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Abstract

The Green-function technique, termed the irreducible Green func-
tions (IGF) method, that is a certain reformulation of the equation-of
motion method for double-time temperature dependent Green func-
tions (GFs) is presented. This method was developed to overcome
some ambiguities in terminating the hierarchy of the equations of mo-
tion of double-time Green functions and to give a workable technique
to systematic way of decoupling. The approach provides a practical
method for description of the many-body quasi-particle dynamics of
correlated systems on a lattice with complex spectra. Moreover, it
provides a very compact and self-consistent way of taking into account
the damping effects and finite lifetimes of quasi-particles due to inelas-
tic collisions. In addition, it correctly defines the Generalized Mean
Fields (GMF), that determine elastic scattering renormalizations and
, in general, are not functionals of the mean particle densities only. The
purpose of this article is to present the foundations of the IGF method.
The technical details and examples are given as well. Although some
space is devoted to the formal structure of the method, the emphasis
is on its utility. Applications to the lattice fermion models such as
Hubbard/Anderson models and to the Heisenberg ferro- and antifer-
romagnet, which manifest the operational ability of the method are
given. It is shown that the IGF method provides a powerful tool for
the construction of essentially new dynamical solutions for strongly in-
teracting many-particle systems with complex spectra.
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1 Introduction

The basic problems of field theory and statistical mechanics are much similar
in many aspects, especially, when we use the method of second quantiza-
tion and Green functions[1]. In both the cases, we are dealing with systems
possessing a large number of degrees of freedom (the energy spectrum is
practically a continuous one) and with averages of quantum mechanical op-
erators [2]. In quantum field theory, we mostly consider averages over the
ground state, while in statistical mechanics, we consider finite temperatures
(ensemble averages) as well as ground-state averages. Great advances have
been made during the last decades in statistical physics and condensed mat-
ter theory through the use of methods of quantum field theory [3] - [5].
It was widely recognized that a successful approximation for determining
exited states is based on the quasi-particle concept and the Green func-
tion method. For example, the study of highly correlated electron systems
has attracted much attention recently [6] - [9], especially after discovery of
copper oxide superconductors, a new class of heavy fermions [7], and low-
dimensional compounds [3], [8]. Although much work for strongly correlated
systems has been performed during the last years, it is worthy to remind
that the investigation of excitations in many-body systems has been one of
the most important and interesting subjects for the last few decades.

The quantum field theoretical techniques have been widely applied to sta-
tistical treatment of a large number of interacting particles. Many-body
calculations are often done for model many-particle systems by using a per-
turbation expansion. The basic procedure in many-body theory [10] is to
find a suitable unperturbed Hamiltonian and then to take into account a
small perturbation operator. This procedure that works well for weakly
interacting systems needs a special reformulation for many-body systems
with complex spectra and strong interaction. For many practically interest-
ing cases (e.g. in quantum chemistry problems ), the standard schemes of
perturbation expansion must be reformulated greatly [11] - [15]. Moreover,
many-body systems on a lattice have their own specific features and in some
important aspects differ greatly from continuous systems.

In this review that is largely pedagogical we are primarily dealing with the
spectra of elementary excitations to learn about quasi-particle many-body
dynamics of interacting systems on a lattice. Our analysis is based on the
equation-of-motion approach, the derivation of the exact representation of
the Dyson equation and construction of an approximate scheme of calcula-
tions in a self-consistent way. In this review only some topics in the field
are discussed. The emphasis is on the methods rather than on a detailed
comparison with the experimental results. We attempt to prove that the ap-
proach we suggest produces a more advanced physical picture of the problem
of the quasi-particle many-body dynamics.

The most characteristic feature of the recent advancement in the basic re-



search on electronic properties of solids is the development of variety of the
new classes of materials with unusual properties: high-T,. superconductors,
heavy fermion compounds, complex oxides, diluted magnetic semiconduc-
tors, perovskite manganites, etc. Contrary to simple metals, where the fun-
damentals are very well known and the electrons can be represented so that
they weakly interact with each other, in these materials, the electrons in-
teract strongly, and moreover their spectra are complicated, i.e. have many
branches. This gives rise to interesting phenomena [16] such as magnetism,
metal-insulator transition in oxides, heavy fermions, colossal negative mag-
netoresistance in manganites, etc., but the understanding of what is going
on is in many cases only partial.

The subject of the present paper is a microscopic many-body theory of
strongly correlated electron models. A principle importance of these stud-
ies is concerned with a fundamental problem of electronic solid state theory,
namely with the tendency of 3d(4d) electrons in transition metal compounds
and 4f(5f) electrons in rare-earth metal compounds and alloys to exhibit
both the localized and delocalized (itinerant) behaviour. Interesting elec-
tronic and magnetic properties of these substances are intimately related to
this dual behaviour of electrons[17]-[19].

The problem of adequate description of strongly correlated electron systems
has been studied intensively during the last decade[20],[21], especially in
context of the physics of magnetism, heavy fermions and high-T, supercon-
ductivity [7]. The understanding of the true nature of electronic states and
their quasi-particle dynamics is one of the central topics of the current ex-
perimental and theoretical studies in the field. A plenty of experimental
and theoretical results show that this many-body quasi-particle dynamics
is quite nontrivial. A vast amount of theoretical searches for a suitable de-
scription of strongly correlated fermion systems deal with simplified model
Hamiltonians. These include, as workable patterns, the single-impurity An-
derson model (STAM) and Hubbard model. In spite of certain drawbacks,
these models exhibit the key physical feature: the competition and interplay
between kinetic energy (itinerant) and potential energy (localized) effects.
A fully consistent theory of quasi-particle dynamics of both the models is
believed to be crucially important for a deeper understanding of the true
nature of electronic states in the above-mentioned class of materials. In
spite of experimental and theoretical achievements, it remains still much to
be understood concerning such systems [18],[22].

Recent theoretical investigations of strongly correlated systems have brought
forth a significant variety of the approaches to solve these controversial prob-
lems. There is an important aspect of the problem under consideration,
namely, how to take adequately into account the lattice (quasi-localized)
character of charge carriers, contrary to simplified theories of the type of a
weakly interacting electron gas. To match such a trend, we need to develop
a systematic theory of correlated systems, to describe, from the first princi-



ples of the condensed matter theory and statistical mechanics, the physical
properties of this class of materials.

In previous papers, we set up the practical technique of the method of the
irreducible Green functions (IGF) [23] -[33]. This IGF method allows one
to describe quasi-particle spectra with damping for systems with complex
spectra and strong correlation in a very general and natural way. This
scheme differs from the traditional methods of decoupling or terminating
an infinite chain of the equations and permits one to construct the relevant
dynamic solutions in a self-consistent way on the level of the Dyson equation
without decoupling the chain of the equations of motion for the double-time
temperature Green functions. The essence of our consideration of dynamic
properties of many-body system with strong interaction is related closely
with the field theoretical approach, and we use the advantage of the Green-
function language and the Dyson equation. It is possible to say that our
method emphasizes the fundamental and central role of the Dyson equation
for the single-particle dynamics of many-body systems at finite tempera-
ture. This approach has been suggested as essential for various many-body
systems, and we believe that it bears the real physics of interacting many-
particle interacting systems [24], [25].

It is the purpose of the present paper to introduce the concepts of irre-
ducible Green functions (or irreducible operators) and Generalized Mean
Fields (GMF ) in a simple and coherent fashion to assess the validity of
quasi-particle description and mean field theory. The irreducible Green func-
tion method is a reformulation of the equation-of-motion approach for the
double-time thermal GF's, aimed of operating with the correct functional
structure of the required solutions. In this sense, it has all advantages and
shortcomings of the Green-function method in comparison, say, with the
functional integration technique, that, in turn, has also its own advantages
and shortcomings. The usefulness of one or another method depends on the
problem we are trying to solve. For the calculation of quasi-particle spec-
tra, the Green-function method is the best. The irreducible-Green-function
method adds to this statement: ”for the calculation of the quasi-particle
spectra with damping” and gives a workable recipe how to do this in a self-
consistent way.

The distinction between elastic and inelastic scattering effects is a funda-
mental one in the physics of many-body systems, and it is also reflected
in a number of other ways than in the mean-field and finite lifetimes. The
present review attempts to offer a balanced view of quasi-particle interaction
effects in terms of division into elastic- and inelastic-scattering characteris-
tics. For this aim, in the present paper, we discuss the background of the
IGF approach more thoroughly. To demonstrate the general analysis, we
consider here the calculation of quasi-particle spectra and their damping
within various types of correlated electron models to extend the applicabil-
ity of the general formalism and show flexibility and practical usage of the



IGF method.

2  Varieties of Green Functions

It is appropriate to remind the ideas underlying the Green- function method,
and to discuss briefly why they are particularly useful in the study of inter-
acting many-particle systems.

The Green functions of potential theory [34] were introduced to find the field
which is produced by a source distribution (e.g. the electromagnetic field
which is produced by current and charge distribution). The Green func-
tions in field theory are the so-called propagators which describe the tempo-
ral development of quantized fields, in its particle aspect, as was shown by
Schwinger in his seminal works [35] - [37]. The idea of the Green function
method is contained in the observation that it is not necessary to attempt to
calculate all the wave functions and energy levels of a system. Instead, it is
more instructive to study the way in which it responds to simple perturba-
tions, for example, by adding or removing particles, or by applying external
fields.

There is a variety of Green functions [4] and there are Green functions for
one particle, two particles..., n particles. A considerable progress in study-
ing the spectra of elementary excitations and thermodynamic properties of
many-body systems has been for most part due to the development of the
temperature-dependent Green-functions methods.

2.1 Temperature Green Functions

The temperature dependent Green functions were introduced by Matsub-
ara [38]. He considered a many-particle system with the Hamiltonian

(1) H=Hy+V

and observed a remarkable similarity that exists between the evaluation of
the grand partition function of the system and the vacuum expectation of
the so-called S-matrix in quantum field theory

B
(@) Z=Trexpl(uN — HOAS@):5(8) =1 [ V(D)s(rar

where 3 = (KT)~!. In essence, Matsubara observed and exploited, to great
advantage, formal similarities between the statistical operator exp(—5H)
and the quantum-mechanical time-evolution operator exp(iHt). As a result,
he introduced thermal ( temperature-dependent ) Green functions which we
call now the Matsubara Green functions.

We note that the thermodynamic perturbation theory has been invented by



Peierls [39]. For the free energy of a weakly interacting system he derived
the expansion up to second order in perturbation:

Vnm2 n

where p, = exp[3(Fy — Ep)] and exp(—(Fy) = ¥, exp(—E}). By using
the expansion of S(/3) up to second order

@) S = 1—/0ﬁv<7)d7+/0ﬁdﬁ /0 drV (1)V(7) + ...

and rearranging the terms in the expression for Z, it can be shown that the
Peierls result for the thermodynamic potential €2 can be reproduced by the
Matsubara technique (for a canonical ensemble).

Though the use of Green functions is related traditionally with the perturba-
tion theory through the use of diagram techniques, in paper [35] a prophetic
remark has been made:

”

it is desirable to avoid founding the formal theory of the
Green functions on the restricted basis provided by the assump-
tion of expandability in powers of coupling constants”.

Since the most important aspect of the many-body theory is the necessity of
taking properly into account the interaction between particles, that changes
( sometimes drastically ) the behaviour of non-interacting particles, this re-
mark of Schwinger is still extremely actual and important.

Since that time, a great deal of work has been done, and many different vari-
ants of the Green functions have been proposed for studies of equilibrium
and non-equilibrium properties of many-particle systems. We can mention,
in particular, the methods of Martin and Schwinger [36] and of Kadanoff and
Baym [40]. Martin and Schwinger formulated the GF theory not in terms of
conventional diagrammatic techniques, but in terms of functional-derivative
techniques that reduces the many-body problem directly to the solution of
a coupled set of nonlinear integral equations (see also[41]). The approach
of Kadanoff and Baym establishes general rules for obtaining approxima-
tions which preserve the conservation laws ( sometimes called conserving
approximations [6] ). As many transport coefficients are related to conser-
vation laws, one should take care of it when calculating the two-particle and
one-particle Green functions[41]. The random-phase approximation, that is
an essential point of the whole Kadanoff-Baym method, does this and so
preserves the appropriate conservation laws. It should be noted, however,
that the Martin-Schwinger and Kadanoff-Baym methods in their initial form
were formulated for treating the continuum models and should be adapted
to study lattice models, as well.

However, as was claimed by Matsubara in his subsequent paper [42], the



most convenient way to describe the equilibrium average of any observable
or time-dependent response of a system to external disturbances is to ex-
press them in terms of a set of the double-time, or Bogoliubov-Tyablikov,
Green functions.

The aim of the present paper is to suggest and justify that an approach ,
the irreducible Green functions (IGF) method [43], [24], that is in essence
a suitable reformulation of an equation-of-motion approach for the double-
time temperature-dependent Green functions provides an effective and self-
consistent scheme for description the many-body quasi-particle dynamics of
strongly interacting many-particle systems with complex spectra. This IGF
method provides some systematization of approximations and removes (at
least partially) the difficulties usually encountered in the termination of the
hierarchy of equations of motion for the GF.

2.2 Double-time Green Functions

In this Section, we briefly review the double-time temperature-dependent
Green functions .

The double-time temperature-dependent Green functions were introduced
by Bogoliubov and Tyablikov [44] and reviewed by Zubarev [45] and Tyab-
likov [46].

Consider a many-particle system with the time-independent Hamiltonian
H = H — uN; p is the chemical potential, N is the operator of the total
number of particles, and we have chosen our units so that i = 1. Let A(t)
and B(t") be some operators . The time development of these operators in
the Heisenberg representation is given by:

(5) A(t) = exp(iHt) A(0) exp(—iHt)

We define three types of Green functions, the retarded, advanced, and causal
Green functions:

(7) G*=<< A(t), B(t') >>=i0(t' —t) .
(8) G =<< A(t), B(t') >>°=iT < A(t)B(t') >=
)

where < ... > is the average over a grand canonical ensemble, 6(t) is a step
function, and square brackets represent the commutator or anticommutator

(9) [A, B], = AB — nBA

Differentiating a Green function with respect to one of the arguments, for ex-
ample, the first argument, we can obtain the equation (equation-of-motion)



describing the development of this function with time

id/dtG(t,t') = 6(t —t') < [A, B], > + << [A, H|(t), B(t') >>% a =r,a,c
(10)

Since this differential equation contains an inhomogeneous term with J-type
factors, we are dealing formally with the equation similar to the usual one
for the Green function [34] and for this reason, we use the term the Green
function. We note that the equation of motion is of the same functional
form for all the three types of Green functions ( i.e. retarded, advanced,
and causal ). However, the boundary conditions for ¢ are different for the
retarded, advanced, and causal functions [44].

The next differentiation gives an infinite chain of coupled equations of motion

(11) (i)*d" /dt"G(t, 1) =
S n k mm—k n—k
;;1 "k jdtn kst — ') < [[...[A, H]...H], B, >

-1

k
+ << [[...]A, H]...H](t), B(t') >>
n

To solve the differential equation-of-motion, we should consider the Fourier
time transforms of the Green functions:

(12) Gapt—t)=(2m)! / dwG 4 (w) exp[—iw(t —t')],
(13) Gap(w) =<< A|B >>,= / dtG A (t) explist),
By inserting (12) into (10) and (11), we obtain
(14) wGap(w) =< [A, B, > + << [A,H]|B >>;
(15) W'Gap(w) =) w" .[A, H]...H], B], >
k=1 k1
+ << [[...[A, H]...H]|B >>,,
~—

It is often convenient to differentiate of the Green function with respect to
the second time ¢’ . In terms of Fourier time transforms, the corresponding
equations of motion read

(16) —wGap(w) = — < [A, Bly > + << A|[B, H] >>,;
n,.n . n k W k
(~1)"w" G ap(w ,E <[4, [...[B,Hi.ulﬂnn >
(17) + << Al[...[B, H]...H] >>,
N—_——



It is rather difficult problem to solve the infinite chain of coupled equa-
tions of motion (16) and (17). It is well established now that the usefulness
of the retarded and advanced Green functions is deeply related with the
dispersion relations [44], that provide the boundary conditions in the form
of spectral representations of the Green functions.

2.3 Spectral Representations

The GFs are linear combinations of the time correlation functions:

1 +oo
(18Fap(t — ') =< A(DB(l') >= — / dw expliw(t — )] Aap(w)

2T J o

1 [T
(19FpA(t — t) =< B()A(t) > / dw expliw(t’ — )] Apa(w)

:5 .

Here, the Fourier transforms A p(w) and Apa(w) are of the form

(20) Apa(w) =
Q121> exp(—BEy) (), Bibm) (¥, Avn)3(Ey — By, — w)
(21) | Aap = exp(—fw)Apa(—w)

The expressions (20) and (21) are spectral representations of the correspond-
ing time correlation functions. The quantities A4p and Ap4 are spectral
densities or spectral weight functions.

It is convenient to define

(22) Fia(0) =< B)A(#) >= — / " dwA(w)

21 J_oo

1 +o0
(23)  Fap(0) =< A(W)B(t) >= — / de exp(Bw) A(w)

21 J_oo

Then, the spectral representations of the Green functions can be expressed
in the form

(24) G (w) =<< A|B >>I =
1 +00 dw’ ) /
%/_oo m[exp(ﬂw ) — n]A(w')

(25) G'(w) =<< A|B >>{=

L () — iAW)

2T oo W — W — i€

The most important practical consequence of spectral representations for the
retarded and advanced GFs is the so-called spectral theorem. The spectral

10



theorem can be written as

(26) < B(tA(t) >=
_% /;OO dw expliw(t — t')][exp(Bw) — 0]~ ImGag(w + ie)

0 A@)B(Y) >
_% /_:o dw exp(fw) expliw(t — t')][exp(Bw) — ]~ 1ImGAB(w +ie)

Expressions (26) and (27) are of fundamental importance. They directly re-
late the statistical averages with the Fourier transforms of the corresponding
GFs. The problem of evaluating the latter is thus reduced to finding their
Fourier transforms , providing the practical usefulness of the Green functions
technique [45], [46].

3 Irreducible Green Functions Method

In this Section, we discuss the main ideas of the IGF approach which allows
one to describe completely quasi-particle spectra with damping in a very
natural way.

We reformulated the two-time GF method [43], [24] to the form, which is
especially adjusted [23], [43] for correlated fermion systems on a lattice and
systems with complex spectra [26],[27]. A similar method was proposed
in paper [47] for Bose systems ( anharmonic phonons and spin dynamics of
Heisenberg ferromagnet ). The very important concept of the whole method
is the Generalized Mean Field (GMF), as it was formulated in ref. [24].
These GMFs have a complicated structure for the strongly correlated case
and complex spectra and are not reduced to the functional of mean densi-
ties of the electrons or spins when one calculates excitation spectra at finite
temperatures.

3.1 Outline of IGF Method
To clarify the foregoing, let us consider a retarded GF of the form [46]
(28) G" =<< A1), AT(t') >>= —if(t — ') < [AW)AT ()], >,n = +1

As an introduction to the concept of IGF's, let us describe the main ideas of
this approach in a symbolic and simplified form. To calculate the retarded
GF G(t —t'), let us write down the equation of motion for it:

(29) wG(w) =< [A, AT], > + << [A, H]_ | AT >>,

The essence of the method is as follows [24]:
It is based on the notion of the "IRREDUCIBLE” parts of GFs (or the

11



irreducible parts of the operators, A and Af, out of which the GF is con-
structed) in terms of which it is possible, without recourse to a truncation
of the hierarchy of equations for the GFs, to write down the exact Dyson
equation and to obtain an exact analytic representation for the self-energy
operator. By definition, we introduce the irreducible part (ir) of the GF

(30) (1) << [A, H]_|AT >>=<< [A, H]_ — zA|AT >>
The unknown constant z is defined by the condition (or constraint)
(31) < (14, H]", Al], >=0

which is an analogue of the orthogonality condition in the Mori formalism (
see ref.[48]). From the condition (31) one can find:

< [[A,H]-,AT, > M

32 _ _M
(32) : <[4, AT], > Mo

Here My and M, are the zeroth and first order moments of the spectral
density. Therefore, the irreducible GFs are defined so that they cannot be
reduced to the lower-order ones by any kind of decoupling. It is worth not-
ing that the term ”#rreducible” in a group theory means a representation of
a symmetry operation that cannot be expressed in terms of lower dimen-
sional representations. Irreducible (or connected ) correlation functions are
known in statistical mechanics (¢f.[41]). In the diagrammatic approach, the
irreducible vertices are defined as graphs that do not contain inner parts
connected by the G-line. With the aid of the definition (30) these concepts
are translated into the language of retarded and advanced GF's. This proce-
dure extracts all relevant (for the problem under consideration) mean-field
contributions and puts them into the generalized mean-field GF which is

defined here as

(33) GO (w) = LAT]W

(w—2)

To calculate the IGF ") << [A, H]_(t), AT(t') >> in (29), we have to
write the equation of motion for it after differentiation with respect to the
second time variable ¢’. It should be noted that the trick of two-time differ-
entiation with respect to the first time ¢ and second time ¢’ (in one equation
of motion) was introduced for the first time by Tserkovnikov [49].

The condition of orthogonality (31) removes the inhomogeneous term from
this equation and is a very crucial point of the whole approach. If one in-
troduces the irreducible part for the right-hand side operator as discussed
above for the “left” operator, the equation of motion (29) can be exactly
rewritten in the following form

(34) G=G"+G'PG°

12



The scattering operator P is given by
(35) P= (M) '( << [A H]_|AT, H]- >>0)(Mg) ™!

The structure of equation (34) enables us to determine the self-energy op-
erator M, by analogy with the diagram technique

(36) P=M+ MGP

From the definition (36) it follows that the self-energy operator M is defined
as a proper (in the diagrammatic language, “connected”) part of the scat-
tering operator M = (P)P. As a result, we obtain the exact Dyson equation
for the thermodynamic double-time Green functions:

(37) G=G"+G"MG

The difference between P and M can be regarded as two different solutions
of two integral equations (34) and (37). But from the Dyson equation (37)
only the full GF is seen to be expressed as a formal solution of the form

(38) G=[(G)" - M

Equation (38) can be regarded as an alternative form of the Dyson equation
(37) and the definition of M provided that the generalized mean-field GF
GV is specified. On the contrary , for the scattering operator P, instead of
property GG 4+ G°M = 1, one has the property

(GO)fl . G*l _ PG(]Gfl

Thus, the wvery functional form of the formal solution (38) determines the
difference between P and M precisely.

Thus, by introducing irreducible parts of GF (or irreducible parts of the
operators, out of which the GF is constructed) the equation of motion (29)
for the GF can exactly be ( but using orthogonality constraint (31)) trans-
formed into the Dyson equation for the double-time thermal GF (37). This
result is very remarkable , because the traditional form of the GF method
does not include this point. Notice that all quantities thus considered are
exact. Approximations can be generated not by truncating the set of cou-
pled equations of motions but by a specific approximation of the functional
form of the mass operator M within a self-consistent scheme, expressing M
in terms of initial GF

M ~ F|G]

Different approximations are relevant to different physical situations.

The projection operator technique [50] has essentially the same philoso-
phy, but with using the constraint (31) in our approach we emphasize the
fundamental and central role of the Dyson equation for the calculation of

13



single-particle properties of many-body systems. The problem of reducing
the whole hierarchy of equations involving higher-order GFs by a coupled
nonlinear set of integro-differential equations connecting the single-particle
GF to the self-energy operator is rather nontrivial ( ¢f.[41]). A characteristic
feature of these equations is that, besides the single-particle GF, they in-
volve also higher-order GF. The irreducible counterparts of the GF's, vertex
functions, etc, serve to identify correctly the self-energy as

M=G;' -Gt

The integral form of Dyson equation (37) gives M the physical meaning
of a nonlocal and energy-dependent effective single-particle potential. This
meaning can be verified for the exact self-energy through the diagrammatic
expansion for the causal GF.

