1, ...,25" — 1. In terms of those scaling functions Egs. (8.53) and
(8.54) are renormalized in such a way that driving terms in the last two
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equations for H = 0 become proportional to vexp(—z + i€) (where small
corrections of order of O(T) were neglected). Hence, the only asymptotic
behaviour of A and A at large spectral parameter is essential. Then it is
not difficult to obtain the low temperature behaviour of the Helmholtz free
energy per site (for H = 0, « is a constant)

2 3
ST 35 } T (8.63)

1183) = o) = 35T 1T |1 (e /TP

In the presence of a weak magnetic field H < T we can calculate temper-
ature corrections to the Helmholtz free energy per site

N e By ST
SH? S S%In | In(aTjk /T)] 9
— o(T*) . (8.64
27TTjK + ln(aTjK/T) IHQ(QTjK/T) ] + ( ) ( )

Proceeding as above for the correlation length (for S = S’ = 1) we
obtain for the low temperature dependence of the correlation length

(2)
ooery AT +iPF (8.65)
Agrm T;
where P = (N — M)m and 2A = (AN)? + (AM)? + 2n, where AN,
AM and n are integers or half-integers determining the spin projection,
momentum and the number of particle-hole excitations related to A; 2,0, A
is known as the conformal dimension (see the next chapter).

For a single impurity P(0;) = §(6; — ) we immediately recover the
Kondo behaviour of an asymptotically free spin (characteristic for a Kondo
impurity in a free electron host and for a single impurity in a Heisenberg
antiferromagnetic chain, c¢f. the previous chapter). For the homogeneous
case we put 0; = 0 (it means that T}k — v¥" where v" is the Fermi velocity
of low-lying excitations, e.g., spinons for S = %) The reader can see that
the only one parameter gets renormalized in the disordered case — the
Fermi velocity of U(1)-symmetric low-lying excitations. The Kondo scale
plays the role of a “local Fermi velocity” for an impurity.

Considered model permits to average over a distribution of 6; (or local
Kondo temperatures), because of the factorization of the Helmholtz free
energy of the total system. This is the consequence of the Bethe ansatz
integrability of a model (i.e., of the only elastic scattering off impurities).
Note that ;-dependence, present in low energy characteristics, results only
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in universal scales, T}k, (it is not so for higher energies, but the latters are
irrelevant for low temperature disorder-driven divergences). Hence for low
energies we can use distributions of T}k, which are also more appropriate
in the connection to experiments on quantum spin chains with disordered
impurities. This is why, the main features of low energy characteristics of
a disordered integrable spin chain are determined by distributions of local
Kondo temperatures for impurities. Let us consider the strong disorder
distribution, which starts with the term P(Tjx) o< G™MTjx)*t (A <
1) valid till some energy scale GG, do not confuse with the spin gap of
previous sections, for the lowest values of T;x (that distribution was shown
to pertain to real disordered quantum spin chains and some heavy fermion
alloys). Now we can calculate the low temperature behaviour of the average
magnetic susceptibility, Sommerfeld coefficient of the specific heat (for the
most interesting case S = S’ = 1) of the form (the lower limit of the integral
over the distribution of Tk gives a regular contribution)

() o< () ~ GTATA T (8.66)

These formulas definitely manifest low-temperature divergences of (x) and
() and the strong renormalization in a disordered spin chain as compared
to the homogeneous situation. The ground state average magnetization
reveals (M?) ~ (H/G)» behaviour, also different from the homogeneous
case. It is interesting to notice that the average correlation length for
S=9 = % is (&) ~ (rA)~H(G/T)N

In the important marginal case A = 1 logarithmic temperature diver-
gences appear. Here one has the distribution P(Tjx = 0) = Py # 0 valid
till G. Then averaging the low temperature part of the susceptibility and
Sommerfeld coefficient we obtain

00 o (9) ~ —5—7‘3[111(6*/1’) +in /(@G + -] . (8.67)

Here we again see low-temperature divergences of (x) and (y) (more weak,
though, comparing to the previous case). We can also calculate the low field
ground state magnetization: (M?*) ~ HPy[—In(H/G) — In(In(H/C'G)) +
---]. The average correlation length is (£) ~ —(2/PyAT)[In(G/T) +
In/In(aG/T)] 71 +---.

The weak power law or logarithmic dependence pertains to the Grif-
fiths singularities (due to R. B. Griffiths) in the proximity of a critical
point 7" = 0. For these distributions of Tk the Wilson ratio at 7' = 0 is
equal to 272 /3, characteristic for a Fermi liquid like situation. It turns out
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that above mentioned results for low temperatures are valid also for random
ensembles of S” = n/2 (where n is the number of channels) multi-channel
Kondo impurities with local anisotropic, generally speaking, interactions
of latters with conduction electrons, because at low temperatures the dif-
ference between the energy of a quantum spin—% Heisenberg chain and the
spin subsystem of a Kondo model is negligible.

We can illustrate analytic results by numerical calculations for solu-
tions of Egs. (8.53)—(8.58). In Figs. 8.7 and 8.8 temperature dependencies
for the magnetic susceptibility and the Sommerfeld coefficient for the most
interesting magnetically isotropic Heisenberg antiferromagnetic spin S = %
chain are depicted. Solid lines show the finite values of x and 7 in this
case without impurities. However, dashed and dotted lines present an-
swers for distributions of §; with a strong disorder. The latter means that
wings of distributions are large enough, comparing to maxima of distri-
butions. The dotted line corresponds to the Lorentzian distribution with
P(0;) = [(20;/n)* + 72]~. The dashed line pertains to the so-called log-
arithmically normal distribution with P(6;) = exp(—[In(|26;/n| + 1076) +
113)/v/7(126;/n| + 107°%), which is also characteristic for a strong disor-
der. The reader can see the qualitative difference between the behaviour
of S’ = S magnetic impurities with a strong disorder of the distribution of
their couplings to the host comparing to the homogeneous spin chain. The
magnetic susceptibility and the Sommerfeld coefficient strongly diverge at
T — 0 for strongly randomly distributed parameters of impurity-host cou-
plings. It is in a drastic contrast with the homogeneous case. It turns out
that low-temperature asymptotics of the log-normal case of the disorder are

¢ ~ In(1/T) exp([in In(1/T)}2)]

(8.68)
X ~ [TInln(1/T)exp([Inln(1/7))*)]~ 1,
while for the Lorentzian distribution one has
¢~ [In(1/T)]~2,
(In(1/7)] (8.69)

X~ [TIn(1/T)) "

In Figs. 8.9-8.10 similar behaviours for magnetic susceptibilities and
Sommerfeld coefficients of the homogeneous case, and cases with log-normal
and Lorentzian distributions (strong disorder) and the Gaussian distribu-
tion (weak disorder, see below) for the mostly anisotropic “easy-plane”
case n = /2 (for S = 3 this corresponds to the isotropic XY model).
The reader can see, that changes due to the nonzero magnetic anisotropy
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Fig. 8.7 The magnetic susceptibility (H = 0) of a Heisenberg spin-% antiferromagnetic
chain with % magnetic impurities. The exchange constant of the host is J = 2. Solid
line shows the homogeneous chain; the long-dashed line — the Gaussian distribution; the
dashed line — the log-normal distribution; the dotted line — the Lorentzian distribution
of 0j .

of the “easy-plane” type are only qualitative. This is clear, because such
an “easy-plane” magnetic anisotropy does not produce gaps for low-energy
excitations (i.e., it is marginally irrelevant perturbation from the renor-
malization group viewpoint), and, hence, the system remains in a critical
regime.

On the other hand, a weak disorder does not produce such qualita-
tive changes in the behaviour of random ensembles of disordered magnetic
impurities. By a weak disorder we mean a narrow distribution of 6;. Long-
dashed lines of Figs. 8.7-8.10 depict the temperature behaviour of the en-
semble of magnetic impurities with the weak Gaussian distribution of 6;
(which is close to a single impurity distribution P(6;) = 6(6,)). The reader
can see that such a narrow distribution (weak disorder) does not yield di-
vergences of the low-temperature magnetic susceptibility and Sommerfeld
coefficient of the specific heat. The reason for such a different behaviour
of wide and narrow distributions of the parameters, which define impurity-
host couplings (or strong—weak disorder, respectively), is clear. At low
energies a local Kondo temperature defines the crossover scale for the be-
haviour of a magnetic impurity. For the case S’ = S a single magnetic
impurity is screened by low-lying excitations of the host for T' < T}k, and
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Fig. 8.8 The Sommerfeld coefficient v (H = 0) of the same chain. The solid line shows
the homogeneous chain; the long-dashed line — the Gaussian distribution; the dashed
line — the log-normal distribution; the dotted line — the Lorentzian distribution of 6;.

is not screened for T' > T,x (with the Curie-like behaviour of the un-
screened remnant spin). For ensembles of magnetic impurities with a weak
disorder the temperature is larger than the average Kondo temperature of
the ensemble of impurities, and, hence, the total magnetic susceptibility
and the Sommerfeld coefficient are finite for 7' — 0. Contrary, for a strong
disorder, many local Kondo temperatures are less than the temperature.
Those impurities remain unscreened by low-lying excitations of the host,
and, hence, the total magnetic susceptibility and the Sommerfeld coefficient
become divergent for T — 0.

Finally we would like to attract the attention of the reader, to empha-
size how the magnetic field lifts the degeneracy. In Figs. 8.11-8.12 the
temperature behaviour of magnetic susceptibilities and Sommerfeld coef-
ficients for isotropic cases for the log-normal and Lorentzian distributions
(¢f. Figs. 8.7-8.8), but for the nonzero magnetic field H = 0.2 are depicted.
The reader can clearly see that such a field removes divergences in the
low-T susceptibilities and Sommerfeld coefficients for models with a strong
disorder. As an example, the temperature dependences of the same values
for H = 0.2 are shown for a homogeneous chain. It turns our that the weak
magnetic field does not yield any qualitative changes in the temperature
behaviour, as expected.
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Fig. 8.9 The magnetic susceptibility of an isotropic XY chain (n = 7/2) with % mag-
netic impurities for H = 0. The solid line shows the homogeneous chain; the long-dashed
line — the Gaussian distribution; the dashed line — the log-normal distribution; the dot-
ted line — the Lorentzian distribution of 6;.

For higher values of spins the changes, as compared to the case S’ =
S = %, are only quantative. For example, the values of x and ¢ become
larger for larger spin values. However, there are no drastic changes in
the behaviour of disordered ensembles of impurities, in comparison with
the case, discussed above. This seems to be natural, because only low-
lying excitations (those, which have Dirac seas in the ground state) are
responsible for the Kondo-like screening of spins of impurities, while other
excitations (which quasi-energies are described by y, and Y,), are more
higher-energetic.

Now let us turn to the behaviour of ensembles of disordered impurities
in correlated electron chains, where not only spin dynamics, but also charge
dynamics is permitted. Here the ideology of the Bethe ansatz consideration
is very similar to the one for quantum spin chains, because we, actually,
used the concrete structure of R-matrices, etc. only to have the concrete
realization of Yang—Baxter algebras. This is why, we can apply the powerful
machinery of the Bethe ansatz to correlated electron chains with ensembles
of integrable impurities with randomly distributed parameters, too.

As an example, let us consider the characteristics of a supersymmetric ¢-
J chain with integrable impurities. We limit ourselves to the case of S = %
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Fig. 8.10 The Sommerfeld coefficient v of the same XY chain. The solid line shows the
homogeneous chain for H = 0; the long-dashed line — the Gaussian distribution; the
dashed line — the log-normal distribution; the dotted line — the Lorentzian distribution
of 6;.

impurities, because, as the reader already saw, namely in this case the
renormalization of thermodynamic characteristics is the most dramatic.

In the ground state we obtain the valence of a single jth impurity
ny(0;) = %+ (1/m)(n2/[Q— 0], where Q* = [2/3¢(3)][2In2 — i +
(H?/47)]. Actually, we see that the result for the average ground state
valence of disordered impurities per site is not dependent on the universal
energy scale T)jx, but it also gets renormalized for disordered impurities,
depending on the distribution of ¢;. The energy scale for the renormal-
ization of the average valence is much larger for charge degrees of freedom
than for spin degrees of freedom of correlated chains, since the magnetic
field is usually much smaller than the band width. The magnetization per
site for small magnetic fields is m3(6;) = (H/Tjx)[1 + (1/2|In(H/T;K)|) —
(In|In(H/Tjx)|/410*(H/Tjx)) + - - -], which does show the universal en-
ergy scale Tjx. This local Kondo scale depends on the band filling. If
charge fluctuations are totally suppressed, for N = L, the local Kondo
temperature is Tjx = vl exp(—n|0;|), where v is the Fermi velocity of a
spin-carrying low-lying excitation. Corrections due to the mixed valence
of each impurity shift the value of the local Kondo temperature, e.g., as
Tixk — Tjx(1+2¢(3)Q?) for @ < 1. This is again the manifestation of
correlations between electrons.
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Fig. 8.11 The magnetic susceptibility of a Heisenberg spin—% antiferromagnetic chain
with % magnetic impurities for H = 0.2. The solid line shows the homogeneous chain; the
dashed line — the log-normal distribution; the dotted line — the Lorentzian distribution.

For nonzero temperatures we can apply the quantum transfer matrix
method. The nonzero elements of the R-matrix of the related to the super-
symmetric ¢-J chain two-dimensional Perk—Schultz model can be written

as
Roa(z) = €l gy _ Caful
C 1C (870)
REe (x) = 1+ sign(a — )z

where z is the spectral parameter, a, i = 1,2,3 and €; 2 3 are the Grass-
mann parities, see Chapter 5. Introducing, as above, clockwise and anti-
clockwise rotated matrices, we find again that the Helmholtz free energy
per site is obtained from the largest eigenvalue of the quantum transfer
matrix.

Using the analytical properties of the quantum transfer matrix we can
derive the following set of nonlinear integral equations for the “energy den-
sity” functions, which at low T are closely related to Gibbs’ exponents of
“dressed energies” of spin, a(x) and a(x), and charge, ¢(z), excitations of
the supersymmetric ¢-J chain, the solution of which describes thermody-
namics of the supersymmetric ¢-J model for any values of temperature,
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Fig. 8.12 The Sommerfeld coefficient « of the same chain. The solid line shows the
homogeneous chain for H = 0.2; the dashed line — the log-normal distribution; the
dotted line — the Lorentzian distribution.

magnetic field and chemical potential (related to the total number of elec-
trons in the system)

Tlhha(z) = —2nV,(x +i€) + p + (H/2)

— TV, * 111(1 + a/)|z+2ie — TV, * 111(1 + C)|r+ie ,

(8.71)
Thhe(x) = =279 (z) + 20 — TP, xIn(1 + ¢)
=TV, In(1 + a)|stic — TPs * In(1 + a)|p—ie ,
where * means convolution,
1 1
V()= ———, Ugla) = ——,
(=) 2rx(x — 1) (=) 2rx(x + 1)
1
U (2) = ———— 8.72
(W) = T (8.72)

and 0 < € < 1. The equation for a(z) is obtained from the one for a by the
replacements i — —i, H — —H and a < a. The derivation of this set of in-
tegral equations is reminiscent of the above derivation of nonlinear integral
equations for a spin chain and we refer the interested reader to the original
publication. The Helmholtz free energy per site of a supersymmetric t-J
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chain with impurities does depend on 6; and is given by
f(6;) =2p—Tlnc(0;) (8.73)

and the total Helmholtz free energy is F = 25:1 f(8;), where for the host
sites we put 6; = 0. For a single impurity P(6;) = §(6; — 0) and we recover
in the Kondo limit the logarithmic Kondo behaviour of an asymptotically
free spin (which is characteristic both to a Kondo impurity in a free electron
host and to a single magnetic impurity in a ¢-J chain). For the case of the
homogeneous chain we put §; = 0.

The numerical solution of Eq. (8.71) shows that for narrow distributions
(weak disorder) a disordered supersymmetric ¢-J chain is in a singlet state,
i.e., the Kondo screening persists. For broad distributions (strong disorder)
the non Fermi liquid behaviour is manifested. Here low temperature mag-
netic susceptibility diverges, i.e., there is no Kondo quenching. The low
temperature divergences disappear upon applying a finite magnetic field
which restores the screening of impurities.

We can analytically solve Eq. (8.71) in several important limiting cases.
First, for low T the Helmholtz free energy per site is given by

T2

G lve (0) + oG]+ (8.74)

f(05) = eo(6;)
where e(6;) = ¢} is the ground state energy per site, and v, 4(6;) are Fermi
velocities of charge and spin low-lying excitations of the supersymmetric ¢-J
chain taken at the associated Fermi points shifted by 6;. For 6; = 0 it is
the known low temperature limit of the homogeneous host. The only low
energy parameters which get renormalized by the disorder are the effective
“local velocities” of low-lying charge and spin excitations. For low densities
of electrons (where y < T') for H = 0 we obtain the Helmholtz free energy
per site (we put e =1/2)

F(6;) ~ €} — Tn(1 + 2¢~1/TE+1)) (8.75)
For the high density regime p > T one can use the approximation Inc =
In(1 + ¢). This yields
H

+ — +Tk(z)*In(1 +a) — Tk(z+i) xIn(l +a) , (8.76)

Tlna =
na cosh mx 2

and similar for a, with the kernel

h(z) = — /d e (8.77)

Tor | T relel
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The free energy per site becomes

In(1+a)(1 +a)
f(x) =eo(x) +p — T/d otz 7] (8.78)

The reader can recognize in these nonlinear equations the ones of Eq. (8.54)
in the limit n — 0 and S = 5 = , i.e., the equations for a disordered
Heisenberg spin 5 chain. It is clear, because in the limit of large p the
electron density per site is equal to 1 (the largest possible value for a ¢-J
model).

