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Introduction

1.1 Transport in disordered solids

Among thermodynamic and kinetic characteristics of solids the electrical conductivity
plays an important role. Virtually everyone knows Ohm’s law which is relatively easy to
observe experimentally. On the other hand, theoretical insight into transport properties
meets a fundamental difficulty already at first stages of the investigation. The notion of
non-interacting electrons in a perfect, translationally invariant lattice, so helpful in other
areas of solid state physics, is not appropriate here as it yields unphysical zero value of
resistivity. Therefore, in order to achieve meaningful results, some processes slowing down
the electron motion have to be taken into account. This thesis focuses on an electron
gas in impure metals where scatterings of electrons on lattice imperfections (impurities)
represent an important contribution to nonzero resistivity. In particular, this mechanism
is the dominant one at low temperatures where the effects of lattice vibrations (phonons)
become negligible. Being concerned with conductivity hence essentially demands to face
imperfections and disorder even in materials that are not inherently disordered, such as
e. g. amorphous solids are.

The simplest theoretical description of electronic transport was proposed by Drude.
It is built on the concept schematically drawn in Figure according to which charge
carriers (electrons) are supposed to move freely between successive collisions with ran-
domly distributed scattering centers, 7 being the average time separating these events.
Such a picture yields a static electrical conductivity of the well known form

2

ne
= — 1.1
o="7, (1)

Figure 1.1: Piecewise motion of a classical
particle in a random potential. The average
time between individual scatterings is 7.
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where n, e and m stand for concentration, charge and mass of conduction electrons,
respectively. For additional technical details see any textbook on solid state physics, for
example [1].

The Drude formula can be re-derived even when the electron motion obeys
quantum-mechanical laws and not classical ones that were assumed by Drude. The verbal
interpretation of the underlying physics then is that due to scatterings on impurities
the eigenstates of an ideal lattice, i. e. the Bloch waves that are extended through the
whole sample, have a finite lifetime, 7, instead of infinite one that would correspond to
a perfect crystal. We briefly touch approximations of this type in a more formal fashion
in Chapter [3] Section B.1

The Drude theory works quite well at high temperatures. If a disordered system is
cooled down, quantum coherence causes the disorder to influence the electron motion
more dramatically. Anderson discovered [2| that a sufficiently strong disorder may give
rise to such a destructive interference of scattered electron waves that they become lo-
calized, i. e., the envelope of the corresponding wavefunction decays exponentially from
some point ry in space,

[¥(x)| ~ exp(|r — rol /) - (1.2)
The parameter £ that controls the spatial extension of the wavefunction is called lo-
calization length. The localization effects substantially depend on dimensionality of the
system under investigation. They are most pronounced in one dimension where it can
be rigorously shown that all electron eigenstates are localized for arbitrarily small degree
of disorder . Such a property makes impossible any charge transport in infinitely long
one-dimensional wires at absolute zero of temperature, i. e., quantum wires are insulators.
The Anderson insulator substantially differs from the usual one. Its insulating behavior
originates from the fact that all quantum states in the vicinity of the Fermi level are lo-
calized that makes the charge carriers immobile. In the case of the conventional insulator
the conductivity is zero because the Fermi energy lies inside the band gap and hence the
externally applied weak electric field cannot induce current-carrying excitations.

In higher dimensions almost no rigorous results are known. Some evidence has been
amassed, based on a scaling hypothesis [4] or on self-consistent diagrammatic methods [5],
indicating that even in two dimensions all electron states are localized, no matter how
weak the disorder is. In the same time, experimental data for both metallic and in-
sulating behavior in 2D samples very close to T" = 0K were presented [@] Attempts
to explain such results suggest possible insufficiency of one-particle theories, whereto
References [] and [f] belong, and maintain importance of electron-electron interactions in
realistic situations . Of course, no such experiment can decide whether the theoretical
approximation schemes do or do not treat the chosen models appropriately.

At low but nonzero temperatures quantum modifications of the Drude conductivity
formula are well described within perturbation theories. The resulting weak localiza-
tion correction, which we discuss to some extent in Chapter [3] Section [3.2] has received
a lot of both theoretical and experimental attention. The notion of weak localization
and underlying quantum interference of conduction electrons at lattice defects allowed
to explain logarithmic temperature dependence of conductivity , @, |I| and anoma-
lous positive magnetoresistance ,. A large amount of experimental results that

!Interpretation of this logarithmic temperature dependence is not straightforward, however. It was
shown that the same correction is caused by electron-electron interactions as well . To resolve which



1.2. Mobility edges 11

Figure 1.2: Two-component substitutional alloy. In the left part, the dispersion relations for
the corresponding two clean components are sketched, in the right part, the alloy density of
electronic states is drawn. In three dimensions it is expected that near the center of the band
the wavefunctions are extended, whereas at band-edges, in the so-called Lifshitz tails (filled
regions in the graph), the electron eigenstates are localized.

were obtained on a wide variety of (nearly) two-dimensional samples such as MOS inver-
sion layersﬂ thin metallic films or layered semiconductor heterostructures is reviewed in
a comprehensive article by Bergmann [14].

1.2 Mobility edges

In three-dimensional lattices the electronic density of states (DOS) has a structure as
depicted in Figure[I.2] Usually, the electron eigenstates located close to the band edges,
in the so-called Lifshitz tails, are localized, whereas those belonging to the energy region
around the band center are extended. The energies where the character of wavefunctions
changes are referred to as mobility edges. In Figure [1.2] we denote them F., respec-
tively E’. At these points the transport behavior goes over from metallic to insulating,
i. e., the metal-insulator transition (MIT)El takes place there. As the disorder strength
grows, the mobility edges E,. and E. move towards the band center where they eventually
meet and the whole band becomes localized. Such a scenario, originally based on more
or less intuitive arguments, was later rigorously confirmed .

An insight into localized states in the Lifshitz tails may be won on a simple example of
a binary alloy . It can be shown that the density of states of such an alloy is nonzero

of the phenomena is dominant in a given sample one has to investigate also the behavior in the presence
of the magnetic field .

2MOS = a structure consisting of three layers — metal, oxide (e. g. SiO2) and semiconductor (e. g. sil-
icon crystal).

3Several types of metal-insulator transitions are distinguished in the literature. Here we discuss
the Anderson MIT which is caused by disorder. Mott demonstrated that a transition from metallic
to insulating regime can also be driven by electron-electron interactions. Such a phenomenon is called
Mott MIT.
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/
Figure 1.3: Schematic illustration of the . v
mobility edge E.. The two possibilities Omin|- o/
of a continuous or discontinuous transition : /
with minimal metallic conductivity o, are :
shown. The picture is taken from Refer- /

ence EC E

for all energies where either one of the densities of states corresponding to respective clean
crystals is nonzero, Figure[l.2] However, outside the intersection of the two clean spectra
the alloy density of states is rather small in magnitude. The electron wavefunctions
contributing to these tails come from such disorder configurations, where large islands of
one component exist that are immersed, far one from another, into a typical configuration
of atoms in the lattice. In this way we are lead to the conclusion that the Lifshitz tails are
built up of states bound to rare fluctuations of the spatial distribution of alloy components.
The closer to the alloy band edge the eigenenergy of such a bound state lies, the larger,
and thus less probable, is the corresponding fluctuation.

The transition from extended to localized states is not the only change that occurs
in the electronic spectrum as the disorder increases. When the alloy constituents are
different enough, the respective clean bands do not overlap and the alloy band is split into
two subbands. If additionally the situation is such that the concentrations of components
are substantially different, i. e., one of them is almost one and the other is close to zero,
we talk about the host and impurity bands, respectively. Considering this fact we may
ask whether the whole band becomes localized first and only then splits or if the inverse
situations occurs when the degree of disorder in the sample is increased.

Understanding the electron dynamics in three-dimensional disordered lattices is only
qualitative at present. There exists no reliable theory providing quantitative estimates
for positions of mobility edges etc. Several approximation schemes, both analytical
and numerical , were developed to calculate quasi-particle spectra in disordered
crystals. The numerical approaches lie outside the scope of this thesis and will not be
discussed. Out of the analytical methods, the coherent-potential approximation (CPA)
turned out to be the most successful. For a binary alloy model it predicts the anticipated
opening of a band gap for large differences between constituents . On the other hand,
it is not able to reproduce the correct bandwidth. Moreover, when the CPA is applied
to transport properties [21], it corresponds more or less to the simple Drude concept
and contains no signs of quantum corrections originating from phase coherence. It is the
aim of this thesis to extend the CPA so that the effects of quantum coherence (weak
localization and beyond) would be incorporated.

1.3 Ciritical exponents

Once the notion of mobility edges is established a question arises, whether the transition
from the conducting to the insulating regime occurring at these points of the electronic
spectrum is continuous or not. Although this subject does not belong to the objectives
of the thesis we include a short summary here as it nicely illustrates the present state of
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the art of understanding the physics of strongly disordered electronic systems.

Historically the first proposal about the character of the MIT was given by Mott
who claimed that the conductivity jumps to zero discontinuously from some minimal
metallic conductivity oy, Figure Later, arguments were given that the Anderson
metal-insulator transition is a second order phase transition analogous to e. g. mag-
netism . It means that the conductivity on the metallic side and the inverse of the
localization length on the insulating side should go to zero continuously,

o~ |E—E]*  and €'~ |E—EJ. (1.3)

Nowadays it is agreed that the second scenario is the correct one, as it is widely supported
by both theory and experiment. The issue that remains open concerns the numerical val-
ues of the critical exponents s and v. The analytic theory relies on mapping the problem
of non-interacting disordered electrons onto a non-linear o-model, which is known from
quantum field theory. Such a connection was suggested by Wegner and later demon-
strated in detail by Wegner and Schafer and others. Particularly effective proved to be
Efetov’s approach utilizing supersymmetric fermion-boson representation [27]. The non-
linear o-model cannot be applied in three dimensions directly. Instead, the e-expansion
from dimension two has to be utilized. It means that the actual calculation is performed
in dimension d = 2 + ¢ and a three-dimensional estimate is consequently obtained via
setting € = 1. The values for the conductivity exponent s achieved within the non-linear
o-model read s = 1 4 O(e . for purely non-interacting electrons (spin-independent
time-reversal-invariant Hamﬂtonlan) and s = 1/2 — 3¢/4+ O(e?) [29] when an additional
spin-flip mechanism is present. Evidently, the non-linear o-model is rather unreliable in
the spin-dependent case as the exponent s has to be positive.

Another theoretical method developed for evaluation of critical exponents is based on
numerical simulations. These approaches provide the value s ~ 1.5 for non-interacting
samples ,, which disagrees with findings of the non-linear o-model referred above.
This discrepancy demonstrates that despite decades of studies only partial understanding
of the Anderson metal-insulator transition has been reached.

The results of experimental investigations of the metal-insulator transition in disor-
dered systems have evolved as follows. In the eighties of the last century, two groups of
materials were found. Some solids showed the exponent s =~ 0.5 (uncompensated samples,
a popular example of which is silicon doped with phosphorus, Si:P, ), in others the
value s &~ 1 was measured (compensated samples, e. g. Ga,Aly_,As, ) The difference

080 Gy
-0-0-0
-0-0-0 © Al
-0-0-0 ¢ As
-0-0-0
-0-0-0

Figure 1.4: Examples of an uncompensated (left) and a compensated (right) sample. In Si:P
the phosphorus acts as a donor as it has one more valence electron than silicon. In the case of
GazAl;_,As no additional electrons or holes are brought into the sample when the degree of
disorder changes, because gallium and aluminium have the same number of valence electrons.
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between compensated and uncompensated semiconductors is explained in Figure [T.4]
At present, however, the experimental situation concerning uncompensated samples is
rather unclear since both values s ~ 0.5 and s ~ 1 were reported even for the same
material. Table provides an incomplete summary of this issue. Recent papers sug-
gest that the correct critical exponent is s & 1 as this value is obtained when a very
small vicinity of the critical point is taken into account, whereas s tends to 0.5 only if
also data farther from the critical point are considered. The same seems to apply to new
measurements as well as to reanalyzed old experimental results.

Semiconductor system S
Si:P 05 37, 1.0, 1.2
Si:As 0.5, 1.0
Si:B 0.65, 1.6
Ge:As 0.5, 1.2
Ge:Sh 0.9
Ge:Ga 0.5, 1.2

Table 1.1: Conductivity critical exponent s reported for a wide variety of uncompensated
samples. Table is adopted from Reference

1.4 Models of disorder

In order to be prepared for the formal development presented in the subsequent chapters
we need to specify what will exactly be meant by disordered electrons. The model we
use throughout the thesis is the original Anderson model , the Hamiltonian of which
reads

H=Hy+V=> tyele;+ > Vicle;, (1.4)

i, i

where éj and ¢; create and annihilate, respectively, an electron on lattice site . The matrix
t;; describes probability of a particle hopping from site j to site ¢. In the simplest version
only hoppings between nearest neighbors are allowed, ¢;; = t0|;_;,1 . The local energies V;
are random, characterized by a probability distribution P(V;). The distribution P(V;) is
site-independent, i. e. the same for all lattice sites without any correlations between them.
A wide range of more or less realistic choices for P(V;) can be found in the literature.
In particular, Anderson [2] used a box distribution

1

1 N

P(V;) = %9(52 ~V?) =12
0  elsewhere,

for |V;| < 0,
Vi (1.5)

where 6 denotes the Heaviside step function. The rigorous results by Frohlich and
Spencer mentioned in Section were obtained for a Gaussian disorder

P(V;) = \/2175 exp (_‘2/—;> . (1.6)
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The non-linear o-model also assumes the random potential to have the form of the Gaus-
sian white noise ([1.6)). Another widely used model with clear physical content is defined
by the distribution function of the form

P(V;) = d(Vi = Vi) + (1 = ) 8(Vi — V). (L.7)

It corresponds to a substitutional alloy consisting of two compounds that we labelled
A and B. Every lattice site can be occupied by an atom A with probability ¢ and by
an atom B with probability 1 — c.

1.5 Outline of the thesis

The objective of the thesis is to construct an approximation scheme that would inherit
the properties of the CPA and, in the same time, contain nontrivial quantum corrections
to the semi-classical values of transport coefficients. These corrections, which are absent
in the coherent-potential approximation, originate in the inter-site phase coherence that
enhances backward scatterings. Predictions of the demanded theory should comply with
the phenomenological expectations listed in Section [1.2] i. e., the quantum phenomena
should be most pronounced at the band edges and in the contingent impurity band. It
will be demonstrated that the mean-field-like approximation constructed in Chapter
really behaves in that way. Furthermore, since the approximation is self-consistent, it
allows us to access not only corrections of a perturbative character, but non-perturbative
effects as well. The non-perturbative phenomenon that we are heading for is the Anderson
metal-insulator transition.

To study directly the Anderson Hamiltonian is possible only numerically since it
has too many parameters (the on-site potentials V;) and it lacks any apparent symmetry
that would help with their reduction. As we want to tackle the problem analytically we
perform averaging over all possible disorder configurations that restores the translational
invariance obeyed by a clean (non-disordered) lattice. This simplification has its price
— the averaging procedure transforms the original system of non-interacting electrons to
a correlated one. However, we gain more than we loose as the effective interacting system
can be studied with the aid of standard many-body diagrammatic techniques, which is
the method we utilize in the following chapters.

The steps towards our goal are organized as follows. In Chapter [2] we review relevant
parts of linear response theory with emphasis on first-principle quantum-mechanical de-
scription of electron diffusion in disordered materials. The need for studying two-particle
Green functions is made obvious. A diagrammatic perturbation expansion in powers of
the random potential is constructed and a concept of averaging over disorder configura-
tions is introduced. Chapter [3| describes selected methods and approximations presently
available to deal with transport in non-interacting disordered electrons. The single-site
approximations (CPA) and the weak localization correction are covered. Finally, assump-
tions and results of the Vollhardt and Wolfle self-consistent theory of localization [5] are
summarized.

The rest of the thesis is devoted to our own approach. In Chapter 4] two-particle dia-
grams are examined in detail. Classification into topologically distinct scattering channels
is used to formulate self-consistent equations for two-particle Green functions (parquet
scheme). In the following Chapter [5| an asymptotic limit to high spatial dimensions, i. e.
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the standard “generator” of mean-field theories, is utilized for a systematic construction
of approximate solutions of the parquet equations. In the strict limit d = co only terms of
the order O((1/d)?) contribute and a simple sum of the CPA and the weak localization
is obtained. A further self-consistent inclusion of O(1/d) terms leads to an advanced
approximation scheme that predicts vanishing of diffusion, and therefore zero value of
conductivity, above a certain critical disorder strength in any finite dimension.

In the course of developing our mean-field-like solution a crucial difficulty is encoun-
tered when a selfenergy, which would match the two-particle functions found from par-
quet equations, is searched for. The scheme proposed in Chapter [5| does not comply with
the particle number conservation, in other words, Ward identities for averaged Green
functions are not fulfilled to the extent that is nowadays widely assumed. Chapter [] elu-
cidates this issue. At first it is demonstrated that the violation of Ward identities is not
an artifact of our approximations. On the contrary, it is inevitable in principle. Finally,
arguments are given that the particle number non-conservation is only virtual and can be
understood if configurational averaging is reexamined. It turns out that only extended
states can survive the averaging procedure and that localized states are lost already dur-
ing this very early step of the theoretical description of electrons subject to a random
potential.

Notation and conventions

The Planck constant £ is set to 1 throughout the thesis. Exemptions are several equations
that are adopted directly from literature — Kubo formulae for the density-density and
the current-current response functions, equations and , and definition of the
velocity operator, equation . In first appearances of these expressions the Planck
constant is written explicitly. The elementary electric charge is denoted e, electron charge
then is —e.



Linear response of disordered media

A universal method of investigating physical systems is to drive them out of equilibrium
and observe their reactions. For example, an external electric field generates currents
flowing through a conducting sample. A description of non-equilibrium phenomena is,
in general, rather involved. However, when the external field is weak enough, the re-
sponses of the system are proportional to the magnitude of the field. In such a regime,
the non-equilibrium properties, like electrical conductivity, can be calculated by means
of equilibrium statistical mechanics. This fundamental feature of the so-called Kubo
linear response theory obviously greatly simplifies the treatment of weakly non-
equilibrium situations.

In this chapter we use the Kubo formalism to deal with the response of disordered elec-
tron systems to electromagnetic perturbations. We start with externally induced changes
of spatial particle density and their subsequent relaxation back to equilibrium. When we
become familiar with the formalism explained on the density response, we turn our at-
tention to a current response and to the corresponding response function — conductivity.
The electrical conductivity is in a sense more interesting property of a system than the
density response as it is better experimentally accessible. On the other hand, the theo-
retical description appears to be considerably more involved in the case of currents when
compared to the particle density. Motivated by this fact, a close relationship between the
density and current responses is demonstrated at the end of this chapter, which allows
for a simplified indirect evaluation of the conductivity via the density response function.

2.1 Response to inhomogeneous electric field

Starting with the simplest case of a response, we subject our system to an external electric
field E(¢,r). We use a gauge in which the field is generated by a scalar potential ¢(t,r),
i.e. E(t,r) = —grad ¢(t,r). In such a description the electric field interacts with electrons
via their number density 7n(r), giving rise to a Hamiltonian term

~

He(t) = —e/dST n(r)e(t,r) (2.1)

where —e stands for the electron charge. The quantity of our interest is the induced
electron density variation dn(t,r), which is the difference between the non-equilibrium

17



18 2. Linear response of disordered media

and the equilibrium values of the particle density, on(t,r) = n(t,r) — no(r)[[] The linear
part of the deviation dn(t,r) can generally be written in a form

on(t,r) :/ dt'/d?’r/x(t—t’;r,r’)ego(t,r’) (2.2)

where the retarded density-density response function x(t;r,r’) is introduced. To evaluate
this response function we use the Kubo formalism that is based on the first order
perturbation expansion of the statistical density matrix. It is thus comparable to the
Fermi golden rule well known from quantum mechanics. The Kubo formula for the
present case reads

Xt = #5e,) = 20— ) Te (SO [ ), (') ) (2.3)

with f(H) being the Fermi-Dirac distribution function. For the time evolution of the
density operators n(t,r) the Heisenberg picture is used. Introducing Green functions
in a standard way we end up with an expression (detailed derivation can be found

in e. g. [36])

X(w+i0;r, 1) = / dt /O (tr 1)

— 00

=/%g§[ﬂE+w%ﬁﬂmgﬂﬂﬂJWWE+wnf)

oo 270

+ f(E)GH(E;x',r)G"(E + w;r, 1)

J(E+0)GNEY DG E fwin )y (24)

where GE(E;1',r) and GA(F;1',r) are matrix elements of the retarded and the advanced
resolvent operators,

GR(E;Y,r) = (Y'|(E 4140 — ﬁ)71|r> , (2.5a)
GME;r r) = (v|(E—i0— H) r). (2.5b)

Equation refers to one particular configuration of impurities. Due to the lack of
symmetry in a disordered system, the Green functions involved are quite complex quanti-
ties and we can hardly proceed much further with any kind of calculation. It is therefore
very convenient to find a physically justifiable method of restoring the (discrete) trans-
lational invariance of a perfect crystal. Such a procedure is the averaging over disorder
configurations that is discussed in the following paragraph.