It is important to note that for the retarded and advanced GF's, the notion
of the proper part M = (P)? is symbolic in nature [24]. In a certain sense,
it is possible to say that it is defined here by analogy with the irreducible
many-particle T-matrix[41]. Furthermore, by analogy with the diagram-
matic technique, we can also introduce the proper part defined as a solution
to the integral equation (36). These analogues allow us to understand better
the formal structure of the Dyson equation for the double-time thermal GF
but only in a symbolic form . However, because of the identical form of the
equations for GF's for all three types ( advanced, retarded, and causal ), we
can convert in each stage of calculations to causal GF and, thereby, confirm
the substantiated nature of definition (36)! We therefore should speak of an
analogy of the Dyson equation. Hereafter, we drop this stipulating, since
it does not cause any misunderstanding. In a sense, the IGF method is a
variant of the Gram-Schmidt orthogonalization procedure (see Appendix A
).

It should be emphasized that the scheme presented above gives just a gen-
eral idea of the IGF method. A more exact explanation why one should not
introduce the approximation already in P, instead of having to work out M,
is given below when working out the application of the method to specific
problems.

The general philosophy of the IGF method is in the separation and identi-
fication of elastic scattering effects and inelastic ones. This latter point is
quite often underestimated, and both effects are mixed. However, as far as
the right definition of quasi-particle damping is concerned, the separation of
elastic and inelastic scattering processes is believed to be crucially important
for many-body systems with complicated spectra and strong interaction.
From a technical point of view, the elastic GMF renormalizations can exhibit
quite a nontrivial structure. To obtain this structure correctly, one should
construct the full GF from the complete algebra of relevant operators and
develop a special projection procedure for higher-order GF's in accordance
with a given algebra. Then the natural question arises how to select the
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relevant set of operators { A1, Ao, ...A,} , describing the "relevant degrees of
freedom”. The above consideration suggests an intuitive and heuristic way
to the suitable procedure as arising from an infinite chain of equations of
motion (14). Let us consider the column

Aq
Ao
Ap
where
A=A, Ay=[AH|, As=[[AH],H|...A,=]...[A H|..H]

Then the most general possible Green function can be expressed as a matrix

Ay
G =<< %2 (Al Al oAl >>
An

This generalized Green function describes the one-, two- and n-particle
dynamics. The equation of motion for it includes, as a particular case, the
Dyson equation for single-particle Green function, the Bethe-Salpeter equa-
tion, which is the equation of motion for the two-particle Green function
and which is an analogue of the Dyson equation, etc. The corresponding
reduced equations should be extracted from the equation of motion for the
generalized GF with the aid of the special techniques such as the projection
method and similar techniques. This must be a final goal towards a real
understanding of the true many-body dynamics. At this point, it is worth-
while to underline that the above discussion is a heuristic scheme only but
not a straightforward recipe. The specific method of introducing the IGF's
depends on the form of operators A,,, the type of the Hamiltonian, and con-
ditions of the problem. The irreducible parts in higher-order equations and
connection with Mori formalism was considered by Tserkovnikov [51]. The
incorporation of irreducible parts in higher-order equations and connection
with the moment expansion was studied in ref. [25] ( see Appendix B ).
Here a sketchy form of the IGF method is presented. The aim to introduce
the general scheme and to lay the groundwork for generalizations and spe-
cific applications is expounded in the next Sections. We demonstrate below
that the IGF method is a powerful tool for describing the quasi-particle
excitation spectra, allowing a deeper understanding of elastic and inelastic
quasi-particle scattering effects and corresponding aspects of damping and
finite lifetimes. In the present context, it provides a clear link between the
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equation-of-motion approach and the diagrammatic methods due to deriva-
tion of the Dyson equation (37). Moreover, due to the fact that it allows the
approximate treatment of the self-energy effects on a final stage, it yields a
systematic way of the construction of approximate solutions.

It is necessary to emphasize that there is an intimate connection between an
adequate introduction of mean fields and internal symmetries of the Hamil-
tonian. To test these ideas further, in the following Sections, we analyze
the mean field and generalized mean field concepts for various many-body
systems on a lattice.

4 Many-Particle Interacting Systems on a Lattice

4.1 Spin Systems on a Lattice

There exists a big variety of magnetic materials. The group of magnetic
insulators is of a special importance. For the group of systems considered
in this Section, the physical picture can be represented by a model in which
the localized magnetic moments originating from ions with incomplete shells
interact through a short-range interaction. Individual spin moments form
a regular lattice. The first model of a lattice spin system was constructed
to describe a linear chain of projected electron spins with nearest-neighbor
coupling. This was the famous Lenz-Izing model which was thought to yield
a more sophisticated description of ferromagnetism than the Weiss uniform
molecular field picture. However, in this model, only one spin component is
significant. As a result, the system has no collective dynamics. The quantum
states that are eigenstates of the relevant spin components are stationary
states. The collective dynamics of magnetic systems is of great importance
since it is related to the study of low-lying excitations and their interactions.
This is the main aim of the present consideration. Although the Izing model
was an intuitively right step forward from the uniform Weiss molecular field
picture, the physical meaning of the model coupling constant remained com-
pletely unclear. The concept of the exchange coupling of spins of two or more
nonsinglet atoms appeared as a result of the Heitler-London consideration
of chemical bond. This theory and the Dirac analysis of the singlet-triplet
splitting in the helium spectrum stimulated Heisenberg to make a next es-
sential step. Heisenberg suggested that the exchange interaction could be
the relevant mechanism responsible for ferromagnetism.

4.1.1 Heisenberg Ferromagnet

The Heisenberg model of a system of spins on various lattices ( which was
actually written down explicitly by van Vleck ) is termed the Heisenberg fer-
romagnet and establishes the origin of the coupling constant as the exchange
energy. The Heisenberg ferromagnet in a magnetic field H is described by
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the Hamiltonian
(39) H=-> J>—-5)858S; —gupH>_ S;

The coupling coefficient J(i — j) is the measure of the exchange interaction
between spins at the lattice sites ¢ and j and is defined usually to have
the property J(i - j = 0) = 0. This constraint means that only the inter-
exchange interactions are taken into account. However, in some complicated
magnetic salts, it is necessary to consider an ”effective” intra-site (see[52])
interaction (Hund-rule-type terms). The coupling, in principle, can be of a
more general type (non-Heisenberg terms). These aspects of construction of
a more general Hamiltonian are very interesting, but we do not pause here
to give the details.

For crystal lattices in which every ion is at the centre of symmetry, the
exchange parameter has the property

J(i—3)=J(G 1)
We can rewrite then the Hamiltonian (39) as

(40) H ==Y J(i—35)(SiS;+5S;)
ij

Here S* = S% £48Y are the raising and lowering spin angular momentum
operators. The complete set of spin commutation relations is

[S;7, 871 =286 [S7,57 14 =25(5 +1) — 2(57)%
[SF,S7]_ = £SF6;;;  S7 =S(S+1)—(S7)? - 578}
(S+)25+1 _ 0’ (S-_)2S+1 -0

7

We omit the term of interaction of the spin with an external magnetic field
for the brevity of notation. The statistical mechanical problem involving
this Hamiltonian was not exactly solved, but many approximate solutions
were obtained.

To proceed further, it is important to note that for the isotropic Heisenberg
model, the total z-component of spin S7; = >, S7 is a constant of motion,
ie.

[H, Sot] = 0

There are cases when the total spin is not a constant of motion, as, for
instance, for the Heisenberg model with the dipole terms added.

Let us define the eigenstate [thg > so that S;'|1pg >= 0 for all lattice sites
R;. Tt is clear that |1y > is a state in which all the spins are fully aligned
and for which S7|¢g >= S|yp >. We also have

Je = Ze@’ZEU(z‘) —J .
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, where the reciprocal vectors k are defined by cyclic boundary conditions.
Then we obtain

Hlpo >= =Y _J(i— j)S* = —NS*Jy
ij

Here N is the total number of ions in the crystal. So, for the isotropic
Heisenberg ferromagnet, the ground state |9 > has an energy —NS2.Jp.
The state |1y > corresponds to a total spin NS.

Let us consider now the first excited state. This state can be constructed
by creating one unit of spin deviation in the system. As a result, the total
spin is NS — 1. The state

985 o >

1 7
g >= e 3 R
T
is an eigenstate of H which corresponds to a single magnon of the energy
(41) wi ™ (k) = 28(Jo — Ji)

Note that the role of translational symmetry, i.e. the regular lattice of spins,
is essential, since the state |1y > is constructed from the fully aligned state
by decreasing the spin at each site and summing over all spins with the
ikR;

phase factor """, It is easy to verify that

< Y| Siplr >= NS -1

The above consideration was possible because we knew the exact ground
state of the Hamiltonian . There are many models where this is not the
case. For example, we do not know the exact ground state of a Heisenberg
ferromagnet with dipolar forces and the ground state of the Heisenberg
antiferromagnet.

4.1.2 Heisenberg Antiferromagnet

We now discuss the Heisenberg model of the antiferromagnet which is more
complicated to analyse. The fundamental problem here is that the exact
ground state is unknown. We consider, for simplicity, a two-sublattice struc-
ture in which nearest neighbour ions on opposite sublattices interact through
the Heisenberg exchange. For a system of ions on two sublattices, the Hamil-

tonian is
(42) H= JZ SmSm+s + JZ SnSnts
m,o n,0
Here the notation m = ﬁm means the position vectors of ions on one

sublattice (a) and n for the ions on the other (b). Nearest neighbor ions
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on different sublattices are a distance |§| apart. ( The anisotropy field
wHA(Y,, SZ — >, SZ), which is not written down explicitly, is taken to
be parallel to the z axis. ) The simplest crystal structures that can be
constructed from two interpenetrating identical sublattices are the body-
centered and simple cubic.
The exact ground state of this Hamiltonian is not known. One can use the
approximation of taking the ground state to be a classical ground state,
usually called the Neel state, in which the spins of the ions on each sub-
lattice are oppositely aligned along the z axis. However, this state is not
even an eigenstate of the Hamiltonian (42). Let us remark that the total
z-component of the spin commutes with the Hamiltonian (42). It would be
instructive to consider here the construction of a spin wave theory for the
low-lying excitations of the Heisenberg antiferromagnet in a sketchy form to
clarify the foregoing.
To demonstrate the specifics of Heisenberg antiferromagnet more explicitly,
it is convenient to rotate the axes of one sublattice through 7 about the
x-axis. This transformation preserves the spin operator commutation rela-
tions and therefore is canonical. Let us perform the transformation on the
ﬁn, or b-sublattice
S;——=Si; Sy — ST
The operators S and S? commute, because they refer to different sublat-
tices.
The transformation to the momentum representation is modified in compar-

ison with the ferromagnet case

1 - . 1 TR
+ _ = (£igRm) o*. +_ = (FigRm) ot
Sm_Nze S(I’ Sm—NZe’ Sq
q q
Here ¢ is the reciprocal lattice vectors for one sublattice, each sublattice
containing N ions. After these transformations, the Hamiltonian (42) can

be rewritten as

1 _ 5 = A
q

In (43), 74 is defined as 2y, = >, —p . exp(i@Rm), and z is the number of
nearest neighbors; the constant terms and the products of four operators are
omitted. Thus the Hamiltonian of the Heisenberg antifferomagnet is more
complicated than that for the ferromagnet. Because it contains two types
of spin operators that are coupled together, the diagonalization of (43) has
its own specificity.

To diagonalize (43), let us make a linear transformation to new operators (
Bogoliubov transformation )

(44) S = ugaq + vqu]; S,

. = uqu} + vgaq
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with
[aqa ag/] = 6q,q’? [bqv b;’] = 5%9‘(’

The transformation coefficients u; and v, are purely real. To preserve the
commutation rules for the spin operators

(i, 8] = 2SNoy g

, they should satisfy u?(k) — v2(k) = 2SN. The transformations from the
operators (S, 5;) to the operators (aq, bg) give
(S S5+ 5755) + (5757 + 575, =
(agaq + b};bq)[(u2(q) + U2(Q)) + 2ugvg7q]
+(agbq + a;b:r;)[ 2((1) + UQ(Q))’Yq + 2u4v,]
(45) +2uvgYq + 20%(q)

(u

We represented Hamiltonian (43) as a form quadratic in the Bose opera-
tors (agq, bg) . We shall now consider the problem of diagonalization of this
form[46]. To diagonalize (43), we should require that

2uqvg + (u?(q) +v%(q))7 =0
Then we obtain

1 1-
(46) 2u?(g) = 25N 920y _ogn L= Fa)
Kq Kq
Here the following notation was introduced: kg = /(1 —72) and 2ugv, =
—2SN~,/kq After the transformation (44), we get, instead of (43),

(47) H =" 0™ (k) (afag + bib,)
k

with

(48) w§™™ (k) = 2278,/1 — 42

Expression (47) contains two terms, each with the same energy spectrum.
Thus, there are two degenerate spin wave modes, because there can be
two kinds of precession of the spin about the anisotropy direction. The
degeneracy is lifted by the application of an external magnetic field in the
z direction, because in this case the two sublattices become nonequivalent.
These results should be kept in mind when discussing the quasi-particle
many-body dynamics of the spin lattice models.
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4.2 Correlated Electrons on a Lattice

The importance of intra-atomic correlation effects in determining the mag-
netic properties of transition metals and their compounds and oxides was
recognized many years ago. The essential basis of studies of metallic mag-
netism, namely, that the dominant physical mechanism responsible for the
observed magnetic properties of the transition metals and their compounds
and alloys is the strong intra-atomic correlation in an otherwise tight-binding
picture, is generally accepted as being most suitable. The problem of the
adequate description of strongly correlated electron systems on a lattice
was studied intensively during the last decade, especially in the context of
metallic magnetism, heavy fermions, and high-T, superconductivity [7]. The
understanding of the true nature of electronic states and their quasi-particle
dynamics is one of the central topics of the current experimental and the-
oretical efforts in the field. The source of spin magnetism in solids is, of
course, the Pauli exclusion principle as manifested in the exchange interac-
tion and higher order mechanism. Of particular interest is the fact that the
Hartree-Fock or mean field theory, i.e. the theory including exchange but
not correlation effects, invariably overestimates the tendency to magnetism.
This fact obviously complicated the already complicated problem of mag-
netism in a metal with the d band electrons which, as was mentioned above,
are really neither ”local” nor ”itinerant” in a full sense.

The strongly correlated electron systems are systems in which electron cor-
relations dominate. The theoretical studies of strongly correlated systems
had as a consequence the formulation of two model Hamiltonians which
play a central role in our attempts to get an insight into this complicated
problem. These are the Anderson single-impurity model (SIAM) [53] and
Hubbard model [54]. It was only relatively recently recognized that both
the models have a very complicated many-body dynamics, and their ”sim-
plicity” manifests itself in the dynamics of two-particle scattering, as was
shown via elegant Bethe-anzatz solutions.

4.2.1 Hubbard Model
The model Hamiltonian usually referred to as the Hubbard Hamiltonian[54],[22]

(49) H = Z tija;raajg + U/2 Z NigNi—go

ijo i

includes the intra-atomic Coulomb repulsion U and the one-electron hopping
energy t;;. The electron correlation forces electrons to localize in the atomic
orbitals which are modelled here by a complete and orthogonal set of the
Wannier wave functions [¢(7 — ﬁ])] On the other hand, the kinetic energy
is reduced when electrons are delocalized. The main difficulty in solving

the Hubbard model correctly is the necessity of taking into account both
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these effects simultaneously. Thus, the Hamiltonian (49) is specified by two
parameters: U and the effective electron bandwidth

_ N*l Z |tij|2)1/2-
]

The band energy of Bloch electrons e(I;) is defined as follows

tj =N~ 12 ) explik(R; — Ry,

where N is the number of lattice sites. It is convenient to count the energy
from the center of gravity of the band, ie. t; = to = > pe(k) = 0 (
sometimes it is useful to retain ¢y explicitly ).

This conceptually simple model is mathematically very complicated. The
effective electron bandwidth A and Coulomb intra-site integral U determine
different regimes in 3 dimensions depending on the parameter v = A/U. In
addition, the Pauli exclusion principle that does not allow two electrons of
common spin to be at the same site, i.e. n2 = n;,, plays a crucial role, and it
should be taking into account properly while making any approximations. It
is usually rather a difficult task to find an interpolating solution for dynamic
properties of the Hubbard model for various mean particle densities. To
solve this problem with a reasonably accuracy and to describe correctly an
interpolated solution from the “band” limit (y > 1) to the “atomic” limit
(v — 0), one needs a more sophisticated approach than usual procedures
developed for description of the interacting electron gas problem[89]. We
have evidently to improve the early Hubbard theory taking into account of
variety of possible regimes for the model depending on the electron density,
temperature, and values of 7. The single-electron GF

—

(50) Gijo(w) =<< aislal, >>= N3 Go(k,w) exp[—ik(R; — &;)],

k
calculated by Hubbard [54], [55], has the characteristic two-pole functional
structure

(51) Go(k,w) = [Fo(w) — e(k)] !
where
~(nt,E_+n_E A
(2)  Fy'(w)= o ool fal) -
(w—FEy —n" ,N(w—FE_—nT \)—nt n" N2
Here n™ =n,n~ =1-n; By = U, E_ =0, and ) is a certain function

which depends on parameters of the Hamiltonian. In this approximation,
Hubbard took account of the scattering effect of electrons with spins o by
electrons with spin —o which are frozen as well as the ”resonance broaden-
ing” effect due to the motion of the electrons with spin —o. The ”Hubbard
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IIT” decoupling procedure suffered of serious limitations. However, in spite
of the limitations, this solution gave the first clue to the qualitative un-
derstanding of the property of narrow-band system like the metal-insulator
transition.

If A is small (A — 0), then expression (52) takes the form:

- +

_ n_ n_
Fl(w)zw—E jn+)\+ i
- —0

w—FEy —nZ N
which corresponds to two shifted subbands with the gap

wi—wy=(Ey —E_ )+ (nZ, —nf)AN=U+A2nT,.

—0
If X\ is very big, then we obtain

“w) ~ A — 1
e ) S B, T 0 - Bonto o= (0, Bs — e B

The latter solution corresponds to a single band centered at the energy
w nJ_FUU . Thus, this solution explains qualitatively the appearance of a
gap in the density of states when the value of the intra-atomic correlation
exceeds a certain critical value, as it was first conjectured by N. Mott.

The two-pole functional structure of the single-particle GF is easy to under-
stand within the formalism that describes the motion of electrons in binary
alloys [55],[60]. If one introduces the two types of the scattering potentials
ty ~ (w— E1)7!, then the two kinds of the t-matrix T, and T_ appears
which satisfy the following system of equations:

T_|_ == t+ + t+G3_+T+ + t+G3__T_

T_=t_+t.G° T +t.G° Ty,

where Gg 5 1s the bare propagator between the sites with energies F+. The
solution of this system is of the following form

T te +teGYty
:t = =
(1—t4GL )1 —t-GY_) -G GY _tyt_
t=' + G4

' -G )t -GY ) -GV Gy

(53)

Thus, by comparing this functional two-pole structure and the “Hubbard
III” solution [55],[60]

Yo(w) =w— Fy(w)
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, it is possible to identify the “scattering corrections” and “resonance broad-

ening corrections” in the following way:

ww—=-U)—(w—Un_y)As(w)
w—U(l—-n_y)— As(w)

Fy(w) =
Ap(w) =Yy (w) + Yo o(w) =Y (U —w)

Yo = Fy(w) — GEJ(W); Goo(w) = N"" ZGka(w)
k

If we put As(w) = 0, we immediately obtain the “Hubbard I” solution [54]

N_g 1—n_,

U ey  w—ek)1=—n_y)

(54) G (k,w) ~

Despite that this solution is exact in the atomic limit ( ¢;; = 0), the "Hub-
bard I” solution has many serious drawbacks. The corresponding spectral
function consists of two d-function peaks. The "Hubbard III” solution in-
cludes several corrections, including scattering corrections which broadens
the peaks and shift them when U is changed.

The “alloy analogy” approximation corresponds to A,(w) ~ Y,(w). An in-
teresting analysis of the ”Hubbard III” solution was performed in paper[60].
The Hubbard sub-band structure was obtained in an analytic form in the
”Hubbard III” approximation, using the Lorentzian form for the density of
states for non-interacting electrons. This resulted in an analytical form for
the self-energy and the density of states for interacting electrons. Note that
the “Hubbard III” self-energy operator ¥, (w) is local, i.e. does not depend
on the quasi-momentum. Another drawback of this solution is a very incon-
venient functional representation of elastic and inelastic scattering processes.
The conceptually new approach to the theory of very strong but finite elec-
tron correlation for the Hubbard model was proposed by Roth [90]. She
clarified microscopically the origination of the two-pole solution of the single-
particle GF in the strongly correlated limit

(55) G (k,w) ~
N_g 1—n_,

w—U—€ekn_eg—Wi_s(1—n_,) + w—ek)(1—n_g) —n_oWi_o

We see that, in addition to a band narrowing effect, there is an energy shift
Wi_o given by

no'(l — no')WkU = Ztij < a;raaja(l — Nj—g — nj_o') > — Ztij exp[ik(j — Z)]
(56)  (n2— < nipnje >+ < al__al

j—oio

Ujgli—g > + < a}_aa}(,awai_g >)
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This energy shift corrects the situation with the ”Hubbard I” spectral func-
tion and recovers, in principle, the possibility of describing the ferromagnetic
solution. Thus, the Roth solution gives an improved version of ”Hubbard
I” two-pole solution and includes the band shift, that is most important
in the case of a nearly-half-filled band. It is worth noting that this result
was a very unusual fact from the point of view of the standard Fermi-liquid
approach, showing that the naive one-electron approximation of band struc-
ture calculations is not valid for the description of electron correlations of
lattice fermions.

It is this feature - the strong modification of single-particle states by many-
body correlation effects - whose importance we wish to emphasize here.
Various attempts were made to describe the properties of the Hubbard model
in both the strong and weak coupling regimes and to find a better solution
( e.g. [56] - [58] ). Different schemes of decoupling of the equations of
motion for the GFs analysed and compared in paper[59], when calculating
the electron contribution to the cohesive energy in a narrow band system.
These calculations showed importance of the correlation effects and the right
scheme of approximation.

Thus, a sophisticated many-body technique is to be used for calculating the
excitation spectra and other characteristics at finite temperatures. We shall
show here following papers [43],[23] that the IGF method permits us to im-
prove substantially both the solutions, Hubbard and Roth, by defining the
correct Generalized Mean Fields for the Hubbard model.

4.2.2 Single Impurity Anderson Model (STAM)
The Hamiltonian of STAM can be written in the form [53]

(57) H = Z €kckgck0' + Z EOO’fOUfOO' + U/2 Z NoeNo—0 +
ko

Z Vi Ckngcr + fOO'Ck’U)
ko

where CL , and fga are, respectively, the creation operators for conduction

and localized electrons; € is the conduction electron energy, Ey, is the lo-
calized electron energy level, and U is the intra-atomic Coulomb interaction
at the impurity site; Vi represents the s — (d)f hybridization interaction
term and was written in paper[53] in the following form

(58) Z Vi(Rj)exp(ikR;)

The hybridization matrix element is

—

)= [l o7 - Fy)ar
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The use of Hartree-Fock term here is notable, since it justifies the initial
treatment of STAM in[53] entirely in the H-F approximation. A number
of approaches for SIAM and other correlated electronic systems was pro-
posed, aimed at answering the Anderson question: ”...whether a real many-
body theory would give answer radically different from the Hartree-Fock
results?” [53].

Our goal is to propose a new combined many-body approach for the descrip-
tion of many-body quasi-particle dynamics of STAM at finite temperatures.
The interplay and competition of the kinetic energy (e), potential energy
(U), and hybridization (V') substantially influence the electronic spectrum.
The renormalized electron energies are temperature-dependent, and elec-
tronic states have finite lifetimes. These effects are described most suitable
by the Green functions method. The purpose of the present approach is to
find the electronic quasi-particle spectrum renormalized by interactions (U-
and V-terms) in a wide range of temperatures and model parameters and
to calculate explicitly the damping of the electronic states.