In the low temperature regime lattice effects are non-essential and cou-
plings of impurities to the host can be considered as contact ones. Typically
corrections to low temperature asymptotics of thermodynamic character-
istics of quantum chains possessing SU(2) spin symmetry manifest loga-
rithmic behaviour (singularities), see below, Chapter 10. Their origin can
be traced back to marginal operators existing for models with SU(2) spin
symmetry (present in a supersymmetric ¢-J chain). To know how loga-
rithmic singularities in the low temperature susceptibility and specific heat
get renormalized for a disordered supersymmetric ¢-J chain in the high
density regime (which is the most important because it pertains to the
Kondo, magnetic, behaviour of impurities) we perform an analytic low-
temperature study of Egs. (8.71). We again introduce scaling functions
a+(z) = a(tx £ Ln), where Ln = In(aT;x/T) (a is a constant) etc.
Eq. (8.71) are transformed so that for the new set of scaling functions
the only known asymptotic behaviour of “energy density” functions 1+ a
and 1+ a4 at large spectral parameter enters. Then we obtain (at H = 0)
the Helmholtz free energy of the dense limit of a supersymmetric ¢-J chain
per site

2

T [1+302Ln)"3 +--- . (8.79)

F(Tk) = ey +p—

For a weak nonzero magnetic field H < T we calculate logarithmic tem-
perature corrections for the Helmholtz free energy per site as

. . T 2
F(TL) = el(H) + - GTJ;K
- 451( [1+ (2Ln)~' — (2Ln)~2In(2Ln)] + O(T?) .  (8.80)

Notice that for the dense limit of the low temperature behaviour of a t-J
chain with disordered impurities the dependence on 6; enters only as T}k,
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i.e., as distributions of “characteristic velocities” of spin excitations (or
crossover scales, which pertain to each impurity). It is not the case for
higher energies and for lower densities, but those are not important for low
temperature disorder-driven divergences. Hence, for low energies we can

use distributions of Tjx, which are also more appropriate in connection to
F

experiments. For the case of a homogeneous chain Tjx — vl where v!" is
the Fermi velocity of low-lying spin-carrying excitations of a supersymmet-
ric t-J chain. We can apply the results obtained above for a Heisenberg spin
chain for the dense limit of a supersymmetric ¢-J chain with disordered im-
purities. Notice that the average compressibility for the high density limit
also reveals the low temperature divergence.

Summarizing, in this chapter we considered exact Bethe ansatz solu-
tions for spin and correlated electron chains with finite concentrations of
magnetic impurities. For similar impurities we showed how the finite con-
centration of them and interactions between them yield impurity bands,
which drastically change the behaviour of the system. We also presented
exact results for thermodynamic characteristics of correlated electron and
spin chains with disordered ensembles of magnetic impurities. For this pur-
pose we used the “quantum transfer matrix” approach, which description
is presented to the reader.

Quantum spin chains with a finite concentration of impurities were
introduced in [Schlottmann (1994)], see also [de Vega and Woynarovich
(1992)]. The special case of zig-zag spin and correlated electron chains
was reviewed in [Zvyagin (2001b)]. The reader can find the descrip-
tion of impurities’ bands in integrable correlated electron chains with a
finite concentration of impurities in [Schlottmann and Zvyagin (1997b);
Schlottmann (1998a); Schlottmann (1998b)].  The description of the
McCoy-Wu model can be found in [McCoy and Wu (1973)]. The reader
can find an information about the Griffiths phase in [Griffiths (1969)]. For
the quantum transfer matrix approach we refer to [Suzuki (1985); Suzuki
and Inoue (1987); Inoue and Suzuki (1988); Koma (1990); Pearce and
Kliimper (1991); Kliimper, Batchelor and Pearce (1991); Kliimper (1993);
Kliimper (1998)]. In particular, thermodynamic quantum transfer ma-
trix equations for a supersymmetric ¢-J chain and a repulsive Hubbard
chain are derived and studied in [Jiittner, Kliimper and Suzuki (1997);
Jiittner, Kliimper and Suzuki (1998)]. The description of disordered
ensembles of spin—% impurities in Heisenberg and Heisenberg—Ising spin
chains can be found in [Kliimper and Zvyagin (1998); Zvyagin (2000);
Kliimper and Zvyagin (2000)]. It was generalized in [Zvyagin (2002)] for any
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values of spins of the host and impurities and for ensembles of disordered
Kondo impurities in metals for single- and multi-channel situations. The
exact solution for a correlated electron t¢-J chain with randomly distributed
impurities was obtained in [Zvyagin (2001a)].



Chapter 9

Finite Size Corrections in Quantum
Correlated Chains

In this chapter we shall study the next order corrections in L~! to thermo-
dynamic characteristics of correlated quantum chains. These corrections
are related to quantum topological effects in these chains (like persistent
currents) and to the asymptotic behaviour of correlation functions in the
conformal limit.

9.1 Finite Size Corrections for Quantum Spin Chains

Let us start to consider finite size corrections with the simplest model of
a spin—% Heisenberg-Ising chain with periodic boundary conditions. Bethe
ansatz equations Eq. (3.19) for the state with the z-projection of the total
spin S* = (L/2) — M can be re-written for J,/J = cosn as

(9.1)

N
h
>~
K.
N~—
I
|~

where we introduced the so-called counting function

e | M .
an(@) = o [ P(0) — £ D= |, (9:2)
=1

with

p°(x) = 2tan~![cot(n/2) tanh(x/2)] ,
#°(x) = 2tan~![cot n tanh(z/2)] ,

285
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and quantum numbers J; = (M + 1)/2 (mod 1). The energy and the total
momentum of this state are defined as

M Jsin®n
E=F 7 G
0+;( cosh/\j—cosn) ’

27rM
j=

where Ej is the energy of the ferromagnetic, spin-polarized state (with
M =0). Let us specify the set of quantum numbers J;. Let us choose two
numbers J* = M/2 (mod 1), so that

(9.4)

1
Jt—J =M, —§(J++J‘)=D. (9.5)

For J; we take all the numbers equal to (M + 1)/2 (mod 1) between J*
and J~. This pertains to a Dirac sea of M particles with D particles
moved from the left Fermi point to the right one. We can also introduce
the function oy, (z) = dzp(z)/dz. By using the Euler-Maclaurin formula
we can re-write the finite sum as the series

1 AT

£ 2S00 = [ )

1 (f'<A+> F1(A7)

- — -3
2412 \ o (AT) UL(A—)>+O(L ) s (9.6)

where the limits of integration are defined as 27 (A*) = J*/L. Then it
follows that

(g AT
710) = e | T [ k(e ponte)
1 1 dK(z—A") 1 dK(x—A")
2412 <JL(A+) dx Con(A) dzx )} » (97

where K (z) = d¢®(x)/dz. This linear integral equation is completed by
the equations, determining A*:

% </: dAor(\) —/: d)\aL(A)> =

/ v drop(\) =

sz =D
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Equation (9.7) can be written in the form

orp(z) = o(z|AT, A7) L (p(x|A+,A_)

C 2412\ op(AY)
p(—z| — A7, —A+))
g, (A_) ’

+ (9.9)

where o(z|AT, A7) and p(xz|AT, A7) are the solutions of the following linear
integral equations:

p(z|At, A7) = L (%x/ﬁ) - dyK (z — y)p(y|A+,A)> :

21 A—
(9.10)

1 [ dp°(z AT _
a(x|A+,A—>=§< P [yt - potulata >> ,

with the accuracy which is necessary for our purposes it is enough to define
A* of order of L™!. This is why we may replace oz (z) with o(z|AT, A7)
in Egs. (9.8), which yields

<f§i dAa(AAT, A7) —/ dAa()\|A+,A—)> = % ,
- (9.11)
At M
dAe(AAT, A7) = — .
A= L

The energy of the state can be written as

M D 1 [e(AT A7)  e(—A—,—AT)
E=FE+Le|—,— ) —— A2
0t E(L’L) 24L< e e w B
where
M D AT
el =, =)=~ dAe®(N)o(A|AT, A7),
'L e
i (9.13)
Jsin®n
O(p) = f — 2>
@) =H coshz — cosn ’
and
AT AT
(At Ay = 0BT [ (AT, AT (9.14)
e

When one takes the thermodynamic limit L, M — oo keeping (M/L) =
v(H), (D/L) = ¢ finite, then e[v(H),d] is the internal energy per site of
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the infinite system. In the ground state this internal energy €., must be
minimal with respect to v(H) and 6. We perform such a minimization,
expanding then e[(M/L),(D/L)] about that minimum. If § = 0, then
AT =—-A" =A. We get

) (M D) . Je(A, )

L' L (AJA, —A)
1 (M > D2

where we introduced the dressed charge Z = £(A) as the solution of the
following equation

A
o) =1-5- [ K=yt (9.16)

taken at the Fermi point. Actually, it is not difficult to recognise that
&(x) = (0e(x)/OH). The dressed charge of the excitation shows how the
interaction “dresses” the “bare charge” of the “bare” energy of a low-lying
excitation. The reader can see that in the considered model 1 measures
the strength of interaction (for n = 7/2, i.e., for the isotropic XY chain,
spinons are non-interacting fermions, and for them Z = 1). For H = 0 we
have
I

For the isotropic Heisenberg chain case with H = 0 one obtains Z = 1//2.
On the other hand, for H = H; we get Z = 1. Actually, it is easy to show
that the dressed charge is related to the magnetic susceptibility via

Z2
= - 9.18
X=—F (9.18)
which follows from the definition of the dressed charge.
Then we calculate
1 e(A,=A) (1 1 2 o
F=FE+Lleey ———7—"——=—-——|M H)L|—-Z°D
0+ Lo = TS IAIA, —A) (12 7z M VL]
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One can denote

F e(Aa _A)

= oA A (9.20)

where v! is the Fermi velocity of a spinon (for H = 0 it is equal to
v = wJsinn/2n). It is easy to see that the equation for o(x|A, —A) from
Egs. (9.9) coincides with the ground state Bethe ansatz equation for the
density of spinons p1(A) = o(A|A, —A), with A = B. The reader can also
check that Eq. (9.14) is the derivative of the ground state Bethe ansatz
equation for the dressed energy of spinons £1(\) taken at A = B, from
which it follows that

861()\)
o\

so that the above definition of the Fermi velocity coincides with the defi-
nitions of Fermi velocities of low-lying excitations (for this concrete model,
spinons) which were used in previous chapters. Then, let us introduce
particle-hole excitations by removing J; from the Dirac sea and introduc-
ing J; outside the sea. Notice that in order not to change M and D, i.e.,
the total number of quasiparticles and the number of quasiparticles moved
from the left Fermi point to the right one, the number of the particles and
holes for particle-hole excitations should be equal in the vicinity of both
the left and right Fermi points. We characterize the holes and particles in
the vicinity of J* as

e(A,—A) = [x=A , (9.21)

JE=JF£nk | JE =T g0, (9.22)

where the numbers n;t , > 0 are half integers. We can introduce their total
numbers as

nt =>"(nF+nj), (9.23)

+

where n™ are integers since in = Jhi. The expression for the total momen-

tum is then
2
P(M,D,n*) = %(MD —n* +n7)+2DPF (9.24)
where P = Z(1 — 2m?) is the Fermi momentum, and

muf n 2ot
6L L

E(M,D,n*%) = Ey + Leo — (A+nt+n7), (9.25)
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where
A =[2Z]7%M — Lv(H)]* + Z*D? . (9.26)

These equations mean that the low-energy state of a quantum spin chain
with periodic boundary conditions is characterized by a set of quantum
numbers, M, D and n*, which defines particle excitations, excitations
which manifest transfers from one Fermi point to the other one, and
particle-hole excitations above the ground state.

The reader can check the above results for the case of the isotropic XY
chain, for which the results for finite L are presented in Chapter 2. Defining
mo = My/L, where My relates to the total magnetization M* = (L/2)— My
in the minimum, we get for the internal energy per site

e = ey — —sin(mmg) + Hmyg
™

- g—; sin(mmo)[1 — 3(M — moL)*] + O(L™?) , (9.27)
where cosmmgy = H/|J|.

Equations (9.24) and (9.25) are rather universal. They can be applied
to any Bethe ansatz solvable model, which can be described by only one
set of rapidities, which states form the Dirac sea with the Fermi energy of
low-lying excitations v*". The only condition for the application of these
equations is the metallic character of the low-lying spectrum, i.e., that
energies of these low-lying excitations are of order of L~! (gapless). The
reader can see that only definitions of p’(x) and ¢°(x) are model-dependent.
Each excited state is determined by a set of quantum numbers M, D and
n*t.

Let us now see how this description is modified when one considers finite
size corrections for models with a single impurity. Calculations similar to
the above yield

F 2 F
E(M,D,n*) = Eo+ Lewo + €imp — —— + 2 (Djymp + 1t +107)
6L L
Dimp = [2Z]72IM — 1y — Lv(H))? + Z°(N)[D — dimp]®

(9.28)

where 1, is the valence of an impurity for models of particles with inter-
action (or it is related to the magnetization of the impurity for spin models)
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and

—B [e%s)
dimp = % < K P (\) — /B dA,ﬁ”(A)) : (9.29)

where B denotes the Fermi point (B = A in the notations of the above)
and pgl) satisfies an equation for density of an impurity of order of L1, cf.
Chapter 7. Naturally, the values 74,y and dimp are defined mod 1. They
determine shifts of the values AM = M — Lv(H) and AD = D — Lé due
to a single impurity. It is important to emphasize that a dressed charge
of a quantum spin chain with a single impurity does not depend on the
parameters of the impurity.

Now let us see how a finite concentration of impurities can modify the
answer for finite size corrections. The reader knows from the previous
chapter that a finite concentration of similar impurities is responsible for
the onset of additional Dirac seas, connected with impurities. Then, each
Dirac sea contributes to finite size corrections in the form, equivalent to
Egs. (9.24) and (9.25) with its own Fermi velocity and sets of quantum
numbers M, D and n*. Here it is important to emphasize that those
quantum numbers are not all independent, because the filling of Dirac seas,
caused by a finite concentration of impurities, is related to the same gen-
eralized chemical potential (for spin systems — to the magnetic field H),
which governs the filling of all Dirac seas, ¢f. Chapter 8.

The interesting case, which deserves special consideration, is the case of
a finite concentration of impurities with 6; = 6, e.g. a finite concentration
of spin—% impurities in a Heisenberg spin—% antiferromagnetic chain with
the direct interaction between impurities situated between the neighbour-
ing sites of the host chain for § > 6. and H > H., see the previous chapter.
Let us shift all rapidities by A; — A; + 6/2, to symmetrize the situation
(nothing depends on that shift, naturally). The Dirac seas (i.e., spinons
with negative energies) are in the intervals [-B+, —B~] and [B~, B] (min-
ima in the distributions of rapidities at F6/2). This can be also interpreted
as the symmetrically distributed (around zero) Dirac seas of “particles” for
[-B*, B*] and the Dirac sea of “holes” for [-B~, B~]. Naturally, Fermi
velocities of “particles” are positive, v = (27p(BT))"te’/(\)|a=p+, while
Fermi velocities of “holes” are negative, v~ = —(27p(B~)) " e'(\)|h=p--
Finite size corrections to the energy for this case are

E=Les— &w FoT)+ % (v*(Af FAD) +o (A7 + AT)> , (9.30)
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where the dispersion laws of “particles” and “holes” are linearized about
Fermi points for each of Dirac sea. Here A .. are (superscripts denote Dirac
seas; subscripts denote right and left Ferrm pomts of each of these two Dirac
seas):

(Z_AM* — Z, L AM™)

20T = =
’ 2det Z
X_+AD* — X, AD™)]?
(X (2D 17, T (9.31)
2det X ’
where the “—” sign between the terms in square brackets corresponds to

particles about the right Fermi point and “4” to the ones about the left
Fermi point. Here AM®* denote differences between the numbers of parti-
cles excited in the Dirac seas of “particles” and “holes”, labelled by upper
indices. AD* denote the numbers of excitations transfered from the right
to the left Fermi point, respectively, and nfr are the numbers of the particle-
hole excitations for each of Dirac seas (for “particles” and “holes”). AM*
and AD* are not independent. Their values are restricted by the following
relations: AM+ — AM~ = AM, and ADY — AD~ = AD, where AM and
AD determine in a standard way the changes of the total magnetization
and the total momentum of the system, respectively, due to excitations.
There are only two independent of four such possible excitations. This is
the direct consequence of the fact that only one magnetic field determines
the filling of Dirac seas for “particles” and “holes”, or, in other words, the
filling of two Dirac seas for spinons centred at £6/2.

The dressed charges Z;x(Q") and X,(QF) (i,k = +,—) are matrices
in this phase. They can be expressed by using the solution of the integral
equation

f(u|B*) = (/ /_i)K(u—v)f(mBi) =K(u—B%), (9.32)

with
00 -B?
Xia(BY) = 6+ (~1)F5 ( [~/ ) duf(o]BY)

(9.33)
B
Zix(B*) = 6 — (—1)’“/731‘ dvf(v|B¥) .

Notice that dressed charges depend on the value of the coupling constant
@ indirectly, only wvia limits of integrations. The Dirac sea for “holes”
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disappears, naturally, for H — H., 8 — 6.. The slopes of dressed energies
of “particles” and “holes”at Fermi points of Dirac seas (Fermi velocities)
differ in general from each other. Hence, in this region dressed charges are
2 x 2 matrices. At the critical line H, the Dirac sea of “holes” disappears
(as well as components of the dressed charge matrix X) with square root
singularities. Note that the dressed charge Z becomes Z = (2X)~! at the
line of the quantum phase transition H..