2.2 Configurational averaging

We have argued that averaging over all impurity configurations with the same macroscopic
properties (like the impurity concentration) is technically desirable. However, to be

!The equilibrium density ng(r) depends on the position vector r, since the system we are dealing
with, defined by the Anderson Hamiltonian (1.4)), is generally inhomogeneous.
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allowed to proceed with this step we need a proper physical justification. Considering
transport properties at finite temperatures the following picture can be used.

An electron moves coherently only between inelastic scattering events, e.g. collisions
with phonons, and thus the purely quantum mechanical description (Kubo formula) holds
only in a piecewise sense. This means that at a time only a (small) part of the whole
system is relevant. Therefore, as the electron travels through the sample it is effectively
averaging over local disorder configurations that it feels. Presence of localized states, how-
ever, invalidates this notion as the electron can be confined to a finite region in space.
In such a case it does not have the opportunity to move in other than just the one spe-
cific disorder pattern. We will see later that under such conditions the configurationally
averaged quantities behave somewhat differently than the same quantities related to one
particular sample. Nevertheless, even when the localized states are important, the aver-
ages still contain valuable physical information.

As could be expected, simplifications are not the only effect that the averaging
brings in. Besides a symmetry enhancement it changes the system of uncorrelated elec-
trons to a correlated one. This feature is demonstrated on low orders of perturbation
theory as follows. Let the Anderson Hamiltonian be quite simple with only two
distinct values of the local potential V;, V; = v on impurity sites and V; = 0 elsewhere.
Concentration of impurities is denoted c. According to the time-independent perturba-
tion theory the resolvent is given by

G(z) = GO(2) + GO (2)VG(2) (2.6)

where G(O)(z) corresponds to the pure host lattice with the Hamiltonian H,y. We average
the perturbation expansion term by term and take a closer look at the third-order
contribution. Feynman diagrams are found to be the most convenient tool for this pur-
pose. The averaged third-order term can be represented as

D A

ik 1] k| 4 ijk 1

! P

I I S Y.

ij 17 1 i1 11

where the solid line visualizes Gg-])(z) and the dotted line is the potential at a given

site, V;. On the right-hand side the dashed line represents v and the cross stands for the

concentration c¢. The quite large number of different diagrams generated by configura-

tional averaging is caused by the fact that distinct contributions are obtained depending

on how many potentials V; sits on the same site. For the same reason the sums on the

right-hand side carry a prime which means that all the site indices have to be different.
Summing up only a finite part of a perturbation series (a few low order terms) cannot

lead to emergence of any qualitatively new phenomena in comparison to the unperturbed
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system. To investigate, whether or not a given perturbation is able to induce such a new
quality, we need to take into account an infinite subset of the corresponding perturbation
expansion. A convenient way to sum an infinite number of one particle diagrams is
to express the averaged resolvent G(z) = (G(2))ay. (thick fermion line in diagrams) via
a Dyson equation

; = j o Zz iy j o (2.8a)
5

) 7 ?

Gij(2) = G (2) + D G (2)Sirjr(2)Grs(2). (2.8D)

an expanded form of which reads

——  —— —>—@—>—
: T i T Zz i j
Z/j,
(2.9)
+ > z’Cj’ k’cl’ g

i/jlk/l/

The introduced selfenergy ¥;;(z) is a sum of all one-particle irreducible diagrams, i. e.
diagrams that do not split into two pieces if one of their fermion lines is cut.

Reading out the selfenergy expression from the perturbation expansion given above,
e. g. from formula (2.7), is not quite straightforward. Difficulties originate from the
fact that for the formulation of the Dyson equation it is essential that summations over
site indices are unrestricted. We therefore need to remove the primes from the sums in
formula to become compatible with representation (2.9). Such a problem resem-
bles that of a self-avoided random walk. In our case it can be solved if a new type of
one-particle irreducible diagrams, so-called multiple-occupancy corrections, is introduced.
This procedure is best explained on an example, in the place of which we use the second
term from the right-hand side of equation . The cumbersome restriction i # k is
eliminated as follows,

Z ! o
= /N — C Z 0N
_1_>_|_ _l_b_l_ —l s (2.10)
k ik 1 1k T A A
Note the extra concentration factor at the correcting term. Repeating analogous steps
for all other parts of expression (2.7) we end up with a diagrammatic expansion of the
selfenergy up to third order in the impurity strength v. It reads
_ X X XX
Sa(z) = T+ (1-0) L+ 1-0) s
1 0 i i ij 1
(2.11)
_ A
+(1 30+2C) /.\ +
7 2 7
with the additional concentration factors being just the multiple-occupancy corrections.
All drawn low order terms are local but it is clear that among higher orders there are
nonlocal contributions as well.
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Due to translational invariance the selfenergy depends only on the difference of the two
positions that it connects. This property allows us to carry out the Fourier transform.
Doing so, we come to a momentum representation in which the selfenergy operator is
diagonal. Therefore, the Dyson equation is easily solved and we get the averaged
Green function G(z, k) in the form

1
z—e(k) — X(z,k)

G(z, k) = %Zeik'Rie”k'RfGﬁ(z) = (2.12)

ij

The Fourier transform is normalized using the number of the lattice sites that we de-
note N. The vector R; points to the position of the lattice site 7.

A very similar analysis can be applied to the average of a product of two resolvents.

Such products are substantial for linear response calculations as they appear in Kubo

formulae, e. g. in equation (2.4). The third order term, analogous to the one examined

above in the case of the averaged one-particle Green function G, is visualized as

k k
. !
. . 1
R LT
ijk ———— ijk  —l——l—
2 J ' 2 i
i J
o / |
Y% ox Y ox % (2.13)
v J ? J
L 7
, T — —_——
LD DS S
7 7 7 7

where every element has its counterpart in the diagrammatic equation . We can
find here the selfenergy contributions as well as new diagrams connecting both electron
lines. The latter represent pairwise correlations in the motion of the electrons. After
removing primes from the sums we can again divide the involved diagrams into two
classes. One of them contains reducible and the other comprises irreducible graphs. The
so-called two-particle irreducibility means that a diagram cannot be split into two parts
by cutting two fermion linesEl All the two-particle irreducible diagrams build up the two-
particle irreducible vertex A;j (21, 22). The two-particle Green function Ggi),d(zl, 29) =
(Gik(21)Gji(22))av. is then generated with the aid of a Bethe-Salpeter equation,
7 k 7 k i i K k
- - m— - -
G® = + A G2

J l J l J 7' I I

, (2.14a)

Ggi)]d(,zl, Zg) = Gik<21)Gﬂ<22) + Z Gii’(zl)ij’(ZQ)Ai’j’,k’l’(Zh ZQ)G](jl)/’kl(zl, 22) . (214b)

,L'lj/k.lll

2This definition of the two-particle irreducibility is in fact ambiguous. We postpone this issue to the
beginning of Chapter since at this moment it is not needed to enter such details.
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The selfenergy insertions are absorbed in the full averaged one-particle Green func-
tions G;(z) appearing in this formula. The low order contributions to the irreducible
vertex are local

0
|
Niiii(21,22) = (1 —¢) + (1 —3c+27) X

——lg—
) )
1 1
N\ 4
+ (1-3c+2¢) X + ...,
|
1

SR . Cule s

(2.15)

non-locality comes from the fourth and higher orders in the impurity strength v.

By virtue of translational invariance of the averaged quantities, the irreducible ver-
tex Ajjr, as well as the full two-particle Green function Gg,)kz , actually do not depend
on all four indicated positions but rather on their three respective differences. This sug-
gests a threefold Fourier transform to momentum space. The notation for the Fourier
transformed two-particle functions used throughout the thesis is

1 , , 1 L
G1(<212/(Z17 Zo: q) _ m Z ez(k—i—q).Rie—szje—z(k +Q)'Rkelk Ry Gg,)kl(zlv 22) (216)
ikl

that in the diagrammatic representation reads

Zl7k+q_.: »Zl7k,+q

Gl (21, 22:4) = G®@ . (2.17)
- ¢+
22, k 22, k'

The Bethe-Salpeter equation ([2.14]) is, within the just introduced convention, written as

k+q k'+q

k+q k”+q k’+q
> > > >

+ Al |a® . (2.18a)
-¢
k kl/ k/

- -
k Kk’

4 £
A

Gl(flz'(lea 20;q) = G(z1,k + q)G(22, k)

1
x |0(k — k') + N Z Maer (21, 22; Q)G UM (21, 225q) | - (2.18b)

k//

The presented introduction into diagrammatic methods in the (averaged) disordered-
electron problem is sufficient for understanding the subsequent chapters. A deeper treat-
ment of multiple-occupancy corrections and constructions of various approximations for

the selfenergy can be found in e. g. [L7,[3637.
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2.3 Density response

At this point we have enough knowledge to return back and average the density-density
response function x given by formula (2.4]). Using the momentum representation we have
< dE
oo 271

+F(E)ORR(E, E +wiq) — f(B+w)dM (B, E+wq)} . (219)

V(w +i0,q) = / (B +w) — f(B) @ (E,E +w:q)

We introduced three correlation functions that are defined as traces of the two-particle
Green functions,

1
(B E+wiq) = 5 ) Gid (B E+wiq). (2.20)
kk’

Very similar definitions hold for the other combinations of superscripts R and A, which
carry information about signs of infinitesimal imaginary parts of the corresponding energy
variables.

To evaluate the response function y we generally need to know the whole two-particle
Green function. However, certain specific limits can be directly related to one-particle
functions. This is done with the aid of the Ward identity

1 1
N Z GSZ/(Zl, 22;0) =
kl

22— 2

(G(k, 1) — G(k, 2)] (2.21)

that was for the first time used by Velicky within the coherent-potential approximation
(CPA) . We discuss some aspects of this approximation in Section Identity (2.21])
results from configurational averaging of the expression

G(22) = G(21) + (21 — 22)G(21)G(22) (2.22)
that is just the perturbation expansion with the choice V = (21 — 29)1. Ward
identity can thus be viewed as a consequence of invariance to a very specific gauge
transformation, namely to adding a constant to the scalar potential .

Using formula in expression ([2.19) we find that the density response to a ho-
mogeneous perturbation vanishes,

X(w—i—iO,O):l/oo d—E,{f(E—f—w) [GHE +w) — GR(E +w)]

w J_o 2m

—f(E) [GYE)-G*(E)]} =0. (2.23)
In particular, we therefore know the limit

lim lim x(w +i0,q) = 0. (2.24)
w—0q—0

We denoted the local element of the averaged one-particle Green function as G(z),
G(z) = N7'Y, G(z,k). Result ([2.23) expresses the particle number conservation law

that requires the total density variation to be zero,

/d37“ on(t,r) = 0. (2.25)
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Similarly, we can evaluate the response function x in the limit w — 0, q — 0 with order
of limits reversed compared to the case (2.24). Letting w = 0 in expression ([2.19)) we get
the static density response,

@0 = [ HERYHE Eiq), (2.20)

[e.e]

Further on, for q = 0, the Ward identity (2.21)) provides a formula

OGE(E)
O"H(E F;0) = ———— 2.2
with the help of which we express the desired limit as
Jimny iy x(w + 10, @) = /_OO = op S¢(E)
*dE Of(E) o ~r on
- _ — I SGR(E) = — . 2.28
| = sanm - 3 (2.28)

We see that at the point w = 0, q = 0 the response function y is non-analytic as the
order of limits is found to be substantial. Actually, based on results (2.24]) and (2.28)), we
can write the small frequency and small momentum asymptotics of the density-density
response function in a fornﬂ

on
2 Da?
o 1

m . (2.29)

x(w+1i0,q) =

The constant D remains unevaluated within the above reasoning. The following section
shows that it is just the diffusion constant.

2.4 Diffusion

The next physical process we are going to discuss is relaxation of a non-equilibrium
particle density distribution. In many classical systems, approaching the equilibrium
state has a diffusive character. In such a case the density variation evolves according
to the law

(% _ DA) Sn(tr) = 0, (2.30)

3To be precise, the asymptotic form of the response function y, allowed by formulae (2.24]) and ([2.28)),
generally reads

wti0,q) = 2
X(w+1i0,q) = —=2 D
where o > 1 and § is an even number due to the apparent symmetry x(w + i0, —q) = x(w +40,q). It
will be shown in Section [2.6] that only the case with a = 1 and § = 2 is compatible with a nonzero
conductivity o. Namely, it is the generalized Einstein relation, equation (2.56)), that is responsible for
this final restriction.
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the solution of which reads (¢ > 0)

on(t =0,q)

on(t,q) = on(t =0,q)0(t) e P on(w +10,q) = iw — Dg?

(2.31)

In the following we show how the density relaxation can be treated in quantum me-
chanical systems. Unlike Section 2.1} the now considered non-equilibrium behavior of the
electronic system is induced by a spatial variation of the chemical potential © and not by
a Hamiltonian perturbation of any kind. To study the diffusion phenomena we should
therefore use methods developed in References [3§ and which deal with the so-called
thermal perturbations. However, if we restrict the initial non-equilibrium state so that
it can be generated with the aid of an external force, we are allowed to stay within the
framework of Hamiltonian perturbations.

We describe the relaxation of the particle density variation that arose as a response
to a weak inhomogeneous electric ﬁeldﬁ For this purpose the perturbation is first slowly
(adiabatically) switched on during the time interval (—oo,0) and then suddenly turned
off at t = 0. The scalar potential ¢ corresponding to the given scenario is ¢(t,q) =
0(—t) exp(et)e(q). The induced non-equilibrium density variation evolves according to
formula . For the period of positive times, t > Oﬂ when relaxation takes place, the
time evolution is given by an expression

Onuelax(t, q) = ep(q) O(t) / dt'e x(t —t',q) = ep(q)¢(t,q) . (2.32)

—00

We introduced a relazation function ¢(t,q). Its Fourier transform with respect to time

reads . ,
1 x(w+140,q) — x(:0,q)

o(w +10,q) = - e (2.33)

Being interested only in slow dynamics of weakly spatially varying particle densities,
we can continue with the asymptotic form of the density-density response function Y,
equation (2.29). Then, in the limit of small frequency w and small momentum q, the
relaxation function ¢ becomes

(On/Op)

. 2.34
—iw + Dq? ( )

¢(w+10,q) =
This equation has the same form as a solution of the diffusion equation, formula .
Therefore, the relaxation of a disordered electron system is diffusive, starting from the
zero-time density variation dn(t = 0,q) = ou (On/0u) = —ep(q) (On/0u) . Consequently,
the non-analyticity that the relaxation function ¢ displays at point w = 0, q = 0 will be
referred to as the diffusion pole.

A final observation of this section is that the diffusion pole in the relaxation function ¢
is entirely determined by the correlation function ®4%, whereas the other two, ®7F
and ®44| play no role in this asymptotics. As a consequence of the Ward identity
the correlation functions ® and ®44 are finite in the limit w — 0, ¢ — 0 and given

4The method of introduction the electron diffusion that we use here is analogous to the approach
adopted in Reference
®Note the presence of Heaviside function 6(¢) in formula (2.32)).
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by expression . On the other hand, the asymptotic behavior of the correlation
function @47 is substantially different as an appropriate replacement of equation (2.27))
reads

211 SGA(E)
—
Using the above properties of the correlation functions, the expansion of the response
function y in powers of frequency w has a form

(B E 4 w;0) = (2.35)

. . w
X(w+i0,a) = x(i0,q) + - (Ep, Ep +w;q) + O(w). (236)
This leads to the following expression for the relaxation function,
: L AR
d(w +10,q) = gd) (Ep, Er +w;q), (2.37)

that is valid as far as the diffusion pole is concerned. Note that the last two formulae
apply in the presented simple form only in the limit of zero temperature, 7" — 0.

2.5 Conductivity

In this section, currents generated by an external electric field are examined and a for-
mula for electrical conductivity is derived. As already noted at the beginning of this
chapter, dealing with conductivity instead of density response gets us closer to experi-
mental probes of transport properties of solids. When dealing with the conductivity it
is technically favorable to describe the electric field with the aid of a time-dependent
vector potential] A(t,r), E(t,r) = —0A(t,r)/0t. The interaction of the electric field
with electrons is given by the Hamiltonian term

~

How(t) = — / drj(r) - At,r) (2.38)

where j stands for the charged current density. The operator j itself depends on the
applied field A. However, as long as we stay within the linear response, the full current 3
can be replaced with its A-independent part, which we denote j(o). The difference j— j(o)
is linear in the vector potential A, and therefore generates Hamiltonian contributions that
are quadratic in the external field. From now on we thus use the reduced form of the
interaction Hamiltonian ,

He(t) ~ — / PriO(r) - A(t,r). (2.39)
The current in the absence of the vector potential has an anti-commutator form
A €. .
39(r) = —5{v.()} (2.40)

with the velocity operator given by (see any textbook on quantum theory of solids,
& W) ' 1 0e(k)

L b €

v=[Hi] = Z v, va(k) = 2720~ (2.41)

6Tt is possible but rather tedious to use a scalar potential as well, see e.g. .
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Vectors |k), i. e. Bloch waves, are eigenstates of the Hamiltonian Hy and energies e(k)
are their corresponding eigenvalues. The local part of the Hamiltonian, V, does not
contribute to the velocity because it commutes with the position operator r.

Our aim is to calculate the current response that means to find an expectation value
for the current operator j = 3% 4 Y. This procedure would not need any additional
comments if we were studying continuous models (free electrons). In that case we could
proceed in a straightforward way as it would be easy to write down the explicit expression
for the gauge current j(A). However, the problem of finding the current j(A) within
the tight-binding lattice models represents a rather difficult task. We show that it is
possible to derive the total current response using just the zero field operator j(o) and
the requirement of gauge invariance of the result.

The current j (¢,r) due to perturbation is given by an expression

iO ) =>" / dt’ / Br'lpa(t —tr, ) Ag(t, 1) (2.42)
ﬁ —o
and the Kubo formula for the current-current response function Il,g(t — ';r,1’) reads

Mos(t — t'1, 1) = %e@ )T ( FEDN Ot r), 10 r')}) . (2.43)

After coming over to the frequency representation and after introducing Green functions
we have

~ B

oo 2T

Hap(w +i0;r,x') = /

{[F(B+w) = J(B)TAR(E, B +w;r,v)
+f(E)I~I§§(E, E+w;r,r’)— f(E+ w)ﬁﬁé‘(E, E +uw;r, r’)} (2.44)
with the correlation functions ﬁgbﬁ defined as
0%(E, E 4+ w;r,r') = Tr | G*(E)j9) (r)G"(E + w) jg’)(r’)} . (2.45)

In the last step we carry out the configurational averaging that allows for a Fourier
transform to momentum space. Using the equations defining the current operator, ([2.40))
and ([2.41), we end up with an expression for the correlation functions (2.45)),

(B, E +w;q) = 46—]\2;2 2 [vall) + va(k + q)]

kk’/
x [vs(K') + v3(K 4+ q)] G2 (E, E +w;q). (2.46)

The induced total current, averaged over disorder configurations, can be given in the
w,q-representation by a formula

ja(qu) = ZKaﬁ(W,Q)A,g(w,q) : (247)
B

The complete response function K,z(w,q) combines the previously calculated contribu-
tion Il,p(w,q) with a gauge fixing term that we find as follows. The pure gauge field
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A(t,r) = grad \(r) does not generate any physical fields, i. e. E(¢t,r) = 0 and B(¢,r) = 0.
Such a vector potential therefore cannot induce any currents in the sample. With a single
Fourier component, A(r) = Ay exp(iq-r), inserted into formula ([2.47) the latter becomes

Ja(0,a) = Y —iKap(0,q) gshq. (2.48)
B

The current component on the left hand side of this equation is zero which imposes the
condition K,3(0,q) = 0. We are thus forced to set Kys(w,q) = [I,5(w,q) — I1,5(0,q).

The tensor of the electrical conductivity o,s3 is defined as the coefficient of pro-
portionality between the current and the electric field. With the aid of the relation
E(w,q) = iwA(w, q) the conductivity is written as

7usl,) =~ Kap(, @) = — [[ap(e,0) — Mas(0,)] (2.49)

Inserting the explicit expression for the current-current response function we arrive at the
final formula

2

Tap(w, q) = — fﬁ [Va (k) + va(k + q)] [s(K') + vs(k' + q)]
Kk
X /_Z %{[f(E-HU) — f(B)GRE(E,E + w;q)

+ f(E)GE3(E,E 4+ w;q) — f(E +w)Giaa (B, E + w; q)

— [(B) [GEE(E, B;q) - GRAE. Biq)] }. (2.50)

The obtained result is precisely the same as the usually derived conductivity of continuous
models The only difference is the replacement of the velocity components hk,/m —

1 19e(k) /O

2.6 Einstein relation

The electrical conductivity derived in the previous section is significantly more compli-
cated than expressions concerning responses or relaxation of the particle density. It is
a rather difficult problem to work with the conductivity formula (2.50) when quantum
coherence becomes important. A mean-field-like treatment of this task was recently pro-
posed . However, such an approach seems to over-simplify the problem and a more
sophisticated procedure is generally needed.