4.2.3 Periodic Anderson Model (PAM)

Let us now consider a lattice generalization of STAM, the so-called periodic
Anderson model (PAM). The basic assumption of the periodic impurity
Anderson model is the presence of two well-defined subsystems, i.e. the
Fermi sea of nearly free conduction electrons and the localized impurity
orbitals embedded into the continuum of conduction electron states ( in
rare-earth compounds, for instance, the continuum is actually a mixture of
s, p, and d states, and the localized orbitals are f states). The simplest form
of PAM

(59) H = Z EkCLUCkU + Z EOfiTofio + U/2 Z NigNi—¢ +
ko [1es io

v
VN

assumes a one-electron energy level Ey, hybridization interaction V', and the
Coulomb interaction U at each lattice site. Using the transformation

S (exp(ikRy)c), fio + exp(—ikR;) 1 ko)

iko

. ~ T _ 1 »

Cp. = exp(—ikR;)c i cpe = exp(ikR;)c;

ko N Zj: p( ) jo ko N 2]: P( i)Cjo
the Hamiltonian ( 59) can be rewritten in the Wannier representation:

(60) H=> tijcl cio+ > Eoff fio + U/2D  nignio +

ijo o i

VS (el fio + [l cio)
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If one retains the k-dependence of the hybridization matrix element V; in
(60), the last term in the PAM Hamiltonian describing the hybridization
interaction between the localized impurity states and extended conduction
states and containing the essence of a specificicity of the Anderson model,
is as follows

1 .
Z Vz’j(cjgfia + fZTUCw); Vij = N Z Viexplik(R; — R;)]
ijo k

The on-site hybridization Vj; is equal to zero for symmetry reasons. A
detailed analysis of the hybridization problem from a general point of view
and in the context of PAM was made in paper[61]. The Hamiltonian of
PAM in the Bloch representation takes the form

(61) H=Y" GkCLUCko +> Ekf]:[;gfko +U/2> nigni—o +
ko 10 i

> Vi(ehy fro + flcho)

ko
Note that as compared to the SIAM, the PAM has its own specific features.
This can lead to peculiar magnetic properties for concentrated rare-earth
systems where the criterion for magnetic ordering depends on the competi-
tion between indirect RKKY-type interaction[62] ( not included into STAM )
and the Kondo-type singlet-site screening ( contained in STAM ). The inclu-
sion of inter-impurity correlations makes the problem more difficult. Since
these inter-impurity effects play an essential role in physical behaviour of

real systems[62],[63], it is instructive to consider the two-impurity Anderson
model (TTAM) too.

4.2.4 Two-Impurity Anderson Model ( TIAM )

The two-impurity Anderson model was considered by Alexander and Anderson[64].
They put forward a theory which introduces the impurity-impurity interac-
tion within a game of parameters. The Hamiltonian of TIAM reads

(62) H =Y tijclcio+ > Eoiflfio +U/2 Y nigniq+
ijo i=1,20 i=1,20

> (Viicl, fio + Vie Sl cio) + > (Via fly oo + Va1 f3, f10)

o o
where Ey; are the position energies of localized states ( for simplicity, we con-
sider identical impurities and s-type (i.e. non-degenerate) orbitals: Ep =
FEp2 = Ey. Let us recall that the hybridization matrix element V;; was de-
fined in (58). As for the TIAM, the situation with the right definition of the
parameters Vio and Vi is not very clear. The definition of Vi in[64] is the
following

Vig =Vl = [ oLV Hyoa(Pyar
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(now H ¢ without "H-F” mark). The essentially local character of the Hamil-
tonian H clearly shows that V12 describes the direct coupling between near-
est neighboring sites ( for a detailed discussion see[29] where the hierarchy
of the Anderson models was discussed too ).

5 Effective and Generalized Mean Fields

5.1 Molecular Field Approximation

The most common technique for studying the subject of interacting many-
particle systems is to use the mean field theory. This approximation is
especially popular in the theory of magnetism [65]. Nevertheless, it was
pointed [66] that

”the Weiss molecular field theory plays an enigmatic role in sta-
tistical mechanics of magnetism”.

To calculate the susceptibility and other characteristic functions of a system
of localized magnetic moments, with a given interaction Hamiltonian, the
approximation, termed the "molecular field approximation” was used widely.
However, it is not an easy task to give the formal unified definition what
the mean field is. In a sense, the mean field is the umbrella term for a
variety of theoretical methods of reducing the many-particle problem to the
single-particle one. Mean field theory, that approximates the behaviour of
a system by ignoring the effect of fluctuations and those spin correlations
which dominate the collective properties of the ferromagnet usually provides
a starting and estimating point only, for studying phase transitions. The
mean field theories miss important features of the dynamics of a system.
The main intention of the mean field theories, starting from the works of van
der Waals and P.Weiss, is to take into account the cooperative behaviour
of a large number of particles. It is well known that earlier theories of
phase transitions based on the ideas of van der Waals and Weiss lead to
predictions which are qualitatively at variance with results of measurements
near the critical point. Other variants of simplified mean field theories such
as the Hartree-Fock theory for electrons in atoms, etc lead to discrepancies
of various kinds too. It is therefore natural to analyze the reasons for such
drawbacks of earlier variants of the mean field theories.

5.2 Effective Field Theories

A number of effective field theories which are improved versions of the
”molecular field approximation” were proposed. It is the purpose of this
study to stress a specificity of strongly correlated many-particle systems on
a lattice contrary to continuum (uniform) systems. Although many impor-
tant questions remain still unresolved, a vision of useful synthesis begins
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to emerge. As a workable eye-guide , the set of mean field theories ( most
probably incomplete ) is shown in Table 1. The meaning of many these
entries and terms will become clearer in the forthcoming discussion and will
put them in a clearer perspective. My main purpose is to elucidate ( at
least in the mathematical structure ) and to give plausible arguments for
the tendency, which expounded in Table 1. This tendency shows the fol-
lowing. The earlier concepts of molecular field were described in terms of a
functional of mean magnetic moments (in magnetic terminology ) or mean
particle densities ( Hartree-Fock field ). The corresponding mean-field func-
tional F[< n >, < S?% >] describes the uniform mean field.

Actually, the Weiss model was not based on discrete ”spins” as is well known,
but the uniformity of the mean internal field was the most essential feature
of the model. In the modern language, one should assume that the interac-
tion between atomic spins S; and its neighbors is equivalent to a mean ( or

molecular ) field, M; = Xo[hgewt) + hz(»mf )] and that the molecular field hgmf )
is of the form h(™f) = 3. J(R;;) < S; > (above T, ). Here h®® is an applied
conjugate field, x is the response function, and J(Rj;) is an interaction. In
other words, the mean field approximation reduces the many-particle prob-
lem to a single-site problem in which a magnetic moment at any site can
be either parallel or antiparallel to the total magnetic field composed of the
applied field and the molecular field. The average interaction of ¢ neigh-
bors was taken into account only, and the fluctuations were neglected. One
particular example, where the mean field theory works relatively well is the
homogeneous structural phase transitions; in this case the fluctuations are
confined in phase space.

The next important step was made by L. Neel [67]. He conjectured that
the Weiss internal field might be either positive or negative in sign. In the
latter case, he showed that below a critical temperature ( Neel temperature
) an ordered arrangement of equal numbers of oppositely directed atomic
moments could be energetically favorable. This new magnetic structure was
termed antiferromagnetism. It was conjectured that the two-sublattice Neel
( classical ) ground state is formed by local staggered internal mean fields.
There is a number of the ”correlated effective field” theories, that tend to
repair the limitations of simplified mean field theories. The remarkable and
ingenious one is the Onsager "reaction field approximation”[68]. He sug-
gested that the part of the molecular field on a given dipole moment which
comes from the reaction of neighboring molecules to the instantaneous ori-
entation of the moment should not be included into the effective orienting
field. This ”reaction field” simply follows the motion of the moment and
thus does not favor one orientation over another. The meaning of the mean
field approximation for the spin glass problem is very interesting but spe-
cific, and we will not discuss it here. A single-site molecular-field model
for randomly dilute ferro- and antiferromagnets in the framework of the
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double-time thermal GFs was presented in paper[69].

5.3 Generalized Mean Fields

It was shown [39], [46], [70] that mean-field approximations, for example the
molecular field approximation for a spin system, the Hartree-Fock approxi-
mation and the BCS-Bogoliubov approximation for an electron system are
universally formulated by the Peierls-Bogoliubov-Feynman (PBF) inequal-

ity:
— B n(Tre =) <

N TreBH™)(H — g™I)

_p-1 (-BH™T)
(63) B In(Tre ) Tro(—BH™)

Here F is the free energy, and H™/ is a ”trial” or a ”mean field” approximat-
ing Hamiltonian. This inequality gives the upper bound of the free energy of
a many-body system. It is important to emphasize that the BCS-Bogoliubov
theory of superconductivity [10],[71] was formulated on the basis of a trial
Hamiltonian which consists of a quadratic form of creation and annihila-
tion operators, including ”anomalous” ( off-diagonal ) averages [10]. The
functional of the mean field ( for the superconducting single-band Hubbard
model ) is of the following form [71]:

(64) S =U

g

< < (137 Qi—g > — < QjgQi—¢g >>

g
Tt T
- < ai_ a,; > - < aio'alo— >

g o

The ”anomalous” off-diagonal terms fix the relevant BCS-Bogoliubov vac-
uum and select the appropriate set of solutions.

Another remark about the BCS-Bogolubov mean-field approach is instruc-
tive. Speaking in physical terms, this theory involves a condensation cor-
rectly, in spite that such a condensation cannot be obtained by an expansion
in the effective interaction between electrons. Other mean field theories, e.g.
the Weiss molecular field theory and the van der Waals theory of the liquid-
gas transition are much less reliable. The reason why a mean-field theory of
the superconductivity in the BCS-Bogoliubov form is successful would ap-
pear to be that the main correlations in metal are governed by the extreme
degeneracy of the electron gas. The correlations due to the pair condensa-
tion, although they have dramatic effects, are weak ( at least in the ordinary
superconductors ) in comparison with the typical electron energies, and may
be treated in an average way with a reasonable accuracy. All above remarks
have relevance to ordinary low-temperature superconductors. In high-T,
superconductors, the corresponding degeneracy temperature is much lower,
and the transition temperatures are much higher. In addition, the relevant
interaction responsible for the pairing and its strength are unknown. From
this point of view, the high-T, systems are more complicated. It should be
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clarified what governs the scale of temperatures, i.e. critical temperature,
degeneracy temperature, interaction strength or their complex combination,
etc. In this way a useful insight into this extremely complicated problem
would be gained.

Generalization of the molecular field approximation on the basis of the PBF
inequality is possible when we know a particular solution of the model (e.g.,
for one-dimensional Ising model we know the exact solution in the field).
One can use this solution to get a better approximation than the mean field
theory. There are some other methods of improvement of the molecular field
theory [72], [73]. Unfortunately, these approaches are nonsystematic.

From the point of view of quantum many-body theory, the problem of ad-
equate introduction of mean fields for system of many interacting particles
can be most consistently investigated in the framework of the IGF method.
A correct calculation of the quasi-particle spectra and their damping, partic-
ularly, for systems with a complicated spectrum and strong interaction [24]
reveals, as it will be shown below, that the generalized mean fields can have
very complicated structure which cannot be described by a functional of the
mean-particle density.

To illustrate the actual distinction of description of the generalized mean
field in the equation-of-motion method for the double-time Green functions,
let us compare the two approaches, namely, that of Tyablikov [46] and of
Callen [74]. We shall consider the Green function << S*|S~ >> for the
isotropic Heisenberg model

1 L ==
(65) H = —§ZJ(’L—])51'SJ'
]

The equation of motion (14) for the spin Green function is of the form
(66) w << 8185 >>,=

2< 8> 6+ Ji—g) << S5FS; — S SHS; >>u

g

The Tyablikov decoupling expresses the second-order GF in terms of the
first (initial) GF:
(67) << 88787 >>=< 5% ><< 5F|S] >>

This approximation is an RPA-type; it does not lead to the damping of spin
wave excitations (cf. (41) )

—

(68) E(q) = 3 J(i— g) < §° > expli(B; — B)@] =2 < S7 > (Jo — J)
g

The reason for this is rather transparent. This decoupling does not take into
account the inelastic magnon-magnon scattering processes. In a sense, the
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Tyablikov approximation consists of approximating the commutation rela-
tions of spin operators to the extent of replacing the commutation relation
[S;F,S;], = 2574;; by [S;F,S;], =2<5% >0 .

Callen [74] has proposed an improved decoupling approximation in the
method of Tyablikov in the following form:

(69x < S;SF|B >>—< 5 ><< ST|B >> —a < S 8] ><< S]|B >>

Here 0 < a < 1. To clarify this point, it should be reminded that for spin
1/2 ( the procedure was generalized by Callen to an arbitrary spin), the spin
operator S* can be written as 57 = S — S;SF or SZ = (S5 S — S;S7).
It is easy to show that

1+«
2

(&% _
2 S;SQ B

ngaS—i-

Sy 54

The operator S, S; represents the deviation of < S% > from S. In the
low-temperature region, this deviation is small, and « ~ 1. Similarly, the
operator %(S;‘Sg_ — S, S represents the deviation of < 5% > from 0. Thus,
when < S% > approaches to zero, one can expect that o ~ 0. Thus, in this
way, it is possible to obtain a correction to the Tyablikov decoupling with
either a positive or negative sign, or no correction at all, or any intermediate
value, depending on the choice of a. The above Callen arguments are not
rigorous , for, although the difference in the operators STS~ and S~S* is
small if < §% >~ 0, each operator makes a contribution of the order of S, and
it is each operator which is treated approximately, not the difference. There
are some other drawbacks of the Callen decoupling scheme. Nevertheless,
the Callen decoupling was the first conceptual attempt to introduce the
interpolation decoupling procedure. Let us note that the choice of « = 0
over the entire temperature range is just the Tyablikov decoupling (67).
The energy spectrum for the Callen decoupling is given by

(T0B(a) =2 < 5 > ((Jo — Jg) + Sogr SUI(K) — J(k — QI N(E(K)))
k

Here N(E(k)) is the Bose distribution function N(E(k)) = [exp(E(k)3) —
1]7!. This is an implicit equation for N(E(k)), involving the unknown quan-
tity < S* > . For the latter an additional equation is given [74]. Thus, both
these equations constitute a set of coupled equations which must be solved
self-consistently for < % >.

This formulation of the Callen decoupling scheme displays explicitly the ten-
dency of the improved description of the mean field. In a sense, it is possible
to say that the Callen work dates really the idea of the generalized mean
field within the equation-of-motion method for double-time GFs, however,
in a semi-intuitive form. The next essential steps were made by Plakida [47]
for the Heisenberg ferromagnet and by Kuzemsky [43],[23] for the Hubbard
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model. As was mentioned above, the correct definition of Generalized Mean
Fields depends on the condition of the problem, the strength of interaction,
the choice of relevant operators, and on the symmetry requirements.

5.4 Symmetry Broken Solutions

In many-body interacting systems, the symmetry is important in classi-
fying different phases and in understanding the phase transitions between
them [75]. According to Bogoliubov [75]( cf. refs. [77], [76],[78]) in each
condensed phase, in addition to the normal process, there is an anomalous
process (or processes) which can take place because of the long-range in-
ternal field, with a corresponding propagator. Additionally, the Goldstone
theorem[79] states that, in a system in which a continuous symmetry is bro-
ken ( i.e. a system such that the ground state is not invariant under the
operations of a continuous unitary group whose generators commute with
the Hamiltonian ), there exists a collective mode with frequency vanishing,
as the momentum goes to zero. For many-particle systems on a lattice,
this statement needs a proper adaptation. In the above form, the Gold-
stone theorem is true only if the condensed and normal phases have the
same translational properties. When translational symmetry is also broken,
the Goldstone mode appears at a zero frequency but at nonzero momen-
tum, e.g., a crystal and a helical spin-density-wave (SDW) ordering (see for
discussion[80]-[82]).

The anomalous propagators for an interacting many-fermion system corre-
sponding to the ferromagnetic (FM) , antiferromagnetic (AFM), and super-
conducting (SC) long-range ordering are given by

(71) FM : Gy ~<< apgial_, >>
AFM . Gafm ~ (Ik+QO—; CLL—FQ’O” >>
SC : Gge ~<< Qhg} O—_fp— g >>

In the SDW case, a particle picks up a momentum @ — @’ from scattering
against the periodic structure of the spiral ( nonuniform ) internal field,
and has its spin changed from o to ¢’ by the spin-aligning character of the
internal field. The Long-Range-Order (LRO) parameters are:

(72) FM:m=1/NY" <a} ar_, >
ko
AFM : Mg =Y <a} apiqg-0 >
ko

SC:A:Z<CLL¢L@};T >
k
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It is important to note that the long-range order parameters are functions
of the internal field, which is itself a function of the order parameter. There
is a more mathematical way of formulating this assertion. According to the
paper [75], the notion ”symmetry breaking” means that the state fails to
have the symmetry that the Hamiltonian has.

A true breaking of symmetry can arise only if there are infinitesimal ”source
fields”. Indeed, for the rotationally and translationally invariant Hamilto-
nian, suitable source terms should be added:

(73) FM :eupH, Z azgak,a
ko
AFM : E,UBHZ aLUakJrQ_U
kQ

SC :ev Z(GT—MGLT + agra_g))
k

where € — 0 is to be taken at the end of calculations.

For example, broken symmetry solutions of the SDW type imply that the
vector () is a measure of the inhomogeneity or breaking of translational
symmetry. The Hubbard model is a very interesting tool for analyzing the
symmetry broken concept. It is possible to show that antiferromagnetic state
and more complicated states ( e.g. ferrimagnetic) can be made eigenfunc-
tions of the self-consistent field equations within an ”extended” mean-field
approach, assuming that the ”anomalous” averages < a;-raai_g > determine
the behaviour of the system on the same footing as the "normal” density of
quasi-particles < a;raaw >. It is clear, however, that these ”spin-flip” terms
break the rotational symmetry of the Hubbard Hamiltonian. For the single-
band Hubbard Hamiltonian, the averages < a;r_gaw >= 0 because of the
rotational symmetry of the Hubbard model. The inclusion of ”anomalous”
averages leads to the so-called ”unresricted” H-F approximation (UHFA).
This type of approximation was used sometimes also for the single-band
Hubbard model for calculating the density of states. For this aim, the fol-
lowing definition of UHFA

(74) Ni— g Qi < Nj—g > Qjg— < a;-rfaaw > Ui—g

was used. Thus, in addition to the standard H-F term, the new so-called
“spin-flip” terms are retained. This example clearly shows that the struc-
ture of mean field follows from the specificity of the problem and should be
defined in a proper way. So, one needs a properly defined effective Hamilto-
nian Heg. In paper [83] we thoroughly analyzed the proper definition of the
irreducible GF's which includes the “spin-flip” terms for the case of itinerant
antiferromagnetism|[84] of correlated lattice fermions. For the single-orbital
Hubbard model, the definition of the ”irreducible” part should be modified
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in the following way:

) << ak+pga:,+q_oaq,g|a,ta >>,=<< ak+pga:,+q_aaq,a|ala >>, —

(75) 0p0 < Ng—o > Glo— < ak+pga;ﬂ+q_g ><< agolal >>,

From this definition it follows that this way of introduction of the IGF
broadens the initial algebra of operators and the initial set of the GFs. This
means that the “actual” algebra of operators must include the spin-flip terms
from the beginning, namely: (a;,, a;-rg, Nio, aj-o,ai,a). The corresponding
initial GF will be of the form

<< aw]a}a >> << aig|a}_0 >>
<< ai_glal, >> <<aislal_, >>

With this definition, one introduces the so-called anomalous (off-diagonal)
GF's which fix the relevant vacuum and select the proper symmetry broken
solutions. In fact, this approximation was investigated earlier by Kishore
and Joshi [85]. They clearly pointed out that they assumed a system to be
magnetised in the x direction instead of the conventional z axis.

The problem of finding the ferromagnetic and antiferromagnetic ”symme-
try broken” solutions of the correlated lattice fermion models within IGF
method was investigated in ref. [83]. A unified scheme for the construction
of Generalized Mean Fields ( elastic scattering corrections ) and self-energy (
inelastic scattering ) in terms of the Dyson equation was generalized in order
to include the ”source fields”. The ”symmetry broken” dynamic solutions of
the Hubbard model which correspond to various types of itinerant antiferro-
magnetism were discussed. This approach complements previous studies of
microscopic theory of the Heisenberg antiferromagnet [30] and clarifies the
concepts of Neel sublattices for localized and itinerant antiferromagnetism
and ”spin-aligning fields” of correlated lattice fermions.

6 Quasi-Particle Many Body Dynamics

In this Section, we discuss the microscopic view of a dynamic behaviour of in-
teracting many-body systems on a lattice. It was recognized for many years
that the strong correlation in solids exist between the motions of various par-
ticles ( electrons and ions, i.e. the fermion and boson degrees of freedom )
which arise from the Coulomb forces. The most interesting objects are met-
als and their compounds. They are invariant under the translation group
of a crystal lattice and have lattice vibrations as well as electron degrees of
freedom. There are many evidences for the importance of many-body effects
in these systems. Within the Landau semi-phenomenological theory it was
suggested that the low-lying excited states of an interacting Fermi gas can be
described in terms of a set of ”independent quasi-particles”. However, this
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was a phenomenological approach and did not reveal the nature of relevant
interactions.

6.1 Green Function Picture of Quasi-Particles

An alternative way of viewing quasi-particles, more general and consistent,
is through the Green function scheme of many-body theory[4], which we
sketch below for completeness and for pedagogical reasons.

We should mention that there exist a big variety of quasi-particles in many-
body systems. At sufficiently low temperatures, few quasi-particles are ex-
cited, and therefore this dilute quasi-particle gas is nearly a non-interacting
gas in the sense that the quasi-particles rarely collide. The success of the
quasi-particle concept in an interacting many-body system is particularly
striking because of a great number of various applications. However, the
range of validity of the quasi-particle approximation, especially for strongly
interacting lattice systems, was not discussed properly in many cases. In
systems like simple metals, quasi-particles constitute long-lived, weakly in-
teracting excitations, since their intrinsic decay rate varies as the square of
the dispersion law, thereby justifying their use as the building blocks for the
low-lying excitation spectrum.

Unfortunately, there are many strongly correlated systems on a lattice for
which we do not have at present the truly the first-principles proof of a
similar correspondence of the low-lying excited states of noninteracting and
interacting systems, adiabatic switching on of the interaction, a simple ef-
fective mass spectrum, long lifetimes of quasi-particles, etc. These specific
features of strongly correlated systems are the main reason of why the usual
perturbation theory starting from noninteracting states does not work prop-
erly. Many other subtle nonanalytic effects which are present even in normal
systems have the similar nature . This lack of a rigorous foundation for the
theory of strongly interacting systems on a lattice is not only a problem
of the mathematical perfectionism, but also that of the correct physics of
interacting systems.

As we mentioned earlier, to describe a quasi-particle correctly, the Green
functions method is a very suitable and useful tool. What concerns us here
are formal expression for the single-particle GF (38) and the correspond-
ing quasi-particle excitation spectrum. From the equation ( 24) it is thus
seen that the GF is completely determined by the spectral weight function
A(w). The spectral weight function reflects the microscopic structure of the
system under consideration. The other term in ( 24) is a separation of the
purely statistical aspects of GF. From the equation ( 20) it follows that the
spectral weight function can be written formally in terms of many-particle
eigenstates. Its Fourier transform origination ( 18) is then the density of
states that can be reached by adding or removing a particle of a given mo-
mentum and energy.
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Consider a system of interacting fermions as an example. For a nonin-
teracting system, the spectral weight function of the single-particle GF
Gi(w) =<< ago; alTw >> has the simple peaked structure

Ap(w) ~ d(w — )

. For an interacting system, the spectral function Ax(w) has no such a simple
peaked structure, but it obeys the following conditions

Ag(w) > 0; /Ak(w)dw =< [aka,azg]+ >=1

Thus, we can see from these expressions that for a noninteracting system, the
sum rule is exhausted by a single peak. A sharply peaked spectral function
for an interacting system means a long-lived single-particle-like excitation.
Thus, the spectral weight function was established here as the physically
significant attribute of GF. The question of how best to extract it from a
microscopic theory is the main aim of the present review.

