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Quantenfeldtheorie der Materialeigenschaften — Anwendung auf Modelle
der Rashba-Spin-Aufspaltung. Das Ziel dieser Arbeit ist es, mikroskopische Feld-
theorien — die als solche bereits wissenschaftlich etabliert sind — als ein neues Paradigma
der Materialphysik einzufithren. Hierzu entwickeln wir einerseits diejenigen Feldtheorien
weiter, auf denen moderne Ab-initio-Rechnungen basieren, und betrachten andererseits
deren Anwendung auf die Bismut-Tellur-Halogenide (BiTeX mit X = I, Br, Cl), welche
eine prototypische Klasse von Spin-basierten Materialien darstellen. Dazu beginnen wir
zunéchst mit der Konstruktion von Tight-Binding-Modellen, die zur Approximation der
Spin-aufgespaltenen Leitungsbéander von BiTel verwendet werden kénnen. Danach leiten
wir die Theorie der Greens-Funktionen bei endlicher Temperatur systematisch aus deren
fundamentalen Bewegungsgleichungen her. Dies ermdglicht es uns ferner, eine kombinier-
te Methode aus funktionaler Renormierung und Molekularfeldtheorie zu beschreiben,
welche allgemein auf Modelle mit mehreren Béndern angewandt werden kann. Spezi-
ell fir das Rashba-Modell mit einer attraktiven, lokalen Wechselwirkung liefert diese
Methode eine unkonventionelle supraleitende Phase: wihrend die Gap-Funktion Singlet-
artig ist, hat der Ordnungsparameter gemischte Singlet- und Triplet-Anteile. Weiterhin
untersuchen wir die aulerordentlichen elektromagnetischen Response-Eigenschaften von
BiTel, die sich aus der Rashba-Spinaufspaltung ergeben, und sagen insbesondere einen
Bahn-Paramagnetismus vorher. Schliellich fassen wir den , Functional Approach® als
eine mikroskopische Feldtheorie elektromagnetischer Materialeigenschaften zusammen,
die im Einklang mit Ab-initio-Methoden steht.

Quantum Field Theory of Material Properties: Its Application to Models of
Rashba Spin Splitting. In this thesis, we argue that microscopic field theories—which
as such are already scientifically established—have emerged as a new paradigm in mate-
rials physics. We hence seek to elaborate on such field theories which underlie modern
ab initio calculations, and we apply them to the bismuth tellurohalides (BiTeX with X =
I, Br, Cl) as a prototypical class of spin-based materials. For this purpose, we begin by
constructing tight-binding models which approximately describe the spin-split conduc-
tion bands of BiTel. Following this, we derive the theory of temperature Green functions
systematically from their fundamental equations of motion. This in turn enables us to
develop a combined functional renormalization and mean-field approach which is suit-
able for application to multiband models. For the Rashba model including an attractive,
local interaction, this approach yields an unconventional superconducting phase with a
singlet gap function and a mixed singlet-triplet order parameter. We further inves-
tigate the unusual electromagnetic response of BiTel, which is caused by the Rashba
spin splitting and which includes, in particular, an orbital paramagnetism. Finally, we
conclude by summarizing the Functional Approach to electrodynamics of media as a
microscopic field theory of electromagnetic material properties which sits in accordance
with ab initio physics.
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Introduction

In constructing a new theory, we shall be careful to insist that they should
be precise theories, giving a description from which definite conclusions can
be drawn. We do not want to proceed in a fashion that would allow us to
change the details of the theory at every place that we find it in conflict
with experiment, or with our initial postulates. Any vague theory that is not
completely absurd can be patched up by more vague talk at every point that
brings up inconsistencies—and if we begin to believe in the talk rather than
in the evidence we will be in a sorry state.

R. P. Feynman [FMWO95, p. 22]

Classical and quantum field theory form the basis of modern materials physics. From a
purely conceptual point of view, they have together replaced the traditional picture of
materials as being composed of point particles, elementary electric or magnetic dipoles,
microscopic elastic springs, etc. Such simplified models were easily accepted even after
quantum mechanics had been firmly established, mainly because they can be wvisualized
similarly as the macroscopic objects which surround us in everyday life. By contrast,
with the advent of ab initio materials physics, the starting point of realistic material
descriptions became the many-body Schrodinger (or Dirac) equation and the microscopic
Maxwell equations. These fundamental equations define the Schrédinger (or Dirac) field
and the electromagnetic field, respectively. As such, these microscopic field theories
do not contain any “objects” or “particles”, and hence they are abstract by their very
nature. Even the electrons and photons, which are often cited in this context, are the
elementary excitations of the corresponding quantized fields (just as “phonons” are the
elementary excitations of the quantized displacement field [SS16b]). Here, “elementary
excitation” refers to an excited state of the system which exhibits a certain energy
difference to the ground state, but does not imply any particle-like nature of these
excitations (see Ref. [PG15]). In particular, this implies a strict rejection of the so-
called “philosophical realism”. Consequently, field theories can be thought of only in
terms of the differential equations which govern the time evolution of the fields from
some given initial conditions, as well as in terms of a quantization procedure which
promotes the real- or complex-valued classical fields to operator-valued fields satisfying
certain (anti)commutation relations. Under this new paradigm, all deductions should
be drawn as a matter of principle from the microscopic field equations (in addition,
perhaps, to some empirically motivated assumptions, such as the high degree of nuclear
localization in the case of a crystalline solid [SS16D]).
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However, it is not a priori clear how the observable properties of materials such as their
solidity, their electric and magnetic response, or their optical behavior can be explained
by such abstract field theories. In fact, it is precisely the aim of materials physics to
deduce such material characteristics from the known microscopic physical laws. Again
based on principle, the coupled field theory as defined by the many-body Schrédinger
or Dirac equation and by the microscopic Maxwell equations cannot be solved exactly,
and even if it were able to be solved, it would not be clear how to extract from the
solution statements about the macroscopic behavior of materials. On the practical side,
however, several methods have been established which allow for approximate solutions
and quantitative predictions of material properties. Above all, Green function theory
allows one to work with functions of only a few arguments instead of the many-body
wave function whose number of arguments equals the particle number [SK12]. (Note
that the latter does not count the number of real “particles”, but instead refers to the
eigenvalue of the abstract “particle-number operator” or to the corresponding sector of
the abstract Fock space.) Already the simplest Green function, the two-point Green
function, allows for the calculation of expectation values of all “one-particle operators”
such as the charge or the current density in the case of the matter fields [SK12]. Fur-
thermore, as one of the most successful approaches in materials science, response theory
is concerned with the reaction of a material to an applied (typically electromagnetic)
external perturbation. The Kubo formalism [Kub57], which gives the concrete formulae
for the respective linear response functions, already leads to quantitative predictions of
electromagnetic properties for an amazing variety of materials, and it is therefore imple-
mented in any modern ab initio computer code (such as [Bla+01; Gia+09; KF96]). The
success of these theoretical approaches has brought field theories to wide acceptance in
spite of their abstract nature.

Apart from the response theory, which mostly deals with time-dependent perturbations
of a system that is originally prepared in its ground state, one is also often interested in
thermal equilibrium properties and especially in the low-temperature phases of a given
material, description of which constitutes a branch of statistical physics. Correspond-
ingly, response theory relies on the real-time Green functions (which are typically defined
as expectation values of the field operators with respect to the ground state), whereas in
statistical physics one deals with the so-called temperature Green functions. The latter
are defined as expectation values of the field operators with respect to a thermodynamic
ensemble as represented by a density matrix. To simplify the perturbation theory, one
then usually performs the transition to Green functions in imaginary time, also called
Schwinger functions. The resulting quantum field theory is also called statistical field
theory [ID89], and we will be mainly concerned in this thesis with the latter type of
Green functions. A main pillar of statistical field theory is the functional renormal-
ization group (fRG), which has been developed in recent decades into a versatile and
unbiased methodology for investigating correlated electron systems [BTW02; Met+12;
SHO1]. It enables one to study (possibly competing) Fermi liquid instabilities without
making potentially restrictive a priori assumptions with regard to the ordered phases,
and it yields the low-energy effective interactions after integrating out the high-energy
degrees of freedom in the functional integral formalism. In combination with a Fermi
surface patching approximation, this procedure has been applied successfully to models
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relevant for the high-temperature superconducting cuprates and iron pnictides, stron-
tium ruthenate, graphene, and many other correlated electron systems (for a recent
review of these, see Ref. [Met+12]).

This thesis aims at further developing and improving (quantum) field theoretical tech-
niques as they are presently used in materials physics. Moreover, it seeks to apply these
techniques to a special class of materials whose properties are dominated by the spin
degree of freedom (for this reason they are sometimes called spin-based materials). In ac-
cordance with the above remarks about field theories, the spin is also an abstract concept
which cannot be visualized as a concrete object. In particular, one cannot generally view
the spin as an arrow pointing in a certain direction (or in a superposition of directions),
and physical reasoning based on such an idea is necessarily met with skepticism. On a
fundamental level, the spin is just an additional index which labels the matter fields (i.e.,
the Dirac or Schrodinger fields). Within response theory, it makes its effect through an
additional, transverse contribution to the electromagnetic current [SS16¢, Sct. 3.2.5]. In
the work presented here, we restrict ourselves to the non-relativistic Schrodinger equa-
tion, where the spin is taken into account by the Pauli spin-orbit term. In particular,
we investigate the recently discovered semiconductor BiTel, which displays Rashba spin
splitting (RSS) of the energy bands [Ish+11]. Concretely, this means that near the A
point of the Brillouin zone, the lowest conduction bands of this material can be described
approximately by the Rashba Hamiltonian [BR60; Ras60], which reads

h2
2m*

Hy(k) = (k3 + k) + a(kyoy — kyor)

where m* denotes the effective electron mass, a the Rashba parameter, and o, o, the
Pauli matrices. The spin splitting is extraordinarily large in BiTel, with the Rashba
parameter being approximately o = 3.8 eV A [Ish+11] (compared to o = 0.33 eV A for
the Au(111) surface [LMJ96]). Moreover, in contrast to the traditional two-dimensional
systems showing RSS [Ast+07; Nit497], it is a property of the bulk energy bands of
this material, which results from the large atomic spin-orbit coupling of the Bi atoms
and the non-centrosymmetric crystal structure [BAN11; Ish+11]. This giant bulk RSS
produces as a result several unconventional electromagnetic properties of this material,
which will be discussed in greater detail below. A similar (but smaller) spin splitting
has been reported more recently also in the related compounds BiTeBr and BiTeCl
[Akr+414; Che+13; Sch+16b]. Due to their unique electronic structure and properties,
these bismuth tellurohalides are considered promising candidates [Ras12] for spintronics
applications such as the Datta-Das spin transistor [DD90; Koo-+09].

In concrete terms, an outline of this thesis can be given as follows. The first Part I is ded-
icated to the construction of tight-binding models which approximate the band structure
of BiTel and can thus be used as an input for numerical simulations of this material’s
properties. These tight-binding models are conventionally defined by a Hamiltonian ma-
trix H(R) which depends on the site R of the crystal lattice. It must be emphasized,
however, that such a description does not imply that the electrons would “live” on the
lattice (and “hop” from one site to the other). Instead, we aim at describing electrons
in the periodic potential of the nuclei, where the latter are assumed to be fixed at the
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lattice sites. For this purpose, it is simply convenient to work in a certain basis of the
state space L2(R3), which is given by the Wannier functions ®,g(x) labeled by the
lattice vector R and an additional band index n. The Hamiltonian matrix must then be
identified with the matrix elements of a fundamental Hamiltonian H (acting on L2(R3))
with respect to these Wannier functions, i.e., Hy, (R — R') = (®,r|H|®, g/). Thus,
the electrons still “live”, as it were, in the whole three-dimensional space, which means
that their wave function is defined on R3. In this context, it is also important to dis-
tinguish between the Bloch wavevector kg, which is restricted to the first Brillouin zone
and which labels the Bloch eigenfunctions ¢k, () of the fundamental Hamiltonian, and
the true wavevector k, which still ranges over the three-dimensional space (usually, both
are denoted by the same symbol k). In particular, after Fourier’s transformation of the
Bloch eigenfunctions, one obtains a set of functions ¢, (k) of the true wavevector k,
which are labeled by the Bloch wavevector kg. Another related issue is the transfor-
mation between the “band basis” and the “orbital basis”, which is commonly employed
in fRG applications. Here, the question arises how a Hamiltonian matrix H,, (R) de-
pending on the lattice site R and two orbital (or spin) indices u, ' can be interpreted,
and how in turn this relates to the fundamental Hamiltonian. To clarify these issues, we
first discuss in Ch. 1 the relations between plane-wave functions, Bloch-functions, Bloch-
like functions, Wannier functions and atomic orbitals. Following this discussion, we next
show how a Hamiltonian matrix Hsy (ko) depending on two spin indices s, s’ and a Bloch
wavevector kg (as used e.g. in Ref. [Sch+16a]) can be derived in a certain approximation
from the fundamental Hamiltonian. In Ch. 2, we investigate the symmetry constraints
on this Hamiltonian matrix and show that in the case of small wavevectors, this matrix
has to coincide with the Rashba Hamiltonian if one only requires time-reversal symme-
try and the crystals symmetries of BiTel. This further allows us to construct a minimal
tight-binding model on the hexagonal lattice which reproduces the RSS near the center
of the Brillouin zone. Finally, in Ch. 3 we describe in further detail the crystal and
band structure of the material BiTel and, as the most important result of this first part,
derive a two-band tight-binding model which accurately reproduces the dispersion of the
lowest conduction bands of BiTel.

In the following Part 11, we systematically develop the theory of temperature Green func-
tions in imaginary time, which make up the central elements of statistical field theory. In
accordance with our analysis in the first part, we distinguish between fundamental Green
functions which depend on the position @ (or the true wavevector k), and lattice Green
functions which depend on both the lattice site R and an additional band index n (or the
Bloch wavevector kg and n). Strictly speaking, only the former Green functions can be
used to calculate directly typical observables such as the charge or the current densities.
In Ch. 4, we first prove the fundamental equations of motion of the temperature Green
functions, and then derive from these the ordinary Green function perturbation theory.
In particular, we provide explicit proofs of the Gell-Mann—Low theorem, the Wick theo-
rem and the cancellation theorem, which together imply the Feynman graph expansion
of the temperature Green functions. Here, we remark that these considerations can be
transferred to the ordinary (real-time) Green functions, and that in fact even the Gell-
Mann—Low theorem can be proven from the equations of motion as will be shown in
Ref. [SS17a]. This in turn implies a certain conceptual simplification, since the usual
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derivation of the Gell-Mann-Low theorem for real-time Green functions relies on the
adiabatic assumption, by which the interacting ground state is adiabatically connected
to the non-interacting ground-state [FW71]. In the subsequent Ch. 5, we prove the
representation of the partition function and the fermionic temperature Green functions
in the Grassmann functional integral formalism. The latter is useful for organizing the
Feynman graph expansion in an efficient way, and it also allows for a straightforward
definition of the connected and the one-line-irreducible Green functions. We will also
provide in this chapter detailed proofs of their mutual relations as well as their respective
Feynman graph expansions. Finally, in Appendix A, we will explain the Nambu formal-
ism, which has already been used in the original article [SHO1] and which will greatly
simplify our derivations in Part IT and Part III.

Next, in Part III, we derive the renormalization group equations (RGE) for the different
types of Green functions as defined in Part II. Here, we follow the lines of the seminal ar-
ticle [SHO1] with only very slight simplifications. In particular, we find it helpful to define
the Legendre transformation as a relation between different elements of the Grassmann
algebra of the sources, as this does not require the inversion of any functional. Generally,
in order to solve these RGE numerically, it is necessary to employ a number of approx-
imations. We therefore offer a summary description of the standard approximations
of the level-two truncation, neglecting the self-energy, the static-vertex approximation,
and the Fermi surface patching approximation. In particular, we provide the explicit
RGE for the momentum-discretized interaction vertex in the refined projection scheme
proposed in Ref. [Sch+16a]. This allows for projections to be made irrespectively of the
band index and hence removes a systematic error in deriving effective interactions for
multiband models. Following this, we investigate in Ch. 8 the mean-field theory for a
time-reversal-invariant Hamiltonian H,y (k) with a singlet superconducting interaction,
thereby generalizing results of Ref. [SU91] to the non-SU(2)-symmetric case. Finally, in
Ch. 9, we apply our combined functional renormalization and mean-field approach to
the tight-binding Rashba model of Ch. 2 with an attractive, local interaction. While the
fRG allows us to predict the superconducting interaction for the electrons near the Fermi
energy, mean-field theory itself enables us to predict from this the superconducting gap
function and the order parameter, thereby providing a more detailed characterization
of the low-temperature phases of the model under consideration. The main results of
Part II and Part III have already been published in Ref. [Sch+16a] (albeit without the
detailed derivations).

The final Part IV briefly summarizes further work which, owing to time and space, we
were unable to describe in further detail here. Nevertheless, this work also represents a
major part of the total work performed for this thesis, which has been described in detail
in previous publications (see p. xi). The first Ch. 10 summarizes the results concern-
ing the electromagnetic properties of the Rashba semiconductor BiTel. This work was
mainly done in the group of Naoto Nagaosa at the University of Tokyo. In particular,
having investigated the optical conductivity, the magneto-optical response and the mag-
netic susceptibility of this material, we have discovered unconventional effects caused by
the giant bulk RSS [Dem+12; Lee+11; Sch+12]. In the more recent work [Sch+16b],
we have extended the optical conductivity calculations to the whole class of bismuth
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tellurohalides BiTeX (X = I, Br, Cl). Our last Ch. 11 consists of a very short summary
of the Functional Approach to electrodynamics of media, which has been developed in
collaboration with Ronald Starke at TU Bergakademie Freiberg [SS15a; SS15b; SS16a;
SS16b; SS16¢|. The Functional Approach denotes a microscopic field theory of electro-
magnetic material properties which operates in accordance with the common practice
in ab initio physics. It resolves several conceptual and practical problems of the Stan-
dard Approach to electrodynamics in media, and it yields analytical formulae for the
calculation of all linear electromagnetic response functions from the microscopic conduc-
tivity tensor. Moreover, it provides a new perspective on microscopic wave equations in
materials as well as the refractive index.

Throughout this thesis, we pay special attention in adhering consistently to what are
established conventions. In particular, we always keep to SI units [BIPMO6], except
on occasions when we compare our theoretical results to experimental data as they are
given in other units.



Part |I.

Models of Rashba spin splitting






1. Electrons in periodic potentials

1.1. Position and momentum space

We begin by defining the position and momentum eigenvectors through their real-space
wave functions on the three-dimensional space R3 (see Ref. [Dird7)):

(x'|xz) = 83z’ — ), (1.1)
(@' k) = (273)3/23“’. (1.2)

The position eigenvectors are orthonormal and complete in the sense that

(x|x)) = *(x — '), (1.3)
/dgw |e) (x| =1. (1.4)
Analogous equations hold for the momentum eigenvectors (plane-wave functions),
(k|E) =6k — K, (1.5)
/d3k k) (k| =1. (1.6)
Hence, in particular, the position and momentum eigenvectors are related by
k) = [ fe)(e|k), (1.7
) = /d3k k) (k|x) . (1.8)
For any state vector [¢), the wave functions in position/momentum space are defined by
(|) = ¥(x), (1.9)
(k[y) = y(k). (1.10)
Multiplying Egs. (1.7)—(1.8) with (| and taking the complex conjugate, we obtain
vk = G /dBw () ek (1.11)
W(@) = (273)3 . / Bk (k) FT (1.12)
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These equations define the (inverse) Fourier transformation of the real- and momentum-
space wave functions ¥ (x) and 1 (k), respectively.

The dimension of the Dirac delta distribution follows from the condition
/d%' Bx—2)=1. (1.13)
Since the three-dimensional volume element has the unit

[dPz] =m?, (1.14)

it follows that
[6°(x —2')] =m™>. (1.15)

Similarly, the momentum-space volume element has the unit
[d®k] =m™?, (1.16)

and thus, we obtain
[6%(k — k)] =m?. (1.17)

The dimensions of the position and momentum eigenvectors can be deduced from the
defining equations (1.1)—(1.2): we find

[lz)] =m™"2, (1.18)
[|k)] = m”2. (1.19)

On the other hand, any state vector |¢), which is normalized such that

(Wl) =1, (1.20)
necessarily has to be dimensionless, i.e.,
[ly)] =1. (1.21)
The corresponding wave functions have the units
[¢(@)] = [(@|¢)] =m™, (1.22)
[¢(k)] = [(k|¢)] = m">. (1.23)
These are consistent with the normalization conditions
/d% (@) =1, (1.24)
[kt =1, (1.25)

and with the units of the volume elements given by Eqgs. (1.14) and (1.16).
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1.2. Bravais lattice and Brillouin zone

Generally, the direct lattice I' in three dimensions is defined as a Bravais lattice,
I = {R(nl,nz,ns) =nja; +ngas +n3as; (nl, TLQ,?”L?,) € ZS} , (1.26)

where a1, as, as are three linearly independent primitive vectors in R3. The reciprocal
lattice T~' consists of all vectors K with the property that

KR —1 foral ReT. (1.27)
Explicitly, the reciprocal lattice is given by
= {K(nl’anS) =n1b; +noby + n3bs; (nl,ng, n3) S Z3} , (1.28)

where the primitive vectors by, ba, b3 of the reciprocal lattice are given by

a; X ag
b, =€ ———— . 1.29
! Y% lay - (a2 x a3)| ( )
These are uniquely determined by the condition
a; - bj = 271'52']' y (130)

where §;; denotes the Kronecker delta. The Brillouin zone (or dual space) B C R? is
typically defined as the region of the three-dimensional space which is closer to the origin
(K = 0) than to any other reciprocal lattice vector. More generally, it can be defined
as any finite region which has the property that for all K, K’ € I'"! with K # K’, the
following conditions are fulfilled:

Bk N By =10, (1.31)
U Bk =R’ (1.32)
Ker-1

Here, we have defined Bg = {k + K; k € B}, i.e., Bx coincides with the Brillouin
zone B shifted by the reciprocal lattice vector K (such that in particular, By = B).

We now come to the Fourier transformation, which we define directly in the thermody-
namic limit corresponding to the idealization of an infinite crystal.! For any function

!The technical advantages of working directly in the thermodynamic limit (instead of imposing Born—
von-Karman boundary conditions) are that the crystal symmetries are automatically respected, and
that the total potential as produced by the nuclei residing at the sites of an infinite lattice is truly
periodic. The disadvantages, however, are that an infinite lattice implies also an infinite number of
nuclei, and that the thermodynamic limit leads to more singular expressions (such as the Dirac delta
distribution in Eq. (1.36)). For a detailed discussion of the Born—von-Karman boundary conditions,
see Ref. [SS16b, Appendix A.5].
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(a) Two-dimensional projection on the z-y plane. The (b) Lattice points in the
z axis and the primitive vector az are perpendicular to ag direction.

the paper plane.

Figure 1.1: Hexagonal Bravais lattice with primitive vectors aq, as, as.

f:T'— C, the Fourier transform is defined as a function f : B — C given by
f(k)y=>"f(R)e*E. (1.33)
R
The inverse Fourier transform is then given by
1 . .
f(R) = —: / Ak f(k)FE. (1.34)
1Bl J
Here, we have used the following identities, which hold for R, R’ € T" and k, k' € B:
1 . /
Spp = / Pk eF (B-F) (1.35)
' 1Bl /s
B 6% (k — k) = lkk) R (1.36)
R

Note that dp g/ denotes the Kronecker delta,

SpR = (1.37)

1 fR=R,
0 otherwise,

whereas §%(k — k') is the Dirac delta distribution, which has the property that for any
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ky
A
bo
H
L A L —
by
H
(a) Plane defined by k, = 7/cg. (b) Three-dimensional representation.

Figure 1.2: Hexagonal Brillouin zone with high-symmetry points, and primitive vectors of the
reciprocal lattice by, bo, bs.

function f defined on B,
fk) = / Pk k- k) f(K). (1.38)
B

In the following, we will omit the “hat” symbol, and hence denote any function on T’
and its Fourier transform on B by the same symbol, i.e., f(k) = f(k).

Let us consider, in particular, the hexagonal Bravais lattice in three dimensions, which
describes the crystal structure of the Rashba semiconductor BiTel (see Sct. 3). In this
case, the primitive vectors of the direct lattice are

V3/2 0

a]; = ag —1/2 s as = ag 1 s as
0 0

cwolo]f, (1.39)

where ag, cg denote the lattice constants, which are given for BiTel by [BAN11]
ao = 4.339 A, co=6.854 A . (1.40)

The primitive vectors of the reciprocal lattice are then given by

2/V/3 ) 1/V3 )
b="| 0o |, b&=""] 1 |, b3==Z

1.41
ao ao o ( )

_— o O

The hexagonal Bravais lattice and the corresponding Brillouin zone are shown in Figs.
1.1 and 1.2. In particular, in Fig. 1.2 we have also indicated the high-symmetry points
I, M, K, A, L, H of the Brillouin zone (we will refer to these in Ch. 3).
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1.3. Bloch and Wannier vectors

We consider an electron in the periodic potential V' of the nuclei, which is given by

V(z)=> vr(x). (1.42)

Rel

In the simplest case, vg(x) = v(x — R) denotes the Coulomb potential generated by a
single nucleus with the charge Ze located at the lattice site R, i.e.,
 Ze* 1

N 47‘&'80 |$ — R| )

vr(x (1.43)

More generally, the lattice may consist of two or more nuclei per unit cell, such that

@="y % (1.44)
YR\ = e —[e—R—d,|’ '

where j labels the nuclei in the unit cell, which are located at the respective positions
(R + d;) and which have the respective charges (Z;e). For an infinite lattice (i.e., in
the thermodynamic limit), the total potential V' is lattice-periodic in the sense that

Vie+R)=V(x) VREeT. (1.45)
The electron is described by the Hamiltonian

R

a=PC vy (1.46)
2m

where p denotes the momentum operator, m the electron mass, and V the multiplication

operator corresponding to the periodic potential given by Eq. (1.42). Furthermore, V,

denotes the Pauli spin-orbit term (see e.g. Refs. [Mes62, Ch. XX, §33] and [Win03,

Eq. (11)]),

h N

Voo = 74m2c2 o - (VV X ﬁ) ’ (147)

where o is the vector of the Pauli matrices. The Hamiltonian (1.46) acts on the one-
particle state space

H=L*R3x {1,|},C), (1.48)

which consists of all normalizable, complex-valued wave functions ¢ (x, s) which depend
on the position € R? and the spin s € {1,]}.

In order to diagonalize the above Hamiltonian, we first define for R € I' the lattice
translation operators Tr by their action on wave functions ¢ € H,

(Try)(x,s) = Y(x — R, s). (1.49)
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These operators have the property that
TrTr = Trig' (1.50)
which implies in particular that they are mutually commuting, i.e.,
(TR, Tr] =0. (1.51)

The lattice periodicity of V, Eq. (1.45), implies that H also commutes with all lattice
translation operators,

[Tr,H] =0. (1.52)
Consequently, H and all operators Tr, R €T, can be diagonalized simultaneously.

Hence, let us first diagonalize the lattice translation operators. Clearly, the plane-wave
functions defined in Sct. 1.1,

1
(2m)

|k, s)(x,s) = kT 5, (1.53)

are simultaneous eigenvectors of all operators Tr, since

2 _ 1 @R _ kR

TR|I€,S> = We 588’ =€ ‘k,5>. (154)
However, if we are given two plane-wave functions with the momenta k and k', which
differ by a reciprocal lattice vector K, i.e.,

E=k+K, Kel !, (1.55)

then these plane-wave functions necessarily share the same eigenvalue of any translation
operator Tr. This is because

a1/ . H 1
o ik'R _ ~ikR  ~iKR _ eﬂk-R’ (1.56)

which follows from the defining property (1.27) of the reciprocal lattice vectors. There-
fore, it is natural to define for each Bloch wavevector (or Bloch momentum) k in the
first Brillouin zone the Bloch subspace as the common eigenspace of all lattice transla-
tion operators Tr with their corresponding eigenvalues e *®. Mathematically, we can
characterize these Bloch subspaces as

Hy = P (1.57)
in terms of the projection operators?
Po=1B Y Y |k+K, s)(k+K,s|. (1.58)
Ker-1 s

ZStrictly speaking, one has to integrate these operators over finite volumes of the Brillouin zone,
R 1 R
P = —/ &3k Py, K CB,
1B| Jx

to obtain genuine projection operators which fulfill the conditions }5,2 = Pc = 13’,%.
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Here, the normalization factor |B|, which denotes the volume of the Brillouin zone, has
been inserted in order to make the projection operators dimensionless (see Sct. 1.1). By
definition, these projection operators have the property

TR Pk = eiik'RPk, , (159)
and hence Hy can be characterized equivalently as
He={veH: v(x—R.s) = *Ry(a,s)}. (1.60)

Furthermore, the subspaces Hj, are orthogonal and complete in the sense that

PyPy =|B| 6%k — k') Py, (1.61)
1 / 3 a
— [ &’k P, =1. (1.62)
1B| /s

These equations follow directly from the corresponding properties of the momentum
eigenvectors (see Egs. (1.5) and (1.6)).

We can now diagonalize the Hamiltonian (1.46) separately for each k € B in the sub-
space Hg. In fact, Eq. (1.52) implies that H maps each subspace Hy into itself, i.e.,

I:I‘k"i'K/aS/) :Z’k+K75>HKs,K/s’(k)v (163)
K, s

which is equivalent to
(k+ K,s|H|K + K',s') =8k — k') Hyg, g (K) - (1.64)
Consequently, there is an orthonormal basis of eigenvectors |¥,x) € Hy satisfying
H Vi) = Enk|Vor) (1.65)

or equivalently,

(Ut | H |, 30) = O |B] 8% (ke — K') By . (1.66)

Each vector |¥,) is called a Bloch vector, which is labeled by the Bloch momentum
k € B and the band index n. The corresponding eigenvalues F, as a function of n
and k form the band structure of the material. The Bloch vectors are orthonormal and
complete in the sense that

(Ve | V) = S |1B| 8% (ke — K, (1.67)

B Lk S (el = 1. (1.6
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We further note that the Bloch vectors are dimensionless,
[ Wk} ] =1, (1.69)
which follows from the condition (1.67).

In order to construct the Bloch vectors |U,x) explicitly, we write them as linear combi-
nations of the plane-wave basis vectors of the Bloch subspace Hy, i.e.,

Wk = B2 ) |k + K, 5) Cks,n(K). (1.70)
K, s
or equivalently,
(k+ K,s|U,.) = B2 5k — k') Crs n(K), (1.71)

with a complex-valued transformation matrix Cgs (k). Here, the prefactor |B|/? was
inserted in order to make this transformation matrix dimensionless. The orthonormality
of the momentum eigenvectors and of the Bloch vectors imply that the transformation
matrix has to be unitary, i.e.,

Z C;{s,n(k) CKs,n’(k) = Opn' - (1.72)
K,s

Furthermore, by inserting the representation (1.70) into the Schrédinger equation (1.65),
we see that this eigenvalue problem is equivalent to (with E,, (k) = E,k):

Z HKS,K’S’(k) CK’s’,n(k) = En(k) CKS,n(k) . (1'73>
K' s

Thus, the matrix Ck, (k) represents a unitary transformation which diagonalizes the
Hamiltonian matrix, such that

Z Z C;{s,n(k) HKS,K’S’(k) CK'S’,n’(k) = Onn En (k). (1.74)
K,s K' s

Given this matrix, the Bloch vectors |¥,) can be constructed explicitly in terms of the
plane-wave vectors |k + K, s) by means of Eq. (1.70).

Next, we define the Wannier vectors |®,g) in terms of the Bloch vectors as
1 )
D) = / Bk |U,) e R (1.75)
1Bl Js

or conversely,

Trge) = > |Ppr)e® R (1.76)
R
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The Wannier vectors are orthonormal and complete in the sense that

<q)nR|(I)n’R’> = 5n,n’ 5R,R’ 5 (177)
ZZ‘@nRM@nR‘ =1. (1.78)
n R

This follows directly from the properties (1.67)—(1.68) for the Bloch vectors and, in
particular, implies that the Wannier vectors are also dimensionless,

[[Pnr)] =1. (1.79)

Under lattice translations, the Wannier vectors transform according to
Tr |Pnr) = |®) RiR') > (1.80)

as can be shown easily using the definition (1.75) and the property (1.60) of the Bloch
vectors. The transformations defined by Egs. (1.75)—(1.76) are equivalent to

1
‘QWR) = @ Ad3k ‘\Ilnk><\11nk’¢)nR>v (1-81)
R

with the dimensionless matrix element
(U | ®pg) = e R, (1.83)

Furthermore, the matrix elements of the Hamiltonian in the Wannier basis are given by
. 1 : /
Hy(R—R) = (P |H|®yg) = 0w ‘B’/ Pk F BRI p (1.84)
B

which follows directly from Eq. (1.66).

Finally, we calculate the matrix elements of the concrete Hamiltonian (1.46) in the
plane-wave basis. First, the kinetic term acts on a momentum eigenvector by

2 2 /12
I petwerne - MRS K gericya (1.85)

2m 2m

The potential V(x) has the lattice periodicity and can therefore be expanded as

Vizg)= Y Vgefe, (1.86)
Ker—1

with complex coefficients V. Hence, when the potential term acts on a momentum
eigenstate, it gives

V(z)elk+K) e _ Z Vi ek E+E) @ (1.87)
K
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Similarly, using that
VV(w) =) VkiKeHK™, (1.88)
K

we find for the Pauli spin-orbit term

h

4m2c2 Tss

h i !
1
i (1.89)
ﬁ > Vk o (K x (k+ K')) el EHED
m=c
K

Equations (1.85), (1.87) and (1.89) can be combined into
Hk+K',s) =) |[k+K+K's) (00 MM v
’ - ) ss’ VK 0 m ss' VK
K,s (1.90)

ih2
Vi (K x <k+K'>>) -

By substituting K — K — K’, this is equivalent to

N R%|k + K'|?
Hk+K',s)=> |k+K,s) <5ss/ 0K —K'0 ’2—l_n| + 0ss' Vic K
Ks (1.91)

ih?
+ WVK_K/ Oggl * ((K — K/) X (k+K/))> .

By comparing this with Eq. (1.63), we read off the matrix elements of the Hamiltonian
in the plane-wave basis:

Rk + K|?
Hys koo (K) = 05y <5K,K’ ~ om + VK
(1.92)
in? ) ,
T2l VK-K' Oss' - (K-K')x(k+K')).
Therefore, the Schrodinger equation (1.65) is equivalent to (see Eq. (1.73))
Rk + K|?
BB CranlB) + 3 Vi CrcranB) (193
K/
in? , ,
e 3 Vic-ic T (UK = ) k4 KO) Cr k) = B (k) 8.

For each k € B, this is a system of coupled linear equations for the coefficients Cg s (k)
(where K € T~! and s € {1,]}). Given the solutions of these equations (which are
labeled by the band index n), we can construct the Bloch vectors in terms of the plane-
wave vectors by means of Eq. (1.70). Finally, we remark that by neglecting the spin-orbit
term, Eq. (1.93) agrees with Ref. [AM76, Eq. (8.41)].
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1.4. Bloch-like vectors and atomic orbitals

We now rewrite the Hamiltonian (1.46) as

o2
H:ﬂ+ﬁ+Av+V50 (1.94)
2m
=h+ AV + Vi, (1.95)

where 0 = 99 denotes the Coulomb potential generated by the nuclei within one unit
cell which is labeled by R = 0, and where

AV=V—tg= ) ig (1.96)
R+#0

is the potential generated by all remaining nuclei. The Hamiltonian

- PP
describes an electron in the potential of a single or a few nuclei which are concentrated
around the origin, disregarding the atomic spin-orbit coupling Veo (which we will later
treat as a perturbation analogously to the term AV) We assume that the eigenvalues
of h as well as the corresponding eigenfunctions are known (in the case of a monatomic
lattice, they coincide with the energy levels and atomic orbitals of the hydrogen atom).
Thus, we have

B"Pus> = eulpus) s (1.98)

where p is an orbital index and s the spin index. As we have not included the spin-orbit
coupling in h, each eigenvalue is at least two-fold degenerate, and the eigenvectors can
be chosen to be simultaneous spin eigenvectors, i.e.,

(Pus(a:a Sl) = QO'U,(.’B) 553’ . (1.99)

Note that the index u labels the eigenvectors and not the eigenenergies, which means
that there are in general several orbitals, ¢, ..., ¢,,, sharing the same eigenvalue, i.e.,
ey, = ... = ey, In the following, we will often refer to ¢, as atomic orbitals (or atomic
eigenvectors), although strictly speaking, this labeling is only justified in the case of a
monatomic lattice.