So far we have studied systems with periodic boundary conditions. Let
us investigate how open boundary conditions change the answers. Proceed-
ing as for the periodic case we obtain

7T’UF 7T’UF

E(M,n) = Ey+ Leoo + €y — —— + — (A’ +n) ,
24 L L (9.34)

A = (22271 M — O(hy,1.) — Lv(H)]? |

where e, is the energy of open boundaries (both, the contributions from
open edges, and from boundary fields), ¢f. Chapter 6, and ©(hq,z) is the
contribution from open edges themselves and boundary fields h; 1 of the
finite size

B
o) =3 [ a0 (9.35)

At H=0itis

n 1 1< 2h1,L—cos17—|—1>
O(h = — tan cot(n/2 ,
(1.z) 2(r—mn) 2(wr—mn) 12; (n/ )2h17L —cosn—1

(9.36)

defined mod 1. It determines the shift of AM = M — Lv(H) due to open
edges and boundary fields. The reader can see the differences by comparing
this with the case of periodic boundary conditions. First, there appears the
contribution of order of 1, which describes the “surface energy” (bound-
ary fields and edges of an open chain themselves), ¢f. Chapter 6. This
contribution is, obviously, similar to the contribution of a single impurity.
Second, similar to the contribution from a single impurity, open edges and
boundary fields renormalize the shift AM. Third, in the contribution for
ground state one has to replace L — 2L (as expected). Finally, there is
only one Fermi point for open boundary conditions, and, hence, D = 0
(there is no transfer from one Fermi point to the other) and we can intro-
duce particle-hole excitations about only one Fermi point. It is important



294 Finite Size Effects in Correlated Electron Models: Exact Results

to emphasize that a dressed charge of a quantum chain does not depend on
the parameters of open edges and boundary fields, i.e., it is universal.

The next order corrections in the series for spin systems, which respect
SU(2) symmetry are logarithmic, due to the presence of marginal operators
in the renormalization group sense. For a Heisenberg spin—% antiferromag-
netic chain it follows that the series with the next (logarithmic) correction
is

mol 3 Inln AL
E=FEy+ Lea — 1+ Lo 222 9.37
0 6L SInd AL (41n2 AL)] (9:37)

where A is a constant.

9.2 Finite Size Corrections for Correlated Electron Chains

Now let us find finite size corrections to the energy and the momentum of
correlated electron chains, like a Hubbard chain and a supersymmetric ¢-J
chain, first with periodic boundary conditions. We can introduce counting
functions
1 1 &
0 0 -
zi,(x) = Gy pi(z) — i3 ZZ@j(%“jJ) ) 1=1,2, (9.38)
Jj=11=1
and 0, 1, = (02,1 (x)/0x) with ¢);(z,y) = —¢%;(y, x), which satisfy Bethe
ansatz equations, c¢f. Chapter 4,

zip(A) = 2L (9.39)

where Ji ; = N2/2 (mod 1) and Jo ; = (N1 + N2 +1)/2 (mod 1). Here we
denoted for a repulsive Hubbard model

uij =sink; , us;=X;, Ni=N, No=M,
pi(z) =sin"'a, py(z)=0, ¢}, =0, (9.40)
Aa(,y) = 2tan™" [4(z — ) /U], dhy(w,y) = 2tan™"[2(z — y)/U] .
For an attractive Hubbard chain we have
uyj =sink;, us; =X, Ni=N-2M, Ny=M,

. L ] L (9.41)
Pi() =sin 'z, pY(x) = 2Re(sin [z + i(U/4)])
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with the same (b% (z,y) as for a repulsive Hubbard chain. For a supersym-
metric ¢-J chain with V' = —J/4 and J = 2 these functions are
ULJ’:pj, UQJ':/\]‘, N1:N, NQZN—2M,
p)(z) =2tan"' 2z, pI(z)=2tan"lz, @Y =0, (9.42)
s (w,y) =2tan"2(x —y)], @5 (w,y) =2tan"(z —y) .

The momentum and energy of the state with N electrons, M of which
having their spin down are

o 2 N; 2 N;
P = fzzJij ; EZEO"’ZZE?(’U;iJ) (9.43)
i1 j=1 i=1 j—1

where for a repulsive Hubbard ring we have
)= —p— g —2cos[sin~*(2)], &9(z)=H, (9.44)
for an attractive Hubbard model
x) = —p— 2_ 2 cos[sin ! (z)] ,

2 (9.45)
e9(z) = —2p — 4Re/1 — [z +i(U/4)]? ,

and for a supersymmetric ¢-J model one uses

H
(x) = —p — 5~ 2+ 2may(x) , 9(x) = —2+4 27maz(x) — 21, (9.46)

with the same notations as in Chapter 4. Let us choose two sets of numbers
JE = (Ny+1)/2 (mod 1) and Ji = (N1 + N3)/2 (mod 1), so that

1
§(Jf+J[):Di, JF—Jr=M;, i=1,2, (9.47)

for a Hubbard chain, and J;" —J7 =L - N+ M and Jf —J;, =L—- N
for a ¢-J chain, which determine numbers of particles in each Dirac sea for
low-lying excitations and numbers of particles which are transfered from
the left Fermi point of excitations of each kind to the right Fermi point.
With this choice J; ; are all numbers between J;" and J; . By using the
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FEuler-Maclaurin formula, which we can re-write as

ng (2n2+1)/2L

1
LY s = [ df(z)

j=m (2n1—1)/2L

1 [, (2na+1 L[ 2n —1 _
2412 [f< 2N >_f< 2N )}J“O(L E
(9.48)

we can derive the following equations

0(s 2
o-2[2 5

(9.49)
where K;j(z,y) = (9¢);(x,y)/0x). Here AF satisfy the equations
J*r
zip(AE) = = (9.50)

Notice that for the case of a supersymmetric ¢-J model integrations are
performed not from A" to Aj, but from —oo to A} and from A;r to oo.
These linear integral equations are completed by the equations, determining

AT
T o [* o
— xo; (r) — XO; (T
2 \Jay —r,(—o0)

5ia M D;
2 / dxog, p(x) tan ™! (4a/U) = == | (9.51)
T s L
AT
k2 Mi
N dzo; 1(x) = T

for a Hubbard chain (with 7 in limits for unbound electrons), and similar
relations for a ¢-J chain with necessary changes of the ranges of integrations,
see above.
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The equations for o; 1,(x) can be written in the form

Pj x|A1 2: A1)
oi,L(z) = (x|A1 2 A 24L2 Z(w

L A;’QJ _Ab)) , (9.52)
Jj,L(Aj )

where o (x|Af,, AT,) and p;i(z|Af,, AT ;) are the solutions of the following
linear integral equations

1 dp@(

A+
oi(rlAT 2 ATa) = 5 Z [ a0l AL |

pi(x|A;r,2’A17,2)
2 8K1](J3,A;r) A?— + _
e /A dyKy (e WA M) ) (9.53)

T om
=1 i

for a Hubbard chain. For a t-J chain one has to change the ranges of inte-
grations as explained above. Another possibility is to convert the integrals
from —oo to A} and from A;r to oo to the ones from A} to A;r for a t-J
chain. This can be performed by a Fourier transformation, which implies
the formal changes K13 — —Kaa, Koz — 0, p§ — 0, dp?(x)/dx — Kq2(2),
e¥(z) = H — Ko1(2,0), and €%(x) — 2+ p— (H/2). Notice, that after such
a transformation for a supersymmetric ¢-J chain one has

N
dzoy(z) =1— , dzoyp(x) =1— - (9.54)

/A;r N— M AF
; ’ L Ay

Then the energy of the state can be written as

E=FEy+ Lsoo(Aj,A;)

1 ei(Afr,A-i) ei(—Af, —A+)>
- 1 1 ) 1 , 955
* 24L Z ( Ui’L(A?_) + Ui,L(Ai_) ( )
where
2 A;r
fo(Af, A7) = Z/, daed(x)o;(z]Af 5, AL,) | (9.56)

J=174;
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and

ei(AF A7) = dA+ Z/ d:vs z)p; (x| AT 2 A1o) (9.57)

Naturally, these equations can be re-written in terms of dressed energies

e (AF A7) %Z/ due,(2AT, 12)<dp§f)>, (9.58)

where the dressed energies e;(2|AT 5, AT ,) satisfy the set of equations

A+
(AT 5 AT,) = €0z Z / Ay (o, y)es (AT ATy, (9.59)

which implies
85?(x|Af72, AiQ)
Ox

In the infinite chain e, (A}, A;") is minimal with respect to AF at given p
and H. This condition leads to

ei(Af A7) = ot - (9.60)

si(AﬂAIQ,AiQ) =0, (9.61)

which is the determination of the ground state Fermi points for dressed
energies. From the symmetry one can suppose that in the ground state
A = —A; = A;. The next step is to expand e, (A;, A;) up to the second
order in (AF F A;). We find

i(2|A12, —A12)|o=n,;
(Aj[A12, —A12)

2 9
(AT AT) = eao(As, —Ay) 9z
6(171) 5(7 +Z O

j=1 J
1
x 5 (o5 (AjlA1 2, = Aro) (AT = Aj))
+ [Jj (Aj|A1’2, —Alyg)(Aji + Aj)]Q) . (9.62)

(We write this equation with the accuracy of L=2.) The reader already
knows from Chapter 4 that

1 0
A2 =Aro)le=a,; = 2mvy 9.63
oi(AjlAL2, —A12) oz €j(@[A1,2, —A1 2)|a=a, ﬂ'v ( )
where v!" are Fermi velocities of low-lying excitations. It is easy to check

J
that for Ali = +A, the equations for o;(x|A1,2, —A1,2) and €;(x|A1,2, —A1,2)
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coincide with the standard definitions of densities and dressed energies for
the ground state in the thermodynamic limit from previous chapters. Let
us denote v; = M;/L, 6; = D;/L and calculate

814» 8ui
= - = A )\ 7_ Z )
06; 96, (9:64)
6A+ = 81\7 = UJ(A |>\J7_ )XJZ ’
J

where we introduced dressed charge matrices Z;; and X;;. It is not difficult
to see from the above equations that X;; = %(ij)_l. Dressed charge ma-
trices can be expressed as Z;; = &;;(A;), where &;;(x) satisfy the equations

£y cwz / dy Ky (2,16, (y) - (9.65)

Again, the coefficients of a dressed charge matrix satisfy the relation
&ij(x) = (Oei(x)/0u;), where p; are generalized chemical potentials for
low-lying excitations. For example, for a repulsive Hubbard chain they are
w1 = —p— % and pus = H, and for an attractive Hubbard chain we have
w1 =—p— % and po = —2u. A dressed charge matrix measures how strong
the interaction is in a system. The reader can see that, e.g., for a Hubbard
chain for U = 0 the dressed charge matrix is the unity matrix. Nondiago-
nal components of a dressed charge matrix show that despite the fact that
quantum numbers J; 2 define different states, those states are not inde-
pendent (the reader knows it, because Bethe ansatz equations for charged
excitations and excitations, which carry spin, for densities and dressed ener-
gies are connected to each other). If there was a real spin-charge separation
in Bethe ansatz solvable models for correlated electrons, then equations for
densities and dressed energies for charge-carrying and spin-carrying exci-
tations were independent of each other, and dressed charge matrices were
diagonal. This is why the reader has to remember that when one speaks
about a spin-charge separation in Bethe ansatz solvable models of correlated
electrons, it only means that their low-lying excitations are spread with dif-
ferent velocities, and those excitations, as a rule, carry different charges and
spins. It is important to notice that often a transpose definition of dressed
charge matrices is used.

It is instructive to present some results for dressed charge matrices for
integrable correlated electron models. For a repulsive Hubbard chain for
H =0 we have Z11 = 2712 = £(Q), Z21 = 0, and Zay = 1/\/5 Here for
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large U > sinQ, £(Q) = 1+ 41In2sinQ/7U (for small number of electrons
it implies sin@Q — wN/L, and for the half-filling {(7) = 1). For U > 1
one obtains £(Q) = 1+ 41In2sin(wN/L)/7U. For small U < sin (@, one
gets £(Q) = v2(1 — U/8msin@). Summarizing, for H = 0 one has the
component of a dressed charge varying in the interval 1 < £(Q) < v/2.

For H = H, diagonal components of the dressed charge matrix of a
repulsive Hubbard chain become equal to 1, while Z3; = 0 and Z15 =
(2/m) tan~ 4 sin(7N/L)/U], i.e., it varies between 0 and 1 as one changes
U and/or N. At half-filling the behaviour of a repulsive Hubbard chain
is equivalent to the one of a Heisenberg antiferromagnetic spin—% model,
because charged excitations become gapful.

For an attractive Hubbard chain for H < H_ one has only charged low-
lying excitations. The dressed charge varies between 1 and 1/ V2, depending
on N and U. On the other hand, at H = H; the components of a dressed
charge matrix are Z11 =1, Z21 =0, Z12 = —% and Zyo = 1/\/5

For a supersymmetric ¢-J chain the behaviour of a dressed charge matrix
at H = 0 is similar to the one of a repulsive Hubbard chain. At half filling
one has Z11 =1, Zy1 =0, Z15 = % and Zso is equivalent to the dressed
charge of a Heisenberg antiferromagnetic spin—% model.

It is also instructive to connect components of a dressed charge matrix
with physical values. Denoting x and x. as spin and charge susceptibilities,
and Xmiz = (0m?*/0u), we get, e.g. for a repulsive Hubbard chain

L2 1 1 1 1
72 W) = <N2Xc j’ ax +1 Xmiz X Xmia ) , (9.66)

2x Xmiz X

where Z is the dressed charge matrix, and

F
Y % 0
0= ( 0 vf) . (9.67)

It is possible to write similar formulas for an attractive Hubbard chain and
for a supersymmetric ¢-J chain.

By using dressed charge coefficients and velocities of low-lying excita-
tions it is easy to write

2 2
2
E = By + Leoo (A, —Ay) — 61L§ o 4 % S of A, (9.68)
=1

=1
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where

2
1
A = Zle(Dj — 5jL) + W[ZQQ(Ml - Vl(NaH)L)

- ZQI(MQ - VQ(M’ H)L)]2 )
(9.69)
2

AQ = Z: ZQj(Dj ) %Z)[Z12(Ml - Vl(,ua H)L)

— Z11 (M — vo(p, H)L)]? .

We can again introduce particle-hole excitations by removing J; ; from a
Dirac sea for low-lying excitations and introducing J; ; outside the sea. In
order not to change M; and D,, i.e., the total number of quasiparticles and
the number of quasiparticles moved from the left Fermi point to the right
one in each Dirac sea for low-lying excitations, the number of particles and
holes for particle-hole excitations should be equal both in the vicinity of
the left and right Fermi points. We characterize holes and particles in the
vicinity of JijE as

L, i=1,2, (9.70)

where the numbers niip , > 0 are half integers. We then introduce total
numbers as

nf = Z(nfp + nfh) , (9.71)

+

where n;~ are integers since Jiip = J& . The expression for the total mo-

mentum is then

2
P(M;,D;,n¥) = ZMiDi+nj—n;)+2ZPfDU, (9.72)

2
L
where the Fermi momenta are

T

N
P =_ (= 42om? .
=5 (Fr) (9.73)

for a repulsive Hubbard chain Dy = Dy, D| = D; + D>, for an attractive
Hubbard chain Dy = Dy + Dy and D| = D», while for a supersymmetric
t-J chain one has Dy = —Dy — Dy and D| = —Ds, and it is necessary to
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add to the total momentum the term 27(D; + D3). The expression for the
total energy is

+
E(M;,D;,n) = Eg + Leoo(Ai, —A;) GLZU

2
+2%va[m+nj +n;]. (9.74)
i=1
Hence, the low-energy state of a correlated electron chain with periodic
boundary conditions is characterized by two sets of quantum numbers, M;,
D; and n , which define particle excitations, excitations, which manifest
transfers from one Fermi point to the other one, and particle-hole exci-
tations for Dirac seas of all low-lying excitations with possible negative
energies above the ground state.
This description is modified when one considers finite size corrections
for a correlated electron chain with a single impurity. Calculations, similar
to the above, yield A; — A; jmp, where

1
A1 amp — Z Z j mp 5]L) + W[ZQQ(Ml

—mimp — V1 (1, H)L) — Zo1 (Ma — ma imyp — va(p, H)L)J?

2
2

1
AQ amp — Zzlj jlmp 5]L) + W[Z12(Ml
— M imp — v1(, H)L) — Z11(Ma — ma jmp — va(p, H)L))?
(9.75)

where mi 2 smp are related to the valence, nimp, and the magnetization,
mfmp of an impurity. For a repulsive Hubbard chain they are nin, =
= 1m1 imp — M2,imp. For an attractive Hubbard chain and

MAimps My
for a supersymmetric ¢-J chain we have m?

imp - %ml,imp and Nimp =
M imp + 2M2 imp- As for dj imp, they define shifts of the total momentum

of a correlated electron chain caused by an integrable impurity as

1 o0 —Ai
di,imp:g( /A dwoy”(x) — / dm§”<x>)
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where, for example for an integrable impurity in a supersymmetric ¢-J chain,
considered in Chapter 7, we have

B
a(y) =2 / dotan” 2y~ 0)o{} (@) + 2tan~ Ry~ 0)/(25 + 1)

Q 1
+2 [©, dz o) (2) (9.77)

Q
11 () = 2tan[(z — 0)/5] + 2 / dytan” e~ 9)lof} )

for periodic boundary conditions, where a( ) satisfies the equation for den-

sity of an impurity of order of L=, ¢f. Chapter 7. Observe that, for a
supersymmetric ¢-J chain, one has to replace a( ) o 1) (i.e., densities of
holes). Naturally, the values m; imp and djimp are deﬁned mod 1. They
determine shifts of the values AM; = M; — Lv;(u, H) and AD; = D, — Lo;
due to a single impurity. It is important to emphasize that a dressed charge
matrix of a correlated electron chain with a single impurity also does not
depend on the parameters of the impurity.

For a finite concentration of impurities in correlated electron chains
these expressions are changed due to the addition of Dirac seas for low-lying
excitations (new Dirac seas) caused by a finite concentration of impurities.