The GF for the non-interacting system is G(w) = (w — e;) L. For a weakly
interacting Fermi system, we have G (w) = (w—e€x — Mg(w)) ™! where My (w)
is the mass operator. Thus, for a weakly interacting system, the J-function
for Ag(w) is spread into a peak of finite width due to the mass operator. We
have

My (w + i€) = ReMy(w) F ImMy(w) = Ap(w) F Ti(w)

The single-particle GF can be written in the form
(76) Gr(w) = {w — [ex + Ap(w)] £ Tx(w)} "

In the weakly interacting case, we can thus find the energies of quasi-particles
by looking for the poles of single-particle GF (76)

W = € + Ak(w) + Fk(u))
. The dispersion relation of a quasi-particle
e(k) = ex + Agle(k)] £ Tkle(k))

and the lifetime 1/T'y then reflects the inter-particle interaction. It is easy
to see the connection between the width of the spectral weight function and
decay rate. We can write

(77)  Ag(w) = (exp(Bw) + 1) 7 (~0)[Gr(w + i€) — Gy(w —ie)] =

. 2T (w)
(exp(fw) +1) [w— (ex + Ap(w))]?> + TE(w)

In other words, for this case, the corresponding propagator can be written
in the form

Gr(t) =~ exp(—ie(k)t) exp(—Txt)
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This form shows under which conditions, the time-development of an in-
teracting system can be interpreted as the propagation of a quasi-particle
with a reasonably well-defined energy and a sufficiently long lifetime. To
demonstrate this, we consider the following conditions

Agle(k)] < e(k);  Trle(k)] < e(k)

Then we can write
1

78 Grlw) =
(7®) ) w— e(k)][1 — LR ]+ iy [e(k)]

where the renormalized energy of excitations is defined by
(k) = e + Arle(k)]
In this case, we have, instead of ( 77),
(79) Aplw) =
[exp(Be(k)) + 1] 71 —

As a result, we find

(80) Gi(t) =<< aro(t); al, >>=

_ dAg(w)

—1
dw ‘e(k)]

= —if(t) exp(—ie(k)t) exp(—T'(k)t)[1

A widely known strategy to justify this line of reasoning is the perturba-
tion theory[4]. A detailed analysis of various successful approximations for
the determination of excited states in the framework of the quasi-particle
concept and the Green functions method in metals, semiconductors, and
insulators was done in review paper[86].

There are examples of weakly interacting systems, i.¢g. the superconducting
phase, which are not connected perturbatively with noninteracting systems.
Moreover, the superconductor is a system in which the interaction between
electrons qualitatively changes the spectrum of excitations. However, quasi-
particles are still of use even in this case, due to the correct redefinition of
the relevant generalized mean field which includes the anomalous averages
(see (72)). In a strongly interacted system on a lattice with complex spec-
tra, the concept of a quasi-particle needs a suitable adaptation and a careful
examination. It is therefore useful to have the workable and efficient IGF
method which, as we shall see, permits one to determine and correctly sep-
arate the elastic and inelastic scattering renormalizations through a correct
definition of the generalized mean field and to calculate real quasi-particle
spectra, including the damping and lifetime effects. A careful analysis and
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detailed presentations of the IGF method will provide an important step to
the formulation of the consistent theory of strongly interacting systems and
the justification of approximate methods presently used within equation-of-
motion approaches. These latter remarks will not be substantiated until
next Sections, but it is important to emphasize that the development which
follows is not a merely formal exercise but essential for the proper and con-
sistent theory of strongly interacting many-body systems on a lattice.

6.2 Spin-Wave Scattering Effects in Heisenberg Ferromagnet

In this Section, we briefly describe , mainly for pedagogical reasons, how
the formulation of the quasi-particle picture depends in an essential way on
an analysis of the sort introduced in Section 3.1. We consider here the most
studied case of a Heisenberg ferromagnet[47] with the Hamiltonian (65) and
the equation of motion (66). In an earlier discussion in Sections 4.11 and 5.3,
we described the Tyablikov decoupling procedure (67) based on replacing S?
by < S7 > in the last term of (66). We also discussed an alternative method
of decoupling proposed by Callen (69). Both these decoupling procedures
retain only the elastic spin-wave scattering effects. But for our purposes,
it is essential to retain also the inelastic scattering effects, and therefore,
we must carefully identify and separate the elastic and inelastic spin-wave
scattering. This is directly related with the correct definition of generalized
mean fields. Thus, the purpose of the present consideration is to justify the
use of IGF method for the self-consistent theory of spin-wave interactions.

The irreducible part of GF is introduced according to the definition (30) as

(r) << (SF82—8FS7)S; >>=<< (S S2—5S7)—AigS; —AgiSTIS; >>
(s1)

Here the unknown quantities A;, are defined on the basis of orthogonality
constraint (31)

<[(Sf 8z = 8F87)) 871 >=0

We have (i # g)
2< 88>+ <8755 >
2< 85>

The definition (see eq.(33) ) of a generalized mean field GF GMF' is given
by the equation

(82) Aig = Agi =

(83) WG =2 <87 > 854+ > JigAig(GYT = G
g
From the Dyson equation in the form (37) we find
(84) M;; = (Py)P =
<287 >72 N Jigdyy << (Sf8: — SFSEHM|((S;FSE — S8 > W)
gl
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where the proper (p) part of the irreducible GF is defined by the equation
(36)
Pyj = Mij+ ) MigGg/" Py My = (Py)?
gl
(in the diagrammatic language, this means that it has no parts connected
by one GM¥line). The formal solution of the Dyson equation is of the form
(38):

(85) Gij(w) =
2 <57 >N explik(R; — R))][w — w(k) — 2 < 5% > My(w)] ™!
k
The spectrum of spin excitations in the generalized mean field approximation
is given by
(86) w(k) = N"1Y " JigAig{1 — explik(R; — R;)]}
ig

Now it is not difficult to see that the result (86) includes both the simplest
spin-wave dispersion law (41) and the result of Tyablikov decoupling (67)
as the limiting cases

(87) w(k) =< 5% > (Jo — Ji) +

(<28*>N)™! Z(Jq - Jk—q)(¢;+ +29.°)
q

where
Vet = <SS > explig(Ri — Ry)]

ij
It is seen that due to the correct definition of generalized mean fields (82)
we get the spin excitation spectrum in a general way. In the hydrodynamic
limit, it leads to w(k) ~ k2. The procedure is straightforward, and the de-
tails are left as an exercise.
Let us remind that till now no approximation has been made. The expres-
sions (84), (85), and (86) are very useful as the starting point for approx-
imate calculation of the self-energy, a determination of which can only be
approximate. To do this, it is first necessary to express, using the spectral
theorem (26), the mass operator (84) in terms of correlation functions

(88) < 25% > Mg(w) =
1 [+ duf Foo ,
o | m(exp(ﬁw') -1) [ dt exp(iw't)

N™'S " Jigdijexplik(R; — R;)]
ijgl

1 z z ir z 2\ (er
< (S ()83 (1) — 5 (157 (0) D) [(S1S; — 57.57) >0

< 25% >
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This representation is exact, and only the algebraic properties were used to
derive it. Thus, the expression for the analytic structure of the single-particle
GF ( or the propagator ) can be deduced without any approximation. A
characteristic feature of eq.(84) is that it involves the higher-order GFs.
A whole hierarchy of equations involving higher-order GFs could thus be
rewritten compactly. Moreover, it not only gives a convenient alternative
representation, but avoids some of the algebraic complexities of higher-order
Green-function theories. Objective of the present consideration is to give a
plausible self-consistent scheme of the approximate calculation of the self-
energy within the IGF method. To this end, we should express the higher-
order GFs in terms of the initial ones, i.e. find the relevant approximate
functional form

M ~ F|G]

It is clear that this can be done in many ways. As a start, let us consider how
to express higher-order correlation function in (88) in terms of the low-order
ones. We use the following form[47]

(89) < (57 ()S3(t) — 5187 (1) )|(SFS3 — 51570 >0
= (0 (0) — G (05 (8) — VO (1) + VE (005 ()
We find
(90) <25 > My(w) =
L ey 1) [ aresplit)

27 Joo W —w —00

N1 > JigJij explik(R; — R;)]
ijgl

(Vs O () — iz @wy () — w3 (Ot (8) + i (D, (1)

It is reasonable to approximate the longitudinal correlation function by its
static value 357 (t) ~ ¢57(0). The transversal spin correlation functions are

1
< 257 >

~ Y%
given by the expression
(91) vit(t) =
© dw -1 . +1a—
/_OO g[exp(ﬂw) — 17" exp(iwt)(—2Im << S;"[S; >>wtie)

After the substitution of eq.( 91) into eq.( 90) for the self-energy, we find
an approximate expression in the self-consistent form, which, together with
the exact Dyson equation (85), constitute a self-consistent system of equa-
tions for the calculation of the GF. As an example, we start the calculation
procedure ( which can be made iterative ) with the simplest first ”trial”
expression

(—2Im << S;L|Sj_ >>tie) & O(w —w(k))
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After some algebraic transformations we find

(92) <28 > My(w) ~ N7 (Jg — Jr—g)*(w — w(q — k) Z”

This expression gives a compact representation for the self-energy of the
spin-wave propagator in a Heisenberg ferromagnet. The above calculations
show that the inelastic spin-wave scattering effects influence the single-
particle spin-wave excitation energy

w(k,T) =w(k) + ReMy(w(k))

and the energy width
Pk(T) = Ika(w(k))

Both these quantities are observable, in principle, via the ferromagnetic reso-
nance or inelastic scattering of neutrons. There is no time to go into details
of this aspect of spin-wave interaction effects. It is worthy to note only
that it is well known that spin-wave interactions in ferromagnetic insulators
have a relatively well-established theoretical foundation, in contrast to the
situation with antiferromagnets.

7 Heisenberg Antiferromagnet at Finite Temper-
atures

As it is mentioned above, in this article, we describe the foundation of
the IGF method, which is based on the equation-of-motion approach. The
strength of this approach lies in its flexibility and applicability to systems
with complex spectra and strong interaction. The microscopic theory of
the Heisenberg antiferromagnet is of great interest from the point of view
of application to any novel many-body technique. This is not only because
of the interesting nature of the phenomenon itself but also because of the
intrinsic difficulty of solving the problem self-consistently in a wide range of
temperatures. In this Section, we briefly describe how the generalized mean
fields should be constructed for the case of the Heisenberg antiferromagnet,
which become very complicated when one uses other many-body methods,
like the diagrammatic technique [87]. Within our IGF scheme, however, the
calculations of quasi-particle spectra seem feasible and very compact.

7.1 Hamiltonian of the Model

The problem to be considered is the many-body quasi-particle dynamics of
the system described by the Hamiltonian [46]

1 / 5 g 1 ‘2 g
93) H=-53 > J* (=SS =530 Ji" S4S-qo

i ao’ q aao’
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This is the Heisenberg-Neel model of an isotropic two-sublattice antiferro-
magnet (the notation is slightly more general than in Section 4.1.2 ). Here
Siq is a spin operator situated on site i of sublattice o, and J* (i — j) is the
exchange energy between atoms on sites Rj, and Rjq/; o, o takes two values
(a,b) . It is assumed that all of the atoms on sublattice « are identical, with
spin magnitude S,. It should be noted that, in principle, no restrictions are
placed in the Hamiltonian (93) on the number of sublattices, or the number
of sites on a sublattice. What is important is that sublattices are to be dis-
tinguished on the basis of differences in local magnetic characteristics rather
than merely differences in geometrical or chemical characteristics.
Let us introduce the spin operators S, = S% +iS% . Then the commutation
rules for spin operators are

[t Siarl— = 2(57)0ij0aars  [Shs Starl- = £5F,0ij0aar

(26 Zaagy IeY o

For an antiferromagnet, an exact ground state is not known. Neel [67] in-
troduced the model concept of two mutually interpenetrating sublattices
to explain the behaviour of the susceptibility of antiferromagnets. How-
ever, the ground state in the form of two sublattices ( the Neel state ) is
only a classical approximation. In contrast to ferromagnets, in which the
mean molecular field is approximated relatively reasonably by a function
homogeneous and proportional to the magnetisation, in ferri- and antifer-
romagnets, the mean molecular field is strongly inhomogeneous. The local
molecular field of Neel [67] is a more general concept. Here, we present the
calculations [30] of the quasi-particle spectrum and damping of a Heisenberg
antiferromagnet in the framework of the IGF method.

In what follows, it is convenient to rewrite (93) in the form

1 aa’ - z Qz
(94) H=-3 DD I (S S g + SiaSZ gar)

q ao

where
Ig‘a = 1/2(ch“°‘ + Jf‘qa)

It will be shown that the use of ”anomalous averages” which fix the Neel
vacuum makes it possible to determine uniquely generalized mean fields
and to calculate, in a very compact manner, the spectrum of spin-wave
excitations and their damping due to inelastic magnon-magnon scattering
processes. A transformation from the spin operators to Bose (or Pauli )
operators is not required.

7.2 Quasi-Particle Dynamics of Heisenberg Antiferromagnet

In this section, to make the discussion more concrete, we consider the re-
tarded GF of localized spins defined as GAB(t — ') =<< A(t), B(t') >> .
Our attention is focused on the spin dynamics of the model. To describe
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the spin dynamics of the model ( 94) self-consistently, one should take into

account the full algebra of relevant operators of the suitable ”spin modes”

( "relevant degrees of freedom” ) which are appropriate for the case. This
+

relevant algebra should be described by the ’spinor’ A = (g’fﬂ), B = Al
kb

according to the IGF strategy of Section 3.

Once this has been done, we must introduce the generalized matrix GF of

the form

(95) <<< S,;EJSE,M >> << S,;E|S;kb >>> _ Glkw)
<< SIS >> << SIST, >>

To show the advantages of the IGF in the most full form, we carry out the

calculations in the matrix form.

To demonstrate the utility of the IGF method, we consider the following

steps in a more detailed form. Differentiating the GF << S,ja|B >> with

respect to the first time, ¢, we find

g-
(96) w << S,ja :k“ >>,=
S kb

2< 82> 1
{ 0“ } + szgb << SEBay >>,
q

1
iz > I << Si8|Bay >>u
q

where Sl(flfz) = (S,j_%aS;b - S(;?)S,ij’a).
In (96), we introduced the notation

S” S”
Bap = —_ka i DBpa = :kb
S kb S ka
Let us define the irreducible (ir) operators as (equivalently, it is possible to
define the irreducible GFs)
(97) (Sgby () = ggb — pabgr + Abe S
(98) (Sj) 7 = S0 NV2 < 85 > 0,0

The choice of the irreducible parts is uniquely determined by the ”orthogo-
nality” constraint ( 31)

N
(99) < [(s) . ( o )1 >=0
—kb
From eq.(99) we find that
2 < (82,,)(85)) > + < 57,8 >

1 A% =
(100) a 2N1/2 < S5z >
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By using the definition of the irreducible parts (97), the equation of motion
(96) can be exactly transformed to the following form

(101) (W — Waq) << S| Bap >>0 +wap << Siy| Bap >>0=

2< 82>
{ 0 }+ << &, (k)| Bap >>w

(102)  (w—wpp) << SH|Bra >>w +wha << Sit | Bpa >>0=

2 < 5% > ir
{ Ob }+ << ®,) (k)| Bpg >>0,

The following notation was used:
(103) Waa = ((Iga — %) < 8> 4150 < 57 > +
Sl — 1 ) A%, + 150 AR,))

q

(104) wap = (It < 82> + 31 Al
q
(105) AN = N2 408
(106) o) (k) =
1/2 Z Z Iafy k . a ) (ir) _ S(%(Sz_q’a)(zr)](zr)
q ~vy=a,b

To calculate the irreducible GFs on the right-hand sides of egs. (101) and
(102), we use the device of differentiating with respect to the second time t'.
After introduction of the corresponding irreducible parts into the resulting
equations, the system of equations can be represented in the matrix form
which can be identically transformed to the standard form (34)

(107) Gk, w) = Go(k,w) + Go(k,w)P(k,w)Go(k,w)

Here we introduced the generalized mean-field (GMF) GF Gy and the scat-
tering operator P according to the following definitions

(108) Go =071
(109) P=
1 << BT (k:)\(I) k) >> << ® (k)00 (k) >>
1< 8;>2 << M (@)@ (k) >> << o (1)@ (k) >>
where ( )
A W — Wagq Wab
110 Q=
(110) ( Wab (w wbb)>
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The Dyson equation can be written exactly in the form (37) where the mass
operator M is of the form

(111) NI(k,w) = (P(k,w))®
It follows from the Dyson equation that
P(k,w) = M(k,w) 4+ M(k,w)Go(k,w)P(k,w)

Thus, on the basis of these relations, we can speak of the mass operator M
as the proper part of the operator P by analogy with the diagram technique,
in which the mass operator is the connected part of the scattering operator.
As it is shown in Section 3, the formal solution of the Dyson equation is of
the form (38). Hence, the determination of the full GF G was reduced to
the determination of Gy and M.

7.3 Generalized Mean-Field GF

From the definition (108), the GF matrix in the generalized mean-field ap-
proximation reads

(112) Go =

(Gﬁa(k,w) Gg"(k,@) _ 250> <(w — Waa) Wab )
Gga(k7 w) ng(kv w) detQ Wab (w - Wbb)

where
det) = (w — Waa) (W — Whp) — WaaWab

We find the poles of GF (112) from the equation
det) = 0

from which it follows that

(113) wi (k) = 2/ (20 (k) — B (R))

It is convenient to adopt here the Bogoliubov (u, v)-transformation notation
by analogy with that of Section 4.1.2. The elements of the matrix GF
Go(k,w) are found to be

u? (k) v2(k)

(114) G&*(k,w) =2 < 7 > [w s I w_(k)] = G (k, —w)
(115) Geb(h,w) =2 < 52 > [;“_(Z)fgg + w“_kw”ff]i)] — Gl w)
where

k) =1/2[1- )P+ 1] (k) =1/2[1 - 7)1
(116) Ve = %Zexp(ikRi); 19 =1r =0
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The simplest assumption is that each sublattice is s.c. and waa(k) =
0 (a = a,b). Although that we work in the GFs formalism, our ex-
pressions (114), (115) are in accordance with the results of the Bogoliubov
(u,v)-transformation , but, of course, the present derivation is more general.
However, it is possible to say that we diagonalized the generalized mean-field
GF by introducing a new set of operators. We used the notation

(117) St (k) = weSi, +opShy;  Sa (k) = viSy, + wpSih

This notation permits us to write down the results in a compact and conve-
nient form, but all calculations can be done in the initial notation too.
The spectrum of elementary excitations in the GMF approximation for an
arbitrary spin S is of the form

(118)  w(k) =1z < 8> [1- N1/2 5 quAab],/ (1—12)

where I, = zI~,, and z is the number of nearest neighbors in the lattice. The
first term in (118) corresponds to the Tyablikov approximation ( cf.(48)).
The second term in (118) describes the elastic scattering of the spin-wave
quasi-particles. At low temperatures, the fluctuations of the longitudinal
spin components are small, and, therefore, for (118) we obtain

(119) wk) ~ IS2[1 — C(T)/(1 — 42)

The function C(T') determines the temperature dependence of the spin-wave
spectrum

1
(120) C(T) = W Z < S_an(L > +’)/q < S_an b >)
q

In the case when C(T") — 0, we obtain the result of the Tyablikov decoupling
for the spectrum of the antiferromagnons

(121) w(k) m I < SZ>z/(1—73)

In the hydrodynamic limit, when w(k) ~ D(T)|k|, we can conclude that
the stiffness constant D(T) = 2IS(1 — C(T)) for an antiferromagnet de-
creases with temperature because of the elastic magnon-magnon scattering
as T*. To estimate the contribution of the inelastic scattering processes, it
is necessary to take into account the corrections due to the mass operator.

7.4 Damping of Quasi-Particle Excitations

An antiferromagnet is a system with a complicated quasi-particle spectrum.
The calculation of the damping due to inelastic scattering processes in a
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system of that sort has some important aspects. When calculating the
damping, it is necessary to take into account the contributions from all
matrix elements of the mass operator M

M=Gy' -G

It is then convenient to use the representation in which the generalized mean

field GF has a diagonal form . In terms of the new operators S; and Sa, the

GF G takes the form

Gk w) = (<< SHE)ST (=k) >> << S (k)95 (k) >>> _ <G11 Glz)
’ << SF(k)|ST (k) >> << Sy (k)|Sy (—k) >> Ga1 Ga

In other words, the damping of the quasi-particle excitations is determined

on the basis of a GF of the form

2< 82>

(122) Gu(k,w) = —— wk) —2 < Sz > X (k,w)

Here, the self-energy operator ¥(k,w) is determined by the expression

2 < 8% > Mya(k,w) Mo (k,w)
w+w(k) —2 < Sz > Moy (k,w)

(123) Y(k,w) = My (k,w) —

In the case when k,w — 0, one can be restricted to the approximation
(124) E(k,w) ~ Mn(k‘,w) = uiMaa + Ukuk(Mab + Mba) + U%Mbb

It follows from (111) that to calculate the damping, it is necessary to find the

GFs << @g”(k)@grﬁ(k) >>. As an example, we consider the calculation
of one of them. By means of the spectral theorem (27), we can express the

GF in terms of the correlation function < q)girﬁ(k:)@gr)(k, t) >. We have
(125) << @) (k)| @I (k) >>=
1 Feo dw/ Feo . i i
/ ——— (exp(fuw’) — 1)/ dt exp(iw't) < (k) (K, ) >

2T oo W — W oo

Thus, it is necessary to find a workable ”trial” approximation for the corre-
lation function on the r.h.s. of (125). We consider an approximation of the
following form

+
(k-0 (k—g")a

1
157 2= (ka0 Ve (D% (8) + U (¥4 a0 ()00
p

(126) < (87 )"

o (1)(S5 (1)) >~

where w;:b(t) =< S:an;;(t) >. By analogy with the diagram technique,

we can say that the approximation (126) corresponds to the neglect of the
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vertex corrections to the magnon-magnon inelastic collisions. Using (126)
in (125), we obtain

(127) << ) (k)@ (k) >>~

1 d(JJ1dW2dW3
—_— F

[f%ImGaa(k: — g )] [—%Imeb(q +p, wﬂ][—%[meb(p, ws)]
where
(128)  F(wi,ws,ws) = N(w2)[N(w3) = N(wi)] + [1 + N(w1)]N(w3)

Equations (37), (111), and (127) constitute a self-consistent system of equa-
tions. To solve this system of equations, we can, in principle, use any con-
venient initial representation for the GF, substituting it into the right-hand
side of eq. (127). The system can then be solved iteratively. To estimate
the damping, it is usually sufficient, as the first iteration, to use the simplest
single-pole approximation

(129) —%ImG(k, )~ 8(w — w(k))

As a result, for the damping of the spin-wave excitations we obtain

(130) I'(k,w) = —2STm%(k,w) =
= N(zI)Q(l — (78w
> Np(1 4 Noggp) (1 + Ni—g) M1y (k, pi k — q,p + )5 (w — w(k — q) + w(p))

The explicit expression for Mj; is given in ref. [30]. In our approach, it
is possible to take into account the inelastic scattering of spin waves due
to scattering by the longitudinal spin fluctuations too [30]. In general, the
correct estimates of the temperature dependence of the damping of antifer-
romagnons depend strongly on the reduced temperature and energy scales
and are rather a nontrivial task. However, under the normal conditions,
the damping is weak w(k)/T' ~ 102 — 103, and the antiferromagnons are the
well-defined quasi-particle excitations[88].

In summary, in this Section, we have shown that the IGF method permits
us to calculate the spectrum and the damping for a two-sublattice Heisen-
berg antiferromagnet in a wide range of temperatures in a compact and
self-consistent way. At the same time, a certain advantage is that all the
calculation can be made in the representation of spin operators for an arbi-
trary spin S. The theory we have developed can be directly extended to the
case of a large number of magnetic sublattices with inequivalent spins, i.e.,
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it can be used to describe the complex ferrimagnets.

In the framework of our IGF approach, it was shown that the mean fields
in an antiferromagnet must include the ”anomalous” averages which rep-
resent the local nature of the Neel molecular fields. Thus, the mean field
in an antiferromagnet, like the mean field in a superconductor, has a more
complicated structure.