It is very desirable to find a relation between density and current responses that would
allow us to calculate conductivity indirectly. An example of such a formula is the Einstein
relation,

on
oc=e’D— (2.51)

op’
according to which the homogeneous static conductivity o is given solely by the diffu-
sion constant D. Formula (2.51)) was derived in the framework of linear response theory
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already by Kubo [35]. Here we present a more general relation between the conductiv-
ity o and the density-density response function y that reduces to the original Einstein
relation in a certain limit.
We start with a simple motivation, in the literature widely presented as a proof (see
e. g. Reference . The operators for particle and current densities obey the continuity
equation
on(t,r)
o

that is a consequence of Heisenberg equations of motion. Written in terms of expectation
values the continuity equation reads

+divj(t,r) =0 (2.52)

iwedn(w,q) +iq-jlw,q) =0 (2.53)

where the variation dn(w,q) = n(w,q) — no replaces the full value n(w,q) itself as the
equilibrium particle density ng is time—independentﬂ Within the linear response to the
external electric field E, E = — grad ¢, we have

on(w, q) = ex(w, a)p(w, q) (2.54)

and
jw,q) =0o(w,q) -E(w,q) = —io(w,q) - q ¢(w,q) (2.55)

where o(q,w) denotes the tensor of electrical conductivity. Inserting these two expecta-
tion values into equation (2.53|) we obtain, in the isotropic case, a generalization of the
Einstein relation,

o(w,q) = _Z;;wx(w, q). (2.56)

We should explain why we do not regard the above reasoning as a proof of rela-
tion (|2.56)). First, the continuity equation in the form applies only to cases with
quadratic dispersion relation and it needs to be modified to hold also within the lattice
models. Second, the time-dependence of Kubo formulae and is not directly
related to the evolution of Heisenberg operators. This fact makes the step from equa-
tion to formula unjustified.

In Appendix [A] we provide a proof that does not suffer the mentioned flaws. In
order to construct such a proof the validity of relation has to be restricted to
(infinitesimally) small momenta q. The approach presented in the appendix is based on
the Ward identity

Y(z1, k+q) — X(20,k) = %ZAkk’(zla 29;q) [G(21, K + q) — G(22,K')] (2.57)

proved by Vollhardt and Wolfle in El This identity directly shows which property
of the irreducible vertex functions has to be fulfilled for relation (2.56|) to hold. Such

"Unlike Section the quantity ng is homogeneous here, since we now work with configurational
averages and not with individual disorder realizations.
8In a less general form the Ward identity (2.57) was used already in an earlier paper on quantum

diffusion .
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a knowledge is very useful for constructing approximate calculational schemes because
irreducible vertices are their basic building blocks.

At this point we return to the question how the Einstein relation emerges from
formula . To proceed with this goal we insert the asymptotic form of the
density-density response function y into equation . This gives the conductivity in
the vicinity of point w =0, q =0,

o(w,q) = ——5. (2.58)

Finally, the static limit of the homogeneous conductivity,

on
= lim li — D — 2.59
o = lim lim o(w,q) =e o (2.59)

is given just by the original Einstein relation (2.51]).

Chapter summary

With the aid of the Kubo linear response theory we showed how disordered elec-
tronic systems respond to weak externally applied electric fields. We derived for-
mulae for the density response function y, describing the non-equilibrium charge
redistribution, and for the electrical conductivity o, allowing to calculate induced
currents. Both responses were expressed in terms of configurationally averaged
Green functions. Namely, the two-particle Green function was shown to be es-
sential when calculating characteristics of weakly non-equilibrium states. The av-
eraging over disorder configurations was introduced to provide for translationally
invariant description even in the case of disordered, and thus irregular, lattices,
which are the subject of our study.

Relaxation of small non-equilibrium particle density variations back to the
equilibrium state was observed to have the diffusive character. The corresponding
diffusion constant D was found to be accessible from the density response func-
tion y in the limit of slowly varying, both in space and time, particle densities.

Moreover, a close relationship between the density response x and the electrical
conductivity ¢ was uncovered, allowing to calculate ¢ from y and vice versa.
Such an option is very convenient as the conductivity formula represents a rather
complicated expression. In the time-independent case, the relation between y
and o reduces to the well known Einstein relation linking the static conductivity
directly with the diffusion constant.




Classical conductivity and quantum corrections

In this chapter we describe some methods available for approximate evaluation of linear
response formulae. Our starting point is a theory with momentum-independent two-
particle irreducible vertex A. Such an approximation completely disregards any inter-site
quantum effects, which makes it compatible with classical considerations (Drude formula).
In the next step we perturbatively include the so-called coherent backscattering process
and show how it lowers conductivity. For low-dimensional systems, d < 2, the correspond-
ing conductivity correction diverges. This effect, known as weak localization, indicates
that a perturbative treatment of quantum corrections is generally insufficient. Finally,
we briefly summarize results of a self-consistent (non-perturbative) approach to transport
properties of disordered electronic systems proposed by Vollhardt and Wélfle, [5].

3.1 Local approximations
The simplest approximation with local, i. e. momentum-independent, two-particle irre-

ducible vertex A is the Born approximation. This vertex is given by the lowest order of
the perturbation expansion,

>\B = (1—0)

- —-

= ¢(1—c?, (3.1a)

which limits its applicability to weak disorder situations. The corresponding selfenergy
reads

Sp(2) = (1—¢) 2 = c(1—c)?G(z), (3.1b)

nlp—)

where the fermion line represents the full one-particle Green functionﬂ The theory defined

by equations ([3.1)) is easily shown to comply with the Ward identities (2.21)) and (2.57)) E|

'From now on the fermion lines in Feynman diagrams will always denote the full averaged Green
function G and hence there will be no need to distinguish thin lines (G(?)) and thick lines (G).

2These two identities are completely equivalent when both the selfenergy ¥ and the irreducible ver-
tex A are local quantities.

31
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Note that the selfenergy > g must contain infinitely many diagrams to be consistent with

the vertex Apg, although the latter is completely trivial — being just a single diagram.
Within the Born approximation, the Bethe-Salpeter equation generates the

two-particle Green function as a sum of ladder diagrams, an example of which is

k+q ki +q ks +q k'+q
L T - T - T -
[} [} |
X X X (3.2)
| | |
- L - L - ! -
k k; ko k’

Due to momentum independence of the vertex Ag, the momentum summations in the
Bethe-Salpeter equation decouple and we are able to write the two-particle Green function
in a closed form,

>\B G(Zl, k/ + Q)G(ZQ, k/)
1— g x(q) ’

where x(q) denotes a convolution of two one-particle Green functionsﬂ

x@) = 5 3 Gk + a)G(o k).

Gl(f]z/(zl, 22;9) = G(z1,k + q)G(22, k) [N(Sk,k' + (3.3)

The energy variables of the “bubble” y were dropped for the sake of simplicity. The par-
ticularly simple form of the two-particle Green function results entirely from locality
of the irreducible vertex Ag , limitation to a weak scattering does not play any role here.
All single-site, i. e. local, approximations provide the two-particle Green function G of
the same form as the Born approximation does, the only modification is a replacement of
the vertex A\p with another value, possibly dependent on the energy variables z; and zs.

In the later development we use the best single-site theory available — the coherent-
potential approximation (CPA, ) The selfenergy calculated within the CPA was
shown to be the exact solution of the Anderson Hamiltonian in the limit of infinite
spatial dimensions (see [44]). It is thus considered as the mean-field approximation for the
non-interacting disordered electron problem. The CPA selfenergy is the solution of the
Soven equation

<1 T (2(2«)1— V)G(2) > =1 (3.4)

where V' is the random local potential and G(z) stands for the local element of the
averaged Green function, G(z) = N~ 'Y, G(z,k). The physical content of approx-
imation is elucidated within the multiple-scattering formalism in Reference .
Formula is obtained by summing up all scatterings on a single impurity whereas
quantum coherence between different scattering centers is neglectedﬁ The same method
can be used to derive the CPA two-particle irreducible vertex A,

1 1 1 -
Mor2) = Geha) [1 - <1 (S = V)G 1+ (5(e) — V)G(22)> ] - (85)

av.

3 Avoid confusion with similar notation used for the density-density response function.
4A diagrammatic approach to deduce Soven equation was developed as well, but it is rather tedious.
See [17] for details.
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needed for calculations of transport properties, . In Appendixwe offer an alternative
construction of the irreducible vertex A based on the scheme of Baym and Kadanoft, .
In this approach a two-particle function corresponding to a given selfenergy is found in
such a way that the resulting approximation obeys conservation laws, i. e. the Ward
identities, formulae and , are satisfied.

3.1.1 Conductivity

Now we use the two-particle Green function to calculate the conductivity o from
equation . Only the first term in the square brackets (Kronecker delta) in expres-
sion contributes to the homogeneous conductivity o(w) = o(w,0). The second
term, the so-called wvertex correction, vanishes due to odd symmetry of the velocity,
v(—k) = —v(k), that stems from the simplicity of our model (only a single band) and
from the time-reversal invariance. In the case of multi-band calculations or in the pres-
ence of the magnetic field the CPA vertex correction generally plays a role (for an example
see e. g. ) However, even in such situations, the contribution coming from vertex cor-
rections is not primarily caused by disorder. Therefore, the effect of impurity scatterings
in the framework of a single-site approximation reduces to a shift in eigenenergies, 3,
and to a finite lifetime of current-carrying Bloch states, 7 = 1/(23X) . This is equivalent
to the physics behind the Drude conductivity formula .

Insertion of expression into formula leads to the following form of the
homogeneous dynamical conductivity,

Gaa(w) = e—;zk:@(k) /_Z Z—ff(E){ (GAE, k) — GR(E. )|
) {GR(E Fuw k)= GREK)  GAEK) — GA(E - w,k)} } 66

w w

Particularly, if we limit our investigation only to the response to a static external field at
zero temperature, T' = 0, we come to a simple representation of the static conductivity
in the isotropic system,

) [GA(Ep, k) — GR(Ep,K)]” . (3.7)

og = —

47TN

The notation was changed from ¢ to o in order to distinguish the single-site conductiv-
ity from results of more sophisticated approximations that include non-trivial vertex
corrections. Such theories are introduced in the following sections where the conductiv-
ity oy serves as a reference value. For the same reason, the diffusion constant calculated
within local approximations will be denoted D.

At the end of this paragraph we explicitly demonstrate that equation (3.7)) is more or less equivalent
to the Drude formula (1.1) as anticipated above. To do so quickly we resort to the effective mass
approximation for the electron dispersion relation e(k), i. e. e(k) = k?/(2m*) and v, = ko/m*. The

5The Born vertex Ap is from now on replaced with the CPA value .
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replacement of momentum summation with integration, Y, — 1/(27)% [ d®k, and the consequent
change of the integration variable from momenta k to energy e yield

1 e 3/2 (1 *)1/2 > ¢ 3/2 4(3%)?
=5 2 [ e e o &%)

0o

The real part of the selfenergy, 3, is not important and was neglected. In the limit of weak scatterings,
the fraction in the integrand can be approximated by a d-function,

4(3%)?
[(Er — €)%+ (S%)2]

= 2 s o) + (1) (3.9)

R
Doing so, the integral in equation (3.8) is easily evaluated and we obtain
1 e? 1

[ 23/2 *\1/2 7E3/2 ] 1
g0 3 (27_(_)2 (m ) ) F (3 O)

Recalling the density of states of the ideal electron gas, g(E) = (2m*)3/2E'/2 /(27)2, we identify a large
part of expression ([3.10) as the electron density n,

E
nz/ CyEydE =2 L omr B2, (3.11)
0 3 (2m)?
Finally, equation (3.10f) can be rewritten to the form
ne? 1
_ ne 12
707 I 253 (8.12)

that is just the Drude formula ([L.1)) with the scattering time given by 7 = 1/(23%).

3.1.2 Diffusion pole
Within the CPA, the diffusion pole in the correlation function ® reads

_ x(q)
L — A(21,22)x(q)

We are interested only in the small momentum behavior, so we expand the “bubble” x(q)
in powers of ¢2,

P(z1,22;q) (3.13)

(AG)

_ 1 2 2 4
x(a) = —{ Ay T 7 gadax(@)] _ +00@). (3.14)

To simplify this and subsequent formulae we use angular brackets to indicate momentum
summations, (F) = N~'3", F(k). The rearrangement in the first term on the right-hand
side of expression (3.14) was done using the identity G1G5 = (G — G1)/(G7H — G5 1) .
The notation for the introduced differences is AG = G(z2,k) — G(z1, k) and similarly
for Az and AY. The gradient in equation is easily evaluated as only one of the
involved Green functions depends on momentum q. We successively derive

2 1 2
gradg x(q) ’q:O =5 ; G(z2, k) grad; G(z1, k)

1
= _N Z gradk G(Zl, k) . gradk G(227 k)
k

LS e ke - DY
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where the integration by parts was used in the second equality.

To analyze the singular part of the correlation function ® we insert the expansion
of the “bubble” x(q), equation , into expression . In the numerator the
momentum-independent term is sufficient, whereas in the denominator it is essential to
include also the O(g?) contribution. Doing so we obtain an expression

(AG)
Ding (21, 22;Q) = 2 2
CAZ £ AY — (2, ) ((AG> _ % g2 j(Ak; (ff; >)
- (AG)
1 AY. (02 (k) (AG)?) (3.16)

—A Zag?
PTRTTALTAY T (AG)

where the Vollhardt-Wolfle identity ([2.57]) was utilized in the second step. Specifying the
energy variables, z; = Erp—1i0 and 2o = Er+w+1:0, and comparing with the conductivity
formula (3.7) we come to the final representation of the diffusion pole

O (B, E +w;q) =

sing

(3.17)

where gr denotes the density of electron states at the Fermi energy Er, gr = g(Er).
The achieved result, Dy = 0¢/(e?gr), is in agreement with the Einstein relation
because the derivative On/du approaches the value gr in the limit of zero temperature.

Up to equation (|3.16) we used only expansion in small momenta q but no assumptions
has been made about frequency w. It is tempting to generalize the diffusion constant D
to a dynamical quantity D(w) via

2mgr
—iw + D(w)q*

4 (E E +wiq) =

sing (318>
We know, however, only little about the physical content of such a dynamical diffusion
“constant” D(w). It obviously cannot be related to the dynamical conductivity o(w)
with the aid of the Einstein relation, since

e AY

2
D =
¢"grD(w) 4 AY — w

(Vaa(k) (AG)?) # o (w). (3.19)
This inequality is not surprising because the diffusion is calculated using Green functions
of only two energy arguments Fr and Fr + w, whereas in the conductivity formula all
energy arguments between values Er —w and Er +w are involved (at 7' = 0). The above
reasoning is not confined only to the CPA which indicates that nonequivalence is
a generally valid property.

3.2 Coherent backscattering

We have demonstrated that ladder diagrams (3.2) generate a quasi-classical theory of
electron transport. To describe purely quantum effects we have to seek for another class
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of diagrams. A quite natural extension of the ladder approximation is inclusion of the so-
called mazimally crossed diagrams, i. e. diagrams in which every interaction line crosses
all others. An example of such a contribution to the two-particle Green function is

k + K k + K

k k'
+a +a-ky +qg-k ta
> —> : — -
‘*x\\\/x:\/,,x” . (3.20)
/’ ' \\
/’/ ' \\\
- =~ - L -— -
k k, k, k'

Diagrams of this type were for the first time considered by Langer and Neal, [48]. With
all the maximally crossed diagrams taken into account the two-particle Green function
has a form

A G(21, kK + q)G (2, k)
1 —Agx(q)

— )\B G(Zl,k/+q)G(22,k/) (321)

G (21,20, 9) = G (21, k + Q)G (22, k) | Nojepo +

A G(21, K + q)G (2, k)
1 —)\BX(k+k/+Q)

where the last term in the square brackets compensates for the doubly-counted diagram
with one interaction line. Actually, there are even more diagrams that are included twice
in expression . These are the terms built up of only local elements of one-particle
Green functions G. As the multiple counting of local contributions is not crucial for
present considerations, we postpone its analysis to later chapters, where quite powerful
methods will be developed to deal with such complications.

There are, however, several shortcomings in the two-particle Green function ([3.21)
that should be discussed right now. First, it cannot be written in a form of a Bethe-
Salpeter equation and thus some formulae involving the two-particle irreducible func-
tion A, such as the Vollhardt-Wolfle identity , do not make sense. This is only
a formal difficulty as it is the full two-particle Green function that we need to evaluate
in physical quantities.

Second, it is not clear what selfenergy should be chosen to complete the one-particle
sector of the approximation. The literature concerning the maximally crossed diagrams
and related phenomena generally lacks a proper discussion of this issue. In order to
guarantee compatibility of approximate one- and two-particle Green functions with con-
servation laws, Ward identities have to be fulfilled. Out of the two identities discussed in
Chapter [} formulae (2.21) and (2.57)), only the Velicky identity is applicable in the
present case. As noted above, the Vollhardt-Wolfle identity cannot be formulated
when the two-particle Green function G® is of form . Unfortunately, we do not
know any calculational scheme that would provide the selfenergy to a given two-particle
Green function so that the Velicky identity would be fulfilled. Moreover, it is
unlikely to be possible to find such a procedure for an arbitrary functional G®[G] and
some restrictions on the form of the Green function G® are to be expected.

Despite of all these inconveniences we still can obtain reasonable physical results quite
easily if we take the same selfenergy as in the preceding section. In such a case, and in
such a case only, the second term in the Green function contains the diffusion
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K
Figure 3.1: Two oppositely oriented trajecto-
ries contributing to the return probability P;;.
Quantum interference of the corresponding prob-

ability amplitudes gives rise to the so-called co-
i herent backscattering.

pole, i. e., its denominator is zero for q = 0 and 25 = z;. The corresponding diffusion
constant D equals to the single-site result Dy. This holds due to the fact that all other
contributions in expression remain finite at the diffusion pole and hence the non-
analyticity at q = 0 and 25 = Z; is just the same as in the CPA. On the other hand, if
we use the Kubo formula to calculate the electrical conductivity, we obtain a non-
trivial correction to the value oy, equation , acquired within a local approximation.
The form of this additional contribution is governed by a pole that is present in the third
term on the right-hand side of equation . This divergency, referred to as Cooper
pole, takes place for k' = —k — q when 2z, = Z;.

Before we evaluate the conductivity correction generated by the maximally crossed
diagrams we first take a closer look at the physics described by this type of two-particle
contributions. Let us discuss the probability that a diffusing particle travels along a tra-
jectory 1 — j — k — | — 1, i. e., it returns to its starting point ¢ after encountering three
scattering events at lattice sites 7, £ and [. The quantum mechanical probability ampli-
tude corresponding to this path we denote A;jz;;. Obviously, also the reversed path exists
with an amplitude A;;; i, see Figure Taking into account only these two trajectories
the return probability P;; is given by the expression

Py = |Aijri + Ailkji’2 = ’Aijkli’2 + \Ailkji\2 + A Ajgi + Abjri Atk - (3.22)

The first two terms are classical contributions whereas the other two are due to quantum
interference. If the system is invariant with respect to time reversal the amplitudes A;;x;
and Ajjyj; are the same. As a result, the quantum value of the return probability P;; is
twice as large as its classical counterpart. Quantum interference therefore slows down
the electron propagation through random media. This phenomenon is known as coherent
backscattering.

Now we inspect a diagrammatic representation of probability . The proper
graphs are those that build up the correlation function ®4%, i. e. those that have one
fermionic line advanced and the other retarded. We use a notation according to which
a fermion line pointing from site index i to index j represents the retarded one-particle
propagator Gf}, whereas an opposite line, oriented from j to ¢, stands for the advanced
propagator G7;. Such identification is possible due to an identity Gy;(z) = (|G(2)|j) =
(j|G(2)]i) = Gji(z) arising from definitions ([2-5). The upper line in the ladder diagram
k

J l

i i (3.23)
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depicts the amplitude A, ;x; and the lower line corresponds to its complex conjugate, Ajj Kli-
Ladder diagrams thus describe the classical type of contribution that is in agreement
with the analysis given in the previous section. The lower line in the maximally crossed

diagram

i é (3.24)
L J

denotes the complex conjugate of the reversed amplitude, A, ;. Therefore, these di-
agrams correspond to the quantum coherence contributions that are found in equa-
tion . A very similar explanation, using the behavior in k-space, is given in ,.
Another arguments, bringing to light the importance of real-space trajectories with closed
loops, were presented by Larkin and Khmel'nitskii in . Their ideas were later re-
formulated by Chakravarty and Schmid in terms of quasi-classical approximation of the
Feynman path integral formalism .