Calculations of finite size corrections for correlated electron chains with
open boundary conditions proceed along the same lines as above. The
answer is

F F b
E= E0+Lsoo+eb—mz LZ A? (9.78)

where e;, is the energy of open boundaries (both, the contributions from
open edges and boundary potentials/fields), ¢f. Chapter 6,

A? = Q(T]W[ZQQ(Ml - @1(p1,L) - Vl(,uaH)L)
— Zgl(MQ — @2(p1,L) - VQ(,Ma H)L)]2 )
(9.79)
Ag = Q(TltZP[ZlQ(Ml - @1(p1,L) - Vl(,uaH)L)

— Z11(Ma — ©2(p1,1) — valp, H)L)]?) ,

and ©;(p1,1) are the contributions from open edges themselves and bound-
ary potentials/fields p; 1 of the finite size. For example, for a repulsive
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Hubbard chain they are

Oi(p1,1) </ da:pll) 1) +Oips - (9.80)

Here ©; 3, define the contribution from boundary bound states, determined
mod 1. For the boundary potentials/fields p1 11 = %£p1,1,| at zero homo-
geneous magnetic field H = 0 one obtains

O1(p,L)  s(bir)

© =— 9.81
2(p1,L) 5 ) ) ( )
where s(z) = 0 for p1.1,1 = p1,1,; and for p1 11 = —p1,1,; we have s(z) =1
for z > 0 and s(x) = —1 for x < 0 with
U, pip;—1
bip, = —+ ——=%— 9.82
R (9:52)

The role of boundary bound states can be investigated, e.g., for the bound-
ary potential pi .+ = p1,] = p applied only to the left boundary, cf. Chap-
ter 6. One has O1s = 0(p — 1) + 6(p — p2) and O2 s = O(p — p2), where
6(x) are Heaviside step functions, and ps is defined in Chapter 6.

Studies of phase shifts ©; for an attractive Hubbard chain and a super-
symmetric ¢-J chain can be performed in an analogous way.

9.3 Elements of Conformal Field Theory

The reader knows that any classical system close to the point of the second
order (continuous) phase transition, reveals strong precursor fluctuations
of the ordered phase. The typical scale, related to those fluctuations, is the
correlation length, which, for for H = 0 is proportional

E~ T =Te|™ (9.83)

where T, is the temperature of the phase transition and v > 0. Naturally,
the correlation length diverges at the phase transition point. Thermody-
namic characteristics, like the specific heat, magnetic or charge susceptibil-
ities, etc. can exhibit similar divergencies. For example, the specific heat
for H = 0 behaves when T' — T, as

('T TCT |> - 1] . (9.84)

CH= ON_
e}




Finite Size Corrections in Quantum Correlated Chains 305

The magnetization (per site) for H = 0, when T approaches T, from below,
can be expressed as

m* ~ (T. —T)" , (9.85)

and at the critical point T' = T, the magnetization per site is proportional
to

m* ~ HYO (9.86)
while the magnetic susceptibility at H = 0 behaves as
X~ T —-T]|7, (9.87)

when T' — T,. It is also possible to consider the behaviour of a two-point
correlation function at the temperature of the second order phase transition,
T =T, for H = 0, which behaves as

1
Td—2+n )

GA(r) ~ (9.88)

where d is the space dimension. Observe that the magnetic susceptibility
is x oc [ G@ (r)d?r, so that x ~ £277. For r > ¢ we have
2) () exp(—=r/§)

G~ —anm (9.89)
which implies €2 = S7r2GP(r)/ S GP (r). Finally, there is a critical
exponent, which is related to the time dependence close to the critical point.
The typical relaxation time 7, diverges as the critical point is approached
as

T~ EF (9.90)

(These notations are commonly accepted in the theory of phase transitions;
please do not confuse with the previous notations, where the same letters
were used.)

Critical exponents are connected by the scaling relations between each
other. B. Widom suggested that near T, the Helmholtz free energy per site
can be approximated by some function ¥ of one variable

f(T,H) = t¥/vew(htvn/ve) | (9.91)

where t = |T' — T.|/T., do not confuse with time variable, and h = H/H,,
H, is some constant (this equation is known as the Widom scaling hypoth-
esis). Using the scaling hypothesis, one can derive the relations between
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the critical exponents «, 3, v and §. For example, we can calculate the
zero-field magnetization

m*(H = 0) = —t(d=9)/vg/(0) | (9.92)
which yields

_d—yp
B = o (9.93)

Similarly one obtains
X|r=p, = t@72m)/vg" () (9.94)

from which it immediately follows that

2yh—d
Y=
Yt

(9.95)
Let us now calculate the zero-field specific heat

1 02 d—
0 td/ytqj(h/tyh/yt)”H:O:_—2ytt(d/yt)*2ﬂ7 (9.96)

c=0~ =7 5l > T

which implies

d
a=2—-—. 9.97
Yt ( )
One can find, by re-expressing the Widom scaling hypothesis as f(T, H) =
R yn (b Jtyn/ve), where U(u) = u~ ¥ W (u),

dw
mé—,:TC = _H(d/yh)_l (OO) , (9.98)
Yh
from which one can derive
5= (9.99)

We can eliminate y;, and y; to obtain two relations (due to G. S. Rushbrooke
and R. B. Griffiths, respectively)
at2f+y=2,

(9.100)
a+p06+1)=2.
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L. P. Kadanoff introduced the hypothesis about the behaviour of the two-

point correlation function (at H = 0, for clarity)

t2(d=yn)/ye g (p1/ve)
T.d—2+7]

G (r,t) ~ (9.101)

The reader can see that ¥(u) must be a constant for small u and it has to
behave as ¥(u) ~ u?~2+" when u is large, which yields

n=d+2— 2y, . (9.102)
Obviously it follows that & ~ ¢t~ /¥ so that
L (9.103)
V= —. .
Yt

It is easy to show (the following relations are due to M. E. Fisher and
B. D. Josephson, respectively) that

Y=2-nv,

9.104
vd=2—q« . ( )

The last relation is often referred to as a hyperscaling relation, since it con-
nects the singularity in the specific heat with the behaviour of a correlation
length. Notice that it is invalid when d is sufficiently large: when d exceeds
the “upper critical dimension” d., all the critical exponents are indepen-
dent on d, in which regime the exponent of ¢ in the Kadanoff’s hypothesis
is v. Scaling relations are universal and depend on the symmetry of the
system. Correlation functions diverge as power laws of distance and time
at the critical point. One can calculate the exponents of those divergen-
cies from the concrete model under consideration. According to the above,
many one-dimensional systems (for which T, = 0) are critical at T'=0 (in
fact, those which have gapless low-lying excitations).

Let us investigate symmetries of many-electron systems at a critical
point. This conformal field theory analysis was pioneered by A. A. Belavin,
A. M. Polyakov and A. B. Zamolodchikov. These systems at a criti-
cal point are translationally and rotationally invariant. (They are also
Lorentz-invariant in higher dimensions. However, in one space dimension
the Lorentz invariance is, in fact, rotations in the (x,t)-plane.) At a critical
point a system is characterized by the scale invariance x — Ax. The rota-
tional and scale invariances together mean the invariance under the global
conformal symmetry group. (To remind: simple conformal transformations
keep invariant angles between two vectors.) The global conformal group is
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finite dimensional for higher dimensional systems (also taking time into ac-
count), as well as the associated Lie algebra of generators of the group. This
is why, the finite number of constraints permits an evaluation of only two- or
three-point correlation functions, but not higher correlators. As the reader
saw above, if one knows how correlation function behave, then it implies,
e.g., that one understands the behaviour of thermodynamic characteristics
of a system close to a critical point. Therefore, it is important to obtain
expressions for correlation functions. It turns out that for one-dimensional
dynamical systems the global conformal group is finite dimensional, and,
hence, all correlation functions can be found in principle.

Consider the transformation z — x + &(z). It is conformal, if &(x)
satisfies some constraints. Formally all analytic functions are permitted
for a conformal transformation. In higher space dimensions £(z) is only
the polynomial of the second degree in x. Such a group is called the local
conformal group. It is wider than the global conformal group. Let us use
complex variables, which describe right- and left-moving one-dimensional
electrons:

2 =0T +ir, zZ=vT —iz, (9.105)

where v is the characteristic velocity of the field theory and 7 = it + signt
is the Euclidean time. Conformal transformation implies

2= 2+E&%(2) = f(2), 72— z2+E(2) = f(2) . (9.106)

Since £7(2), f(2), £ and f(2) are analytic, they can be expanded in Laurent
series, e.g.

o0

Fla)= Y &=, (9.107)

n=—oo

etc. The generators of the local conformal group in this case are

0 0
— _ntl > _zn+l
ln(z) =—2 55 ln(2) =—Z 55 (9.108)

These generators satisfy the local conformal algebra known as the classical
Virasoro algebra:

Loy lm] = (M —n)lin -
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It is interesting to notice that the global conformal algebra is generated by
two sets of operators lp +1 and Z()d:l. Since these two algebras are indepen-
dent, the global conformal algebra is related to the natural variables for
left- and right-moving particles. To remind, in a physical theory one deals
with z = z*.

In quantum mechanics an infinitesimal symmetry variation of some field
¢ is generated by

e = £[Q, 9] (9.110)

where @ is some general conserved charge, associated with the symmetry.
Local co-ordinate transformations are generated by general charges. One
can construct such a charges from an energy-momentum (stress-energy)
tensor Tj;. This tensor is symmetric, Tj; = T};, because of the rotational
invariance. Due to the scale invariance one has tr7;; = 0. There are no
additional constraints due to the conformal invariance. These conditions
mean that only diagonal components of an energy-momentum tensor do
not vanish

T(z)=To(z), T(2)=Ts:(2) . (9.111)

Consider two operators A(z) and B(z), both being analytic functions
of z (similar expressions can be obtained for functions of z). In what
follows we suppose to consider a field theory, containing such operators, in
which one can compute all multi-point correlation functions of the operators
A(z), B(z) and all others, which occur in the theory. The operator product
expansion is meant if the operators A(z) and B(z) are assumed to have the
following property as z1 — zo

C(22) n D(z)

A(z1)B(z2) = (z1 — )2 (21— 22)

+0(1), (9.112)
where C(z) and D(z) are some operators. Operator product expansion be-
comes a true equation when inserted in any correlation function with other
operators of the considered field theory at positions w;, when the distance
between z; and z9 becomes much smaller than the distances between z; and
29 and the positions w; of other operators. Notice that an operator product
expansion is the local property of the field theory. Then Eq. (9.112) implies

This expression means that the transforms of the operators A and B are re-
lated to the transforms of C' and D which multiply the poles of the operator
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product expansion of A with B. Consider the operator product expansion
for the energy-momentum tensor

c/2 2 1 0
(z —w)* * (z—w)QT(w)+ z—wdz

where the coefficient c is called a central charge. One can derive the algebra
of generators from the Laurent series of the energy-momentum tensor

T(2)T(w) =

T(z),  (9.114)

T(z) = i Lnz "% (9.115)

n=—oo

which is the (quantum) Virasoro algebra

(Lo L] =0, [Ln, L] = (m — 1) Lupsn + 1—02(n —1)n(n+1)0n—m ,
(L, L] = (m — 1) Ly + 1—02(n — Dn(n+1)8 —m , (9.116)

where ¢ is also a central charge. The classical Virasoro algebra pertains to
the case ¢ = ¢ = 0. From these formulas it is clear that central charges
determine universality classes of the considered class of systems. A clas-
sical symmetry cannot be carried out in quantum mechanics because of
renormalization effects: for classical Virasoro algebras one has zero central
charges.

One can write the generalized charge as

Q= 2Lm ]{[dzT(z)ﬁ(z) +dzT(2)E(2)] . (9.117)
Then a field variation can be written as
Seed(w.w) = 5 § dEAT(IE(E), S, W+ (EE), bl w)] - (9.113)
For the special class of fields, known as primary fields, one has
begd(w, W)

o 0 o
= (hge )+ € + g

0

@)+ €@ ) otw.a) . (©.119)

where h and h are real numbers. They are called the conformal weights of
a primary field ¢(w, w). In fact, the last formula is the infinitesimal version
of the transformation

owa) — (2’ <%>E¢(f(w),f(w)) SENCRED
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One can introduce

A=h+h, s=h—h, (9.121)

with A being the scaling dimension and s being the scaling spin of the pri-
mary field ¢(w,w). In a basis of eigenfunctions of Ly and Lo the operators
(Lo + Lo) and i(Lg — Lo) are generators of dilations and rotations, respec-
tively. All other fields are usually called secondary fields (descendants).

Equation (9.120) denotes how some complex tensor of the rank (h,h)
transforms. Usually, it transforms with integer powers of (0f/9z) and
(0f/0z) which are numbers of z and z indices. For primary fields one
could also imagine non-integer exponents. Such non-integer exponents are
called anomalous dimensions. From this viewpoint scaling dimensions of
primary fields are anomalous ones.

By using Eq. (9.119) one can calculate some correlation functions. For
instance, consider the variation of a two-point correlation function. It must
be invariant under a conformal transformation

5£EG(2) (21,2, 21,2) = ¢g(d1(21, 21)P2(22, 22))
= ((0ggd1)d2) + (P1(deep2)) = 0, (9.122)
which, together with Eq. (9.119), implies

Ci2
(Z1 _ 22)211(51 _ 52)211 !

G (z19,710) = (9.123)
where C12 o da,,A, is a constant. A three-point correlation function can
be derived in a similar way.

One can introduce the operator product expansion of the energy-
momentum tensor with a primary field ¢ (known also as Ward identities)
as

h _ 1 0

T(z)p(w,w) = mqb(w,w) e d(w )+ (9.124)

Operator product expansion is valid at short distances, where the radial
ordering takes place. (For right-movers this equation is called holomor-
phic part of the stress-energy tensor. There is an equivalent equation for
left-movers, called antiholomorphic part; in what follows we shall mostly
not present those antiholomorphic counterparts to save the space.) Any
secondary field has a higher than double-pole singularity in its operator
product expansion.
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The reader can see from the operator product expansion of the energy-
momentum tensor that L, are generators of transformations of fields asso-
ciated with the monomial of degree n 4+ 1 in z. Let us consider the trans-
formation £%(z) = —&,2"*L. One has §¢(z,2) = —&,u[Ln, #(2,2)]. Due
to the unitarity of the energy-momentum tensor, its generators satisfy the
following relation:

LI =L_,, . (9.125)

For the vacuum state |0) the regularity of the energy-momentum tensor
means

Lm>-1l0)=0, L __,j0y=0. (9.126)

The energy-momentum tensor transforms under a local conformal transfor-
mation 2’ = f(z) as

2
’ 822/
dz"\? c [ 2z 3(8z2)
T T(Z) == ) T( — e At /| A2
@16 = () T | 2 s | 01

From the first term of this formula the reader can see that the energy-
momentum tensor is a field of conformal weight (2,0). The last term of
that formula is called the Schwarz derivative.

Consider the representations of the Virasoro algebra, which can be con-
structed from the highest weight states |h), (created by the action of a
holomorphic primary field ¢ on the vacuum state, i.e., |h) = ¢(0)|0)) as

Lolh) =hlh) ,  Lyp>olh) =0, (9.128)

i.e., a highest weight state is an eigenfunction of Ly. On the other hand, L,,
(n > 0) are lowering operators, which destroy the highest weight state. L_,,
(n > 0) play the role of “creation operators”. Acting on the highest weight
states they generate descendant states L_p, -+ L_p,|0) (with 1 < ny <
-+« < ny and the eigenvalue of of Ly being h +ny + - - - +n). These states
form the basis for the representation vector space. The highest weight state
has the lowest eigenvalue. Hence, in a given sector of the considered field
theory, it is the ground state. Descendant states are excited states. n is the
level related to an operator L_,. The conformal weight of all descendant
states on some level N is h+N. One usually calls the vector space generated
from the highest weight state Verma module. We can group all states
in a conformal field theory into conformal towers (families). Conformal
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towers consist of a highest weight state and all descendant states. Action
of different primary fields on the vacuum state produces different highest
weight states. It turns out that conformal towers are the very convenient
way of classification of low-energy excitations in a system. All correlation
functions of secondary fields can be found from those of only primary fields.

In fact, unitary representations of the Virasoro algebra only exist for
certain values of central charges and conformal weights. For example, it is
true for ¢ > 1 and h > 0, or for

c= —L, m=3,4,...,
m(m + 1)
( 3 o1 (9.129)
m+1)p—mq|® —
hp,q(m) = ’

dm(m + 1)

(known as the Kac formula) where 1 < p <m —1and 1 < g < p. The
most useful from these series is ¢ = %, which describes the two-dimensional
Ising model. Another example, ¢ = 1, known as the Gaussian model, is
considered in the next chapter.
Above one supposed that fields are defined in the infinite space plane.
That means
o0

)= Y (0120 =0 (9.130)

m=—0oQ

If one considers finite systems of the size L with periodic boundary condi-
tions, we can use the exponential transformation

L
z = exp(2mwiu/L) , u= —i2— In 2 (9.131)
v
to map the infinite z-plane onto a strip u of width L with periodic boundary
conditions. Under this transformation the Laurent expansion of the energy-
momentum tensor becomes a Fourier transformation,

2
9u 2%y 2
_ _c 823_§(322) 4z
)= |16~ 53 | 5 - 5 (£) . o

rwn =5 (%) (9.133)
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To remind, the energy-momentum tensor measures the cost of energy
because of the change in a metric (the change in the action 64 =
—(2m)~! [ T;(9¢;/0z;)dxdr). Then the change in energy related to a non-
conformal transformation uj — (1 + €)u1, uhy — uz (i.e., a horizontal dila-
tion of the u-strip), which changes the length of the system, yields
cmv

E=Fy— oL (9.134)
Hence, we can determine the central charge from finite size calculations.
Local conformal transformations (not global ones, for which ¢ = 0) are
not defined in all points of a complex plane. They are also not one-to-one
mappings of that complex plane on itself. This is why, one has such a shift
in the energy due to the finite size.

The change to open boundary conditions corresponds to the introduc-
tion of a cut in the plane from zy to z;. Choosing 0 < ivTy = 29 < v = 21
real and mapping the plane to a cylinder via the conformal transformation
Eq. (9.131) this cut gets mapped onto a seam in the direction of the cylin-
der. The correction to the ground state energy in the case of open boundary
conditions is then

E=FE -

5iT - (9.135)

Let us study now, following J. L. Cardy, the two-point ground state cor-
relation function of a primary operator ¢(z, z) with the conformal weights
(h, h). Under the conformal transformation, which maps the infinite z-plane
onto a strip w, this correlator transforms as

C(A)(m/L)*2

A ) = bl — )/ LM sinb{r(a — @) /L)

(9.136)

with C'(A) being a constant.