Given the atomic eigenvectors |¢,s), whose position-space wave functions are concen-
trated around the origin, we further define for each R € I' the vectors |p,sr) whose
wave functions are shifted by the lattice vector R, i.e.,

pusr(T,8") := pus(x — R, ). (1.100)

Thus, the wave function of |¢,sr) is concentrated around the site R. Furthermore, we
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introduce the Bloch-like vectors (also called Bloch sums) by the definition [SK54]

W)usk N Z|‘pusR lkR (1'101)

which is similar to the relation (1.76) between Bloch and Wannier vectors. Here, N
is a normalization constant, which will be fixed later. The Bloch-like vectors have the
same property (1.60) as the Bloch vectors themselves, i.e.,

Yusk(x — R, 8") = e F Ry (x5, (1.102)

which implies that the Bloch-like vectors Wusk> also lie in the Bloch subspace Hy.
However, in contrast to the Bloch vectors, the Bloch-like vectors are not orthogonal.
This was pointed out already by P.-O. Léwdin [Low50], and can be confirmed easily by
the following calculation:

1

1 3 1./ !
<Q’b k|¢ 's! '> = A7 eilk'R elk R <90 R|90 gl /> (1.103)
us ws'k N/Lk Np’k:’ Igl:%/ s Ws'R

LI ke (R-R) ik k)R
~ Nk e” ¢ _rlews 1.104
Nuk Nu’k’ R,ZR’ <‘:0us,R R |Pwso) ( )
= B8 (k — k) o Ze—ik.R (Pt @ursro) - (1.105)

Nuk Nk R

While for R = 0, the matrix element in Eq. (1.105) diagonalizes as
(Pus|Pps) = Oup Oss' (1.106)
the same is in general not true for R # 0, and therefore,
(st | o) 7 1B 6% (k= K') G St (1.107)

In particular, this implies that there is no unitary matrix U, ,(k) which mediates be-
tween the Bloch vectors (“band basis”) and the Bloch-like vectors (“orbital basis”):

Wk # D |Wusk) Unsin (K) - (1.108)
i, S

In actual fact, by Eq. (1.99), the matrix element in Eq. (1.105) only diagonalizes partly
with respect to the spin indices, i.e.,

(pusr|Pwso) = dss' (Pur|Pwo) - (1.109)

This asymmetry between the orbital and spin indices comes from the fact that we have
not included VSO in the unperturbed Hamiltonian h. From this, it follows that

Vst | Vgwr) = 1B 6°(k — k') 855 Sy (k) | (1.110)
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where we have introduced the overlap matriz

1 1 .
Sﬂﬂl(k) = m m (5/“"/ + Z e_lk'R <(10,LLR|QO/L/0>) . (1111)

R#0

The normalization constant Nuk is now determined from the condition

Spuu(k) =1, (1.112)
which yields
| G
Nk = <1 +) e R <SOMR’<Pu0>> : (1.113)
R+#£0

Note that N is real-valued and S, (k) is hermitean, as can be shown by substituting
R — —R in the summations over direct lattice vectors.

Consider now again the Schrodinger equation (1.65), which constitutes an eigenvalue
problem for the Bloch vectors. Let us assume that each Bloch vector can be expanded
in terms of the Bloch-like vectors as follows (the following presentation closely follows
Ref. [Pic12]):

|\Ijnk:> = Z |¢uskz>Bus,n(k) y (1.114)
W,
or equivalently,
(st | Vorr) = |B] 6% (k — k') Bus,n (k) , (1.115)

where By, (k) is a complex-valued transformation matrix. Then, the Schrédinger equa-
tion (1.65) is equivalent to

Z <¢/Lsk ’I:I | d)u’s’k’> Bu’s/,n(k) = En(k) Z <¢usk | ¢,u’s'k’> Bu’s/,n(k) . (1.116)
w,s! s

Next, let us calculate the matrix elements of the Hamiltonian with respect to the Bloch-
like vectors, which appear on the left-hand side of this equation. By performing the
same steps as in Eqgs. (1.103)—(1.105), we obtain

<¢M5k|ﬁ1|¢ws,k,> = |B|83(k — K') Hys, 050 (K) (1.117)
with
1 1 —ik- Fy
H/,LS,/.L/S'(k:) = N A N " Ze kR <(PusR‘H|<Pu’s’0> . (1~118)
2 1% R

The matrix element with R = 0 can be expressed even more explicitly: we have

Hlpuso) = (eu + AV + Vio) uso) , (1.119)
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and consequently,

<80u80 | H ‘ Sou’s’0> = 5uu/ Oss' € + (‘PusO ‘ (AV + VSO) | ‘Pu’s’0> . (1.120)
Thus, we obtain

1 1 A ~
Hyn gt ) = 5= 7= (0 B Bt + G0l AV + Vo))

(1.121)

LY kR <¢usR|ﬁ|¢ws/0>) .
R+0

Using the result (1.117) together with Eq. (1.110), the Schrédinger equation (1.116)
turns into

Z Hus,,u’s’(k) Bu’s’,n(k) = En(k) Z Suuf(k) Bu’s,n(k) . (1122)
W,s W

Hence, in contrast to the representation (1.73) of the Schrodinger equation in terms of
orthogonal plane-wave functions, its representation in terms of non-orthogonal Bloch-
like functions leads to a generalized eigenvalue problem (see Ref. [Low50]). Its solution
yields the energy bands E,, (k) and the coefficient functions B, ,(k), by which one can
construct the Bloch vectors in terms of the Bloch-like vectors via Eq. (1.114).

With this, we now go on to express the Wannier vectors in terms of the atomic orbitals.
Using the definition (1.75) as well as Eqgs. (1.101) and (1.114), we obtain

|Pnr) = 1/ Pk |W,p) e F (1.123)
1B| /s
1 ik

:Zw/dgk [pusk) Bus,n(k) e *E (1.124)

1S B
1 3, 1 ik-(R'~R)

= ZZ ‘SOMSRI> T2 d°k —— Bus,n(k)e . (1125)

s R 8] Js Nuk

This equation shows that in general, each Wannier vector |®,,g) is a linear combination
of all kinds of atomic orbitals centered at all possible lattice sites. Only if we assume
that the overlap between orbitals at different lattice sites is completely negligible, such
that Ny, ~ 1 and By, n(k) = Bus,»(0), then Eq. (1.125) reduces to

’(I)nR> ~ Z |90M5R> Bus,n(o) . (1126)
1,8

In this case, the Wannier vector |®,g) is obviously concentrated around the lattice
site R, and it is a linear combination of atomic orbitals centered at the same lattice site
(cf. [AMT76, Ch. 10]).
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Finally, we define the tight-binding limit, in which the energy bands of the crystal reduce
to the atomic energy levels. Intuitively, this limit is reached when the distance between
the nuclei forming the lattice is sufficiently large, such that each electron is bound to
its respective nucleus and not delocalized in the crystal. More precisely, if the following
matrix elements are negligible:

(pusolowsr) = 0, (1.127)
(uso | H|pwsr) =0, (1.128)
(uso | (AV + Vio) [ @rsr0) — 0, (1.129)
then we obtain from Eq. (1.113) that
Nue =1, (1.130)
from Eq. (1.111) that
S (k) = 6 (1.131)
and from Eq. (1.121) that
Hy s (k) =€, 0u ds (1.132)

which implies that the energy bands coincide with the atomic energy levels, E, (k) = e, .
In the next section, we will consider the case where the above matrix elements are not
completely negligible but assumed to be small (compared to the distance of the atomic
energy levels). Under this assumption, we will then derive an approximate expression
for the energy bands of the crystal.

1.5. Single-orbital model

1.5.1. Quasi-degenerate perturbation theory

We now restrict ourselves to the simplest case of a single orbital |¢p), which is an eigen-
vector of the Hamiltonian £ given by Eq. (1.97) with the corresponding eigenvalue eg.
We assume that this eigenvalue is separated from all other eigenvalues of i by a certain
energy difference Aegy, and that this eigenvalue has no further degeneracy besides the
two-fold spin degeneracy. Thus, we have

hlpos) = €0 lpos) ; (1.133)

and the corresponding wave function is diagonal in spin space,

wos(,5") = wo(x) dss - (1.134)

We further assume that the following conditions are fulfilled:
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(i) The orbitals ¢, are sufficiently concentrated around the origin, i.e., within the
region where AV is small. More precisely, we assume that

{Pus |AV [ )] < Ae . (1.135)

(ii) The overlap between orbitals at different lattice sites is small, hence for R # 0,

’<§0,usR|S0u’s’>‘ < 17 (1136)

{ousr | H | @we)| < Aeg. (1.137)

(iii) The spin-orbit coupling is small, such that

[{bus | Vao lpprsr)| < Aeg . (1.138)

If these conditions are fulfilled, then we can derive an effective Hamiltonian Hgy (k) de-
scribing a “spin-split energy band”, which approaches the atomic energy eg in the tight-
binding limit. For this purpose, we split off the atomic eigenvalues from the Hamiltonian
(1.121), such that
1 !
Hys, s (k) = N, © St Ossr + Hyp g () (1.139)
n

where

1 1 N .
H/ 1l k _- s AV ‘/SO /gl
us, pu's ( ) Nuk Np’kz (<§0u | ( + ) ‘QOM >

+ ) e R o | Hpuy)
R+£0

> (1.140)

Now, the conditions (i)—(iii) imply that
‘H,L/LS“LLIS/(k)’ < Aeo, (1141)

and hence we can apply quasi-degenerate perturbation theory (see Ref. [Win03, Appen-
dix B]) to bring the Hamiltonian (1.139) into an approximate block-diagonal form. The
resulting effective Hamiltonian for the relevant energy bands reads

1
Hss/(k) = W €0 (553’ + H(/)S,Osl(k:)
0k
1 (1.142)
3037 i k) Hy g () =+ O (k) Beo).
pu#0 ¢

Thus, we have shown how one can derive—by starting from the fundamental Hamiltonian
(1.46) and applying a number of approximations to it—a Hamiltonian matrix Hgy (k)
which depends on two spin indices and one Bloch momentum. The derivation presented
here is valid if the conditions described at the beginning of this section are fulfilled.
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We now further restrict ourselves to the zero-order terms in the expansion (1.142), i.e.,

1
H,y (k) = 5 €0 05y + H, g0 (k) (1.143)
NOk
1 N ~ _ik- B
S <eo Jssr + (P0s | AV + Vi [pog) + > e FF <@03R|Hy<p05,>> . (1.144)
NOk R+#0

where the normalization constant is given by (see Eq. (1.113))

: /2
Nok = (1 + Y e FE <800R|800>> : (1.145)

R#0

This approximation simply means that all matrix elements H, s (k) with 4 = 0 and
p' # 0 (or vice versa) are neglected, and thus the Hamiltonian matrix becomes trivially
block-diagonal: from Eq. (1.118), we obtain directly

1 ik .
H.y (k) = Hos 05 (k) = VT > e B (po.r | H|pos) - (1.146)
0k Rr

By further applying the same approximation to the overlap matrix, i.e., by assuming
that S,/ (k) = 6, , the generalized eigenvalue problem (1.122) reduces to an ordinary
eigenvalue problem, which reads

Z Hss’(k) Us’n(k) = En(k) Usn(k) . (1'147)

The solution of this eigenvalue problem yields two energy bands, E4(k), which approach
the atomic energy eg in the tight-binding limit (the latter was defined in the previous
section). Furthermore, the solution yields the unitary matrix Usy, (k) by which one can
construct the Bloch vectors in terms of the Bloch-like vectors, i.e.,

Tok) = Y [Vosk) Usn (k) - (1.148)

In particular, in this approximation the Bloch-like vectors are indeed orthonormal. The
hermitean matrix Hgy (k) is called the Hamiltonian matriz in the spin basis, and the
unitary matrix U, (k) mediates between the band basis (Bloch vectors) and the spin
basis (Bloch-like vectors). We stress again, however, that this is possible only in the
zero-order approximation described above, because in general the Bloch-like vectors are
not orthogonal.

For later purposes, we further define the inverse Fourier transform of the above Hamil-
tonian matrix as

1 : /
Hyy(R- R) = B /B Bk Hyy (k) eFE-E) (1.149)
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By Eq. (1.146), this is equivalent to
/ /! 1
R R) = 3 e | Hlios) o [ e RR0 2 (L150)
/1. |B’ N’Ok:
R/'#0
By substituting R — R’ — R” — R’ and using the translation invariance of H, we thus
arrive at the expression
1" ].
Hyy(R— R/) = Z <()005 R— RU‘H’(IOOS "R |B| / A’k e R N : (1.151)
R”7£0

From this, we conclude that the “Hamiltonian matrix in direct space” Hyy (R — R') is
in general given by a complicated convolution; only if we assume that Ny, = 1, the
above expression simplifies to

Hey(R— R') = (pos,r| H| @0 ) » (1.152)

which means that H,y(R — R’) is given by the matrix elements of the fundamental
Hamiltonian H with respect to atomic orbitals with the distance vector (R — R').

Finally, if we neglect the spin-orbit coupling Vso, then the effective Hamiltonian (1.144)
becomes diagonal in the spin basis,

Hss’(k) = Oss E(k) ) (1153)
and the dispersion of the two-fold degenerate band is given by
E(k) = A <€0+ (00| AV |po) + Y e R F¢ ¢0R|ﬁ|800>>- (1.154)
Ok R#£0
Using that H =h+ AV and icho = ey, this is equivalent to
-1
B =co+ (143 e (ourl o)

R+#0
7 (1.155)

X <<900|A‘7|900> + ) e WE <<P0R|AV|S00>> ;
RA0

which in turn agrees precisely with Ref. [AM76, Eqgs. (10.15)—(10.18)].
1.5.2. Pauli matrix representation

Any complex (2 x 2) matrix can be expanded in terms of the identity matrix 1 = lIoxo
and the three Pauli matrices,

0 1 0 —i 1 0
Or = , oy =|. , 0, = . (1.156)
10 i 0 0 -1
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In particular, the Hamiltonian matrix in the spin basis (defined by Eq. (1.146)) can be
expanded for each k € B as

Hss’(k) = f(k) dssr + g(k) *Osgl - (1'157)

We call this the Pauli matriz representation of the Hamiltonian matrix. For a general
(2 x 2) matrix, the coefficient functions f and g = (g, gy, 9.)* are complex-valued,
but the hermiticity of the Hamiltonian matrix enforces them to be real-valued (see Sct.
2.1.1). In components, the Pauli matrix representation reads as

+ _i
-’ o G (1.158)
Gz 1+ 19y f—9

where we have suppressed the momentum dependencies. The Hamiltonian matrix in
direct space (given by Eq. (1.149)) can be expanded analogously as

Hgo(R) = f(R)dss + g(R) - 05 . (1.159)

The functions f(R), g(R) are related to f(k), g(k) by Fourier’s transformation, which
is precisely analogous to Eq. (1.149).

Next, the (2 x 2) matrix (1.158) can be diagonalized as

> Upy Hoy Ugtry = S By (1.160)
S,8
or in matrix notation as
virr—E=(F 0. (1.161)
0 E.

The eigenvalues are given explicitly by

Er=fFlgl, (1.162)

and the unitary matrix U reads

1 Vgl - g: Vgl +9g:

U=—— (1.163)

V29l \~ gl + - ¢ Vigl—g. %)

Here, ¢ = ¢(g) € [0,27) denotes the polar angle of the two-dimensional vector (gz, g,) T,
which is defined such that

oele) _ Yz tigy gz +1gy

_ _ . 1.164
Vg Vgl-9:)gl +52) A0

The matrix U contains the eigenvectors 1T of the Hamiltonian matrix (1.158) as column
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vectors, hence

(1.165)

| (_W) oo (JW)

T . - .
V209l \=+/|g| + g €% V29l \V/|g| — g- ¥

These eigenvectors correspond to the lower (E_) and to the upper (E.) energy level,
respectively. An important property of the Pauli matrix representation is that the spin
expectation value in each eigenstate can be expressed directly in terms of the function g:

JRE g oF = V(9
(s) —2Z[¢s] st U 2<$‘g). (1.166)

s,s’

Thus, the spin polarization of the upper energy level is given by the normalized vector
g/lgl, and it is opposite to the spin polarization of the lower energy level.

For later purposes, we further derive two properties of the matrix U = U(k) which
diagonalizes the Hamiltonian matrix (1.157). The first one follows directly from Eq.
(1.161), which is equivalent to

H(k)=Uk)Ek)U' (k). (1.167)
Putting in the representation (1.157) and the eigenvalues (1.162) yields
f(k)1+g(k)-o=U(k) (f(k)1—|g(k)|o:) U'(K) (1.168)
= [(k)1 —|g(k)|U(k)o. U' (k). (1.169)
Therefore, the following identity holds:

Uk)o, Ul(k) = _9k) (1.170)

lg(K)]

The second property holds under the assumption of time-reversal symmetry, which re-
quires that (see Sct. 2.1.2, Eq. (2.43))

H(k) = [io,)T H*(—k) io,, . (1.171)
By using this assumption, we obtain from Eq. (1.161) that
E(k) = Ul (k) [io, ] H*(—k)[io,] U (k) (1.172)
= [io, U (k)|" H*(—k) [io, U (k)] , (1.173)
and further, by complex conjugation,
lio, U* (k)| H(—k) [io, U* (k)] = E(k). (1.174)
This implies that H(—k) has the same eigenvalues as H(k), i.e.,

E(—k) = E(k), (1.175)
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and that the unitary matrix [io, U*(k)] diagonalizes H(—k). Indeed, from the explicit
form of U(k) given by Eq. (1.163), we find by a straightforward calculation that

—ip(—k
o, U (k) = U(—k) [ © o 0 = U(—k)e ¥ F g (1.176)
Y 0 —e—lp(=k) 2 '

This shows that the column vectors of the matrix [ic, U* (k)] coincide with the column
vectors of U(—k) up to the phase factors.
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2.1. Symmetries

We now assume that the nuclear potential (1.42), and hence also the fundamental Hamil-
tonian H given by Eq. (1.46), have the following symmetries (besides the invariance un-
der lattice translations): time-reversal symmetry, and the symmetries of the point group
('3, of BiTel (which contains the three-fold rotation Cs and the mirror reflection o, see
Sct. 3.1). In addition, we assume that the orbital |¢gs), which is the eigenvector of the
atomic Hamiltonian (1.97), is invariant under these very symmetries. Based on these
assumptions, we will in the following derive the transformation behavior of the atomic
orbitals |posgr) centered at arbitrary lattice sites, and of the corresponding Bloch-like
vectors |tgsk). Moreover, we will derive the corresponding symmetry constraints on the
effective Hamiltonian matrix Hy (k) as defined in the previous chapter.

2.1.1. Hermiticity

The fundamental Hamiltonian equals its hermitean conjugate,
H=H"'. (2.1)

Although this is actually not a symmetry of the Hamiltonian but a general postulate
of quantum mechanics, it will be convenient to consider the consequences of this con-
dition together with those of the genuine symmetries. We denote the atomic orbital in
terms of which the single-orbital model was defined in Sct. 1.5 by @5 = ¢gs (omitting
the subscript “0” to lighten the notation). Then, the hermiticity of the fundamental
Hamiltonian implies that

<905R|f{‘90$’> - <‘PsR‘ﬁT“~Ps’> (2'2>
= <‘Ps’ |I:I|903R>* (2'3)
= <‘Ps’,—R’IA{‘SOS>* ) (2'4>

where in the last step we have used the lattice translation invariance of H. For the
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Hamiltonian matrix (1.146), this implies (using that N = N})

Hys (k) = Nz Ze * B (our| H|py) (2.5)
= j\nge_ik.R (o, r|H|ps)" (2.6)

Nz Ze‘kR (psr|H|ps)* (2.7)

(N2 Ze e soszlH!%>>* (2.8)

= H (k). (2.9)

In matrix notation, this can be written equivalently as
H(k)= H' (k). (2.10)

Thus, for each k, the Hamiltonian matrix H (k) is a hermitean (2 x 2) matrix. Further-
more, by using the Pauli matrix expansion (1.157), we obtain

f(k)1+g(k)-o=f"(k)1+g"(k) o, (2.11)

where we have used the hermiticity of the Pauli matrices. We therefore find
f(k) = f*(k), (2.12)
g(k) =g*(k), (2.13)

meaning that f(k) and g,(k), gy(k), g-(k) are real-valued functions. By Fourier trans-
formation (see Eq. (1.149)), the above conditions translate into

H(R) = H'(-R), (2.14)
and respectively

f(R) = ["(—R), (2.15)

9(R)=g"(-R), (2.16)

for the corresponding functions in direct space.

2.1.2. Time-reversal symmetry

The time-reversal operator © (see Ref. [Mes62, Ch. XV, §17-18]) is characterized by its
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action on the position, momentum and spin operators:

6'xd =z, (2.17)
O'p6d=—p, (2.18)
Ol60=—¢. (2.19)

It is antiunitary, hence 6-1= (:)T, and

(6|0]¥) = (¥|6T|¢), for ¢, € H. (2.20)

Furthermore, it can be defined through its action on wave functions ¢ € H as

(é¢)(wv s) = Z [_iay]ss’ Y (z, 5/) : (2.21)

S/

We assume that the atomic wave function p(x) = ¢o(x) (which is defined by Egs.
(1.133)—(1.134)) is real-valued, i.e.,

(@) = ¢ (). (2.22)

This implies that

A~

(Ops)(z, S/) = Z[_iay]s’t’ ps(z, t,) = Z[_iay]s’t’ p(x)dsy = [_igy]s/s p(x) (2.23)

t/ t
= Z p(@) 05t [—ioy]ts = Z (@, s') [~ioylts , (2.24)
t t
and consequently,
Ops) = Z lo0) [~y Jus (2.25)

From this, we further obtain

é|‘PSR> = é AR|QDS> = TR@A|()OS Z R‘Sot IO'y ts = Z |‘PtR 10y ts s (2-26)
t

where we have used that the time reversal operator commutes with the lattice transla-
tions. The above equation gives the transformation behavior of the vectors |psg) under
time reversal. Next, consider the Bloch-like vectors defined by Egs. (1.101) and (1.113),
ie.,

) = 57 Z|905R R (2.27)

with the (spin-independent) normalization constant

—ik-R 1/2
N = (§Rj <%R|ws>) . (2.28)
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Using that Ny is real-valued, we can calculate as

@ |'¢sk Z e_lk R @ |903R> (2'29)

1 “ik-R :
= — e lotr) [—ioy]ts (2.30)
= Z |, k) [—ioy s » (2.31)

which gives the transformation law of the Bloch-like vectors under time reversal.

Now, the fundamental Hamiltonian (1.46) is invariant under time reversal provided that
the nuclear potential V' is real-valued. Hence, we may assume that

[6,H] =0, (2.32)

which is equivalent to
H=6"'"H6=06'H6. (2.33)

For the matrix elements of the Hamiltonian, it follows that

(psr|H|py) = (psr|OTHO | 0y) (2.34)

= Z [—ioylvs <¢SR|éTﬁ\90t’> (2.35)
"

= [Hoylus (0w | HO|psr) (2.36)
"

=Y [ioyls [<ioy]vs (pv | H | oir) (2.37)
7

=" lioylss lioy]vs (prr| H o) (2.38)
T

= > lio)l, (eir| Hlpw)* [y vsr - (2.39)
=7

For the Hamiltonian matrix, this further implies

1 . .
Hgy (k) = N2 Zeilk.R (psr|H|ps) (2.40)
kR

= Z ioy]s </\/’2 ZelkR <PtR|H|SOt/>> lioy]es (2.41)

t,t!

= "l Hiy(—k) [ioy)s - (2.42)

t,t/
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Here, we have used that Ny = N_g, which follows from Eq. (2.22). In matrix notation,
we can write the above condition as

H(k) = [io,)' H*(—k) o, . (2.43)
In the Pauli matrix representation, we further obtain
f(k)+g(k) o=f(-k)—g"(-k) o, (2.44)

where we have used that

lio,]To* [io,] = —0 . (2.45)

Hence, time-reversal symmetry yields the conditions

By Fourier transformation, we obtain the equivalent conditions

H(R) = [io,]' H*(R) 0, , (2.48)

as well as
f(R) = f*(R), (2.49)
9(R)=—-g"(R), (2.50)

for the corresponding functions in direct space.

2.1.3. Spatial inversion symmetry

For the sake of completeness, we also study in this subsection the consequences of the
spatial inversion symmetry, although we do not assume that the Hamiltonian (1.46) has
this symmetry. In fact, the crystal structure of BiTel (and hence the nuclear poten-
tial V' acting on the electrons) is not invariant under spatial inversion, and this is one
main reason—besides the large atomic spin-orbit coupling of the bismuth atoms—for the
Rashba spin splitting of the electronic energy states in this material (see Refs. [Ish+11],
[DDJO8, Sct. 16.4], and the discussion in Sct. 2.2).

The operator P representing a spatial inversion (see Ref. [Mes62, Ch. XV, §10]) has the
properties that

Plap=—z, (2.51)

(2.52)
(2.53)
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It is unitary and self-inverse, i.e.,

Pl=pP=P (2.54)
and it can be defined through its action on ¥ € H as
(PY)(@,5) = U(~,5). (2.55)
We assume that the orbital ¢ = g is invariant under spatial inversion, such that
p(x) = p(—x) (2.56)
This implies the following transformation behavior of the atomic orbitals:
Plosr) = PTrlps) = T-r Plos) = T_rl¢s) = |¢s—R) - (2.57)
For the Bloch-like functions, we then obtain
Plur) = Z R r) = 5 SRl =[Gk (259)
R
Here, we have used the condition Ny, = N_j, which also follows from Eq. (2.56).
Now, assume that the system is invariant under spatial inversion, i.e.,
[P,H] =0. (2.59)
This implies for the matrix elements of the fundamental Hamiltonian that
(psr|Hlpy) = {psr| PYH Ploy) = (ps—r|H|py) (2.60)
and hence for the Hamiltonian matrix that
How (k) = N2 Zeﬂ’“ R (ps-nlHpw) (261)
N2 Zelk B losr| Hlpy) = Hoy (—F). (2.62)
which can be written equivalently as
H(k) = H(—k) (2.63)
From the Pauli matrix representation, we thus obtain
f(k) = f(-k), (2.64)
g(k) = g(—k) (2.65)
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In direct space, the equivalent conditions read

H(R)=H(—-R), (2.66)
as well as

f(R) = f(-R), (2.67)

9(R)=g(—R), (2.68)

which can be shown by substituting k — —k in Eq. (1.149) for the Fourier transform.

2.1.4. Point-group symmetries

Finally, we consider the symmetries of the group Cs,, which is the point group of BiTel.
These are the rotation by 27/3 around the z-axis, C5, and the reflection through the
vertical xz-plane, o, (see Refs. [BAN11; Ish+11] and Sct. 3.1).

Three-fold rotation.—The operator Cs implementing a rotation by 27 /3 around the z-
axis has the following properties (see Ref. [Mes62, Ch. XIII, §11 and §19]):

Clals=Csa, (2.69)
CipCs=Csp, (2.70)
CAE],:O'CA'g =050, (2.71)

where on the right hand side, C3 denotes the (3 x 3) matrix

27

S

Ccos - —sin%7r 0 —% -5 0
Cy=|sinZ cosZ 0] = § -1 0 (2.72)
0 0 1 0 0 1
The operator Cj is unitary and can be defined through its action on ¥ € H as
(Csip)(m,s) =D [e157:]  p(C5la,s) . (2.73)
If we identify the spin indices as T = +1, | = —1, such that formally
[02]ss = 5659, (2.74)
we can write Eq. (2.73) shorthand as
(Csv)(x,5) = e ' 5°Y(Cy e, 5) . (2.75)

We assume that the atomic orbital ¢ = g (which is concentrated around the origin) is
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invariant under this transformation, i.e.,

p(x) = o(Cy ).
This then implies

iZs

Cslpsr) = C3Tr|0s) = Toyr Cslos) = Toyr [@s) e 3% = | s cur) € 713°

From this, we obtain the invariance of the normalization constant,

Nie=> e ™R {p.r|eps)
R

= Z eiik.R <(:05R | C«;F CA13 | 905>
R

= Z i (@s,car|®s)
R

o 1
> e G R (oRps)
R
= Z eii(cgk).R <905R ’ 905>
R

= (Nesk)?,
and subsequently the transformation law of the Bloch-like vectors,

Cs[Yak) = |Ws.05k) €755

(2.76)

(2.77)

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

A similar calculation using the invariance of the fundamental Hamiltonian, H = CA’;: H C’g ,

further yields the constraint on the Hamiltonian matrix,
Hgy (k) = ei§8H83,<C3 k) e 15 ,
which in matrix notation reads
H(k) = ¢'3% H(C3k)e 157
The Pauli matrix representation then yields
f(k)+g(k) o= f(Csk)+g(Csk) [Cs0],

where we have used that

iZo, z

e'3 o-efiSUz =Cs0o.
Equation (2.87) can be written equivalently as

f(k) +g(k)-o = f(C3k) +[C5'g](C3k) - o,

(2.85)

(2.86)

(2.87)

(2.88)

(2.89)
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from which we obtain directly
f(k) = f(Csk), (2.90)
g(k) = [Cyg](Csk) (2.91)
where the second condition can be written equivalently as
[C3g](k) = g(C3k). (2.92)

The corresponding conditions in direct space look precisely the same (thus, they are
obtained by simply substituting £ — R in Eqgs. (2.86) and (2.90)—(2.91)).

Mirror reflection—A reflection through the vertical xz-plane can be defined as the
product of a spatial inversion and a rotation around the y axis by an angle of 7 (see
Ref. [Mes62, Ch. XV, §10]). The corresponding operator M, has the properties

M} & M, = M, (2.93)
MipM,=M,p, (2.94)
Mo M,=-M,o, (2.95)

where on the right hand side, M, denotes the (3 x 3) matrix

1 0 0
M,=|0 -1 of. (2.96)
0 0 1

Note in particular the sign change in Eq. (2.95), which comes from the fact that a spatial
inversion leaves the spin invariant (see Eq. (2.53)). The reflection operator is unitary
and self-inverse, i.e.,

Y 9 or—1
M} = M, = M, (2.97)
and its explicit action on 1 € H reads as

(Myy)(z,5) = Y _[oy)ssr (M, 8'). (2.98)

Sl

The transformation properties of the basis functions and of the Hamiltonian matrix can
be derived analogously as in the case of the three-fold rotation symmetry, with the only
difference being the additional sign factor in Eq. (2.95). Thus, assuming that

p(x) = p(Myx), (2.99)
we obtain
Mylosr) = o) [oy)ts (2.100)
t
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as well as

Mylsk) = > 1% a,k) [oyles - (2.101)

The invariance of the fundamental Hamiltonian under mirror reflection, [My, H ] =0,
then translates into the condition on the Hamiltonian matrix

H(k) = o, H(Myk) o, . (2.102)

From the Pauli matrix representation, we further obtain
f(k) = f(Myk), (2.103)
(M, gl(k) = —g(Myk), (2.104)

where the additional sign in the last equation comes from Eq. (2.95). The corresponding
conditions in direct space are again completely analogous (i.e., they are obtained by
simply substituting k — R). The following Tables 2.1, 2.2 and 2.3 summarize the
transformation properties of the basis functions as well as of the Hamiltonian matrices
in dual and in direct space, for all the symmetries considered in this section.



Possible symmetry
of the Hamiltonian

Transformation of
atomic orbitals

Transformation of
Bloch-like vectors

SOLIJOWWAG 7,

Hermiticity H=H' — —

Time-reversal [6,H] =0 Olpsr) = v lper) [—ioy)es  Olsk) = Do e k) [—ioy]ss
(Spatial inversion) [P,H] =0 Plosr) = s —R) Plibsr) = [ts, k)

Three-fold rotation [C’g, ﬁ] =0 CA’3|cp87R> = |¢s,c5R) e 138 6’3|w57k) = \ws,qﬂc)e_igs
Mirror reflection (M, H] =0 Mylpsr) = Yo lpsm,m) ylss My lts k) = Xy s a1,k) [0y s7s

Table 2.1: Possible symmetries of the fundamental Hamiltonian (1.46) and their action on basis functions.
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Hamiltonian matrix Pauli matrix representation

Hermiticity H(k) = H (k) f(k) = f*(k) g(k) = g*(k)
Time-reversal H (k) = [io,]l H* (k) io, F(k) = f*(—k) g(k) = —g*(—k)
(Spatial inversion) H(k) = H(—k) f(k) = f(—k) g(k) = g(—k)
Three-fold rotation ~ H(k) = €57 H(Csk) e 157 f(k) = f(C3k) [C3g](k) = g(Csk)
Mirror reflection H(k) = 0, H(M,k) o, f(k) = f(M,k) (M, g](k) = —g(M, k)

Table 2.2: Symmetries of the Hamiltonian matrix in dual space (defined by Eq. (1.146)).
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Hamiltonian matrix

Pauli matrix representation

Hermiticity H(R) = H'(-R) f(R)=f*(—R) g(R)=g"(—R)
Time-reversal H(R) = [ioy|T H*(R) ioy, f(R) = f*(R) g(R) = —g*(R)
(Spatial inversion) H(R)=H(—R) f(R)=f(—-R) g(R)=g(—R)

Three-fold rotation

H(R) = ¢'37* H(C3R) e 1572

Mirror reflection

H(R) =0, H(MyR) o,

f(R) = f(MyR)

[Mygl(R) = —g(M,R)

Table 2.3: Symmetries of the Hamiltonian matrix in direct space (defined by Eq. (1.149)).

SOLIJOWWAG 7,

1534
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2.2. Derivation of Rashba spin splitting

In this section, we investigate in more detail the implications of the hermiticity, the
time-reversal symmetry and the symmetries of the point group (', for the Hamiltonian
matrix. Concretely, we will show that by requiring these symmetries, Hgy (k) necessarily
coincides near k = 0 with the Rashba Hamiltonian.

Consider again the Hamiltonian matrix (1.146) in the Pauli matrix representation, i.e.,
HEk)=f(k)1+g(k)- o. (2.105)

First, the hermiticity implies that f(k) and g(k) are real-valued functions. Furthermore,
by the time-reversal symmetry, f is an even function, while g is an odd function of the
Bloch momentum k, i.e.,

f(k) = f(-k), (2.106)
g(k) = —g(-k). (2.107)

f(k) = f(-k), (2.108)
g(k)=g(k), (2.109)

then these equations would together imply that
g(k)=0 forall k. (2.110)

Thus, the Hamiltonian matrix Hsy (k) = f(k)dss would be spin independent and there-
fore lead to a single spin-degenerate energy band. From this, we conclude that a spin
splitting is only possible if either time-reversal symmetry or inversion symmetry is not
preserved. In this thesis, we are concerned with a class of models which are invariant
under time-reversal, but which lack inversion symmetry.!

We now come back to the case of a hermitean and time-reversal invariant Hamiltonian:
by expanding the corresponding functions f(k) and g(k) up to quadratic order in k, we
obtain (with 7,j € {x,y, z})

f(k) = f(0) + ZFUM@ (2.111)
gi(k) =Y _ Gijk;. (2.112)
;

!The simplest model which does not preserve time-reversal symmetry is obtained for a constant func-
tion g(k) = —uB. The resulting Hamiltonian H (k) = —pu B - o can be used to describe the Zeeman
effect, i.e., the splitting of electronic energy levels under an applied magnetic field B.
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By the hermiticity, F}; and G;; are real matrices. The linear term of f as well as the
constant and the quadratic terms of g vanish by the time-reversal symmetry. Without
loss of generality, we can further set f(0) = 0, which just corresponds to a constant
energy shift. In matrix notation, Eqs. (2.111)—(2.112) are equivalent to

Fiz ny Fy, k.
fk) = k"Fk = (kp, by, k) | Fye Fyy Fyo | [ By | (2.113)

and respectively

gk) =Gk = |G Gy Gu||ky|. (2.114)
Ge Gzy G.. k.

Next, let us study the consequences of the point-group symmetries. The three-fold
rotation symmetry implies that

f(k) = f(Csk) = (C3k)"F(C3k) = k" (C5 FCy)k (2.115)

for all k € B, and hence
F=CiFCs. (2.116)

One can convince oneself that for the components this implies

Fpp = Yy (2117)
Fpy = —Fya, (2.118)
F:pz =L = Lyz = Lzy = 0. (2119)

Thus, the matrix F' is of the form

Fre Fuy O
F=|-F, F. 0|. (2.120)
0 0 F,,
Similarly, from the condition
g(k) = (C59)(Csk) = C5 G (C3k) = (C5 GCs)k, (2.121)
we obtain
G=CyaCs, (2.122)

and thus G is of the same form as F, i.e.,
Groe Gazy O

G=|-Guy Gux 0 |. (2.123)
0 0 G..
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The consequences of the mirror reflection symmetry can be deduced analogously: from
the condition f(k) = f(Myk), we obtain

F =M, FM,, (2.124)
which in turn implies that
Fuy=Fyp = Fyo = Fop = 0. (2.125)
On the other hand, the condition g(k) = —(M, g)(M, k) yields
G=-M]GM,, (2.126)
and hence, taking into account the additional minus sign,
Goo =Gy =G.. =G =G, = 0. (2.127)

By combining the three-fold rotation and the mirror reflection symmetries, we conclude
that the matrices F' and G must be of the following form:

Fo.. 0 0 0 Gy
F=|0 F. 0|, G=|-G, 0 0f. (2.128)
0 0 F. 0

Correspondingly, the Hamiltonian matrix is given up to quadratic order in k by
H(k)=kTFk+ (Gk)-o (2.129)

= Fop (K2 + k2) + Foo k2 + Goy (kyoy — kooy) . (2.130)

Thus, we have shown that this general form of the Hamiltonian matrix near k = 0 can
be deduced directly from the time-reversal symmetry and the symmetries of the point
group C3, of the BiTel crystal.

By further neglecting the k, dependence, i.e., by setting f,, = 0, the above Hamiltonian
matrix further reduces to

H(k) = Fpo (k3 + k) = Gay (ko oy — kyou) . (2.131)

This expression coincides precisely with the (two-dimensional) Rashba Hamiltonian,
which will be described in more detail in Sct. 3.2. The parameters F}, and G, are
related to the Rashba energy ERr and the Rashba wavevector kg (see Eq. (3.16)) by

Er 2ER

ch:%a G:(:y: K?

(2.132)
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or conversely by
_ Ga%y ko — — Gwy
Ay T 2R,

Er (2.133)
In Sct. 3.2, we will see that the Rashba Hamiltonian can be used to approximately
describe the dispersion of the lowest conduction bands of BiTel.