Finally, we proceed with the evaluation of the conductivity ¢. The contribution
from the first two terms in the formula is already known — it is the value oy,
equation ﬂ Out of the remaining terms the most significant is the one that involves
the Cooper pole. Its contribution to the homogeneous conductivity reads

ez 1

(50’(0)) = 50aa(w) = % m

> 00(K) 0a(K) GRE ooy Er, Bp +w;0) (325

kk’

where the prime at the sum indicates the restriction of summation to a vicinity of the
pole. The magnitude of a suitable cut-off is not particularly important, a natural choice
is seen to be the inverse of the electronic mean free path . The length [ is defined as
the average distance traveled by an electron between individual collisions with scattering
centers, recall Figure Inserting the relevant part of the Green function into
expression and making the substitution k' = Q — k we come to an approximate
formula

e 1
XN% Q) (3.26)

Momentum Q was disregarded (set equal to zero) everywhere except in the denomina-
tor that vanishes for Q = 0. The summation over momentum k is easily performed

6In fact, the value oq is given just by the first term in the square brackets in equation as the
second term does not contribute to the conductivity o at all.

"Note that the introduction of the mean free path [ does not bring in any of concepts known from
a weak disorder limit. In the present case, [ is just an easily calculated number.
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proceeding along the following steps,

% > va(k) va(—k) Mg [G (B, )G (Er, k)]

1 ) AG? 11 ) s 2i
:_Ngk:mk) AB(AW = 5 <AG>NZva(k) (AG)* = Do (3.27)

In the first equality the product of the two Green functions was rewritten with the
aid of the identity introduced earlier (see the paragraph after formula where the
differences AG and AY are introduced as well). Consequently, the Vollhardt-Wélfle
identity in the form A\p = AX/(AG) was utilized. Finally, the conductivity o, was
expressed in terms of the diffusion constant Dy via the Einstein relation . A simple
expression for the trace of the difference of two one-particle Green functions, (AG) =
—27igr , was used in the last step of the calculation.

In order to simplify the denominator in equation we expand the quantity y4%
in small momentum Q and small frequency wEl

(AG) = (AG) grDo
Ay A T Ay

Inserting this formula together with the above result (3.27)) into expression ([3.26) we
arrive at the final form of the so-called weak localization correction,

XM(Q) = Q* + 0w, Q" w@?). (3.28)

e2 1 ' 1
bo(w)~ ——Dy— > ——————. 3.29
R 5 D Dy DoQ? (3:29)

In two dimensions, for instance, the small frequency asymptotics readsﬂ

bo(w) ~ —- L 3.30
U(W)~—4—7T2 HE’ (3.30)
where 7 denotes the scattering time that can be calculated from the mean free path [
as T = [2/(2Dy) . We explicitly see that the coherent backscattering lowers the conduc-
tivity being thus a precursor of the eventual strong Anderson localization. On the other
hand, the result can hardly be used for anything else than for recognition of the
trends as the whole conductivity o = 0¢ + do becomes negative (and thus unphysical)
for sufficiently small frequency w. A more comprehensive approach that removes the just
mentioned weakness will be briefly touched in the next section.

Before we turn to that subject we examine formula in a general spatial di-
mension d. In such a case, the full momentum summation is a rather involved task.
The non-analytic part of the frequency dependence, being the direct consequence of the
Cooper pole, is, however, obtained quite easily and can be written as

) e w21 if d is odd,
00gine(w) = —e“Kyg Dy ™" x 1 3.31
() a0 w¥? ' n — if d is even. ( )
wT

8Compare with the analogous expansion (3.14) where the magnitude of Az = w is unrestricted.
90ur result (3.30)) is of a factor 2 smaller than corresponding formulae in the literature, . This
discrepancy is due to the fact that we work with spinless fermions.
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We introduced the dimensionless d-dependent constant K;. In one- and two-dimensional
cases the conductivity itself diverges, in higher dimensions it is its (d/2 — 1) -th derivative
that becomes infinite at the point w = 0. Note also that besides the displayed singular
part there always exists a regular one that governs the small frequency asymptotics
in dimensions d > 2.

3.3 A self-consistent theory of localization in low dimensions

We saw in the last section that the Kubo formula (2.50)) is not appropriate for the evalua-
tion of the conductivity when the quantum effects become important. In such situations
we are barely able to control positiveness of the result as it is a sum of terms with both
negative and positive signs. Moreover, the eventual value ¢ = 0, being a consequence of
the fully localized electron eigenfunctions, is reached only when all orders of perturba-
tion series are summed up. Much more favorable would be an analogous diagrammatic
expansion but for the inverse of the conductivity, 1/0, or for the inverse of the diffusion
constant, 1/D. The absence of diffusion in a system is signaled by a divergence of these
quantities and thus only the largest contributions are significant. An approximate for-
mula that allows for the suggested alternative expansion was derived by Vollhardt and

Wolfle in and reads

Dy T 1
_ — S (kg A ) .

kk’

This equation forms one of the key steps towards the Vollhardt-Wolfle theory of Anderson
localization, construction of which was presented in [42|[53|[p]. The notation used here
is AGx = GE(Ep +w,k + q) — GA(Er,K') for the Green functions difference and ¢ for
the unit vector pointing in the direction of momentum q. Besides these quantities, also
the effective electron mass m* and the impurity concentration ¢ enter the fundamental
formula .

The usage of equation is limited to certain special cases as it is not an exact
identity. In the course of its derivation the limit to a weak scattering was used and direc-
tional dependencies in k-space were simplified as well. To demonstrate the approximation
technique more closely we look at one of the steps that lead to formula ,

1 N
N ) " Gl (Ep, Er + wiq) & AGx [fi(Er,w,q) + f2(Ep,w.q) (k- 4)]. (3.33)
k/

Here it is assumed that the dependence of the two-particle Green function G4 on the
magnitude of the wave vectors is dominated by the peaked structure of the differ-
ence AGYy. This is the better approximation the weaker the disorder is. The remaining
angular dependence in G4 is then reduced only to the first two terms (I = 0 and [ = 1)
of a Legendre expansion.

In the Vollhardt-Wolfle theory, the frequency and momentum dependent diffusiv-
ity D(w,q) is extracted from the diffusion pole in the correlation function ®4%. We
argued at the end of Section that such a quantity has not a straightforward physical
interpretation, e. g. it is not easily related to the conductivity o(w, q). Nevertheless, it
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certainly carries some information about a diffusive transport in a system under investi-
gation.

In the preceding section it was shown that in one and two dimensions the backscat-
tering processes dominate over the quasi-classical terms in the conductivity formula as
the static limit is approached. Therefore, the sum of maximally crossed diagrams is
a reasonable candidate for inclusion into the two-particle irreducible vertex A on the
right-hand side of formula (3.32). Doing so we come to the following representation of
the homogeneous diffusivity,

Dy 11 1
Do bl L 34
Dw) [ wgr N % “io + Do (3:34)

For not too small frequencies, i. e. wr 2 1, the ratio Dy/D(w) is close to one and the
weak localization correction is recovered. In the limit w — 0 the right-hand side
of equation diverges implying that in two dimensions the diffusivity D(w) goes to
zero as —1/In(w). This conclusion is, however, unreliable because it exceeds the validity
range of the perturbation expansion it is based on.

A suitable extension of the perturbation theory is the approach of self-consistency.
To proceed in this way we have to find a functional equation of the form

D(w) = F [D(w)] (3.35)

so that it is compatible with the weak disorder limit, which is accessible by the per-
turbation expansion. The equation that has the required properties was shown to be

I . (3.36)

The transformation of formula to equation based on diagrammatic argu-
ments is presented in Reference [f

In low spatial dimensions, d < 2, the diffusivity D(w) has to behave so that D(0) = 0,
otherwise the pole in formula is not integrable. The small frequency asymptotics
that is found from equation in these dimensions reads D(w) = —iw&?. Such a result
corresponds to the diffusion pole in the electron-hole correlation function of the form

1 27TgF

OB B+ wia) = o0 e

(3.37)

which can be identified with a regime where all electron eigenstates are localized, £ being
their localization length, see ,. This considerably differs from predictions of the
simple perturbation theory (weak localization). It confirms the conjecture that there are
no extended states in two dimensions no matter how weak the disorder is. The same
applies to the one-dimensional case. This result is in agreement with conclusions drawn
from the scaling approach to disordered systems, [4].
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Chapter summary

The main goal of this chapter was to analyze certain, particularly simple, classes
of two-particle diagrams from the viewpoint of their contributions to electrical
conductivity. It was shown that ladder diagrams such as correspond to the
classical value of conductivity (Drude formula). Later on, the coherent backscat-
tering was introduced. It is a process that originates in quantum interference of
electrons traveling in forward and backward directions along closed loop trajec-
tories. Using simple arguments, this purely quantum effect was demonstrated to
slow down the electron motion in random media. In the diagrammatic language,
the coherent backscattering was identified with the so-called maximally crossed
diagrams, an example of which is (3.20). The explicit calculation taking into
account this class of diagrams leads to a negative correction to the Drude conduc-
tivity. In low dimensions, d < 2, the effects of quantum coherence are so strong
that they cause a breakdown of the perturbation expansion of the conductivity in
powers of disorder strength. In these dimensions the conductivity correction due
to the coherent backscattering diverges to —oo in the static limit.

To achieve physically meaningful results one has to resort to non-perturbative
treatments, such as the self-consistent theory of Vollhardt and Wolfle is (Sec-
tion . Their approach predicts vanishing of the zero-temperature conductivity
in dimensions d = 1 and d = 2 for arbitrarily weak disorder, which is in agreement
with scaling theories of electronic transport in disordered solids. In three and
more dimensions the properties of disordered materials are substantially different.
To reach a non-diffusive transport regime a certain minimal disorder strength is
needed to be exceeded. Below this critical value the usual diffusion process takes
place. The Vollhardt-Wélfle theory, defined by equation , follows this widely
accepted picture (see Reference , but there are several drawbacks as well. For-
mula that allowed the subsequent progress in building-up the theory is
limited to the weak scattering limit. We thus cannot safely go up to large disorder
strengths that are necessary for diffusion to be absent. This leaves understanding
of Anderson localization above two dimensions as an open problem that we are
going to address our way in subsequent chapters.




Parquet construction of vertex functions

The material presented in preceding chapters was either introductory, specifying the
physical questions we are asking (Chapter [2)), or summarizing, partly, the state of the
art in the description of disordered electronic systems with averaged Green functions
(Chapter |3). In the rest of the thesis we present our own concepts that allow us to
describe and understand how quantum coherence effects influence the electron diffusion in
these systems. We start with a closer examination of two-particle irreducibility that helps
systematically classify two-particle diagrams. Consequently, self-consistent equations for
two-particle vertex functions are constructed using the so-called parquet scheme. These
nonlinear integral equations reduce to just a single equation when time-reversal invariant
systems are considered. Finally, in Chapter [5] a mean field solution for two-particle
vertices is found with the aid of a limit to high spatial dimensions.

The parquet scheme for summation of two-particle diagrams was developed in the
particle physics , and later utilized in the theory of quantum liquids [57] and in
the description of strongly correlated electron systems [58]. The construction presented
in this chapter builds on and further extends a recent paper, Reference where the
parquet approach is applied to the problem of disordered non-interacting electrons.

4.1 Two-particle irreducibility revisited

The notion of two-particle irreducibility, allowing for classification of diagrams that in-
volve a correlated propagation of two electrons, was introduced already in Section
where the Bethe-Salpeter equation was formulated. The definition used there was quite
naive but adequate for constructions made so far. However, to be able to proceed further
in a systematic way, it is essential to examine two-particle functions more carefully.

A diagram that has been up to now referred to as a two-particle reducible one has

43
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a general form

E a1

D,y D, . (4.1)

!/ -/
j C z
Such a graph can be divided into two pieces by cutting two fermion lines, G and G-
These lines point in opposite directions, which is the origin of the label electron-hole
reducibility. The diagrams that cannot be decomposed into the form are called
electron-hole irreducible. As already anticipated in Section [2.2] there exist diagrams that
are electron-hole irreducible but still divisible into two parts with only two cuts. Such
graphs can generically be drawn as

(4.2)

j/ l/
J l
The lines to be cut for their decomposition have the same direction after which the
reducibility (4.2)) is given the attribute electron-electron.

Based on the observations just made we have two options how to write down the
Bethe-Salpeter equation. We have already become familiar with the one of them,

k+q k’+q k”+q

r = G I L r : (4.3)

k K K

1
D (21, 22;q) = Aiff{/(zh 22;9) + N kE// Ai’f(//(zh 22;9)
X G(z1, K" + q)G (22, K" )T (21, 20;q) ,  (4.3b)

which we have used since Section 2.2} In this way, reducible diagrams are generated as
ladders in the electron-hole scattering channel. The two-particle vertex function I', which
we use instead of the full two-particle Green function G to formulate the Bethe-Salpeter
equation, is just the function G® with uncorrelated electron motion subtracted,

Do (21, 22;q) = G (21, k + )G~ (20, k)
X |:G§<2k)/<217 29;q) — NoxwG(z1, k + q)G(22, k)
x G (21, K +q)G 7 (22,K). (4.4)
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The second possibility to construct the vertex function I' is to consider ladders from the
electron-electron scattering channel. Such a procedure corresponds to a Bethe-Salpeter
equation written in the form

/

F A€6 Aee F (4 5&)

.

1
Cye (21,22, 9) = Aii,(zb 29;q) + N ;Aeek//7k/(21, zo;q+k+ kl/)

X G(z1,k+ K + K+ q)G(22,k")Tx (21, 20,9 + K + K’). (4.5b)

In equations and we introduced the two-particle irreducible vertices A®* and A°®
that correspond to the sets of electron-hole and electron-electron irreducible diagrams,
respectively.

Besides the two scattering channels discussed above there exists also a third one,
the so-called vertical channel. We do not mention it here in any detail because the
two nonequivalent Bethe-Salpeter equations, and , are already sufficient for
the construction of the parquet equation given in the next paragraph. Moreover, the
vertical channel does not contain the diffusion pole, and hence it is not interesting for us.
An approach that explicitly utilizes all the three channels is presented in [59].

4.2 Parquet equation

At the end of Chapter [3| we argued that a calculational method, self-consistent at the
two-particle level, is needed in order to reach the strong-disorder limit. It means that
we have to find self-consistent equations for the irreducible vertices A" and A®. Such
equations represent a tool to sum infinite subsets of two-particle irreducible diagrams
that build up these vertices. The desired set of equations is provided by means of the
so-called parquet scheme that completes the Bethe-Salpeter equations and
with a third relation involving vertices A°*, A° and T.

To find the parquet equation we proceed with a further inspection of two-particle
diagrams. We define the completely irreducible two-particle vertex I that comprehends
diagrams irreducible in both scattering channels, I = A®* N A®. Any A" contribution
that is not completely irreducible can be found among ee-reducible diagrams,

A" —TCT— A, (4.6)

If also inverse relation held, i. e., if every electron-electron reducible contribution belonged
to the vertex A°",
DA C A (47)
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then the equality sign could be used in relation (4.6) and the complete set of equations
for quantities A°*, A°® and I would be found. Assertion @ is indeed true as can be
easily demonstrated if a general ee-reducible diagram (4.2)) is drawn in a slightly distorted
form,

i k' if k
—> > >—
D,
D, : (4.8)
—- - -
J U 7' l

Clearly, no such diagram can result from the electron-hole multiplication in the Bethe-
Salpeter equation (4.3)). In other words, every diagram of the generic form (4.8) is
eh-irreducible. We can thus write down the so-called parquet equationEl

D (21, 22;q) = Ai}f('(zh 225 q) + Ao (21, 205 4) — D (21, 225 9) (4.9)

which says that a diagram reducible in one scattering channel is irreducible in the other.
Equation is used to eliminate the full vertex I' from the Bethe-Salpeter equa-
tions and leaving two coupled integral equations for the irreducible vertices A"
and A°. The input of the scheme is the completely irreducible vertex I that serves as
a basic building block for the other two-particle functions.

In the next chapter we solve the parquet scheme with the aid of the asymptotic limit
to high spatial dimensions, d — oo. In this limit, the behavior of local and non-local
elements of the one-particle Green function G substantially differs. The local part, Gy,
remains finite for d = oo, whereas the non-local part, G;; with i # j, scales as d~%/2.
To take advantage of this diversity it is convenient to reformulate the Bethe-Salpeter
equations and so that the differently behaved Green function elements become
naturally separated. An appropriate form providing such separation reads

~ 1 ~
Tiae (21, 22:@) = A (21, 22;.9) + N Z A (21, 22 q)
k//
X G(Zl, k// —+ q)é(ZQ, k//)]:\k//k/(zl7 29, q) , (410&)

1 _
Fkk’(zla 292, q) = Aiek’(zlv 292; q) —I— N %’:Ae_ek//7k/(21, 29, q + k + k//)

x G(21,k + k' + k" + q)G(22, K" )Tk _xr (21, 22,9 + K + K') (4.10Db)

where the Green function G represents the off-diagonal part of the full one-particle resol-
vent G, i. e. Gij(2) = Gi;(2) — 6;;Gyi(2) in the direct space and G(z,k) = G(z,k) — G(2)
in the momentum space The newly introduced two-particle irreducible vertices A¢"
and A fulfill the parquet equation

Dy (21, 22;q) = /_\i}f(/(zb 22;9) + /_\iek/(zb 22;q) — Tkk’(zl, 2;q) (4.11)

'The name describes the two-dimensional, area-covering character of the two-particle diagrams iter-
atively generated from equations (4.3)), (4.5) and (4.9), if they are drawn in a certain specific way.
2Recall the expression for the local element G(z) = N~ Y, G(z,k) that was used already on pages

and
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with I = A®* N A®. Note that the full vertex I' cannot depend on the way how we cal-
culate it. The concept of two-particle irreducibility now applies only to the off-diagonal
elements G. Therefore, the completely irreducible vertex I contains all purely local di-
agrams. That is, it comprehends all diagrams of the functional form D[G;] regardless
whether they are irreducible or reducible with respect to the original Bethe-Salpeter
equations and .

The new scheme given by formulae and is somewhat poorer than the
approach utilizing the full Green function G, since the local two-particle contributions
have to be evaluated outside the parquet scheme and then put by hand into the com-
pletely irreducible vertex I. However, this deficiency represents only a minor problem
as we already know the sum of all purely local diagrams — it is the coherent potential
approximation. This conclusion follows directly from the fact that the CPA selfenergy is
an exact solution for the infinite-dimensional lattice where only the local elements of the
one-particle Green function G survive.

The evaluation of the purely local terms within the parquet approach is not straightforward anyway.
The reason is that topological nonequivalence of the scattering channels and disappears when
dealing with these local contributions. If two diagrams of the form D[G;;], both involving the same site
index 4, are connected with two fermion lines, the same contribution is obtained regardless the scattering
channel used,

D D
D, D, = ! > . (4.12)

Both sides of this equation represent the expression D1[G;;]G:GiiD2[Gyi].

4.3 Time-reversal invariance

In the case of a system invariant with respect to time—reversaﬂ the set of equations
formulated in the preceding paragraph reduces to a single equation. The time reversal
invariance implies that the electron states with wave vectors k and —k are equivalent. The
consequent symmetry of the one-particle Green function, G(z,k) = G(z, —k), is easily
transfered to the following identity between elements of the full two-particle vertex I,

I k(21,229 + k+K) =T (21, 2059) - (4.13)

3This restriction rules out the presence of the magnetic field or magnetic impurities. Nevertheless, it
does not limit us as we do not aim to address such situations.
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This equality is easily proven using diagrammatic arguments as shown bellow.

k+q k'+q

(4.14)
k+q k' +q

k' k -k —k’

The first transformation is twisting of the lower part of every diagram contributing to I',
the second equality utilizes the fact that the full vertex I' contains all diagrams so that
the preceding twisting does not actually change anything, only reverses the direction of
the lower line. Finally, the last step uses the identity G(z,k) = G(z, —k) to reverse the
lower line once more.

For a better understanding the above sequence of diagrammatic transformations, ex-
pression (|4.14]), we repeat the steps once again for an explicitly drawn subset of low order
diagrams.

—_——— —_— Tt
R
— 1
k k' k k'
T KX
= X + (4.15)
— .l —_————
k' k k' k
—_ Tt —_———
_ ) I XX
\ \ RN
— 1 1
K O N

Here we clearly see how the twisting of the lower line leads only to the change in its
direction. Besides that, equation (4.15)) indicates that the time-reversal transformation 7,

(TF)kw(21,22;4) = Fopo —x(21,22;9 + k+ K') (4.16)

converts electron-hole irreducible diagrams into electron-electron irreducible ones and
vice versa,

‘/_\e—hk’,—k(zla z;q+k+K) = /_\ie,k/(zb 2;9) (4.17a)
/_\e—ek/,—k(zla z;q+k+K) = ‘/_\i}fk’(zb Z2;q) . (4.17b)

In the following we show that these formulae are generally valid as far as equation (4.13
holds. Moreover, we will see that at the same time the Bethe-Salpeter equations (4.10
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map onto each other under transformation (4.16). Applying the operation 7 on both
sides of the Bethe-Salpeter equation in the electron-hole channel, formula (4.10af), and
using invariance (4.13]) in the resulting equation we come to a representation

_ 1 _
Piwe (21, 22:0) = Mg (e ozt k+ K)o+ 2 A% (a1, ziq + k4 K)
k//

X G(zl, k + K’ + k" + q)é(ZQ, k”)Fk,_ku(zl, Z9;q + K’ + k”) . (418)

If we now identify the electron-electron irreducible vertex A® according to formula ([4.174]
we obtain exactly the Bethe-Salpeter equation in the electron-electron channel (4.10b|
that completes the proof of equivalence of the two scattering channels in the case of
a time-reversal invariant system.
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Chapter summary

The analysis of two-particle diagrams given in the present chapter can be used
to formulate a single non-linear integral equation for one of the two-particle irre-
ducible vertices. Let us choose the vertex A°. The required equation is obtained
from the Bethe-Salpeter equation ({4.10a)) by successive elimination of the ver-
tices I' and A" with the aid of relations (4.11]) and (4.17). The resulting formula
reads

/_\ii’(zh Z9; (I) = I_kk’(zl, 29; q)
1 - _ _
N Z A% (21, 2259 + k + K')G(21, K" + q) G (20, k")

kl/
X [A?Ekg_k//(zh 20;q + K + k,,) + Ali?’k’(zl’ 72,q) — jk”k’(zla 22, 01)} . (4.19)

This equation represents a powerful tool when acting as an approximation scheme,
the input of which is the completely irreducible vertex I. Even if we choose
only the Born diagram \pg, expression , to contribute to the vertex I, we
arrive at an approximation that is considerably richer than the one examined
in Section (coherent backscattering). To be precise, the correct approximation
for the vertex I should read

_ s

I(z1,29) = vB(21, 20) = 1= 75 G(2)C ) (4.20)

instead of just I = A\, because all local diagrams were qualified to be completely
irreducible (recall Section [£.1).