8 Quasi-Particle Dynamics of Lattice Fermion Mod-
els

8.1 Hubbard Model. Weak Correlation

The concept of GMF's and the relevant algebra of operators from which GFs
are constructed are important for our treatment of electron correlations in
solids. It is convenient (and much shorter) to discuss these concepts for
weakly and strongly correlated cases separately. First, we should construct
a suitable state vector space of a many-body system [10]. The fundamental
assumption implies that states of a system of interacting particles can be
expanded in terms of states of non-interacting particles [10]. This approach
originates from perturbation theory and finds support for weakly interacting
many-particle systems. For the strongly correlated case, this approach needs
a suitable reformulation, and just at this point, the right definition of the
GMFs is vital. Let us consider the weakly correlated Hubbard model (49). In
some respect, this case is similar to the ordinary interacting electron gas but

with very local singular interaction. The difference is in the lattice ( Wannier
T

) character of electron states. It is shown below that the usual creation a;,

and annihilation a;, second-quantized operators with the properties
alw® =g g0 = g0

a0 =0; o, ¥ =0 (i#j)

are suitable variables for description of a system under consideration. Here
U and ¥ are vacuum and single-particle states, respectively. The ques-
tion now is how to describe our system in terms of quasi-particles. For a
translationally invariant system, to describe the low-lying excitations of a
system in terms of quasi-particles [4], one has to choose eigenstates such that
they all correspond to a definite momentum. For the single-band Hubbard
model (49), the exact transformation reads

ap = N—1/2 Zexp(—ilgﬁi)aio

Note that for a degenerate band model, a more general transformation is
necessary[91]. Then the Hubbard Hamiltonian (49) in the Bloch vector state
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space is given by

(131) H = Z e(k)aLJa;w +U/2N Z a;;”_qgapaa;_aar_g
ko pqrs

If the interaction is weak, the algebra of relevant operators is very simple: it
is an algebra of a non-interacting fermion system (ag,, aL o Mo = CLL o ko )-
To calculate of the electron quasi-particle spectrum of the Hubbard model
in this limit, let us consider the single-electron GF defined as

(132) Go (t — ') =<< ago, al, >>= —ib(t — ') < [ago (), al (t)]5 >

The equation of motion for the Fourier transform of GF Gp,(w) is of the
form

(133) (w—€;)Gro(w) =1+ U/NZ << akerga;ngq_aaq_J]aLU >>,
Pq

Let us introduce an “irreducible” GF in the following way

) << ak+paa;+q,(,aq_a|a;ia >>,=
(134) << ak+pga:,+q_oaq,g|a};g >>, —0p0 < Ng—g > Go
The irreducible (ir) GF in (134) is defined so that it cannot be reduced to
GF of lower order with respect to the number of fermion operators by an

arbitrary pairing of operators or, in other words, by any kind of decoupling.
Substituting (134) into (133), we obtain

(135) Gro(w) = GREF (w) +
G%F(w)U/NZ ) << ak+paa;;+q_aaq_g]aza >>,
Pq

Here we introduced the notation

(136) GMF(w) = (w — e(ko)) L e(ko) = e(k) + U/NY <ngo>

In this paper, for brevity, we confine ourselves to considering the paramag-
netic solutions, i.e. < n, >=< n_, >. To calculate the higher-order GF
on the r.h.s. of (135), we have to write the equation of motion obtained by
means of differentiation with respect to the second variable t’. Constraint
(31) allows us to remove the inhomogeneous term from this equation for
200 A), ], () >>.

For the Fourier components, we have

(w— (k) << Alal >>,=<") [A,al ]+ >+
(137) U/NS T << Alal_ ar4s-0al,, o) >>0 -

rs
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The anticommutator in (137) is calculated on the basis of the definition of
the irreducible part

<[ (akﬂwa;—kq—aaq—o)v a1l;:a]+ >=
(138) < [ak_i_pga;qufaaq_g— < a;r,Jrquaq_U > Utpos a;ig]+ >=0

If one introduces the irreducible part for the r.h.s. operators by analogy with
expression (134), the equation of motion (133) takes the following exact form

( cf eq.(34))
(139) Gro(w) = Go" (W) + Ga" (W) Pro (w) G (w)

where we introduced the following notation for the operator P (35)

(140) Pry(w N2 Z D W) (p,q|r, s,;w) =
pars
U? : i : i :
3 Z (<< Ut po Uyt g—oOq—0|Qr—gOrts—o ) oo >> (")
pqrs

To define the self-energy operator according to (36), one should separate the
”proper” part in the following way

DI (p, qlr, s;0) = L (p, g|r, 5;w)

(141) Z L (p, qlr's';w)GYF () DY (0, |, 550)

T‘Spq

Here L,(CZ) (p,q|r, s;w) is the “proper” part of GF D,(CZ) (p, q|r, s;w) which, in
accordance with the definition (36), cannot be reduced to the lower-order
one by any type of decoupling. We find

(142) Gro = GIE (W) + GMF(w) Mo (w0) G o ()

Equation (142) is the Dyson equation for the single-particle double-time
thermal GF. According to (38), it has the formal solution

(143) Gka(w) = [w - 6(/6‘0‘) - Mka(w)]_l

where the self-energy operator M is given by

(144) Mo () = 35 Y Ll siw) =
pqrs
U? () t f i (ir)y(P)
N2 Z (V<< ak+pgap+q,0aq,(,|ar,gar+s,0ak+sg >>)
pgrs

We wrote explicitly equation (140) for P and equation (144) for M to illus-
trate the general arguments of Section 3 and to give concrete equations for
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determining both the quantities, P and M.

The latter expression (144) is an exact representation ( no decoupling was
made till now ) for the self-energy in terms of higher-order GF up to sec-
ond order in U ( for the consideration of higher-order equations of motion,
see ref. [25]). The explicit difference between P and M follows from the
functional form (38). Thus, in contrast to the standard equation-of-motion
approach, the calculation of full GF was substituted by the calculation of
the mean-field GF GM¥ and the self-energy operator M. The main rea-
son for this method of calculation is that the decoupling is only introduced
into the self-energy operator, as it will be shown in a detailed form below.
The formal solution of the Dyson equation (38) determines the right refer-
ence frame for the formation of the quasi-particle spectrum due to its own
correct functional structure. In the standard equation-of-motion approach,
that structure could be lost by using decoupling approximations before ar-
riving at the correct functional structure of the formal solution of the Dyson
equation. This is a crucial point of the IGF method.

The energies of electron states in the mean-field approximation are given
by the poles of GMT . Now let us consider the damping effects and finite
lifetimes. To find an explicit expression for the self-energy M (144), we have
to evaluate approximately the higher-order GF in it. It will be shown below
that the IGF method permits one to derive the damping in a self-consistent
way simply and much more generally than within other formulations. First,
it is convenient to write down the GF in (144) in terms of correlation func-
tions by using the spectral theorem (26)

T T T _
<< akﬂwapﬂ_aaq_g]ak+saar_gar+s_g >>,,=

+oo / +o00
[T ey ) [ el

(145) < aL_SU(t)ai_o,(t)ar+s_0(t)akﬂ,ga;ﬂ_gaq_a >

Further insight is gained if we select the suitable relevant “trial” approxi-
mation for the correlation function on the r.h.s. of (145). In this paper, we
show that the earlier formulations based on the decoupling or/and diagram-
matic methods can be obtained from our technique but in a self-consistent
way. It is clear that a relevant trial approximation for the correlation func-
tion in (145) can be chosen in many ways. For example, the reasonable and
workable one can be the following “pair approximation” that is especially
suitable for a low density of quasi-particles:

< aJlrf—l-scr(t)al—a(t)ar%»sfo(t)(lk_i_pga;r)_*_q_aaqio >(i7”)%
= aL"'p"(t)akﬂm =< a};_(,(t)aq_a >< ap-&-q—a(t)a;;-kq—a >
(146) Skt 5.kt pOrgOrispi

Using (146) and (145) in (144) we obtain the self-consistent approximate
expression for the self-energy operator ( the self-consistency means that we
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express approximately the self-energy operator in terms of the initial GF,
and, in principle, one can obtain the required solution by a suitable iteration
procedure ):

(147) Mka(w) =

Uv2 dwl dwg dwg
S|
Pq

W+ w1 — w2 — ws
[n(w2)n(ws) +nw1) (1 = n(wn) = nws))] gptg—o (@1)gh+po (w2) g0 (w3)

where we used the notation
1
ko (w) = —;ImGkg(w +ig);  n(w) = [exp(fw) + 1]

Equations (147) and (142) constitute a closed self-consistent system of equa-
tions for the single-electron GF of the Hubbard model in the weakly corre-
lated limit. In principle, we can use, on the r.h.s. of (147), any workable first
iteration-step form of the GF and find a solution by iteration ( see Appendix
D). It is most convenient to choose, as the first iteration step, the following
simple one-pole approximation:

(148) gro(w) = 6(w — €(ko))

Then, using (148) in (147), we get, for the self-energy, the explicit and
compact expression

n — Nftpo — N U)TLnk—‘r oTlg—o
149 M p+q— ‘7 P q— potq—
(149)  Miafo) = 1 35 e e e

Formula (149) for the self-energy operator shows the role of correlation
effects ( inelastic scattering processes ) in the formation of quasi-particle
spectrum of the Hubbard model. This formula can be derived by several
different methods, including perturbation theory. Here we derived it from
our IGF formalism as a known limiting case. The numerical calculations of
the typical behaviour of real and imaginary parts of the self-energy (149)
were performed [91],[31] for the model density of states of the FCC lattice.
These calculations and many other (see e.g.[86],[92],[93]) show clearly that
the conventional one-electron approximation of the band theory is not al-
ways a sufficiently good approximation for transition metals like nickel. A
more concrete discussion of the numerical calculations and their comparison
with experiments deserve a separate consideration and will be considered
elsewhere (for a detailed recent discussion, see [86]).

Although the solution deduced above is a good evidence for the efficiency of
the IGF formalism, there is one more stringent test of the method that we
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can perform. It is instructive to examine other types of possible trial solu-
tions for the six-operator correlation function in the eq.(145). The approx-
imation we propose now reflects the interference between the one-particle
branch of the spectrum and the collective ones:

< ak+so(t) ( )(Murs U(t)ak-‘rpda’;;'f'q—a'aq*a >(ir)%

< ak—i—SU(t)akerU >< ai—a(t)aT-FS—U(t)a;;-l—q—aaq—U >+
< am o(1)a) o >< alb, . (Bal_ () akipoaq—o > +

(150)  <al_,(tag-o >< a}, o (O)aris—o(Oaripeah g o >

It is seen that the three contributions in this trial solution describe the
self-energy corrections that take into account the collective motions of elec-
tron density, the spin density and the density of “doubles”, respectively.
An essential feature of this approximation is that a correct calculation of
the single-electron quasi-particle spectra with damping requires a suitable
incorporation of the influence of collective degrees of freedom on the single-
particle ones. The most interesting contribution comes from spin degrees of
freedom, since the correlated systems are often magnetic or have very well
developed magnetic fluctuations.

We follow the above steps and calculate the self-energy operator (144) as

1+ N(wi) — n(ws)
W — w1 — w2

U2 [+oo
Mo (w) = W/—oo dw1 dwo

. 1
Zexp k(R; — Rj)](—;lm << Sf!SJ_?E >>,)

(151) (—%Im << ai—glal_, >>u,)
where the following notation was used:

Sf = aZTail; S, = a}laﬂ
It is possible to rewrite ( 151 ) in a more convenient way
(152) Mka( ) =

/

w
d t tan —
Z/wco —|—an2T)

(_;I mxFE (k= g0 — &) ggo (&)

Equations ( 152 ) and ( 142 ) constitute again another self-consistent system
of equations for the single-particle GF of the Hubbard model. Note that
both the expressions for the self-energy depend on the quasi-momentum;
in other words, the approximate procedure does not break the momentum
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conservation law. The fundamental importance of equations (152) and (147)
can be appreciated by examining the problem of the definition of the Fermi
surface. It is rather clear, because the poles w(k,o) = €e(k,0) — il'y, of GF
(143) are determined by the equation

w — €(ko) — Re[Mg,(w)] =0

It can be shown quite generally that the Luttinger’s definition of the true
Fermi surface [4] is valid in the framework of the present theory. It is
worthy to note that for electrons in a crystal where there is a band index,
and a quasi-momentum, the definition of the Fermi surface is a little more
complicated than the single-band one. Before the single particle energies
and Fermi surface are known, one should carry out a diagonalization in the
band index.

8.2 Hubbard Model. Strong Correlation

Being convinced that the IGF method can be applied successfully to the
weakly correlated Hubbard model, we now show that the IFG approach can
be extended to the case of an arbitrarily strong but finite interaction. This
development incorporates main advantages of the IGF scheme and proves
its efficiency and flexibility.

When studying the electron quasi-particle spectrum of strongly correlated
systems, one should take care of at least three facts of major importance:

(i) The ground state is reconstructed radically as compared with the
weakly correlated case. This fact makes it necessary to redefine single-
particle states. Due to the strong correlation, the initial algebra of op-
erators is transformed into the new algebra of complicated operators.
In principle, in terms of the new operators, the initial Hamiltonian can
be rewritten as a bilinear form, and the generalized Wick theorem can
be formulated. It is very important to stress that the transformation
to the new algebra of relevant operators reflects some important inter-
nal symmetries of the problem, and nowadays, this way of thinking is
formulating in the elegant and very powerful technique of the classifi-
cation of the integrable models and exactly soluble models (cf.[94]).

(ii) The single-electron GF that describes dynamic properties, should have
the two-pole functional structure, which gives in the atomic limit, when
the hopping integral tends to zero, the exact two-level atomic solution.

(iii) The GMFs have, in the general case, a very non-trivial structure.
The GMFs functional, as a rule, cannot be expressed in terms of the
functional of the mean particle densities.
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In this section, we consider the case of a large but finite Coulomb repulsion
U in the Hubbard Hamiltonian (49) . Let us consider the single-particle GF
(132) in the Wannier basis

(153) Gijot —t') =<< aip(t);al (') >>

I Jo

It is convenient to introduce the new set of relevant operators[55]

diao = nia—o'a”iOW (Oé = :l:); n;'t; = Nigy, MNyy = (1 - ni0)§

(154) Z n?a =1 nzanw - 5015”107 Z diaoc = Gig
a

The new operators d;., and d}ﬁg have complicated commutation rules,
namely,

[diaaa d;f'/gg]+ = 6ij5aﬁn?_g
The convenience of the new operators follows immediately if one writes down
the equation of motion for them

[dia07 H]— = Eadiaa + Z tij (n?—oajd + aaiabij—a)
5]
(155) bijo = (ajgajg a;rgaw)
It is possible to interpret [54], [55] both contributions to this equation as

alloy analogy and resonance broadening corrections. Using the new operator
algebra, it is possible identically rewrite GF (153) in the following way

(156) Gijolw zﬂ: << diggld! 5, >>u= ZFZ‘?
Q,

The equation of motion for the auxiliary matrix GF

ijo

, U
a5 FP(w) = <<< dl+(,ydj+g >>, << dl+a|d¥_a >>w>
<< di_o|d! e >0 <<di—o|dj_, >>,
is of the following form
(158) (EFijo(w) — I6ij)as = Y tu << 0 a1, + atighiy_o|d] g, >>.,
l#1
where the following matrix notations was used:
([ (w—E}) 0 . (nf, 0

(159) E_( 0 w-r))T"0 n,)

In accordance with the general method of Section 3, we introduce by defi-
nition the matrix IGF:

() = <<< Zyi|d] o >>, << Zpld_, >>w> -

D) (w
il,j t
<< ZQ1| >>, << Zygld;_, >>y

Jj+o

(160) >

a/

A—i—a B+a
l
Ail ][Fz?o+ Fz]o ] - [Blz ][ﬂ?(f Fjlc;a ])
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Here the notation was used:

_ o+ ) _ _
i1 = Z12 = n;_ Qg + Qigbil—g; Zo1 = Zog = n,;_ Qg — Gigbil—o

1—0
It is to be emphasized that the definition (158) is the most important and
crucial point of the whole our approach to description of the strong cor-
relation. The coefficients A and B are determined by the orthogonality
constraint (31), namely,

(161) < [(DF))ap,dlg,)4 >=0

After some algebra, we obtain from (161) (i # j)

[Ailas = o(< dls_yai_g >+ < di_p-gal_, >)(n’,)"!
[Biilap = [< nlﬁ_gn;{a > +af(< aiaag_aal—aa;g > =
(162) < tigai—gaf_,al, >))(n?,) 7!

As previously, we introduce now GMF GF FZ -3 however, as it is clear from
(162), the actual definition of the GMF GF is very nontrivial. After the
Fourier transformation, we get

)RR AR N | ntb nZ,d
(163) (F;?;* F;S;‘) = e )
The coefficients a, b, ¢, d are equal to
a
= (waif XU BiﬂE(pfq)])
(164) =N~ 12 )[ATH(=p) — BT (p - q)]

Then, using the definition (157), we find the final expression for GMF GF

w—(nT,E_+n",E.) — Ak)

GMF —
ko (@) (w—Ey —n"  Mk)(w—E_ —nT Xa(k)) —n,nT A3(k)\s(k)
(165)
Here we introduced the following notation:
ase) ) LS ) aE () - BEEp— b))
Ao (k) nfa -
As(k) _ + +
167 p)[ATT( - BT (p—k

A(k) = (n_a) (A1 +A3) + (nF5)* (A2 + o)

From the equation (165) it is obvious that our two-pole solution is more
general than the “Hubbard III” [55] solution and the Roth[90] solution. Our
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solution has the correct nonlocal structure and, thus, takes into account
the non-diagonal scattering matrix elements more accurately. Those ma-
trix elements describe the virtual “recombination” processes and reflect the
extremely complicated structure of single-particle states which virtually in-
clude a great number of intermediate scattering processes.

The spectrum of mean-field quasi-particle excitations follows from the poles
of the GF (165) and consists of two branches

(168) w_ (k) =

1/2((Ey — E- + a1 +b1) £ /(B + E- —ay —b)? — ded

where a1 = w—F+—a; by =w—FEL1—b. Thus, the spectral weight function
Ajo(w) of GF (165) consists of two peaks separated by the distance

ap — by

(169)  wi—wp = /(U — a1 —b1)? —ed = U(1 ~ ) +0(7)

For a deeper insight into the functional structure of the solution (165) and
to compare with other solutions, we rewrite (165) in the following form

—1.\_ —laoy
(%_db+c)1 Z(ﬁ_da_c)l)

(170) Fio(w) = (

from which we obtain for GM¥ (k, w)

nT,(14+cb ™) nZ, (1+dat)

Gio' (@) = a—dbic | b—cald
n_ nt
(a7) w—E_— ;J_Q,Wk‘_a A E, — ;:awg_a
where
(172) ntonZ WiE = NT'Y tijexpl—ik(R; — R;))
]
<(< ajfaniaj_g >4 < ai_gn;ffja;f-fa >) +
(< n?c_gnf_g >+ < aigaz_aaj,gagg > - < awai,oa;_ga}U >))

are the shifts for upper and lower splitted subbands due to the elastic scat-
tering of carriers in the Generalized Mean Field. The quantities W* are
functionals of the GMF. The most important feature of the present solution
of the strongly correlated Hubbard model is a very nontrivial structure of
the mean-field renormalizations (171), which is crucial for understanding the
physics of strongly correlated systems. It is important to emphasize that
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just this complicated form of GMF is only relevant to the essence of the
physics under consideration. The attempts to reduce the functional of GMF
to a simpler functional of the average density of electrons are incorrect from
the point of view of real physics of strongly correlated systems. This physics
clearly shows that the mean-field renormalizations cannot be expressed as
functionals of the electron mean density. To explain this statement, let us
derive the “Hubbard I” solution [54] (54) from our GMF solution (165). If
we approximate (171) as

(173) nt,n= ,WE(k) ~ N1 tijexp[—ik(R; — R;)] < ni_,nif, >

—0'"—0
ij

and make the additional approximation, namely,

< Nj—gNj—g >R nQ_J
then solution (165) turns into the “Hubbard I” solution (54). This solution,
as it is well known, is unrealistic from many points of view.

As to our solution (165) , the second important aspect is that the parameters
Ai(k) do not depend on frequency, since they depend essentially on elastic
scattering processes. The dependence on frequency arises due to inelastic
scattering processes which are contained in our self-energy operator. We
proceed now with the derivation of the explicit expression for the self-energy.
To calculate a high-order GF on the r.h.s. of (158), we should use the second
time variable (¢') differentiation of it again. If one introduces the irreducible
parts for the right-hand-side operators by analogy with the expression (160),
the equation of motion (158) can be rewritten exactly in the following form

(174) Fio(w) = Fip(w) + Fio (w)Pro (@) Fj (w)
Here the scattering operator P (36) is of the form

(175) Poo(w) = T[> tutm; << DY) DI 55 07

i,mj
Im

In accordance with the definition (37), we write down the Dyson equation
(176) F = F’ + F°'MF

The self-energy operator M is defined by eq. (37). Let us note again that
the self-energy corrections, according to (38), contribute to the full GF as
additional terms. This is an essential advantage in comparison with the
“Hubbard III” solution and other two-pole solutions. It is clear from the
form of Roth solution (55) that it includes the elastic scattering corrections
only and does not incorporate the damping effects and finite lifetimes.
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For the full GF we find, using the formal solution of Dyson equation (38),
that it is equal to

Gmxw>=:( L (0= nt MEF @) + —— (b — 1=, My (@)

n_qs n_,

—f—%(d + nfUM,;;_ (w)) + é(c + n_aM,;f(w)))

(177) [det ((F, (@)™ = My (w))] ™!

After some algebra, we can rewrite this expression in the following form
which is essentially new and, in a certain sense, is the central result of the
present theory:

w—(ntE_+n"Ey)—L

1 =
( 78) G (w — E+ — ’I’Lle)(w —F_ - 7’L+L2) — TL77”L+L3L4

where

nt
Ll(k>w) = )‘l(k) - :UM:+(kaw);
n_g
N_gs . __
L2(k7w) = )‘Q(k) - ?’L+ M(r (k‘,LU);

—0

La(k,w) = As(k) + —Z:’ M= (k,w);
-

L4(k7w) = /\4(k) + :OMU_JF(kaw);
n*O’

(179) L(k,w) = AXE)+nt n (Mt + M~ - Mt - M)

Thus, now we have to find explicit expressions for the elements of the self-
energy matrix M. To this end, we should use the spectral theorem again to
express the GF in terms of correlation functions

(180) M (w) ~< DYDY >

mj,0 il,a

For the approximate calculation of the self-energy, we propose to use the
following trial solution

< D(")T(t)D(”’) >~< af,, (tage ><nf_

+ < al (g, ><nf_ (ta, > +8 <bl ;_,(Ha, ><al,

)
)

+8 < bt , ><al,(a, > +a < af,,(Haie ><n]_(t
+a < al (Hbij_y >< nf SO >
+af < bfm »(t)aiec >< a}a(t bil—o >
(181) +aB < b (Do >< aly(Haie >
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It is quite natural to interpret the contributions into this expression in terms
of scattering, resonance-broadening, and interference corrections of different
types. For example, let us consider the simplest approximation. For this
aim, we retain the first contribution in (181)
400 /
M = [ () + 1)
oo dt .y -1 .
[m o exp(iw't)N Z exp[—ik(R; — Rj))titm;

T <
ijlm
. 1 «a
(182) /dwln(wl) exp(iw1t) gmio (w1) (_WIsz‘jﬁ(wl - w’)) .

Here K%B (w) =<< n?_alnf_a >>,, is the density-density GF. It is worthy
to note that the mass operator (182) contains the term ¢;t,,; contrary to the
expression (147) that contains the term U2. The pair of equations (182) and
(176) is a self-consistent system of equations for the single-particle Green
function. For a simple estimation, for the calculation of the self-energy
(182), it is possible to use any initial relevant approximation of the two-pole
structure. As an example, we take the expression (54). We then obtain

IMIos ~ ) le(k — q)*Kg”
q

N_g n 1—n_,
w—U—-€ek—-—qgn_-e w—elk—-—q)(1—-—n_y)

(183) [ ]

In the same way, one can use, instead (54), another initial two-pole solution,
e.g. the Roth solution (55), etc.

On the basis of the self-energy operator (183) we can explicitly find the
energy shift and damping due to inelastic scattering of quasi-particles. This
is a great advantage of the present approach.