2.3. Minimal tight-binding model

In this section, we construct a tight-binding model which approximately coincides near
k = 0 with the Rashba Hamiltonian. In general, a tight-binding model is characterized
by the condition that the Hamiltonian matrix in direct space, H(R — R'), vanishes if
the distance vector (R — R') exceeds a few lattice sites. Here, we even assume that it
vanishes unless R and R’ are nearest-neighbor vectors. By further restricting ourselves
to a single plane of the hexagonal Bravais lattice (i.e., to the sites R = (Ry, Ry, R,)T
with R, = 0), each lattice site has only six nearest neighbors (see Fig. 1.1a), and the
corresponding distance vectors are given in terms of the primitive vectors a; and as by

R =as, (2.134)
Ry =aq +as, (2.135)
R =a, (2.136)
Ri=—a>, (2.137)
R; = —a; —ay, (2.138)
R = —a,. (2.139)

Thus, we consider a model Hamiltonian matrix in direct space, which is of the form

6

Hy(R) =) H,(Ri)R R, - (2.140)
=1

By Fourier transformation, we obtain from this the Hamiltonian matrix in dual space as
Hyo(k) = Hy(R;)e R (2.141)

In the following, we will choose the parameters Hyy (R;) in such a way that the resulting
Hamiltonian matrix is invariant under time-reversal symmetry and the symmetries of
the point group C5,. By the argument of the preceding section, this implies that the
Hamiltonian matrix in dual space coincides near k = 0 with the Rashba Hamiltonian.

We start again from the Pauli matrix representation of the Hamiltonian matrix as given
by Eq. (1.157). The above expansion (2.140) of the Hamiltonian matrix implies an
analogous expansion of the functions f(R) and g(R). Hence, it remains to specify the
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parameters f(R;) and g(R;) (i = 1,...,6) in accordance with the symmetry constraints
derived in the previous section (see Table 2.3). First, the hermiticity, the time-reversal
symmetry and the point-group symmetries imply that f(R) is real-valued and satisfies

f(-R) = f(R), (2.142)
f(CsR) = f(R), (2.143)
f(MyR) = f(R). (2.144)

Therefore, if f(R) is restricted to nearest-neighbor vectors within a plane of the hexag-
onal lattice, it is completely determined by a single real parameter

F(Ry) = —t € R. (2.145)
By Egs. (2.142)—(2.144), we then have
F(R)=—t VYie{l,...6}. (2.146)

Thus, f is given in direct space by
f(R)=> f(Ri)rr, = —t ZéRR , (2.147)
and in dual space by

6
f(k)=—t Z e kB — 94 { cos(k - R1) + cos(k - Ry) + cos(k - R3)} . (2.148)
i=1

In terms of the dimensionless quantity

k=ak, (2.149)

were ag denotes the lattice constant, we obtain the explicit expression

(k) = —2¢ { cos(ry) + cos(égfix + ;my> 4 cos<‘fﬁx _ ;ny> } (2.150)

=9 { cos(ty) + 2cos<\g§ nx> cos(;/-@y> } : (2.151)

Similarly, the symmetries imply that g(R) is purely imaginary, and

9(-R)=—g(R), (2.152)
g(C3R) = (C39)(R), (2.153)
g(MyR) = —(M,g)(R). (2.154)

In particular, using that M, R, = — R, we find that

(Myg)(Ry) = —g(MyR,) = —g(—R1) = g(Ry1), (2.155)
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which in turn implies that

gy(R1) =0. (2.156)

As g(R) is restricted to nearest-neighbor vectors, it is therefore completely determined
by only two real parameters o,y € R defined as

9o(B1) = —la,  g.(R) =1y. (2.157)

Explicitly, the three components of g are then given by

(gx(R)> — —ia{ <1> S p + <_1/2> D ( i ) 5o } (2.158)
9 (R) 0) “RE T\ vapp ) SRR T\ v ) Ryt
as well as by
9:(R) = 17 {05 r, + Om.cymy + 0 i } (2.159)
where we have abbreviated
Spr =ORR —OR-R - (2.160)

By Fourier transformation (see Eq. (2.141)), this is equivalent to

92(k) AW —1/2) —12
(gy(k)> = —Qa{ <0> s1n(k:-R1)+<\/§/2> sm(k-R5)+<_\/§/2> sm(k-Rg)} (2.161)

and respectively
9:(R) = 2y { sin(k - Ry) + sin(k - R5) + sin(k - Rg)} . (2.162)

With & defined by Eq. (2.149), we further obtain the explicit expressions

gu(k) = —2a { sin(r,) — % sin (-*fmx _ ;,@y) 1 sin(?&x _ ;@} (2.163)

= 20 { sin(ry) + COS<\g§/€w> Sin(;ﬁy) } : (2.164)

as well as

7 < A1 y) V3 <\/§ 1@)} (2.165)

gy(k) = 2« {2 sin —7I€m — 5/4,

=203 sin<‘ég /11,) cos<;ny> , (2.166)
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Figure 2.1: Energy bands of the minimal tight-binding model for o/t = 2.

and finally also

g:(k) = 2v { sin(fy) + sin (—?M - %ny) + sin(?nx - %ﬁ;y)} (2.167)

— 9y { sin(r,) — QCOS(g@) sin<%/@y> } . (2.168)

In summary, the minimal tight-binding model is defined in dual space by Eq. (2.105),
where f(k) and g(k) are given in terms of the real hopping parameters ¢, o and v by
Egs. (2.151) and (2.163)—(2.168), respectively.

The two energy bands of the model are given by (see Eq. (1.162))

Ex(k) = f(k) F |g(k)], (2.169)
and they are shown in Fig. 2.1 for the parameter values
aft=2, v/t =0. (2.170)

Furthermore, Fig. 2.2 shows the density of states of the tight-binding model, which is
defined as

D(E) = i/d% 6(E — E_ (k) + 6(E — E (k)] . (2.171)
1Bl /s
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Figure 2.2: Density of states of the minimal tight-binding model for a/t = 2. The vertical line
marks the position of the band crossing at the center of the Brillouin zone.

From this, we read off the bandwidth (i.e., the difference between the maximum and the
minimum energy) of the model as

(AE)max /t =~ 16.5. (2.172)
Finally, for small wavevectors satisfying
k| = aolk| <1, (2.173)

we can expand the functions f(k) and g(k) around k = 0. Approximating

2
sinz ~ x, cosx%l—? (2.174)
in Egs. (2.151) and (2.163)—(2.168), we obtain to second order in k the expansions
3t
fr) =—6t+ = (K2 +K3) (2.175)
gz(K) = —3aky, (2.176)
gy(K) = 3aky, (2.177)
g9:(k) =0 (2.178)
Thus, the Hamiltonian matrix in dual space reads to second order in K as
3t
H(k) = Eag (k2 + k) + 3avag (keoy — kyoo) (2.179)

where we have neglected the constant energy shift (—6¢) in Eq. (2.175). As expected,
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this expression coincides again precisely with the Rashba Hamiltonian (see Sct. 3.2).
The parameters t and « are related to Eg and kg (see Eq. (3.16)) by

2FER 2FER
t=—7, = , 2.180
3(&0]€R)2 @ 3@0]€R ( )
or conversely by
3a? «
Er=— kr=—. 2.181
R= o R= (2.181)

The Rashba-type dispersion of the bands near k = 0 can be clearly seen in Fig. 2.1.



3. Rashba semiconductor BiTel

3.1. Crystal and band structure

The crystal structure of BiTel can be characterized as follows [BANII; Ish+11] (see
[[UCr05; Wik16] for the general crystallographic classification):

Lattice system: hexagonal,
Lattice type: primitive,

Bravais lattice: hexagonal (hP),
Point group: Cj,,

Space group: P3ml (No. 156),
Crystal system: trigonal,
Crystal family: hexagonal.

The crystal structure of BiTel is shown schematically in Fig. 3.1. It has a three-fold
principal axis C5 (which defines the z-axis) and three vertical mirror planes o,. Cor-
respondingly, the point group of BiTel is C3, (Schoenflies notation). Each unit cell of
BiTel has a basis consisting of three atoms, bismuth (Bi), tellurium (Te) and iodine (I).
These different atom species form layers stacking along the z-axis. Due to the particular
arrangement of the Te and I atoms, the crystal structure lacks inversion symmetry.

The strong spin-orbit coupling of the Bi atoms together with the inversion-asymmetric
crystal structure of BiTel leads to a spin splitting of the bulk energy bands of this ma-
terial [BAN11; Ish+11; Lee+11]. The band structure of BiTel is shown in Fig. 3.2 in
the plane defined by k. = m/cy (where ¢y denotes the lattice constant in the z-direction;
see Fig. 1.2). This band structure is particularly simple, as only two bands are inter-
sected by the Fermi energy. (In the undoped samples considered in Ref. [Dem+12], the
Fermi energy lies slightly above the band crossing at the A point.) Near the A point
of the Brillouin zone, the two lowest conduction bands can be described by the two-
dimensional Rashba Hamiltonian, which will be explained in more detail in the next
section. Remarkably, the energy difference between these two bands reaches ~ 400 meV
at the minimum of the lower band. In addition, there is a rather mild dispersion of the
bands along the I'-A direction, which is due to a weak interaction between the consec-
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=

Figure 3.1: Crystal structure of BiTel.

utive Te-Bi-I layers along the z-axis [Lee+11]. The 12 valence and 6 conduction bands
below and above the Fermi energy were derived from the 18-band tight-binding model
of Ref. [Ish+11]. This model takes into account Bi-6p, Te-5p and I-5p orbitals and was
constructed using maximally localized Wannier functions [Kun+10; Mos+08; SMVO01].

3.2. Two-dimensional Rashba model

Near the A point of the Brillouin zone and within the k, = 7/cy plane (see Fig. 1.2),
the dispersion of the two lowest conduction bands of BiTel can be described by the
two-dimensional Rashba model [BR60; Ras60]. This is defined by the Hamiltonian

P’ a A P«

2m* +ﬁez-<p><0') = 2m* +E(ﬁfc0y_ﬁy0$)7 (3.1)

Hy =

where m* denotes the effective electron mass and « the Rashba parameter [Bor+13].
The above Hamiltonian acts on wave functions in L?(R?, C?), and it can be diagonalized
in terms of the momentum eigenvectors (see Sct. 1.1), which are defined by their wave
functions as .

ik-
Gy & b (3.2)

(x, s |k,s) =

Note that in this section, k € R? denotes a two-dimensional wavevector. For each k, the
Hamiltonian matrix (HR)ss (k) is defined by

Hg |k,s') = |k, s) (Hg)ss (K), (3.3)
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Figure 3.2: Dispersion of the bulk energy bands of BiTel along the special directions H-A—
L-H (see Fig. 1.2). The energy is measured relative to the conduction band crossing at the A
point. The 12 valence and 6 conduction bands (green color) have been derived from the 18-band
model of Ref. [Ish+11]. The red bands, which accurately reproduce the dispersion of the two
lowest conduction bands, have been obtained from the effective single-orbital model of Sct. 3.3
(including up to 10th-nearest-neighbor hopping).

or equivalently by
(k,s|Hr|k',s') = 6%(k — k') (HR)ss (K) . (3.4)

From Eq. (3.1), we obtain the explicit form of this Hamiltonian matrix as

h2 k|2
Hg (k) = Ually +a(kyoy — kyoy). (3.5)

2m*

Furthermore, this hermitean (2 x 2) matrix can be represented for each k in terms of
the Pauli matrices as in Eq. (1.157), where the coefficient functions are given by

h2| k|2
f(k) = S 9z(k) = —aky, gy(k)=ak,, g.(k)=0. (3.6)
In particular, the Hamiltonian matrix can be diagonalized for each k exactly as de-
scribed in Sct. 1.5.2. We thus obtain the eigenvectors of the Rashba Hamiltonian (3.1)
by a unitary transformation,

k,n) =Y |k, s) Usn(k), (3.7)

S
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where the matrix U(k) = Uy (k) is given by Eq. (1.163). For the concrete coefficient
functions specified in Eq. (3.6), this matrix simplifies to

1 1 1
Ulk)=— , 3.8
(k) V2 —iele(k) eip(k) (3:8)

where ¢(k) € [0,27) denotes the polar angle of the two-dimensional vector (k, ky)T,

otk _ ko tiky ke + iky

= = . 3.9
ek VIR =R (k] + k) &

In particular, by Eq. (3.6), ¢(k) it is related to ¢(g) (as defined in Eq. (1.164)) by

o(g) = p(k) + g : (3.10)

The real-space wave functions of the so-defined eigenvectors are given by

(x,s|k,n) = T U (k). (3.11)

(2m)*?
They diagonalize the Hamiltonian (3.1) in the sense that

or equivalently,
(k,n|H|K' n')y =6*k—K)E,(k), (3.13)

where the eigenvalues are given by

hQ |k’2
E- (k)= ——F k|. 14
w(k) = =21 5 alk (3.14)
Hence, n = — labels the lower, and n = + the upper branch of the Rashba dispersion.
By further introducing the Rashba wavevector kr and the Rashba energy Egr as
m*a h2 k2
kp = —— =_R 1
R h2 ’ R 2 ) (3 5)

the eigenenergies (3.14) can be written equivalently as

B = () 2 ()] o1

As explained in Ref. [Sch+16a], the characteristics of the Rashba model dispersion are:
(i) the band crossing at k = 0, (ii) the approximately linear dispersion for small wave
vectors, and (iii) the band minimum which is attained on the circle |k| = kr. The
Rashba energy Egr, which equals the energy difference between the band crossing and
the minimum of the lower band, is often used to quantify the Rashba spin splitting of
the energy bands in real materials [Ish+11].
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Figure 3.3: Band structure of BiTel in the 18-band model, and Rashba model dispersion ap-
proximating the lowest conduction bands near the A point. The dispersion is shown along the
special directions A-H and A-L (see Fig. 1.2).

As mentioned above, the Rashba model can be used to approximately describe the
dispersion of the lowest conduction bands of BiTel near the A point. For this purpose,
we choose the parameters from Ref. [BANI11]:

Br =113 meV, kg =0.05A", (3.17)
or correspondingly,
m* = 0.084 m., a=4.52eVA, (3.18)

where m, denotes the electron mass. The resulting dispersion of the Rashba model is
shown in Fig. 3.3 in comparison with the band structure of BiTel as calculated from the
18-band model. Note, however, that the Rashba model neglects the dispersion in the k,
direction, which is also present in BiTel (see Sct. 3.1).

3.3. Effective single-orbital model

The 18-band model of Ref. [Ish+11] is an effective tight-binding model, which is given
in the form of an (18 x 18) Hamiltonian matrix H;;j(R). Here, R € I" labels the Bravais
lattice vector, while i = (A, u,s) and j = (B,v,s’) are multi-indices labeling atom
species A, B € {Bi, Te,I}, orbitals u,v € {pg, py, p-} and spins s,s" € {1, |}. Note,
however, that these indices do not actually refer to atomic orbitals, but to the so-called
maximally localized Wannier functions [Kun+10; Mos+08; SMVO01]. However, as the
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atomic orbitals serve as an “initial guess” for constructing these maximally localized
Wannier functions [SMVO01], the latter are still labeled by “orbital” indices. The 18-
band model contains only up to 6th-nearest-neighbor hoppings, which means that the
matrix H;;(R) can be non-zero only for those vectors R of the hexagonal lattice which
can be reached from the origin by six times “hopping” from one site to one of its nearest
neighbors. By Fourier transforming the Hamiltonian matrix,

Hij(k) = 3 Hyy(R) e ™, (3.19)
R

and subsequently diagonalizing the resulting matrix in dual space,

S Hij(k) Wl (k) = E"(k) WP (k)| (3.20)
J

we obtain the energy bands E™(k) and the corresponding eigenvectors U™ (k) of the 18-
band model (see Fig. 3.2). These are labeled by a band index n € {1,...,18} in such a
way that for any k,

E™Mk) < E™(k),  ifn<m. (3.21)

As mentioned above, only two bands (with the indices n = 13 and n = 14) are inter-
sected by the Fermi energy. These are the lowest conduction bands, which are expected
to be dominant in determining the low-temperature properties of the material. There-
fore, a natural question is whether one can construct a simplified tight-binding model
which reproduces only these two conduction bands. In particular, this would be use-
ful for numerical simulations, where the CPU time often scales polynomially with the
number of bands. For answering this question, it would at first sight be tempting to
simply select the two bands E'3(k) and E'4(k), and to define the tight-binding model
in direct space by taking their inverse Fourier transforms. This procedure, however,
does not lead to a Hamiltonian matrix which decays sufficiently fast on the direct lat-
tice, because the energy bands are not analytic functions of the Bloch momentum (see
Ref. [Kat04, Sct. VL.7] for general relations between the analyticity of a function and
the decay of its Fourier transform). In particular, due to the band crossing at the A
point, the two lowest conduction bands are not even differentiable at this point. In the
following, we will therefore describe an alternative route to this problem, which allows
us to construct a two-band tight-binding model that in fact reproduces accurately the
two lowest conduction bands of BiTel.

For simplicity, we neglect again the k, dispersion of the energy bands (however, this
approximation is not essential for our general procedure). Thus, we assume that k is
restricted to the hexagonal face of the Brillouin zone which contains the A point (see
Fig. 1.2a), and R labels the sites of the two-dimensional lattice as shown in Fig. 1.1a.
Furthermore, we denote the two lowest conduction bands (with n = 13 and n = 14) by
E~(k) and ET(k), respectively. For the following discussion, it will be important to note
that the (18 x 18) Hamiltonian matrix H (k) as given by Eq. (3.19) is in fact analytic
in the wavevector k (although the energy bands E~ (k) and E*(k) are not analytic).
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Moreover, the spin expectation values in the corresponding eigenstates \Ili(k:) can be
calculated as

(85 (k) = & D03 (W, (B 0 W (B). (322

A s, s

However, in contrast to the single-orbital model of Sct. 1.5.2—where the spin expectation
values are given by Eq. (1.166)—the vectors (S)*(k) as calculated from the 18-band
model by means of Eq. (3.22) are not normalized. In fact, for general k, we even have

[(S)" (k)| # [(S)~ (k)| (3.23)
Nevertheless, the following relation holds in the 18-band model for any k:

($)F(k) _ (S)"(k)

(Sl S) () 324

hence the upper and the lower conduction bands have opposite spin orientations.

We can now construct an effective single-orbital model Hzy(k), which reproduces the
two lowest conduction bands of BiTel, in three steps as follows:

(i) First, we identify for each k the eigenvalues e* (k) and the spin expectation values
(s)* (k) of the single-orbital model with the corresponding (normalized) quantities
of the 18-band model. This means, we set

ef(k) = E*(k), (3.25)
+
@ﬁ@)=2@2§3y (3.26)

By Egs. (1.162) and (1.166), these conditions are equivalent to

f(k) £1g(k)| = E*(k), (3.27)

+ = (3.28)

where f(k) and g(k) are the coefficient functions in the Pauli matrix representa-
tion (see Eq. (1.157)). The above equalities determine these coefficient functions
uniquely: by Eq. (3.27), we have

Fk) = 3 (B () + B~(K), (3.29)
jg(k)] = 5 (B (k) — B~ (k) (330)
and from Eq. (3.28), we obtain
(S)"(k) _ 1 (S)" (k)

g(k) = |g(k)|m . §(E+(k) — E~(k)) S) (k)| (3.31)
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Figure 3.4: Lowest conduction bands E. (k) of BiTel along the special directions L-A-L (k,
direction) and H-A-H (k, direction), and corresponding functions f(k), g(k) of the effective
single-orbital model. Apart from the A point, the bands also cross at the L points and at
additional k points (which are called “accidental” band crossings [Sch+12]).

We remark that by the identity (3.24), we can define g equivalently as

1 (S)~(k)

g(k) = -5 (E* (k) — E™(k)) (3.32)

Thus, we have defined an the effective single-orbital model with the Hamiltonian
matrix in dual space

HY (k)= f(k)1+g(k) o, (3.33)

where the functions f(k) and g(k) are given by Egs. (3.29) and (3.31), respectively.
The crucial point is now that these functions are analytic in the whole Brillouin
zone, and hence the so-defined Hamiltonian matrix % (k) is analytic in k, too. In
fact, this can be seen from Fig. 3.4, which shows f(k) and g(k) along the special
directions L-A-L and H-A-H (see Fig. 1.2a). Despite the fact that the two lowest
conduction bands cross at various k points, these functions are analytic in the whole
Brillouin zone. We further remark that the effective single-orbital model inherits
all the symmetries of the 18-band model, hence it is invariant under time-reversal
and the C3, point group operations as described in Sct. 2.1.

(ii) Next, we define the effective Hamiltonian matrix direct space, H*T(R), by taking
the inverse Fourier transform of Eq. (3.33) (analogously to Eq. (1.149)). The matrix
HT(R) can then again be expanded in terms of the identity matrix and the Pauli
matrices as in Eq. (1.159), where the coefficient functions f(R) and g(R) are the
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Figure 3.5: Functions f(R) and g(R) along the y direction of the hexagonal Bravais lattice.
The distance vector is given in integer multiples of the primitive vector as (see Fig. 1.1a). The
value of f at R = 0 corresponds to a constant energy shift and can therefore be neglected.

(iii)

inverse Fourier transforms of Egs. (3.29) and (3.31), respectively. By the analyticity
of f(k) and g(k), these Fourier transforms decay rapidly with the distance vector
R. This is indeed clearly seen in Fig. 3.5, which shows f(R) and g(R) along the
y direction of the Bravais lattice (see Fig. 1.1a). Furthermore, by the hermiticity
and the time-reversal symmetry, f(R) is real-valued and even, while g(R) is purely
imaginary and odd under R — —R (see Table 2.3 in Sct. 2.1).

Finally, we construct a tight-binding model by neglecting the entries of H(R) for
large distance vectors R. Due to the rapid decay property of the Hamiltonian ma-
trix, this is indeed a reasonable approximation. For example, let H<!°(R) be the
Hamiltonian matrix which is (i) equal to H*®(R) if R is an nth-nearest-neighbor
vector with n < 10, and (ii) zero otherwise. The Fourier transformation and subse-
quent diagonalization of this reduced Hamiltonian matrix yields the energy bands
of the tight-binding model. As seen in Fig. 3.2, these energy bands agree almost
perfectly with the original energy bands of the 18-band model.

In summary, we have derived an effective tight-binding model H=!°(R) on the hexagonal
Bravais lattice, which takes into account hoppings between up to 10th-nearest-neighbor
vectors and which accurately reproduces the dispersion of the two lowest conduction
bands of BiTel.
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Before closing this chapter, let us take a closer look at Fig. 3.4, which reveals detailed
information about the spin polarization of the lowest conduction bands of BiTel. In the k,
direction, we have g, = g, = 0, hence all spins point in the o, direction (see Eq. (1.166)).
Furthermore, in the vicinity of the A point, g, depends linearly on the wavevector, i.e.,
gy(k) o< kz. On the other hand, in the k, direction near the A point, the spins point in
the o, direction, and g, (k) o< —k,. These properties are precisely in accordance with the
Rashba Hamiltonian (see Eq. (3.6)). At larger wavevectors, there appears an additional
out-of-plane spin component (o), which is characteristic of the Cs5, symmetry and which
is described by the effective Hamiltonian (3k7 — k) kyo. [Bah+12].

Finally, for a more comprehensive view of the band structure of BiTel, we have also
plotted the energy bands E*(k) of the 18-band model as well as the functions f(k)
and g(k) on the whole hexagonal face of the Brillouin zone defined by k, = /¢, see
Figs. 3.6-3.11. Clearly, the function g(k) vanishes wherever the two conduction bands
cross. As seen in Figs. 3.11, this does not only happen at the A point in the center of
the hexagonal face of the Brillouin zone, but also at the three inequivalent L points at
the zone boundaries (see Fig. 1.2). In fact, these are all high-symmetry points with the
property that k = —k, and hence the band crossing at these points is enforced by the
time-reversal symmetry. Apart from these points, however, there are additional “acci-
dental” band crossings in the midway between A and L (see Ref. [Sch+12, Supplemental
Material]). The time-reversal symmetry and the threefold rotation symmetry imply that
these accidental band crossings appear simultaneously at six symmetric positions in the
Brillouin zone. Near these points, the two conduction bands form tilted Dirac cones,
which are characterized by a Fermi surface which consists of two lines instead of a single
point (if the Fermi energy is exactly at the band crossings). In Ref. [Sch-+12], we have
predicted that these tilted Dirac cones may lead to novel phenomena such as a diverging
orbital paramagnetism. Finally, we remark that similar features (“type-1I Dirac cones”)
have been found more recently in the band structure of WTey monolayers [Mue+16].
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Figure 3.6: Dispersion of the two lowest conduction bands of BiTel in the hexagonal face of the

Brillouin zone which is defined by k, = 7/cq (see Fig. 1.2).
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Figure 3.7: Function f(k) of the effective single-orbital model
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Figure 3.11: Absolute value |g(k)|, which equals the energy difference between the spin-split
lowest conduction bands of BiTel.
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Statistical field theory






4. Green function perturbation theory

4.1. Basics of second quantization

We begin this chapter with a brief introduction of the most important notions of sta-
tistical field theory, i.e., field operators (this Sct. 4.1) and temperature Green functions
(next Sct. 4.2). Our presentation is partly based on Ref. [FW71, Ch. 7]. We start from
the second-quantized electronic Hamiltonian

H=Hy+V (4.1)

which acts on the fermionic Fock space (see e.g. Refs. [Sal99, Appendix B.1] or [SS16D,
Appendix B|). The Hamiltonian consists of a free part Hy and an interaction part V.
The free part describes (non-interacting) electrons in the external periodic potential Vet
of the nuclei and is given by the second-quantized form of Eq. (1.46) [note the change
in notation: H — Hp and V +— Vi |. Hence,

. . h2
ih2 n /
Am2c2 O * ((_v‘/ext)(m) X V) lp(m, S ) .
Furthermore, we assume an electron-electron interaction of the form

V= % /d3zc /dgcc’ Z wT(w, s) lﬁ(w', sHo(z, ') zﬁ(w', s") lﬁ(w, s). (4.3)

Here, the field operators in position/spin space are defined by

P(x,s) = al|z, s)), (4.4)

P, s) = al (e, ), (4.5)

where a(|¢)) and a'(|p)) are the fermionic annihilation and creation operators (which can
be defined for any one-particle state |¢)). In Eqgs. (4.4)-(4.5), these operators annihilate
and create, respectively, a position and spin eigenvector |, s), which is defined by its
wave function (see Sct. 1.1)

(y,5'|x,s) = 6*(x — y) b« - (4.6)
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In particular, the above field operators satisfy the canonical anticommutation relations

[(, 5), 1[1(:1:’ )], =0, (4.7)
[1/?[(3:, s), ¥ (a: ,s’)]Jr =0, (4.8)
[ bz, s), Pf(x! ,3’)]Jr = (x,s|x)s") = 3(x—2)ds ¢, (4.9)

where for any two operators A and B ,

[A, B]+ = AB+ BA (4.10)
denotes the anticommutator. In general, we assume that the interaction kernel in Eq.
(4.3) depends only on the distance of the two spatial arguments,

vz, ') =v(x — '), (4.11)

which implies in particular the symmetry v(z,z’) = v(x’,2). This assumption is in
particular fulfilled for the Coulomb interaction kernel,

e2 1

N
v(@ @) = dmeg | — ']

(4.12)

Next, we introduce the particle-number operator in second quantization,

N = /d3m > (@, s)d(, 5). (4.13)

Subtracting this from the Hamiltonian (4.1) yields
K=H—uN, (4.14)

where p denotes the chemical potential. The grand-canonical partition function at the
inverse temperature 8 = 1/(kgT) is now defined in terms of these operators as

7 = Tr (e A=) = Ty (e FK) . (4.15)

Furthermore, for any operator O and for 7 € R we define the operator
O(r) = eKT/n O e K7/h, (4.16)
which is analogous to the time evolution in the Heisenberg picture under the identification
T=it. (4.17)

Therefore, 7 is usually called “imaginary time”. In the following, we will often suppress
the spin index s and write, for example,

A~

D(x) =P(x,s). (4.18)

It is then obvious how to restore the spin dependencies: one simply has to replace x by
(z,s) and complement all integrations over x by summations over s.
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Finally, let us analyze the units of the various quantities introduced above (see also
Sct. 1.1). Any Fock-space vector |®) is dimensionless,

[1®)] =1, (4.19)

which is required by the normalization condition (®|®) = 1. On the other hand, an
N-particle wave function in position space has the dimension (see Eq. (1.22) for N = 1)

[®(z1,...,zy)] = m™3N/2, (4.20)

which is consistent with the normalization condition

/d3:1:1.../d3xN |®(xy,...,zN)> =1. (4.21)

Next, the annihilation and creation operators a(f)(|¢)) of any one-particle state |p) act
on the dimensionless Fock-space vectors and can therefore be regarded as dimensionless
operators themselves. On the other hand, the field operators in position space are defined
by Eqgs. (4.4)-(4.5). Using that the map |¢) — a(|p)) is antilinear and |¢) — af(|o)) is
linear, one shows directly the relations

i(l¢)) = / B o () (), (4.22)
it (lp)) = / Bz p(z) il (z). (4.23)

These imply that the field operators in position space have the dimension

~

[(@)] = [ (@)] =m™3/2, (4.24)

which is consistent with the anticommutation relation (4.9). Note that the time depen-
dence of the field operators as defined by Eq. (4.16) does not change their dimensions.

4.2. Temperature Green functions

In this thesis, we consider only temperature Green functions in imaginary time, also
called Schwinger functions (see Refs. [BF04; FW71]). These are analogous to the ordi-
nary (real-time) temperature Green functions under the identification (4.17).

Definition 4.1. For n > 1 and for 7y, ..., 72, € [0, 3], the 2n-point temperature Green
function G®" is defined as

G2”(w1,7'1;...;:n2n,72n) = (4.25)
1 s . . . .
7 (e KT [(@1, 1) - (@, T0) O (@20, T2n) - - DT (@1, Tr1)])

where Z is the grand-canonical partition function given by Eq. (4.15).
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In the above expression, the time-ordering operator 7 is defined with respect to the
imaginary-time arguments. Thus, for any m operators O1(x1,71), ..., Omn(®m, Tm), the
time-ordered product is given explicitly by

T[O1(@1,71) .. O (T, 7m)] = Y sgn(n)
TESm (426)

N ~

X O(Tr(1) = Tr(2)) - - - O(Tr(m—1) = Tr(m)) O(Zr(1)s Tr(1)) - - - O(Z () Tr(m)) -

Here, S, denotes the symmetric group of m elements, i.e., the group of all permutations
of the set {1,...,m}, and sgn(m) is the sign of the permutation w. Furthermore, ©
denotes the Heaviside step function, which is defined as

1, if 74 > 7,

O(m — 1) = { (4.27)

0, if m<m.

By construction, the Green function G?" is antisymmetric with respect to its first n and
with respect to its last n arguments. Furthermore, the temperature Green functions are
“antiperiodic” in the following sense:

Proposition 4.2. For eachi € {1,...,2n}, the boundary conditions of the temperature
Green function G*™ at 7; = 0 and at 7; = h3 are related by

G¥M (@1, 713 5@, T = 05, .. Bon, Ton) =
) (4.28)
— GM(x1, 115y = BB T, Ton) -
This equality holds for any values of the spatial variables x1, ..., x2, € R® and for any
values of the other time variables T1,...,Ti—1,Tit1,...,Ton € [0, h5].

Proof. Consider first the case where ¢ = n 4 1, hence we compare the boundary condi-
tions at 7,41 = 0 and at 7,11 = AS. Using the cyclicity of the trace and the definition
(4.16), we can calculate as

G (@1, 715 g1, Tyt = 05 .. Top, Ton)

_ ETr(e—ﬁf<fr[¢(:fcl,Tl) N @ny1,0)]) (4.29)
_ %Tr (e PET (@1, 71) . O (@y2 Tas2)] O (@ns1, 0)) (4.30)
_ %Tr (0} (@ns1,0) e KT [P(@1,71) .. B (s Tns2)]) (4.31)
_ %Tr (e PR (@1, BB) T[d(@1, 1) .. O (@s2s Tnsn)]) (4.32)
_ —%Tr (e PET[d(@1,71) - .. (@ny2s Tg2) O (@nin, 1)) (4.33)

= —GQ”(wl, T1y o3 Tl Tnel = AB5 ... Ty, Ton) , (4.34)
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which proves the antiperiodicity in 7,,;. Using the antisymmetry of G®" in its last n

arguments, this implies also the antiperiodicity in 7,42, ..., T2,. By a similar calculation
one shows that G?" fulfills antiperiodic boundary conditions with respect to the first n
arguments 7, ..., Ty. O]

We remark that the temperature Green functions were originally defined by Eq. (4.25)
only for 7; in the interval [0, #3]. Using the boundary condition (4.28), however, G*" can
be continued to an antiperiodic function which is defined for all 7; € R: for example, if

= TZO + m(hp) (4.35)

1

with 70 € [0, R3] and m € Z, we define

GQ"(ml, Tl oo 3 @iy Ty e o3 T2, Top) 1=
) . (4.36)
(=)™ G (@1, T15. .5 @iy Ty 5o T, T2n) -
The resulting function G?" is antiperiodic in the sense that for all 7; € R,
G* (@1, 715 ®i, Ti + BB .. Dop, Top) =
) (4.37)
— G(T1, T3 X, Tis e T2n, T2n) -

Note, however, that this antiperiodic function G*" is in general not given by Eq. (4.25)
anymore, which in fact holds only for 7; € [0, A3]. This is because the right-hand side of
Eq. (4.25) is not antiperiodic for general 7; € R, which becomes immediately clear from
the proof of Proposition 4.2, for which the condition 7; € [0, hf] is essential. We further
mention that the temperature Green functions are generally invariant under translations
with respect to the time variables, i.e.,

GQ”(:L'l, Tl .. Lo, Ton) = G2n($1,7'1 +a;...;xon, Ton + a) (4.38)

for any a € R. This can be shown directly from the definition (4.25) by using again the
cyclicity of the trace. The analogous property does in general not hold for the spatial
variables (see, however, the property (4.64) of the lattice Green functions).

Our next remark concerns the conventions we choose for the temperature Green func-
tions. First, while the partition function given by Eq. (4.15) is dimensionless, the 2n-
point Green function defined by Eq. (4.25) has the unit

[G*™(@1, 715 o, Ton) ] = m ™", (4.39)

which follows from the corresponding dimension (4.24) of the field operators. Further-
more, we define the Fourier transforms of the temperature Green functions as

G k1, w15 - -3 Kan, Wan) = (4.40)

S — daon L ["a Y G P

% e—ikl'wl-i-iwlﬁ e—ikn'wn-i-iwnTn eikn+l‘wn+1_iwn+17—n+l eian'an_iw2nT2n
- - ,
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or conversely,

2n . . —
G (@1, 715 . - Tan, Ton) = (4.41)
SR d’k G*(ky,wi;. ..  k
(271')3"/2 Le-- 2n ( 1, W15 .5 2nuw2n)
w1 W2n
X eik1'.’.li1*i0J1T1 o eikn-znfiwnTn e*ikn+1'wn+l+iwn+l7'n+1 o e*ianq:Qn‘i’innTZn

Y

Here, we sum over fermionic Matsubara frequencies,

20 +1
wl,...,wgneM:{w;EeN}, (4.42)

which is due to the antiperiodicity of the temperature Green functions with respect to
their time variables. Note that our convention for the Fourier transform with respect
to the time variables differs from the usual convention, where the factor 1/(h5) is put
in front of the sum over the Matsubara frequencies. The advantage of our convention
is that the temperature Green functions in the momentum/frequency domain have the
same dimensions as their respective counterparts in the position/time domain, hence

[G2”(k1,w1; o koy, wgn)] —m". (4.43)

Finally, if we re-introduce the spin indices by substituting x; — (x;, s;), we will usually
denote the spin indices as subscripts, i.e.,

Gg?._.s% ({Bl, T13+-sTL2n, Tgn) = GQn(aﬁl, S81,T15+++3%2n,T2n, Sgn) . (4.44)

Before closing this section, let us point out the particular relevance of the two-point

Green function, which is defined as

GQ(wl,Tl;CU2,7'2> = %Tr (eiﬂkT[dJ(JJl,Tl)”(;T(:BQ,TQ)]) . (4.45)

This simplest Green function already allows us to calculate the thermal expectation value
of any “one-particle” operator which is quadratic in the field operators. For example,
the thermal expectation value of the charge density operator,

plax) = (—e) i (@) (), (4.46)

is given by the following equal-time limit of the two-point Green function:

p(a)) = = Tr (e PHj(x)) = e lim G*(x,0;x,7). 4.47
(pla)) = 5 Tr(e P pla)) = ¢ lim G*(@,0:.7) (147
Similarly, one can calculate the thermal expectation value of any “n-particle” operator
(which is of the order 2n in the field operators) from a suitable equal-time limit of the
2n-point temperature Green function.
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4.3. Green functions on the lattice

In many applications, one does not deal directly with the fundamental Green functions
which depend on the position & € R? or on the momentum k € R? (and from which one
can deduce typical observables such as the charge density as explained in the preceding
section). Instead, one considers another type of Green functions which depend on the
Bravais lattice vector R € I' or on the Bloch momentum k € B. (Note that we use
the same symbol k for Bloch momenta and ordinary momenta, although they should be
strictly distinguished.) In this section, we will give a precise meaning to these “lattice
Green functions” and clarify their relations to the fundamental Green functions.