At finite temperatures correlation functions have to satisfy periodic
boundary conditions in the Matsubara Euclidean time with the period
L =2v/T. This defines the temperature behaviour of the two-point corre-
lation function

C(A)(nT/2v)*A
(sinh[7T (u — ') /20])2" (sinh[7 T (7 — @')/20])2P
(9.137)

(d(u, w)e(u', 1)) =
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On the physical surface u = u* the finite size expression for the two-point
correlation function can be expanded as (u = v + ix)

(d(u, w)e(u’, 0'))

o 2A o0 B

=C(A) <f> Z anay exp[—2mv(A+ N + N)(t — 1) /L]
N,N=0

x exp[—27i(s + N — N)(z —2')/L] , (9.138)

where N and N are characteristics of descendant operators. On the other
hand, one can present the correlation function as an action of some operator

o(uz2) on states of a Hilbert space

(@, @', @) = D~ (01d(uz) n, k) (n. k|d(uz)|0)e” Fr—F0)r=r)

(9.139)
where k is the momentum (i.e., the space dependence is proportional to
exp(ikze)). It follows that

9 _
En:EO+%(A+N+N),

(9.140)
2w =
kao‘f’f(S—FN—N) .

This expression actually relates finite size corrections to the energy and
momentum with the conformal dimension and conformal spin of primary
fields. k¢ and Ey are the momentum and the energy of the highest weight
state in the conformal tower built by a primary field ¢, extrapolated to the
infinite system.

At L — oo the correlation functions of primary fields are then (we write
them in terms of z and 7, taking 2’ = 7/ = 0)

C expli(ko + ko)z]
(vT 4 iz)2h (vT — ix)2h

<¢(£C, t)(b((), 0)> =

: (9.141)

where C is a constant. Correlation functions of secondary (descendant)
fields can be obtained by the replacement (h,h) — (h+ N, h + N).

For open boundary conditions two-point correlation functions for L <«
(u — u') are given by

(o(u, w)p(u’, u'))
= C(A) S (06(0)[B: n, k) (Bs m, k|6 (0)[0)e Br BT (9.142)

n



316 Finite Size Effects in Correlated Electron Models: Exact Results

where B changes periodic boundary conditions to open ones. The proce-
dure, similar to the periodic case, yields

EB = Ey+ %(A +N) . (9.143)

Summarizing, the conformal field theory gives the possibility to connect
characteristics of finite size corrections to the energy and momentum (the
latter for periodic boundary conditions) with correlation functions of pri-

mary fields and conformal towers of descendant fields, generated by primary
fields.

9.4 Asymptotics of Correlation Functions

As we have shown in the previous section, the knowledge of finite size correc-
tions to the energy and the momentum of many one-dimensional quantum
systems gives the possibility to find the asymptotic behaviour of correlation
functions for primary and secondary fields. Thanks to conformal invariance,
the universality class of the considered model can be uniquely described by
single dimensionless number, the central charge of the underlying Virasoro
algebra. The value of the central charge can be extracted from the finite
size correction to the ground state energy. Then, each primary field with
the scaling dimension A = h + h and scaling spin s = h — h gives rise to a
tower of excited states. Correlation functions of primary fields for periodic
boundary conditions are known to be (see the previous section), e.g., for
an infinite chain in the ground state

C(A)efQiDPFm N
(vt + x)2h (vFt — )2k ’

(¢(2,1)$(0,0) = (9.144)

(note that the momentum is not determined uniquely). One has similar re-
lations for a finite size chain in the ground state, and temperature behaviour
of correlation functions, namely

C(A)(m/L)*2

0000 = (Pt & )/ L) smfr(oPt — 2/
(9.145)
and
(¢(z,1)9(0,0))
F\2A
= CA)(T/20") — - . (9.146)

(sinh[7T(x—ivF7)/20F])20 (sinh[x T (z +ivF 1) /20F])2k
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Here the coefficients C'(A) are expressed in terms of corresponding form-
factors C(A) = (w/L)~2[{0]¢|n)|?, where |n) are eigenfunctions related to
excitations. It is important to emphasize that these asymptotics are valid
for small enough temperatures (where the approximation of dispersion laws
of low-lying excitation by a linearized function is correct; also, considered
temperatures have to be lower than gaps of other excitations, like bound
states, etc.) and for large enough sizes of the system L, where finite size
corrections in series in L' are small. The presence of marginal operators
in the theory can lead to logarithmic corrections to conformal asymptotics
of correlation functions. Such operators appear, e.g. for systems with the
SU(2) spin symmetry.

Notice, that for excitations with gaps (which need activation energies)
their correlation functions decay exponentially, proportional to exp(—z/§),
where & ~ v /G is the correlation length (G is the gap).

Let us denote the following functions

G*(z,t) = (S*(2,1)S7(0,0)) ,  G*(z,t) = (S~ (2,£)57(0,0)) ,
Gao(z,t) = (ay (x,t)a}(0,0)) , Gun(z,t) = (n(z,t)n(0,0)) , (9.147)
Gap(@,t) = {al (z,t)a] (x,t)a; (0,0)ar(0,0)) ,

where we, in fact, introduced the continuum version of operators related to
considered models as a,, — a5 (), etc. The last three correlation functions
determine the electron-electron, density-density, and pair-pair (for singlet
pairs) correlators, respectively.

The simplest case is the situation for quantum spin chains, a repulsive
Hubbard chain and a supersymmetric ¢-J model at half-filling, all for H <
H,, and an attractive Hubbard chain for H < H,.. Here one has only one
Dirac sea (and, hence, only one kind of low-lying excitations, which produce
finite size corrections), while other excitations are related to higher energies,
because of their gaps (activation energies). From the calculation of finite
size corrections the reader knows that this case pertains to ¢ = 1 (i.e., to
the Gaussian model). Scaling dimensions of primary fields are A, given in
the first section of this chapter. Then, conformal weights of primary fields,
which determine exponents of correlation functions, are

1 (AM ? 1 (AM ?
h= 5 (W—FZAD) , h = 5 <ﬁ—ZAD) , (9.148)
while for secondary fields one has h + nt and h +n~. Here AM and

AD are connected with excitations above the ground state, see the first
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section of this chapter. It is necessary to choose the minimal values of the
numbers AM, AD, and n*, which describe a concrete excitation under
consideration. It is important to point out that one requires that all the
conformal weights be non-negative, otherwise there would be unphysical
divergencies in correlation functions. Observe, also, that the choice of AM
defines the choice of AD, i.e., the latter is not really independent, because
of the restrictions on quantum numbers J; and J + (which, in turn, follows
from the demand for Bethe ansatz wave functions to be non-degenerate).

Then it is relatively easy to obtain asymptotics of correlation functions.
For a Heisenberg-Ising Spin—% chain (H < H,) we have

& Cy e vFt— g
GJ_ ) & R 2P x>~ v .
() [22 — (vFt)2]0x + [oF't + x| ¢ (e vFt 4+ +
(9.149)

2A[(v7t)? +2?] = Beos(2Px)
(P02 =222 7 [ — (P20 T

G*(z,t) =~ (m*)? +

where A, B, C1 2 are constants, 0, = Z2, 0, = 1/46,, and v = 20,+(26,) "'
These expressions are related to the choice AM =1, AD =0, and AM =0,
AD = 1, respectively. For the half-filled repulsive Hubbard chain and for
a supersymmetric ¢-J chain for H < Hg one obtains expressions for spin-
spin correlation functions, similar to the above case with v — v, and
Z — Zsy, while the expression for a density-density correlation function
coincides with the one for $%-S* correlator, but with the change (m?)? — 1.
For an attractive Hubbard chain for H < H,. the asymptotic behaviour of
spin-singlet pair correlator and density-density correlator are similar to the
behaviour of G*(x,t) and G*(x,t), respectively, with the change (m?)? —
1, v — v¥ and Z — Zyy. Here the choice of AMy and ADj is similar to
the above choice for a quantum spin chain.

In the cases of spin chains with the finite concentration of similar impu-
rities (with the same spins as in the host chain), a repulsive Hubbard chain
away from half-filling, a supersymmetric ¢-J chain, all for H < H,, and an
attractive Hubbard chain for H. < H < H,, the reader knows that the
ground states correspond to fillings of two Dirac seas. Hence, there are two
kinds of low-lying excitations, which give contributions to finite size correc-
tions to the energy and momentum. These contributions imply that in the
conformal limit one has the semidirect product of two independent Virasoro
algebras, both having central charge equal to 1 (i.e., the semidirect prod-
uct of Gaussian models). We write about the semidirect product, because
Fermi velocities of low-lying excitations, are, generally speaking, different
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from each other. (In the degenerate case, at which v = vi", models are
also conformally invariant with the central charge ¢ = 2.)

To find the analog of an equation for asymptotics of correlation functions
of primary and secondary fields we can write

2
E = Ey(0 %Z (hi+hi+nf+n)+--- (0,150

P = Py(0) + %Zizl(hi —hi+n} —n7)+2D;PF,

where Ey(0) and Py(0) are the energy and momentum of the ground state.
Comparing these equations with the results of the second section of this
chapter we can obtain conformal weights as functions of the parameters of
the concrete models (note that the conformal spin cannot be determined
uniquely, because of the possible gap of the momentum). Generalizing the
expression for correlation function for the present case we get

(¢(z,1)$(0,0))
C(A12) exp[—2i(D1 PE + Dy P2)a]

- (vFt + 2)2m (’Uf_‘t — x)2h (vt 4 2)2h2 (05t — 1)2he T (918D)
where
by — % <Z22A]\421d;§21AM2 4 ZLAD; + ZlgADQ) +nt,
Py = % <Z22A]\421d;§21AM2 — ZuADy — 212AD2)2 +ny ( |
9.152
hy — % <Z12Af\421dgt§11AM2 4 ZoyAD; + ZQQAD2)2 ot
hy — % <Z12A]\421d;§11AM2 20 ADs — ZQQADQ)Q .

and similar expressions as for the case of only one Dirac sea of low-
lying excitation for the ground state correlations for finite chains and low-
temperature behaviour of correlation functions. Again, we have to choose
the minimal and non-negative exponents. It is important to point out
that the choice of AM; defines (but not totally) the choice of AD;, i.e.,
ADy = (AM; + AM3)/2 (mod 1), and ADy = AN;/2 (mod 1).

Let us see what is the concrete choice of AM; and AD; for asymptotics
correlation of concrete models. For example, for a repulsive Hubbard chain
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for 0 < 0 < Hg we choose for Gyo(z,t) AM; =1, AMs =1, ADy = 0 (mod
1), AD; = % (mod 1). For the density-density correlator we get AM; =
AM; =0, AD; = ADy =0 (mod 1). For G*(x,t) the choice is the same as
for density-density correlator. For G+ (z,t) one takes AM; = 0, AMy = 1,
AD; = 1 (mod 1), ADy = 0 (mod 1). For pair-pair correlation function

2

the choice is: AM; =2, AMy =1, AD; = 4 (mod 1), AD; = 0 (mod 1).

For example, asymptotics for the density-density correlation function look
like

) Ch cos(2Pﬁx)
Grm(xyt) ~ (N/L) + |’U1Ft—|—x|2(Z11_Z12)2|115t+Z‘|2<Z21_Z22)2
Cy cos(2Pf x) Cs cos[2(Pf + Pf|)z]

|oF't + 2228 |of't + x|2%22  |of't + 2220 o't + x|2%5

Cal(vi't)? +22] | Cs[(v5't)? + 2]
[(vf )2 =227 [(v5't)? — 22]

(9.153)

For H = 0 it reduces to (notice that Pf" = P[' = nN/2L)

C cos(2PF ) Cs cos(4PFx)
[of't + 2|0 /4 |oEt + 2| [of't + |0
Ca[(vft)* +2?]  C5[(vd't)* +2?]

(02 =222 7 [ft)2 =22

Gn(z,t) = (N/L)? +

(9.154)

61 = 2£2(Q); see the second section of this chapter. It varies from 2 to 4 as
the Hubbard repulsion constant increases from 0 to co. In this case H =0
we also have

1 or o (x—of't 1/4
Gaa(z,t) =~ Re|Ae i ® L
o) of t + @[ [vg't + 2]1/2 [1 (x+vf“t

o (*= vl't 14 n 1
x4+ ol't [of't + z|vs|vl't + x|1/2
Age_iSPF”: r—vft 3/4 z— it 1/4
z+oft x+vl't
where v = 91_1 + 61/16, and v3 = 91_1 + 961/16. These exponents are
monotonic functions of the Hubbard interaction constant U, % <y < %
for 0 < U < o0, and g > vz > %3 for 0 < U < oo, respectively. Spin-spin

correlators are equal to each other for H = 0, and their expression coincides
with the one for density-density correlator with the change (N/L) — 0. For

x Re

+ .-+ (9.155)
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the correlator of spin-singlet pairs one obtains

By
o T+ 2P o+ 7]

Gsp(z,t) =~

x—vft

Re BQ@ 2P x -
rHopt

—— - (9.156
[vf't 4 x| * ( )

where vy = % + %1, which increases from 2 to % when U is changed between
0 to oo.

For an attractive Hubbard chain for H. < H < Hg and for a super-
symmetric ¢-J chain (for the latter one has to take negative values of AM;
because we used holes in our description) one gets for Guq(z,t) AM; =1,
AM; =0, ADy = § (mod 1), AD; = 0 (mod 1). For the density-density
correlator we choose AM; = AM; = 0, AD; = ADy = 0 (mod 1).
For G*(z,t) the choice is the same as for density-density correlator. For
G*(z,t) we take AM; =1, AMy =0, AD; = 1 (mod 1), AD; =0 (mod
1). For pair-pair correlation function the choice is: AM; = 0, AMs = 1,
AD; =1 (mod 1), AD; =0 (mod 1).

It is easy to compute the Fourier transforms of correlation functions

glk,w) = /dm/dtG(x,t) expli(wt — kx)] . (9.157)

In general this integral is not absolutely convergent. The calculation near
the singularities w = v (k — kq), where ko determines space oscillations
(by the term in the numerator), yields

g(k,w) = constlw F v (k — ko)]z(h2+ﬁ2+‘4)_1 ) (9.158)

where A = h; for the upper sign, and A = h; for the lower sign, for
w ~ v (k — ko), and

g(k,w) = constlw F v} (k — ko)]2PathitB)-1 (9.159)

where B = hy for the upper sign, and B = hy for the lower sign, for
w ~ +vf'(k — ko). It turns out that to obtain these expressions one needs
to consider the case with the sum of all conformal weights positive and
the sum of three of them less than %, and then continue analytically. For
the Fourier transform of equal-time correlators g(k), one has to consider
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the cases k > ko and k < kg separately. Contour integration produces (for
p>0)

g(kO + p) 2s

POTP) _ (_qy2s 9.160
9(ko — p) =1 ( )

where s = h — h is the conformal spin for the considered field (operator),

which implies

gk ~ ko) o< [sign(k — ko)|?5|k — ko|?21 28271 (9.161)

The extra sign will appear for g,q (k).

Very similar consideration is applied in the case of additional Dirac
seas present in the ground state due to a finite concentration of similar
impurities. Here each additional Dirac sea implies additional factors like
(z £ vt) with their conformal weights and Fermi velocities. The only, but
very important difference appears because the filling of Dirac seas, caused
by a finite concentration of impurities, is not independent from the filling
of Dirac seas of the host, and, hence, related shifts AM and AD are not
independent. It is based on the fact that the same magnetic field and/or
the same chemical potential govern the filling of Dirac seas for the host and
the ones, caused by a finite concentration of impurities.

In the case of a single impurity, as the reader see from the first two
sections of this chapter, an impurity does not renormalize the structure
of conformal asymptotics of correlation functions and Fermi velocities, but
does renormalize exponents (conformal weights). A phase shift due to an
impurity is known to be important for many physical systems via the Friedel
sum rule.

In the case of open boundary conditions the reader sees that the struc-
ture of asymptotics of correlation functions and Fermi velocities are the
same as in the case of periodic boundary conditions. However, conformal
weights are strongly renormalized, because of the absence of transfers from
one Fermi point to the other (backscattering). These changes of exponents
of boundary correlation functions are related, e.g., to the orthogonality
catastrophe, or X-ray edge singularities due to open edges of a chain. It
is interesting to observe that one can measure the strength of bulk inter-
actions in a chain by applying a local (boundary) potential: the shift of a
boundary exponent due to the boundary potential depends on how strong
the coupling between electrons (or spins) in the chain is.
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9.5 Persistent Currents in Correlated Electron Rings

Another issue in which one can apply the knowledge of finite size corrections
is the description of persistent currents in correlated electron rings.

Persistent currents are thermodynamic characteristics of a quantum
ring. They are connected with the Aharonov—Bohm phase shift, which ap-
pears when charges move along a loop, pierced by a magnetic flux. Recall,
the Aharonov-Bohm effect essentially entails the force-free (in the absence
of any forces) nonlocal topological influence of electro-magnetic interaction
(and in the more general setting, any gauge interaction) on quantum dy-
namics of charged particles in non-simply connected geometry. According
to general principles of quantum mechanics this effect is equal in effect to
a variation of the phase of a particle wave function, which causes the in-
terference pattern to shift periodically (with respect to the magnetic field
flux) in an experiment. For any closed path enclosing a solenoid this phase
variation is equal to

27 d

= — .1 2
dAB By (9.162)

where @ is the magnetic flux in the solenoid, and ®;, = 2nhc/e, where
¢ is the speed of light in vacuum, and e is the charge of a particle. Ac-
cording to this simple relation, any flux that is a multiple of ®( induces a
phase shift that does not have any influence on particle quantum dynamics.
In the classical description the effect does not occur for any value of the
flux, because the motion of particles takes place in the region outside the
solenoid, where electric and magnetic fields are identically zero. In con-
densed media the Aharonov—Bohm effect normally shows up as magnetic
oscillations of kinetic and thermodynamic characteristics of samples in ex-
tremely weak magnetic fields, when field-induced forces can be disregarded.
Since the electron wave function is not macroscopically coherent for metals
in a normal state, Aharonov—Bohm oscillations of thermodynamic variables
(persistent currents) are observable in samples of small (mesoscopic) dimen-
sions, smaller than the mean free path between inelastic collisions, and at
sufficiently small temperatures. As we showed, electron-electron correlation
effects are most conspicuous in the low-dimensional case. Hence, Aharonov—
Bohm oscillations can serve as a testing ground for investigations of those
electron-electron correlations in conducting loops via the period, the initial
phase shift and the magnitude of oscillations.