The above statements about capacity of approximations based on equa-
tion remain formal unless we are able to actually solve this equation for
a chosen vertex I. Unfortunately, equation is too complicated to be solved
exactly and we have to resort to approximate treatments. The simplest conceivable
approach is to force all the irreducible vertices (I, A and A°") to be indepen-
dent on momenta. Although this is a rather crude approximation it allows for
some level of introspection into what the parquet scheme offers. Such a local tech-
nique we proposed in Reference [60] We do not discuss those results here, as we
preferably turn to a significantly more sophisticated and consistent approach of
approximating the fundamental equation . The method we have in mind is
the limit to high spatial dimensions introduced in the following chapter.




High spatial dimensions and mean-field solution

The investigation of the limit to high spatial dimensions, d — oo, is motivated by its close
connection to mean-field approximations. For example, the Weiss solution of the Ising
model of ferromagnets becomes exact when the dimensionality of the lattice, or, equiv-
alently, the number of nearest neighbors of a given lattice site, approaches infinity, [61].
Therefore, the limit to infinite spatial dimensions is a feasible tool for a reasonable re-
duction of the problem complexity.

Quantum fermionic systems were first studied with this technique by Metzner and
Vollhardt, . They showed that although the correlated electron problem is substan-
tially simpler in the limit d = oo than in finite dimensions, it remains nontrivial as
not all correlations among electrons are suppressed in this limit. These findings played
a substantial role in the development of the so-called Dynamical Mean-Field Theory
(DMFT, [63]) that became a successful framework for ab-initio calculations, [64].

In our case of equation , the limit to high spatial dimensions helps simplify the
momentum convolutions occurring there to a tractable form. The strategy implemented
in this chapter is such that we solve the parquet equation first in the strict limit
d = oo and then include terms of the order d~! in a non-perturbative way. Finally, the ob-
tained solution is transferred from the asymptotics d — oo to physical dimensions where
it serves as a mean-field theory and where it can be used as an advanced calculational
scheme. Once the theory is formulated, its properties and predictions are examined.
Namely, it is found that the diffusive transport regime goes over to a non-diffusive one
when a certain critical disorder strength is exceeded, i. e., the proposed mean-field theory
displays the Anderson metal-insulator transition. The findings are demonstrated on a few
model calculations.

5.1 Solution in infinite spatial dimensions

In the course of approaching the limit d = oo a proper scaling of the hopping t ~ 1/\/3
is crucial to keep the dynamic balance between kinetic and potential energy, . The
original Hamiltonian ([1.4)) has to be substituted with

cdej+ ) Vidle, (5.1)

~ t
Hd:ﬁ

(i)
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which provides a finite density of states and the total energy proportional to the volume
in the limit d = oo. Appendix[C]describes methods how to calculate Green functions and
their momentum convolutions in high spatial dimensions. It is shown that, in the case of
a hypercubic lattice with the lattice constant a = 1, the non-local part of the one-particle
Green function can be written in a form

G(z, k) = t{G?*(2)) —= Z cosk, = t{G*(2)) z(k), (5.2)

where

O N e P SIE 5:3)

The effective value is justified as far as we are interested only in the leading order of
both the d~! expansion and the expansion in momentum dependence (consult Appendix
for the exact content of this statement). The selfenergy standing in formula is the
CPA value, i. e. the exact selfenergy for the infinite-dimensional disordered lattice, [44].
Analogously, the completely two-particle irreducible function 7 is local in the limit d = oo,
see Reference |65( and Appendix . Therefore, also the vertex I equals its CPA value,

I(21,29) = Y(21, 22) = . )\(zl),\(zzl)’éQ()zl)G(zz) : (5.4)

in this limit.

At this point we turn to a classification of (reducible) two-particle diagrams with
respect to their dependence on the dimensionality d. Ladders in both electron-hole and
electron-electron scattering channels are built up of only powers of the vertex v and
powers of convolutions of two off-diagonal one-particle Green functions ,

X(21,22;9) = % Z Gz, k+q)G(z, k) = %t2<G(zl)2><G(Z2)2> X(q). (5.5)

The “bubble” ¥ is proportional to X(q) = d~*3.%_, cosk, = d~'/?z(q), which remains
nonzero in the limit d = oo for specific points in momentum space such as q = 0 or
q=(m,... ,7T)E| Therefore, the ladders survive in the high-dimensional asymptotics.
What happens if the scattering channels are crossed, i. e. if a two-particle diagram
contains both eh- and ee-multiplications? Generally, every channel crossing generates
a factor d—! that causes such contributions to vanish in d = oco. It makes the ladders
to be the only diagrams contributing in infinite spatial dimensions. To demonstrate the
claimed property we analyze the momentum dependence of a particular diagram, say

k+q k' +q
- — — > — — -
X ,%";(\ ,x”
PP SO , (5.6)
— - ="t =" - - e -
k k’

1We distinguish the fermionic, x, and bosonic, X, functions despite its close relationship X = d~/2z.
This notation helps keep the subsequent formulae easily readable.
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in which two eh-ladders are connected via a single ee-multiplication. Apart from an en-
ergy dependent factor, diagram ({5.6)) represents the algebraic expression

1
~ > X(k+K +quk+K + k' + qu(k”) X (K + K +q)
k//
1

= X)X K + @) + XWX (k+q) + X(k-K)X(k+ K +q)] (57)

asymptotics of which behaves as ~ d~! for any momenta. For the method used to evaluate
the momentum sum compare to formula at the end of Appendix .

Based on the above reasoning we can conclude that the full two-particle vertex I
in d = oo readd’

v y
| Y, = —+ —
e () I—yx(@)  1—yxk+kK+q |
A A

1-Ax(q) 1-Axkk+k +q)

where the energy variables z; and zo were dropped for the sake of simplicity. Vertex ([5.8))
almost matches the Green function , the only difference is the subtraction of the
local irreducible vertex A in expression instead of the full local vertex 7 here.
This discrepancy is due to double inclusion of local contributions in the former case.
This mistake could have been easily overlooked in Chapter (3] where just the simplest
diagrammatic methods were utilized. By contrast, the present systematic approach,
which relies on the limit d — oo, leads us to the correct result quite naturally.

The two-particle vertex (5.8)), unlike the CPA one (Section , complies with the
time-reversal invariance of the studied system, i. e., it is electron-hole symmetric. On the
other hand, as already pointed out in Section [3.2] it is not compatible with Ward iden-
tities, which substantially influences the physical interpretation of achieved quantities.
The topic is thoroughly discussed in Chapter [0}

5.2 Self-consistent solution in the asymptotics d — o

In the preceding paragraph we reached more or less the same results as those already
obtained in Section . It was shown there that a two-particle resolvent of the form
describes the weak localization phenomena. This fact could seem disappointing if com-
pared with the large number of formal steps that were performed up to this point. We
first had to develop the parquet scheme in Chapter [ and the high-dimensional calculus
in Appendix [C] However, it definitely was not a waste of time as we now have at hand
a systematic means how to improve the above approximation, equation . The pro-
cedure we refer to is adding further orders from the d=! expansion to the leading order
term (5.8).

The simplest way how to proceed is adding series of diagrams with one, two and more
channel crossings. This is the routine how to generate contributions of consecutive orders

2Note that vertex (5.8) does not represent the complete d = oo solution as we did not include the
vertical scattering channel, which is not significant for our purposes. The full solution is derived in

Reference
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in the small parameter d—!, because every channel crossing costs just one factor d~! as
we previously argued. Nevertheless, such an approach has one substantial weakness — it
is perturbative, so that it cannot provide any dramatic change of physical properties in
comparison to the d = oo limit. As we are, at least in part, interested in the Anderson
localization transition, we need to adopt an alternative scheme. Motivated by the findings
of the preceding section we try an electron-hole symmetric ansatz for the irreducible
vertices of the form

Ade(@) =) Ax"(a+k+k) and  Af(q Z A M),  (5.9)
n=0

i. e., we enforce the same functions of momenta as those found in the strict d = oo limit,
but allow for a self-consistent adjustment of their amplitudes A,,. From a perturbative
point of view we may write A, = 7" + o(d™!), but this is not what we want. In the
following it will be demonstrated that ansatz provides a self-consistent solution
that has qualitatively different properties than those of a perturbative solution.

All the dependence on momenta enters both vertices and the parquet equa-
tion only through the basic one- and two-particle functions — the off-diagonal
part of the one-particle Green function G ~ z, equation (5.2), and the two-particle
“bubble” y ~ X, formula . Their elementary momentum convolutions in the high-
dimensional limit read

r 1
Gi(a1)Gz(a2) = Xi2(a1 — @2), (5.10a)
r 1 b3 =
Gi(d1)Xes(az) = i Gi(ar — q2), (5.10b)
r 1 Wia _
Yiz2(d1)Xza(az) = Xaa(ar — G2) = — Yiz(a1 — q2) (5.10c)
ad Ad
where we adopted a simplifying notation,
1
NZFl(k‘i‘Oh)FQ(k‘f‘fh) = Fi(q1)F2(qz) - (5.11)
k

We observe that the function G behaves as a Gaussian random variable with respect to
these momentum convolutions. The lower indices at G, ¥ and W in equations
indicate the corresponding energy variables. The introduced quantity W;; stands for the
product t2(G?(2;))(G?(z;)) (ct. Appendix. In the following, the two involved energies
appear every time in the same pair, z; and 2o, and we are thus allowed to continue with
just W and Yy without subscripts.

In order to proceed with the determination of the unknown coefficients A,, we in-
sert our ansatz into the right-hand side of formula (4.19)), where the completely
irreducible vertex ] is again set local, I = ~. Doing so we arrive at an equation

k" n=0
D AX™M@+ D AnX"(q+ K +K') - 7] } . (5.12)
m=0

m=0
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In the next step the momentum summations are evaluated using the facts delineated in
Appendix [C] Namely, we apply the property that a convolution of 2n elementary func-
tions (G or x) decomposes into a combination of all possible pair-wise contractions ,
cf. equations and . Utilizing this Wick-like theorem we obtain contribu-
tions that are compatible with the left-hand side of equation as well as those
whose momentum dependencies differ from ansatz . Our approximation is to drop
the incompatible terms. Doing so we end up with a formula

Ase(@) =D A x™(@) =7 + 7 x(a)

> A xX'(a) +7—7] : (5.13)

as the only allowed, i. e. compatible, elementary contractions are

X(@+Kk)x(a+k), Gi(q)G2(0) and x(q+k)x(q+k).

In equation we introduced a number 7 = N~' Y7 Af§.(q) that will serve as the
only parameter needed to determine the amplitudes A, in vertices (5.9). The vertex ¥
plays within our approximation a very similar role as v does within the CPA. Before we
finish the construction of an equation for the quantity 7, we briefly comment on the steps
made so far from the viewpoint of the d=! expansion.

The performed procedure is not absolutely consistent because of the following reason.
Although the high-dimensional “technology” developed in Appendix[C]is justified for the
leading order terms only, we apply it to next to leading orders as WGHEI There are next
to leading order terms of two distinct origins. The first of them are corrections to the ef-
fective Green function that would improve the accuracy of momentum convolutions
etc. Such contributions we do not take into account. The second type of corrections are
those that come from the structure of the Bethe-Salpeter equations. These are far more
important than modifications of the one-particle propagator G and are included in equa-
tion ((5.13]). However, not all the next to leading order terms of purely two-particle origin
are relevant for the description of diffusion in disordered materials. An example of the
insignificant contributions is the O(d~!) diagram , which is apparently incompatible
with our ansatz (5.9). This means, however, that it does not renormalize the diffusion
pole in the vertex A° and can thus be (and was) safely excluded from our considerations.

In order to extract expressions for the unknown quantities A,, we compare coeffi-
cients standing at the same powers of the “bubble” x on the left and right-hand sides of
equation . In this way we arrive at a set of equations

Ao =1, (5.14a)
A =3B +7-7) =7, (5.14b)
Ap =N,y = A", forn>1. (5.14c)

Consequently, the irreducible vertex is expressed as a geometric series,

Riso(a) =77 A,

3As already stated just below ansatz ([5.9)), the leading order term for the coefficients A,, is ™.

(5.15a)
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depending on the single parameter 5. An equation for this quantity is easily derived by
summing up equation ({5.15a)) over the only involved momentum q. Doing so we finally
obtain

(5.15b)

that completes our construction of the two-particle vertex functions.

Although the solution given by formulae was derived from the high-dimensional
reasoning, its application is not limited to the limit d — oco. It can be, and it is intended to
be, used in any spatial dimension as a mean-field-like approximation. In such a case, the
d — oo limit of the “bubble” Yy standing in equations is replaced with its actual
d-dimensional value. Then, of course, the convolution rules (5.10) cannot be used to
simplify the determination of the vertex 4 from equation and a full d-dimensional
calculation has to be performed.

5.3 Diffusion pole

Having formulated the mean field solution (5.15)), we turn to the question what it says
about electron diffusion in disordered lattices. Is the diffusion constant D lowered in
comparison to the (semi)classical Drude value D7 Is the diffusive character of the
particle density relaxation allowed in the whole range of disorder parameters and if not,
where are located the mobility edges? We will see shortly.

The fundamental quantity for investigating diffusion is the correlation function ® as
pointed out in Section [2.4] where the diffusion process was introduced. Combining the
definition of ®, equation , with the definition of the complete two-particle vertex I,
formula ([£.4), the correlation function can be written as

@(21722;(1) = %ZGNI{ + q)G2(k)

- % Z Gi(k + q)Go (k)T (@)Gi (kK + q)Ga(k') . (5.16)

kk’

The vertex I' to be used in this expression is, within our approximation, given by equa-

tions (4.11]) and (|5.15)) and reads
7x(a) 5 Tx(k+kK+q)

1-9x(@) "1-9xtk+k +aq)
Out of all possible combinations of the energy arguments, z; and 25, the only one im-
portant for reading out the physical quantities is z; = Er — 10 and 2o = Er + w + 0.
Such a choice corresponds to the electron-hole correlation function ®4%(w, q) = ®(Er —
i0, Er + w 4 10; q) that displays a diffusion pole for small values of frequency w and mo-
mentum ¢, recall Sections [2.3]and 2.4} A non-analytic behavior of this type can originate

only from the second term on the right-hand side of equation ({5.17)). Leaving both other
contributions as irrelevant yields

lae(q) =7 +7 (5.17)

A (w) [x(w,q) — xo(w)]

P w, q) ~ [1— Aw) xo(w)] [1 = A(w) x(w, q)

] X(w,q), (5.18)
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where the non-local “bubble” y was eliminated with the aid of the formula y = y —
G1Gy = x — xo that expresses the non-local part y as the difference between the full
value y and the local part y,. Besides that we introduced ) as a counterpart to the CPA
irreducible vertex A,

(5.19)

S —C . 7()

Jee YT TS

In a sense, the local quantity A plays the role of the two-particle irreducible vertex,
although there is no Bethe-Salpeter equation, with A as its input, that could be used to
generate the full vertex (5.17)).

In order to the diffusion pole be really present in the correlation function , i.e.
the constructed approximation to have physical meaning, a proper selfenergy has to be
chosen. A relation that ensures the existence of the diffusion pole in the function ®4% is

a form of the Ward identity ([2:57)[]

A(0) x(0,0) =1 or 84 =mgpA(0). (5.20)
The conversion between the two forms of identity was done using the equation
x(0,0) = 7gr/IEA that easily follows from the earlier expressions and (3.29).
The Ward identity defines the imaginary part of the selfenergy consistent with
the two-particle approximation derived in the preceding section. The real part of the
selfenergy can be accessed via a Kramers-Kronig relation

* dE" IXNA(E)
T E —FE °

REA(E) = ¥4 (c0) + P/

—00

(5.21)

The proposed mean-field description of disordered systems based on high-dimensional
expansion, which we started to develop at the beginning of this chapter, is thereby com-
pleted.

Now we are ready to proceed with the analysis of the electron-hole correlation func-
tion ®47. Using the Ward identity , the above expression can be simplified
to a form (0.0)

AR XY,
P D = S63000) - A ) (522
As we are interested only in the limit w — 0 and q — 0, the values w = 0 and q = 0 were
set everywhere except in the denominator that becomes zero at this point. To access the
desired asymptotics we expand the w,q-dependent quantities in the denominator to first
orders in these small parameters,

—~ 1 . o)y 2
X(w7 q) ~ X(07 0) (1 + o34 w — W q > s (523&)
W)
AMw) =~ A .23b
@30+ 5 (5.230)

4The need of imposing the Ward identity was analyzed already in Section It was stressed
that physical interpretation of an approximative theory cannot be provided when the diffusion pole is
absent. Without this pole, no approximation can be matched with the perturbative result of the weak
disorder limit.
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Formula ([5.23a]) is nothing but a special case of expansion (3.28]) used in the analysis of
the weak localization phenomena in Section The conductivity oy, which appears in

equation (5.23al), is the static value without any vertex corrections, i. e.

) [GA(Ep, k) — GR(Ep,K)]” . (5.24)

70 = 47TN

This is exactly the form of the static conductivity calculated within the coherent-potential
approximation, equation (3.7). However, the one-particle Green functions standing in
formula differ from their CPA values as the selfenergy determined from equa-
tions and does not, in general, match the CPA selfenergy.

Inserting finally the approximate expressions into the correlation function
we end up with the diffusion pole of the form

)
w=0

> (w, q) =

- 1 o0 , 1 9\w)
20 (- o
(0) ( SR Qeng%EAq A0)  Ow

27rgF
— = . (5.2
i1 2iFE4 ON(w) L 00 2 (5.25)
AMO0)  Ow |, 62qu

To make the result more readable we introduce a new quantity A, inversion of which we
call the weight of the diffusion pole,

2iIX4 O\ (w)

A=1-—
A0)  Ow

(5.26)

w=0

With the aid of this definition and the Einstein-like relation oy = e?Dygr, cf. equa-
tion (2.51]), we come to the following representation of the singular part of the electron-
hole correlation function,

2mgr 2mgr /A
oA = = 5.27
(w.q) —iAw+ Dy q®>  —iw+ Dg?’ (5:27)

where the diffusion constant D is introduced as D = Dy/A. The weight A~! is generally
smaller than 1 as will be demonstrated on explicit model calculations in the next section.
Therefore, the mean-field approximation predicts the diffusion constant D to be
smaller than the (semi)classical value Dy. Such a result agrees with our expectations.
The obtained formula differs from the conclusions of the general analysis of the
diffusive solution, Section [2.4] This discrepancy stems from the fact that we are not able
to satisfy the Ward identities and in full, we can warrant only their limited
(static, w = 0) version instead. One could admit that we do not try hard enough as
we force the selfenergy to be momentum independent. However, allowing a momentum
dependence of the selfenergy cannot help because the Ward identities require a momen-
tum independent selfenergy to a momentum independent two-particle irreducible vertex,
which equals to A in our case. Being unable to comply with the Ward identities, i. e.
with conservation laws, can have one of the following meanings. It either says that the
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approach we have chosen is somewhat wrong and cannot be used, or it indicates that
demanding the Ward identities to hold in their full forms (2.21) and (2.57) is naive and
needs to be reexamined. The next chapter collects strong arguments for the second op-
tion concluding that the Ward identities cannot be fully fulfilled in principle. Enforcing
them would lead to a violation of analytic properties of the configurationally averaged
Green functions. This would be a severe problem since the analyticity of Green functions
is closely related to causality which simply cannot be given up.