Definition 4.3. The lattice Green functions in the Wannier basis are defined for n > 1
as follows:

GZL,,,ZQn(Rl, 153 Rop, Ton) = (4.48)

1 — 4 A A~
T (KT [0 r)) 1) - a1 B0 ,), 70)

X &T( |(I)€2nR2n>a T2n) s &T( |¢én+1Rn+l>7 Tn+1)]) )

where |®/r) denotes a Wannier vector which is labeled by the band index ¢ and the
Bravais lattice vector R (see Sct. 1.3). Correspondingly, the operators a(|®¢g)) and
a'(|®yr)) annihilate and create this very Wannier vector, and their time evolution is
determined by Eq. (4.16).

We first note that in contrast to the fundamental Green functions (cf. Eq. (4.39)), the
lattice Green functions are dimensionless,

[GZL'”@Q”(Rl,Tl;...;RQn,Tgn)] =1. (4.49)

Furthermore, with ®/r(x, s) = (x, s|Pr), the basis transformations between the Wan-
nier vectors and the position/spin eigenvectors read

|Pir) = /d3az Z |z, s) Prr(x,s), (4.50)

@, 5) =Y |®r) Dip(®,s). (4.51)
R

Therefore, we can express the above annihilation and creation operators of Wannier
vectors in terms of the fundamental field operators (4.4)—(4.5) as

(10m) = [ A 3 Bl s) bl 5), (4.52)

6t (|Bgm)) = / & S B, s) (@, 5), (4.53)
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or conversely as

h(x,s) =Y Pr(z,s)a(|Pr)), (4.54)
R

i, s) =Y Pip(@,s)dl(|Pr)). (4.55)
R

Here, we have used again the antilinearity and linearity, respectively, of the maps |p) —
a(|e)) and |¢) + a'(|¢)). As a consequence, the lattice Green functions in the Wannier
basis are related to the fundamental Green functions (see Definition 4.1) by

G%In,_[?n (R17 T15 .. .5 Rop, T2n) = (456)
/d3m1 e /d?’flan Z Gifus% (1,715 ... Top, Ton)
81y-++y52n

X Oy g, (@1,51) - Py R, (®n: Sn) Po iy Rysr (Trt1s Snt1) - - - Proy, Ry, (T, S20)
or conversely, by

Gg?,_&n (1,715 - 3 T2, Top) = (4.57)

Z t Z G%?Zgn (R17 T1;. .. Rop, 7_2n)

01, Ry lon, Ran
X @glRl (331, 81) . (Pgan(ﬂjn, Sn) (I)Zn+an+1 (:13n+17 Sn+1) ce ‘I)Z%R% (:L‘Qn, Sgn) .
Thus, in order to reconstruct the fundamental Green functions from the lattice Green
functions, one needs to know the Wannier functions to which the latter refer.
Definition 4.4. The lattice Green functions in the Bloch basis (or band basis) are defined
for n >1 as
G%ﬁ..égn (kh T1; .- -5 kon, TQn) = (458)
1 CBK T .
ETT (e ﬂKT [CL( |‘Ilf1ki1>v Tl) s CL( |‘ljfnk:n>u Tn)
( lonkan)> T2n) - - - Q Lnt1kni1/s Tntl )
x af (| )y T2n) . al (W ) )])

where |Wyg) denotes a Bloch vector which is labeled by the band index ¢ and the Bloch
momentum k (the latter ranges over the first Brillouin zone 5).

Precisely as their counterparts in the Wannier basis, the lattice Green functions in the
Bloch basis are also dimensionless,

[G%?...Egn(klv T1;. .5 kop, TQn)] =1. (459)
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Using the transformations between Bloch and Wannier vectors, Eqgs. (1.75)-(1.76), we
obtain the following relations between the lattice Green functions in different bases:

2 . . _ 2 . .
Gf?mfzn (kl, T1ye ey an, Tgn) = Z NN Z Gﬁﬁ--fzn (Rl, Tlye vy Rgn, Tgn) (460)
Ry Rop
% e—ik1~R1 o e—ikn'Rn eikn+1'Rn+1 o eian'RQn ’

and conversely,

G?IL,,,ZQ,L (R17 T15 .. .5 Rop, T2n) = (461)

1
|B’2n/dgkl"‘/dngnGZn...Zgn(kluTl;'”;ana7-2n)
B B

x elfrBr - gikn R o=ikni1-Ragr - gmikon Ron

Furthermore, the lattice Green functions in the Bloch basis are related to the fundamen-
tal Green functions in the position/spin domain by

2
Géln,_.[zn (kla Tt .. .5 Kop, T2n) = (462)
3 3 2 . .
/d $1/d Lop Z GS?_“S2H($1,’7'1,...,3’,'2”,7'2”)
817"'78271

X ‘I’Zkl (wl? 31) s ‘I’an (wnv Sn) \Ijgn-‘rlkn-‘—l (mn—i-l, Sn—i-l) s \ijznkzn ($2n, 52n) >

and conversely, by

G?:L...SQ»” (.’131, Tl -T2, TZn) - (463)
1
Z ’B‘Qn / d3k1 " / d3k2n G%ﬁ..z%(klaﬁ; s k2n,72n)
£1,eslon B B

X \I/glkl (xl, 81) N ‘I/gnkn (xn, Sn) \Ile+lkn+1 (wn+1, Sn+1) . \I/anan (wgn, Sgn) .

Note that this is not simply a Fourier transformation, but a complicated transformation
involving the Bloch functions. Hence, we stress again that the lattice Green functions
alone are not sufficient for constructing the fundamental Green functions: in addition,
one needs to know the Bloch (or Wannier) functions to which these lattice Green func-
tions refer.

In Sct. 4.2, we mentioned that the temperature Green functions are generally invari-
ant under temporal translations (see Egs. (4.38)). On the other hand, as a crystalline
system is not spatially homogeneous, the corresponding Green functions are generally
not invariant under arbitrary spatial translations. They are, however, invariant under
the subset of translations which leave the Bravais lattice invariant. The corresponding
property of the lattice Green functions is expressed by the following proposition.
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Proposition 4.5. The lattice Green functions are invariant under lattice translations
in the following sense:

G%n (Ry,71;...; Rop,mon) = G%ﬁ._bn(Rl +R 7. Ry + R 7o) . (4.64)

1---€2n

for any vector R € T of the direct lattice.

Proof. This follows directly from the definition (4.48) of the lattice Green functions, if
we use the transformation property (1.80) of Wannier vectors under lattice translations,
the corresponding transformation property of the annihilation and creation operators,

V(|2 ry i) = a0 (TR | r)) = T aD (|20 R)) T (4.65)
as well as the invariance of the Hamiltonian under lattice translations, Eq. (1.52). O

The invariance under lattice translations and under temporal translations implies that
the 2n-point lattice Green function essentially depends on only (2n — 1) lattice vectors
and time variables. This means, we can write

2
ng (RlaTl; S R2na7—2n)

1...l2n
= G?ﬁ..e% (R1 — Rop, 71 — Ton; - .- ; Ron—1 — Rop, Ton—1 — 205 0, 0) (4.66)
= é%?g% (R1 — Rop, 71 — T2ns -+ 5 Ron1 — Rop, Ton—1 — Ton) , (4.67)

where in the last step we have defined a new function of only (2n — 1) variables (R;, 7;).
By performing the transition to the corresponding Green functions in the Bloch basis
(see Eq. (4.60)) and by Fourier’s transformation with respect to the time variables (see
Eq. (4.40)), we further obtain

G 4, (k1 w15 kan, wap) = é?ﬁ,,g%(kl,wl; ooy kon—1,wan—1)
(4.68)
X Z |B| 53(K +hi+ .otk kapr o R2n) St bwn, wn betwon
K
where the Fourier transform of the reduced function G2" is defined as
é%..zzn(k’l,wu o kopo1,wan—1) = (4.69)

1 hB hB ~o
Z Z (hB)2n—1 /0 dTl"'/O dron—1 Gy, gy, (R1, 7155 Ron—1, Ton—1)
Ry Ro, 1

% e—ik1~R1+iw1T1 e—ikn~Rn+iwnTn eikn+1~Rn+1—iwn+1Tn+1 eianfl‘R2n71_iw2n717—2n71
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In particular, the condition (4.68) implies that for Bloch momenta, the “momentum
conservation” holds only up to a reciprocal lattice vector K. The latter is fixed by
the condition that all Bloch momenta ki, ..., ko, lie in the first Brillouin zone. In the
following, we will not distinguish explicitly between G?" and G?", and instead denote
both functions for simplicity with the same symbol G2".

Finally, we come back to the single-orbital model of Sct. 1.5, for which yet another class
of Green functions can be defined: In this case, there is a unitary matrix Uge(k) which
mediates between the band basis (Bloch vectors) and the spin basis (Bloch-like vectors),
see Eq. (1.148). Therefore, one can define the Green functions in the Bloch momentum/
spin basis (as used e.g. in Ref. [Sch+16a]) as follows:

ng (k17 T15--- ;k2n7 TQTL) = (470)

81...82n
1 _ Ak . N
ETr (e BKT[CL(|¢081,’€1>7 Tl) R a(|w05n’kn>’ Tn)
X dT(|¢052n7k2n>’ TQn) s &T(|w05n+17kn+1>a Tn+1)D .

These are related to the lattice Green functions in the Bloch basis (or band basis) by
the well-known equations

G??...SQH (kl7 T15- .- ;k2n’ T2n) = Z Ggln&n (kl, T1y .- k2n7 TQn)
. (4.71)

X Uslél (kl) e Usngn (kn) U:n+1,€n+1 (k:n“l‘l) et U:Qn,gzn (an) ?

and conversely,

G%ﬁ“hn (k1,715 ... kon, Ton) = Z sz.&n (k1,715 .. ko, Ton)
i (4.72)

X U:1€1 (kl) tte :nfn (kn) U5n+17€n+l (k:n"l‘l) tee USQna£2n (an) °

We remark that one can also define the lattice analoga of the so-called connected and
one-line-irreducible Green functions, which will be introduced later in Scts. 5.3 and 5.5.
Moreover, the Green function perturbation theory as derived in the next section holds
analogously also for the lattice Green functions.

4.4. Perturbative expansion

The Green function perturbation theory allows one to express all Green functions G*"
of the interacting many-body system in terms of the free (or non-interacting) two-point
Green function G% as well as the interaction kernel v. Here, the non-interacting tem-
perature Green functions GZ" are defined analogously to Eq. (4.25), but with the full
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Hamiltonian (4.1) replaced by the free Hamiltonian (4.2). In concrete terms, we define
(analogously to Eq. (4.14))

Ko = ﬁo - MN . (473)

Furthermore, for any operator O and for 7 € R, we define the “time evolution in the
interaction picture” as (cf. Eq. (4.16))

O1(r) = eRKo/h () g=Kot/h (4.74)
With this, the partition function of the non-interacting system is defined as
Zy = Tr (e #R0) (4.75)
and for n > 1, the non-interacting temperature Green function G(Q)” is defined as

G%n(icl, T1y+++3sLIn, TQn)
(4.76)

A~ ~

1 _BR . .
= ?O Tr (e AKo T [lpl(l’l, Tl) s ¢I(wn) Tn)d];r(mZm 7’2n) e ¢1T(wn+17 Tn-i-l)]) .
In particular, the free two-point Green function is also called covariance and denoted by
C(aﬁl,:lig;Tl—TQ)EG%(:Bl,:BQ;Tl—TQ). (477)

The perturbative expansion of the full Green functions G?" in terms of the covariance C
and the interaction kernel v is based on three fundamental theorems: the Gell-Mann—Low
theorem, the Wick theorem, and the cancellation theorem (or their respective analoga
for temperature Green functions). For the convenience of the reader, we will explicitly
state and prove these three theorems in the following.

4.4.1. Gell-Mann—Low theorem

Theorem 4.6 (Gell-Mann—Low theorem for temperature Green functions).
The partition function of the interacting electron system has the following representation
as a formal power series:

% p\—k hB hg o A
Z:Zo( i [ane [Can et R o en]). @)

Furthermore, the interacting temperature Green functions are represented by the Gell-
Mann—Low formula as follows:

G2n($1,’7'1;...;3’:2n,7'2n):
L~ (=h)F 7 " —BKo [ ’
Zkz—o 5 /0 d)\l.../o A\ Tr (e PO T [Vi(A1) ... Vi) (4.79)

X P1(@1,71) - V1 (@, ) O] (@200, T2m) - - - ¢1T($n+1,7'n+1)]) -
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On the right-hand side of these equations, the interaction operator VI()\) 18 given in the
interaction picture by

‘A/I()\) _ eKOT/ﬁVe*KOT/h (480)
= % / &’z / A2’ P (2, ) o] (', N v, ) dr(a’, N) i (=, A) (4.81)

and the thermal expectation values are taken with respect to the free Hamiltonian.

Proof. In contrast to the case of real-time Green functions (see Ref. [SS17a]), the
proof of the Gell-Mann—Low theorem for temperature Green functions in imaginary time
(i.e., Schwinger functions) is rather elementary. Here, we generalize the proof as given
for the two-point Green function in Ref. [FW71, Ch. 7]. We begin by noting that the
operators O(7) in the Heisenberg picture and Or(7) in the interaction picture (see Egs.
(4.16) and (4.74)) are related by

O(r,z) = K7/h o=Kor/h O1(r, ) Kor/hg—K/h (4.82)
Equivalently, we can write this as
O(r,z) = U(0,7) O1(r,2) U(r,0), (4.83)
where the (imaginary-time) evolution operator is defined for 7,7 € R by

U(T, ') = Ko/ g=K(r=7")/h o~ Kor' /1 (4.84)
This operator is not unitary, but it satisfies the group property

Ulr, ™ U, 7") = U(r,7"). (4.85)

Furthermore, the evolution operator fulfills the equation of motion

(—h) %U(T, 70) = Vi(r) U (7, 79) - (4.86)

For 7 > 7, it follows that U (1,70) is the unique solution of the initial value problem
defined by Eq. (4.86) and the initial condition

U(ro,70) = 1. (4.87)

The formal solution of this initial value problem is given by

R s T A1 Ak—1 . .
U(ﬁ,fo):1+2(—h)—k/ d)\l/ d)\g.../ dh\e Vi) . Vi) (4.88)
k=1 70 70 70
A

s p [ 1 Ak—1 R .
= Z(—h)_ / d\ dha ... / dAg VI()\l) e VI()\k) . (4.89)
_ 70 70

k=0 70
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Using the time-ordering operator as defined by Eq. (4.26), the above expression can be
rewritten in an equivalent but more symmetric form as

) _ el

7'1’ 7'0

. ../n AT Vi) - Vi) - (4.90)

70

k=0

With these results, we go on to prove the assertion as follows: First, the partition function
is given by

Z =Tr (e %) = Tr (e P T (hB, 0)) . (4.91)

Putting the expansion (4.90) into this formula yields directly the desired Eq. (4.78).
Next, consider the 2n-point Green function. Let us assume, for the moment, that

TI> . > Ty > Tpgl > - > Top - (4.92)

Then, we obtain
1 PR .
G2 (@1, 715 . . . @om, Tap) = (—1)" "7 1/2 5 (e PR (@1, 1) ... T (T2n, T2n)) , (4.93)

where the sign factor comes from bringing the fermionic field operators into the correct
time order. Using Eq. (4.83), we can further transform this expression into

G*™(x1, 1. . . Tan, Ton) (4.94)

= (1" 2 (PR 0(8,0) [0(0,7) dn(an, ) U, 0)]
[ (O 7—271)1[} (w2n77_2n)(7(7—2n; )]) (495)
— (—1ynn-1)/2 %T&“ (P50 (B, m1) d(@r, ) U1, 7o) - .

X 0(7-271—17 TQn) 12)1 (any TZn) U(TQna 0)) . (496)

The expansion (4.90) of U (71, 7T2) contains only field operators 1&()\) with 71 > \ > 7.
Therefore, if we expand all operators U(7j, 7j+1) in Eq. (4.96), then all fields operators
will already be in the correct time order, and hence we obtain

G*M (@1, 7155 o, Ton) = (4.97)
1 . A . N
(—1)n(n=D/2 ETI" (e PR T[URB, 1) dr(z1, 1) U(T1,72) - ..

X U(T2n—17 TQn) 1&; ($2na TQn) [7(72na 0)]) . (498)

Under the time ordering operator, we may change the order of the field operators and
move all evolution operators U(7j, 7j+1) to the left, which further yields

GP™M(@1,715 . . .5 ®on, Ton) = (4.99)

(—1)n=1)/2 %Tr (e—ﬁffo TORB,0)01(x1,71) ... P (zon, T2n)]) -
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Finally, by re-arranging again the field operators, we arrive at

G¥™ (@1, 713 . .. Ton, Ton) = (4.100)

%Tr (e—ﬂffo TORB,0)01(x1,71) .. Dr(@n, 70) B} (T2, o) - D} (i1, Tng1)])

which is equivalent to the Gell-Mann—Low formula. For any other order of the time argu-
ments 71, ..., T2, than the one assumed in Eq. (4.92), the calculation can be performed
analogously and in fact leads to the same result (4.100). This concludes our proof of the
Gell-Mann—-Low theorem for temperature Green functions. O

We now introduce some notations by which the Gell-Mann—Low formula can be written
in a more compact and symmetric form (for the sake of clarity, we also re-introduce the
spin indices): From Eq. (4.81), we obtain

/Omd)\VI( /d3 /d3 /Zz/wcu/hﬁdx (4.101)

x bl (@, 8, \) Of (&', 8, XY v, &) 5\ = X) hr(2, 8, V) P, 5, ) .

We combine the spatial variable x, the spin index s and the imaginary-time variable 7
into one multi-variable

x=(x,s8,7). (4.102)

Correspondingly, we introduce the shorthand notations

/dx = /di”w 28: hlﬁ /Ohﬂdr, (4.103)

§(z,2') = 0*(x — x') 859 KB O(T — 7)), (4.104)

as well as

and furthermore,

v(z,2') = v(x, ') hBS(T — 7). (4.105)

Then, Eq. (4.101) can be written compactly as

hB N ~
[ v = fas [aa bl @bl ot el o). (4.106)

Next, we define the four-point interaction kernel as introduced in Ref. [SK12], i.e.,
V(zt, 22 23, 2 = v(2?, 2%) 6(at, 23) 6(a?, 2t). (4.107)
This allows us to write Eq. (4.106) more symmetrically as

/Ohﬁd)\vl ﬁﬁ/dx /daj /dx /d:r; V(' 22, 2%, 2ty )l ()l (02) Pr () P (a®) .
(4.108)
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With these notations, the Gell-Mann-Low formula (4.79) can be written as

G2n(x17 R 733277,) = (4109)
1 (_ﬁ)k - 1 2 3 4 1.2 3 4
7 Z k1 9k H dy; [dy; [dy; [ dy; V(y;. 9597, 9)

k=0 i=1

x Tr(e 250 T[] () of (u3) dn(ud) i (v?) - . b () b (u2) i () dr ()
x Pr(@1) . u(wn) O (2n) - ] (011)]) -

Finally, the trace in the last line can be rewritten in terms of the free (2n+ 4k)-point
Green functions as

G?" (21, ..., T9,) = (4.110)
1o~ (=8)F : 1 2 3 4 1,2 ,3 4
Ez %l ok H dy; [dy; [dy] [ dy; V(i i 95 vi)

k=0 i=1
Xng+4k($la”wxn’y:ls?yélla”'ayl?;vy]%;anrla--~ax2n7y%ay%7"'yli7yz)'

Similarly, the partition function can be expressed as

0o k
-8
2= S0 (10 faut [anz [ase [aut vistaoat.ud ..
=1 .

=0
k
< Ge" (Yl vty U Yk YL Y Yk VR -

)k
k

These formulae relate the interacting Green functions G?" to the four-point interaction
kernel V' and the non-interacting Green functions ng+4k . In the next step, the Wick
theorem will allow to derive from this a formal expression of all interacting Green func-
tions in terms of the interaction kernel V and the free two-point Green function G3.
As the Wick theorem is a direct consequence of the equations of motion for the non-
interacting temperature Green functions, we will first derive these equations of motion
in the following subsection.

4.4.2. Equations of motion

We begin by introducing yet another notation, which will be useful to simplify compli-
cated expressions involving higher 2n-point Green functions: we abbreviate

G2 (1,...,2n) = G¥ (21, ... 29,), (4.112)

as well as
0(1,2) = 6(x1,x2), (4.113)



4.4 Perturbative expansion 85

and furthermore,
/dl fa) = /d:rl fx1), (4.114)

for any function f depending on the multi-variable 1 = (1, s1,71). In order to keep
the notation simple, we will in the following neglect the spin-orbit coupling in the free
Hamiltonian (4.2) and correspondingly suppress all the spin indices. All results of this
Chapter 4 and the following Chapters 5—7 will, however, hold analogously in the pres-
ence of the spin-orbit coupling.

Theorem 4.7 (Equations of motion for non-interacting temperature Green
functions). The free two-point Green function C = G3 satisfies the equation of motion

1 9 h2 o 3 / /
7 <h87 - %AmjLVeXt(a:) —,u> Cle,m;2,7)=06(x —x')o(r— 1), (4.115)

or equivalently,

o
5 (haﬁ o By + Veu(®) - M) C(1,2) = 5(1,2). (4.116)

Forn > 2, the equation of motion for the free 2n-point Green function reads

0 h?
B (h(?ﬁ - %Awl + Vexe () — ,u) G3*(1,...,2n) = (4.117)
2n -
DL OG220
l=n-+1

where the notation { means that the index ¢ is omitted.

Remarks. i) Equation (4.115) shows that C' is indeed a Green function in the math-
ematical sense, i.e., the inverse of a differential operator. By defining the integral
kernel ) of this differential operator such that

3./ 1 hlB / !/ / / /
/dwhﬁ/o dr' Q(z, 2", 7") f(x', 1) == (4.118)
h—a —h2 Ay + Ve
6( ar  om xt ext(w)_,u> flz,7),

we can write Eq. (4.116) equivalently as

/d3 Q(1,3)C(3,2) = §(1,2), (4.119)

hence C' is the inverse integral kernel of ).
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i1) Similar equations can be derived for the derivatives of the Green functions with
respect to the other arguments. In particular, the covariance also satisfies

1 2
7 (—haaT/ — ;—mAw/ + Vext(x) — ,u> Clx,m; 2 7") = 83(x —x')o(r — 1),
(4.120)
which can be shown analogously as Eq. (4.115).
Proof. First, we consider the covariance as defined by
Clz,m;2',7') = (4.121)

O(r — ) (@, 7)1 (@', 7)), = O = ) (P12, ) v, 7)),

Here and in the following, we denote the thermal expectation value with respect to the
non-interacting Hamiltonian by

(O)o = Tr (e P 0). (4.122)

Moreover, we suppress the index I of the field operators, which indicates their time
evolution in the interaction picture. Hence, it is always understood that

D@, 7) = D (@, 7) = KoM D) () Ko/l (4.123)

with the non-interacting Hamiltonian
. . . 3 2 K2 .
Ro= o= = [0y ) (~ o8y + Vouly) =) dlw). (4128

By differentiating Eq. (4.121) with respect to the imaginary-time argument 7 and using
the distributional identity

0.0(r—7)=6(r—7), (4.125)
we obtain the following four terms:
8, C(m, 12, 7) = (4.126)
5 — ) ((m, 7) Dl (7)), + 6(r — 7) (D (@', 7)o, 7)),
+0(r —7) (0@, 7) T (@, 7)), — O — 1) ($1(@, ) O, d(w, 7)),
The first two terms can be combined into
8(r —7') (P, )N, 7) + (@ ) (e, 7))y = 8(r — )P (& — ),  (4.127)

where we have used the canonical anticommutation relations (4.7)—(4.9), which generally
hold for the field operators at equal times. The last two terms in Eq. (4.126) can be
recombined again by means of the time-ordering operator, thus giving

8TC($, 75 m/> T/) = (53(16 - wl) 5(7— - T/) + <T(97—1;($, 7—) @T(mla T/)>

) (4.128)
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Furthermore, the equation of motion for the field operator follows from Eq. (4.123):
1 - R . N
O (@, 7) = — efom/M [ (), Ko _ e Kom/h (4.129)

where

[A,B] =[AB]=AB-BA (4.130)

denotes the ordinary commutator (cf. Eq. (4.10)). Using the canonical anticommutation
relations (4.7)-(4.9), one can show the identity

[d(@), 4 () d(y)] - = 6*(x — y)d(=), (4.131)
which in turn implies
~ A~ 2 ~
(o) Ko = (B + Vos(o) — 1) i) (1.132)

Therefore, the equation of motion for the field operator reads explicitly as

R 1/ K2 R
Putting this result into Eq. (4.128) leads to

1 [ h? ;L
7 —Ap — Vext(x) +p | C(e, 32", 7) ,

cod N SB( ) o
0-C(x, 12", 7')=6(x —x")o(r — ") + -
(4.134)

which is equivalent to the assertion (4.115).

Next, consider the non-interacting 2n-point Green function as defined by
G3™M (@1, 715 - o, Ton) = (4.135)
<7-w(371,7'1) .- ~'¢A}(mn77—n)";1-(m2na7_2n) e ?Z)T(wnﬂﬂ'nﬂ)] >0 .

By permuting the fermionic creation operators and using the notation introduced at the
beginning of this subsection, we can write this equivalently as

G3M(1,...,2n) = (=1)" V(T [h(1) ()Y (n+ 1) .t (2n)]), . (4.136)

In order to write out the time ordering explicitly, we abbreviate the Heaviside step
function depending on two imaginary-time arguments as

@i,j = @(Tl — Tj) s (4.137)
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and similarly, we abbreviate the (normalized) Dirac delta distribution as
(51'7]' Eﬁ,@(S(Ti—Tj). (4.138)

Note that this last function depends only on the time variables—in contrast to the
function (i, j) defined by Eq. (4.113), which also depends on the spatial variables.
With the above notations, we can write Eq. (4.136) explicitly as

G (1,...,2n) = (4.139)

(—1)n(n=b/2 Z SE0(T) O (1),2(2) - - - Onza—1), n(2ny (P (7 (1)) ... (7(2n))), ,

TESan

where it is understood that

@Z(T>(i):{ P(i), if1<i<n,

. (4.140)
Pi(), if n+1<i<2n.

Before applying the derivative with respect to the 7 variable, we split the sum in Eq.
(4.139) into those terms where 7(1) = 1, those where 7(2) = 1, ..., and those where
m(2n) = 1. Each term can then be rewritten as a sum over all permutations o € Sa,—;
of the set {2,...,2n}, as follows:

G3"(1,...,2n) = (-2 N sen(o)

0€S2n—1
X (91,0(2) O0(2),0(3) - - O(2n—1),02n) (V1) DD (0 (2)) ... 0D (a(2n))),

— 90(2)71 9170(3) e 90-(211—1),0'(271) <1[}(T) (0(2)) 12](1) cee w(T) (0’(27’1))>0 (4 141)

+ ...

+ 90(2),0(3) cee 90(271—1),1 @1,0(2n) <12}(T) (0(2)) s 112)(1) @ZJ(T) (U(2n))>0
— O0(2),0(3) - - - O2n-1),0(2n) Ou(an),1 (PP (0(2)) ... D (o(2n)) @(1)>0) -

Similarly as in the case of the two-point Green function, the derivative 0;, can act either
on one of the © functions, or on the field operator (1) inside the thermal expectation
value. The latter case yields again

(—) V(T [0n (1) ()T (n+ 1) T (2n)] )
1
h

(4.142)

h2
<27’n Awl — ‘/ext(ml) + ,u> G%n(l, ey 2n) .

On the other hand, the terms where the derivative acts on one the @ functions can be
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combined pairwise to give an anticommutator of the field operators. Thus, we obtain

0 h? on
g haiﬁ_%A:m"i_%xt(ml)_M GO (1,...,27},):

(~)" V2N sgn(o)

0E€ESan—1

X (51,0(2) O1,6(3) - - - Os(2n-1),0(2n)

(4.143)

+01,0(2n) Os(2),03) -+ - Oo(2n-1),1

x (D ((2) 9D (0(3))... [0, ¥D (@), ), )

Consider the first term of the sum in brackets: by the canonical anticommutation rela-
tions, this vanishes if 0(2) < n. On the other hand, if 0(2) = ¢ with n +1 < ¢ < 2n,
we can use that

51,0 [0, 91(0)], = WB6(r — ) [Blr,m), 1 (e, )], (4.144)
= BB (T — 1) 83 (x1 — x0) = 6(1,0). (4.145)

Hence, in this latter case, the first term in brackets equals

~

5(1,0) O10(8) - - On(an-1).0(20) (FD(0(3)) ... 0D ((2n)), (4.146)

Performing the sum over all permutations o € So,_1 yields for this term

2n
Z 5(1a Z) Z Sgn(a) @1,0(3) s @U(Qn—l),U(Qn) <¢(T)(U(3)) s @Dﬁ) (O‘(27”L))>0 :
l=n+1 0€Son—1
o(2)=¢
(4.147)
Here, we sum over all permutations of the set {2,...,2n} which obey the constraint
that o(2) = £. Our aim, however, is to rewrite this expression in terms of a sum over all
permutations of the reduced set

~

{2,3,...,4,....2n} ={2,3,...,0—1,0+1,...,2n}. (4.148)
For this purpose, we decompose each permutation o € Sa,_1 into a product

o=0 ooy, (4.149)
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where oy € So,,—1 cyclically permutes the variables (2,...,7¢), i.e.,
(00(2), ... 00(2n)) = (£,2,...,0,...,2n), (4.150)
and hence we can write
(0(2),...,0(2n)) = (¢'(0),0'(2),...,0'(t = 1),0' (L +1),...,0'(2n)). (4.151)

Then, we can replace in Eq. (4.147) the sum over o € S, _1 by the sum over ¢’ € So,_1,
and the constraint (2) = ¢ by o’(¢) = £. Further using that

sgn(o) = sgn(o’)sgn(oy) = sgn(o’) (—1)°, (4.152)

we see that Eq. (4.147) is equivalent to

2n
Z (5(1,6) (—l)é Z SgH(OJ) 8170./(2) e 90’((—1),0”(5—5—1) e 851(271_1)70/(2”)

{=n+1 o'€Son_1
o' (6)=¢
x (D (0'(2))... D (o' (0 = 1)) D (0’ (€ + 1)) ... b D (o’ (2n))), - (4.153)

Now, this sum over permutations ¢’ is obviously equivalent to the sum over all permu-
tations m € So,_o of the reduced set (4.148), i.e.,

2n
Z 5(17 g) (_1)é Z Sgn(ﬂ-) @l,W(Q) s @ﬂ(ﬂ—l),w(ﬂ-l—l) s @71'(271—1),71'(271)
l=n+1 TESon—2 (4154)

X (GO@(@) 6D (e = 1) §D (e + 1)) D (w(20))),

The remaining terms in the sum of Eq. (4.143) can be evaluated analogously, and thus
we arrive at

0 h?

2n
(=002 N 51,0 (1) Y sen(n)
f=n—+1 TESopn_2

X <@1,w(2) o On(0—1), 7 (t41) - - - On(2n—1),7(2n)
(4.155)
+O072),1 O1,7(3)s - - - Ox(t—1),7(t+1) - - - On(2n—1),7(2n)

+...

+ Or@2),7(3) - - - On(t—1),n(t41) - - '@W(2n),1)

x (D (x(2)) .. gD (r(e — 1) P D(a(e + 1)) ... 9D (x(2n))), -
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In the sum over products of @ functions, the index 1 appears at all possible positions,
and hence this sum simply yields

Or(2),7(3) - - - On(t—1),7(+1) - - - Ox(2n—1),7(2n) - (4.156)

By resubstituting the non-interacting (2n — 2)-point Green function,

Z sen(7) Or(2),7(3) - - - Ox(t=1),7(¢+1) - - - Ox(2n—1),7(2n)

TFESQn72
< (D (r(2))... D (e — 1)) 9D (x( + 1)) ... 5D (m(2n))), (4.157)
= (71)(”_1)(”_2)/2 ng—2(27 omnt 1., ,Z, Sy 2n),
and using that
(_1)n(n—1)/2 (_1)(n—1)(n—2)/2 _ (_1)(71—1)2 _ (_1>n—1 _ (_1)—71—1’ (4158)

we finally obtain

0 h? an
Blh———Az + Vexe(x) —p | G§"(1,...,2n) =

orn 2m
on (4.159)
S (=D)L G2, 1, 2n),
{=n+1
which was the assertion. O

4.4.3. Wick theorem

Theorem 4.8 (Wick theorem for non-interacting temperature Green func-
tions). All non-interacting 2n-point Green functions factorize into products of two-point
Green functions C = G2, i.e., forn > 1,

G2 (x1, ..., Top) = Z sgn(m) C(x1, m(zpt1)) - .. C(zn, m(x2,)) - (4.160)
TES,

This formula can be written equivalently as

G2(x1, ... wap) = det ([C(xi, a:n+j)]i7j:17___7n) (4.161)

in terms of a determinant.

Proof. This follows directly from the equations of motion for the non-interacting Green
functions, Theorem 4.7 (see Ref. [SS17a]). We multiply both sides of Eq. (4.117) by the
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non-interacting two-point Green function and integrate over the internal variable. Using
partial integration and Eq. (4.120), the left-hand side of the equation yields

/dl c(1',1) (/3 <ha — ﬁAzl + Vet (1) — M) G2 (1,.. .,2n)>

871 2m

- /d1 (5 (_ha — hiAml + Vixt (1) — u) c(, 1)) G¥(1,...,2n)  (4.162)

8T1 2m
= /dl 5(1',1)G2"(1,...,2n) (4.163)
=G¥(1',...,2n). (4.164)

The evaluation of the right-hand side is even more straightforward, and thus we obtain

G2 (1',...,2n) = (4.165)
2n -
S Dt G2, L, 2n),

l=n+1

which is equivalent to

G2 (1,...,2n) = (4.166)
Z(—l)“‘kC(l,n—l— E)GE2(2,...,nsmn+1,...,n+k,...,2n).
k=1

Now, the assertion follows by induction in n: For n = 1, Eq. (4.161) is trivially fulfilled.
Assume that it is fulfilled for (n — 1), hence

—_—

G222, ,myn+1,...,n+k,...,2n) = (4.167)

det ([C(i,n +j)]122,“,7”;j:l,“.,z,...,n) '

By putting this into Eq. (4.166), the equation of motion turns into the Laplace expansion
for the determinant, which shows that the assertion (4.161) holds for n as well. This
completes the induction and thus our proof of the Wick theorem. O

We now come back to the Gell-Mann-Low formula (4.110), which expresses the interact-
ing Green functions in terms of the non-interacting Green functions and the interaction
kernel. For the convenience of the reader, we reproduce this formula again here:

GQn(xh ey Top) = (4.168)
k
lz(_ﬁ)k II /vt [dv? [dy} [dy! viul.ul vl el
7 k1 2k Yi Yi Yi Yi Yi Yi s Yi» Yi
k=0 i=1
><G3n+4k(x1a...,xmy%,y%,...,yi,y%;:L‘n_H,...,xgn,y%,y%,...y,i,y,%).
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By the Wick theorem, the non-interacting Green functions factorize into products of
two-point functions, i.e.,

G3n+4k(-’pla s axnvyzlg)yilv cee y]?;ay]%a Tn41y-- -, :I;vay%a y%a s y/i,y/%) = (4169)
> sen(m) Cay, m(zn11)) .. Can, m(z2n))
TESnh 42k
x C(y?,m(y)) Clyl, w(7)) - - Clyi, m () C s T (13) -

Here, we interpret the permutation 7 to act directly on the set (or more precisely, the
tuple) of the (n + 2k) arguments, i.e.,

T ($n+17'"aZEQn?y%?y%"'?yI}:’y]%) = (4170)
(7(@ns1)s s m(@zn), (Y1), 7(y7) - m(ye) s m(wR)) -

By putting Eq. (4.169) into Eq. (4.168), we obtain a formal expression of the interacting
Green functions in terms of the covariance C and the interaction kernel V:

. 1 <1
G? (ajl,...,xgn)ZEZW Y Valln, k.7, (4.171)
k=0

TESh 42k

where we have defined

Val[n, k, 7] = Valln, k, w|(z1, ..., z2p) (4.172)

= (—6)’“( /dyz-1 /dy? /dyf’ /dyi1 V(yﬁ,y?,y?,yf‘)> (4.173)

x sgn(m) C(x1, m(Xpt1)) - . C(xn, 7(x2,))

x C(y?,m(y)) Clyl, w(?)) - - Clyis m(yn)) Cyi, m(yR) -

k
1=

1

This last expression is called the value of the Feynman graph corresponding to the permu-
tation m, where the arguments n and k indicate that the Feynman graph has 2n external
slots and k interaction vertices (see Sct. 4.5). Similarly, one can show the formula for
the partition function (which appears in the denominator of Eq. (4.171)):

=1
Z=Y TTgF > Vallo, k, 7], (4.174)
k=0

TESo,
where
k

Val[0, k, 7] = (—8)* (

Jaut [t it [ast visdattad)
(4.175)

x sgn(m) C(yi, m(y1)) Cyt, m (1)) - Cyi, m(yi)) Clu, m (7)) -

=1
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Hence, the Feynman graphs appearing in Eq. (4.174) have no external slots and are
therefore called vacuum bubbles. We will see below (Theorem 4.19) that these terms
can be canceled against certain terms in the numerator of Eq. (4.171), which leads to a
perturbative expansion of the Green functions in terms of bubble-free Feynman graphs.