An external magnetic flux yields the nonzero momentum of charged
particles. A persistent current is then related to the total orbital moment
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of all charges in the one-dimensional ring. It is the derivative of the energy
of a system in equilibrium with respect to the applied magnetic flux:

OF (D)

oo
where F' is the Helmholtz free energy of the total ring. In the ground state
it reduces to the derivative of the ground state energy.

One has to distinguish between persistent currents and transport cur-
rents. Recall, transport currents are kinetic characteristics of any system,
characterized by the resistivity and related to it transition amplitude. In a
linear response theory the resistivity is the coefficient connecting the value
of a transport current with the value of an applied electric field. Hence, a
transport current is the consequence of the difference in potentials applied

J(®) = —c

(9.163)

to the source and drain ¢f. Fig. 9.1 (a). Contrary, a charge persistent cur-
rent can exist without any applied external electric field: it does not need
any source and drain, c¢f. Fig. 9.1 (b).

a b

O s

Fig. 9.1 Different geometries for the manifestation of the Aharonov—Bohm effect of an
external magnetic flux ® in a conducting ring: (a) the transport current geometry with
the source (S) and drain (D); (b) the persistent current geometry.

When the ring between the source and drain is pierced by an external
magnetic flux in the geometry of Fig. 9.1 (a), a transport current is also
affected by that flux. Hence, the resistivity of a transport current also
becomes flux-dependent. However, such a transport current is not exactly
equal to a charge persistent current. This difference in the basic nature of
transport and persistent currents produces, e.g., the main difference in the
answers, when one considers the effect of a magnetic impurity in a metallic
ring, pierced by a flux.

The Aharonov—Casher effect is dual to the Aharonov—Bohm one. It is
related to the movement of a particle with a magnetic moment (spin) around
a two-dimensional electric flux, e.g., the electric flux F' = 4n7 generated by
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a string passing through the center of a ring with linear charge density 7.
It produces the phase shift of a particle with spin

27 F

= — .1 4
¢AC FO ) (9 6 )

where Fy = 27hic/pp is the unit electric flux, up is the Bohr’s magneton.
Then the spin persistent current is

(9.165)

Electro-magnetic fluxes ® and F' can be included into the Hamiltonian
of a one-dimensional electron system via the standard Peierls factors ® =
w[(D/ Do)+ (F/Fp)] and &) = 7w [(P/Dg)—(F/Fp)] for electrons with spins up
and down, respectively. Then a simple gauge transformation can transfer
these phase shifts into twisted instead of periodic, boundary conditions.

One can obtain Bethe ansatz equations for correlated electron rings
with electro-magnetic fluxes either by using the direct co-ordinate scheme,
cf. Chapter 4, or introducing the operator

1 1
T = e 5o +05) + e'® 5 (I = a5) (9.166)
into the monodromy operator of the associated spin problem (recall, sub-
script 0 denotes the auxiliary subspace). Then Bethe ansatz equations,
e.g., for a Hubbard model for the sets of rapidities k; (j = 1,...,N) and
Ay (y=1,...,M) become
N = As +i(U/2)
M - g —i(U/2)’
o (9.167)
ik L—i®y _ H sink; — Ag +i(U/4)

- sink; — Ag —i(U/4) ’

i, ﬁ A, —sink; +i(U/4)
A, —sink; —i(U/4)

and for a supersymmetric t-J chain (for V = —J/4, J =2)

pj + Z/2 1<I>l Py )\ﬁ + i
= =1,...,.M
H/\ p]—z/2 H/\ —Ag—i’ “T e
(9.168)
pj+z/2 77,‘I>T p] >\ +Z/2 .
— =1,...,N
[pj—z'/z H J e —ij20 T

with the same definitions of the energy as before.
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It is easy to see that in the thermodynamic limit the effect of twisted
boundary conditions caused by topological Aharonov—Bohm—Casher phase
factors is zero. The main contribution from those factors appears to be
related with finite size corrections to the energy and the momentum, studied
in the second section of this chapter. Taking into account Aharonov—Bohm-—
Casher topological phases, counting functions of the second section become

2 M;
sne) = o (P0) — 7 %;;ﬁjwm o =12,
(9.169)

where ®; = 7[(®/Pg) + (F/Fp)] and for a repulsive Hubbard ring ®o =
—27F/ Fy, while for an attractive Hubbard ring and for a supersymmetric
t-J ring we have ®3 = 27®/®Py. The counting functions are periodic in
F with the period Fy and Fy/2, and in ® with the periods ®y and ®g/2
(depending on the model, for a repulsive Hubbard case one has 2F/Fy
periodicity and no 2®/®, one, while for an attractive Hubbard chain and a
supersymmetric ¢-J chain the situation is the opposite). Hence, they remain
invariant under replacements (F/Fy) — {{F/Fo}}, (2F/Fy) — {{2F/Fy}},
(®/Py) — {{®/Po}} and (2®/Pg) — {{2P/Py}}, where {{x}} denotes the
fractional part of x to the nearest (half)integer. Spin and charge rapidities
parametrize each eigenvalue and eigenfunction of the stationary Schrédinger
equation, and, therefore, all characteristics of integrable models have to
reveal those periodicities also.

Then, proceeding as in the second section we obtain

2
2

Ay = | > Zy,[(D; + @) - 6,

+ M[ZQQ(Ml — vy (p, H)L) — Zoy (M — vo(u, H)L)]? |
2 (9.170)
Do = | Y7 25(D; + @i) = §,L]
j=1
+ W[Zm(i\/h —vi(p, H)L) — Z11(My — vo(p, H)L)]? .

In these equations ®, denote the fractional part of ®; to the nearest
(half)integer. Finite size correction to the total momentum is
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2

P= f;[Mi(Di—Hi)i)—i—nj —n;]+2;PfDU, (9.171)
where the Fermi momenta are for a repulsive Hubbard chain Dy = D; + P,
Dl = D+ Dy+ P+ <I>2, for an attractive Hubbard chain Dy = Dy + Dy +
&, + &y and D 1 =D2+ <I>2, while for a bupersymmetrlc t-J chain one has
Dy =—-Dy—Dy— ®; — Py and D) =—-Dy— <I>2, and it is necessary to add
to the total momentum the term 27(D; + Dy + o, + <I>2). The finite size
correction to the energy is

E(M;,D;,nF) = Ey 4+ Leso (A, —A;)
( ’ 7n1) 0+ E( GLZU

2
2 F + —
+ T ‘_E v; [Al +n; +n; ] . (9.172)

It is a trivial exercise for the reader to check that there are no corrections
to the energy for open chains, which is the manifestation of the fact that one
can totally remove topological phases, related to external electro-magnetic
fluxes, from the answers in that case.

From the formulas for the energy and momentum we can see that

e Charge persistent currents (the Aharonov-Bohm effect) in cor-
related electron rings are determined by a virtual movement of
low-lying charge-carrying excitations (for the case of a repulsive
Hubbard ring they are connected with unbound electron excita-
tions, while for an attractive Hubbard ring and for a supersym-
metric ¢-J ring with V' = —J/4 they are connected with unbound
electron excitations and spin-singlet pairs, with the interference of
those two kinds of oscillations);

e Spin persistent currents (the Aharonov—Casher effect) in correlated
electron rings are determined by a virtual movement of low-lying
spin-carrying excitations (for the case of a repulsive Hubbard ring
they are connected with unbound electron excitations and spinons,
with the interference of two kinds of oscillations, while for an
attractive Hubbard ring and for a supersymmetric ¢-J ring with
V = —J/4 they are connected with only unbound electron excita-
tions);

e Magnitudes of spin and charge persistent currents are determined
by Fermi velocities of low-lying excitations and coefficients of a
dressed charge matrix;
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e The form of oscillations in the ground state is “saw-tooth”-like. It
is due to the presence of all harmonics;

e The periodicity of charge and spin persistent currents are deter-
mined by charges and spins of those virtual excitations;

e The initial shifts of those persistent currents (parity effect) are de-
termined by the values of D; (i.e., those initial shifts are different
for different values of the total number of electrons and the total
magnetic moment of a system).

Magnitudes of some oscillations become equal to each other at some val-
ues of the external magnetic field, e.g., for H = 0 for a repulsive Hubbard
ring and supersymmetric ¢-J chain, or for H = H, for an attractive Hub-
bard ring (because some non-diagonal matrix elements of a dressed charge
matrix are zero at those critical points). Then the interference of periods
of oscillations is not manifested, naturally.

For H < H charge persistent currents of a repulsive Hubbard ring
reveal the period of oscillations ®g, while spin persistent currents manifest
the interference pattern of two kinds of periodicities: with Fy and Fp/2.
On the other hand, spin persistent currents of an attractive Hubbard ring
for H. < H < Hj and of a supersymmetric ¢-J ring (for V = —J/4)
manifest the period of oscillations Fy, while charge persistent currents of
those models reveal the interference of oscillations with two periods: ®( and
®(/2. For H < H, in an attractive Hubbard ring there are no mesoscopic
(with the magnitude of order of L~!) spin persistent currents, and there is
only one period of oscillations of charge persistent currents, equal to ®¢/2.
For H > H, there are no mesoscopic persistent currents in the ground state.
It is important to point out that at crossover points the part of the energy,
related to persistent current can display jumps as a function of ® or F.
These “discontinuities” of the energy are, however, microscopic, of order of
the uncertainty of the energy according to Heisenberg’s principle. These
singularities can be interpreted as “supercurrents” necessary to generate the
discontinuities of the energy. Any nonzero temperature, naturally, removes
those “supercurrents”.

Any nonzero temperature strongly reduces magnitudes of persistent cur-
rents: They become not mesoscopic, but rather exponentially small. The
form of these oscillations becomes harmonic, instead of the “saw-tooth”-
like in the ground state, since the temperature suppresses higher harmonic
content.

To study the parity effect, let us concentrate on charge persistent cur-
rents of a repulsive Hubbard ring at H = 0. One has to distinguish three
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main cases. For odd NV charge persistent currents are paramagnetic J(®) =
(20F€2(Q)/PoL)[(7/2)— |27 ® ) Dp||sign® for & < ®(/2. There is a crossover
of the low-lying levels at ® = 0 and ® = +®(/2. For even N charge per-
sistent current are diamagnetic J(®) = (20F'¢%(Q)/®oL)(®/®Pp). There
exists a crossover of low-lying levels at ®. = ®[(1/4) + (v /20F¢2(Q))]
for N = 4n + 2 (n is an integer) and at ® = ($/2) — &, for N = 4n.
Summarizing, the parity effect for charge persistent currents in a repulsive
Hubbard chain is similar to rings of noninteracting electrons, except of the
case N = 4n, where the persistent current is changed from a paramagnetic
one into a diamagnetic one. Parity effects for spin persistent currents and
for persistent currents in other models of correlated electrons can be studied
analogously.

Let us consider how a single impurity can affect persistent currents.
The analysis, totally equivalent to the above shows, that a single impu-
rity changes neither magnitudes of oscillations (i.e., velocities of low-lying
excitations and dressed charge matrices do not depend a single impurity),
nor periods of oscillations. The only parameter, which gets renormalized
due to an impurity is the initial phase shift of oscillations of persistent
currents. This effect is related to the way how an integrable impurity can
be introduced into a correlated electron ring without destroying the exact
solvability, because the impurity introduces a chirality into the problem,

e., it renormalizes the momentum of the ring, ¢f. Chapter 7.

Now, let us examine how a finite concentration of impurities can affect
persistent currents. The reader already knows that a finite concentration of
impurities can yield additional Dirac seas in the ground state. Hence, the
effect of such impurities is related to the onset of new, additional oscillation
patterns, related to virtual movements of low-lying excitations due to those
impurities-induced Dirac seas, and with subsequent interferences of those
new oscillations with the previous ones.

It is also interesting to mention so called microscopic oscillations of
persistent currents. These oscillations appear only for small rings with
small number of electrons and very strong interactions. Let us consider,
e.g., Bethe ansatz equations for a repulsive Hubbard ring for U > 1 for
F =0 and ® # 0. In this limit one can neglect sink; in comparison with
U/4 and A,. Then it follows that

M
Lk; =2 <J + — Z ) (9.173)
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with the energy

E—E 2511.1(7TN/L)
sin(w/L)
M
2r [ @ 1 Jt+J-
X €Oos [f <(}TO + N ;ny + T>‘| y (9174)

where J* and J~ are the maximal and minimal values of J; (i.e., (JT +
J7)/2=D;). The energy for ® # 0 can be minimized by choosing the set
of J, such that Z Jy = —p for

2p—1 & It4+1- 2p+1
N Ty T T2 S Tan

(9.175)

Hence, the energy as a function of ® becomes a quasiperiodic (with a
“period” N~1) sequence of quasiparabolic segments (they become strictly
parabolic for large V). These are microscopic oscillations of a charge per-
sistent current. Obviously, they disappear when U becomes smaller or N
becomes larger. The nature of these oscillations is obvious: one excites
additional spinon oscillations (which carry nonzero momentum p) to mini-
mize the energy lost caused by the external flux. It means that microscopic
oscillations of persistent currents appear only in correlated electron chains,
where at least two low-lying collective excitations with different velocities
can exist. Similar microscopic oscillations of charge and spin persistent
currents appear in other one-dimensional models of correlated electrons.

The magnitude of oscillations of persistent currents is related to the
stiffness constant D (E(®) = E(0) + D®?/L?>~¢ + O(®*), where d is the
dimension of the space) of a transport current in the ground state. It is
easy to show that

1 O|T|0 {01z ) >
D=— Z B —F | (9.176)

where T is the kinetic energy of electrons. Let us switch on the vector poten-
tial A, exp(—iwt), i.e., we get the electric field E, = (iw/c)A, exp(—iwt).
Then the imaginary part of the ac conductivity of a chain is

2¢? 0|T0) (O n — E
|- 3 10U, -

ImUm(w) = thLd E _EO (hUJ)Q )

(9.177)
n;éO
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where P denotes the principal part. It is easy to show that

2 2
lim, o wlmo ., (w) = h—iD ,
. (9.178)
. 2e
limg, — 00 wImo ., (w) = ~ gL (0|T|0) .

It is well-known that the high-frequency behaviour of the real part of the
conductivity is related to the imaginary part via the f-sum rule

[e%s) 2
/ AoReo () = =2 (0[T(0) (9.179)

On the other hand, the low-frequency behaviour implies that

Reo (W) = 27;; (Dd(hw) T % S (01| [28[(En — Eo)? — (nw)Q]) .
n#0
(9.180)

This expression means that nonzero D (related to the Drude weight), is
connected with the magnitude of the charge persistent current in the ground
state. Hence, a nonzero D implies infinite dc conductivity in the ground
state.

Let us consider how a magnetic impurity (for simplicity we shall study
the case S = %) in a correlated electron chain can affect the ground state
magnetoresistivity. We can suppose that due to the contact interaction
the impurity-host S-matrix of the real system is momentum independent,
and only a function of energy. This assumption is, naturally, correct in the
long-wave limit. The impurity-host scattering matrix can be characterized
by scattering phase shifts, and the magnetoresistivity due to an impurity
can be expressed in terms of phase shifts for electrons at the Fermi levels
of low-lying excitations. The T-matrix (S = 1 — iT = exp(2id), where
the phase shift is given mod 27) can be defined by the one-electron zero
temperature Green’s function from

G olw) = Ggﬁ(w) + Gg,c,(w)T(w)GO,J(w) . (9.181)

Hence, the propagator of this equation at w = 0 yields the phase shift at
the Fermi level. Time evolution is given by an additional electron (hole)
state at the Fermi level, because the propagator annihilates one electron
(hole) at t = 0 and creates it at time t. When an electron (hole) propagates
through a chain it causes the change in a phase L[E(N)— E(N —1)]. Let us
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assume that a chain has the width much larger than the atomic scale, but
much smaller than the length of the ring L. Then the scattering gives the
formula for the ground state magnetoresistivity due to a magnetic impurity

R—— T (9.182)

1 )
Zo sin? 0%

where 670 = (7/2)(nimp F 2m5,,,), and Ry characterizes the scattering of
a correlated electron system in the unitary limit. For a fixed band filling
the magnetoresistivity decreases when increasing the magnetization of an
impurity. This is why, the magnetoresistivity, i.e., the characteristic of the
magnitude of a transport current, strongly depends on the presence of a
magnetic impurity in a chain, while such an impurity affects only the initial
phase of a charge persistent current in a ring.

Summarizing, in this chapter we presented the calculation of finite-size
corrections to characteristics of exactly solvable models of quantum spins
and correlated electrons with periodic and open boundary conditions, with
and without inhomogeneities. We reminded the reader the main features
of the description of critical phenomena and conformal field theory. The
latter was used to calculate the asymptotic behaviour of low-energy corre-
lation functions of considered models. Also, another finite-size effect, the
behaviour of persistent currents for periodic correlated electron chains is
studied.