As a consistency check we show that if we were able to find the selfenergy in such a way that the
complete Ward identity is satisfied, i. e., if we could write
- EA(EF) — ER(EF + w)

AW = GA B G (Br v o) (5:28)

then equation (|5.26)) goes over to A = 1. Recalling once again formula (3.14)), the electron-hole “bubble” x
can be, for q = 0, casted to

GA(EF) — GR(EF + w)

0) = . 5.29
X@,0) = S S X ) — SR (B + o) (5:29)
Combining the last two formulae yields the following expression for the two-particle vertex A,
_ 1 w
Aw) = — 5.30
@)= @0 ~ GAEr) —GR(Er +w)’ (5.30)
derivative of which with respect to frequency w reads
ONw) _ 1 Ox(w,0) _ 1
ow |,_o  x20,0) dw |,_, GAEr)—GE(EFR)
0 1
- W =0. (531
¥ 0w GA(Er) — GR(Er +w)|,_, (5:31)

This derivative is zero because the quantity [G*(Ep) — G¥(Er + w) isa regular function of fre-
quency w. The first two terms on the right-hand side of equation (5.31)) exactly cancel each other due
to already employed identities, cf. formula ([5.234)),

___x(0,0)
2iSYA(Ep)

_ T9gr GX(‘U) 0)
X(0.0) = 553y O

(5.32)

w=0

and GA(Er) — GR(Er) = 2migr. The expected result that the weight of the diffusion pole equals one,
A~! = 1, whenever the Ward identities are fulfilled follows directly from the demonstrated equality,
65\/8w|w:0 =0.

5.4 Mean-field theory of the Landau type

Although the asymptotic limit to infinite spatial dimensions greatly simplifies the original
parquet equation , the resulting approximation defined by equations ,
and is still too complex for synoptic exploration of the diffusion pole weight A1
in a system of a finite spatial dimensionality. To achieve a qualitative picture how A~!
depends on the disorder strength we implement several further simplifications. However,
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before doing so we investigate low dimensions, d < 2, where some important conclusions
can be made immediately.

We have seen that for the correlation function ®4% to display the diffusion pole, the
same pole has to be in the ee-irreducible vertex A°. The expression responsible for this
non-analytic behavior reads

1 1

I—7x(@) ~ —w+Dg
In equation , determining the quantity 74, the diffusion pole is to be inte-
grated over momentum q. This step represents no difficulty in dimensions d > 3. On
the contrary, in the case of d < 2, the above pole is not integrable. Therefore, there
can be no # fulfilling equation in dimensions d < 2 if the vertex A possesses
the diffusion pole. Consequently, our mean-field approximation for two-particle vertices,
formulae , predicts that the diffusive transport regime cannot take place in low
dimensions, d < 2. This result is in agreement with other treatments which we referred
to in Chapter [T}

In dimensions d > 3, the diffusive relaxation is generally possible. To arrive at numer-
ical values of the diffusion pole parameters, the weight A~! and the diffusion constant D,
we utilize two simplifying steps. First, we relax the consistency between one- and two-
particle vertex functions, the Ward identity . Instead of the correct selfenergy we
use the Born selfenergy, expression , or the CPA one, equation . Although
this step might seem to be crude, it is not. Preliminary calculations employing the above
given consistent selfenergy definition, formulae and , do not show any signif-
icant differences when compared to the results achieved by using the Born or the CPA
selfenergy only. The Born approximation, in particular, is chosen for the pleasant prop-

erty that one can reach quite simple analytic formulae for all relevant quantities such as
G(z) and (G?*(z)) when the semi-elliptic band,

(5.33)

dO(E) = SVuw? — E?, (5.34)

is considered for the lattice without disorderﬂ The only parameter of this density of
states is w, the band half-width. Although the density of electronic states does not
correspond to the hypercubic lattice in any spatial dimension, it represents a reasonable
model choice in d = 3.

Second simplification that converts our rather complex theory into an easily man-
ageable calculational scheme is a reduction of the formulae determining the two-particle
functions. Instead of the whole geometric series, constituting the diffusion pole inside the
sum over momentum ¢, we retain only its first termﬂ

2

_ _ _ W= _ _
V=TI T v 1=ty P =G (5.35)
q

In this way we completely suppress the pole from the original equation ([5.15bf). It is thus
clear that the reduction made in formula ((5.35]) is the more acceptable the higher is the

5Consult Appendix [E| for further details on this technical subject.
To evaluate the sum N~'3° x*(q) we used the convolution rule (5.10d) and the trivial iden-
tity x(0) = W/2.
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Figure 5.1: Weight of the diffu-
sion pole A~! and the order param-
eter in the localized phase 3% cal-
culated from equation . We
used a semi-elliptic energy band
with the bandwidth 2w, the self-
consistent Born approximation for
the selfenergy, and set Cy = 0.1.
Fermi energy Er lies in the center

1/A
Oy(w - 0-) [a.u.]

of the band.
10
8 | ]
o 6 F g
2
m
< 4 | 1
2 ]
0 ) ) ) ) . ) ) Figure 5.2: Phase diagram for
) ) ) the same setting as in Figure [5.1]
6 4 2 0 2 4 6 The hatched area denotes localized
E/w states, 3% # 0.

spatial dimensionality d. In the model calculations we performed, see Figures [5.11 - [E.3]
the d-dependent constant C, introduced in equation does not represent its correct
high-dimensional value (8d)~!. Tt serves as a free parameter of our approximation scheme
instead. It is quite reasonable to set Cj slightly larger than (8d)~! since the simplification
performed in formula surely underestimates the right-hand side of the original
equation .

The simplified cubic equation resembles the Landau mean-field theory of (clas-
sical) phase transitions. It has generally three solutions for ¥(FEr + 0, Er — i0). For
sufficiently small disorder strengths, v < 7., all three solutions are real. A perturbative
solution is of order 7, while two non-perturbative solutions are of order iWC;/ . The
perturbative solution increases and the module of the non-perturbative ones decreases
with increasing disorder strength. At a critical randomness 3C;W?3? = 1, or equiva-
lently v, = 2(27C;W?)~/2, the two positive solutions merge and move into the complex
plane for v > ~.. Disappearance of positive solutions for ¥(Er + i0, Er — 10) leads to
suppression of the diffusion pole and simultaneously to vanishing of the diffusion con-
stant. Quantity S7(Er +10, Er —i0), emerging beyond the critical point in the localized
phase (v > 7.), plays the role of an order parameter for the Anderson metal-insulator
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8 w : y
6 J
2 | J
Figure 5.3: Band and mobility
edges in energy-disorder plane for a

binary alloy. Thick line is the band 0
edge, region of localized states is

hatched. Potential difference be-

tween distinct atoms is A. The up-

per pane shows the symmetric case

with concentration of both alloy 8
components ¢ = 0.5. The diagram

in the lower pane corresponds to an
asymmetric alloy with concentra- 6
tion of the minor component ¢ =
0.2. It is clear that the tendencies
towards localization are enhanced
in the impurity band. To calculate
these figures we used a semi-elliptic
band with the bandwidth 2w and 2
the CPA selfenergy. The param-

eter C; was set to Cy = 1.8. The
extension of the area where 3% # 0 0
outside the band is due to incom-

plete consistency between one- and
two-particle functions.

Aw
N

transition, see Figure 5.1} The corresponding symmetry breaking “field” that controls
the sign of S%(Er + i0, Er — i0) is frequency w.

Typical phase diagrams for localized-extended states calculated from formula
are plotted in Figures [5.2] and [5.3] In the former case, the selfenergy is calculated using
the Born approximation. The results presented in the later figure are more realistic as
they correspond to the binary alloy model, equation , with the CPA value for the
selfenergy. Both figures demonstrate that the localization tendencies are most pronounced
close to the band edges and in the impurity band, which agrees with the phenomenological
picture introduced in Chapter
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Chapter summary

In this chapter we have achieved the most important results of the thesis. The
parquet scheme for two-particle vertex functions, formulated in Chapter [4] was
solved in the asymptotic limit to high spatial dimensions, d — oco. An explicit
solution is allowed by the fact that the momentum dependencies of one- and
two-particle Green functions are largely simplified in this limit. This solution,
when applied in finite dimensions, plays the role of a mean-field approximation
for transport properties of disordered systems. It displays two distinct phases
— at weak and moderate disorder strengths it is the diffusive regime that goes
over to the non-diffusive mode when the disorder gets strong enough. The critical
disorder strength ., at which the transition between these two phases takes place,
is largest if the Fermi energy Er lies in the center of the energy band and lowers
when Epr moves towards the band edges. These properties nicely agree with
the phenomenologically motivated scenario for transport phenomena in three and
more spatial dimensions (Chapter [1]). The metal-insulator transition we found is
continuous. Our results hence support by direct calculation the nowadays widely
accepted opinion that the Mott’s concept of the minimal metallic conductivity o,
(Figure [1.3)) is incorrect.

The calculational complexity of the mean-field approximation scheme proposed
in this chapter is not much larger than the complexity of the coherent-potential
approximation, which makes it a promising tool for future realistic (ab-initio)
calculations.
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Physics of suppression of diffusion

The mean-field theory for two-particle vertex functions, constructed in the preceding
chapter, was shown to display a transition from the diffusive (metallic) to non-diffusive
(insulating) transport regime. No details of the non-diffusive phase were discussed yet,
we only learned that the diffusive solution is not possible in the whole range of disorder
parameters. The label “non-diffusive regime” was used without any deeper understanding
what physics takes place in the regions of the parameter space where the mean-field equa-
tion does not provide for a solution possessing the diffusion pole. This final chapter
of the thesis fills the just emphasized gap. Namely, it sheds some light on the mechanism
of the metal-insulator transition as predicted by our mean-field approximation.

In order to reach the physical insight into the results of Chapter 5| we return back
to the diffusive density relaxation studied in Section The corresponding relaxation
function ¢ is given as ¢ = ®4%/(27r) where the electron-hole correlation function ®4%,
formula , is to be inserted. Doing so we come to the time-momentum representation
of the function ¢ in a form

Cdw gr/A 1 /On\ _pge
t = — et T — [ — 7t 6.1
ot a) /OO o —iw + Dg? A(@u)e (6.1)

The density of states gr was rewritten with the aid of the identity gr = (On/0u) that
holds at zero temperature, 7" = 0K. The form of the derivative with respect to the
chemical potential p is more convenient at this moment. Fourier components of a density
variation relax according to formula that in the present case reads

Si0) = ep(@o(t.a) = —cota) (51 ) (6:2)
1

This conclusion is somewhat controversial since equation describes the relaxation of
only a fraction of the whole non-equilibrium density variation dn(0,q) = ou (On/du) =
—ep(q)(On/0u). It is one of the objectives of this chapter to answer the question where
we lost the rest of particles. The arguments collected in the following sections support
a picture that there co-exist two types of electron eigenstates at the Fermi energy Er. The
part A~'gp of them are extended through the whole sample and the other states, number
of which is (1 — A™1)gp, are localized in some finite subvolume. Electrons sitting in the

65
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later states are immobile, and hence cannot contribute to the density relaxation ((6.2)).
For the same reason, the localized electrons do not respond to the weak external field that
was used to prepare the initial density variation dn(0, q), cf. Section . This observation
resolves the above controversy concerning the particle loss, since the correct zero-time
variation should read dn(0,q) = —ep(q)A~(On/0p).

Before we turn our attention to details of the sketched physical interpretation, we
first demonstrate that our inability to fully comply with Ward identities, which is the
reason for the weight A=! being less than one, is not due to improper approximations.
We argue that such an inconsistency is rather general in its nature.

6.1 Ward identities vs. analyticity of the selfenergy

In this section we demonstrate that demanding validity of the Ward identity leads
to unphysical non-analytic behavior of the selfenergy when the diffusive phase is assumed.
The situation gets even worse in the localized regime where the Ward identity
inevitably disallows to define the selfenergy at all. We start with the analysis of the
metallic phase.

6.1.1 Diffusive phase

At first we summarize fundamental properties the theory should have to be acceptable.
They are:

(i) A diffusive behavior in the weak disorder limit (in dimensions d > 3). The correla-
tion function ®4% should have the small frequency and small momentum asymp-

totics of the form .

2D~ o5

(6.3)
in this limit.

(ii) Analyticity and causality of one-particle Green functions that are expressed in
Kramers-Kronig relations.

(iii) Electron-hole symmetry of two-particle vertices, expressed by equations (|4.13])
and , that is a manifestation of reversibility of the microdynamics. In other
words, this symmetry originates in the invariance of equations of motion with
respect to time reversal.

(iv) Particle number conservation which gives rise to Ward identities (2.21]) and ([2.57))
that link one- and two-particle functions.

All these four points are well justified and it would seem that there is no doubt about
their fulfilling in any successful description of disordered solids. However, we are going
to show that the listed properties are actually contradictory and cannot be imposed all
in the same time, at least as far as we use the formalism of configurationally averaged
Green functions.

We define a function Qg that is in the limit w — 0 directly related to the derivative
of the retarded selfenergy with respect to its energy parameter,

() = iZ SE(E —w,k)Qzqu(Ew,k) o _%Z azRa(g,k) 64
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According to requirement (ii) this function has to be well behaved (apart from several
points, such as E being just the band edge). On the other hand, some two-particle
functions have to be non-analytic in order to catch up physics properly, item (i). The
selfenergy is bound to two-particle functions via Ward identities and therefore a question
arises whether or not traces of the diffusion pole are transfered into one-particle functions.

If we add and remove the selfenergy ¥4(F) on the right-hand side of definition ,
the two formed differences, Lf(E — w) — X4(E) and ¥4(F) — ©f(F + w), can be rewrit-
ten with the aid of the Vollhardt-Woélfle identity in terms of the electron-hole
irreducible vertex A®",

1 1 e ! /
Q) = 5= 75 DM (B, B +w;0) [GA(E,K) = GR(E +w, K]
kk’

— ADAR(EE — w;0) [GMNE,K) — GR(E — w,K)] } (6.5)

Inserting GT(FE, k') — GE(E,k’) = 0 into both square brackets and rearranging the re-
sulting expression yields

11 . i
Qp(w) = 5 17 Z{Qz [Ak’;/*R(E, E+w;0) — A (E B — w; o)] IGA(B, K
kk’

+ALM(E E 4+ w;0)[GR(E,K) — GR(E + w,K)]

— ALAR(E E — w;0)[GR(E,K) — GR(E — w,K)] } (6.6)

This formula is convenient for studying a transfer of non-analyticity from two- to one-
particle functions. So far we do not know the behavior of the two-particle vertices as
the requirement (i) concerns only the correlation functions ® ~ >, 'k (q) . The path
from ® to I' is not straightforward as the equation to be solved has an integral character.
Fortunately, we can proceed as follows. Because the involved momentum integrations
run over a limited set, i. e. over the first Brillouin zone, a pole in the correlation func-
tion ® enforces a pole in the integrand I". The high-dimensional asymptotics outlined in
Section [b.1] indicates that the vertex I' displays the same diffusion pole as ® does,

1
T (BE E+wiq) »~ ————— . 6.7
i w;q) “iw+ Dg? (6.7)
Moreover, it was shown that this pole comes from the vertex A if the full vertex I' is
decomposed into irreducible vertices according to the parquet equation I' = A* +A® — ] El
formula (4.11). The fact that the diffusion pole can be traced down to the electron-
electron irreducible vertex,

1

ee,AR .
Ao (B, E+w;q) ~ T D

(6.8a)

does not mean that the electron-hole irreducible vertex A°*, which we need to insert into
expression , is regular. Due to the time-reversal symmetry, property labelled (iii) in

!Note that in this paragraph we do not distinguish between vertices with and without bar. These
two differ only in local terms that do not change the discussed analytic properties.
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the list at the beginning of this section, the vertex A" contains the Cooper pole,

1
eh,AR .
Akk’ (EaE + w,q) ~ —iw + D(k + K + q)2 . (68b)

At this moment we are ready to evaluate the function 2 from formula . The
leading singular part of Qg is given by the first term on the right-hand side of equa-

tion that behaves as

1

Ccx/ YA /
Dy G EK). (6.9)

The other two contributions are irrelevant compared to the previous one as their non-
analyticity is weaker,
OGR(E, k') 1

OFE +iw + D(k + k/)?’

— AP, E 4 w; 0) (6.10)

Critical for our investigation of function (2 is the integral of the leading term over

a vicinity of the pole at k' = —k. In d spatial dimensions it explicitly reads
/ddk dK ! IGA(E,X) /M =1q L (6.11)
P2+ D2k+ k)T O D :

where we introduced a cut-off M characterizing the extent of the integration region.
The simplification was done via an obvious change in the integration variables, k, k' —
kk = k+ Kk'. As a next step we substitute kK = x/|w|/D that leads to the following

expression,
L ()7 Ve
— | = —d . 6.12
w? (D) /0 T (612)

For our purposes it is sufficient to restrict the further investigation only to small frequen-
cies w. Under such circumstances the upper limit of the integral approaches infinity. The
limit w — 0 leaves the integral to be a finite number in dimensions d < 3. Ind = 4
the integral logarithmically diverges as a function of w and in higher dimensions the di-
vergency is even strongerEl To find out the leading singular behavior of function g in
dimensions d > 5, the above strategy has to be slightly modified. We differentiate the
integral in expression n times with respect to w?. This yields

(—1)mn! (o \¥? pHvPl 1
e | p e dr (6.13)
w 0 (1+x4)

Now the integral converges in dimensions d < 4n + 4 and logarithmically diverges when
d = 4n 4+ 4 = 4l. Therefore, to characterize the singularity in function (2x we need to
differentiate at least n = d/4 — 1 times. At the end, these n artificial derivatives has
to be removed by a backward n-multiple integration. After collecting the above findings

2Note that this observation does not imply the whole expression (6.12)) to be the more singular the
higher the dimensionality. On the contrary, the opposite is true.
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into a single formula we end up with the singular part of the testing function 2g being
of the form

(6.14)

w

Dk‘%)2< ] >d/2>< 1 for d # 4l,

Dk/% ln%ﬁ% for d = 41.

() ~ Kd(
The only purpose for introducing the Fermi momentum kg into this formula is making
the multiplicative constant K; dimensionless.

The behavior of (g is so that it has a point of non-analyticity at w = 0 for every en-
ergy parameter £. When the spatial dimensionality d is increased, the singular behavior
is shifted to higher and higher derivatives with respect to E and disappears eventually in
the limit d = oco. If function (g is not analytic, the selfenergy cannot be analytic either,
cf. formula . Moreover, in dimensions d = 1 and d = 2 the non-analyticity of Qg is
so strong that the selfenergy cannot even be defined since from equations and
follows that ¥ ~ lim,,_ow~"/? and ¥ ~ lim,_Inw in these dimensions, respectively. In
this way we showed that our starting assumptions — diffusive behavior at large scales,
reversibility of the electron microdynamics and particle number conservation are in con-
tradiction with analyticity of Green functions, i. e. with causality. As a consequence,
we are forced to abandon one of the above natural properties when describing electron
transport in disordered systems. But which one?

The construction given in the preceding chapter inherently led to a breakdown of
conservation laws. However, more feasible would seem to give up time-reversibility of the
equations of motion as the diffusion equation,

0
<§ — DA) on(t,r) =0, (2.30)

which we want to (partly) recover, is itself not invariant under time-reversal. If we do
so, the electron-hole irreducible vertex A" is allowed to be singularity-free and the above
discovered inconsistency disappears. An example of a theory that follows such constraints
is the coherent-potential approximation described in Section [3.1] and Appendix [B] It
provides diffusive relaxation (Section , fulfills Ward identities (Appendix , while
still has correct analytical properties, . On the other hand, the CPA contains no sign
of electron localization as it provides purely Drude-like transport. The phenomenon of
weak localization (Section demonstrates that for inclusion of localization tendencies
the so-called Cooper pole in the vertex A®" is crucial. Therefore, the only way we can
proceed is a violation of Ward identities. To sacrifice causality is impossible, since it
would turn all Green functions meaningless.

6.1.2 Localized phase

So far we somewhat avoided the localized regime. At the beginning of this chapter we
started to argue that localized electron eigenstates are not accessible within our approach
and we are going to further examine this observation in the next section. At this point
we add a short but important note that the theory of Vollhardt and Wolfle (Section
also shows an inconsistency analogous to that described in the above paragraph.
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The localized phase is signaled by the replacement of the diffusion constant D with
D(w) = —iwé&?, which converts the diffusion pole in the electron-hole irreducible ver-

tex A", formula (6.8b]), to

1 1
eh, AR )
Ao (B, B+ wiq) ~ —— eI g (6.15)

We insert this expression into the Vollhardt-Wolfle identity (2.57) with momentum q set
to zero,

SAE, k) -SE(E+w, k) ZAi’}(,AR E,E+w;0)[GYE,K)-G¥E+w,X)]. (6.16)

Doing so and performing the limit w — 0 we arrive at an expression for the imaginary
part of the advanced selfenergy,

YA /
SSA(E, ) ~ lim —— — SCE k) (6.17)
w=0 —iw N 4= 14 & (k + k')?
Since the sum over momentum k' is nonzero, the Ward identity requires the self-
energy ¥4 to diverge everywhere inside the band. Such a behavior is clearly unphysical.
Besides that, it is strongly incompatible with the Born selfenergy that Vollhardt and
Wolfle use within their theory.