In summary, in this Section, we obtained the most complete solution to the
Hubbard model Hamiltonian in the strongly correlated case. It has correct
functional structure, and, moreover, it represents correctly the effects of
elastic and inelastic scattering in a systematic and convenient way. The mass
operator contains all inelastic scattering terms including various scattering
and resonance broadening terms in a systematic way. The obtained solution
(178) is valid for all band filling and for arbitrarily strong but finite strength
of the Coulomb repulsion. Our solution contains no approximations except
those contained in the final calculation of the mass operator. Therefore, we
conclude that our solutions to the Hubbard model in the weakly correlated
case (143) and in the strongly correlated case (178) describe most fully and
self-consistently the correlation effects in the Hubbard model and give a
unified interpolation description of the correlation problem. This result is
to be contrasted with Hubbard , Roth and many other results in which this
interpolation solution cannot be derived within the unified scheme.
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It is clear from the present consideration that for the systematic construction
of the advanced approximate solutions we need to calculate the collective
correlation functions of the electron density and spin density and the density
of doubles, but this problem must be considered separately.

8.3 Correlations in Random Hubbard Model

In this Section, we apply the IGF method to consider the electron-electron
correlations in the presence of disorder to demonstrate the advantage of our
approach. The treatment of the electron motion in substitutionally disor-
dered A, B, transition metal alloys is based upon a certain generalization
of the Hubbard model, including random diagonal and off-diagonal elements
caused by substitutional disorder in a binary alloy. The electron-electron in-
teraction plays an important role for various aspects of behaviour in alloys,
e.g. for the weak localization [95]. The approximation which is used widely
for treating disordered alloys is the single-site Coherent Potential Approx-
imation (CPA) [96]. The CPA has been refined and developed in many
papers (e.g. [97], [98]) and till now is the most popular approximation for
the theoretical study of alloys. But the simultaneous effect of disorder and
electron-electron inelastic scattering has been considered for some limited
cases only and not within the self-consistent scheme.

Let us consider the Hubbard model Hamiltonian (49) on a given configura-
tion of an alloy (v)

(184) HY =Y + g

where

Hl(y) = Z €7 Nig + Zt%“aloaja
10

ijo
1
(185) Héy) 9 Z Ui nigni—o
o

Contrary to the periodic model (49), the atomic level energy €7, the hop-
ping integrals ti”j“ , as well as the intraatomic Coulomb repulsion U} are here
random variables which take the values ¥, t¥#, and U"Y, respectively; the
superscript v(u) refers to atomic species (v, u = A, B) located on site i(j).
The nearest-neighbor hopping integrals were only included .

To unify the IGF method and CPA into a completely self-consistent scheme
let us consider the single-electron GF (153) Gjj, in the Wannier represen-
tation for a given configuration (v). The corresponding equation of motion
is of the form (for brevity we omit the superscript (v) where its presence is
clear)

(w—¢gi) << aw\a}a >>,=0;5 + Ztm << ana!a}g >>w
n
(186) +U; << ni—aawlajg >>w
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In the present paper, for brevity, we confine ourselves to the weak correla-
tion and the diagonal disorder case. The generalization to the case of strong
correlation or off-diagonal disorder is straightforward, but its lengthy con-
sideration preclude us from discussing it this time.

Using the definition (30), we define the IGF for a given (fixed) configuration
of atoms in an alloy as follows

(187) (1) << ni_saislal, >>=
<< ni—aaio|a;a >> — < Njg ><< aio\a;a >>

This time, contrary to (163), because of lack of translational invariance we
must take into account the site dependence of < n;_, >. Then we rewrite
the equation of motion (186) in the following form

Z[(w —g—U; <n;_y >)5ij — tm] << am|a;U >>,=

n

(188) (5@' + Ui((ir)<< ni_gaio—]a}a >>w>

In accordance with the general method of Section 3, we find then the Dyson
equation for a given configuration (v)

(189) Gijo (W) = GRio (W) + D Ging (W) Minng () G ()
The GMF GF G%U and the self-energy operator M are defined as
Z HimaGnga(w) = dyj
Prno = Mypno + > MmicGYo Pino
Hipo = (w—¢;—U; < erzi,a >)0im — tim
(190)  Pono (@) = Un (" << o o |nn—oal, >>0)U,

In order to calculate the self-energy operator M self-consistently, we have to
express it approximately by the lower-order GFs. Employing the same pair
approximation as (146) (now in the Wannier representation) and the same
procedure of calculation, we arrive at the following expression for M for a
given configuration (v)

1
M) = Unlng 5 [ Rlorwn,ws)
e

ImG(V)

nm—o

dwidwadws (1 —n(wr))n(w2)n(ws)

(wl)ImG(V) (wg)ImG(”) (w3);

mn—o mno

(191) R=

wHw —wy —ws  n(ws +ws —wp)

As we mentioned previously, all the calculations just presented were made
for a given configuration of atoms in an alloy. All the quantities in our
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theory (G, GY, P, M) depend on the whole configuration of the alloy. To
obtain a theory of a real macroscopic sample, we have to average over various
configurations of atoms in the sample. The configurational averaging cannot
be exactly made for a macroscopic sample. Hence we must resort to an
additional approximation. It is obvious that the self-energy M is in turn a
functional of G, namely M = M|G]. If the process of making configurational
averaging is denoted by G, then we have

G=G"+G'MG

A few words are now appropriate for the description of general possibilities.
The calculations of G° can be performed with the help of any relevant avail-
able scheme. In the present work, for the sake of simplicity, we choose the
single-site CPA[96], namely, we take

exp(ik(Ry — Ry))
192 GY
( ) an Z W — EU _ E(k‘)
Here €(k) = > 5 _ i tnoexp(ikR,), z is the number of nearest neighbors of

the site 0, and the coherent potential X7(w) is the solution of the CPA
self-consistency equations. For the A,Bj_,, we have

Yo (w)=xey+ (1 —2)eG — (6% — X)) F°(w,X%) (e — X7);
(193) Fo(w,%%) =GY

mma( )

Now, let us return to the calculation of the configurationally averaged total
GF G. To perform the remaining averaging in the Dyson equation, we use
the approximation

GMG ~ G°MG
The calculation of M requires further averaging of the product of matrices.
We again use the prescription of the factorizability there, namely

M =~ (U,U,) (ImG) (ImG) (ImG)

However, the quantities U,,U,, entering into M are averaged here according
to

UmUn - U2 + (Ul - U2)5mn
Uy = 2°U3 +22(1 — 2)UsUp + (1 — 2)?U3
(194) Uy =aU3 + (1 —2)U3
The averaged value for the self-energy is
(195) My (w)
- 2(]24/R(whw27w?))[ménm—a(Wl)lmémn—a(WQ)[meno(W3) +
T

U —-Us

o4 5mn/R(wlvw?aw3)ImGnm—U(wl)Imémn—a(WQ)Imémna(WS)
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The averaged quantities are periodic, so we can introduce the Fourier trans-
form of them, i.e.

ano -1 ZMkza W) exp Zk(R RTL))

and similar formulae for G and GO. Performing the configurational averaging
of the Dyson equation and Fourier transforming of the resulting expressions
according to the above rules, we obtain

(196) Gro(w) = [w — e(k) = X7 (w) = Myp(w)] ™!
where

_ 1 _ _
My (w) = 5 Z/R(wl,wg,wg)N72ImGp_q_U(wl)Iqu_J(wg)
Pq

(Us

(197) [UaImGoipo(ws) + ;[UZ’) > ImGigp—g(ws)]

The simplest way to obtain an explicit solution for the self-energyM is to
start with a suitable initial trial solution as it was done for the periodic
case. For a disordered system, it is reasonable to use, as the first iteration
approximation the so-called Virtual Crystal Approximation(VCA):

-1 _
—ImGYENw +i€) = d(w — EY)
T

where for the binary alloy A,Bj_, this approximation reads

V=aVA4+ 1 -2)VB, EJ =z +e(k);

g =ae + (1 —x)eh
Note, that the use of VCA here is by no means a solution of the correlation
problem in VCA. It is only the use of the VCA for the parametrization of
the problem, to start with VCA input parameters. After the integration of
(197) the final result for the self-energy is
(198) My (w) =
)1 - n(E; ) —n(E7,)] +n(E7,  n(E;7)

Z p+q +
Ep-i-q Eq Elccr-&-p
(Ul - U2) Z n(Ep—i-q)[l - n(Eq_U) - (Elg-kp g)] + n(Elg-‘rp g) (Eq_g)
3 - — o
N pqg Ep+q E‘I Ek+p g

It is to be emphasized that the equations (195) - (198) give the general mi-
croscopic self-consistent description of inelastic electron-electron scattering
in an alloy in the spirit of the CPA. We took into account the randomness not
only through the parameters of the Hamiltonian but also in a self-consistent
way through the configurational dependence of the self-energy operator.
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8.4 Electron-Lattice Interaction and MTBA

To understand quantitatively the electrical, thermal, and superconducting
properties of metals and their alloys, one needs a proper description of an
electron-lattice interaction too [99], [102],[103]. A systematic, self-consistent
simultaneous treatment of the electron-electron and electron-phonon interac-
tion plays an important role in recent studies of strongly correlated systems.
It was argued from different points of view that to understand quantitatively
the phenomenon of high-temperature superconductivity one needs a proper
inclusion of electron-phonon interaction, too. A lot of theoretical searches
for the relevant mechanism of high temperature superconductivity deal with
strong electron-phonon interaction models. The natural approach to the
description of superconductivity in that type of compounds is the modi-
fied tight-binding approximation (MTBA) [99], [102]. The papers [71],[99],
[100],[101] contain a self-consistent microscopic theory of the normal and su-
perconducting properties of transition metals and strongly disordered binary
alloys in the framework of the Hubbard Model (49) and random Hubbard
model (184). Here we derive a system of equations for the superconductiv-
ity for tight-binding electrons of a transition metal interacting with phonons
within the IGF approach. We write the total Hamiltonian of the electron-ion
system as the sum [71]

(199) H=H.+H +H.,

where H. is the electron part of the Hamiltonian represented by the Hubbard
operator (49). The Hamiltonian of an ion subsystem and the operator of
electron-ion interaction have the form

1« P2 1
(200) Hi= Z onr Ty O hmunup,
mna
(201) Z Z Vis( RY) a o Wjo Uy
T n,ifj
where =
ot (R;;
(202) ZVO‘ (RO)u = _ 9y — )

i
ORY
Here P, is the momentum operator, M is the mass of an ion, and u,, is the
displacement of the ion from the equilibrium position at the lattice site R,,.
In a more convenient notation the electron-phonon interaction Hamiltonian
in the modified tight-binding approximation reads [99]

(203) He—i = Z Z VV(Eu E + q_)Qq'l’aLJrqo‘akU
Vo kq
where
. 27
(204) Vy(k,k—i- q») _ qol/2 Zt (D smaak — smaa( — (D]
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here ¢ is the Slater coefficient [99] having the origin in the exponential
decrease of the wave functions of d-electrons, N is the number of unit cells
in the crystal, and M is the ion mass. The quantities é,(g) are polarization
vectors of the phonon modes.

For the ion subsystem, we have

1 9 m
(205) H; = B Z(Pgupqv tw (QV)QquqV)

qv
where P, and @4, are normal coordinates, and w(qv) are acoustical phonon
frequencies. It is important to note that in spite of the fact that in Hubbard
model (49), the d- and s(p)-bands are replaced by one effective band , the s-
electrons give rise to screening effects and were taken into effects by choosing

the proper values of U and the acoustical phonon frequencies.

8.5 [Equations of Superconductivity

To derive the superconductivity equations, we use the IGF method of Section
3 in which the decoupling procedure is carried out only for approximate
calculation of the mass operator of the matrix electron GF. According to
the arguments of Section 4.3 , eqn.(64), the relevant matrix GF is of the
form
G11 G12>

206 Gij(w) = ( =
( ) ’LJ( ) G21 G22

<< aw|a}0 >> << Giglaj_g >>

<< a}_aya}(, >> <<adl_laj_s >>

As was discussed in Section 4.4, with this definition, one introduces the so-
called anomalous (off-diagonal) GF's which fix the relevant BCS-Bogoliubov
vacuum and select proper symmetry broken solutions. Differentiation of
Gij(t —t") with respect to the first time gives for the Fourier components of
the equations of motion

(207) Z(w&j — tij) << Cljg|a;[/a >>= §;; +
J
U << aigni_glal,, >> + > Vijn << Qjotinlal, >>
nj
(208) Z(W5ij + t,;j) << a}_a\aj,o >>=

J
~U << al_gniglal, >> + 3" Vi << al_,unlal, >>

nj

Following the general strategy of the IGF method, we separate the renor-
malization of the electron energy in the Hartree-Fock-Bogoliubov generalized

68



mean field approximation (including anomalous averages) from the renor-
malization of higher-order due to inelastic scattering. For this, we introduce
irreducible parts of the GF in accordance with the definition ( as an example,
we take two of the four Green functions)

(209) (" << aigal_jai_olal, >>.) =<< aigal_ai U\aT >>, —
— < Nj—g > G111+ < Qigli—g ><< a |a >>,
(<< aT awa |a >>,) =<< aT awa \a >>, —

— < nip > G+ < alal | ><< aiplal, >>,

’LO"LO'

From this definition it follows that this way of introducing the IGF broadens
the initial algebra of the operators and the initial set of the GFs. This
means that “actual” algebra of the operators must include the anomalous

terms from the beginning, namely: (a;q, ajg, Tig, ajaaj o ai_gajo). The

corresponding initial GF is the form (206). The choice of the irreducible
parts of the GF in (209) is specified by the ”orthogonality” constraint (31),
which makes it possible to introduce unambiguously the irreducible parts
and make the inhomogeneous terms in the equations for them vanish. Using
(209) , we rewrite eqs.(207) and (208) in the form

(210) Z((w -U< Nj—o >)5ij — tij) << aja\a;r,g >>= 0
j
U < Gipti—g ><< aislal, >>+ << (ajopijo)al, >>
j
(211) Z((w +U < njo >)dij + tﬂ> << a |a >>=
j
+U < alyal_, ><< aiplal, >> = << (pji—oa}_,)"|al, >>
J

where
(212) Pijo = Unj_q0;; + Z Vijntn(1 — &;5)

In the representation of the Nambu operators [71]

Qi—co + T
(213) o= "T7) W, = (al,,ai0)

Ajer
the equation of motion for GF (210) can be represented as
(214) Z(OJT()(S@' — tiT3 — Efa) << 1/J]|’l/JZT/ >>=

J
S0+ Y << (piysnpy) |l >>

J
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Here the Hartree-Fock-Bogoliubov elastic Coulomb term (64) is of the form

U
(215) Ega = —U7'3 < ’QZJL*UT,Z);_U > 73 + 5(7‘0 + 7'3)

To calculate the irreducible matrix GF in (214), we write down for it the
equation of motion with respect to the second time ¢’ and then separate the
irreducible part with respect to the operators on the right-hand-side of the
corresponding GF. This gives the Dyson equation in the matrix form

(216) Giv(w) = Gh(w) + > G(w)Mjj (w)Gjrir (w)
Jj
The generalized mean field GF G and the mass operator are defined by
(217) Z(WTO(Sij - tijTg — EgU)G%/ = 5@'1"7—0
J
(218) Mg = 3 (<< (prymag) | (8 mapyons) ) >>)@)
73’

The explicit expression for the mass operator (218) is of the form

(219) My (w) =
Z < ((”‘)<< a]TpUHpJ/'L/Ta;’T >>(’L7‘))(p) ((7,7‘)<< a’ijl]T ‘p]l'blla’]ll >>(7/F))(p) )
2\ (V<< al praglpparaly, >>ENO (<< al it oy azy >>00)®
The mass operator (219) describes inelastic scattering of electrons ( the
elastic part is contained in X¢ ) on fluctuations of the density of a total
electron-ion charge in the lattice. To find an approximating expression for
the mass operator (219), we adopt the following trial approximation

(220) < pj’i’o(t)a;r"a(t)ajapijcr > < pirivg(Opijo >< ab, (ajo >

This approximation was made in the spirit of the approximation of ”two in-
teracting modes” and means ignoring the renormalization of the vertex, i.e.,
the correlation in the propagation of an electron (hole) and the propagation
of charge density fluctuations.

Writing down further spectral representation for the correlation functions in
(220), we represent the mass operator by the sum

(221) My (w) = My (w) + M ()

The first contribution M has a form characteristic of an interacting electron-
phonon system

1 [toe dwldwg ﬁm ﬁWQ
ML (w) = Viin Virar ,7/ t tan ——
) %; un¥iimty | W_UJ1_(U2(CO 5 + tan 5 )
1 1 +
(222) (—;I’m << Uy [ty >>w)(—;73[m << Yj|Y >>0, T3)
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The contribution MZ-ZZ-, has a more complicated structure

U? [+ dwidwsy Bwi Pwa, (M1 mi2
223) M2, = — t t
(228) My; 2 Joo w—wi —wo (co y Ty ) <m2l m22>

where
1 1 ;
mi = (—%Im << mip|niy >>a,2)(—%lm << agtlaj; >>0;)
1 1
mig = (;Im << ngp|nir >>W2)(—;Im << aﬂa}l >>,)
1 1
Moy = (;Im << miplny >>wQ)(—;Im << aii’a;rq >>0)
1 1
Moy = (_;Im << myplnin >>wQ)(—;Im << ail|a;f,l >>0)

The equations (216) and (221) constitute a self-consistent system of equa-
tions for the single-particle GF of the Hubbard model on a vibrating lattice.
Note that these equations of superconductivity can be in an obvious way
transformed to the standard form of the Eliashberg equations [99]. The
numerical calculations of the electron-phonon spectral function o?(w)F(w)
for a few transition metals were done in ref. [102]. It is worthy to empha-
size that in paper [101] a very detailed microscopic theory of the strong
coupling superconductivity in highly disordered transition metal alloys was
developed on the basis of the IGF method within the MTBA reformulated
approach [100]. The Eliashberg-type strong coupling equations for highly
disordered alloys were derived. It was shown that the electron-phonon spec-
tral function in alloys is modified strongly. Thus, the self-consistent sys-
tem of superconductivity equations obtained in the Wannier representation
makes it possible to investigate real transition metals, their alloys, and com-
pounds from a unified point of view.

9 Quasi-Particle Dynamics of Anderson Models

9.1 Quasi-Particle Dynamics of SIAM

In this Section, we consider the many-body quasi-particle dynamics of the
Anderson impurity model at finite temperatures in the framework of the
equation-of-motion method. In spite of many theoretical efforts, there is no
complete solution of the dynamic problem for the ”simple” Anderson/Hubbard
model. One of the main reasons for this is that it has been recognized rel-
atively recently only that the simplicity of the Anderson model manifests
itself not in the many-body dynamics ( the right definition of quasi-particles
via the poles of GF; see Section 6.1 ) but rather at quite a different level
- in the dynamics of two-particle scattering, resulting in the elegant Bethe-
ansatz solution (for the relativistic spectrum linear in & ), which gives the
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static characteristics (static susceptibility, specific heat, etc). In this sense,
as to the true many-body dynamics, the complete analytic solution of this
problem is still quite an open subject. This Section is primarily devoted
to the analysis of the relevant many-body dynamic solution of the SIAM
and its correct functional structure. We wish to determine which solution
actually arises both from the self-consistent many-body approach and in-
trinsic nature of the model itself. We believe highly that before numerical
calculations of the spectral intensity of the Green function at low energy
and low temperature it is quite important to have a consistent and closed
analytic representation for the one-particle GF of the STAM and Hubbard
model. The paper [104] clearly shows the importance of the calculation of
the GF and spectral densities for STAM in a self-consistent way. An alterna-
tive approach to dynamics of the Anderson model was formulated within a
modified version of the Kadanoff-Baym method [105], [106]. Unfortunately,
the Neal approach also have certain drawbacks.

A proper many-body description of dynamic correlations is very actual also
for the investigation of the dynamics of the many-impurity Anderson model,
where standard advanced many-body methods do not work properly in usual
formulation. Recently, a lot of efforts were devoted to a better understanding
of the static and dynamic properties of the Anderson model in the context of
many-impurity case [29]. This field is quite important for the description of
magnetic properties of anomalous rare-earth compounds[62],[63]. The prob-
lem of an adequate and consistent description of dynamics of single-impurity
and many-impurity Anderson models ( SIAM and MIAM ) and other mod-
els of correlated lattice electrons was not yet solved analytically completely
. During the last decades, a lot of theoretical papers were published, at-
tacking the Anderson model by many refined many-body analytic methods.
Nevertheless, a fully consistent dynamic analytic solution in the closed form
for a single-particle propagator of SIAM is still lacking. In this Section, the
problem of consistent analytic description of the many-body dynamics of
SIAM is discussed in the framework of the equation-of-motion approach for
double-time thermodynamic GFs. In addition to the IGF approach, we find
a new exact identity relating the one-particle and many-particle GFs. Using
this identity, we present a consistent and general scheme for construction
of generalized solutions of STAM. A new approach for the complex expan-
sion for the single-particle propagator in terms of Coulomb repulsion U and
hybridization V' is proposed. Using the exact identity, an essentially new
many-body dynamic solution of STAM is derived. This approach offers a new
way for the systematic construction of approximate interpolation dynamic
solutions of strongly correlated electron systems.
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9.2 IGF Approach to STAM

After discussing some of the basic facts about the correct functional struc-
ture of the relevant dynamic solution of correlated electron models we are
looking for, described in previous Sections, we give a similar consideration
for STAM. It was shown in [28], using the minimal algebra of relevant opera-
tors, that the construction of the GMF's for SIAM is quite nontrivial for the
strongly correlated case, and it is rather difficult to get it from an intuitive
physical point of view. Let us consider first the following matrix GF

R T T
(224) (lw) = << CkU|CITw >> << ckayfga >>
<< foslcry >> << foolfoe >>

Performing the first-time differentiation and defining the irreducible GF

(225) (<< foo fi_ o fomol o >>0) =<< foo fo—ofo-olfly >>w —
— < Nomg ><< fool fly >>u

we obtain the following equation of motion in the matrix form

(226) > Fy(w)Gp(w) =1+ UDM (w)

where all definitions are rather evident. Proceeding further with the IGF
technique, the equation of motion (226) is exactly rewritten in the form of
the Dyson equation

(227) Gw) = Gw) + G(w)M (w) G (w)
The generalized mean field GF G is defined by

(228) Y Fp(w)Gow) =1

The explicit solutions for diagonal elements of G are

-1
(229) << foolfly >>0= (w — Eoo —Un_s — S(w)))
t o_ (. Ve -1
(230) << colcl, >>0= (w oy Un,a)
where
(231) Sw) =Y il
W — €L

k

The mass operator, which describes inelastic scattering processes, has the
following matrix form

(252) 1@ =y 4 )
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where , )
(233) Moy = U << fogno—ol fymo-g >>{")®)

From the formal solution of the Dyson equation (38) one obtains

—1
(234) << foolfl >>.= (w — Boy — Un_y — Moy — S(w))

|Vie|? )—1
w—FEoye —Un_s — My,

(235) << colcl, >>u= (w — e —

To calculate the self-energy in a self-consistent way, we have to approximate
it by lower-order GF's. Let us start by analogy with the Hubbard model
with a pair-type approximation (146)

(236) Moo (w) =
U2 / dw1dwsodws

W+ w; —wg — w3

[n(w2)n(ws) + n(w)(1 — n(w2) — n(ws))]go—o (w1)gos(w2)go—o(w3)

where we used the notation
1 i
goo (W) = —;Im << foolfoo >>w

The equations (227) and (236) constitute a closed self-consistent system of
equations for the single-electron GF for SIAM model, but only for weakly
correlated limit. In principle, we can use, on the r.h.s. of (236), any workable
first iteration-step form of the GF and find a solution by repeated iteration.
If we take for the first iteration step the expression

(237) G00 () (0 — Eoy — Un_y),
we get, for the self-energy, the explicit expression

(EOO' + Un_g)(l - n(EOO' + Un—U))

n
Moy (w) = U?
00 () w—FEopy —Un_g,

(238)

where N_, = n(Ep, + Un_,). This is the well-known ”atomic” limit of the
self-energy.