4.5. Universal Feynman Graphs

4.5.1. Definition

We now come to the graphical representation of the terms Val[n, k, 7| which appear in
the formal expression (4.171). As mentioned above, we associate with every permutation
T € Sptok a Feynman graph, which is constructed as follows (see Table 4.1; cf. [SK12]):

(i) Each interaction kernel V (y},y2,y3, y#) is represented by a square with two inter-
nal, outgoing slots y3, yf and two internal, ingoing slots y!, y?. These squares are
also called “interaction vertices”.

(ii) We interpret the variables z1,...,z, as external, outgoing slots, and the variables
Tptl, - - -5 Ton a8 external, ingoing slots.

(iii) Each covariance C(., .) is represented by an arrow, which connects an (internal
or external) outgoing slot with an (internal or external) ingoing slot. These arrows
are also called “covariance lines”. Here, the permutation 7 determines to which
ingoing slot each outgoing slot is connected.

Let us illustrate this correspondence between permutations and Feynman graphs by a
concrete example. We choose n = 1 and k£ = 2, hence we consider Feynman graphs with
two external slots (one ingoing, one outgoing) and two interaction vertices. Furthermore,
we choose two particular permutations m; and mo € S5. The first one is the identity
permutation,

Tt (22, y1s U3 v3. v3) = (22, Y1, V3. Y3, U3 ) » (4.176)

for which sgn(m;) = 1. This yields the value
Val(t,2,m) = (-9 [y} [auk [an? [aut viokok oo (4.177)

< [ [ag [aug [t viuhodobd (4.178)

which corresponds to the Feynman graph shown in Fig. 4.1a. The covariance lines
connect the external slots x1 — x9, as well as the internal slots yf — yll and yf — yf
(for ¢ = 1,2). The second permutation which we consider is defined by

Tt (w2, 1, U5, ¥3. ¥3) — (U1, 22, U3, 93, 43 ) (4.179)
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and it differs from m; by the interchange of the first two and the last two arguments. In
particular, we also have sgn(me) = 1. The value of this second permutation is

Val(l,2, o] = (—5)2/dy% /dy% /dy? /dyilV(yiy%,yiyi‘) (4.180)

X /dy% /dy§ /dyg /dy§ V(y3. Y3, Y5, y3) (4.181)

which corresponds to the Feynman graph shown in Fig. 4.1b. This latter Feynman graph
differs from the former one in that the outgoing slots 1 and ¥ are respectively connected
with the ingoing slots yi and x5 (instead of the other way around), and similarly, the
outgoing slots y5 and yj are respectively connected with the ingoing slots y3 and y3.

Finally, we generalize the graphical representation of the four-point interaction kernel V/
and the covariance C to all Green functions by means of the following prescription: any
2n-point Green function G*"(x1,...,2Zn;Tpi1, ..., To,) shall be represented by a rect-
angle with n ingoing slots z1,...,z, and n outgoing slots x,41,...,x2,, as shown in
Table 4.1. We call the graphs defined in this way “Universal Feynman Graphs”, because
they can be universally used to represent various Green function equations, which we will
demonstrate in the following. Thus, the Universal Feynman Graphs may facilitate the
communication between different physics communities, where at present different types
of graphs are used to represent different Green function equations (such as the ordinary
perturbation theory [FW71, Ch. 3, Sct. 9], the relations between ordinary, connected
and one-line-irreducible Green functions [NO98, pp. 116ff.], self-consistent Green func-
tion equations [Hel+11], or the functional renormalization group equations [Met+12]).

rl ——p— T2

Tl —r—— ——p— T2
1 3 2 4 4
Y1 U1 Ui U
2 4 4 ( )
"
Y Ys
Ys Y5 Y3 v y3
V 2 2

Ly

(a) Permutation m; (see Eq. (4.176)).

(b) Permutation m, (see Eq. (4.179)).

Figure 4.1: Examples of Universal Feynman Graphs and corresponding permutations.
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1 — — 3
V(1,2,3,4) N I
1 — 3
V(1,2,4,3) , | v D
5(1,2) |2
C(1,2) |

G2(1,2) ! :

1 — — 3
4 4
G*(1,2,3,4) ,_lat
1— 1
2 — — n4+2
2
G*™(1,...,n;n+1,...,2n) G
n — — 2n

Table 4.1: Representation of interaction kernels, covariances and interacting Green functions
by means of Universal Feynman Graphs.
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4.5.2. Classification

Before deriving the perturbative expansion of the interacting Green functions by cancel-
ing the denominator in Eq. (4.171) against certain terms in the numerator, we introduce
some general notions to classify Feynman graphs.

Definition 4.9. A Feynman graph is called bubble-free, if every interaction vertex is
connected (through a series of covariance lines and interaction vertices) to at least one
external slot.

Definition 4.10. A Feynman graph is called connected, if it has at least one interac-
tion vertex, and if every interaction vertex is connected (through a series of covariance
lines and interaction vertices) to every external slot.

Obviously, every connected Feynman graph is bubble-free, but not every bubble-free
Feynman graph is connected. Note that in the literature, the term “connected” is usu-
ally used for both types of graphs.

Definition 4.11. Consider a connected Feynman graph with & > 1 interaction vertices.
A covariance line of this graph is called

(i) internal, if it connects two internal slots;

(ii) external, if it connects an external slot with an internal slot (or vice versa).

Since a connected Feynman graph does not contain any covariance line which connects
two external slots with each other, the above classification is exhaustive, i.e., any covari-
ance line of a connected Feynman graph is either internal or external.

Next, we define the operation of “cutting” an internal covariance line. Consider a con-
nected Feynman graph with & > 1 interaction vertices and 2n external slots, which
yields a contribution to the Green function

G (21,...,%n; Tygls - Ton) - (4.182)

Let C(y1,y2) be an internal covariance line of this graph (connecting the internal, out-
going slot y; with the internal, ingoing slot y2). The operation of cutting the internal
covariance line is defined by replacing

Cy1,y2) = (=1)C(y1,22) C(21,92) (4.183)

where 27 is a new external, outgoing slot and 22 a new external, ingoing slot. The result-
ing Feynman graph (which is not necessarily connected anymore) yields a contribution
to (the denominator of) the (2n 4 2)-point Green function

G¥™2(xy,... Tp, 21 Tngls- - . Tom, 22) . (4.184)
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The necessity of including a sign factor in Eq. (4.183) becomes clear if we interpret the
operation of cutting a Green function line as a concatenation of two simpler operations
(see Fig. 4.2): Assume that the originally given, connected Feynman graph corresponds
to a permutation m € S, 19 (Subfigure (a), where we have chosen n =1 and k = 2). In
the first step, we multiply this Feynman graph by C(z1, 22) (Subfigure (b)). Thereby,
we obtain a new Feynman graph, which corresponds to a permutation o € Sy y149k
given explicitly by

(U(l'n—i-l)a ceey U($2n)v U(Z2)7 G(Z/%)? cees U(y%)) =
(4.185)

(7(@ng1)s -+ s T(@20)s 22, (Y1), - T(YR)) -

This permutation ¢ has the same sign as w, and hence the multiplication of the orig-
inal Feynman graph by C(z1, 2z2) yields indeed the value of a Feynman graph which
contributes to the Green function (4.184). In the next step (Subfigures (c)—(d)), we
permute two ingoing slots, namely, we replace

Cy1,y2) C(z1,22) = (=1) C(y1, 22) C(21,92) - (4.186)

The resulting Feynman graph corresponds to another permutation o’ € S, 149k, which
differs from o by a single transposition:

(..o (W2),. . 0'(z2), ... ) = (... 0(22),...,0(¥2),...) . (4.187)

Correspondingly, we have sgn(c’) = (—1)sgn(c), and the replacement (4.186) indeed
yields the value of a Feynman graph which contributes to the Green function (4.184).
The concatenation of these two operations (the multiplication with C(z1, 22) and the
replacement (4.186)) exactly coincides with the operation (4.183) of cutting the internal
covariance line. Thus, we have shown that the operation (4.183) indeed transforms
any connected Feynman graph which contributes to the 2n-point function (4.182) to
another Feynman graph which contributes to (the denominator of) the (2n + 2)-point
function (4.184).

The operation of cutting internal Green function lines lends itself to another classifica-
tion of connected Feynman graphs, which we will explain in the following.
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0 o

14 \%4
] —p— > —»— T2
A Y2

(a) Connected Feynman graph corresponding to a permutation 7 € Ss.

T o

14 Vv
Ty —p—— > ——»—— T2
1 Y2

<1 > 22

(b) Feynman graph corresponding to o € Sg, where sgn(o) = sgn(7).

14 |4
Tl —P— ——»— T2
Y1 >< Y2

21 > > %)

(c) Feynman graph corresponding to o’ € Sg, where sgn(o’) = (—1) sgn(o).

v v
1 2

(d) Same Feynman graph as in Subfigure (c).

Figure 4.2: Cutting an internal covariance line.

> >
] . X .
Vv Vv Vv
e — > > > —
v

=

Figure 4.3: Classification of the covariance lines of a connected Feynman graph (which con-
tributes to the six-point function): orange = external; blue = internal and non-essential; green =
internal extremity line; red = internal torso line.
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Definition 4.12. Consider a connected Feynman graph with 2n external slots. An in-
ternal covariance line of this graph is called

(i) mon-essential, if by cutting this line the resulting graph remains connected;
(i) essential, otherwise.
Furthermore, an essential covariance line is called

(ii.a) extremity line, if by cutting this line the graph is separated into two parts with
2n1 and 2ny external slots, where ny = 1 and/or ny = 1 (i.e., at least one part
has only two external slots, one ingoing and one outgoing);

(ii.b) torso line, otherwise, i.e., if by cutting this line the graph is separated into two
parts with 2nq and 2ng external slots, where ni; > 2 and ng > 2.

This classification of internal covariance lines is illustrated for an example Feynman
graph in Fig. 4.3. Next, the following simple observation follows directly from the above
definitions:

Lemma 4.13. Consider a connected Feynman graph with 2n external slots, where n = 1
or n = 2. Then every essential line is an extremity line.

Proof. The original connected Feynman graph has 2n < 4 external slots. By cutting
one essential covariance line, we obtain two Feynman graphs with 2n, and 2n9 external
slots, respectively, where

2n1+2n9s =2n+2 < 6. (4.188)

This implies that ny = 1 or no = 1, hence the cut line was an extremity line. O

The above classification of internal covariance lines leads to the following classification
of connected Feynman graphs:

Definition 4.14. A connected Feynman graph is called one-line-reducible, if it has at
least one essential line, and one-line-irreducible otherwise.

In the following, we will sometimes omit the “one-line” and simply speak of reducible or
irreducible Feynman graphs. In addition to these already well-established notions, we
introduce yet another classification that will prove useful in the following:

Definition 4.15. A connected Feynman graph is called amputable, if it has at least one
extremity line, and non-amputable otherwise.

Obviously, every amputable Feynman graph is reducible (and hence every irreducible
graph is non-amputable), but not every reducible Feynman graph is also amputable.
However, for n = 1 or n = 2 these two notions actually coincide:
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Lemma 4.16. Consider a connected Feynman graph with 2n external slots, where n =1
orn = 2. Then the Feynman graph is reducible if and only if it is amputable.

Proof. This follows immediately from Lemma 4.13. 0

Finally, we introduce yet another class of graphs, which are called “amputated” (and
which are, strictly speaking, not Feynman graphs in the sense of Sct. 4.5.1):

Definition 4.17. Consider a connected Feynman graph with k£ > 1 interaction vertices
and 2n external slots. The value of the corresponding amputated graph,

Valamp[n, k, 7] = Valamp[n, k, 7] (y1, . . ., Y2n) (4.189)

is defined such that

Valn, k, w|(z1,...,T2) = /dy1 . /dy2n C(z1,y1) .- C(Tn, yn)

X Valamp[n, k, 7T] (yl, s Yn Yngds - e y2n) (4.190)

X C(Yn+1, Tn+1) - - - C(Yon, Tan) -

Hence, the amputated graph is obtained from the given Feynman graph by removing all
external covariance lines.

We remark that this notion of amputated graphs is not directly related to the above
notion of amputable graphs, as the latter refers only to internal covariance lines. How-
ever, the notion of amputable graphs can be used to define the following subclass of
amputated graphs:

Definition 4.18. A fully amputated graph is an amputated graph which has no am-
putable covariance line (i.e., it is non-amputable in the sense of Definition 4.15).

This last notion will be used later to define the so-called fully amputated, connected
Green functions (see Sct. 5.4).

4.5.3. Cancellation theorem

We now come back to the formal expression (4.171) of the interacting Green functions in
terms of Feynman graphs. As of yet, this formula does not constitute a power series in
the interaction, because both the numerator and the denominator (which is the partition
function Z) are represented separately as power series (see Eq. (4.174)). It turns out,
however, that the numerator can be rewritten as a product of two formal power series,
one of which cancels precisely against the denominator, thus giving rise to a formal
power series of the interacting Green functions in terms of bubble-free Feynman graphs.
This statement is made precise by the following theorem.
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Theorem 4.19 (Cancellation theorem). For each n > 1, the interacting temperature
Green function G*" can be formally expanded as

o
1
G*M(21,.. . won) = Y ok > Valn, k], (4.191)
k=0 TFESn+2k,
7 bubble-free

where for each k, the sum is over all bubble-free Feynman graphs with 2n external slots
and k interaction vertices.

Remark. If we replace the interaction kernel by
V= AV (4.192)

with a dimensionless parameter A called interaction strength, then each term Val[n, k, 7]
is of the order k in the interaction strength, and hence Eq. (4.191) can be regarded as a
formal power series in the interaction strength.

Proof. Every Feynman graph 7 € .S, ;95 can be uniquely decomposed into a bubble-free
graph 7’ € S, 190 and a vacuum bubble o € So(k—r), where £ € {0,...,k}. Assume, for
example, that the first ¢ vertices are connected to the external slots, while the last (k—/)
vertices form a vacuum bubble, i.e.,

(7(@n41)s o mon), 7 (yi)s (i), - (yn) 7(07)) =
(7' (@ng1)s - oo (@20), 7 (1), 7 (W3, - - o, 7 (y2), 7 (W7), (4.193)
U(yl}Jrl)v O-(yl%rl)v s 70(3/]%)’ O-(ylg)) .

Then, the sign of the permutation 7 equals
sgn(m) = sgn(n’) sgn(o), (4.194)
and from the definition (4.173) we obtain
Val[n, k, 7] = Val[n, ¢, 7'] Val[0,k — £, 0] (4.195)

These equations remain valid if ¢ arbitrary vertices (instead of the first ¢ vertices) are
connected to the external slots. Thus, we can write

k

> Val[n,k,w]zzﬂ(]f!_@! S Valln,t7') S Vallo,k —£,0],

TE€Snt2k =0 " ' €Sp 20, €S2 (k—t)
7/ bubble-free
(4.196)

where the factor k!/¢!(k — £)! counts the number of possibilities by which the k vertices
of a given graph can be partitioned into ¢ vertices of a bubble-free graph and (k — /)
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vertices of a vacuum bubble. By putting this result into Eq. (4.171), we find

o~ k
G*(x1,...,x,) = % Z Z % Z Val[n, £, ']

k=0 ¢=0 ﬂ/ESn+2(g,
7/ bubble-free (4197)
1
XW Z Val[O,k—[,O']
' oESy(k—p)

Finally, by re-arranging the summations according to

oo

ook 0o 00 00
DD gk =0 =33 f(O)g) = f(0) Y g, (4.198)

k=0 ¢=0 =0 ¢'=0 =0 =0

the second factor in Eq. (4.197) precisely reverts to the expression (4.174) of the partition
function and thereby cancels the prefactor 1/Z, which proves the assertion. ]

The perturbative expansion (4.191) can be further simplified by noting that in each or-
der k, there are several Feynman graphs which have exactly the same value. Concretely,
two Feynman graphs have the same value if they can be transformed into each other by
(i) simultaneously interchanging the two ingoing and the two outgoing slots of one or
more interaction vertices, and/or (ii) interchanging different interaction vertices. The
first equality follows from the symmetry

Vg vy’ ) =Vt vyt yP) (4.199)

of the four-point interaction kernel given by Eq. (4.107). The second equality can be
shown from the definition (4.173) by relabeling the integration variables (for i # j)

Wi vl vl ut) < (W us v, v - (4.200)

In the kth order, there are precisely 2¢k! such topologically equivalent Feynman graphs,
i.e., graphs which can be transformed into each other by means of the operations (i)
and/or (ii), and which therefore have exactly the same value. Consequently, we can
simplify Eq. (4.191) by counting each of these equivalent Feynman graphs only once and
cancel the prefactor 1/(2Fk!) for it. This statement is made precise by the following
theorem.
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A

\4

A

A

A\ 4

A

A

.

Table 4.2: First- and second-order perturbation theory. Left column: Universal Feynman
Graphs. Right column: traditional Feynman graphs.
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Y A

Y A

-
U

k3
g

-

Y VvV A

A\ 4

Y VvV A

Table 4.2: First- and second-order perturbation theory (continued).
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Theorem 4.20 (Feynman graph expansion of temperature Green functions).
For each n > 1, the interacting temperature Green function G*" can be formally expanded
in terms of the interaction kernel V and the covariance C = G§ as

(e 9]

/
G*M(x1,.. ., wn) = > Y. Valln, k. (4.201)
k=0 71—68n+2k7
7 bubble-free

Here, for each k, the primed sum is over all topologically distinct bubble-free Feynman
graphs with 2n external slots and k interaction vertices, and Val|n, k, w] denotes the value
of the Feynman graph corresponding to the permutation m as defined by Eq. (4.173).

We remark that in the first order (kK = 1), there are exactly two topologically dis-
tinct bubble-free Feynman graphs, while in the second order (k = 2), there are ex-
actly ten such graphs. These first- and second-order Feynman graphs are shown in
Table 4.2—Dboth in the Universal Feynman Graph representation (see Sct. 4.5.1) and in
the traditional representation (see e.g. Ref. [FWT71]).

Finally, let us summarize the advantages of the Universal Feynman Graphs (for the
reason of this labeling, see p. 95): (i) they can be universally used for representing
various Green function equations, such as the ordinary perturbation theory (this chap-
ter), the relations between ordinary, connected and one-line-irreducible Green functions
(next chapter), the equations of motion and self-consistent Green function equations
(see Ref. [SK12]), or the functional renormalization group equations (Ch. 6), (ii) they
are more clearly arranged than the traditional Feynman graphs, and hence they also
reveal certain similarities between different Feynman graphs (see Table 4.2), (iii) they
make the correspondence between Feynman graphs and permutations more obvious (see
Sct. 4.5.1), and (iv) the value of a given Universal Feynman Graph can be read off easily
and without ambiguity (see Eq. (4.173)). Finally, (v) the Universal Feynman Graphs
may prevent from the outset any possible misinterpretation of the traditional Feynman
graphs in terms of (possibly “virtual”) particle trajectories, and thus they contribute to
the overcoming of the physically flawed philosophical realism.



5. Grassmann field integral

5.1. Grassmann algebra

5.1.1. Basic definitions

We consider the Grassmann algebra o/ generated by the Grassmann field variables

b(z), P(z), (5.1)

where z = (x,s,7) € R? x {1, ]} x [0, h3), and we identify
Y(x,s,h6) = —1p(x, s,0), (5.2)
Y(zx, s, hB) = —(x,s,0). (5.3)

The generators of the Grassmann algebra have the same dimensions as the field opera-
tors introduced in the previous chapter (see Eq. (4.24)), i.e.,

[¢(@)] = [(x)] =m™>/2. (5.4)

Any element A € of is called a Grassmann variable and can be uniquely expanded in
terms of the generators as

A:ii/dxl.../dxn/dyl'-‘/dym (5.5)

n=0 m=0

X anm(ajla s TnsYl, .- 7ym) d}(l’l) o @Z_J(xn)w(yl) B ¢(Z/m)a

where the complex coefficient functions f™™ are assumed to be totally antisymmetric
with respect to their first n arguments and their last m arguments. In particular, f%°
is called the constant term (or field-independent term) of the Grassmann variable A.

Let us briefly summarize the most important properties of the Grassmann algebra, which
will be used in the following (for details, see Ref. [Sal99, Appendix B.2]). First, the
generators of the Grassmann algebra anticommute,

() (') = =) v(z), (5.6)
P(@)(a’) = —(a')¥(z), (5.7)
P(@)Y(a’) = —p(a’)v(z). (5.8)
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Next, the differentiation with respect to these generators is defined for monomials as

D(@1) (@) () - - Y (ym) = (5.9)

() () () - (Ym) = (5.10)

For an arbitrary Grassmann variable A € o7, the corresponding derivatives are defined
by expanding A as in Eq. (5.5) and differentiating each monomial separately, i.e., by
stipulating the linearity of the Grassmann derivatives. Furthermore, the Grassmann
integration is defined identically as the differentiation, i.e.,

5 ] 5
/d¢(m)A=WA, /dq,b(x)A: A (5.11)

Finally, the Grassmann field integral is defined as

/ww=g</ww/ww) (5.12)

where the formal product ranges over all z € R3 x {1, |} x [0, h3). We remark that in
this thesis, we use the Grassmann field integral as a heuristic tool, and hence we do not
seek to define it as a mathematical object. In fact, the only property of the field integral
which we will use is the standard result for Gaussian integrals, which will be explained
in the following subsection (see Ref. [SS16b]).

5.1.2. Grassmann—Gaussian integral

Let @ be the inverse integral kernel of the covariance C' as defined by Eq. (4.118). We
first define the formal product

w@wz/m/m%wawww, (5.13)

which is equivalent to

(b, QU = /d3:1: Z:/df (@, 5,7) (;T - QiAm _ “) W5 ). (5.14)

m h
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With this, we define a Grassmann—Gaussian integral as an expression of the form

1 _ _
— /dwdwew’Qw)A, (5.15)
N

with the normalization constant

N = /dwdqpe@w, (5.16)

where A € &/ may denote any Grassmann variable. The following lemma concerns the
fundamental property of such Gaussian integrals (see Ref. [Sal99, Lemma B.7]).

Lemma 5.1 (Factorization property of the Grassmann—Gaussian integral).
The Gaussian integral over a monomial with an equal number of ¥ and v generators
yields an antisymmetrized product of covariances, i.e.,

& / iy BV () . p(n) Plan) - . Dansr) = (5.17)

> sgn(m) C(a1, m(@nt1)) - . Can, m(22n))

7T€Sn

This formula can be written equivalently in terms of a determinant as
1 - 7 - _
7 /dwdw e~ QY () (@) D(wan) - - P(Tpg1) = (5.18)

det ([C(xia $n+j)] m’:l,...,n) )

Furthermore, all Gaussian integrals over monomials with a different number of 1 and 1
generators vanish.

Before proceeding with the proof, we introduce an additional Grassmann algebra .¥
(besides o), which is generated by the elements (also called sources or source fields)

n(x), 7(x), (5.19)
where again, we identify
n(x, s, ) = —n(x,s,0), (5.20)
i(x, s, hp) = —ij(x, s,0) . (5.21)
The elements of . have the same units as the elements of &7 (see Eq. (5.4)), hence
[n(2)] = [(z)] = m™/2. (5.22)

We further allow for formal multiplications between elements of &/ and .¥, and we
require this multiplication to be anticommutative as well, e.g.,

d(@)n(e) = —n(z)P(z). (5.23)
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In particular, we define the formal inner product

(@) = / da (z) (), (5.24)

which is a dimensionless quantity. We now proceed with the proof of Lemma 5.1.

Proof. We begin by rewriting the Grassmann—Gaussian integral of Eq. (5.17) using the
source fields as follows:

% /dz,Z_Jd@Z} =) (a1) () D(wan) - D(@ns) = (5.25)

1 ) ) 1) ) -
- dod (W, Q)+, ) +(n, ) )
N <577(a:1) 0n(xy) dn(z2n) 677(:cn+1)> / pdy e n=7i=0

Here, the expression on the right-hand side is an element of the Grassmann algebra .7,
and the notation n = 77 = 0 indicates that the constant term of this Grassmann variable
should be evaluated (see the remark on p. 112). The field integral on the right-hand side
can be calculated explicitly by completing the square in the exponent (see Ref. [Sal99,
Lemma B.6]). For this purpose, we write

(i, 0) = (71, CQv) = (CTij, Qv), (5.26)

where we have generalized the notation (5.13) in an obvious way, and where we have
defined the transpose of the integral kernel C' as

CT(z,2') = O, z). (5.27)

Similarly, we rewrite the last term in the exponent as

(n,v) = —(,n) = (4, QCn) . (5.28)
Thus, we obtain (using [Sal99, Corollary B.2])
/dwdq/)e (@, Qu)+(@w)+(n) _ o—(,Cn) /d¢d1/Je (¥=CTi, Q(y+Cn)) (5.29)
= MO / depdep e~ (¥ @¥) (5.30)
— e (mEM NS, (5.31)

Putting this result into Eq. (5.25) yields

N [ 4w ERN @) () o) )
(5.32)

_< LI N B ) (n.C1)
on(x1) 6n(xn) on(z2n) on(Tn+1)
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Next, we evaluate the derivatives with respect to the 7 sources: for j = 1,...,n, we have

) e—<ﬁ,0n>:<_ )
o1(@n+5) o1(@n+5)

— ( / dy; n(yj)c*(yj,xn+j)> e~ (5.34)

(1, Cn>> e~ {mOm) (5.33)

Since the factor in front of the exponential does not depend on 7 anymore, we can
successively evaluate all the 17 derivatives, and thus we obtain

° 0 e (mCM —
<5n(x2n) "'5n(g:n+1)> . (5.35)

</dyn 1N(Yn) C(y’mx?n)) (/dyl n(y1) C(y17$n+1)) e~ mem

By further evaluating the 1 derivatives and keeping only the constant term of the result-
ing expression, we arrive at

(5 5 53 >e<n,0n>
on(z1) " 0n(zn) on(z2n)  On(2n41)

Z/dy1 /dyn (Y1, Zn+41) - - - C(Yn, T2n) (517(5331) '-‘577(6%) 77(1%)'””(?/1))
= /dy1 .. /dyn C(y1, Tn+1) - - - C(Yn, T2n) Z sgn(m) 0(y1, m(x1)) ... 0(Yn, m(z0))
TES
= sgu(m) C(r(21), 2n11) . .. C(m(n), 22n) | (5.36)
TESH

which is equivalent to the assertion (5.17). Finally, the fact that Gaussian integrals
over monomials with a different number of 1) and ¢ generators vanish becomes almost
obvious if we consider Eq. (5.32): There, the exponential can be expanded into a sum
of monomials which all have an equal number of 77 and n sources. If we then take a
different number of 77 and n derivatives, all resulting terms will be of a different order in
1 and 7, which implies in particular that the constant term vanishes. O

5.2. Green function generator

In this section, we will prove the Grassmann field integral representation of the tem-
perature Green functions. This result establishes the equivalence between the operator
formalism (as described in Ch. 4) and the field integral (or functional integral, path
integral) formalism of fermionic quantum field theory.
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Definition 5.2. The Green function generator Z = Z[fj, 7] is an element of the Grass-
mann algebra . defined as

Z::;[/ﬁ&d¢e%wan;BVW¢Hm#WHmw’ (5.37)
with the normalization constant
Af::/d$d¢e_w‘%”. (5.38)
Here, Q = C~! is the inverse of the covariance (see Eq. (5.14)), and
Vi, = ;/dnlrlfdacz/dx?’/dac4 V(w1,$2,x3,x4) @(xl)z/;(ﬂ)w(:c‘l)w(x?’), (5.39)

with the four-point interaction kernel V' given by Eq. (4.107).

Remark. The notation Z = Z[7,n] can be used to indicate that Z is an element of the
Grassmann algebra ¥ generated by 7j(x) and n(x). In particular, the Green function
generator can be expanded (as every element of .#) in terms of the sources as

Zln,n =7+ /dl‘l /dxz flxy, o) (1) n(x2) + ..\ (5.40)

with a constant term Z € C, a complex function f(z1,z2) € C, etc. (see Theorem 5.3
for the concrete form of this expansion). In particular, we denote the constant term of
this expansion by

Z = 2[0,0] = Z[q,n]| (5.41)

n=n=0"
However, the notation Z = Z[#,n] does not imply that Z is a functional of the sources.
In fact, it is not a functional, because n is not an arbitrary function mapping each z to
some arbitrary “value” n(z). To the contrary, we had defined n(z) from the beginning
as a fixed element (namely, as one of the generators) of the Grassmann algebra .7.
Therefore, one cannot “set n(x) to zero” either, and the notation (5.41) for the constant
term in the expansion (5.40) is only formal.!

1This is in contrast to the bosonic case, where the generating functional Z|¢", ¢] is defined analogously
to Eq. (5.37) in terms of arbitrary functions ¢ and ¢* [NO98]. These functions map each x to some
arbitrary complex values ¢(z) and ¢*(x), where ¢*(z) is the complex conjugate of ¢(z). In particular,
Z]0,0] is defined by evaluating the functional Z at the identically vanishing function ¢(z) = 0. Hence,
only in the bosonic case the term “generating functional” is actually justified. In the fermionic case
treated in this thesis, we have therefore replaced it by “Green function generator”. A similar remark
applies to the term “functional integral”, which we have replaced here by “Grassmann field integral”.
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Theorem 5.3 (Grassmann field integral representation of temperature Green
functions). The constant term of the Green function generator coincides with the grand
canonical partition function (4.15), i.e

Z = Z[0,0]. (5.42)

Furthermore, the temperature Green functions (see Definition 4.1) can be represented as
Grassmann derivatives of the Green function generator Z with respect to the sources:
forn>1,

G (x1,...,x9,) = (5.43)

17:7]:0

1 ) 5 5 5 7
Z[0,0] (wxl) S o) 5n<xn+1>> =)

All analogous expressions with a different number of 7 and n derivatives vanish, and
hence the Green function generator has the formal expansion

Z[n,
O,g 1+Z /dl‘l /dﬂjgn Il,...,LEQn)

x 7(x1) . 9(@n)n(T2n) - - N(Tnt1)

(5.44)

in terms of the source fields.

Remark. By using the Definition 5.2 of the Green function generator, Eq. (5.43) can
be written equivalently as

_ -1 _
G*(xy,...,x9,) = </d¢d¢e (,Q¥) —ﬁWw,w]) /d&d?ﬁ o~ (¥,QY)

X (1) . (@) V(@) . . Y(wns1) e PV

where we have canceled the normalization factor A in the numerator and in the denom-
inator of Eq. (5.43). In particular, the anticommutativity of the Grassmann variables,
Egs. (5.6) and (5.7), now translates into the antisymmetry of the fermionic Green func-
tions G?" with respect to their first n and their last n arguments. Furthermore, by the
identifications (5.2)—(5.3), we recover from Eq. (5.45) the antiperiodicity of the temper-
ature Green functions (Proposition 4.2). In fact, these fundamental properties of the
temperature Green functions—which can be proven in the operator formalism—actually
necessitate the anticommutativity of the Grassmann variables as well as the identifica-
tions (5.2)—(5.3) in the field integral formalism.

(5.45)

Proof. To prove the above representation of the temperature Green functions (see Ref.
[SS17a]), we first define the functions F?" by Eq. (5.45), i.e

1 1 - .
F2n(g;17 cey Top) = o — /dwdw e~ (¥ QY)
20,00V (5.46)

X (1) (@) P(@an) - P(wni1) e PVIO]
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We then show for all n > 1 that F?" coincides with G?", where the latter was defined
by Eq. (4.25). For this purpose, we expand the exponential in Eq. (5.46) and use the
linearity of the Grassmann integral, which yields

FQn(Zbl, e ,:L'Qn) == (547)

) k
1 _B)k
5 S G (1T ot fa [t [t vt ottt
k=0 i=1

X % /dlEd@ZJe_(w’Qw

k
X D(@1) o (@) B(an) - Blansn) (H& WD) 6.19)

After re-arranging the Grassmann generators in the last line, we can perform the Gaus-
sian integral by means of Lemma 5.1, i.e.,

N A0 ) i) wlad) o) ) ()

< P(yR) b (p) - O1) e(yt) Y(@an) - . Y (Tns1)
(5.49)

= Z sgn(m) C(z1, m(znt1)) - - . C(Tn, m(T21))

€St
x C(y3,m(y1)) Clyt, w(y1)) - - Cuits () C g, m(yi) -
Thus, we obtain
F2™(2q,...,x9,) = (5.50)
! i (=) (ﬁ/dy.l /dy.2 /dy3 /dy4 Vit 20 y4)>
Z[0,0] & kige \ LA [0 [ U U B Y b 6

X Z sgn(m) C(z1, m(@ny1)) - - - C(@n, m(T20))

7rESn-FQk

x C(yi, (1) Clyl, m (D)) - - Cwid, m () Clyi, w (7)) -

This expression is equivalent to

2n
F"(x1,...,20p) = Z00.0] Zk'2k Z Val[n, k, 7| (5.51)

TESh 42k

where Val[n, k, 7] was defined by Eq. (4.173). The constant term of the Green function
generator can be calculated analogously, and hence we obtain

:ikl > Val[0, k, 7] (5.52)
k=0

TESag
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The comparison of Egs. (5.51) and (5.52) with Eqgs. (4.171) and (4.174), respectively,
shows that Z[0, 0] coincides with the partition function,

Z[0,0] = Z, (5.53)
and that F?" coincides with the temperature Green function,
172n($1,...,$2n) ZI(;Qn($1,...,$2n). (5.54)

Thus, we have proven the Grassmann field integral representation of the temperature
Green functions by showing that this leads precisely to the same Feynman graph expan-
sion as the ordinary Green function perturbation theory.

It remains to provet the vanishing of all expressions which are analogous to Eq. (5.43),
but which contain a different number of 77 and 7 derivatives. Indeed, this follows from
an analogous calculation as presented above, using the fact that Grassmann—Gaussian
integrals over monomials with a different number of 1) and ¢ generators vanish (see
Lemma 5.1). Taken together, these results imply the expansion (5.44) of the Green
function generator. The prefactors be checked by conversely deducing Eq. (5.43) from
Eq. (5.44), using the identity

5 5 5 5 ) _
(577(331) S Bnlea) "'5n(wn+1)) M(y1) - - - 1(yn) 1(Y2n) - - - N(Ynt1)
5

(=" (577(061) ---577((;”) 577((;2”) 577(;”+1)> N(Yn+1) - - 1(Y2n) 1(Yn) - - 7(y1)

= (=1)" > sgn(n) d(z1,7(y1) - - 6(n, 7(yn))

TESR
x Y sgn(w) 8(zn i1, ™ (Yns1)) - - 0(@2m, T (Y2n)) (5.55)
' €Sy
as well as the antisymmetry of the Green functions. O

5.3. Connected Green functions

In contrast to the (ordinary) temperature Green functions, which were in the first place
defined in the operator formalism (Definition 4.1) and only afterwards shown to have
an equivalent representation in the field integral formalism (Theorem 5.3), the so-called
connected Green functions will now be defined directly in the field integral formalism.

Definition 5.4. The connected Green function generator W = WI[ij,n] is an element
of the Grassmann algebra ., which is defined as the natural logarithm of the Green
function generator Z divided by its constant term (see Definition 5.2), i.e.,

_ Z[n, 1]
Win,n] = In Z[0.0]

In particular, by our convention, the field-independent term W0, 0] vanishes.

= In Z[7,n] — In Z]0,0]. (5.56)
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Definition 5.5. For n > 1, the connected temperature Green functions G*" are defined
by taking the Grassmann derivatives of the above generator,

G¥(z1,...,29,) = (5.57)

1) ) 5 5 )
(577(:131) G () Sn(aa) 577(%)) Wi )

and subsequently evaluating the field-independent terms.

We remark that in expanding the Green function generator Z, only monomials with an
equal number of 77 and 7 fields appear (see Eq. (5.44)), and hence the same applies to
the connected Green function generator WW. Therefore, Eq. (5.57) is equivalent to

Win,n| = Z ((;'1))2" /da:l . /dl‘gn G2 (21, ..., x9p)

X (1) . () n(@an) - ).

(5.58)

n=1

Furthermore, the connected temperature Green functions G2* have similar properties as
the temperature Green functions G?" themselves: in fact, the former are also antisym-
metric with respect to their first n arguments as well as their last n arguments, they
satisfy antiperiodic boundary conditions at 7; = 0 and 7; = A, and they have the same
dimensions as the ordinary Green functions, e.g.,

(G2 (21, ..., 22,)] =m ™", (5.59)

Before deriving the relations between the connected and the ordinary Green functions
as well as the Feynman graph expansion of the connected Green functions, we introduce

the following notation: for any function f(x1,...,x,), the antisymmetrization with re-
spect to any subset of arguments, say z1,..., %, (where m < n), is denoted as
A(th,xm) f(.%l, s Ty Tm4-1y - - - ,a:n) = (560)
1
m Sgn(ﬂ-) f(xw(l)a s Tr(m)s Tmly - - 7$n) :
TESm

Hence, the subscripts of A denote the variables with respect to which the function f is
antisymmetrized.

Theorem 5.6 (Relations between Green functions and connected Green func-
tions). The following relations hold between the (ordinary) Green functions G** and the
connected Green functions G**: forn =1,

G*(z1,29) = G2(x1, x2) ; (5.61)
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forn =2,
G4($17 To, X3, T4) = G§($1,5€27$37$4) + GE(M,JU?,) G%(arz,m) — Gz(x1,x4) Ge(z2,x3)
= G (21, 29, 23, 24) + 2A 5,24 {Gg(wl,:ng) G§($2,$4)} ; (5.62)
forn =3,
GO(21, w9, 23, 74, 75, 6) = (5.63)
Gg(azl, T2, T3, T4, T5,T6) + VA (1) 20, 03) D(ws, 5, 26) {Gﬁ(azl, X9, T4, T5) Gg(arg, J:G)}

+ 6 Ay, 0n,00) { G (21, 24) G (w2, 5) G2 (w3, 26) } 5

and similar equations hold for n > 3. These relations can be represented graphically by
means of Universal Feynman Graphs as shown in Table 5.1.