To conclude the results of the last two paragraphs, numbered [6.1.1] and [6.1.2] — we
have demonstrated that the Ward identities cannot be fully fulfilled if disordered systems
are described with the aid of configurationally averaged Green functions. If we require
the Ward identities to be completely satisfied, we loose either the ability to approach the
disorder-driven metal-insulator transition or the analytical properties of the selfenergy
and hence of all Green functions. These findings are quite surprising. As far as we know,
no such inconsistencies have ever been reported in the literature. Even a recent paper on
Ward identities is free of any observations similar to ours, which we believe is due to
rather naive assumptions regarding how the configurational averaging acts.

6.2 Too distinct electron eigenstates

Up to now we presented more or less technical reasons why we cannot avoid giving up
the conservation laws. Now we illuminate this unexpected conclusion by more physical
means. We should keep in mind that it is not the real behavior, i. e. visible in experiment,
which we are going to discuss. There, obviously, the particle number must be conserved.
The question we want to address is rather how the real physical system projects onto
the quantum-field-theoretical description we are using. The key observations are that lo-
calized electron eigenstates can hardly be approached perturbatively starting from Bloch
waves and that configurational averaging changes physics more than usually expected.

6.2.1 One particular configuration of disorder

In the first step we analyze how electrons move in one given sample. Such a task is
too difficult to be managed by analytical means due to the lack of apparent symmetries,
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sample asymptotic region

Figure 6.1: A simple draft showing how diffusive and “localized” states leak out of a finite
sample. With the increasing system size the amplitude of asymptotic oscillations of “localized”
states approaches zero.

and thus numerical simulations are the only option. However, if we seek only qualitative
answers then just intuitive considerations are sufficient. Let us assume that the disorder is
strong enough so that besides extended states also localized ones exist, for example close
to the band edges. These two types of states are unlikely to co-exist at a given energy,
since any small change in the random potential would cause admixtures of extended
states with a localized state, and would thus delocalize it. Figure [6.1] shows how these
two types of electron eigenstates look like in the case of a finite size sample. Note
that the “localized” states are not literally localized as they are not strictly confined
inside the sample and extend to the outer regions as well. This leaks get smaller with
increasing the volume of the studied system and eventually vanish in the thermodynamic
limit. Therefore, it is only the case of infinite volume when we can precisely distinguish
between diffusive and localized wavefunctions.

Now it is time to recall the very basis of the description of disordered systems via
Green functions that was explained in Chapter [2] and namely in Section [2.2] where the
configurational averaging was introduced. There we proceeded along the following steps
— take a clean crystal, eigenstates of which are Bloch waves, perturbatively include the
random part of the Hamiltonian and finally perform the averaging over all disorder con-
figurations term by term in the perturbation expansion. Notice that even for a single
configuration, i. e. before configurational averaging, we are far from any exact solution.
We can deal only with scattering experiments, in which a wave packet is prepared in-
finitely far from the investigated sample and then scattered on the random potential. At
the end, the resulting waves are collected, again in the asymptotic region.

The reasoning given above implies that when localized states exist, they occupy some
energy intervals (parts of bands) where no diffusive states can appear. In the same
time, the localized states do not extend up to the asymptotic regions, and therefore no
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scattered wave packets can have energies falling into such intervals. It is evident that
the method of description we chose is not capable to catch all the physics that takes
place in disordered electronic systems. Actually, we are able to capture only diffusion
(scattering from asymptotics to asymptotics) whereas we cannot properly describe the
localized states.

Another way to get convinced that the localized states are elusive is to look at norms
of wavefunctions in the thermodynamic limit. A very natural assumption is that exact
localized wavefunctions have similar properties as Wannier states |n), (n'|n) = d,y ., and
that the diffusive states somewhat resemble the Bloch waves,

1 kR
k) = Vi ; elRa|p) . (6.18)

The norm of vectors |k) is easily evaluated and reads

1 - /
<k,|k> = N Z el(k_k )BRn — 6k’,k . (619)

n

The above two formulae apply to a finite volume with N being the number of lattice
sites. There is no problem with going over to N — oo in equation , since the
norm is 1 independently on the sample size. However, we cannot work directly with the
Bloch wavefunctions in the limit N — oo as (nlk) — 0. Every calculation should thus
be done in a finite volume with the eventual thermodynamic limit being the very last
step. Unfortunately, such a procedure is too complicated and the limit N — oo has to
be performed much sooner so that the calculation becomes manageable.

If we want the Bloch states to preserve their physical meaning to the thermodynamic
limit, the normalization factor N~'/2 has to be replaced with (a/2m)%2,

k) = (%)d/z YRR, (6.20)

n

when a d-dimensional hypercubic lattice with the lattice constant a is considered. The
state vectors |k) are no longer normalized to unity, but to the Dirac d-function insteadEl

a d . / — 00

(K'|k) = (—) Y el R T2 5k~ K) . (6.22)
27 -

These renormalization steps are accompanied with an essential change of the physical

content of the corresponding wavefunctions. The localized states still describe a single

particle confined to a finite subvolume, whereas the vectors |k) are interpreted as particle

fluxes. It is not surprising that we can work either with these fluxes or with localized

3Precisely, formula (6.22)) should read
a\?9 i(k—k')- N—o00
(%) 3, R N2 NP K 4 K, (6.21)

where K,,, are vectors of reciprocal lattice, . However, only one of the §-functions on the right-hand
side falls into the first Brillouin zone.
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states, but hardly with both simultaneously due to their different normalization. We thus
come to the origin of the title of this section — the study of diffusion in strongly disordered
solids involves electron eigenstates that are too different to be described simultaneously.

The representation space of a given disorder configuration can be characterized via
a decomposition of unity operator

Nex Nloc

=N k) (k| + Z| (6.23)

K

where |k) and |v) are exact diffusive and localized eigenfunctions of the corresponding
Hamiltonian, respectively. The total number of eigenstates equals to the number of
lattice sites, Neyxt + Nioe = IV. As we already noted several times, the only basis we can
effectively work in is that of the Bloch waves |k). If we try to rewrite equation
using this convenient basis we immediately run into trouble, because such a basis is
not complete with respect to the physical system under investigation. The localized
states |v) are in the thermodynamic limit orthogonal to the Hilbert space spanned over
the set {|k)}, since (v|k)/(k|k) = O(N~'). The only states we are left with are those
that are delocalized, as (k|k)/(k|k) = O(1). We may therefore expect that after going
through all necessary Calculationsﬂ we end up with the configuration-dependent electron-
hole correlation function having a form

2ngp . .
for Er in the region of extended states,
R, q) = { it De? d s (6.24)

0 otherwise.

The anticipated zero in the regions of localized states is clearly unphysical and originates
directly from the incompleteness of our basis set. However, the presented approach that
builds on the Bloch states cannot be expected to provide anything more meaningful. If
we were able to incorporate localized states into the description of disordered solids, the
correlation function ®4% in the localized phase would read (cf. Section

1 27TgF
—iw 1+ (&q)?

Such a form of the diffusion pole corresponds to infinitely slow diffusive relaxation. The
assumption that formula (]@D holds inside localized regions is not in contradiction with
the conclusions of Section . There it was found that a pole of the form does
not fit into the (sub)space of Bloch waves where the configurationally averaged Green
functions reside. The present considerations indicate the same — the Hilbert space
spanned over the Bloch basis is insufficient for the description of the localized phase and
hence needs to be extended in order to properly include the localized electron eigenstates.

(W, q) = (6.25)

6.2.2 Averaging over impurity configurations

The only available method how to achieve analytical results is to perform the configura-
tional averaging term by term in the perturbation expansions for Green functions. This is

4Presently, there is no known scheme how to actually sum the non-averaged perturbation expansion
above the Bloch states. But let us for a while assume that it is possible.
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Figure 6.2: Configurational averaging causes mixing of extended and localized states if the
mobility edge F. is configurationally dependent. The parts (a) and (b) represent particular
configurations of scattering centers, part (c) depicts configurational average. Dashed regions
correspond to localized states. In the doubly dashed energy interval eigenstates of both types
are present.

the path we followed in the preceding chapters. Once the averaging is done, all quantities
are translationally invariant and the basis formed of Bloch waves becomes a very natural
choice.

Continuation of the analysis started in the above paragraph may yield two different
results. One possibility is that the averaging over configurations does not change the
physics at all, i. e. that the expression for the averaged correlation function ®4% remains
the same as formula (6.24]). This would be the case if the boundary between extended
and localized states, the mobility edge F., were not configurationally dependent. The
other option is that the mobility edge substantially moves as the positions of scatterers
change. At this point we are not aware of any general argument that could decide which
of these two concepts is true. Nevertheless, we can find out which one fits our mean-field
theory constructed in Chapter We immediately see that it is not the idea of fixed
mobility edge as formulae (6.24])) and do not match the findings of Chapter

How does the expression for the correlation function ®4% change if the mobility
edge E,. is not a constant with respect to disorder configurations? A graphical insight
is provided by Figure It is clear that after averaging certain energy regions appear,
where extended and localized states co-exist. In terms of transport properties it means
that if the Fermi energy Ef lies in such a “mixed” energy interval, not all states con-
tribute to the diffusion process. This observation inherently leads to the introduction of
a weight of the diffusion pole that measures the fraction of available diffusive states. If
this weight is denoted as A~! we can expect the averaged correlation function ®4# to

have a form of a linear combination of formulae (6.24]) and (6.25),

AR , 1 2mgp 1 1 2mgp
Comparing this expression to equation achieved in Chapter [5| we see that our
mean-field theory for two-particle vertex functions recovers only the diffusive part of the
phenomenological formula . This is due to the above explained impossibility to fit
localized states into the Hilbert space of Bloch waves when the thermodynamic limit is
considered. The fact that the physics we try to describe is richer than the available state
space demonstrates itself as a violation of the particle number conservation law.
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Chapter summary

This chapter was devoted to the physical interpretation of some surprising aspects
of the mean-field theory for two-particle vertices proposed in Chapter [5} We have
demonstrated that the inability to fully comply with Ward identities, i. e. with
conservation laws, does not originate in any improper approximations. Rather,
it is a fundamental property of the description of disordered systems that uses
configurationally averaged Green functions.

It was argued that within this translationally invariant formalism only ex-
tended (diffusive) states are accessible. As a consequence, the calculated evolu-
tion of the weight of the diffusion pole A~!, starting from one in the weak disorder
limit and terminating in zero at the metal-insulator transition (Figure [p.1)), can
be understood as a manifestation of co-existence of extended and localized states
at the Fermi energy Er. In other words, the position of the mobility edge E.
substantially depends on the configuration of scattering centers even in the ther-
modynamic limit.
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Conclusions

A mean-field approximation for two-particle Green functions was derived within the An-
derson model of non-interacting electrons moving on an impure lattice. This approxima-
tion was motivated and justified by the asymptotic limit to high spatial dimensions. The
determination of the approximate two-particle Green functions amounts to solving just
a single algebraic equation for a momentum independent quantity 7(Er + 0, Er — 0).
For a weak disorder this quantity is real and positive, and the motion of electrons has
the diffusive character. When a certain critical disorder strength is exceeded, a nonzero
imaginary part SY(FEr + 10, Er —i0) emerges. In such a case the electron diffusion is no
longer possible. The function 3% (Er + 10, Er — i0) plays the role of an order parameter
in the transition from diffusive to non-diffusive phase. Achieved results are in agreement
with the scenario that is expected to be followed in three and more spatial dimensions
— for a weak disorder the electronic eigenstates are extended throughout the whole sam-
ple, whereas for a strong enough disorder all eigenstates become localized in some finite
subvolume. In the presented thesis, a consistent and controllable mean-field-like theory
of the disorder-driven metal-insulator transition was thereby achieved.

In the course of development of our theory we discovered a rather surprising fact
that we are not able to fully comply with conservation laws represented by Ward iden-
tities. A further analysis showed that such an inconsistency is not an artifact of our
approximations but is of a considerably deeper origin. In Chapter [6] we argued that the
utilized formalism of configurationally averaged Green functions, which seems to be the
only practicable way to tackle the disordered-electron problem by analytical means, is
inherently incomplete. The averaging over disorder configurations produces an artificial
translationally invariant electronic system, the Hilbert space of which is the one spanned
over the Bloch-wave basis. The problems with conservation laws arise from the fact that
such a Hilbert space cannot comprehend all the physical phenomena concerning electrons
on disordered lattices, since the localized states are orthogonal to this Bloch-wave space
in the thermodynamic limit.
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Relation between density response and
conductivity

As already discussed, the simple derivation of the generalized Einstein relation

—ie2w

o(w,q) = Z x(w, q) (2.56)

given in Section can hardly be considered exact. Here we provide a more reliable
reasoning based on the Vollhardt-Wolfle identity

1 / !
Sz, k+q) — Xz, k) = — ) Aww(21,2;9) [G(z1, K +q) — G(2, k)] . (2.57)
N
k/

We start with the Bethe-Salpeter equation that in momentum representation reads
Gl((QlZ’(Zh 225 q) = G(Zl7 k + Q)G(Zg, k)

d(k — k/ ZAkk” 21, 22,4 Gl(jf)k/<21722;CI) . (2.18)
k/l

The product of the one-electron propagators on the right-hand side of this formula can
be decomposed into

AqG(21, 22; k)

Gkt q)Gla k) = Az — AZ(z1, 73 K) — Age(k) (A1)
where we denoted Az = 29 — z; and
Aqelk) = ek + ) — (k) (A22)
AqG(z1, 22:k) = G(z1, k + q) — G(22, k), (A.2b)
AqX(z1, 29;k) = E(z1, k + q) — (29, k). (A.2c)

Multiplication of both sides of the Bethe-Salpeter equation (2.18) by the denominator
from formula (A.1)) and utilization of the Ward identity (2.57) yields a “difference” equa-
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tion of motion
[Aqe(k) — A7 Gkk’(zb 29;q) = AqG(21, 22; k)0 (k — K')
+ N ; A (21, 22, q) [AqG(zl, 29; k)GS,)k,(Zh 295 q)
—Gg/(zl, 22; Q) AqG (21, 22; k")] . (A.3)

To simplify the notation we define four correlation functions describing density-density,
density-current and current-current correlations

(21, 22:9) = 75 Z G (21, 2:q) (A .4a)
Kk’

P (21, 22;q) N2 Z Aqe kk’ (21,22;0) (A.4b)
Kk’

D (21, 22;q) = N2 ZGkk, 21, 22, Q) Aqe(K') (A.4c)
Kk’

. /

Pee(z1, 225 9) - N2 Z Aqe kk’ (21, 22;q)Aqe(k) - (A.4d)

Kk’

Summing up formula (A.3) over momenta k and k' we arrive at a continuity equation
relating the density-density and the density-current correlation functions,

1
Dc(21,22:q) — Az®(21, 23q) = N Z AqG(z1, 22: k) . (A.5a)
k

The terms with the two-particle irreducible vertex A standing in equation cancel
each other provided this vertex is symmetric, i. e., Ay = Apr.

Another continuity equation can be derived by multiplying expression with
the energy difference Aqe(k) and then performing the summation over the fermionic
momenta k and k’. Doing so we obtain an equation relating the current-current and the
density-current correlation functions,

= 1
Decl21, 22:0) = D221, 2270) = Z AgG(21, 22; k) Age(K) . (A.5D)

Combination of the above two continuity equations, formulae and ( , yield a
relation between the current-current and the density-density correlatmn functlons

Dee(21, 23:q) — (A2)?® (21, 20:q) = %Z AqG(21, 22: k) [Az + Aqe(k)] . (A.5¢)

This formula replaces the operator continuity equation from the original reasoning
leading to the generalized Einstein relation , Section .

Now we apply the obtained results, equations , to response functions. To do so
we define a generalization of the electrical conductivity

rulion) =~ [ S {U(E +0) — JE) BE, E +wiq)

+ f(E)PEH(E,E +w;q) — f(E +w)PAY(E, E + w; q)
—f(E) [®FM(E, E;q) — @2 (E, E;q)]} . (A.6)
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The continuity equation (A.5c) then straightforwardly provides the desired equation re-
lating the conductivity o.. and the density response Yy,

) ez [~ dE
Oee(w, q) + ic*wy(w, q) = 5/ 5 [(B) [2ZU(E, By q) — 2B, E; q)]

= d7Ef (B)3 - Aacll) [SGH(E, K + @) ~ SG (B k)] =0. (A7)

w

Vanishing of the right-hand side of formula can be explicitly manifested if the
continuity equation (A.5d) is applied to the correlation functions ®f% and ®24. Doing
so, the two terms on the right-hand side of equation are easily shown to add to
Zero.

The remaining step is to elucidate how the generalized conductivity o.. relates to the
physical one. Such a connection can generally be found only in the limit g — 0. In such
a case the energy difference Age(k), defined by formula (A.2a), can be written in the

form

Bqe(k) = Ja- V() + vl + a)] + O("). (A38)

As a consequence, the correlation function ®.. is given by ®. = Zaﬁ qaqﬁ<1>a5ﬂ where
®,4 stands for the physical current-current correlation function (compare with the earlier

definition ([2.46]) ),

1

= 5 2 [va (k) + valk + @)] [os(K) +vs(K + )] Gigy (21, 250) . (A9)

kk’

q)aﬁ(zb 29, Q)

Assuming an isotropic lattice, formula finally goes over to identity that we
aimed to prove. Note again that its validity is restricted only to the hydrodynamic limit,
q—0.

The same result might also be obtained using a different procedure based on the
Velicky identity . Such an approach, together with the one presented here, can be
found in [69].

Note that for the quadratic dispersion relation e(k) = k2?/2m this expression holds for any mo-
menta q.
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CPA for two-particle functions

Here we present a particular method how to derive the two-particle irreducible vertex A
consistent with the coherent-potential approximation for the selfenergy ¥, defined from
the Soven equation

1
<1+ (E(2) = V)G(2) > =1 B-4)

We follow the guidelines for the construction of conserving approximations given by Baym
and Kadanoff in References [46] and [70l

The key step is to introduce an unphysical external field U so that derivatives of the
corresponding one-particle Green function with respect to this field give elements of the
two-particle Green function. We confine our discussion to the local quantity GE? 11’(217 29) =
(Gii(21)Gii(22))av. as it is sufficient for our purposes. The generalized Green function that

provides the desired mixing of energy variables z; and z; is

e () S0, B.1)

From now on, all Green function elements, configuration dependent as well as averaged,
are local. We can thus safely omit the subscripts 7 in the rest of this appendix. Besides

that, we drop also the subscript “av.” standing at the angular brackets, which denote the

configurational averaging, since it cannot lead to any kind of confusion either.
From the equation G™'G = I we find individual elements of the resolvent (B.1]). They
read

gfl(ZQ) . . U
GG () 07 0 Gue=Cu=mrNem T

The two-particle Green function we want to study is the derivative of the off-diagonal
element with respect to the field U,

<6§;U12 > = (G(21)G(22)) (B.3)

The other two derivatives give zero at the point U =0,

0Gn > < 0Ga2 >
< oU U=0 oU U=0

83

Gy = (B.2)

U=0
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In the above two formulae, and , we performed the derivative first and only
then we did the configurational averaging. In the following we reverse the order of these
operations assuming that they commute. As far as the selfenergy is a local quantity,
which it is in the CPA, the averaged Green function (B.1]) can be written in the form

e - (G, ) 59

The derivative with respect to the coupling field U is found with the aid of the identity
(G)"YG) =T. We have

i(G) B 5(G)~!
50 |, - C @)
G(zl>5GgU<Z1)G(z1) G(z1) 1+5§[}2 G (2)

5G(z) - (BY

G(22) <1 + i > G(z) G(ZQ)TG(ZQ)

where the derivatives on the right-hand side are taken at the point U = 0. The same
applies to all such derivatives in the following formulae even if not explicitly noted.