The calculation of finite size corrections for Bethe ansatz-solvable mod-
els was pioneered in [de Vega and Woynarovich (1985)]. The reader can
find calculations of finite size corrections for quantum correlated chains,
e.g., in [Woynarovich, Eckle and Truong (1989); Woynarovich (1989);
Kliimper, Batchelor and Pearce (1991); Pearce and Klimper (1991);
Kawakami and Yang (1991); Bariev, Kliimper, Schadschneider and Zittartz
(1993); Bariev (1994)], homogeneous chains with periodic (twisted) bound-
ary conditions, in [Alcaraz, Barber, Batchelor, Baxter and Quispel (1987);
Asakawa and Suzuki (1995); Frahm and Zvyagin (1997a); Bediirftig and
Frahm (1997)] for chains with open boundary conditions, see also [Frahm
and Zvyagin (1997b); Zvyagin (2002); Zvyagin (2003)] for quantum chains
with impurities. The dressed charge technique was introduced in [Korepin
(1979)]. 1 can suggest the use of, e.g., the well-known books [Ma (1976);
Cardy (1996); Kadanoff (2000); Sachdev (1999)] for the description of crit-
ical phenomena in the vicinity of a phase transition. The scaling hy-
pothesis was introduced in [Widom (1965a); Widom (1965b)], see also
[Rushbrooke (1963)], and developed in [Griffiths (1965); Kadanoff (1966);
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Josephson (1967a); Josephson (1967b); Fisher (1969)]. The conformal field
theory was pioneered in [Belavin, Polyakov and Zamolodchikov (1984)].
The reader can find more about the conformal field theory from, e.g.,
the monographs [Di Franchesco, Mathieu and Sénéshal (1997); Gogolin,
Nersesyan and Tsvelik (1998); Korepin, Bogoliubov and Izergin (1993)].
Conformal field theory for finite systems was developed in [Cardy (1986a);
Cardy (1986b)]. Correlation functions for quantum spin and correlated elec-
tron models were calculated, e.g., in [Bogoliubov, Izergin and Reshetikhin
(1987); Bogolyubov and Korepin (1989); Bogolyubov and Korepin (1990);
Frahm and Korepin (1990); Frahm and Korepin (1991); Kawakami and
Yang (1991)] for periodic systems and [Asakawa and Suzuki (1995);
Bediirftig and Frahm (1997); Frahm and Zvyagin (1997b)] for chains with
open boundary conditions. For more accurate calculations of correlation
functions for integrable models, than by using the conformal field theory,
consult [Korepin, Bogoliubov and Izergin (1993)]. The Aharonov-Bohm
and Aharonov-Casher effects were introduced in [Aharonov and Bohm
(1959)] and [Aharonov and Casher (1984)], respectively. First calcula-
tions of persistent currents (in superconductors) can be found in [Byers
and Yang (1962)]. For the behaviour of a charge persistent current in a
non-interacting metallic ring see, e.g., [Cheung, Gefen, Riedel and Shin
(1988)]. Persistent current in a correlated electron chain was first calcu-
lated in [Zvyagin (1990b)]. Calculations of spin persistent currents (the
Aharonov—Casher effect) in a correlated electron chain are presented in
[Zvyagin and Krive (1992)]. The description of a parity effect and micro-
scopic oscillations of charge persistent currents can be found, e.g., in [Yu
and Fowler (1992)]. The reader can find a review of properties of charge per-
sistent currents in correlated electron rings in [Zvyagin and Krive (1995)].
The connection between charge persistent currents and ac optical conduc-
tivity (Drude weight) was proposed in [Shastry and Sutherland (1990)], and
we closely follow their description here. For the behaviour of persistent
currents in correlated quantum rings with a single impurity see [Zvyagin
(2003)] (there the reader can also find studies of the ground state magne-
toresistivity in a correlated electron ring with a magnetic impurity), and
for correlated rings with a finite concentration of magnetic impurities see,
e.g., [Zvyagin and Schlottmann (1995)].
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Chapter 10

Beyond the Integrability:
Approximate Methods

In this very short chapter we shall briefly review several approximate meth-
ods which are used in the theory of one-dimensional quantum chains. Many
recent excellent review articles and books considered these approximate
methods, and the purpose of the introduction of this short chapter is only
for the “completeness” of the impression of the reader.

10.1 Scaling Analysis

The first (and the simplest) class of methods used in the approximate de-
scription of quantum correlated chains is connected with the renormaliza-
tion group approach. Such a study shows that exponents for characteristics
of low-dimensional systems are non-integer in general, in contrast to simple
perturbation theories, which of course are not legitimate. An application
of scaling relations provides a simple tool to understand some essential
aspects of the behaviour of quantum correlated chains under a relevant
perturbation. To remind, the response of a classical Helmholtz free energy
fe and the correlation function & of a classical critical d-dimensional sys-
tem perturbed by a relevant operator 6’ with the renormalization group
eigenvalue y~* > 0 near a critical point is

A.fcl X 5dy B gcl X 5—y ’ (101)

where d is the space dimension. A quantum critical d-dimensional system
formally behaves in a scaling regime equivalently to a (d 4 z)-dimensional
classical system, where z is the dynamical critical exponent. To remind,
the divergence of correlation functions for quantum critical points implies
divergencies not only in space, but also in time, because the real space in
which one has to consider quantum critical systems is (d + 1), where 1 is

335
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due to time. It should take a longer time to propagate across the distance
of correlation length. One can introduce the “correlation length” (actually
a relaxation time) in time direction 7, which diverges as 7, ~ &%, ¢f. the
previous chapter. As a consequence of divergences in both, £ and 7., various
physical quantities in the critical region close to a quantum critical point
have a dynamic scaling form,

U(k,w) = 2V (K, wry) | (10.2)

where the observable ¥ is measured at the wave vector k and frequency
w (A is the scaling dimension): i.e., close to the critical point there is no
other characteristic length scale than £ and no other characteristic time
scale than 7,.. At the scale-invariant critical point correlation lengths are
divergent, and, hence, the only characteristic length is 27 /k, and the only
characteristic frequency is w(k) ~ (vF'k)*. This implies the simpler scaling
form

U(k,w)e = k2007 k) Jw) . (10.3)

The behaviour of a two-point correlation function G (r) ~ r=4+2-7 im-
plies for the Fourier transform G(?) (k) ~ k=21, The Fourier transform of
a correlation function for (d + 1)-dimensional problem is then

G (k,w) ~ { (vFk)2* —wﬂ o , (10.4)

i.e., there is no other characteristic frequency than (vf'k) itself, thus, col-
lective modes have become overdamped and the system is in an incoherent
diffusive regime.

That is why, the ground state energy and the gap of low-lying excitations
of a d-dimensional quantum critical system are formally proportional to
the free energy and the inverse correlation function of a (d+ z)-dimensional
classical critical system, respectively. The renormalization group eigenvalue
y~ 1 is related to the scaling dimension A of the particular operator by

Aty t=d+z. (10.5)
For a conformally invariant quantum critical chain we have d = z =1, i.e.,
y=(2-A)"". (10.6)

Hence the renormalization of the ground state (internal) energy per site of
a quantum critical chain and the gap for low-lying excitations G (which is
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equal to zero at the unperturbed point) to a relevant perturbation are
AE, oc —§%/(2=8e) G oc g1/ (2R (10.7)

respectively, where the subscript ¢ implies the quantum situation, and A,
is the minimal scaling exponent for energy-energy correlation functions
(i.e., if the Hamiltonian of the quantum critical chain with the nearest-
neighbour interactions is ‘H = Zj ‘H; j+1, the energy-energy correlation
function is (H, ,+1Ho,1)). Here we ignored logarithmic corrections. They
can be present due to marginal operators in the renormalization group
sense. For example, they appear when one studies systems with the SU(2)
spin symmetry. To find the scaling dimension for a quantum critical chain
(as a function of, e.g., coupling constants, band fillings, hopping integrals,
external uniform magnetic field, etc.) we can use the conformal field theory,
c¢f. the previous chapter. According to the conformal field theory approach
asymptotics of correlation functions of primary fields in the ground state
are known to be

Xp(21 Fg
(O )00s (0.0) ~ PPERED o (108)

where v and P are the Fermi velocity and the Fermi momentum, respec-
tively. Scaling dimensions and spins for each primary field are determined
by Ay = h+ h and s, = h — h. Conformal weights (h,h) can be cal-
culated according to the finite size analysis of the low energy physics of
a critical quantum model. For critical correlated electron models the low
energy physics in general case corresponds to a semidirect product of two
conformal field theories. At total and half-filling of the band for a repulsive
Hubbard chain the gap can be opened in the spectrum of charged low-lying
excitations, or, for an attractive Hubbard chain the gap for unbound elec-
tron excitations persists for H < H.. Also, in the spin-saturated phase,
for H > Hj, spin-carrying excitations are gapped. Thus, in such cases the
semidirect product reduces to one conformal field theory.

It means that for a quantum critical chain the gap in spectrum of low-
lying excitations due to a relevant perturbation is

5\ /@80
vaF( > : (10.9)

oF
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and the ground state energy correction reads

5\ 2/ (2=4e)
) . (10.10)

For example, for spin—% chains the dimerization (a relevant perturba-
tion) produces exponents for a spin gap (for H = 0) from % for the isotropic
antiferromagnetic Heisenberg chain (A, = %) to % for the isotropic XY
chain (which is related to free fermions, A. = 1), ¢f. Chapters 2 and 9. In
such a way exponents describe the strength of interactions in a quantum
critical system.

Now, few words about logarithmic corrections. As the reader knows
from the previous chapter, for some models (e.g., those, which respect the
SU(2) spin symmetry), finite size corrections due to low-lying excitations
can be written as

2
E=FEy+—— L {A+i+ } (10.11)

According to the conformal field theory the amplitude b determines multi-
plicative logarithmic corrections to the two-point correlation function,

(6()6(0)) ~ W | (10.12)

Hence, the correction to the gap of low-lying excitations of a quantum crit-
ical system (which has logarithmic finite size corrections) due to a relevant
perturbation § appears to be

5 =50

At nonzero temperatures one has to use the scaling form
W(T,w) = f(hw/T,8/T"*) (10.14)

where § measures the distance to the quantum critical point. In the regime
hw < T one expects the behaviour of the scaling function of a single scaling
variable §/T'/#”. The effect of deviation from the critical value is rescaled
by the factor of T'/#”. The transition appears sharper as the temperature
is lowered. On the other hand, for Aiw > T the scaling is dominated by
w, and the scaling function is independent of T', and, hence, the scaling
variable reduce to (hw/T) =Y §/TY* ~ § Jwt/?V.
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10.2 Bosonization

There are many ways of the introduction of bosonization of Fermi fields.
D. C. Mattis and E. H. Lieb were pioneers of this way of consideration
of one-dimensional condensed matter models. Usually theorists distinguish
between the Abelian bosonization and non-Abelian bosonization for electron
systems. The goal of the diagonalization of the Hamiltonian of interact-
ing electron system with the help of bosonization is to find relevant (and
simple) quantum numbers, which (approximately) parametrize low-energy
eigenvalues and eigenfunctions of the stationary Schrédinger equation.

The bosonization is related to the presentation of the Hamiltonian of
an interacting system as a quadratic form of current operators (e.g., in the
Sugawara construction). It is connected to the important example of the
application of the conformal field theory, the Gaussian model, whose action
is the action of the bosonic field ®(z, z):

~ 9 [z (22 (22
A—2ﬂ_/dzdz(8z> <8z> ) (10.15)

where ¢ is the coupling constant. This model is critical and conformal
invariant. The solution of equations of motion can be given in terms of
right- and left-moving fields (holomorphic and antiholomorphic parts) as
®(z,2) = [¢(2) + ¢(2)]/2,/g. The correlation functions are

(p(z)p(w)) = —In(z —w) , (10.16)

and similar for the antiholomorphic part. One can see that the fields ¢(z)
are not conformal fields, but their derivatives are. To show how this comes
about we can construct the energy-momentum tensor

T(z)

1 2
—5 ¢ 100(2)/0)

L (3¢[2+ (a/2)] 0]z — (a/2)]

—1
2 alg%) 0z 0z

- 1/d2) . (10.17)
From the operator product expansion of ¢ with T" one gets

w w “p(w

from which the reader can see that (9¢(w)/0w) is a primary field with the
conformal weight (1,0). It is possible to identify these derivatives with some
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currents J(w) = i(0¢(w)/Ow). The current-current correlation function is

1
J(z)J = 10.19
()T 0) = = (10.19)
Then one can write the Laurent series for currents
J(2) = i In_ Jn ]{dzz . (10.20)
= g+l = omi

For periodic boundary conditions J, are the Fourier components of the
current. They satisfy the algebra

[J’m Jm] = n(sn,fm 5 (1021)

which is known as U(1) Kac-Moody algebra (the reader can see that it
is bosonic up to a factor n, which can be absorbed into the re-definition
of J,). This algebra in mathematics is often called an affine Lie algebra.
After transforming back one obtains

[(J(x1), J(x2)] = —iié(l)(xl —x3) , (10.22)
8%1
where the right hand side is known as a Schwinger term, or a chiral U(1)
anomaly. The modes with n < 0 can be considered as “creation operators”
and those with n > 0 are “annihilation operators”. U(1) Kac-Moody alge-
bra is the special case of some more general Lie algebra of the generators
T

(T2, b)) =i feTe, ., + kndapdn,—m , (10.23)

where f¢ are structure constants of the algebra and integer k is the level of
Kac-Moody algebra. The central charge of the associated Virasoro algebra
is related to k as

3k

=—. 10.24
k42 (10-24)

The reader can see that for U(1) Kac-Moody algebra the central charge is
c=1.

The Kac—Moody generators are useful in classifying excitations of the
Gaussian model. The Hamiltonian (sometimes called as Sugawara Hamil-
tonian) is related to the energy-momentum tensor

1 2

T(x)==: J(x)J(x) : +6? (10.25)
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via
1 _
Hs = o /dx[T(x) +T(x)] . (10.26)
m

It is obvious from the first formula that ¢ = 1. The generators of the
Virasoro algebra are given by

2r 1 [ .
L, =— d 127rmz/LT
7 27r/0 xe (x)
T cm
= 7 Cdndm—n T Om0T5T 10.2
Ln;m Jnd, Om 0157 (10.27)

where ¢ = 1. Then it is possible to derive the commutation relation between
L,, and J, as

[Lons Jn] = —ndnsm - (10.28)

It is important to notice that

2
[Hs, J) = =M | (10.29)

which reveals that the transform of the current operator, J,,, acts as a
“creation operator” for m < 0 and as a “annihilation” one for m > 0. The
spectrum is harmonic because of the linearized dispersion law. This is why
the operators J,,, can be used to generate the conformal tower of descendant
states from the highest weight state.

For complicated correlated electron chains the goal of the bosonization
procedure is to present, e.g., in the framework of the Sugawara construction,
the Hamiltonian of electrons as a quadratic form of current operators, which
satisfy Kac—Moody algebra. Then conformal properties of the latter permit
to know the structure of low-energy excitations.

To characterize electron states we can start with the introduction of the
number operators

N, = Z : a,loakyg = Z[a,zﬁakyg — 0<0|a270ak10|0>0] . (10.30)
k k

These operators count the number of electrons with spin ¢ with respect to
the free electron reference ground state |0)¢ of the Hamiltonian

Ho=> v'k: af jape :, (10.31)
k,o
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where k = P — P¥ measures the deviation from the Fermi momentum
PF. The dispersion has been linearized about the Fermi energy ET as
e(P) ~ vk + EF. Columns denote the normal ordering with respect to
the free Dirac sea of the vacuum state |0)¢, which is defined as

ar>0,010)0 = aj_o ,[0)o =0 . (10.32)
The operators azﬁ and ay, satisfy standard anticommutation relations.
The values of k are quantized as k = (2r/L)[ny — Py/2], where n;, are
integers. Py = 0,1, since in the ground state the chemical potential (and,
hence, P) has to either coincide with a degenerate level for Py = 0, or
lie between two of them, Py = 1. In both cases the energy level spacing is
2mvf" /L, cf. the previous chapter. All sums over k have to be unbounded,
since we want to use unbounded fermion momentum spectrum. For this
purpose one can take the effective bandwidth D (do not confuse with the
number of particles transfered from one Fermi point to the other one) to be
infinite, but then introduce an (ultraviolet) cut-off. It is possible to denote
the (non-unique) N-electron ground state as

IN) = [N7) ® |Ny) (10.33)

in such a way that Ny|N) = N,|N).
Now we can introduce one-dimensional chiral Fermi fields as

Yo (x) = \/?Z e*ayq (10.34)

where = belongs to the interval —L/2 and L/2. The reader can check that
these fields satisfy standard anticommutation relations

(e (x), 0], (')} = 276(x — &' )0.00 - (10.35)

Py = 0 pertains to periodic boundary conditions for ¢, (x), while Py = 1

corresponds to antiperiodic ones. We can also define bosonic electron-hole
creation operators as

T

bq,o -

d i
— ap o 0k,o (10.36)
\/n_q nzk k+q,

where n, are positive integers (¢ = 2mn,/L > 0). These operators cre-
ate “density excitations” (or currents, see below) with the momentum ¢
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for electrons with spin o. The reader can check that they satisfy Bose
commutation relations

[bq,m bzl,g/] = 5q,q’5a,a’ . (10.37)

The important property of these Bose operators is that they commute with
N,:

[bg,0, Nor] =0 . (10.38)

We can choose from all states |N) a unique state |N)g, called the N-
particle ground state because all other states of |N) have higher energies.
This state contains no holes, i.e.,

bg.o|N)o =0, (10.39)

valid for any positive ¢ and o. Observe that |N)o has lower energy than
the vacuum state |0)g. For Py = 0 the states ag |0)o are degenerate with
|0)o. Any N-electron state can be written as an action of some function of
b;o onto |N)g.

Now we can introduce bosonic fields

1 . .
¢o(x) = — e, , + YT ) e/ (10.40)
qg% \/n_q( q q, )

where a ~ (PF)~1 is a short-distance (ultraviolet) cut-off, introduced to
avoid possible divergencies, if the bandwidth D goes to infinity. The fields
(0¢,(x)/0x) are canonically conjugated to ¢, (x), because of the following
commutation relations:

[%(m), aqsg;x(/x’)] = 276y o <7T[a2 - (C; — %) . (10.41)

To complete the classification of states one needs to introduce the Klein
factors (sometimes called ladder operators), defined as

ULFOHIN)o = fF(bhaly, 41 ,1N)o

(10.42)
Us f ()| N)o = f(b)an, o/ N)o

so that U, (U}) commutes with any function of " and removes (adds) an
electron with spin o from (to) the top-most filled level of |[N)o in a way
that it decreases (increases) the electron number with spin o by one. They
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satisfy the following Clifford algebra:

U Ul =ULU, =1,
{(U,, Uy =0, {ULUY=0,0#0,

. (10.43)
{Uaa UT } - 250’,0’ 5 [Uaa No”] - 60,0”U0 5
[Ug,bq o] = Us,bg,01] =0 .