Proof. We explicitly derive these equations only for n = 1 and for n = 2; the analogous
equations for n > 2 can be deduced similarly. Consider first the two-point Green func-
tion G2, which can be represented in the field integral formalism by Eq. (5.43). Using the
relation (5.56) between the Green function generator and the connected Green function
generator, we obtain

1 1) 1)

G?(x1,29) = Z[n, 5.64
(172) = Z0,0] suter) onten) 20 (5:64)

0 0 Wi
= eV 5.65
e RTIr= R W (5.65)

52W W W ) Wi

== + — Vi) 5.66
<6n<x1>6n<x2> Sii(er) n(e) ey 000
= G?(z1,29). (5.67)

In the last step, we have used that only terms with an equal number of 77 and 7 fields
appear in the expansion of W[, 7] (see Eq. (5.58)), and hence the second term in Eq.
(5.66) vanishes by “evaluating” it at n = 77 = 0. Similarly, we obtain

G4(3§'1,]}2,.’L’3,.’L‘4) (568)
1) 1) 1) 1) Wil

_ 00 o 5.69

Sulen) on(ea) 51ea) 57s) © 1o (5.69)
2

- <_”‘f L fW> (5.70)
on(z1) on(wz) \ 6n(za)di(xs) ~ 67(za) 67(w3) ) |, _7_¢

= Gg‘(:rl,:):g,xg,m) + G%(ml,xg) Gg(xg,:m) — Gg(ml,m) Gg(:m,xg) , (5.71)

where in the last step, we have neglected again the derivatives of W with respect to
unequal numbers of n and 7 fields. O
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Table 5.1: Relations between Green functions and connected Green functions: representation
by means of Universal Feynman Graphs.

In Ch. 4, we have shown that the (ordinary) Green functions have a formal perturbative
expansion in terms of bubble-free Feynman graphs (Theorem 4.19 and Theorem 4.20). In
the remainder of this section, we will prove a similar expansion of the connected Green
functions in terms of connected Feynman graphs (see Definitions 4.9 and 4.10).
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Theorem 5.7 (Feynman graph expansion of connected Green functions). The
natural logarithm of the partition function has the following formal expansion in terms
of connected vacuum bubbles,

=1
an:ZW > Vallo, k7. (5.72)
k=0

TESo ,
7 connected

Furthermore, the connected temperature Green functions can be expanded in terms of
connected Feynman graphs as

1
G2 (xy, ..., T9n) = Z Tiok Z Val[n, k, 7], (5.73)
k=0

TESh 2k 5
7 connected

where Val[n, k, w| is given explicitly by Eq. (4.173).

Proof. We build on the proof given in Ref. [NO98, pp. 96f. and pp. 106f.], using the
so-called replica technique: We define for each P € N the auxiliary Green functions

GP2(xy,. .. 29,) = (5.74)
1 5 5s 5 .
ZP[0,0) <577(x1) " ST(wn) on(@an) "‘577(xn+1)> oty

where ZF[f, 7] is the Green function generator (5.37) taken to the power of P. In par-
ticular, by Theorem 5.3, we recover the ordinary Green functions for P =1,

GLQn(I‘l? e x2n) = G2n(.’E1, v ,.1?2”) . (575)

Since the expansion of Z contains only monomials with an equal number of # and 7
fields (see Eq. (5.44)), the same applies to Z°, and hence Eq. (5.74) is equivalent to

ZP (nl)Q

X (1) () n(@an) - i)

ZP[ﬁv 77] _ - (_1)n T T P,2n T T
[0’0]—14-7121 /d 1/d on G (1,..., 2n) (576)

In a first step, we will now derive the perturbative expansion of these auxiliary Green
functions, thus generalizing the result of Theorem 4.19 to P > 1: From the definition
(5.37) of the Green function generator, we obtain

2 (o = 5 <H / d&pd@ exp (— Sy, pr>>

g (5.77)

X exp <—ﬂ Z V [y, ¥y + Z(ﬁﬂ/’ﬁ + Z<77»¢p>> )
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where we have introduced P copies 91, ...,%¥p of the Grassmann fields, and where all
summations and products range over p € {1,..., P}. In particular, the normalization
constant N is given by

~ (T1 famnan ) exo (- X0 @us)). (5.78)

By putting Eq. (5.77) into Eq. (5.74), performing the n and 7 derivatives and evaluating
the field-independent term of the resulting expression, we obtain (using Eq. (5.42))

G20y, ) = (579
s (fp[ Jaiyau,) e >t Q) )

x (;wpm)) (%jwp(xn )( o (Ton ) (Epjz/?p(xnm)

<exp (-4 ;va,m) |

Further expanding the exponential of the interaction term,

exp (—B > Vit %]) = (5.80)

oo (=5 [t [as? [ar® [t v ) 500 5,020 00 ).

into a formal power series leads to the expansion

GP2 (2, xoy) = (5.81)
U S EB (1T [t (a2 [as [adoid 2 3 4
7P Z L1k H dy; [dy; [dy; [ dy; V(i vis 95 9)

k=0 i=1

e (T1 fatuav, ) e (- St un)
( ) (%:wp(xn)> <§p:¢p(x2n)) (Zp:wp(xn+1)>
<( f[ (Z% ) ) ) ) ).

@M

of the auxiliary Green functions. By the linearity of the Grassmann field integral, this
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expansion is equivalent to

GP2(xy,. .. xon) = (5.82)

1 < (—B)k i
Zp;)(,dii > D <1j[l/dy3/dy?/dyf’/dy? V(yﬁ,y?,yf’,y?)>

D1y P20 q1seesqk
X Lp (H /dl;pd@bp) €xXp <_ Z<'&p7 Q¢p>>
N p p

X Pp, (z1) .. -Vp,, (mn)'&pzn (z2n) - .. 1/_}pnﬂ (Tnt1)

k — —
X ( qu;‘ (y})wq]. (y]?)@bqj (y;‘l) Yy (y?)> :

J=1

We now define a modified covariance C, which depends not only on two space-time
variables z and z’, but also on two field indices p, p’ € {1,..., P}, as follows:

C(z,2'), if p=p,

Cppr (z,2") = { (5.83)

0, otherwise .
Its inverse, Q@ = C~ !, is given by

/ f — /
Qppt (x, 2") :{ Q) A p = (5.84)

0, otherwise .

Furthermore, we define a modified interaction kernel V as

V(y17y27y37y4)a if ql :q2 :q3 :q4,
V' @2edq? (y17y2v93’y4) = . (5.85)
0, otherwise.

With these definitions, Eq. (5.82) can be written equivalently as

GP (w1, mon) = (5.86)
1 X (—B)F i
77 2 (ké;)c > <H</dy3---/dyf > Vq;...qg(yﬁ,---7y?)>>
k=0 P1;--,P2n i=1 ql_l’_“’q;l
1 _ _
v (1;[ / dwpdwp> exp <—§<wp, Qpp/wp»)

X %1 (331) s %n (‘,'En)&p2n ('TQTL) s 12)2%-&-1 (In+1)

k
9 ( TT 00t ) B (42) s () 0 <y§’>) |
‘7:1 J J J J
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To simplify this expression, we define the “external” multi-variables (for r = 1,...,2n)
X = (v, pr), (5.87)
as well as the “internal” multi-variables (for { =1,...,4and i =1,...,k)
Y= (i a). (5.88)

Correspondingly, we combine the integrations over yf and the summations over qf into
integrations over the multi-variables Yf ,

/ dys Y = / avyt. (5.89)

Furthermore, the modified interaction kernels can be interpreted as functions of these
multi-variables,

til...q;1 (yil?"'ay?) EV(Y;J,,,,,Y;A), (590)

and similarly the covariances,

Cop (2,2)) = C(X, X) . (5.91)

In addition, we introduce the Grassmann fields

Up, (2r) = ¥(X;), (5.92)

such that the Grassmann field integral can be written as
11 / dip, i, = / dvdv (5.93)
P

and the formal inner product as

Z<77[_}pa Qpp’ Q;Z)p’> = <g:/7 QQ/) . (594)

p,p

With these notations, Eq. (5.86) can be written compactly as

GP™M (... x9,) = (5.95)
1 () d
— 1 4 1 4
7w > (I fot fasvor.v)
k=0 Plyeeey pP2n =1
X Nl,P/de&P exp(—(¥, QW))
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Next, we perform the Grassmann—Gaussian integral by means of Lemma 5.1. After re-
arranging the Grassmann generators, we thus obtain

. 1 &1
GP? (xl,...,mn)zﬁzm Z Val?'[n, k, 7], (5.96)

k=0 TI'ESn+2k

where we have defined

Valfn,k,x] = > (—B)’“(ﬁ/inl.../in4 V(igl,...,y;‘*))
=1

e (5.97)
% sgn(1) C(X1, 7(Xng1)) - - - C( X, 7(Xon))

X C(Yf’, W(Yll)) C(Y14, W(le)) ce C(Yk37 W(Ykl)) C(Yk47 W(Yif)) )

This expression is analogous to—and in fact coincides for P =1 with—the formula
(4.173). Similarly, one can show that

1
Zr =" TTgF > Val[0,k, 7. (5.98)
k=0

TESog

Consequently, by canceling the denominator in Eq. (5.96) analogously as in Theorem
4.19, we arrive at

1
Gl 2y, ) =Y o > vallln k. (5.99)
k=0 TES, ,
T bubbijlfcree

Hence, we conclude that the auxiliary Green functions GF>2" have a perturbative ex-
pansion in terms of bubble-free Feynman graphs, which is analogous to the expansion
of the ordinary Green functions G?". However, in evaluating the Feynman graphs of
G2 the following modifications have to be taken into account (compare Eqgs. (5.97)
and (4.173)):

(i) All external (position, spin and imaginary time) variables x, are replaced by X, =
(z,, pr), and all internal variables y! are replaced by Y = (3£, ¢f), where the
additional field indices p; and ¢! range over the set {1,..., P}.

(ii) The covariances C(z1,x2) are replaced by
C(X1,X2) = 0pp, Cl21,22) , (5.100)
and the interaction kernels V(y!, ..., y%) are replaced by

V(Yl, YQ, YB, Y4) = 5q1q2 (5q2q3 5q3q4 V(yl, y2, y3, y4) . (5.101)
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(iii) The integrations over the internal variables yf are complemented by summations
over the internal indices qf,

k k
H/dy;l.../dyfzn/dy}.../dyf > . (5.102)
i=1 i=1 q',..q

(iv) Finally, we have to perform the sum over the external field indices p1,...,pon
in Eq. (5.97). Note, however, that this formula does not imply an analogous
integration over the external space-time variables x1, ..., Z2,.

As a consequence of these modifications, the value of any Feynman graph (which corre-
sponds to a permutation 7) of the auxiliary Green function G>2" is related to the value
of the corresponding Feynman graph of the ordinary Green function G*" by

ValP’[n, k, 7] = Val[n, k, 7] PNelnFml (5.103)

where Nc[n,k,n] denotes the number of connected subgraphs of the Feynman graph .
By putting this result into Eq. (5.98), we obtain

1
Zr =" TTgF > Vallo, k,m] PR (5.104)
k=0 TESo

Similarly, putting Eq. (5.103) into Eq. (5.99) yields

o0
1
GP’2n(x1,...7x2n):ZW > Valn, k,x] PNkl (5.105)
k=0 TESn 2k,
wbubbiﬁlfcree

and thus, by Eq. (5.76),

2”7, 1] - (—1)”/ /
— - =1+ dzy ... [dzo, f(x1) ... 09(zn)n(22,) . .. n(xy
ZP(0.0) ; (D)2 1 on (1) - 1(Tn) N(T2n) - - N(Tnt1)
S (5.106)
Nc[n,k,m
xZW > Valln, k, @] PNelmRl
k=0 TES 42k,
7 bubble-free
Consider now the expansion
ZP =ePMZ =14 PInZ + O(P?), (5.107)

in which the natural logarithm of the partition function appears as the P-linear term.
From Eq. (5.104), it follows that this P-linear term is given by

1nZ:§: ! > Vallo, k). (5.108)

k12k
k=1 TESo ,

N (0,k,m)=1
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Here, the condition N.(0,k,7) = 1 implies that the Feynman graph corresponding to
the permutation 7 has only one connected subgraph and is therefore connected itself.
Hence, Eq. (5.108) is equivalent to the assertion (5.72). Next, consider the analogous
expansion

ZP[OZZ]] = exp (PWIi,n]) = 1+ PWIij,n] + O(P?), (5.109)

in which the connected Green function generator (5.56) appears as the P-linear term.
From Eq. (5.106), it follows that

Wlit,n] = Z (_})): /dml . /d.’IJgn (x1) ... 7(zn)n(z2n) - (Tnt1)

n=1 (n
© (5.110)
X Z W Z Val[n, k, 7T] .
k=0 TESn+2k s
Ne¢(n,k,m)=1

Comparing this formula with Eq. (5.58) shows the assertion (5.73), and this concludes
the proof. 0

5.4. Fully amputated, connected Green functions

In this section, we briefly introduce another class of Green functions, which in this the-
sis do not play an important role by themselves, but which will be needed in the next
section for proving the Feynman graph expansion of the so-called one-line-irreducible
Green functions. The Green functions of this section are defined in terms of their Feyn-
man graph expansions:

Definition 5.8. For n > 1, the fully amputated, connected 2n-point Green function 32"
is defined by its expansion in terms of fully amputated graphs (see Definitions 4.18) as

=1
Sy, o) = ) ok > Valamp[n, k, 7], (5.111)
k=1 """

TESp42k s
7 non-amputable

where Valymp([n, k, 7] is given explicitly by Eqgs. (4.173) and (4.190).

We remark that for n = 1 and for n = 2, we can equivalently sum in Eq. (5.111) over all
irreducible Feynman graphs. This follows directly from Lemma 4.16, which states that for
n < 2, the notions of non-amputable and (one-line-)irreducible graphs coincide. Hence,
in particular, X2 coincides with the so-called irreducible self-energy [NO98, p. 113],

=1
5wy, 2) = ) :W > Valamp[1, k, 7] - (5.112)
k=1

mES1 12k,
7 one-line-irreducible
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Similarly, the fully amputated, connected four-point function can be characterized as

=1
SHay, ) =Y o > Valamp[2, &, 7] - (5.113)
k=1

TES2 12k
7 one-line-irreducible

As we will see later, these two equations imply directly the corresponding Feynman
graph expansions of the one-line-irreducible two- and four-point Green functions.

Theorem 5.9 (Relations between connected Green functions and fully am-
putated, connected Green functions). The following relations hold between the
connected Green functions G and the fully amputated, connected Green functions X":
forn =1,

Gi(x1,22) = C(1,22) + /dyl /dy2 C(z1,91) X2 (y1,y2) GZ(y2, 72) ; (5.114)

and forn > 2,

G%"(:cl, ey Top) = /dy1 . /dygn Gz(:cl,yl) .. G?(azn,yn)
(5.115)

X Z2(y1, . yan) GEHYntt, Tng) - - - G2 (Yan, T2n) -

While Eq. (5.114) is an implicit equation for G?, an explicit equation can be obtained as
well by iterating this equation (see proof).
Proof. We first rewrite Eq. (5.114) in a shorthand notation as
G?=C+CX*G2. (5.116)
By iterating this equation as in Ref. [NO9S8, p. 113], we obtain
C?2=C+CX*’C+CX*CX*C+.... (5.117)

By putting the definition (5.111) of X? into this expansion and using Eq. (4.190), we
see that the right-hand side exactly reproduces the Feynman graph expansion (5.73) of
the connected two-point Green function. Similarly, for n > 2, one can convince oneself
that by expanding all Green functions in Eq. (5.115), both sides of the equation produce
exactly the same Feynman graphs, and this shows the assertion. O

5.5. One-line-irreducible Green functions

In this last section, we will define and study the properties of yet another class of Green
functions, which will play a central role in the following Part III of this thesis.
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We begin by introducing further elements @(z), ¢(z) of the Grassmann algebra .# of
the sources as

P(z) = (% , (5.118)
p(z) = 5?(/9\2) , (5.119)

where W = W], n] is the connected Green function generator. In the following, we
will refer to these particular Grassmann variables as the new sources (as opposed to
the “old” sources n(z) and 7j(x)). They satisfy again antiperiodic boundary conditions
analogously to Eqs. (5.20)—(5.21). Furthermore, the dimensions of the new sources can
be deduced from the property

on(x) /
=4 5.120
Sy = 0. (5.120)
which together with Eq. (4.104) implies that
i =m 3/ 121
Using that W is dimensionless, we thus find that
[e(x)] = [e(x)] =m™?, (5.122)

hence the new sources have the same dimensions as the “old” sources.

Definition 5.10. The one-line-irreducible Green function generator I' is an element of
the Grassmann algebra .#, which is defined as the Legendre transform of the connected
Green function generator W, i.e.,

'=w-+ <95777> + <90777> ) (5'123)

where the Grassmann fields ¢(z) and ¢(z) are defined by Egs. (5.118)—(5.119).

Definition 5.11. For n > 1, the one-line-irreducible temperature Green functions I'*"
are defined by taking the Grassmann derivatives of the above generator,

I (..., T9p) = (5.124)

1) ) 5 5 )
(5@(951> U 0p(wn) dp(an) 590(a:n+1)> L. ¢l

and subsequently evaluating the field-independent terms.

p=p=0

We assume that the new sources {@(z), ()}, where z € R? x {1, |} x [0, B), generate
again the Grassmann algebra %, such that every Grassmann variable in . can be
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expanded in terms of these new sources. The derivatives §/d@(z) and §/0p(x) of any
element of . are then well-defined, and they can be evaluated analogously as in Egs.
(5.9)—(5.10). In particular, we can expand I' in terms of the new sources as

Llp, ] = Z ((;'1)): /dx1 . ../deTLFQ"(xl, ey Top)

n=1

(5.125)
X @(@1) .. Pn) (@2n) - P(nt1)

Note that the expansion (5.58) of W contains only monomials with an equal number
of 77 and 7 fields, and this implies by Egs. (5.118)—(5.119) and (5.123) that the above
expansion of I' also contains only monomials with an equal number of ¢ and ¢ fields.
Furthermore, the one-line-irreducible Green functions I"*® have similar properties as the
(ordinary) Green functions and the connected Green functions: they are antisymmet-
ric with respect to their first n and their last n arguments, they satisfy antiperiodic
boundary conditions, and they have the dimensions

[I?"(21,...,32,) ] =m™". (5.126)

Before studying the one-line-irreducible Green functions in more detail, we will now
prove two important properties of the Legendre transformation.

Proposition 5.12 (Involution property of the Legendre transformation). The
old sources coincide with the derivatives of the one-line-irreducible Green function gen-
erator I' with respect to the new sources, i.e.,

f(z) = 5o (5.127)
n(z) = 56(2) (5.128)

Furthermore, since
W=T+(n,¢)+(n o), (5.129)

the Legendre transform of I' is again the connected Green function generator V.

Proof. First, Eq. (5.127) follows from the definition (5.123) by the product rule,
oT oW < on > < ] > i
= — , 0 ) —(——, ¢ )+n(x), 5.130
5o~ 5o \aet) ) T \Getay ¥ T (>-130)

together with the chain rule,

W [ g 91) OV [ 00() O
590(=T) B /d 590(3;) 577(=T/) +/d 5@(.%) (5?7(3?/) (5.131)

- <5£?x)’ ¢> * <5£E7x) 90> : (5.132)
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Next, Eq. (5.128) can be shown analogously. Finally, since W is an even element of .
(i.e., it contains only monomials with an even number of Grassmann generators), the
new sources are odd elements of .. Therefore, Eq. (5.123) is equivalent to

F=w- <777 @) - <777 90) ) (5133)

and this in turn is equivalent to the assertion (5.129). O

Proposition 5.13. The matrices of the second derivatives of the generators I' and W
are inverse to each other in the sense that

o(z,z) 0
0 d(z, z)

8T 5T 5*W 5W (5.134)
_ /d dp(x)dp(y)  op(x)dp(y) dn(y)on(z) dn(y)dn(z)
Y 52T 52T 2w 2w

op(z)op(y)  op(x)dp(y) o1(y)on(z)  on(y)on(z)
This identity can be written equivalently as

527 52w
0(X,2) = /dY 50(X)o®(Y) SH(Y)oH(Z)

(5.135)

in the Nambu formalism of Appendiz A.

Proof. The derivation is particularly simple in the Nambu formalism (see Appendix A):
using a functional chain rule, we obtain

_0d(z) 6 ow SH(Y) 520

YA = Sa(x) T se(x) am(z) / W 5a(X) sH(Y)sH(Z) (5.136)
52T 52W

B /dY §®(X)6@(Y) SH(Y)6H(Z)' (5.137)

which coincides with the assertion (5.135). By Eqgs. (A.3)—(A.4) and (A.39)—(A.40), this
is equivalent to Eq. (5.134). O

We remark that the involution property of the Legendre transformation (Proposition
5.12) implies also the converse relation, i.e.,

2w 5°r
X, 7)) = Y ) 1
(X, 2) /d JH(X)0H(Y) 62(Y)6P(2) (5.138)
These two identities can be written in a shorthand notation as
ZF 2 2 21’\
1_5 W W (5.139)

©oD2 fH2  SH2 62
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or equivalently as

2w (er\

By taking the field-independent terms of both sides of this equation, we further obtain

B (52r )1 B ( 82T
H=0 092 ®=0 692
where we have used that the field-independent term of the inverse equals the inverse of
the field-independent term.

52w

-1
— : (5.141)

Next, we will derive the relations between the connected and the one-line-irreducible
Green functions. Our calculations will be facilitated by first deriving the corresponding
relations between the Nambu-type Green functions (see Appendix A), and then deducing
from these the desired relations between the (usual) Green functions.

Theorem 5.14 (Relations between connected and one-line-irreducible Green
functions in the Nambu formalism). The following relations hold between the con-

nected Green functions G*" and the one-line-irreducible Green functions I'*™ in the
Nambu formalism: forn =1,

§(X1, Xo) = /le G%(X1, Y1) I?*(Y1, Xo); (5.142)
forn =2,
G (X1, X2, X3, X4) = (5.143)
/le /dY4 2(X1,Y1) G*(X3,Ys) GX(X3,Y3) G*(X4,Yy) T4 (Y1, Y, Y3, Yy) ;
forn =3,
GO (X1, Xa, X3, X4, X5, X¢) = (5.144)
/le /dy6 2(X1,Y1) G2(X3,Ys) G*(X3,Y3) G2 (X4, Yy)
x G%(X35,Ys) G*(Xe,Ys) (Y1, Ya, Y3, Yy, Vs, Ye)
- 1OA(X17“_7X6){/le.../dYﬁ G?(X1,Y1) G2(Xa,Ys) G(X3,Y3)
x T'(Y1,Y2,Y3,2) G2(2, 2') TN (2, Ya, Y5, Ys)

x G2(Yy, X4) G2(Y5, X5) G2<Y6,X6>} :
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In general, for n > 2, we have

G (X1,...,Xopn) = (5.145)

/le.../dan G*(X1,Y1)...G*(Xon, Yo, ) IT*"(Y1,...,Yo,) + Z,

where the remainder terms denoted by % have the property that each Feynman graph in
their respective expansions contains at least one torso line (see Definition 4.12).

Proof. Our proof is based on Refs. [NO98, pp. 115ff.] and [Zin02, Sct. 7.5]. To simplify
the derivations, we first introduce some shorthand notations: we write the Grassmann
derivatives of the connected Green function generator as

omw

Yi,...,Yn) = .14
and the corresponding derivatives of the one-line-irreducible generator as
omr
L(Yy,....Yn) = . (5.147)

0P(Y1)...09(Y,)
Moreover, we use the convention of integrating over all doubly appearing multi-indices.
We now start from the identity
——— = W(X1), (5.148)
and successively evaluate the nth order Grassmann derivatives of this quantity with
respect to the fields ®(X). For the first derivative, we thereby obtain

6P (X1)
6P (X2)

§(X2,X1) = =I'(Xg, Y2) W(Y2, X1), (5.149)

as shown already above by Eqgs. (5.136)—(5.137). The second derivative yields

52®(X1)

0= 50 () 00(Xs)

= I'(X3, X2,Y2) W(Y2, X1) + I'(X3,Y3) I'( X2, Y2) W(Y3,Y2, X1),
(5.150)

where the two terms are respectively produced when the derivative acts on the first
factor or on the second factor in Eq. (5.149). Note that both terms are already anti-
symmetric with respect to X5 and X3. Applying another derivative yields

_ B3P(X1)
CB(Xy) P(X3)P(Xa)

= I'(Xy, X3, X9, Y2) W(Ys, X) (5.151)
— I'(X3, X9, Ys) T'(X4, Ya) W(Ya, Ye, X7)

(X4, X3,Y3) T'(Xe, Yo) W(Y3, Yo, Xy)

['(Xy, X2,Y2) I'(X3,Y3) W(Y3, Y2, X1)

[(X4,Ys) D(X3,Y3) (X2, Y2) W(Yy, Y3, Yo, X1)
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Since the third derivative is antisymmetric in (X2, X3, X4),

Bd(X)) (X))

(I)(X4)‘I>(X3)(I>(X2) = A(X2,X3,X4) (I)(X4)‘I)(X3)(I)(X2) ) (5.152)

the same applies to the right-hand side of Eq. (5.151). Therefore, we may apply the
antisymmetrization operator to the right-hand side of Eq. (5.151) without changing this
expression. By antisymmetrizing each term in the sum separately, we thus obtain

0= Agx, xy x0) { T(Xs, Xa, X5, ¥2) WY, X0) (5.153)
+ 3 I'(X4, X35, Y3) T'(X2, Y2) W(Y3, Y2, X1)

+ T(X1,Y2) T(X3, Ys) T(Xa, Ya) W(Ya,¥5,2, X1) |
By proceeding further in this way, we obtain after a lengthy calculation

0=Ax,, . x5 { I'( X5, X4, X3, X2,Y2) W(Ya, X1) (5.154)
+4 I'(X5, X4, X3,Y3) T'(Xo, Y2) W(Y3,Ys, X7)
— 3 (X5, X4,Y3) I'(X3, Xo, Y2) W(Y3, Y2, X1)
+6 T'(X5, X4, Ya) T'(X3,Y3) ['(Xa, Y2) W(Yy, Y3, Ya, X1)

+ T(X5, Y5) T(X4, Y1) T(X3, Ya) T(Xz, Y2) W(Y5,Y3, Y3, Y, X1) },
and finally,

0= Ay, xo) { T(Xe, X5, Xu, Xy, X5, ¥2) W(¥2, X)) (5.155)
+5 I'(Xe, X5, Xu, X3, Y3) I'(Xo, Y2) W(Y3,Y2, X1)
— 10 I'(X¢, X5, X4, Y3) T'(X3, Xo, Y2) W(Y3,Ys, X1)
+ 10 I'( X6, X5, X4, Y3) ['(X3,Y3) ['(Xo, Ya) W(Yy, Y3, Y2, X1)
— 15 I'(X¢, X5,Ys) I'( Xy, X3,Y3) T'(Xo, Y2) W(Yy, Y3, Vs, X7)
+10 I'( X6, X5,Y5) I'(X4,Ys) T'(X3,Y3) I'(X2,Y2)
X W(Ys, Yy, Y3, Y, X1)
+ I'(Xe6, Ys) I'(X5,Y5) I'(Xy, Ya) I'(X3,Y3) ['(X2,Y2)
< W(Ys,Ys,Ya, Y3, Ya, X1) }

Our assertions (5.142)—(5.144) now follow by evaluating the field-independent terms of
these equations and using Egs. (A.30) and (A.48):
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(i) Two-point function. Evaluating the field-independent terms of Eq. (5.149) yields
§(Xa, X1) = I'*(X0,Ys) G2(Ya, X1), (5.156)

which is equivalent to the assertion (5.142). In the following, we will also need the con-
verse relation,

§8(Z,Y)=G*(Z,X)I'*(X,Y), (5.157)

which can be shown analogously from Eq. (5.138).

(ii) Four-point function. Evaluating the field-independent terms of Eq. (5.153) yields
0=I"(X4, X3, X2, Y2) GZ(Ya, X1) (5.158)
+ I'%(X4,Y)) T*(X3,Y3) T (X0, Ys) GA(Y4, Y3, Ya, X1) .
Here, we have omitted the antisymmetrization operator because both terms on the right-
hand side are already antisymmetric in (X2, X3, X4). By multiplying this equation

through with the connected Green functions, integrating over the internal variables and
using Eq. (5.157), we further obtain

Gﬁ(Z47Z37227X1) = (5159)

— G%(Z4, X4) G%(Z3, X3) G?(Z, Xo) ' (X4, X3, X2, Y2) G2(Ya, X1) .

Finally, renaming variables (X; — Z;, Y2 — X;) and using the antisymmetry of the
two-point function G2 leads to

GXZ4,73,79,21) = (5.160)

G2(Z4,X4) GX(Z3,X3) Ge(Z2, X2) Ge(Z1, X1) T (X4, X3, X2, X1)

which is equivalent to the assertion (5.143).

(117) Siz-point function. From Eq. (5.155), we obtain by evaluating the constant terms,
0= I'%(X¢, X5, X4, X3, X2, Y2) G2(Yo, X1) (5.161)
+10A(x,, .. xe) { I'(Xg, X5, X4, Yy) I'?(X3,Y3) T'?(X3, Ys)
% GA(Y1, Y3, Yo, X1) }
+ I'%(Xg, Ys) T*(X5,Y5) I'*(X4,Ys) T*(X3,Y3) I'* (X5, Y5)

x GS(Ys, Ys, Ya, Ya, Yo, X1) .



134 5. Grassmann field integral

Using Eq. (5.157), this further yields
G(Zs, Zs, Za, Z3, Za, X1) (5.162)
= —G2(Zs, Xo) G2(Zs, X5) G2 (21, X1) G2(Z3, X3) GZ(Z2, X2)
x I' (X, X5, X4, X3, X2, Y2) G*(Ys, X1)
—10Az,,.... 25 {GE(ZG,XG) G2(Z5, X5) G2(Z4, X4)
x T (Xe, X5, X4, Y2) GA(Yy, Zs, ZQ,XI)} :
Putting Eq. (5.159) into this formula then leads to
GS(Zs, Zs, Z4, Z3, Z2, X1) (5.163)
= —G%(Zs, X6) G*(Z3, X5) GX(Z4, X4) G (Z3, X3) G%(Za, X>)
x I'%(Xg, X5, X4, X3, Xo,Ys) G2(Yz, X1)
+ 104z, 20) {Gz(zﬁ,XG) G2(Zs, X5) G2(Zs, X4) I'*(Xs, X5, Xa, Y1)

X G2(Ya, A1) G2(Zy, Ag) G2(Zp, Az) T (Au, As, Az, A1) G2(A1, Xa) }

By renaming variables (X1 — Z1, Yo — X3, Ay — Y3, Az — X3, Ay — Xo, A1 — X))
and using the antisymmetry of G2, we can write this equivalently as

GS(Zs, Z5, Z4, Z3, Z2, Z1) = (5.164)
G2 (Zs, Xo) Ge(Zs, X5) Ge(Za, Xa) G2(Z3, X3) G2(Z2, X2)
x G2(Z1,X1) T°(Xg, X5, X4, X3, X, X1)
+10 Az, 20) { GA(Zs, Xo) G(Zs, X5) G2(Za, X4) T (X, X3, X4, Vi)
x G2(Yy,Y3) T (Y3, X3, Xo, X1) G2(X3, Z3) G*( X2, Z2) G2 (X, Zl)} :
One can convince oneself that the last term is already antisymmetric in all six variables

(Z1,...,%g), and hence Eq. (5.164) is equivalent to the assertion (5.144). Finally, for
n > 2, Eq. (5.145) follows analogously by iterating the above procedure. O

Theorem 5.15 (Relations between connected and one-line-irreducible Green
functions). The following relations hold between the connected Green functions G*"
and the one-line-irreducible Green functions I'*": for n =1,

51, 0a) = / dys G2(x1, 1) T (g1, 22) (5.165)
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forn =2,
GH(x1, w9, 13, 24) = (5.166)
/dy1 /dy4G 21, y1) Ge(w2,92) T (Y1, 92, Y3, y4) Gz (y3, w3) G2 (ya, ) ;
forn =3,
Gg(azl,xg,$3,x4,x5,x6) = (5.167)

/dy1 /dyﬁG z1, 1) Ge (22, y2) G2 (73, y3)

X F (y17y27y37y47y57y6) G(zj(y47$4) Gg(y57x5) Gg(?JGaCUG)

B 9A(Jf1 z2, xs)A(m,xs,xﬁ {/dyl /dy6G 331>y1)G (x2ay2) F4(y1,y2,z,y6)

X Gg(% Z,) Gz(yﬁa .Iﬁ) G?;(x:% y3> F4(Z/7 Y3, Y4, ?/5) Gz(y‘h 564) GE(QS, $5)} .

In general, for n > 2, we have

G2 (21, ..., Ton) = (5.168)
/dy1 /dy2n 2(x1, 1) - - G2, Yn)

x I n(yh e Yns Ynd ey y2n) Gg(yn+17xn+1) . Gz(y2na x2n)
+ Z,

where again, the remainder terms denoted by % have the property that each Feyn-
man graph in their respective expansions contains at least one torso line (see Definition
4.12). The above relations can be represented graphically by means of Universal Feynman
Graphs as shown in Table 5.2.

Proof. We derive these relations from the corresponding equalities for the Nambu-type
Green functions (Theorem 5.14). For this purpose, we use the relations (see Appendix A)

Ge(w1,+; w9, —) = Gi (w1, 22) , (5.169)
G2 (w1, +; w2, +; 23, —; 24, —) = —Ga(w1, T2, T3, T4) , (5.170)
G(w1,+; ma, +; T3, +; T4, — 3 @5, —; T, —) = —GO(w1, ¥, w3, 24,25, 6) ,  (5.171)

etc., as well as the analogous relations for the one-line-irreducible Green functions (for
which the Nambu indices + and — must be interchanged).

(i) Two-point function. From Eq. (5.142), we obtain

§(x1,+; w2, +) /dy1 > Giar,+iy1,01) T y1 015 0, +) (5.172)

C1
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In the sum over Nambu indices, only ¢; = — gives a nonvanishing contribution. Thus,
6(21,w2) = /dyl G2(x1,+; y1, —) T (y1, —; w2, +) (5.173)
= /dyl GZ(z1,y1) I (g1, 22) (5.174)

which coincides with the first identity (5.165).
(ii) Four-point function. Equation (5.143) can be written equivalently as
G (X1, Xo, X3, X4) = (5.175)
Javi . [avi G200, ) G20 Ya) I (1, Y2, Y5, Y0) G2V, Xa) GE(Vi. Xa),

where we have used the antisymmetry of the Nambu-type two-point function. In partic-
ular, this implies

Gl(w1, +; 29, +; w3, — 3 74, —) = (5.176)

/dyl /dy4 Z G2 (x1,+; y1,01) Ga (w2, +; Y2, ¢2)

Cly...,C
r (Y1, €15 Y2, €25 Y3, €35 Ya, Ca) Gc(y37 c3; 3, —) Gg(y4,04; T4, =)
Here, only the combination of Nambu indices
(c1,¢2,c3,¢4) = (—, —,+,+) (5.177)

gives a nonvanishing contribution to the sum, and this yields
Gé(l’l,xg,xg,, .%'4) = /dy1 RN /dy4 (5.178)

x G2(w1,11) G2(2,y2) T (Y1, Y2, y3, y4) G2 (y3, v3) G2 (Y4, T4) ,

which coincides with the assertion.

(iii) Siz-point function. We start from Eq. (5.164) in the proof of Theorem 5.14. By
using the antisymmetry of G2 and by renaming the variables, this is equivalent to

GO (X1, Xa, X3, X4, X5, X¢) = (5.179)
—/dn../dn G2(X1, Y1) G2(Xo, Ya) G2(Xs, Vs)

x IS(Y1,Ya, Y3, Ya, Vs, Ye) G2(Ya, X4) G2(Ys, X5) G2(Ys, X¢)
+10Ax, .. x3) {/diﬁ /dYG 2(X1, Y1) GH(X2,Y2) GE(X3,Y3) T (Y1, Y2, Y3, Z)

x G2(2,2"\T*(Z' Y4, Y5, Ye) GE(Ya, X4) G2(V5, X5) G?(Y@-,Xw} :
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Table 5.2: Relations between connected Green functions and one-line-irreducible Green func-
tions: Universal Feynman Graph representation.