Comparing expressions ([B.3]) and we obtain an equation

oU
(5212 (5<G12>

5(Gr) oU
551 8(Gry)  0%u 5<G22>)

(G(21)G(22)) = G(21)G(22) + G(21)G(22)

= G(Zl)G(ZQ) + G(zl)G(ZQ) (

5Gu) 0 5(G) 0U (B7)

The second equality assumes that the selfenergy 3 depends on the field U only through
the Green function G, i. e., it has a functional form ¥ = X[G|. Such an assumption
is compatible with the Soven equation . Inserting derivatives and into
formula we easily come to the Bethe-Salpeter equation

0¥12

(G(21)G(22)) = G(21)G(22) + G(ZI)G(Z2)5<G12>

(G(21)G(2)) (B.8)

where we can identify the two-particle irreducible vertex A\ as a functional derivative of
the selfenergy ¥ with respect to the generalized Green function G,

0¥12
3(G12)

Az1,29) = (B.9)

U=0

This formula can be evaluated with the aid of the Soven equation ([3.4]), extension of
which to the presence of the coupling field U is quite straightforward and reads

—1\y _ _ () =V 212
(A=) =1, where A—]I+( S S(z) - V G. (B.10)
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Now we perform the derivative of this equation with respect to (Gp2) and then ex-
press 0A™1/5(Gy3) in terms of 60A/§(Gyy) using the same procedure that was utilized
to arrive at equation . In this way we find formulae

SATH| /AT _ a0 _
3(G12) | =g Bl <5<Gl2>> U=0 <A 5<612>A > U=0 " -
and
6%(z1) 0212 . 2) —
5A ) 5(@12>G<Z1) —5(Glg)G( 2) +3(z) =V (B.12)
0 {G12) U=0 &G( )+ 3(z) -V 52(22)G( )
5(Gr) TR e

Inserting derivative into formula provides four equations for the deriva-
tives 63/6(G). The two diagonal equations are not of our interest as they are not linked
to the irreducible vertex A, formula . On the other hand, the off-diagonal equations
involve this vertex. Writing them explicitly we have

1 0219
<1 ) - V)G (6<Gm> Claa) + 22) - V)
1
T 5z = V)G(22)> =0, (B.13a)
1 (5212
<1 50 V)= (6<Gu> Cla) + Blz) = V)

1

* TG _V)G(Zl>> —=0. (B.13b)

To derive these formulae we used the fact that the matrices A and A~! are diagonal at
the point U = 0. After some algebra, equation (B.13a)) transforms to a form

5212 1 1 .
5(Gag) ) <1 T V)G 1 (5) - v>G<22>> -
1 < 1 1 > _

1
<1 + (2(z2) = V)G(z) >] (B.14)
= 17 (;fr

that directly leads to the desired expression for the two-particle irreducible vertex A =
6X12/6(G12),

1 1 1 —1
G(21)G(=) [1 - <1 +(2(z1) = V)G(21) 1 + (2(22) — V)G(z2)> ] . (B.15)

)\(21, 22) =
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Finally we utilize the property that both equations (B.13) provide the same solution
for the vertex \. This symmetry allows to formulate a Ward identity. In order to do so
we rewrite equations (B.13)) to the following form,

1 1
(Az1, 22)G(z2) + %(21)) <1 TG = VGE) T (5(m) = V)G(z2)> =
v |

> . (B.16a)

1 1
()\(217 2)G(21) + 2(22)) <1 + (X(z1) = V)G(21) 1 + (3(z2) — V)G(22)> -

4 1
<1 + (X(z1) = V)G(21) 1 4 (2(22) — V)G(22)> . (B.16b)

Comparing the right-hand sides of these formulae we end up with a simple equality
involving one- and two-particle irreducible vertices,

2(21) — E(ZQ) = )\(Zl, 22) [G(Zl) - G(Zg)] y (Bl?)

that is just the Vollhardt-Wolfle identity (2.57]) in the momentum independent case.



Convolutions in high spatial dimensions

The limit to high spatial dimensions is used in Chapter [5 to substantially reduce momen-
tum dependencies of one- and two-particle functions. With the help of such simplifications
the parquet equations become soluble. In this appendix we present a derivation of the
asymptotic representation of the off-diagonal (non-local) elements of elementary one- and
two-particle functions,

Gi(ki) = Gi(ki) — x1 = HG*(21)) 2 (k) ©-2)
and
X2 = % Y Gk +a)Ga(k +q5) = %t2(G2(Zl)><G2(Zz)> X(a1 —a2) (.5)

k

In these expressions, two new functions of fermionic and bosonic momentum were intro-
duced, z(k) = d~*/>32?_, cosk, and X(q) = d~' 32?_, cosq,. The local element of the
one-particle Green function is denoted y; = L™ >", G;(k) throughout this appendix. To
simplify the notation, the energy arguments are indicated via subscripts of the respective
functions.

For performing calculations in the high-dimensional limit of the hypercubic lattice
we adopt methods similar to those of Reference [71] In this approach, the one-particle
resolvents are written in the form of an exponential

_/OOCM (Az = X(2) = e(K)] jp g s,
G(z, k) = = 00 (C.1)
z —¥(z) — e(k) / d\ ei/\[z —X(2) — e(k)] if Sz < 0.

[e.9]

The energy dispersion relation corresponding to the scaled Hamiltonian ([5.1]) reads e(k) =

—td=123°%_ cosk, = —tx(k) where we set the lattice constant a = 1. The selfenergy
> used in the exponential representation is local and d-independent, i. e., it is the
selfenergy from the d = oo limit (CPA). It is easily demonstrated that corrections to the
CPA value do not influence the leading order of the expansion of G in powers of d~!. The
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reason is that the non-local selfenergy contributions have the high-dimensional asymp-
totics ~ d3/? as follows from the diagrammatic analysis, . Because we are inter-
ested in just the leading order of the d~! expansion, we can safely continue with the local
(CPA) selfenergy only.

At first we evaluate the convolution involving two one-electron resolvents,

1
X12 = & Z Gi(k +q1)Ga(k + q2)
k
— %Z/dQ)\ ei)\lé-l + 7;)\2<2
k

d
t t
X exp| tA1—=cos k, cos q1, — 1A\ —=sink, sing; ,
11 ( s = 1

v=1

t t
+ iAy—= cos k, cos ¢2, — iAy—=sin k, sin q2,,,) . (C.2)

Vd Vd

The integration limits for variables A as well as the overall sign are not explicitly written.
They depend on signs of imaginary parts of the energies z and can be readily reconstructed
at any point of the following derivation. The new quantity { abbreviates the difference
z — 3(2). The exponentials of cosines and sines in expression are expanded up
to second order, i. e. up to d!. Replacing the sums over momentum components with
integrals, N=Y/4%", — (2m)~* [7_dk,, and using the elementary formulae,

T dk, T dk, . 1 ™ dk, )
/ cos® k, = / sin® k, = 3 and / 5 cosk,sink, =0, (C.3)

. 2T _p 2T _p 2T

leads to a representation

) . 2 t2
Y12 = /d2)\ el/\1C1 + ’L)\2C2 exp |:_Z()\% + )é) — )\1)\2§X(q1 — q2):| . (C4)

The exponential was restored with the aid of the well-known formula
d f 1
v d—oo
1+= | —— - v C.5
[(1+5) == eo(3200) (©5)

To extract the non-local contribution Y12 we have to subtract the product of the local
Green function elements from the full “bubble” y15. These local elements, evaluated with
the same precision as expression ((C.4)), read

. t2
X12 = /d/\ eiACL2 exp [_Z/\Q] : (C.6)

Consequently, the convolution yio has a form

X12 = X12 — X1X2 = —/dQ)\ ! ML T IA202 xy {_Z()\%"‘)\g)} A1z EX(OH —q2) (C.7)
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where we retained only the first non-vanishing term of the expansion in powers of the
momentum-dependent function X. It means that all contributions with X" (q; — q»),
n > 1, were neglected. Finally, the integrals in expression can be rewritten using
the following equalities,

/d)\ A oxp [_%v] - —zg—’g =it g m — i) (C8)

In this way we recover the asymptotic expression announced at the beginning of
this appendix.

At this moment it is useful to summarize the key steps that led to the approximate
formula . These simplifications are

e expansion in powers of d~! and dropping all terms except the leading one, which is
of order O(1),

e and subsequent retaining of only the slowest non-vanishing mode of the momentum
dependence.

In the rest of the appendix we focus on justification of the asymptotic expression for
the off-diagonal propagator G, equation . Such a Green function obviously generates
our approximation of the non-local “bubble”, formula . However, a question arises,
how the effective propagator performs for higher-order convolutions. The quan-
tity built up of n one-particle Green functions in an analogous way as the two-particle

“bubble” (IC.2) reads

1
X12..n = N ; Gi(k+q)Ga(k+qq)...Gplk+qn)

_ /Cmexp [@Z/\,(i -7 >N - 5 > ANX (i —q))] (C.9)
=1 =1

ij=1
1<)

This is a generalization of formula , i. e., it is just the leading-order term of the

d~! expansion. We use expression to evaluate the non-local convolution yq234. The

subtraction of local terms becomes more and more tedious with the increasing number of

one-particle Green functions involved. Within the approximation rules listed above we

have

X1234 = X1234 — SX1X2X3X4 — X1X234 — X2X134 — X3X124 — X4X123

+ X1X2X34 T X1X3X24 T X1XaX23 + X2X3X14 T X2XaX13 T X3X4aX12
4

=7 (G?(2)) [ X (a1 — a2) X (as — q4) + X (a1 — q3) X (q2 — qu)
i=1
To reach the first non-vanishing term we had to expand the exponential in expres-

sion (C.9) up to X2. Generally, to evaluate a convolution of 2n propagators the ex-
pansion in momentum variables needs to be performed up to terms of the order X".
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Formula (C.10) has a form of the sum of all complete pair-wise contractions on four
nodes that allows for the following simple notation that resembles the Wick theorem
from the quantum field theory,

1 _ _ _ _
2 Gilk+an)Galk + d2)Gs(k + 43)Ga(k + )
k

1 1 |—|—|—|
= G1(a1)Ga(q2)Gs(q3)Ga(as) + Gi(a1)Ga(q2)Gs(qs) Ga(qa)
| — |

+ G1(q1)G2(a2)G3(q3)Ga(qq) . (C.11)

Every indicated elementary contraction between points ¢ and j brings in the factor
Wi; X (q; — q;)/2 with W;; abbreviating the combination t*(G?(z;))(G*(z;)).

Now we take a look what we get if four effective off-diagonal Green functions
are convoluted. The overall factor Wi,W3, is obvious and the momentum dependent part
can be evaluated as follows,

%Zwﬂw a)z(k + qz)u(k + qs)z(k + qu)

1
= Nz Z Z [cos(ky + qu) cos(ky + Go,) cos(ky + gs) cos(ky + qa)

BV ko
ptv

1
NUd 2 Z Z cos(k, + q1,) cos(k, + q2,) cos(ky, + g3,) cos(ky + qa,)

v  ky

+ 2 other pairings ]
+

1 .
=1F Z [cos(q1,u — q2,) €O8(g3,, — qu) + 2 other pairings |

T8
n#v
1

+ [ X(—a1 —q2 +qs +qu)

8d
+X(Q1—Q2+QS—Q4)+X(—Q1+QQ+Q3—014)]

= E[X(ql —q2)X(q3 — qu)
+ X(q1 — q3) X (92 — q4) + X (a1 — qu) X (q2 — q3)]
1
+ @[X(—(h —d2 + a3+ qy)

+X(Q1—Q2+QB—Q4)+X(—(11+Q2+013—Q4)]- (C.12)

The first equality employs the fact that only products of an even number of cosines with
common integration variable survive the momentum integration. In the last step, the
summand with p = v is added to the sum over y, v and removed again at an other part
of the expression. We see that formulae (C.10)) and (C.12)) differ only in the O(d~!)-term
that makes them equal with respect to our approximation defined above. The same
applies to any convolution of 2n one-particle propagators. On the other hand, momentum
sums of the odd number of Green functions behave quite differently. For example, the
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correct high-dimensional asymptotics of the function Y193 reads

X123 = X123 T 2X1X2X3 — X1X23 — X2X13 — X3X12
3

= —i 1 | <G2(21)> [X((h —q2)X(q1 —q3) + X(aq1 — q2) X (q2 — q3)
+ X (a1 — q3) X (g2 — a3)] (C.13)

whereas the evaluation using the effective one-particle Green function gives an in-
correct value, y103 = 0. Such a discrepancy is not, however, crucial for our considerations.
The reason is that we aim at applying the method of high-dimensional evaluation of con-
volutions, explained in this appendix, only to two-particle functions. These are build up
of diagrams involving only even numbers of one-particle Green functions.
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C. Convolutions in high spatial dimensions




Self-consistent asymptotic solution for
two-particle vertices in the strict limit d = oo

At the end of Chapter p| we examined predictions of our self-consistent theory for two-
particle vertex functions, defined by equations

BV “_V—VJFVNZ __%;) ET5hb)

Ago(@) =7 +7 -
kk( ) 1— X(q)

Y
\2| =<l

in physically most interesting dimensions, d = 1,2,3. Here we apply this theory to the
infinite-dimensional hypercubic lattice, d = oo, and compare the obtained results with
the conclusions of Section where this spatial dimensionality was studied by purely
perturbative means.

In the limit d — oo, the momentum summation in equation ({5.15b|) can be evaluated
by using the Gaussian rules formulated in Appendix [C]

_ d

Y2 (q) e (2n)! 1 (W22\"
ey T e Sy S-S () e

n=1

The factor (2n)!/(2" n!) is the number of all possible pairwise contractions in the product
of m = 2n “bubbles” x (odd products do not contribute). The upper bound for the
number of contractions, being d, comes from the fact that in d dimensions the sum » | q can
decompose to maximally d independent summations. The contributions from products
of more than 2d bubbles y are inaccessible within the Gaussian convolution rules and
were dropped. They are of higher asymptotic orders than the leading one studied here.

The value in question is now the limit limy . fy. If we express all factorials in
equation via the Stirling formula we get

iy (5Q) (D2)

n=1

where we introduced a parameter Q = W?%%/(4e) to provide better transparency of
subsequent expressions. The application of the Stirling formula causes that the low order

terms of the sum f; are not treated very accurately. Fortunately, they do not play
any significant role. The last term of the sum (D.2) reads Q¢ which indicates that the
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E/w

Figure D.1: Band and mobility
edges in the energy-disorder plane
for a binary alloy with concentra- !
tion of the minor component ¢ = 3 0.6 -
0.001. Potential difference between

distinct atoms is A. Lower pane

shows a detail of the satellite band

with a region of localized states, 0.3
vy > 7., hatched. The extension

of the non-diffusive region outside

the energy band is an artifact of the 1.00 1.02 1.04 1.06
approximation and does not imply E/w

the presence of any states there.

series limy ., fg does not converge when @ > 1, i. e. when 5 > 7, = 2y/e/W. To
investigate the opposite case, @) < 1, is slightly more involved. We proceed as follows.
The closer the dimensionality d approaches infinity the better is the sum in equa-

tion ([D.2)) approximated by an integral,

d 1 an 1
fa~ 33 (5@) “~ d/l/d dy e¥IMWQ) — fV) 4 ), (D.3)
For convenience we split this integral into two parts, fél) and féz), corresponding to
integration intervals (d=',d='/?) and (d~/2,1), respectively. At first we analyze the
contribution ff). The exponent in the integrand is convex. Therefore, its replacement
with a linear function, £(y) = yIn(Q), can only enlarge the result. Performing the
remaining integration we arrive at

1 d Vd
) dn(Q) _ @ — QY% a-w
£ gd/d_wdyey n(Q) - 5O 0. (D.4)

The second integral, fél), does not contribute either. To demonstrate this statement
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10 T T T T T
= L ]
S 05
OO L L L
-15 -10 -05 00 05 1.0 15
E/w
0.8 | | | | ]
=
W 04 1
1 1 1 Figure D.2: Band and mobility
0.0 edges for the so-called box disor-
1.0 1.1 1.2 1.3 der. Lower pane zooms to a nar-
E/w row area of localized states at the

(right) band-edge.

we use convexity again, this time for the integrand as a whole. The estimate utilizing
the trapezoidal integration rule is obviously an upper limit for the exact value of the
integral fcgl). As this simple estimate goes to zero in the limit d — oo,

mollQ (g)““ e
fa 32[\/3%2 NG 0, (D.5)

the exact value of the integral f CE” goes to zero as well. In this way we come to a conclusion
that the sum f; behaves as

d—oo

0 ifQ<1l & vy<n,
o fQ>1& 7>

With the aid of this result it is straightforward to write down the solution of the self-
consistent equation (.15b)) in infinite spatial dimensions,

v if v <.,
(D.7)

=2l
I

no (real) solution if v > ~,.
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We see that below the critical value ~. the perturbative analysis of Section [5.1] exactly
applies, whereas above this limit a qualitatively different solution emerges that does
not allow for diffusionﬂ This means that the coherent-potential approximation is not
an exact solution of the disordered electron problem on the infinite-dimensional lattice
in the whole range of disorder parameters. Of course, we have not demonstrated yet that
the critical magnitude . of the vertex v can be reached in realistic models. Figures
and show that it can, indeed, although the non-diffusive regions are rather tiny.

The presented numerical calculations were performed with the unperturbed, i. e.
without disorder, density of states having the semi-elliptic form

dO(E) = %\/ w? — E? (.34
with w being the band half-width. Such a density of states is chosen because it allows for
analytical expressions for the local element of the one-particle Green function G(z) as well
as for the quantity (G*(z)). Although the density of states does not correspond
to the infinite-dimensional hypercubic lattice we are working with, it has a motivation in
high-dimensional considerations as it belongs to an infinite-dimensional Bethe lattice .
In the same time, the semi-elliptic density of states provides a reasonable model choice in
three dimensions, which we made use of in Section[5.4] Figures[D.I]and[D.2]are calculated
for a binary disorder and a box disorder , respectively. The non-diffusive regions
are found in either case.

!The link between non-existence of real 4 and impossibility of diffusive behavior is established in

Sections and



Born approximation in the semi-elliptic band

In Section we presented a sample evaluation of the diffusion pole weight A~! as
a function of the disorder strength, Figure 5.1, The calculation was performed using the
self-consistent Born approximation for one- and two-particle irreducible vertices ¥ and I.
Although there are better approximation schemes available, such as the CPA, the Born
values are chosen for considerable simplicity of all relevant formulae. When, additionally,
a semi-elliptic form of the unperturbed density of states ¢(*) is utilized,

2
¢O(E) = w—zx/wz 2 6.39)

we can evaluate the weight A~! analytically. Particularly important is the ability to avoid
the numerical evaluation of the derivative O\/0w standing in definition ([5.26]).
The one-particle Green function generating the density of states ((5.34)) is

2
GO(z) = 2 (z — V2?2 — w2> , (E.1)
with the aid of which the full averaged Green function G can be written as G(z) =
G (z — Z(z)) This form with just a simple shift in the energy variable is allowed,

since only a single band is taken into consideration. Equation (3.1b)) defining the Born
selfenergy in the present case reads

SHE) = A GO (E +i0 - £7(E)) . (E.2)

An explicit expression for the retarded selfenergy ¥ is easily found to be

2
=5 <E — i+ g — E2) for |B| < E,,

R w +4)\B

SE) =0, . (E.3)
2B (g 2B 24 for |E| > E
w2+4)\3( ]E|\/ v AB) or |B] = B

where we denoted band edges via +FE,, E., = Vvw? + 4)\p

Tt is appropriate to note that even the CPA provides analytically writable expressions for the selfen-
ergy in the semi-elliptic band (5.34), see e. g. Reference [45] for details. However, these are substantially
more involved than the Born solution . Moreover, it is unnecessary to enter such complications
when our goal is to learn just a qualitative behavior of the weight of the diffusion pole A1,
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Further, we turn our attention to two-particle functions evaluated in the vicinity of
the band center, F = 0, where the real part of the selfenergy vanishes, ®%%(0) = 0. More
precisely, we choose the two complex energies to be z; = £+:0 and 2z, = wF:0. The energy
difference w acts as a small parameter in the following expressions where we keep only
terms up to order O(w). Such an expansion is sufficient as it is only the derivative O\ /0w
that we want to arrive at in the end, cf. equation . In order to find the full local
two-particle vertex yg we start with the product

GAO)GR(w) = — {1 4

i | o) (B.4)

1
—_—w
vV w2 + 4\ B
that we insert into the local Bethe-Salpeter equation analogous to formula (B.8). This
procedure yields an expression

B )\B(w2 + 4)\3) |‘1 42)\3
B w/w? + 4\

Besides the vertex yp we need to determine the factor W emerging in the Gaussian
contractions (5.10). Its evaluation amounts to finding an expression for (G*(z)). In order
to access this quantity we first differentiate equation ([E.1)) with respect to z,

([eoer) =252 - -2 h- =],

and then perform the energy shift z — z — 3(2),

(6(2)) = ([6O (= = 3())]"). (E.7)

The two values of (G?(z)) that constitute the desired factor W, which is defined as

wiw) =2 {[640)]") ([¢*)]"), (E.8)

v5(w) w} +o(w). (E.5)

w?

(E.6)

22 — ?

consequently read

([*O)") = —#QAB, (F.92)
<[GR(w)]2> = —#2)\3 [1 + %—Zi;@w} + o(w). (E.9b)

Finally we have to establish a relation between the hopping amplitude ¢ and the unper-
turbed half-bandwidth w. To do so we recall the dispersion relation corresponding to
Hamiltonian (5.1)). In d spatial dimensions we can immediately conclude that

d d
e(k) = _%l Z cosk, = —tq4 Z cos k, = wy=tgd=tVd. (E.10)
v=1 v=1

For three-dimensional systems we thus have ¢ = w/ \/g, by virtue of which we come to
an expression

2 o)
W(w) = 4w [1 N ivw? + 4)\p

. E.11
3(w? + 2Ag)? o, Y Tow) (E-11)
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We have collected all the inputs needed for the Landau-like equation that
determines the two-particle vertices. Further steps towards the weight of the diffusion
pole A~! will be indicated only verbally, since the corresponding explicit expressions are
rather complicated. Equation is cubic in the unknown vertex 7, hence its (three)
roots can be written down with the aid of the Cardan’s formulae. The physical solution
is such that its weak scattering limit matches low orders of the perturbation expansion
in powers of the disorder strength. Having selected the correct root we can successively
insert the appropriate expression for 4 into formulae and . Doing so we
finally achieve the desired analytic expression for the weight A~
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