One can explicitly express Klein factors as a function of fermionic and
bosonic fields, introduced above, as

Uy = Vapy (0)ee @ . (10.44)
Using the above operators one can bosonize fermion fields as
Yo(z) = LUge‘i@f\h’v—Po)Trfc/Le—z'@,(m) ,

va
polz) = Wl(a(z) = 22 4 20

(10.45)

so that the Hamiltonian of free electrons with the linearized about Fermi
points dispersion law can be written as

Ho=Y_ %N (No+1—Po)+ Y oFgbf b,

o q>0,0
ol . L2 g oF 0y (2)\*
_EU:TNU(N0+1—PO)+/_L/2%7. ( B ) . (10.46)

Using the bosonization rules it is easy to express correlation function of
Fermi fields as a function of those for Bose fields

Og.orSign(T R _
(Twe (=)0, (0) = %era( 16, 0=00©)6,) | (10.47)

where 7 defines the time-ordering operator for the Euclidean time 7 and we
used the property of any function of Bose operators B = Zq>0(/\df;f+)\qbq),
governed by the free bosonic Hamiltonian with the linear dispersion law

(exp(AB)) = exp((B%)\?/2) . (10.48)
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It is possible to define the physical Fermi field as
2T —
ph 17 L P;

Z —i(PF 4k PPtk
l( Ta_ k—PF o +el( )ICLPFJrko’ 5

k=— PF

2
L

(10.49)

where P > 0 pertain to right-moving electrons and P < 0 correspond to
left-movers. They can be approximately viewed as two separate “species”
as Ay, /R, = Qg (k+PF),0» With the dispersion law e, 1,/r = e[F(k + PF)].
Then one can factor out rapidly fluctuating phase factors exp(FiP¥z)
(which is, naturally, valid only for large enough P¥") and express ¥, » ()
in terms of slowly varying (on the scale of (P*)~1) fields ¢y, 5 , as

COF L~ COF L~
\I’ph,a(x) ~ e_lp er,o(x) + elp ‘T¢R,o($) ’

o (10.50)
¢L/Ra =\ Z eF R ay LRy -

k=—o0

It means that we extended the single-particle Hilbert space by introducing
additional states at the bottom of the Fermi sea, below ¢(P = 0), e.g.,
ex,r/r = €(0)+v" (k+ PF) for k < —P*. Usually E¥ > 1 these additional
states need very high energies for their excitation, and do not change the
low-energy physics close to Fermi points. Then one can define left- and
right-moving boson fields, and operators pr /g »() as above.

The simple model Hamiltonian of interacting spinless fermions can then
be presented as

. LIz g d
H = Ho + Hine = iv" /_L/2 % : [¢E(x)%¢L(x)
B) L2 g
—@a(x)%%%(x)} ¢+/ =. {gzﬁL(x)ﬁR(x)

—L/2 2

v o [1<5L<x>+ﬁ3<x>>2

_r/22m

+
|b
Ny
~
=
S—
+
e
S
—~
N~—
N~—
| I
|
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vF 4 g4 — g0
v=1/(0F +g2)2— g3, g= | 2. 10.52
( 91)*—95, 9 Ay S ( )

Interactions between electrons are described by such a Hamiltonian that
are often called forward scattering interactions.

This Hamiltonian can be easily diagonalized by using the bosonization
and Bogolyubov transformation

where

1+g¢° L/R
H = < Z l Z "qbz,L/quL/R}
q

1-¢* | & o
+ gg [NLNR—Z”q(bq7qu7R+bcTz7RbcT17L)]>

q

27v ~
T (fNi + anBZ,qu,i>
q

27T :I: l/L/Q d_x 8(I)i(x) ’ . (10 53)
*3 _ppp2m ox N '

where N is number operator in the new basis (after the Bogolyubov trans-
formation) and

R

. NLEN
—aq/2 ) )
Dofa) = -3 % {e’“”B%i + elqu;i} , (10.54)
q>0

1
By, = Zg=l(1+ )00 F b)) £ (1 - 9) (b L F ! 2]

Equivalently, one can define currents

L/2 d -
JL/RJc:/ L 2£C 'Q[JL/R( )TibL/R(x) N (1055)
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Then the Hamiltonian of, e.g., free spinless fermions can be written as
the quadratic form of the normal ordered operators for chiral (Noether)
currents

L/2 d
Ho = Ho,r + Ho,r = —/ 233
L/2 4T
2ol
x (: Jp(x)Jp(x) :+: Jr(—z)Jr(—x) :) = 7
( (Jr,0dr,0+ Jr0Jr,0) — +Z JR,kJR,k+JL,kJL,k)> .
k=1

(10.56)

The last line implies that one has two (non-interacting) theories with central
charges being equal to 1. The reader can compare this result with the one
for the Sugawara construction of the Gaussian model. It turns out that the
expression for the Hamiltonian of free fermions seems quartic in fermion
operators, since Jg/y, are quadratic in fermion operators. However, there
is no contradiction with the definition of Hy, because we used the normal
ordering operation. Using similar calculations as for the Gaussian model
we can show that

2ot

(Ho,L/r> JL/Rm) = — mJr/Rm - (10.57)

Since we know the commutation relations for Jp g, it is an easy task to
calculate the spectrum of the Sugawara construction of the Hamiltonian,
in which zero modes define the spectra of primary states, and the ones
with k£ > 1 pertain to descendants. These descendant states are particle-
hole excitations, while different zero modes determine different Kac—Moody
conformal towers. The eigenvalues of Jr, /g o are often called the charge of
conformal tower. On the other hand, they measure the total number of
fermions. So, the low-energy excitations of the Hamiltonian of free spinless
fermions are representations of the U(1) Kac—Moody algebra, related to
the Gaussian (free bosonic) field theory. The energy spectrum of the free
spinless fermion Hamiltonian in the Sugawara form after bosonization can
be written as

2mvF QR+Q2
E = T (—12+ 5 +mp+myg |, (10.58)

where (1, r are non-negative integers, related zero modes, and my g are
non-negative integers, related to particle-hole excitations (descendants).
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On the other hand, the reader saw above that the inclusion of forward scat-

F )

tering interactions renormalizes velocities of low-lying excitations (v
and introduces the parameter g. The latter one is related, as the reader
remembers from the previous chapter, to the conformal weights (or scal-
ing dimensions and spins) of primary operators. From this viewpoint, the
Sugawara construction of the bosonized form of the low-energy Hamilto-
nian of spinless fermions with only forward scattering interactions gives the
easy way to construct asymptotics of correlation function exponents via the
results of the conformal field theory.

Let us turn now to the consideration of electrons (fermions with spin
o). The Abelian bosonization uses the fact that the Hamiltonian of elec-
trons with spins is often invariant under U(1),=1xU(1),=; symmetry, i.e.,
the conservation of the total charge and the z-projection of the total spin
moment. This symmetry implies

bripo = exp(iae) L/ ro - (10.59)

Using this fact we can write b, /s = (b, £bg,))/V/2 (and similar for b, /s,
which imply

¢q70/s = (¢g1 £ ¢q,i)/\/§ )

N A (10.60)
Nq,C/s = (Ncm + Ntm)/\/i .

For interactions conserving the total charge and the z-projection of the
total spin moment due to the linearization of the dispersion law low-lying
excitations, which describe dynamics of charge and spin degrees of free-
dom, the latter are separated from each other (spin-charge separation).
Then the Hamiltonian in the bosonized form can be written as a sum of
mutually commuting parts, one of which describes the charge low-energy
dynamics, and the other one describes the spin dynamics of the correlated
electron chain. In fact, for only forward scattering interactions one can use
e.g., above formulas for spinless fermions for charge and spin part of the
Hamiltonian. Then, for such interactions, the Hamiltonian of interacting
electron model is diagonalized using Abelian bosonization.

It turns out, however, that there exist electron-electron interactions like

Hbac =0 Z Z azl,R7aa’k1*Q»L:UG’LQ,L,—UCZ’LQ—H],R,—U ’ (1061)

o ki,k2,q

which are usually called backward scattering. They can be expressed in the
bosonization language as
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L/2 g4

Hpae X g1 Z/ — COb (V8s) , (10.62)

L/2 21

where ¢, is the linear combination of ¢+ ,. The most important difference
of that expression from forward scattering interactions is that creation and
annyhilation fermion operators related to right- and left-movers cannot be
written in the form of pair products of pr,r. Such a Hamiltonian cannot
be simply diagonalized as for the forward scattering. Backward scattering
interactions usually produce gaps for low-lying excitations (i.e., they are
relevant perturbations in the renormalization group sense).

The non-Abelian bosonization uses the fact that the Hamiltonian of elec-
trons with spins is, in fact, invariant under larger group U(1)xSU(2), which
has non-Abelian component. The aim of the non-Abelian bosonization is
to provide bosonization scheme in which SU(2) symmetry is preserved at
all steps, unlike the Abelian one. The U(1) symmetry implies

brre = explia)r/rg (10.63)

(o = a; = a). The U(1) Noether current, which measures the total
electron density, is

L/2 g ) .
JL/Rk—Z/ a C Ur/Re (@)W Re(T) ¢ (10.64)

L/2 27'('
On the other hand, the non-Abelian SU(2)-symmetry implies

1ZL/R,U — U:,’%ZL/R,U/ ;
(10.65)

1;2/1{70 - (UT)g/'JJE/RJ, )

where U9 is SU(2)-symmetric matrix. The SU(2) Noether current is

L2
LD 00 s o (@)1 (@) (10.66)
/R.k L2 27‘( L/R,oc\T) Oo,0'VL/R,0 < .

U/

where the components of ¢ are Pauli matrices.

The task of the non-Abelian bosonization is to find a Sugawara construc-
tion for the Hamiltonian, quadratic in the Abelian U(1) currents J (charge
densities) and non-Abelian SU(2) currents .J (spin densities). The reader
can check, that one cannot write holomorphic and antiholomorphic parts
of the Hamiltonian (as it was easily done for spinless fermions) only as the
quadratic form of Abelian U(1) charge currents. However, it remedied by
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taking into account the non-Abelian SU(2) spin currents. After some simple
algebra we can write the Sugawara construction for free spinful electrons

Ho = Ho,L,c + Ho,r,c + Ho,L,s + Ho,R,s
L/2 gy
= —/ < (2)Jp(z) :+: Jr(—2)Jr(—2) :

L/2 27T

+: Ju(@)Jo(z) 4 Jr(—x)Jr(—x) ;) : (10.67)

All four parts of the Hamiltonian are mutually commuting (the commuta-
tion of spin and charge parts of the Hamiltonian follows from the fact that
[JL R, fL/R] = 0). One can define the holomorphic part for the energy-
momentum tensor for charge and spin as

1 2
T.(x) = 1 o Jr(x)Jr(x) : —I—G? ,
(10.68)
1 - - 2
L) = 5 Tala) (o) <40y

and similar for the antiholomorphic one. Using their Fourier transforms
one can get for right-movers (holomorphic part)

2mvF 1
HO,R,C = (Lm—O,c - _>

L 24

2mof 1 1 1 &
== [( JroJRo0 — 24> §mZ:JR mJle, (10.69)

and

2mvf 1
s — Lm: c T a4
Ho,R, ( 0, 24)

2mof | /1 - - 1 2 o= - -
=7 [(gJR,QJR,Q — ﬂ) + gmz_lJR’mJR’m‘| R (10.70)

and similar for antiholomorphic part (left-movers). The commutation rela-
tions for Fourier transforms for charge U(1) operators are

[']L/R,nv ']L/R,m] = 2n5n,—m (1071)
(it is the U(1) Kac-Moody algebra), with

[Lc,na JR,m] = _mJR,ner (1072)
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(and similar for antiholomorphic part). The last formula implies again
that charge-carrying Fourier transforms of current operators Jy /g, act as
raising and lowering (“creation” for m < 0 and “annihilation” for m > 0)
operators of the energy of the charge part of the Hamiltonian. Since we
know the commutation relations for charge currents, it is an easy task to
write down the spectrum of the Sugawara construction of the charge part of
the Hamiltonian, in which zero modes define the spectra of primary charge
states, and the ones with m > 1 pertain to descendants. These descendant
states are charge particle-hole excitations, while different charge zero modes
determine different charge Kac—-Moody conformal towers.

For spin SU(2) operators the commutation relations for Fourier trans-
forms are (a, 3,7 = z,y, 2)

. 1
[JL/R,n,aa JL/R,m,ﬁ] = ZEQB'YJL/R,n+m,'y + En(sa,ﬁdn,fm (1073)
(it is the SU(2) Kac-Moody algebra), notice that

(JL/R,0,05 JL/R0,8] = i€apyIL/R0y 5 (10.74)
i.e., they form the standard SU(2) spin algebra, and

[Ls,n; JR,m,a] = _mJR,n+m,o¢ (1075)

(and similar for antiholomorphic part). Spin-carrying Fourier transforms of
current operators Jy /g m,o act as “creation” for m < 0 and “annihilation”
for m > 0 operators of the energy of the spin part of the Hamiltonian.
Again, since we know the commutation relations for spin currents, it is
an easy task to write down the spectrum of the Sugawara construction of
the spin part of the Hamiltonian, in which zero modes define the spectra
of primary spin states, and the ones with m > 1 pertain to descendants.
These descendant states are spin particle-hole excitations, while different
spin zero modes determine different spin Kac-Moody conformal towers.

Summarizing, the energy spectrum of the free electron Hamiltonian in
the Sugawara form after non-Abelian bosonization can be written as
_2mof <_ 1 Qk+Q%1 | jrUr+1)+j(jr+1)

L e 4 ° 3

E

+Mmpc+mp,e+mps + mL,s) : (10.76)

where Qr,/r and jz, /g are non-negative integers, related to charge and spin
zero modes, respectively, and my g ., are non-negative integers, related
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to particle-hole charge and spin excitations. (Notice that for free elec-
trons the only allowed combination of U(1) and SU(2) primary states is
Qr/r = 2jr/r (mod 2) with jr,r = 0,1.) Inclusion of forward scattering
interactions renormalizes velocities of low-lying charge and spin excitations,
o — Ve,s, and introduces two parameters of interactions gs . (the SU(2)
symmetry fixes the value of gs). The latter are related to the conformal
weights (or scaling dimensions and spins) of primary charge and spin op-
erators. Again, the Sugawara construction of the bosonized form of the
low-energy Hamiltonian of spinful electrons with only forward scattering
interactions in the non-Abelian scheme permits to easily construct asymp-
totics of correlation function exponents via the results of the conformal field
theory.

In fact, by using the bosonization procedure we (approximately) mapped
the Hamiltonian of a one-dimensional correlated electron system to the
Hamiltonian of a free Bose gas with the linear dispersion law, which de-
scribes particle-hole excitations, plus zero modes, which describe changes
of the number of electrons about the right and left Fermi points (or, in the
other basis, which is often used, the change of the total number of electrons
close to Fermi points and transfers from the right to the left Fermi point).
This is very similar to the answer, obtained in the previous chapter, where
we used exact results. The difference is because in the bosonization ap-
proximation spin and charge zero modes yield independent contributions
to the low energy states, i.e., for the bosonized picture there is a spin-charge
separation. On the other hand, as the reader remembers, there is no ex-
act spin-charge separation in the exact Bethe ansatz description, because
of non-diagonal components of dressed charge matrices. Also, it turns out
that the bosonization deals with weak enough interactions, comparing to
the Fermi velocities of free electrons.

The class of Hamiltonians, similar to what we studied above, i.e., with
only forward scattering, was named by F. D. M. Haldane as a Luttinger lig-
wid (or Tomonaga—Luttinger liquid). Physicists believe that the low-energy
physics of metallic phases of one-dimensional correlated electron systems
is often well described by the Luttinger liquid picture. The disadvantage
of this (very universal for some class of models) approach is that one ever
starts the filling of Dirac seas from the situation of the free electron gas.
Hence, this description seems to be good for models, in which low-energy
excitations have the same structure as free electrons, i.e., unbound elec-
tron excitations. It is impossible to derive the bosonized Hamiltonian for
systems, in which low-energy excitations have a different structure, e.g.,
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for pairs, though one can introduce the Luttinger liquid Hamiltonian for
them phenomenologically, and, then, apply the powerful machinery of the
bosonization. Also, it is necessary to keep in mind that the bosonization
picture is limited for weak electron-electron interactions.

Summarizing, in this chapter we briefly presented several approximate
theoretical methods, used to describe non-integrable quantum many-body
models: the scaling approach and the bosonization. These methods can
serve as complementary ones to the exact methods, studied in the previous
chapters of this book.

The reader can find the description of the renormalization group ap-
proach and scaling in, e.g., [Ma (1976); Cardy (1996); Kadanoff (2000);
Sachdev (1999)]. The description of quantum phase transitions can be
found in [Sondhi, Girvin, Carini and Shahar (1997); Sachdev (1999)]. Cal-
culations of logarithmic corrections for quantum chains due to marginal
operators are given in [Affleck, Gepner, Schulz and Ziman (1989)]. The
bosonization approach for correlated electron systems was pioneered in
[Mattis and Lieb (1965)]; see also [Tomonaga (1950); Luttinger (1963)]. It
was first used for calculations of correlation functions of correlated quantum
chains in [Luther and Peschel (1974)]. Approximate description of low-
dimensional correlated electron models was reviewed in [Sélyom (1979)].
The conception of the Luttinger (Tomonaga-Luttinger) liquid was intro-
duced by Haldane in [Haldane (1981)]. The reader can find the mod-
ern reviews of the bosonization procedure, e.g., in the well-known book
[Gogolin, Nersesyan and Tsvelik (1998)] and the review article [van Delft
and Schoeller (1998)].
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