We evaluate this equation for
X1 = (z1,+), Xo = (v2,+), X3 = (v3,+), (5.180)
X4 - (11/’4, 7)5 X5 = (:[757 *)7 X6 = (1’6, *)a

such that the left-hand side of the equation reverts to (—1) GS(x1, z2, x3, 74, 25, 76). The
first term on the right-hand side can be evaluated analogously as in the case of the
four-point function, which yields

/dy1 cee /dy6 Gg(arl, yl) Gg(xg, yg) Gg(aﬁg, y3) (5.181)

x T%(y1, 92, Y3, Ya, Y5, Y6) G2 (ys, 1) G2(ys5, x5) G2 (ys, T6) -
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Next, consider the second term on the right-hand side of Eq. (5.179), which reads

% > sen(w) /le.../de, (5.182)

TESH
X GE(XW(1)7 Yl) GE(XW(Q)v YVQ) GE(XW(B)y Y3) F4(Y17 Yo, Y3, Z)
x GHZ, 2" THZ' Y4, Y5, Ye) G2(Ya, Xr(a)) G2(Y5, X(s5)) G2 (Ys, Xe) -

By the antisymmetry of the two four-point functions in (Y7, Ys,Y3) and respectively in
(Yy,Ys5), there are always 3!2! = 12 permutations which give the same contribution.
Thus, we need to consider only

5!

representative permutations, provided that we count each of them 12 times. Concretely,
we choose the 10 representative permutations 7, ..., mT9 which are shown in Table 5.3.
Further using that 12 x 10 /5! = 1, we see that the prefactor in Eq. (5.182) cancels out,
and hence we are left with the sum

9
> " sgn(m) / dvi... / dvs (5.184)
j=0

X G%(ij(l), Yl) Gg(ij(Z)u YQ) Gz(Xﬂ'j(?))? YS) F4(Y17 Ys,Ys, Z)

X GAZ,Z')TNZ' Y4, Y5, Ys) GE(Ya, X (1) Ge(Ys, X 5)) G (Ys, Xe) -

Consider the first summand with j = 0, which corresponds to the identity permutation:
/le . /dyﬁ G*(X1,Y1) G*(X2,Y2) G*(X3,Y3) 'Y (Y1, Y, Y3, Z) (5.185)

x GX(Z,7")T*(Z',Yy,Ys,Ys) G2(Yy, X4) G2(Ys, X5) G2 (Y5, X¢) -

By choosing the external Nambu indices as in Eq. (5.180), the product of the connected
Green functions G? vanishes unless

Vi=(y1,—), Ya=(y2,—), Y3 =(y3,—), (5.186)
Y, = (y47+)7 Y5 = (y57+)7 Yv6 = (y6,+)

For this combination of the internal Nambu indices, however, the four-point functions I'*
vanish. Therefore, the first summand in Eq. (5.184) is zero.

Next, consider the second summand in Eq. (5.184) with j = 1 (see Table 5.3): By re-
naming the variables Y3 <> Y}, this term equals

—/le.../dYg G?(X1,Y1) G2(X2,Ys) G2(X4,Yy) T (Y1, Ys, Yy, Z) (5.187)

x G2, 2"\ T (Z',Ys,Y5,Ys) G2 (Y3, X3) G2 (Y, X5) G2 (Ys, Xe) -
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In this case, our choice (5.180) of the external Nambu indices implies that

Yi=(y1,—), Ya=(y2,—-), Y3 = (y3,—), (5.188)
Yy = (y47 ) (y5a ) Yo = (y67+)7
Z=(z,4), Z' = (2’/7—)7

and thus, Eq. (5.187) yields

/dy1 /dyeG x1,91) GX(w2,y2) G2(ya, v4) T (Y1, Y2, Y4, 2) (5.189)

X Gz('z? Z/) F4(ZI7 Y3, Ys, yﬁ) GC (33'37 y3) Gz(y57 x5) G(Q:(y67 $6) .

By the antisymmetry of I'* with respect to its last two arguments, this expression equals

/dyl /dyﬁ G2 (w1, y1) G (w2, 92) T (y1, 2, 2,9a) G2 (2, 2) GE(ya, wa)  (5.190)

x G2(x3,y3) T2, ys, vs, v6) G2 (ys5, 25) G2(ys, T6) -

Furthermore, the remaining terms in Eq. (5.184)—i.e., those with j = 2,...,9—can be
evaluated analogously. Taking into account also Eq. (5.181), we arrive at

(—1) GS(21, 29, 23, 24, 5, 76) = (5.191)
/dyl /dy6 G2 (1, 1) G2 (22, o) Ge (w3, y3)

(y17 Y2,Y3,Y4, Y5, yﬁ) Gz(y47 $4) G(Z:(y57 1'5) G(Z)(yfia 1'6)

+ Z sgn(m) sgn /dy1 /dy6

TES3 n'€S3
X G221y y1) G2(Tr(2), y2) T (Y1, 2, 2, ya) G2(2, ") GE(Ya, Tr(a))
X Ge(xr(3),y3) T2 y3,y5,v6) Gr (U5, T (5)) Go (Y6 T (6)) »
which is equivalent to the assertion (5.167).

Finally, consider the general case where n > 2. We can write Eq. (5.145) of Theorem
5.14 equivalently as

G?(X1,..., Xop) = (5.192)
/ av; .. / Aoy G2(X1, Y1) ... G2 (X, Vo)

X an(YL sy Yna Yn+17 .. Yén) G (Yn-l—laXn—i—l) e GE(YQ’VM XQn)

+ Z,
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Table 5.3: Representative permutations used for evaluating Eq. (5.182).

where the sign (—1)" comes from interchanging the arguments of the last n connected
Green functions. By choosing the external Nambu indices as

(xi,+), ifi=1,...,n,
X; = (5.193)

(=), ifi=n+1,...,2n,

we see that only the combination of internal Nambu indices given by

(yi,—), ifi=1,...,n,
Y; = (5.194)
(yi,+), ifi=n+1,...,2n,

contributes to the sum, and this implies the assertion (5.168). O

Corollary 5.16. The relations (5.165)—(5.168) of Theorem 5.15 can be inverted by sim-
ply interchanging the connected and the one-line-irreducible Green functions.

Proof. This follows from the involution property of the Legendre transformation (The-
orem 5.12). In concrete terms, the inverse Green function relations can be proven along
the lines of Theorem 5.14 and Theorem 5.15 by only interchanging from the beginning
the Green function generators YW and I" (see [Zin02, Sct. 7.5]). O

Finally, we are in a position to prove the following theorem, which constitutes the main
conclusion of this section.
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Theorem 5.17 (Feynman graph expansion of one-line-irreducible Green func-
tions). The one-line-irreducible two-point Green function I'? is related to the irreducible
self-energy X% (see Sct. 5.4) by

r=c1t-x2 (5.195)

Furthermore, for n > 2, the one-line-irreducible Green function I'*" is given by (—1)"
times the sum of all amputated, one-line-irreducible graphs (see Definition 4.14), i.e.,

n n - 1
= (-1) E Tigk E Valamp[n, k, 7], (5.196)
k=1

TESn 2k
7 one-line-irreducible

where Valamp[n, k, 7] is given explicitly by Egs. (4.173) and (4.190).
Proof. For n = 1 and for n = 2, the assertion follows immediately from Theorem 5.9
and Theorem 5.15: On the one hand, Eq. (5.116) implies that
Gl=(1-0cx*"'C, (5.197)
and by inverting this equation, we obtain
GH=cla1-cx?=c't -2 (5.198)
On the other hand, Eq. (5.165) can be written as
(GH™ =17, (5.199)

Taken together, these two identities imply Eq. (5.195). Similarly, for n = 2, the com-
parison of Egs. (5.115) and (5.166) shows that

r=xt (5.200)
which by Eq. (5.113) is equivalent to the assertion (5.196).

For general n > 2, the proof is more complicated. We build on the proof given in Ref.
[Zin02, Sct. 7.8], however, employing here the explicit renormalization group equations
(RGE) for the one-line-irreducible Green functions, which are derived in Sct. 6.3 below.
First, Theorem 5.9, Eq. (5.115), and Theorem 5.15, Eq. (5.168), together imply that

D — (—)"r* 4+ R (5.201)

where the remainder terms denoted by %’ can be expanded in terms of fully amputated
Feynman graphs which each contain at least one torso line. In particular, this means
that all graphs contained in the second term %’ are (one-line-)reducible. On the other
hand, by Eq. (5.111), X2?" is given by the sum of all non-amputable graphs, which
contain as a subset all irreducible graphs. By the above characterization of %', all
these irreducible graphs must be contained in the first term (—1)"I">". Now, if we can
show that conversely, all graphs appearing in the expansion of I'?" are irreducible, then
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it follows that the splitting of Eq. (5.201) coincides precisely with the splitting of all
non-amputable graphs into those which are irreducible and those which are reducible,
respectively, and this would prove the assertion.

Thus, it remains to show that all Feynman graphs appearing in the expansion of I'?" are
one-line-irreducible. For this purpose, we define for each € > 0 the modified covariance

Ce(y1,y2) = C(y1,y2) — E/dzl /dzg C(y1,22) C(z1,92) . (5.202)
First, we show that the inverse of C; is given by

Q:(y1,92) = Q(y1,y2) + e+ O(e?) . (5.203)

In fact, this can be verified as follows:

/dyz Ce(y1,y2) Q=(y2,y3) = 6(y1,y3) + 6/013/2 C(y1,2) (5.204)

- E/dy2/d21/dz2 C(y1,22) C(21,92) Qy2,y3) -

In the last term, we first perform the integral over y» and then over z;, hence

/dzl/dyz C(Zl,yz) Q(yg,yg) = /dzl 5(2’1,3/3) =1. (5205)

This shows that the third term on the right-hand side of Eq. (5.204) cancels against the
second term, and thus we obtain the desired identity

/ dys C=(1. y2) Qe(y2, ys) = 81, vs) (5.206)

Next, consider the e-dependent connected Green functions G?”E as well as the one-line-

irreducible Green functions 12", which are obtained by replacing in their respective
Feynman graph expansions all covariance lines by C' — C.. We are interested in the

derivatives

. d
G| = _—g™ : 5.207
c,e =0 de c,e o ( )
and respectively
. d
el == 5.208
= 2L (5.208)

By the linearity of the derivative and by the product rule, these ¢ derivatives can act
on any modified covariance line C. of any Feynman graph. Thereby, they produce all
possible graphs in which a single covariance line is replaced by

Cy1,y2) = Ce(y1,y2) = —/d21/d22 C(y1,22) C(21,92) , (5.209)
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Figure 5.1: Setting Q = 1 on the right-hand side of the RGE for the connected four-point func-
tion produces disconnected graphs.

while all other covariance lines remain unchanged,

Celyr,y2)| _ =Clyrp2). (5.210)

e=l

Now, the replacement (5.209) corresponds precisely to the operation of cutting the co-
variance line C(y1,y2) (see Sct. 4.5.2) and integrating over the new external arguments
z1 and zo. This means, the derivatives (5.207) and (5.208) yield the sums of all (orig-
inally connected and respectively one-line-irreducible) Feynman graphs in which one
covariance line is cut and the new external arguments are integrated over.

We will now show that all Feynman graphs representing the derivative (5.208) are still
connected, which implies that all Feynman graphs representing the original Green func-
tion I"?" are one-line-irreducible. This is in contrast to the Feynman graph expansion of
the derivative (5.207), which in fact contains also disconnected graphs. In order to see
this explicitly, we will make use of the RGE for the respective Green functions, which
are derived in detail in the next chapter 6.

For the sake of understanding, we first consider the connected Green functions (although
this theorem is actually only concerned with the one-line-irreducible Green functions):
For example, the connected four-point function satisfies the following differential equa-
tion (Theorem 6.3, Eq. (6.55) with A replaced by ¢):

G'2178(x1,$2,.1‘3,$4) -

— Mgy, 20) /dyl/dyz G2 (z1,31) Q=(y1,y2) Gt (Yo, w2, w3, 24)

. (5.211)
— A(zy,24) /dyl /dy2 Ge (21, 22,51, 24) Q= (Y1, y2) G2 (42, 3)

+ /dyl/dy2 G (1,22, 91,73, 74, Y2) Qe (Y2, 1) -

By evaluating this equation at ¢ = 0 and using that Q.(z,y)|.—o = 1, we obtain (re-
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stricting us for simplicity to the first term)

6375(1'1, $27 ‘:U?)’ .fU4) ‘610 - - /dyl G§<x17 yl) /dy2 Gé(y27 $27 $37 x4) + tte (5212)
Hence, by expanding the Green functions on the right-hand side of this equation, we see

that already the first term produces disconnected graphs contributing to the derivative
of the connected four-point function (see Fig. 5.1).

Next, we will show that the situation is different for the one-line-irreducible Green func-
tions. To begin with, the one-line-irreducible two-point function satisfies the following
differential equation (Theorem 6.6):

f§<$1,$2,$3,x4) = (5.213)

/dy1/dy2 I'S(z1, 22,91, 73, 74, Y2) Se (Y2, y1)
1
t5 /dy1 . --/dy4 Le(y1,y2, Y3, ya) T2 (1, 29, y1, y2) Te(y3, ya, 3, T4)

— 2A(z5,x4) /dyl s /dy4 L€(y3>y4ay27 yl) F54(y1a L1, Y3, I’g) F54(x27y27x47y4) :

Here, we have defined the single-scale Green function

Se(y2,11) = /dZ1 /sz G? (42, 22) Qe(22,21) G2 (21,11) , (5.214)
as well as the loop term

Le(y1,y2,y3,ya) = Se(y1,y3) Gz (y2,y4) + G2 (1, y3) Se(y2,y4) - (5.215)

Let us consider the first term on the right-hand side of Eq. (5.213), i.e

(w1, 2,23, 74) = /dyl/dy2 /dzl/sz I5(x1, 22,91, 73, T4, y2)

X G2 (32, 2) Q=(22,21) G2, o1, 1) (5.216)
+...
For € = 0, the single-scale Green function becomes disconnected, meaning that
Se(y2, )|y = —/sz GE(yQ,zQ)/dzl G2 (z1,11) - (5.217)
For the first term on the right-hand side of Eq. (5.213), this implies
F4(x1, X9, X3,T4) | (5.218)

/dZ1/dZ2 /dyl/dyz G2(z1,y1) T%(z1, 32,91, 3, 74, Y2) G2 (Y2, 22) + - - -
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Furthermore, by expanding the connected and the one-line-irreducible Gren functions on
the right-hand side of this equation, only connected graphs will be produced. (For the
connected Green functions, this property was shown by Theorem 5.7; for the one-line-
irreducible Green functions I'*", it can be shown by induction in n using their relations
to the connected Green functions, see Theorem 5.15.) Therefore, all Feynman graphs
contributing to the term (5.218) are connected (see Fig. 5.2). One can convince oneself
that the same also applies to all other terms on the right-hand side of Eq. (5.213): since
the two four-point functions I'? in this equation are connected by S. and by Gg’e, all
Feynman graphs will remain connected even if S; becomes disconnected.

More generally, this argument also applies to all higher 2n-point Green functions (n > 2),
which follows from the general structure of the RGE (6.69): even if the single-scale Green
function becomes disconnected, the resulting graphs on the right-hand side will remain
connected. Thus, we have shown that only connected graphs contribute to the derivative
(5.208), and hence only one-line-irreducible graphs contribute to I"*". This concludes our
proof of the Feynman graph expansion of the one-line-irreducible Green functions. [

a2 | a2

C

Figure 5.2: Setting Q = 1 on the right-hand side of the RGE for the one-line-irreducible four-
point function produces only connected graphs.






A. Nambu formalism

In this appendix, we describe the Nambu formalism, which allows us to treat the source
fields 77 and 7 (as well as ¢ and ¢) on an equal footing, and thus to simplify several
derivations. This formalism has already been used in the seminal work [SHO1] for deriv-
ing functional renormalization group equations (cf. also [NO98, pp. 116ff.]).

The Nambu formalism is based on the following notations of the Grassmann field vari-
ables (i.e., the generators of the original Grassmann algebra <),

U(z,—) =9(x), (A.1)
U(z,+) =v(x), (A.2)

as well as of the source fields (i.e., the generators of the Grassmann algebra .%),

H($7 _) = 77(1') ) (A 3)
H(z, +) = () (A.4)
Note that the order of “—” and “+” is different in the first two and in the last two

equations. Moreover, we define the multi-indices
X =(z,0), (A.5)

which are composed of the spatial, spin and imaginary time variables z = (x,s,7) as
well as the additional Nambu index

ce{—,+}. (A.6)

Correspondingly, we define the integration over such multi-indices as

Jaxseo = [ay s, (A7)
and the delta distribution as (see also Egs. (4.103) and (4.104))
(X, X" =6(z,2') bee - (A.8)

With these notations, the Green function generator (5.37) can be written in a compact
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form, as we will now demonstrate. First, we have

00+ @.6) = [den(@)i@) + [dza@)viz) (A.9)
— /dx (H(x, —)¥(z,—) + H(z, +) ¥(z, +)) (A.10)
- /dX H(X)¥(X) (A.11)
= (H, ¥). (A.12)

Furthermore, the quadratic term in the exponent can be written as

(5. Qu) = [doy [dey (1) Qo 2) () (A13)
= % /dX1 /dXz U (X1) Q(X1, X2) ¥(Xo) (A.14)
- %@, Qu), (A.15)

where we have defined the integral kernel

Qz1,22)  if (c1,02) = (=, 4),
Q(z1,¢1; 9, 02) = _ (A.16)
—Q(z2,21) if (c1,02) = (+,-).
This integral kernel is antisymmetric in the sense that
Q(X1, X2) = —Q(X3, X1), (A.17)

and it can be interpreted as a (2 x 2) matrix with the indices ¢; and c2 as

Q(-fl,—;[lfg,_) Q(xlv_;m27+>
Q(X1,Xy) = (A.18)
Q(mla—i_;va—) Q($17+;$2,+)
0 T1,x
- erz2) ) (A.19)
—Q(z2,21) 0
By further denoting the Grassmann field integral as
/d\If = /d&dw, (A.20)
we can write the Green function generator (5.37) in the Nambu formalism as
2[H] = /iv / A o~ (0-QY) =BV ¥+(HY) (A.21)

with the normalization constant

N = /d\l/ e 2(V.QY) (A.22)
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Next, we consider the expansion (5.58) of the connected Green function generator,
WI[H] = In Z[H| — In Z[0], (A.23)

in terms of the connected Green functions. This expansion is obviously equivalent to

— Z /Xm /dXQn G> (X4, ..., Xo)

(A.24)
x H(X1) .. . H(X,) H(X2,) .. . H(Xp11) ,
provided that we define the coefficient functions as
G*(21,...,72,), if g =...=c, =+ and
G (w1, c15 .. 5 Tan, Con) = Cntl === Cm="7»  (A.25)
0, otherwise .

By antisymmetrizing these coefficient functions, we obtain the equivalent expression
H] = i (=1 (—1)n(n=1/2 /Xm . /ngn
(n!)?
=1 (A.26)
X (A(Xl,m,in) égn(Xl, e ,Xgn)) H(Xl) e H(Xgn) s

3

where the additional sign factor comes from bringing the anticommuting source fields
in Eq. (A.24) into their natural order. For n > 1, the connected Green functions in the
Nambu formalism G*™ are now defined as

2n)! ~
G™(X1,..., Xop) = (—1)"<n—1>/2( ) A, x) GP(X1, ..., Xon) (A.27)

(n!)?
_1)yn(n—1)/2 "
= ()72 Z Sgn(ﬂ-) Gzn (Xﬂ'(l)7 AR 7X7'r(2n)) . (A.28)

|
(n) TES2n,
These “Nambu-type” Green functions are totally antisymmetric, i.e., they change sign

under the permutation of any two arguments. In terms of these functions, the connected
Green function generator can be expanded as

[eS)
n=1

In particular, the connected Green functions in the Nambu formalism can be gained
back from the connected Green function generator by taking the Grassmann derivatives

/ dX; .. / dXo, G (X1, .., Xon) H(X1) .. . H(X2,).  (A.29)

) )
SH(X,) " 6H(X2p) ) WiH

G (X1,...,Xo,) = ( (A.30)

H=0
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Next, we express the “Nambu-type” connected Green functions in terms of the (usual)
connected Green functions. For n =1, Egs. (A.25) and (A.27) imply that

Ge(wn 45y, =) = Ge(wr, 4322, -) — Gelwa, = 21,4) = Gelan,2), (A.31)
and similarly,
Gz(xly -5 L2, +) = éz(iﬂb - L2, +) - éz(xQ, +, x1, —) = —Gg(x27x1) . (A32)
Moreover, if both Nambu indices are equal, the result vanishes. Thus, we arrive at
~G%(29,71), if (c1,c2) = (—,+),
G2($1acl;$2762) = Gz($17$2)7 lf (01702) — (+’ _)7 (A33)
0, otherwise .

In matrix notation, these relations can be summarized as

G2(X1, X,) = ( ; ~Gelzz,m) ) . (A.34)

Gz(l‘l, 952) 0
Similarly, for n = 2, we can calculate as

4
GC($1,+; x27+; X3, —; X4, _)

1/~ ~
= _Z <G§($1,+, ﬂf2,+; $3,—;$4,_) - Gé(x2a+;xla+; €T3y =3 334,_) (A35)

- G§($1a+§$27+5$4,*§$3a*) + ég($2,+3$17+§l’4a*§$37*)>

1
= _Z <G§(x1,$2,$3,1’4) - G?(x27x17x3ax4) <A36)
— GX(w1, 72,74, 73) + Gé‘(@,xl,m,ﬂc:&))
= —Gﬁf(azl,m,xg,m), (A37)

where we have used the antisymmetry of G2 under the permutation of its first two and
its last two arguments. All other combinations of the Nambu indices can be evaluated
analogously, and thus we arrive at

Ge(w1,c1; T, co5 T3, 035 T4, C4) = (A.38)
—G4 (w3, 24,1, 72), if (c1,c2,¢3,¢4) = (—, —, +,+)
Gi(z2, 14, 21,73), if (c1,c2,¢c3,¢4) = (—, +,—,+),

—G4 (29,13, 21, 24), if (c1,c2,¢3,¢4) = (—,+,+,—),
—G (w1, 24,09, 23), if (c1,¢2,¢3,¢4) = (+,—, —, +),
GH(w1, 23,00, 14), if (c1,c0,c3,¢4) = (+,—,+,—),
—G4(w1, 29,23, 24), if (c1,c2,¢3,¢4) = (+,+,—,—),

0, otherwise .
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We go on to rewrite also the Legendre transform in the Nambu formalism. For this
purpose, we denote the new source fields (defined by Eqs. (5.118)—(5.119)) as

Then, Eqgs. (5.118)—(5.119) translate into

ow
(X)) = A41
and the Legendre transform (5.123) can be written compactly as
r=w+(®,H). (A.42)
Similarly, Egs. (5.127)—(5.128) are equivalent to
or
HX)= ——. A4

It remains to consider the expansion (5.125) of the one-line-irreducible Green function
generator. In fact, this can be rewritten in the Nambu formalism (analogously to the
connected Green function generator) as

F[(I)] = i (_1)n /Xm .. /dXQn an(le s 7X2n)

— (n!)? (A.44)
X P(X71)...0(X,)P(Xap) ... P(Xpt1) -
In this case, the coefficient functions are defined as (cf. Eq. (A.25))
I’(xq,...,29,), if 1 =...=¢, =— and
f%(:{:l,cl; e Top, Cop) = Cnt1 = ... =C;m =+, (A.45)
0, otherwise .

Again, an equivalent expansion is obtained by antisymmetrizing these coefficient func-
tions: defining the one-line-irreducible Green functions in the Nambu formalism as

(_1)(n—1)n/2

F2n(X1""7X2n) :: (n!)2

Z Sgn(w) 1~—12n (Xw(l), cee ,Xﬁ(gn)) s (A46)

TESoy,

the expression (A.44) can be transformed into

NESY ((;737 /dX1.../dinFQ"(Xl,...,Xgn)®(X1)...q>(X2n). (A.47)

n=1

In particular, the one-line-irreducible Green functions in the Nambu formalism can be
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represented as the Grassmann derivatives

) 0
60(Xy) " 5(I)<X2n)> tiel

Finally, we can express these “Nambu-type” one-line-irreducible Green functions in terms
of the (usual) one-line-irreducible Green functions as follows: for n =1,

(A.48)

I™(X,,...,Xon) = <

d=0

I?(z1,29)  if (c1,¢2) = (—,+),

I‘2($1acl; 1‘2,62) = _FZ(:EQPTl) if (01762) = (+7 _)7 (A4'9)
0 otherwise,
and for n = 2,

I'*(z1,c1; T9, C2; T3, C35 T4, Cq) = (A.50)
_F4($17$275C31 $4) 5 if (cla C2, C3, 04) = (_7 -+, +) )
Iz, 23,00, 24),  if (c1,¢2,¢3,¢4) = (—,+,—, +),
—F4($1,Z‘4,$2, :1:3) ) if (017 c2,C3, 04) = (_7 +7 +7 _) )
71—‘4(1’273337371; $4> 9 lf (Clv C2,C3, C4) - (+7 BERE +) )
I'Y(zo,mq,21,23), if (c1,c2,¢3,¢4) = (+,—, +,—),

)= ( )

4 : _
—I (.’L’3,CL’4,$1,$2), if (01762703704 - +7+7_7_ )

. 0, otherwise .

These above equalities may be compared to the respective Eqs. (A.33) and (A.38) for
the connected Green functions. The corresponding differences stem from the different
definitions of the old and the new sources in the Nambu formalism, Eqs. (A.3)—(A.4)
and Egs. (A.39)—(A.40), respectively.
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6. Renormalization group equations

In this chapter, we derive the renormalization group equations (RGE) for the connected
and for the one-line-irreducible Green functions. These have already been used in the
proof of the Feynman graph expansion of the one-line-irreducible Green functions (The-
orem 5.17). Since the solution of the RGE is not just a function of some continuous pa-
rameter A (i.e., a single number f(A) for each A), but a whole set of Green functions for
each A, the corresponding differential equations are also referred to as functional RGE.
These form the basis of the functional renormalization group (fRG) method, which we
will use in the following chapters to study the low-temperature phases of the Rashba
model with an attractive interaction. The derivations in this chapter follow closely the
seminal article [SHO1] with only very slight modifications.

6.1. Scale dependence

We introduce a scale-dependent covariance Cp for each A > 0 in such a way that it
satisfies the initial condition

lim Cj(z1,22) =0, (6.1)
A—oo
as well as the final condition
lim Cy(z1,x2) = C(x1,x2) . (6.2)
A—0

In typical fRG applications, A is associated with an energy scale, and hence the above
limits are referred to as the wltraviolet limit and the infrared limit, respectively (see
Ch. 7). The inverse of the scale-dependent covariance is denoted by Qp = C’Xl. Fur-
thermore, the Green function generator at the scale A is defined as (see Definition 5.2)

Zalil,n] = 1 /dwdq/, o (¥ QaY) =BV [+ (7,9)+(n,P) (6.3)
) N‘A M
with the normalization constant
Ny = / depdap e~ (D Qa¥) | (6.4)

The logarithm of Z, divided by its field-independent term yields the connected Green
function generator at the scale A (see Definition 5.4),

Wl nl = In Za[77, 7] — In Z4[0,0] (6.5)
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Moreover, the scale dependence of the covariance induces a scale dependence of all in-
teracting Green functions through their respective Feynman graph expansions. In par-
ticular, the connected Green functions at the scale A are the coefficient functions of the
connected Green function generator at the same scale, i.e.,

o0 71 n
Wa=>_ ((n!))2 /dxl.../dxgn G2 (1, .. ., @an)
n=1

< (1) . () n@an) - nsn)

(6.6)

Concretely, these scale-dependent connected Green functions can be represented as the
sums of all connected Feynman graphs, in which all covariance lines attain a scale
dependence, i.e., C +— Cj. Thus, one can convince oneself that the connected Green
functions satisfy the initial conditions

lim G?\(x1,...,22,) =0, (6.7)
A—oo ’
as well as the final conditions
lim G2\ (z1,...,20n) = G (1, ..., Top) . (6.8)
A—0 @

Next, the Legendre transform at the scale A is defined as (see Definition 5.10)

Lo = Wa +(@a,n) + (0a,7) (6.9)

where the new source fields are given by

Pa(z) = ()’ (6.10)
pa() = (;5;/(\;?) : (6.11)

Note, in particular, that these Grassmann variables are scale dependent, too. Corre-
spondingly, the one-line-irreducible Green functions at the scale A are defined such that

00 _1)n
FA = Z ((n'))z /da:l .. /dszn F/%n(l‘l, e 71‘2”)
n=1

X @a(@1) - Palzn) pa(@2n) - . A(Tni1) -

(6.12)

In perturbation theory, these Green functions are represented as the sums of all one-
line-irreducible Feynman graphs with scale-dependent covariance lines. However, as ex-
plained in Ref. [Sch+16a], the above definitions are only formal: since C is in general
not invertible, the Legendre transform and in particular the two-point function

IR= (G (6.13)

are actually not well-defined. This becomes particularly obvious in the limit A — oo,
where C\ and consequently also Gi A Vvanish identically. Nevertheless, for n > 2, the
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= v +8 v I[(

Table 6.1: Two first-order Feynman graphs contributing to the one-line-irreducible four-point
Green function I'*. Only these first-order graphs are relevant for evaluating the initial condi-
tion of I'*, because all higher-order Feynman graphs contain at least one covariance line which
vanishes in the ultraviolet limit.

one-line-irreducible Green functions I' K” can be defined even in the ultraviolet limit,
because the inverse of C) does not appear in their Feynman graph expansions (see
Theorem 5.17). Concretely, the one-line-irreducible four-point function (n = 2) satisfies
the initial condition (see Table 6.1)

Ah—I}go F[%(:E13x27$371‘4) - 7B (V($17x2,$3,$4) - V(ﬂ?17$2,$4,l‘3)) 5 (614)

where V' denotes the four-point interaction kernel as given by Eq. (4.107). If we assume
that the latter is antisymmetric with respect to its last two arguments, then Eq. (6.14)
further simplifies to

Alim Fﬁ(xl,xg,xg,m) = —2,8V(1’1,:E2,:L‘3,1:4) . (615)
—00

Note the prefactor (—f) in the above equations, which is contained in any first-order
Feynman graph (see Eq. (4.173)), and which is consistent with the different dimensions
of the quantities I'* and V (see Egs. (5.126) and (4.107), which respectively imply that
[[*(x1,...,24)] = m~5 and [V (z1,...,24)] = Jm™5). For n > 3, the corresponding
initial conditions read

lim I3 (21,...,22,) =0  (n>3), (6.16)
A—oo

because all Feynman graphs contributing to these Green functions contain at least one
covariance line. By contrast, the limit A — 0 is well-defined for all n, and simply yields
back the original one-line-irreducible Green functions:

lim I'3"(x1,...,290) = T?2(x1,...,09,) (0 >1). (6.17)
A—0

We will come back to these limits in Sct. 6.4, where we will formulate an initial-value
problem for the scale-dependent (one-line-irreducible) four-point function.
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6.2. Connected Green function flow

In this section, we derive the RGE for the scale-dependent connected Green functions
Gg’x (see Sct. 5.3). These RGE form an infinite hierarchy of coupled differential equa-
tions, one for each n. Instead of deriving them one after the other, however, we will
start directly from the connected Green function generator Wy and derive a differen-
tial equation for it. Afterwards, we will perform an expansion in the source fields, and
thereby simultaneously obtain the corresponding differential equations for all the coeffi-
cient functions of W), which coincide with the scale-dependent connected Green func-
tions. Furthermore, analogously as in Ch. 5, our calculations will be facilitated by first
deriving the RGE for the Nambu-type Green functions, and then deducing from these
the desired equations for the connected Green functions themselves (see Ref. [SHO1]).

In the Nambu formalism (see Appendix A of Part IT), the scale-dependent Green function
generator (6.3) can be written as

2= 5 / QW &~ H¥.Q0Y) (~BVIVIH(HY) (6.18)

The connected Green function generator is defined by Eq. (6.5), which is equivalent to

Wa _ 2A

= .0 (6.19)

€

where Z5[0] denotes the field-independent term of Z5. Let us introduce some further
notations, which will be needed in the following. First, we define the matrix
— 52Wh 5* Wi

Wh(X)Y) = SH(X)0H(Y) B JH(X)dH(Y)

(6.20)

H=0

as the second Grassmann derivative of Wy subtracted by the field-independent terms.
More compactly, we can write this as

~ WA 62W,y
WA="Tm ~ s

(6.21)

H=0

Next, for any two two-point quantities (i.e., quantities depending on two arguments)
A=A(X,Y) and B = B(X,Y), we define their product as

(AB)(X,Y) := / dZ A(X,Z)B(Z,Y), (6.22)

and the trace as

Tr[A] = /dX AX, X)), (6.23)

such that in particular,

Tr[AB] = /dX/dYA(X, Y)B(Y, X). (6.24)
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Finally, we denote the derivative of any quantity with respect to the scale parameter A

by a dot, for example,

. d
Wh = a Wha, (6.25)

in the case of the connected Green function generator.

Theorem 6.1 (RGE for connected Green function generator). The scale-dependent
connected Green function generator Wy satisfies the following differential equation:

Lo 1 /6Wx - OWa 1 .~
Wh = 5 <(5H’ QA5H> + §Tr[QAWA] ) (6.26)

where Wy is defined by Eq. (6.20). By expanding Wy into a sum of monomials of the
order 2n in the source fields,

wa=Y wi, (6.27)
n=1
and similarly its derivatives,
Wa(X,Y) =Y WX, Y), (6.28)
n=1

the RGE is equivalent to

(21
WY =5 sH 9T

L& 5W§3k) ‘ 5W/(\2n+2—2k)
52

1T —on
> +5Tr [QAW/(f )} , (6.29)
k=1

which constitutes an infinite hierarchy of coupled differential equations for the monomi-
als in the source fields.

Proof. First, we note that by Definition 5.4, the generator WWj does not contain any
field-independent term. Since W, is an even element of the Grassmann algebra .7, the
right-hand side of Eq. (6.26) does not contain any field-independent term either. Thus,
we do not have to consider any constant terms at all, which in fact slightly simplifies the
derivation. Taking the scale derivative of both sides of Eq. (6.19) yields

Zp ZA[0] — 24 Z4[0]
ZA[0]2

Wy eVr = (6.30)

2 ZaZA[0]
O ZA[0]  Za0]2

(6.31)

The Green function generator (6.18) depends on the scale parameter A through the
normalization constant A, and through the inverse covariance Q. Hence, in principle,
the scale derivative can act on each of these two quantities, and therefore generates two
different types of terms. However, the two terms in the numerator of Eq. (6.30) which
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are produced when the scale derivative acts on the respective normalization constant
Ny (in Zp or in Z,[0]) cancel each other. Therefore, we only need to consider the terms
where the scale derivative acts on Q,. For the first term in Eq. (6.31), we thus obtain

1 1.d / d0 o S QA) BV +(H, W)

ZA[0] Na dA

- ZAl[O] AlfA (_;> /d‘I’ (U, QW) e 2 (V) = AVIVI+(HY) (6.32)
(o)
:_% <£{,QA5‘;>6WA. (6.34)

We can further transform this expression as follows:

(6.34) = —% /dX /dY Q\(X,Y) 5H((SX)5H(2Y) e (6.35)

1 : SWa Wy 5 W) N
= Jox Jav ey (s * oo ) 699

1 /OWh . W wy , 1 . 2y Wi
= 2< T , Qp 3E >e +2Tr Q. s | ¢ (6.37)
Next, consider the second term in Eq. (6.31):
ZAZA[O] ZA[O] WA ZA WA
- = - eh = — e’"h, 6.38
Z0F 20 200 s .

The first factor on the right-hand side of this equation is just the constant part of the
first term in Eq. (6.31) (with the opposite sign), and hence by Eq. (6.37) equals

52 Wy

1 )
ke [QA SHZ

HJ . (6.39)

(Here, we have used that the first term in Eq. (6.37) has no constant part, because Wy
is an even element of ..) By putting Eqgs. (6.37) and (6.39) into Eq. (6.31) as well as
by canceling the overall factor e"Va

1/ Wa o WA\ 1 [ (8P Wa 82 Wa
Wa=-3 <5H’QA5H>+2TY[QA(5H2‘ S

, we arrive at

H:O)] ’ (640)

which is equivalent to the assertion (6.26). Finally, by expanding W, and VV/A in the
source fields and equating the terms on both sides of Eq. (6.26) which are of the same
order in the fields, we obtain the hierarchy of equations (6.29). O
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Theorem 6.2 (RGE for connected Green functions in the Nambu formal-
ism). The Nambu-type connected Green functions GzA satisfy the following hierarchy
of coupled differential equations (forn >1):

GI\(Xy,..., Xop) = (6.41)
1
5 Axy, . Xon) Z <2k— 1> /dY1 /dYQ QA (Y1,Ys)
k6>1,
k+l—1=n

x G\(Y1, X1, ..., Xop—1) G2\ (Yo, Xok, .., Xop)

1 .
-3 /le /de Qr(V1,Y2) GZF2 (Y1, Y, X1, ., Xap)
In particular, for n = 1, this implies

G2 (X1, Xy) = / av; / Ay Oy (V1. Y2) G2 \(Vi, X1) G2 5 (Ya, X)
(6.42)

- /dY1 /dY2 QA(Y1,Y2) GLA (Y1, Y, X1, Xa)
and for n = 2,
Gea(X1, X2, X3, Xy) = (6.43)

4A W X4) /dY1 /dY2 QA Yl,Yg)G (Yl,Xl)G (YQ,XQ,Xg,X4)
-3 /dY1 /dY2 OA(V1,2) GE \ (Y2, Ya, X1, X, Xy, X) .

In these equations, A denotes the antisymmetrization operator as defined by Eq. (5.60).