Let us try again another type of the approximation for M. The approxi-
mation which we will use reflects the interference between the one-particle
branch and the collective one

< foo O} O fo-o(OF o foathy >

< I8 () foo >< no_o(t)no_o > +

< F W) foe >< fI () foo W) FL foro > +

(239) <:fgfo(t)fb—a >< fb_a(t)jbg(t)jggjgfa S

=U?N_,(1-N_,)G%(w)
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If we retain only the first term in (239) and make use of the same iteration
as in (237), we obtain

(1 —n(Eos +Un—y))

240 Moy (w) ~ U?
(240) 00 (w) o Eo —Un_,

< NO—oNO—0 >

If we retain the second term in (239), we obtain

+o0 1 N —
Moo-(w) = U2/ dwldWQ + (WI) n(wg)
—00 W — W1 — w2

1
(——Im << SEIST >>u,)
1
(241) (—;Im << fool £, >>w2)

where the following notation was been used:

Se = fifors Sy =13, fon
It is possible to rewrite (241) in a more convenient way now

!/ /

. 2 ’ w—w w
Moy (w) =U /dw (cot 5T +tan—2T)
1
242 ——Imx T (w— o' !
(242) (== Imx ™ (w - oo ()

The equations (227) and (242) constitute a self-consistent system of equa-
tions for the single-particle GF of STAM. Note that spin-up and spin-down
electrons are correlated when they occupy the impurity level. So, this really
improves the H-F theory in which just these correlations were missed. The
role of electron-electron correlation becomes much more crucial for the case
of strong correlation.

9.3 SIAM. Strong Correlation

The simplest relevant algebra of the operators used for the description of
the strong correlation has a similar form as for that of the Hubbard model
(154). Let us represent the matrix GF (224) in the following form

T T

N << >> << d >>

(243) G@0:§:< Choles Choldogs )
o5 \ << doaslcy, >> << doac|dys, >>

Then we proceed by analogy with the calculations for the Hubbard model.
The equation of motion for the auxiliary matrix GF

(244) Fo(w) =
<< c;w]cLa >> 0 << ckg|d$+g >> << c,m|dg_,, >>
<< doyolel, >> << doyoldl,, >> << doyold)_, >>)
<< dyolel, >> << doo|dl,, >> << do_gldl)_, >>
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is of the following form

(245) EF,(w)—1=D
where the following matrix notation was used
R (w — Ek) —Vk —Vk
(246) FE = 0 (w—FEp, —Uy) 0
0 0 (w — EOO’ -U _)

1 0 0
I 0 ng, 0 |.
0 0 ny_,

Ua:{U’ o=+

0, a=-—

Here D is a higher-order GF, with the following structure

0 0 0
(247) ﬁ(w) = (Dgl D22 D23)
D31 D3z Dss
In accordance with the general method of Section 3, we by define the matrix
IGF:

(248) D) =D -y (fi) (CAgNery

Here the notation was used:
< (f(')rfacp—g + C;r)—afo—ff)(noa - nO—U) >
< Ng—g >
—< (fgfo'cp—ff + C;—UfO—U)(l + Noo — nO—U) >
<1l—ng_s >
AT = AT At~ =_A
The generalized mean-field GF is defined by

(249) At =

(250) A~ =

(251) EF)(w)-1=0; G°=> Fl
af3
From the last definition we find that
-+
b 0_ < 1ng—g > >p VoA
<< foolfd, >>0= 1
fo |f00 © w—E(]g—U_:,_—ZpV;)A'F-F( +w—Eog—U_)
1— o> Vo AT™
(252) + = Moz B
w—FEye —U_—>,V,A w— Egy — Uy
(253) << ol >>0= (W — e — VAP (W) !
where
(254) Fat — < Ng—g > 1—- <ng_y >

_l’_
w—FEype —Ur  w—FEy —U_
For V,, = 0, we obtain, from solution (252), the atomic solution F%. The
conduction electron GF (253) also gives a correct expression for Vi, = 0.
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9.4 1IGF Method and Interpolation Solution

To show explicitly the flexibility of the IGF method, we consider a more
extended new algebra of operators from which the relevant matrix GF should
be constructed to make the connection with the interpolation solution of
the Anderson model. For this aim, let us consider the following equation of
motion in the matrix form

(255) > F(p, k)Gpo(w) =1+ V,Dy(w)

where G is the initial 4 x 4 matrix GF and D is the higher-order GF:

Gun G2 Giz Gu
Go1 G Gaz Go
G311 Gz Gzz Gy
Gy Gao Guz Gy

(256) Gy =

Here the following notation was used

G111 =<< c,m]c,Tw >>: Gp =<< c;wyfga >>

Gz =<< ol [l n0-0 >>;  Gra =<< crolel m0-0 >>;

(%1=<<EA40>>; Gas =<< foolfd, >>;

(257) Gaz =<< f00|fggnofa >>; Gy =<< f00|CLUnofa >>

Ga1 =<< foono—olch, >>;  Gaz =<< foono—olfi; >>;

Gaz =<< foono—o|fiyn0-0 >>; Gas =<< fosno—olchyn0-0 >>;

Ga1 =<< ChoNo—olct, >>;  Gug =<< crono_olfl, >>;

Gz =<< Ckan0—0|f(;ran0—cr >>; Gy =<< CkUHO—U\CLU’HO—o >3
We avoid to write down explicitly the relevant 16 GFs, of which the matrix
GF D consist, for the brevity. For our aims, it is enough to proceed forth

in the following way.

The equation (255) results from the first-time differentiation of the GF G

and is a starting point for the IGF approach. Let us introduce the irreducible
part for the higher-order GF D in the following way

(258) DS” =D~ Y LPGag; (o B) = (1,2,3,4)

and define the GMF GF according to

(259) > F(p, k)G (w) =1,
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Then, we are able to write down explicitly the Dyson equation (37) and the
exact expression for the self-energy M in the matrix form:

0 0 O 0
1 00 0 0 1
(260) My (w) =1~ Z VWValo o0 My M | !
0 0 Myz My
Here the matrix [ is given by
1 0 0 < No—g >
0 1 < Ng—g > 0
7=
0 <No_e > < No_g > 0
< Ny—g > 0 0 < Ny—g >

and the the matrix elements of M are of the form:
Mss = (<< A ()| B (q) >>)®), Myy = (<< A (p)| B (k, q) >>))
Mz = (<< A5 (k,p)| B (q) >>)P), Myy = (<< AS7) (k, p)| B (k, ) >>)®)

(261)
where
Ai(p) = (p o Joofo—o — Cp— afo o Joo);
Az(k,p) = (Ckafo Cp—c — ChaCh_g fo—o);
(262) Bi(p) = (fl,c)- afo o = fo B stno);

BQ(k7p) = (C]Tco-cpfafO—O' - C]Tco'fg—a'cp 0')7

Since the self-energy M describes the processes of inelastic scattering of
electrons (c-c , f-f, and c-f types), its approximate representation would be
defined by the nature of physical assumptions about this scattering.

To get an idea about the functional structure of our GMF solution (259),
let us write down the matrix element G%F :

Gé\gF =< < f00n070|fggn0—a >>—
<nNg—g >
w — eyF —U-— SMF(w) _ Y(w)
<no—g > Z(w)

_|_

(263) (w— M —U — SMF () — Y (w))(w — Eos — S(w))
B UZ(w)
(264) Y =T h, - S(w)
41
Z(w) = Sw)Y % +
P P
265 Z Vo \2L42 S(w)L3 + Z V,L3?

w—e
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Here the coefficients L*!, L*2, L3!, and L?? are certain complicated averages
(see definition (258)) from which the functional of the GMF is build. To
clarify the functional structure of the obtained solution, let us consider our
first equation of motion (255) , before introducing the irreducible GF's (258).
Let us put simply, in this equation, the higher-order GF D = 0! To dis-
tinguish this simplest equation from the GMF one (259), we write it in the
following form

(266) > Fp. k)G (pw) =1
P
The corresponding matrix elements which we are interested in here read
(267) Gy =<< fool fly >>=
1- <ng_y > n < Np—g >
w—FEyp—Sw) w—Ey—Sw)—-U
< Ny—g >
(268) Ggg =<K f00n0_0-|fga_n0—o' >>= o Eog — Sg(w) U
(269) G =<< foono—o|fly >>= G4

The conclusion is rather evident. The simplest interpolation solution follows
from our matrix GF (256) in the lowest order in V', even before introduction
of GMF corrections, not speaking about the self-energy corrections. The
two GFs GY, and GY; are equal only in the lowest order in V. It is quite
clear that our full solution (38) that includes the self-energy corrections is
much more richer.

It is worthwhile to stress that our 4 x 4 matrix GMF GF (256) gives only ap-
proximate description of suitable mean fields. If we consider more extended
algebra, we get the more correct structure of the relevant GMF.

9.5 Dynamic Properties of STAM

To demonstrate clearly the advantages of the IGF method for STAM, it
is worthwhile to emphasize a few important points about the approach
based on the equations-of-motion for the GFs. To give a more instruc-
tive discussion, let us consider the single-particle GF of localized electrons
Gs =<< fool fgo >>. The simplest approximate ”interpolation” solution of
SIAM is of the form:

Go(w) = 1 n U<nyg_s > B
N T Eo — SW) | (w— By — 8(w) — U)(w — Eow — S(@))
1- < nNo—g > < Ng—g >

270
(270) w—EOU—S(w)+w—EOU—S(w)—U
The values of n, are determined through the self-consistency equation

(271) Ny =< npy >= —~ / dEn(E)ImGy (E,ny)
T
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The ”atomic-like” interpolation solution (270) reproduces correctly the two
limits:

1= <ng_y > < No—g >

Go(w) o Eo, L for V=0
1
(272) Go(w) = o= Foy —S@)’ for U=0

The important point about formulas (272) is that any approximate solution
of STAM should be consistent with it. Let us remind how to get solution
(272). It follows from the system of equations for small-V' limit:

(w = Eog — S(w)) << foolfdy >>0=14+U << foono—olfly >>u,

(w — Eos — U) << f00n0—0|f(J)rg >>0R

(273) <no—e >+ Y Vi << Chotiol fly >>u
k

(w—ep) << ckon0_0|fgg >>,,=

Vi << f00n070'|fgo' >>u

The equations (273) are approximate; they include two more terms, treated
in the limit of small V' in paper [107].

We now proceed further. In paper [107] the GF G was calculated in the
limit of infinitely strong Coulomb correlation U and for small hybridization
V. The functional structure of the Lacroix solution generalizes the solution
(272). The starting point is the system of equations:

(274) (w— Ep, — S(w)) << fogyfgg >>=14U << fggno_g\fga >>
(w— Eoo — U) << foono—o|fl >>=<ng_s > +Y Vi (<< ChoMo—o|f1 >> —
k

(275) << ck,gfg,gfwlfgg >> 4 << cL_UfOUfo_U|f§U >>)

Using a relatively simple decoupling procedure for a higher-order equation
of motion, a qualitatively correct low-temperature spectral intensity was
calculated. The final expression for G for finite U is of the form
<< fool fg >>= ! +
“ w— Eye — S(w) +USi(w)
U< no_e>+UF(w)
K(w)(w— Eype — S(w) +US1(w))

(276)

where Fi, S, and K are certain complicated expressions. We write down
explicitly the infinite U approximate GF [107]:

1— <no—e > —Fp(w)

T _
(277) << Jfoolfoo >>= w — Foy — S(w) — Z(w)
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The following notation was used

T

< o >
(278) Fo,=V g —fo*gck
k

w — €L

f T
< Cp_ Ch—g > < fo_ Ch_g >
279 Zl——VQE—qU —SwVE—O‘T

The functional structure of the single-particle GF (276) is quite transparent.
The expression in the numerator of (276) plays the role of ”dynamic mean
field”, proportional to < fg_ack_g >. In the denominator, instead of bare
shift S(w) (231) we have an "effective shift” S! = S(w)+ Z!(w). The choice
of the specific procedure of decoupling for the higher-order equation of mo-

tion specifies the selected ”generalized mean fields” (GMFs) and ”effective
shifts”.

9.6 Interpolation Solutions of Correlated Models

It is to the point to discuss briefly the general concepts of construction of an
interpolation dynamic solution of the strongly correlated electron models.
The very problem of the consistent interpolation solutions of the many-body
electron models was formulated explicitly by Hubbard in the context of the
Hubbard model. Hubbard clearly pointed out one particular feature of con-
sistent theory, insisting that it should give exact results in the two opposite
limits of very wide and very narrow bands. The functional structure of a
required interpolation solution can be clarified if one considers the atomic
(very narrow band) solution of the Hubbard model (49):

1—n_ n_ 1
280 G w) = - I =
(280) () w —tg +w—to—U w—ty — X% (w)
where U
n_
(281) Eat(w) = 1_ (1jn_g)U; tO = t’L’L
w—to
Let us consider the expansion in terms of U:
1

(282) Y w)mn_oU+n_o(1—n_s)U? —+0(U)

w =10

The "Hubbard I” solution (54)can be written as

1 1
(283) O = e — (@)~ (G Tt — (k)

The partial ”Hubbard III” solution, called the ”alloy analogy” approxima-
tion is of the form:
n_sU

(284) Sw) =1z (U —3(w))G(w)
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Equation (284) follows from (281) when one takes into account the following
relationship:

(285) ! !

X
w—to 1—77,_0

G(w) = B(w)G(w)

The Coherent Potential Approximation (CPA) provides the basis for physi-
cal interpretation of equation (284) which corresponds to elimination of the
dynamics of —o electrons. By analogy with (282), it is possible to expand:

n_sU
1—(U-%(w))Gw)

(286) ~n_oU+n_oUU —X)G(w—X) +0(U)

The solution (277) does not reproduce correctly the U-perturbation expan-

sion for the self-energy:

Md(w) ~U< No—g > +
U2/dE1 dE, /dEgn(EOn(EQ)(l — n(E3)) + (1 — n(E1)(1 — n(Es))n(Es)
)

w—Fy — ks + E3

(287 ImGg(El)ImG_U(EQ)ImG_g(Eg)

It can be shown that it is possible , in principle, to find a certain way to incor-
porate this U? perturbation theory expansion into the functional structure
of an interpolation dynamic solution of SIAM in a self-consistent way within
the higher-order GFs [108]. The IGF approach with the use of minimal al-
gebra of relevant operators allows one to find an interpolation solution for
weak and strong Coulomb interaction U and to calculate explicitly the quasi-
particle spectra and their damping for both the limits. The U-perturbation
expansion (147) is included into the IGF scheme in a self-consistent way.
The correct second-order contribution to the local approximation for the
Hubbard model is of the form

A Go —0o —o
(288) . o << No—g|no—o >>

n_o(l—n_g)

The same arguments are also valid for STAM.

9.7 Complex Expansion for a Propagator

We now proceed with analytic many-body consideration. One can attempt
to consider a suitable solution for the STAM starting from the following exact
relation derived in paper [28]:

(289) << foolfl >>= g%+ ¢°P¢g°
(290) ¢ =(w—Eopy — Sw))!
(291) P=U<ng_,> +U? << f00n0—0|f30n0—g >>

The advantage of the equation (289) is that it is a pure identity and does
not include any approximation. If we insert our GMF solution (277) into
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(289), we get an essentially new dynamic solution of STAM constructed on
the basis of the complex (combined) expansion of the propagator in both
U and V parameters and reproducing exact solutions of STAM for V = 0
and U = 0. It generalizes (even on the mean-field level) the solutions of
papers [107], [105].

Having emphasized the importance of the role of equation (289) , let us see
now what is the best possible fit for higher-order GF in (291). We consider
the equation of motion for it:

(292) (w— Eoo — U) << fosno—o|fl oo >>=<no_o >+

Z Vk(<< Ckgno_a‘fggno_g >> +
k

<< by foofo-ol fono—o >> — << choo fi_o fool fiyno—o >>)
We can think of it as defining new kinds of elastic and inelastic scattering
processes that contribute to the formation of generalized mean fields and
self-energy (damping) corrections. The construction of suitable mean fields
can be quite nontrivial, and to describe these contributions self-consistently,

let us consider the equations of motion for higher-order GFs in the r.h.s. of
(292)

(w - ek) << Ckan070|fggn070' >>=
(293) V << foonoo| flgno—e >> +

STV ko figrol fign0-0 >> — << Chach_g foo| figno—o >>)
p

(w— € — Eoo + Eo—g) << Choofi_o fool flno—e >>
(294) =—< fg_o.ck_o—n()o' > —
V << foono-ol flono-o >> +

ZV(<< Ck_ofg_gcpayfggno_g >> — << Ck_gc;f,,afog|fgono_g >>)
p

(295) (w+er— Eoo — Bo_g —U) << ¢i__ foofoo| fiyn0-0 >>
= — < foofd foo >+
V << foono-olfigno—o >> +

Z V(<< c]";;—o—chfO—O"fgo'no—O' >>+ << CL_UfOJCp—UM(J)rgnO—U >>)
p

Now let us see how to proceed further to get a suitable functional structure
of the relevant solution. The intrinsic nature of the system of the equations
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of motion (293) - (295) suggests to consider the following approximation:

(296) (w—e€x) << ckono_a|fggn0_g S>>V << fo(,no_(,]fggno_g >>
(W — ek — Eoo + Bo—g) << oo fi_g foo| flono—o >>~ — < fi_cx—onoo >
(297)  —V(<< foono—olfiyno—0 >> — << er_ocl__ fool fl 00 >>)
(wW+ep —Eoe — Ep—o —U) << C,L,,fOUfO—AfSURO—a >>r — < C;t,gfofffggfo-a >+
(298) V(<< foono—olfino—o >> + << cb__ foor_olfl no_o >>)
It is transparent that the construction of approximations (296) - (298) is

related with the small-V expansion and is not unique, but very natural. As
a result, we find the explicit expression for GF in (291)

< No—g > —F;(w)
w—Fy, —U — S1(w)

(299) << fOO'nO—U‘fga.nO—o' >>R

Here the following notation was used

(300) S (w) = S(w)
1 1
V2
+Xk:| | (w—ﬁk—Eocf—i-EO—o +w+6k—Eoo—Eo—a—U)
(301) Fy=> (VF+V?F3)
k

(302) [ < CJ]L_ngUf(J)rngfU > < fg_gck—anozr >
T Wt e —EBow—Eo—o—U  w— e~ Ego + Eoq
(303) Py =
<< Ck—acjt;_gf00'|f(;rgn070 >> << C]Z_ngUck—J|f(J)rgn070 >>

w— €k — Bos + Eo—g w+ex — Foe — Bog—o — U

Now one can substitute the GF in (291) by the expression (299). This gives
a new approximate dynamic solution of STAM where the complex expansion
both in U and V was incorporated. The important observation is that this
new solution satisfies both the limits (272). For example, if we wish to get a
lowest order approximation up to U? and V2, it is very easy to notice that
for V=0:

|

T + - < Cr_Ck—0o >< Nyg—g >
<< fOUck_Jckfcr|fognO—a >>R w EOO’ U
.I.
< Ch—oCpl_g >< Np—g >
304) << cp_oCl I oo >>~ z
( ) k—o k—o’f00'|f00' 0—0o W_EOU U

This results in the possibility to find explicitly all necessary quantities and,
thus, to solve the problem in a self-consistent way.
In summary, we presented here a consistent many-body approach to analytic

84



dynamic solution of SIAM at finite temperatures and for a broad interval
of the values of the model parameters. We used the exact result (289) to
connect the single-particle GF with higher-order GF to obtain a complex
combined expansion in terms of U and V for the propagator. To summa-
rize, we reformulated the problem of searches for an appropriate many-body
dynamic solution for STAM in a way that provides us with an effective and
workable scheme for constructing of advanced analytic approximate solu-
tions for the single-particle GFs on the level of the higher-order GFs in a
rather systematic self-consistent way. This procedure has the advantage
that it systematically uses the principle of interpolation solution within the
equation-of-motion approach for GFs. The leading principle, which we used
here was to look more carefully for the intrinsic functional structure of the
required relevant solution and then to formulate approximations for the
higher-order GF's in accordance with this structure.

The main results of our IGF study are the exact Dyson equations for the
full matrix GFs and a new derivation of the GMF GFs . The approximate
explicit calculations of inelastic self-energy corrections are quite straightfor-
ward but tedious and too extended for their description. Here we want to
emphasize an essentially new point of view on the derivation of the General-
ized Mean Fields for STAM when we are interested in the interpolation finite
temperature solution for the single-particle propagator. Our final solutions
have the correct functional structure and differ essentially from previous so-
lutions.

Of course, there are important criteria to be met (mainly numerically) , such
as the question left open, whether the present approximation satisfies the
Friedel sum rule (this question left open in [105] and [107] ). A quantitative
numerical comparison of self-consistent results (e.g. the width and shape of
the Kondo resonance in the near-integer regime of the STAM) would be cru-
cial too. In the present consideration, we concentrated on the problem of
correct functional structure of the single-particle GF itself. In addition to
SIAM, it will be instructive to consider sketchy the PAM and TTAM too for
completness.

9.8 Quasi-Particle Dynamics of PAM

The main drawback of the H-F type solution of PAM (61) is that it ignores
the correlations of the ””up” and ”down” electrons. In this Section, we take
into account the latter correlations in a self-consistent way using the IGF
method. We consider the relevant matrix GF of the form ( ¢f. (224) )

(<< erold, >> << enlfl >>

(305) Glw) = <<< frolely >> << frolff, >>>
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The equation of motion for GF (305) reads

<(w —€k) Vi > << c,m|cLU >> << ck0|f,la >>
Vi (W=Ep) )\ << frolel, >> << frolfl, >>

10 . 0 0
(306) (O 1) TUN %q: <<< Alel, >> << Alf >>>

where A = fk+paf;+q,gfq_g. According to eq.(30), the definition of the
irreducible parts in the equation of motion (306) are defined as follows

) << frrpoFhvq-oli-olely >>=<< forpa fq o fa-olchy >> —
0p0 < Ng—o ><< frolch, >>
() << frrpofysqeofaolflo >>=<< frtpo [ sqeofaolflo >> —
0p0 < Ng-o ><< fralfiy >>

After substituting these definitions into equation (306), we obtain

<(w — €k) —Vk ) << Ck:a|CLo >> << Ck;a|fng >
Vi (Ww—Es(k) )\ << fiolel, >> << frolfl >>

1 0 -1 0 0
(307) (o 1) +UN %: <(m << Al >> ) << Alf) >>)

The following notation was used
Ea(k) = Ek: - Unfa; N_g =< fg_o—fk—a >

The definition of the generalized mean field GF ( which, for the weak
Coulomb correlation U, coincides with the Hartree-Fock mean field ) is evi-
dent. All inelastic renormalization terms are now related to the last term in
the equation of motion (307). All elastic scattering ( or mean field) renor-
malization terms are included into the following mean-field GF

(w— €x) —Vi << erolel, >>0 << olff >0 (1 0
( Vi (w— Ea(k))> << froleh, >>0 << fiolfl >>0) — \o0 1)
(308)
It is easy to find that (c¢f. (229) and (230))

t o_ (., _ _ [Vil? -1
(309) << frolfiy >>"= (w Eq(k) o Gk)

R I R |
(310) << Cpo|Cly >>"= (w & Eg(k))

At this point, it is worthwhile to emphasize a significant difference between
both the models, PAM and SIAM. The corresponding SIAM equation for
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generalized mean field GF (228) reads

3 <(w — €)0pk —Vppk ) << Colel, >>0 << ol fl, >>0 _
—Vp ¥(W=Eoo —Un_) ) \ << foolch >>0 << foo|fil >>0

(311) ((1) (1))

This matrix notation for STAM shows a fundamental distinction between
SIAM and PAM. For SIAM, we have a different number of states for a
strongly localized level and the conduction electron subsystem: the conduc-
tion band contains 2N states, whereas the localized (s-type) level contains
only two. The comparison of (311) and (308) shows clearly that this diffi-
culty does not exist for PAM : the number of states both in the localized
and itinerant subsystems are the same, i.e. 2.

This important difference between SIAM and PAM appears also when we
calculate inelastic scattering or self-energy corrections. By analogy with the
Hubbard model, the equation of motion (307) for PAM can be transformed
exactly to the scattering equation of the form ( 36). Then, we are able to
write down explicitly the Dyson equation (37) and the exact expression for
the self-energy M in the matrix form:

p

- 0 0
(312) 0@ = (5 4. )
Here the matrix element Mss is of the form
(313) May = My (w) =

U2 ir r
32 2 (<< oo g o famol il frvsmo il >>)7
pqgrs

To calculate the self-energy operator (313) in a self-consistent way, we pro-
ceed by analogy with the Hubbard model in Section 8.1. Then we find both
expressions for the self-energy operator in form (149) and (152).

9.9 Quasi-Particle Dynamics of TIAM

Let us see now how to rewrite the results of the preceeding Sections for the
case of TTAM Hamiltonian (62). We again consider the relevant matrix GF
of the form (cf.(224) )

A Gu G2 Gis << holel, >> << onolfl, 3> << crolfl, >>
Gw)=|Ga G G| =|<< f10|cLJ >> << flg\ffg >> << f10|f2Tc, >>
Gs1 Gz Gag << faolel, >> << faolfl, >> << faolfd, >>

(314)
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The equation of motion for GF (314) reads

(w—e€p)opk —Vipdpk —Vipopk G G2 Gis

( —Vip +(w — Ege) —Vi2 ) (G21 G22 G23> =
p —Vap —Va1 +(w — Ego) G31 Gz Gas
1 0 0

(315) (o 1 0) n
0 0 1

0 0 0
U (<< Al\cLU >> << Al\ffo >> << A1|f§0 >>)
<< Aglef >> << Aolff >> << Aolf] >>

The notation is as follows

A= fofl_ohieas A= foofi_ofos
In a compact notation, the equation (315) has the form (c¢f. (255))

(316) > F(p, k)Gp(w) = I + UDp(w)

We thus have the equatin of motion (316) which is a complete analogue of
the corresponding equations for the STAM and PAM. After introducing the
irreducible parts by analogy with the equation (225)

) << fiofl_ofio| B >>0=<< fiofi_, fi_o|B >>u —
— < Ni—g ><< fio|B >>,
(") << foofY_gfool B >>0=<< faof3_gfoo|B >>. —
— < No_g ><< fou|B >>,

i

and performing the second-time differentiation of the higher-order GF, and
introducing the relevant irreducible parts, the equation of motion (316) is
rewritten in the form of Dyson equation (37). The definition of the gener-
alized mean field GF is as follows

(w— Ep)‘;pk —Vipopk —Vip0pk
( _‘/ip %(w - EOO‘ - U’I’L,o) —Via )
p _V2p —V21 %(w - Eog — Un_g)
GY, GV GY 1 00
(317) (G21 GY, Gg3) = (0 1 0)
GY GY GY 0 0 1

The matrix GF (317) describes the mean-field solution of the TTAM Hamil-

tonian. The explicit solutions for diagonal elements of G° are ( cf. (229))
[Vig|?

w— (Fye —Un_y,)

-1
(318 < ck0|c;rm >>0= (w — € — - An(k,w))
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(B19K< fiolly >>0= (= (Boo = Un_s) = S(@)) ~ Anlk,))
(820K< faol , >>0= (w0 = (Eog — Un_y) = S()) — Aga(h,w))

Here we introduced the notation

A (k,w) = (V2k + - (];/;f‘fi]ng)) (VQk +o- (];/()1:‘121[]”0))

[w— (Eoo —Un—) — W — (];;2:‘112Ung)]_1

Ag(k,w) = (A1 (w) + Viz)(A21(w) + Var)[w — (Eop — Un—o) — W]_l
Agz(k,w) = (M2(w) + Va1)(A2(w) + Viz)[w = (Eos — Un—o) — W]_l
(321) Az = Ao = zp: le—vz

The formal solution of the Dyson equation for TIAM contains the self-energy
matrix

R 0 0 0
(322) M={0 My My
0 Mz M33
where
(323) M22 = UQ((iT)<< flo'nl—o"f;ll.o.nl—o' >>(ir))p
My = U*(" << fogng_o| flm1_o >>0))P
Moz = U << fiom_o|fi ng_q >>0)P
Mz = UM << f20n2fa’f;rgn27c; >>0r)yp

To calculate the matrix elements (323), the same procedure can be used as
it was done previously for the STAM (239). As a result, we find the following
explicit expressions for the self-energy matrix elements ( cf.(241)

+o0 1 N _
M, (w) = U2 / oy dusy LE N () = le2)
—00 W — w1 — w2
1
(—;Im << S7IST >>u,)
1
(324) (——Im << fullfl, >>un)
+o0 1 N _
MQlQ(w) = U2/ dwrdwo + N(w) = n(ws)
— 00 W — w1 — w2

1
(—;Im << ST1S7 >>u,)
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1
(325) (——Im << fuilfl; >>u,)

400 1+ N —
M2T3(w) = U2/ dwydws +w (u(j) Z(w2>
—0o0 — Wl T w2

1
(—;Im << S{ISy >>.)

1
(326) (——Im << fullf3), >>un)

+o00o 1 N _
M213(w):U2/ dwidws + N{wr) = n(ws)

— 00 W — w1 — w2

1
(—;Im << SF|ST >>u,)
1
(327) (——Im << fulfl; >>u,)

where the following notation was used:
ST =fhfus ST =t i=12

For Ms3 we obtain the same expressions as for Moo with the substitution
of index 1 by 2. For MgQL we must do the same. It is possible to say that
the diagonal elements Mso and Ms3 describe single-site inelastic scattering
processes; off-diagonal elements Moz and Mjo describe intersite inelastic
scattering processes. They are responsible for the specific features of the
dynamic behaviour of TIAM ( as well as the off-diagonal matrix elements
of the GF G°) and, more generally, the cluster impurity Anderson model
(CIAM). The nonlocal contributions to the total spin susceptibility of two
well formed impurity magnetic moments at a distance R can be estimated
as

(328)  Xpair ~<< ST |Sy >>~ 2y — 121Ep(

X )QCOS(2]€FR)

gup”  (kpR)?

In the region of interplay of the RKKY and Kondo behaviour, the key point
is then to connect the partial Kondo screening effects with the low tempera-
ture behaviour of the total spin susceptibility. As it is known, it is quite dif-
ficult to describe such a threshold behaviour analytically. However, progress
is expected due to a better understanding of the quasi-particle many-body
dynamics both from analytical and numerical investigations.

10 Conclusions

In the present paper, we have formulated the theory of the correlation effects
for many-particle interacting systems using the ideas of quantum field the-
ory for interacting electron and spin systems on a lattice. The workable and
self-consistent IGF approach to the decoupling problem for the equation-
of-motion method for double-time temperature Green functions has been
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presented. The main achievement of this formulation was the derivation
of the Dyson equation for double-time retarded Green functions instead of
causal ones. That formulation permits to unify convenient analytical prop-
erties of retarded and advanced GF and the formal solution of the Dyson
equation (38), that, in spite of the required approximations for the self-
energy, provides the correct functional structure of single-particle GF. The
main advantage of the mathematical formalism is brought out by show-
ing how elastic scattering corrections (generalized mean fields) and inelastic
scattering effects (damping and finite lifetimes) could be self-consistently
incorporated in a general and compact manner. In this paper, we have
thoroughly considered the idealized Anderson and Hubbard models which
are the simplest (in the sense of formulation, but not solution) and most
popular models of correlated lattice fermions. We have presented here the
novel method of calculation of quasi-particle spectra for these and basic spin
lattice models, as the most representative examples. Using the IGF method,
we were able to obtain a closed self-consistent set of equations determining
the electron GF and self-energy. For the Hubbard and Anderson models,
these equations give a general microscopic description of correlation effects
both for the weak and strong Coulomb correlation, and,thus, determine the
interpolation solutions of the models. Moreover, this approach gives the
workable scheme for the definition of relevant generalized mean fields writ-
ten in terms of appropriate correlators.

We hope that these considerations have been done with sufficient details
to bring out their scope and power, since we believe that this technique
will have application to a variety of many-body systems with complicated
spectra and strong interaction. The application of the IGF method to the
investigation of nonlocal correlations and quasi-particle interactions in An-
derson models [29] has a particular interest for studying of the intersite
correlation effects in the concentrated Kondo system . A comparative study
of real many-body dynamics of single-impurity, two-impurity, and periodic
Anderson model, especially for strong but finite Coulomb correlation, when
perturbation expansion in U does not work, is important to characterize the
true quasi-particle excitations and the role of magnetic correlations. It was
shown that the physics of two-impurity Anderson model can be understood
in terms of competition between itinerant motion of carriers and magnetic
correlations of the RKKY nature. This issue is still very controversial and
the additional efforts must be applied in this field.

The application of the IGF method to the theory of magnetic semiconduc-
tors was done in [26], [27]. As a remarkable result of our approach, let us
mention the generalization of the Shastry-Mattis theory for the magnetic
polaron to the finite temperatures [27] . The quasi-particle many-body dy-
namics of ferromagnetic[26] and aniferromagnetic semiconductors[109],[110]
was studied too. These studies clarified greatly the true nature of carriers
in magnetic semiconductors. The application of the IGF method to gener-
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alized spin-fermion models that was made in papers [33],[111] allows one to
consider carefully the true nature of carriers in oxides and rare-earth metals.
These applications illustrate some of subtle details of the IGF approach and
exhibit their physical significance in a representative form.

As it is seen, this treatment has advantages in comparison with the standard
methods of decoupling of higher-order GFs within the equation-of-motion
approach, namely, the following:

(i) At the mean-field level, the GF, one obtains, is richer than that fol-
lowing from the standard procedures. The generalized mean fields
represent all elastic scattering renormalizations in a compact form.

(ii) The approximations ( the decoupling ) are introduced at a later stage
with respect to other methods, i.e. only into the rigorously obtained
self-energy.

(iii) Many standard results of the many-particle system theory are repro-
duced mathematically incomparable more simply.

(iv) The physical picture of elastic and inelastic scattering processes in
the interacting many-particle systems is clearly seen at every stage
of calculations, which is not the case with the standard methods of
decoupling.

(v) The main advantage of the whole method is the possibility of a self-
consistent description of quasi-particle spectra and their damping in a
unified and coherent fashion.

(vi) This new picture of interacting many-particle systems on a lattice is
far richer and gives more possibilities for the analysis of phenomena
which can actually take place. In this sense the approach we suggest
produces more advanced physical picture of the quasi-particle many-
body dynamics.

Despite the novelty of the IGF techniques introduced above and some (not
really big) complexity of the details in its demonstrations, the major conclu-
sions of the present paper can be made intelligible to any reader. The most
important conclusion to be drawn from the present consideration is that
the GMF for the case of strong Coulomb interaction has quite a nontrivial
structure and cannot be reduced to the mean-density functional. This last
statement resembles very much the situation with strongly non-equilibrium
systems, where only the single-particle distribution function is insufficient
to describe the essence of the strongly non-equilibrium state Therefore a
more complicated correlation functions are to be taken into account, in ac-
cordance with general ideas of Bogoliubov and Mori-Zwanzig. The IGF
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method is intimately related to the projection method in the sense, that it
expresses the idea of “reduced description” of a system in the most general
form. This line of consideration is very promising for developing the com-
plete and self-contained theory of strongly interacting many-body systems
on a lattice. Our main results reveal the fundamental importance of the
adequate definition of Generalized Mean Fields at finite temperatures, that
results in a deeper insight into the nature of quasi-particle states of the cor-
related lattice fermions and spins. We believe that our approach offers a
new way for systematic constructions of the approximate dynamic solutions
of the Hubbard, STAM, TTIAM, PAM, spin-fermion, and other models of the
strongly correlated electron systems on a lattice. The work in this direction
is in progress.
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A Appendix. The Gram-Schmidt Orthogonalization Pro-
cedure

In this appendix we briefly recall the Gram-Schmidt Orthogonalization Pro-
cedure. The Gram-Schmidt orthogonalization procedure is an inductive
technique to generate a mutually orthogonal set from any linearly inde-
pendent set of vectors.

Suppose we have an arbitrary n-dimensional Euclidean space, which means
that scalar multiplication has been introduced in some fashion into an n-
dimensional linear space. The vectors f and g are orthogonal if their scalar
product is zero

(A'l) (fv.g> =0

We now describe the orthogonalization process, which is a means of passing
from any linearly independent system of k vectors fi1, fo,...fr to an orthog-
onal system, also consisting of £ nonzero vectors. We denote these vectors
by g1, 92, ---gk-

Let us put g1 = f1, which is to say that the first vector of our system will
enter into the orthogonal system we are building. After that, put

(A.2) g2 = fo+ag
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Since g1 = f1 and the vectors fi and fo are linearly independent, it follows
that the vector go is different from zero for any scalar . We choose this
scalar from the constraint

(A.3) 0= (g1,92) = a(g1,91) + (91, f2)
whence

(g1, f2)
(A4) a= (o1 01)

In other words, we get go by subtracting from fo the projection of fo onto
g1. Proceeding inductively, we find

n—1
(gjafn)
A. n = fn — ;

We are left with mutually orthogonal vectors which have the same span as
the original set.

Let us consider an important example of a basis f1, fo, f3, f4 in a 4-dimensional
space and then construct the orthonormal basis of the same space. Next, in
the equality g3 = f3 + 8191 + (292, chose 31 and (2 such that the conditions
93191, g3Lgs are fulfilled.

From the equalities

(A.6) (91,93) = (91, f3) + B1(g1,91) + B2(g1, 92)
(A7) (92,93) = (92, f3) + B1(g1, 92) + F2(g2, g2)
we obtain

(g1, f5) _ (92, /3)
(48) o= (g91.91) P (92, 92)

Finally, from the equality g4 = f1 + 7191 + V292 + 393 we find

(A.9) = (91, fa) . _ (2. fa) _ (g3, f4)

) Y2 3 3
(917 91) (927 92) (937 93)

Thus, we see that with the choice of «, 81, 82,71, 72,73 made, the vectors
g1, 92, g3, g4 are pairwise orthogonal.
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B Appendiz . Moments and Green Functions

It is known that the method of moments [112] of spectral density is con-
sidered sometimes as an alternative approach for describing the many-body
quasi-particle dynamics of interacting many-particle systems. The moments
technique appears naturally when studying the particle dynamics in many-
particle systems in the context of time-dependent correlation functions (
magnetic resonance, liquids, etc.). Qualitatively, a correlation function de-
scribes how long a given property of a system persists until it is averaged out
by the microscopic motion of particles in the macroscopic system. The time
dependence of a particle correlation function sometimes is approximated (at
small times) via a power series expansion about the initial time 0.

Xt dn
(B.1) < A(0)A(t) >= Z ——— <
= n!dt

A(0)A(t) > [i=0 =

i O < A, [1..[H, A0)]..]]] >

The spectral theorem (26), (27) connects A(w) and the correlation functions.
From the above expression we obtain the moments M,, of the spectral density
function

1 oo
(B.2) M, = o dww"A(w) = (-1)" < [[H,[H...[H, A]...]], B, >

—0o0

So, by definition, the moments are time-independent correlation functions of
a combination of the operators. In principle, it is possible to calculate them
in a regular way; however, in practice, it is possible to do this only for a first
few moments. If the moments M, of a given spectral density form a positive
sequence, then GF of appropriate operators is a limit of the sequence

(B.3) G(E) = lim Gn(E,7)

Here the parameter —oco < v < 400 and is real. The approximation pro-
cedure for GF consists in replacing the G(E) by G, (F,~), that depends
also on the appropriate choice of the parameter . The G, (FE,~) have the
properties

(B'4) Gn(E, OO) = Gn—l(Evo)
and are represented by the fraction

Qni1(E) — 1Qn(E)
Pn+1(E) - PYPn(E)

(B.5) GulE.7) = Mo
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The polynomials P,, are given by the determinant

My M, ... M,
M, My ... M
(B.6) Po>1(E) VMo N o "
. n>1 = — . . .. .
= m . . .
" " Mn—l Mn o M2n—1
1 E ... E"
Py=1
where
My, M, ... M,
My My ... My
(B.7) Dps1=| . ST
M, My ... Mo,

Do = D_1 = M

The polynomial @, (F) (which is of (n-1)-th order in E) is related to the
polynomial P, (E) (which is of n-th order in E) via the following relation

1 [ Py(E)— P,(w)

B. n(E) = — A
(B3) Qu(E) = 5 | A
It is possible to find a few lowest-order terms

_ M
B.9 PyE)=1, P(E)=— "M _
(B.9) 0(E) 1(E) My — M
(B.10) Qo(E)=0; Qr=—

The expression (B.5) can be represented in the following form

(B.11) Go(E,7) :Monf:lm
’ = E—Ei(v)

Here the numbers E;() are roots of the equation
(B.12) Poi1(E) —vyPp(E) =0

These relations lead to the possibility of practical applications of the moment
expansion method. If we know the first (2n+2) moments, then the equation
(B.12) determines (n + 1) different roots E;(y). Thus, the spectral density
function can be represented by

(B.13) A(w) =21 M)y % m;id(w — E;)
i=1
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For example, if we know the moments My, M1, Ms then we find, from the
equation (B.11), the roots of (B.12)

(B.14) Ey(v) = MiMg '+ (My — Mg')

In this approximation, the GF and corresponding spectral density are rep-
resented as

My

(B.15) Go(7) = =By

A(w) = 27TM05(£U — El)
It is clear that the Tyablikov decoupling approximation (43) corresponds to
this approximation within the moment method. An improved decoupling
scheme, that conserves the first several frequency moments of the spectral
weight function for the Heisenberg and Hubbard models was developed in
paper[113] (cf. [57],[58] ).
It was shown in ref. [26] that the IGF method permits one to calculate
the spectral density for the spin-fermion model in the approximation that
preserves the first four moments. This is valid also for the approximation
used for the strongly correlated Hubbard model in Section 7.2.
It must be clear from the above consideration that the structure of the
obtained solution for single-particle GF depends strongly on the stage at
which irreducible parts were introduced [25]. To clarify this, let us consider
equation (29) again. Instead of (30), we introduce now the IGFs in the
following way

wG(w) = Mo+ << [A, H]_ | AT >>,,

(B.16)  w << [A, H||AT >>= M, + ("W << [[A, HH] | AT >>,)+

) << A|AT >>,, +ay << [A, H]|AT >>,,

The unknown constants a; and as are connected by the orthogonality con-
dition

(B.17) < [[[A, H/H]™), AT >=0

For illustration, we consider the simplest possibility and write down the
following equation

(B.18)  w(M<< [[A, HIH||AT >>) = (W<< [[A, H H]|[H, AT] >>)

Then by introducing the irreducible parts for the right operators, we obtain
(B.19)
((M<< [[4, HH]|AT >>)(w — o) = (V<< [[4, H]H]|[H, AT] >>(")

It is clear enough that, as a result, we arrive at the following set of equations

w<< AJAT >>, — << [A H|_ | AT >>,= M,
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(B.20) ) << AJAT >>, +(w — ) << [A, H||AT >>,= M; — ®
where

(B.21) & = ("M<< [[A HH] | [A, H]f >>00)

The solutions of the equations (B.20) are given by

M()(w — Ozg) — (M1 — (I))
ww—az) + o

(B.22) << AJAT >>, =

w(Ml — ‘13) + a1 My

B.23 << [A, H||AT >>, =
(B.23) [A, H]| o(w —as) T on

a1 Mo + ca My = Mo

It is evident that there is similarity between the obtained solutions and the
moment expansion method. The structure of equation (B.22) corresponds
to the moment expansion (B.11) except for the factor ® that should be
calculated by considering high-order equations of motion or by some relevant
approximation.

C Appendiz . Projection methods and IGF's

The IGFs method is intimately related to the projection operator method
[50], [51], that incorporates the idea of "reduced description” of a system
in the most suitable form. The projection operation [114], [51] makes it
possible to reduce the infinite hierarchy of coupled equations to a few rel-
atively simple equations that ”effectively” take into account the essential
information about the system that determines the specific nature of the
given problem. Projection techniques become standard in the study of cer-
tain dynamic processes. Projection operator techniques of Mori-Zwanzig
and similar ones [48] are useful for the derivation of relaxation equations
and formulas for transport coefficients in terms of microscopic properties.
This approach was applied to a large variety of phenomena concerning the
line-shape problem. It was shown that there is a close relationship between
the Mori procedure and the ”classical moment problem” of mathematical
analysis.

Let us briefly consider the projection formalism for double-time retarded
GF's [114], [51]. Ichiyanagi [114] constructed the following set of equations
for GF (28):

(C.1)

d .
(2~ iwr) << Ax(t), ALt >>= —id(t —t') < [A, Al] > +F(k,t — 1)
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4 +iwg) Fk,t —t') = +id(t —t') < [K(k), AL] > +T1(k,t —t')

(C2) (5

where F(k,t—t") =<< K(k,t),AL(t’) >> and I(k, t—t') =<< K(k,t), KT(k,t') >>

Here, the definitions were introduced:

<[4 Ay, Al] >

C.3 Wy =
( ) g < [Ak,A};] >

, K(k,t) = (1 - P)Ax(?)

(C.4) PG =< [G, Al] >< [A, Al] >71 4,

The projection operator P defined in (C.4) is different from the one intro-
duced by Mori. The main result of paper [114] is that, using the projection
operator, a Dyson equation that determines an irreducible quantity, proper
self-energy part, was obtained in the following form:

T
(C5) (w—wp— ——2T M(hw)) << Agld] 5> — 1D Al >
< [Ap, A > 2

Here M (k,w) is the self-energy , that, in the diagrammatic language, con-
sists of irreducible diagrams.

Our point of view is closely related to that of ref. [114] and to the develop-
ment of the this paper by Tserkovnikov in a systematic way [51]. However,
our strategy is slightly different in the time evolution aspect. We consider
our IGF technique as more convenient from the practical computational
point of view.

D Appendixz . Effective Perturbation Exrpansion for the
Mass Operator

Let us consider a useful example how to iterate the initial ”trial” solution
and to get an expansion for the mass operator[43],[23]. To be concrete, let
us consider the calculation of the mass operator for the Hubbard model in
Section 8.1. The first iteration for the equation (147) with the trial function
(148) have lead us to the expression (149), which we rewrite here in the
following form

N
(D.1) My (w § j ’gq
kpq

where
Nipg = Nptq—o(1 = Npypo — Ng—0) + NktpoNg—o
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Qpg = —€(p + o) + e(k + po) + €(qo)

Now we are able to calculate the spectral weight function gx,(w) (77)

l Fka(w)
7 [w = Egol? + Tjp (w)

(D'2) gka(w) =

We approximate this expression by the following way

(D.3) ko () = (1 = o) (w — Epo) + 1m

Here

U2
Lo (w) = Wﬁ Z Nipgd(w — Qppg)
Pq

E]w = 6(/€0’) + A]w
Akg = Reng(w + ie)

The unknown factor (1 — aj,) is determined by the normalization condition

oo
dw.gkcr (w) =1
—00
whence
U? Nipq
Qe = )
N Qipg — Ero

Then, using (22), we find for the mean occupation numbers

N _ AtVkpg

(D.4) na=]§;n<ﬂm st e (S) (i)

Now we can use the spectral weight function ( D.2) to iterate the equation
(147) and to get a perturbation expansion for the self-energy My, in the
pair approximation. Instead of the initial trial solution in the form of delta-
function (148), we take the expression (D.3). It is easy to check that we get
an expansion up to 6th order in U.
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Table 1: Fvolution of the Mean Field Concept.

Type of the mean field

Author

Uniform molecular field

in dense gases

Uniform internal mean field
in magnets

Thomas-Fermi model
Uniform mean field

in many-electron atoms
Molecular mean field in
Heisenberg ferromagnet
Non-uniform(local) staggered
mean field in antiferromagnet
Reaction and cavity field in
polar substances

Stoner mean-field model

of band magnetism

Slater mean-field model

of band antiferromagnetism
BCS-Bogoliubov mean field in
superconductors

Tyablikov decoupling

for Heisenberg ferromagnet
Mean field theory for STAM
Density Functional Theory
for inhomogeneous electron gas
Callen decoupling

for Heisenberg ferromagnet
Alloy analogy (mean field) approximation
in strongly correlated model
Generalized Mean Fields

in Heisenberg ferromagnet
Spin Glass Mean Field Model
Generalised Mean Fields in Strongly
Correlated Hubbard Model
Generalized Mean Fields

in Heisenberg antiferromagnet
Generalized Mean Fields

for itinerant antiferromagnet

van der Waals

P.Weiss
L.H.Thomas, E.Fermi

D.Hartree , V.Fock
F.Bloch
L.Neel
L.Onsager
E.Stoner
J.Slater
N.N.Bogoliubov

S.Tyablikov
P.W.Anderson

‘W.Kohn
H.B.Callen
J.Hubbard

N.Plakida
S.F.Edwards, P.W.Anderson

A.L.Kuzemsky
A.L.Kuzemsky, D.Marvakov

A.L.Kuzemsky

107

Year

1873

1905
1926-28

1928-32

1930

1932

1936

1938

1951

1958

1959
1961

1964

1964

1964

1973
1975

1975-78

1990

1999