Proof. We begin by expanding the right-hand sides of Egs. (6.27) and (6.28) in terms
of the source fields. By Eq. (A.29), we have

2n) dx; .

dXon G2\ (X1, .., Xon) H(X1) .. H(Xay) . (6.44)

Furthermore, from Eq. (6.20), we obtain

2
—(2n) 0 (2n+2)
W (X,Y) = —5}1( oy (6.45)
n+1 +2
2n+2 / dx, .. / WXors XX, Xonya)  (6.46)

X W (H(Xl) H(X2n+2)) .
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Here, the derivative with respect to H(Y') can act on each of the (2n + 2) fields in
brackets, and after that, the derivative with respect to H(X) can act on each of the
remaining (2n + 1) fields. By the antisymmetry of the Nambu-type Green function, all
(2n + 2) x (2n + 1) resulting terms are equal, and thus we find

n+1
WX, Y) = / dX; .. / dXon

X GZZ\+2(Y7 X? Xla s ’XZ”) H(Xl) T H(XQn) )

(6.47)

Next, we put the above expansions (6.44) and (6.47) into the RGE hierarchy as given
by Eq. (6.29). Then, the second term on the right-hand side yields

n 1 : A, (2n
[QAW(2 =3 /le /dy2 Qr(Y1, V2) W (Y2, V1) (6.48)

1(
= dX dXs, 4
2 (2n)! / b / 2 (6.49)

x (/le /de QA(H,YQ>G23+2<H,Y2,X1,...,X2n>) H(X1)... H(X2n).

2

Furthermore, the first term on the right-hand side of Eq. (6.29) is equivalent to

1 sWER e

Ly < N > (6.50)
kt>1,
k+l—1=n

Similarly as Eq. (6.47), one shows that

5w(2’“ (—1)k
JH(X) — (2k— 1) /Xm ’ "/dXQ'“_1 (6.51)

XG (X Xl,...,ngfl)H(Xl)...H(ngfl),

and hence we obtain

LR, ‘Wvﬁ) - (6.52)
2\ oH B '

;<(2n < _1>/dX1 /dXQn/dn/dyzQAYl,Yz)

x G2 (Y1, X1, ..., Xop_1) G2\ (Yo, Xok, ..., Xon) H(X1) ... H(X2n) -

Here, we have used the condition 2k + 2¢ — 2 = 2n, which implies in particular that

(2n)! _[(2n
(2k — D=1 <2k—1)' (6.53)
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By putting all these results (Egs. (6.44), (6.49) and (6.52)) into Eq. (6.29) and equating
the antisymmetrized coefficient functions for each n, we arrive at the RGE (6.41). For
n = 1, this in turn implies immediately Eq. (6.42). (There, the antisymmetrization
operator has been omitted because the right-hand side is already antisymmetric.) For
n = 2, one only has to convince oneself that the two terms with £k = 1 and k& = 2 are
equal, which then implies Eq. (6.43). O

From the above RGE for the Nambu-type connected Green functions, one can derive the
corresponding hierarchy of RGE for the connected Green functions themselves. Here,
we explicitly state these equations only for n = 1 and for n = 2:

Theorem 6.3 (RGE for connected Green functions). The connected two- and
four-point Green functions satisfy the following differential equations:

G2 \(w1,m0) = — /dyl/dyz G2 A(21,51) Qa(y1, y2) GZ A (y2, 72)
(6.54)

+ /dy1/dy2 Ge (@1, y1,22,52) Qa(y2,91)
and respectively,
Gé,A($1’$2,903,964) = (6.55)

— Ay ) /dyl /dyz GZ A (z1,y1) Qa(y1, y2) Ge p(y2, 72, 73, 74)
— Ay, 20) /dyl /dyz Gia(z1, 22,91, 24) Qa (Y1, y2) Go A (Y2, 73)

+ /dyl/dy2 GS \ (1,22, Y1, 73, T4, Y2) Qa(y2,91) -

The graphical representation of these equations by means of Universal Feynman Graphs
(see Sct. 4.5) is shown in Table 6.3.

Proof. We derive these equations from Theorem 6.2, using the relations (A.16) as well
as (5.169)—(5.171) between the Nambu-type and the usual connected Green functions.

(i) Two-point function. From Eq. (6.42), we obtain
GE,A(J:D +; T2, _) = (656)

/dyl/dyQ > Qualyrcrs vz, 02) GEp(y1,c15 w1, 4) G2 A (y2, 25 72, —)

C1,C2

1 .
—3 /dyl/dyz D Qalyr,criy2,2) Ge a(yr, 1 ya, ca5 1, +; w2, —)

C1,C2
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J sgn(my)  m(1)  m(2) m(3) m(4)
0 +1 1 2 3 4
1 -1 2 1 3 4
2 +1 3 1 2 4
3 -1 4 1 2 3

Table 6.2: Representative permutations used for evaluating Eq. (6.60).

In the first term on the right-hand side, only the combination of Nambu indices (¢, c2)
= (—,+) gives a nonvanishing contribution, whereas in the second term, the two contri-
butions from (c1,co) = (4, —) and (c1,c2) = (—, +) are equal. It follows that

GI(21,32) = — /dyl/dyz Qay1,y2) G2 (21, 91) G2 A (42, 2)

(6.57)
+ /dyl/dy2 Qu(y2,91) Ge a(y1, 21,92, 72) ,
which is equivalent to the assertion (6.54).
(i) Four-point function. We evaluate Eq. (6.43) for
X1 = (21,4), Xo=(22,+), Xz =(23,—), Xa=(x4,—), (6.58)

such that the left-hand side reverts to (—1) GiA(ml, x9,x3,24). The second term on the
right-hand side can be evaluated analogously as in the case n = 1 and yields

- /dyl /dy2 Qaly2,41) G2 5 (y1, w1, 72,2, 3, 74) - (6.59)

Next, consider the first term on the right-hand side of Eq. (6.43), which reads explicitly

% > sgn(m) / dy; / dYs

esy (6.60)
X QA(Ylv Y2) GaA()/l? Xﬂ(l)) Gé,A(Yéa X7r(2) ) X7‘(‘(3)? X7r(4)) :

By the antisymmetry of the Nambu-type four-point function, there are always 3! = 6
permutations which give the same contribution. Therefore, only

4!

5 =4 (6.61)

representative permutations need to be considered, provided that we count each of them
six times. We choose the four representative permutations m, ..., 73 which are shown
in Table 6.2. Using that 6 x 4 /4! = 1, we see that the prefactor in Eq. (6.60) cancels



6.2 Connected Green function flow 165

out, and thus we are left with the sum

z() [avi [av

X QA(Y17 Y2) GE,A(YM Xﬂ'j(l)) Gécl,A(}/% X (2)» X7r]-(3)’ X7rj(4)) :

J

(6.62)

Consider the first summand with j = 0, which corresponds to the identity permutation:
/le /de Qx(Y1,Y2) G2 (Y1, X1) G{ (Y2, X2, X3, X4) . (6.63)

By choosing the external Nambu indices as in Eq. (6.58), this yields

/dyl /dyz Qa(y1, y2) GE,A(M,yl) Gé,A(yz,wz’!Esvu). (6.64)

The remaining terms in Eq. (6.62)—i.e., those with j = 1,2,3—can be evaluated analo-
gously. Taking into account also Eq. (6.59), we arrive at

(—1) G¢ p(w1, w2, 33, 24) = (6.65)
- /dy1/dy2 Qa(y2,y1) GS A (y1, 21, 32, Y2, T3, T4)

+ Z sgn(m) /dyl /d3/2 QrW1,2) G2 A (1), Y1) G p (Y2, Tr(2), T3, T4)

TES2

+ > sgn(r) /dyl /dyz Qa2 11) G2 A1, Tr(z)) G A (21,22, Y2, Tr(a))

TESs

which is equivalent to the assertion (6.55). O
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_ hd G4
G2 Q i
_ ] G4 Q G%
_ T G4 T .
| c Q GS
+ — e =
- 2

Table 6.3: RGE for the connected two- and four-point Green functions (Theorem 6.3): repre-
sentation by means of Universal Feynman Graphs (see Sct. 4.5).
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6.3. One-line irreducible Green function flow

In this section, we will derive the RGE for the one-line-irreducible Green functions I"?"
(see Sct. 5.5), which in principle also constitute an infinite hierarchy of coupled differ-
ential equations. For the sake of brevity, however, we will restrict ourselves to n = 1
and n = 2, i.e., we will only derive the RGE for the one-line-irreducible two- and four-
point functions. Our procedure is analogous as in the previous section: we will first
derive a differential equation for the one-line-irreducible generator I'y, subsequently de-
duce the RGE for the Nambu-type Green functions, and finally derive the RGE for the
one-line-irreducible Green functions themselves (see Ref. [SHO1]).

The scale-dependent one-line-irreducible Green function generator I'y is defined as the
Legendre transform of the connected Green function generator W (see Egs. (6.9)—(6.11),
and Appendix A of Part II):

La =Wy — (H,®y), (6.66)
where the new sources ®, are defined as

OWa
~ 6H(z)

(6.67)

We stress again that by this definition, the source fields ®, themselves are scale depen-
dent. Furthermore, in analogy to Eq. (6.20), we define the matrix

_ 52T 52Ty
I'r(X.Y) = — .
M) = S )SOA(Y) ST (X)SBA(Y) |y, o (6.68)

which is the second Grassmann derivative of I'y subtracted by the constant terms.

Theorem 6.4 (RGE for one-line-irreducible Green function generator). The
scale-dependent one-line-irreducible Green function generator I'p satisfies the following
differential equation:

- . 1 . 1 o ¢] _ B
SEH = 3 — _1)\P 2 P
IV <5®A : <I>A> 5 (20, Qua) + 5 pZ::o( 1)P Tr [SAFA(GAFA) ., (6.69)

where Ty is defined by Eq. (6.68), and where Sy denotes the single-scale Green function
in the Nambu formalism, which is defined as

Sy=-G2Q,\G3. (6.70)

By expanding I'p into a sum of monomials of the order 2n in the fields,

Th=> ¢, (6.71)
n=1
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and similarly its derivatives,

TA(X,Y) = i ' (x,v), (6.72)

n=1

the RGE (6.69) is equivalent to a hierarchy of coupled differential equations for these
monomials, which is given by

e+ oY =L@y, 0y 4T ENad (6.73)

A 5¢A, A= 2 As WATA 9 oAl .

[Ty 1 @] 1 52) @2 T

N +< A ,<1>A>:Tr[SArA]—Tr[sAFA GV (6.74)
e 2 2

and by similar equations for n > 3.

Remark. Before proceeding with the proof, we compare our RGE (6.69) with the corre-
sponding equation in the original article [SHO1, Eq. (48)]. First, since we had defined
both Wy and I' as elements of the Grassmann algebra . of the sources, we did not need
to invert any functional for defining the (scale-dependent) Legendre transform (see the
remark on p. 112). This difference in the definition of the Legendre transform accounts
for the additional term on the left-hand side of our RGE (6.69). On the other hand, by
our Definitions 5.4 and 5.10, neither Wx nor I'y has any field-independent term, and
this explains the missing constant term on the right-hand side of Eq. (6.69). Despite
these differences, the resulting RGE for the one-line-irreducible Green functions (which
are stated in Theorem 6.5 and Theorem 6.6) will agree again with the corresponding
equations in Ref. [SHO1].

Proof. The scale derivative of the Legendre transform (6.66) contains two terms, be-
cause both Wy and the source fields ®, are scale dependent:

. . . . STh .
Ty =Wy — (H, &p) = Wi — ( =2, d, ) . (6.75)
50,

By using the RGE (6.26) for Wy, the definition (6.67) of the source fields ®,, and Egs.
(5.140)—(5.141), we obtain the following RGE for I'y:

. Tr .
T+ <5A <I>A> = (6.76)

Oy
)]

1 : 1. [ 2rAN " 820\
— (P P =T — | = | =
syl ((5z) - (1)
In order to evaluate the right-hand side of this equation, we have to calculate the inverse
of the second derivative of I'y. First, we note that the field-independent term,

S2rA 7t
50?2

52
oy OH2

=Gl =G}, (6.77)
H=0
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coincides with the (connected) two-point Green function in the Nambu formalism (see
Eq. (5.61)). Furthermore, Eq. (6.68) can be written in matrix form as

~ 8Ty
Th=—5 —TI5. 6.78
By Theorem 5.14, Eq. (5.142), we have
ri=(Gy, (6.79)
and hence, Eq. (6.78) is equivalent to
62T ~ ~
Sg7 = (G4 Ta = (G (1+GATy). (6.80)
A

Now, the inverse of this second derivative can be expressed as a geometric series:

820A\ " ~ - ~
—3 ] =(+GTa) G} =D (-1)P(GATA) G (6.81)
0oz =
Taking into account also Eq. (6.77), we find that
TH2 “\S52 = Z(—l)p(GAFA)p Gi - (6.82)
( 0Py 0Py Pp=0 1
Thus, the RGE (6.76) is equivalent to
: ) 1 . 1 & . -
Pat (St b ) = =5 (@0, Qa®a) + 5 (-1 Tr [Qu(GRTAV GR| . (6.83)
0P 2 2 =

By the cyclicity of the trace and by the definition (6.70), the last term is equivalent to

% ST [GR QA (GRTA )| = —% ST [SATA (GRTA | (6:89)
p=1 p=1
- % i(—l)p Tr [SAFA(GiFA)p} , (6.85)
p=0

which yields the RGE (6.69). Finally, by expanding I'y and I's into monomials and
equating the terms on both sides of Eq. (6.69) which are of the order two (n = 1) and
respectively four (n = 2) in the fields, we obtain Egs. (6.73) and (6.74). O

Theorem 6.5 (RGE for one-line-irreducible Green functions in the Nambu
formalism). The Nambu-type one-line-irreducible Green functions I'*" satisfy the fol-
lowing differential equations: for n =1,

. . 1
PR (X1, X5) = @ (X1, Xo) — /dY1 /dYQ SA(Y1,Ya) TA(Y1, Y2, X1, Xa),  (6.86)
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and for n = 2,

ri(Xy,...,X4) = (6.87)
1
-3 /dyl /dY2 Sa(Y1,Ya) T (Y1, Ya, X1, Xo, X3, X1)

1
2/dY1.../dY4 La(Yi,...,Y))Ba(Y1,....Ya; X1, ..., X4).

In these equations, the single-scale Green function Sy is given by Eq. (6.70). Further-
more, we have defined the loop term in the Nambu formalism Ly as

La(Y1,...,Ys) = Sa(Y1,Y3) G (Ya, Yy) + G3 (Y1, Y3) Sp(Ya,Yd), (6.88)
and the vertex bilinear B as
A(Y2, Y, X1, Xo) TR (Y1, Vs, X3, Xy)
1Yo, Y3, X1, X3) '} (Y1, Ya, Xo, X4) (6.89)
(Yo, Vs, X1, Xy) T4 (Y1, Ya, Xo, X3) .

BA(Yl,...,Y4;X1,...X4): r

—

Similar equations can be derived for n > 3.
Proof. We first expand the right-hand sides of Eqgs. (6.71) and (6.72) in terms of the
source fields: By Eq. (A.47), we have

n -1)"
Ff - ((27’3!

/Xm .. /din r3(Xy,. .., Xon)®A(X1) ... ®p(Xay). (6.90)

The corresponding expression of the second derivative can be derived analogously as
Eq. (6.47) and is given by

(X, v) = (_(;z;l/dxl.../dxgn

(6.91)
x T2, X, X1,y Xon) @A (X1) ... @A(Xan) -
Next, we expand the left-hand side of the RGE (6.69), i.e.,
: OTa = \ = [y | /OTTY
FA+<M)A,<I>A>_Z(FA +( sor LB ) ). (6.92)

n=1

When a scale derivative is applied to Eq. (6.90), it can act either on the coefficient func-
tion or on the source fields. Thus, we obtain

(2n)  (—1)"
= (2n)!
d

((;Tll;:l /dX1 A /dXQn F%H(Xl, NN ,X2n) dA ((I)A(Xl) s (I)A(XQ”)) '

/Xm.../dinFi“(Xl,...,X2n)<1>A(X1)...ch(Xgn)
(6.93)

+
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Furthermore, since an) is an even element of the Grassmann algebra .¥, we have
s . er , e
Ppy=—(d AN = — [AY Dp(Y) 2. 6.94
< 50y A> < T N > / Al )(5<I>A(Y) (6.94)

Plugging the expansion (6.90) into this equation yields

oy (—1)" )
by ) = — X, ... [ dXy, T2M(X1, ..., Xon
<5<I>A’ A> (2n)] /d 1 /d on TR (X1 o)

X /dY $a(Y) (M)f(Y) (@A(Xl) . <I>A(X2n)) .

(6.95)

Now, the important observation is that

o

/ AV (V) 55 (r(X1). .- @r(Xa0))

d

In fact, this identity is almost obvious, as both sides of it are equal to

2n

D BA(XL) . PA(XG 1) PA(XG) PA(Xig1) ... PA(Xan). (6.97)
=1

Therefore, Eq. (6.95) precisely cancels the second term on the right-hand side of Eq.
(6.93), and we obtain the desired identity

(2n)
on) | /0T >
e Dy ) =
A < 5o, 0N

(6.98)

where the scale derivative on the right-hand side acts only on the coefficient function
but not on the source fields.

With these prerequisites, we now derive the RGE (6.86)—(6.87) for the two- and four-
point functions starting from Eqgs. (6.73)—(6.74) of Theorem 6.4:

(i) Two-point function. By Eq. (6.98), the left-hand side of Eq. (6.73) is given by

) sT@ 1 )
B0 (G ) = [ax [ax, Bon X ()@ (099)

The first term on the right-hand side of Eq. (6.73) reads

5100 Qut) = -5 [ [ Q)00 o) B (X)), (6.100)
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and for the second term, we obtain from Eq. (6.91),

1 - 1 _
5Tr[SA r(f)} =3 /dY1 /dYQ SA(V1,Y2) TP (Yo, 1) (6.101)

1
-3 /Xm /dx2 </le /dYQ S’A(Yl,Yg)Fjl\(Yl,Yg,Xl,Xg)> Dp(X1)Pp(X2).

Equating the antisymmetric coefficient functions on both sides of the equation yields
) ) 1
'3 (X1, X2) = Qp (X1, Xo) — 3 /le /dY2 SA(Y1,Ys) Iy (Y1, Ya, X1, X2),  (6.102)

which coincides with the assertion (6.86).

(ii) Four-point function. By Eq. (6.98), the left-hand side of Eq. (6.74) is given by

. 5F .
F(4)+<5c1> > i /Xm /dX4 PA(Xy,. ., Xy) ®p(X1) ... Dp(Xy). (6.103)

The first term on the right-hand side of Eq. (6.74) can be expressed analogously to
Eq. (6.101) as

fTY[SA - —55 /Xm /dX4 BA(X1) ... DA (Xe)

(6.104)
X (/dY1 /dY2 Sa(Y1,Y2) I (Y1, Y2, X1, . .. 7X4)> .

For the second term, we obtain from Eq. (6.91),
1 ~ ~
~ 5T ENadetyd
1 ~ ~
=-3 /le.../dY4 SA(Y1,Y3) TP (Y3, Ya) G3 (Y, Vi) TP (Y, Y1) (6.105)

1
=3 /dX1 .. /dX4 Tf\(Xl, coy X)) PA(X7) ... PA(XY), (6.106)
where we have defined

T4 (X), X, Xo, X,) = / av; .. / Yy Sa(Vi,Ys) G2 (Ya, V2) o10m

X FA(}/Q7 Y?M X17 XQ) FA(H) Y47 X37 X4) °
Equating the antisymmetrized coefficient functions on both sides of Eq. (6.74) yields

1
FA(X1, Xo, X, X1) = = /le /dl@ S (Y1, Ya) L8 (Y1, Ya, X1, Xo, X3, X2)

4!

9 A(X17X27X3 X4) TA(X1»X23X37X4) (6.108)
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In order to derive a more explicit expression for the second term on the right-hand side

of this equation, we introduce some abbreviations: for k,¢ € {1,...,4}, let
Ay = Ty(Ya, Y3, Xy, Xo) (6.109)
By, = 'y (Y1, Y1, X5, X0) - (6.110)

Then, we can write
Axy, . x0) TH(X1,..., Xy) = (6.111)

1
4/dY1 .dYy Sa(Y1,Y3) GR(Y2,Ya) Ax,, . xo {A12 Bsa},

and it remains to evaluate

1
Ax,, . xn{A12B34} = 1 Z sgn(7) Az (1),7(2) Br(3),r(4) - (6.112)

TESy
The antisymmetry of I'} implies the conditions
Apo=—Agg, (6.113)
By¢=—Byy. (6.114)

Consequently, there are always four permutations in the sum of Eq. (6.112) which yield
the same contribution, e.g.,

A192B3ys=—-Ay1 B3y =—-A12By3=A21By3. (6.115)
Thus, we are left with only six different terms:

Ax,, . x){A12B34} = (6.116)

4
1 <A1,2 B3,+A34B12—A13Byy— A4 B3+ A1 4Ba3+ A3 B1,4> :
By putting this result into Eq. (6.111) and by renaming in every second term the inte-
gration variables as Y] +> Yo and Y3 < Yy, we arrive at

Acxy,xy TA(X1, . Xy) = (6.117)

1
7 [ AV dYa (Sa(V1,Y8) GR(Ya, Ya) + GR (11, V) S (Y2, Ya) )

X (A1,2 B3, —A13Bos+ A4 32,3) .
This is equivalent to

Axy, ., Xy) TH(X1,..., X4)

1 (6.118)
=4 [ @i dYa Ly, V) Ba(Yh, .- Yas X X)),
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with Ly and Bp defined by Egs. (6.88) and (6.89), respectively. Combining this result
with Eq. (6.108) shows the assertion (6.87). O

Theorem 6.6 (RGE for one-line-irreducible Green functions). The one-line-
wrreducible two- and four-point functions satisfy the following differential equations:

I3 (x1,22) = Qal1,2) + /dyl/dyz Iy (71,91, 72,92) Sa(y2,11) 4 (6.119)

and respectively,

[i(wy,. .. 1) = /dy1/dy2 Y (21, 72,91, 23, T4, y2) Sa (Y2, Y1) (6.120)

+ PP (21, .., 24) + @Rh’c(xl, co,xy) + @Rh’d(azl, ceyTg)

Here, the last three terms on the right-hand side are called the particle-particle term, the
crossed particle-hole term and the direct particle-hole term, and they are given by

1
PP (21, w9, w3, 4) = 5 /dyl . --/dy4 La(y1,y2,Y3,v4) (6.121)

x T (w1, 29, y1,y2) Ty (Y3, ya, T3, T4)

B (1, w9, 13, 4) = — /dyl . /dy4 LA(y3, Y4, Y2, Y1) (6.122)
x Ty (y1, @1, y3, w3) T (22, Y2, 24, ya) ,
@Rh’d(ml,xg,xg,x@ = —@ih’c(xl,xg, x4,3) . (6.123)
Furthermore, we have defined the single-scale Green function Sy as
Sy =—-G%QrG3, (6.124)
and the loop term L as

LA(y17 Y2,Y3, y4) = SA(ylv y3) G?\(y% y4) + G?\(yla y3) SA(y27 y4) g (6125)

The graphical representation of these equations in terms of Universal Feynman Graphs
(see Sct. 4.5) is shown in Table 6.4.

Proof. We derive these equations from Theorem 6.5 by using the following relations
between Nambu-type Green functions and usual Green functions: Eq. (A.16) for the in-
verse covariance, Eq. (5.169) for the (connected) two-point Green function, and

I3 (w1, —; w2, +) = Ti(21,22), (6.126)
T4 (w1, —; w2y —; T3, +; @4, +) = —Th (21, 22, 23, 24) (6.127)

F?\(xla —3 X2, —; T3, —; T4, +; T, +; T, +) = _F/?(.’L'l,.%'g,xg,x4,$5,$6) (6128)
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for the one-line-irreducible Green functions (relations which follow from Eqs. (A.45) and
(A.46)). Furthermore, regarding the single-scale Green function, Egs. (6.70) and (6.124)
together imply that

Sa(x1,+; x2,—)

= —/dyl/dyg > Gi(z1,+;y1¢1) Qalyr, e15 y2, ¢2) GR(y2, 025 w2, —)  (6.129)

C1,C2
= _/d?/l/dyQ G (z1,+5y1,—) Qaly1, —; y2,+) G (y2, +5 22, —) (6.130)
= —/dyl/dyz GA(z1,11) Qaly1, v2) GA (32, 2) (6.131)
= Sa(z1,22) - (6.132)

Similarly, for the loop term we obtain from Egs. (6.88) and (6.125) that

La(z1,+5 29, +5 T3, — T4, —) (6.133)
= Sa(z1,4; w3, —) GX (T2, +; 74, —) + GX (1, +; 73, —) Sa(w2, +; 74, —)  (6.134)
= Sh(z1,23) G3 (22, £4) + G (21, 3) Sp (22, 24) (6.135)
= La(x1, 22, 23,24) . (6.136)

For all other combinations of Nambu indices, the corresponding relations can be derived
analogously by using the antisymmetry of Sy and of G (see Appendix A of Part II).
We now go on to evaluate Egs. (6.86) and (6.87) for particular combinations of the
external Nambu indices.

(i) Two-point function. First, Eq. (6.86) yields

I3 (21, —; 22, +) = Qp (w1, —; T2, +)

1
2

(6.137)
/dy1/dy2 Z Sa(y1,c1;5 2, c2) TA(y1,¢1; Y2, c25 1, —; T2, +) .

C1,C2

In the second term, both (c1,¢2) = (—,4) and (c1,c2) = (+, —) give the same contribu-
tion, and thus we obtain

I3(x1,12) = Qa(x1,9) + /dy1/dy2 Sa(ya, y1) Tx(y1, 21, Y2, T2) (6.138)

which is equivalent to the assertion (6.119).
(i1) Four-point function. Next, we evaluate Eq. (6.87) for

X1 = ($1, _)7 Xy = (x27 _)7 X3 = ($37+)7 Xy = (.%'4,+>, (6139)
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such that the left-hand side reverts to (—1)I'%(x1, 29, 73,24). The first term on the
right-hand side can be evaluated analogously as in the case of the two-point function,
and hence we obtain

If (21, w9, 23, 14) = /dyl/dyQ Sa(ya, y1) Ts(y1, 21, 2, y2, T3, T4)

1
-+ . . 6.140
—|—2/dy1.../dy4 g Ly(yi,c1i .25 Ya,c4) ( )
Cly.ryCa

X BA(Y1,€15 -3 Y4, Ca5 T1, —; T2, —; Ty, +; Ta, +) -

The vertex bilinear B as defined by Eq. (6.89) consists of three terms, whose respective
contributions to the right-hand side of the above RGE are called the particle-particle
term, the crossed particle-hole term and the direct particle-hole term. It remains to show
that these terms coincide with Egs. (6.121), (6.122) and (6.123), respectively.

(ii.a) Particle-particle term. Putting the first term of Eq. (6.89) into Eq. (6.140) yields
the particle-particle term:

1
PP (w1, 2, 3, 24) = B /dyl - ../dy4 > La(yi,c1; 2,25 Y3, 35 Yas ca)
ol e (6.141)

4 . . . 4 . . .
X FA(QQ,CQ, Y3, €35 L1, —; X2, _) FA(y17017 Y4,C45 X3, 13 .%'4,—1—).

The product of the two Fjlx functions vanishes unless (¢, 2, ¢3,¢4) = (—, +,+, —), from
which we obtain

1
D (w1, w2, w3, 24) = ~5 /dyl : ../dy4 La(ys: y2, 91, 91)
(6.142)

X F/%(xlax%y?v y3) Fﬁ(y17y47x37$4) .

By renaming the integration variables and using the antisymmetry of I'y in its last two
arguments, this implies Eq. (6.121).

(ii.b) Crossed particle-hole term. This term is obtained by putting the second line of
Eq. (6.89) into Eq. (6.140), i.e.,

1
¢Rh’c($1,$27$37$4) =3 /dyl o /dy4 Lx(y1,c15 Y2, €25 Y3, €33 Ya, Ca)
C1

JeeyCa

x T (Y2, ¢25 Y3, ¢35 1, —; @3, +) TR (1, €15 Ya, €43 T2, — T, +) - (6.143)

The loop term L vanishes unless ¢; # c¢3 and ¢ # ¢4, while the product of the two
functions Fi vanishes unless co # c¢3 and ¢; # ¢4. This implies that ¢; = co as well
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as ¢z = ¢4, and hence only two terms contribute to the sum:

@Rh,C(xl’ T, T3, 1:4) — (6144)

1
- Q/dyl/dy‘l LA(yla_;y27_;y37+;y4v+)

X Fj{(yQ’—;yg’«I»;xl’f;$3,+)F?\(y17*;y47+;$2,*;(E4’+)

1
- 2/dy1/dy4 LA(yla+3927+§Z/37—§y47_)

X F?X(y%—i_a Y3z, =53 1, —; $37+) Fjl\(y1>+a Yq, —35 X2, —3 334,+) .

One can convince oneself that both terms are in fact equal, and thus we obtain

@Rh7c($l;x27x37x4) = _/dyl . /dy4 LA(y37y4ayl7y2)
(6.145)

x T (y2, w1, y3, 23) I (Y1, T2, Ya, T4) ,

which is equivalent to Eq. (6.122).

(ii.c) Direct particle-hole term. Finally, putting the third line of Eq. (6.89) into Eq.
(6.140) yields

h,d 1
PR (w1, w2, 23, 04) = B /dyl--./dyzx > La(yr,e15 Y2, 25 Y3, €35 Ya, Ca)
Cl,.sC

ey C4

X I'p(y2; c25 Y3, ¢35 @1, =3 T4y +) Da(Y1, €15 ya, a3 @2, —5 03, +) - (6.146)
By comparing this expression with Eq. (6.143), we see that
@Rh’d(xl, x2,I3, x4) = —@Rh’c($1, X2, T4, :Ug) , (6.147)

which completes the proof. O
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(= e + re T’j
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F4

L7
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F4

__+
- el As =

{5 - - {er{edH{a

Table 6.4: RGE for the one-line-irreducible Green functions (Theorem 6.6). Here, we have omit-
ted the term with the six-point function on the right-hand side of Eq. (6.120), which corresponds
to the level-two truncation of Sct. 6.4. The three terms on the right-hand side of the second
equation are the particle-particle term, the crossed particle-hole term and the direct particle-hole
term (in this order).
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6.4. Level-two truncation and initial-value problem

In the previous two sections, we have derived the RGE for the connected and for the one-
line-irreducible Green functions, respectively. In this section, we will first comment on
the consistency of these two schemes and, after that, introduce the level-two truncation
as a standard approximation to these equations, which allows us to reduce the infinite
hierarchy of RGE to a closed system of finitely many coupled differential equations. To
this, we will add appropriate initial conditions, and thereby formulate an initial-value
problem for the scale-dependent interacting Green functions.

First, we remark that it is even a priori clear that the two RGE hierarchies for the con-
nected and for the one-line-irreducible Green functions (Theorems 6.3 and 6.6) are con-
sistent with each other, as both have been derived analytically starting from the re-
spective Definitions 5.4 and 5.10 of the generators Wy and I'y. On the other hand,
one can also convince oneself directly that each of these two hierarchies can be derived
from the respective other one by using the relations between the connected and the
one-line-irreducible Green functions (Theorem 5.15). For the sake of understanding, we
now demonstrate this by deriving the RGE for I'? (given by Eq. (6.119)) directly from
the RGE for G? | (given by Eq. (6.54)). For this purpose, we introduce the following
notations (see also Egs. (6.22)-(6.23)): Let A and B be two-point quantities, and let C'
and D be four-point quantities. Then, we define the two-point quantity AB as

(AB)(a1,2) = [dy Alar,y) Blysaz), (6.148)
the four-point quantity A ® B as
(A® B)(x1, 2,3, 24) = A(x1,23) B(22,24), (6.149)

the two-point quantity Tr[C'A] as

Tr[CAl(z1,22) = /dyl /d?/Q Clx1,y1,72,92) A(y2, y1) 5 (6.150)

and the four-point quantity C'D as

(CD)(x1,x2, x3,x4) = /dyl/dyQ C(x1,72,y1,92) D(y1, Y2, 23, 74) . (6.151)

Each of these operations has a straightforward graphical representation in terms of Uni-
versal Feynman graphs (see Sct. 4.5). With these notations, we can write the relations
(5.165)—(5.166) between the connected and the one-line-irreducible Green functions as

1=G%r*=G*re?, (6.152)

and respectively,
G =(G?’2GHI(G*2 G?), (6.153)

where we have used Eq. (5.61). Since Eq. (6.152) holds at any scale A, we can also take
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the A derivative to obtain
0=GiI? +GiI%, (6.154)

from which we further deduce
I3 =-T3G3TI3. (6.155)

Now, the RGE (6.54) for the (connected) two-point function can be written compactly
as (suppressing the A dependencies in the notation)

G?=-G*QG*+Tr[GLQ]. (6.156)
Multiplying this equation from left and from right with "> and using Eq. (6.155) yields
—I?=-Q+I*Tr[GiQ] . (6.157)

The last term can be transformed as follows (see Table 6.5):

PTGl r* =1 ((¢*« G r*(¢*« G*) Q| r? (6.158)
=I*G*Tr[I(G* QG| G (6.159)
= —Tr[IMS], (6.160)

where in the last line, we have substituted the single-scale Green function as given by
Eq. (6.124). By putting Eq. (6.160) into Eq. (6.157), we arrive at

[ =Q+Tx[Is], (6.161)

which is precisely the RGE (6.119) for the one-line-irreducible two-point function I"2.
Similarly, it would be possible to derive all RGE for the one-line-irreducible Green func-
tions I'*" from the corresponding RGE for the connected Green functions G?", and vice
versa (although for larger n, such a derivation would be very cumbersome).

Thus, we have shown that the two infinite hierarchies for G2 and for I'*" are completely
equivalent. In practice, however, one usually does not deal with such infinite hierarchies
of differential equations, but with certain approximations applied to them. Typically, one
truncates these hierarchies at some particular ng, which means that one neglects all 2n-
point functions with n > ng. In this way, one can obtain a finite, closed set of differential
equations, which one may then seek to solve numerically. However, we remark that on
the level of such approximations, the truncated hierarchies of the connected and of the
one-line-irreducible Green functions are not equivalent anymore.

We now introduce a standard truncation for the one-line-irreducible Green functions,
which is called the level-two truncation. In this approximation, one neglects all 2n-point
functions with n > 3, i.e., one sets

{1, m90) =0 for n > 3. (6.162)
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Thereby, one obtains two coupled differential equations for the one-line-irreducible two-
and four-point functions, which are represented graphically in Table 6.4. However, the
disadvantage of the RGE for the one-line-irreducible two-point function I'; is that it
holds only formally, because for A > 0 the covariance Cj is in general not invertible.
Hence, in particular, it is not possible to define an initial value for I” g (see the discussion
in Sct. 6.1). In order to cure this problem, we now replace the RGE for I" K with the
equivalent equation for the (connected) two-point Green function G%. Thereby, we
obtain a closed system of coupled differential equations for G% and I' jf, which lends
itself to a well-defined initial-value problem.

Theorem 6.7 (Initial-value problem in the level-two truncation). Consider the
coupled differential equations for the (connected) two-point Green function GX and the
one-line-irreducible four-point function Fj{ given by
G (21, 29) = (6.163)
Sa(w1,72) — /dyl : --/dy4 G (x1,91) T (Y1, y3, y2, y4) Sa(ys, y3) GR (2, 72) |
and respectively
Iz, ... my) = (6.164)

1
3 /dlh . ../dy4 La(y1,Y2,Y3,ya) T (@1, 22, y1,y2) Ts (Y3, ya, 3, T4)

— 2R (4,24 /dy1 e /dy4 La(ys,ya, y2.y1) TA(y1, 21, Y3, 3) Th (22, Y2, 74, ya) -
Here, the loop term is defined as
Ly=S\®G% +G% ®Sh, (6.165)
the single-scale Green function as
Sh = —G3 QrG3, (6.166)
and Qp = C’Xl denotes the inverse covariance. Together, these equations constitute a

closed system of coupled differential equations for G3 and I" j&. Furthermore, the respec-
tive initial conditions of these functions read as

lim G3%(z1,20) =0, (6.167)
A—oo
lim I'f(x1, 29, 23, 24) = =28V (21, 29, 23, 24) , (6.168)
A—o0

where 5 denotes the inverse temperature and V' the four-point interaction kernel as de-
fined by Eq. (4.107). Now, let G?\ and Fj{ be the uniquely determined functions which
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solve this initial-value problem. If the limiting functions

lim G3(z1,22), (6.169)
A—0
lim I'{(x1,...,24) (6.170)
A—0

exist, then they can be regarded as approximations to the two-point Green function G2
and to the one-line-irreducible four-point function I'* of the interacting electron system.

Proof. First, Eq. (6.163) can be shown from the RGE (6.54) for G3 by identifying the
first term on the right-hand side with the single-scale Green function, and by replacing
in the second term GéA by I'y as in Egs. (6.158)—(6.160). Next, Eq. (6.164) follows
from the RGE (6.120) for I j{ by neglecting the term with the six-point function. Finally,
the initial conditions (6.167)—(6.168) have already been shown before in Egs. (6.7) and
(6.15), respectively. O

In the following, we will consider an even stricter approximation to the RGE hierarchy,
which is obtained by neglecting the self-energy. Recall that the (irreducible) self-energy
X2 at the scale A satisfies the equation (which follows from Egs. (5.165) and (5.195))

(GR) ' =(Ca) " = 2%, (6.171)

Hence, neglecting the self-energy is equivalent to identifying the (connected) two-point
Green function with the covariance,

G =Chy. (6.172)
The above initial-value problem then further simplifies as follows.
Theorem 6.8 (Initial-value problem in the level-two truncation without self-

energy). Consider the differential equation for the one-line-irreducible four-point func-
tion given by

Iz, ... o) = (6.173)
1
3 /dyl . /dy4 La(y1,Y2,Y3,ya) T (@1, 22, y1, y2) Ts (y3, ya, ©3, T4)

— 2R (45,24 /dyl e /dy4 La(ys,ya, y2.91) TA(y1, 21, Y3, 23) Ty (22, Y2, T4, ya)
where the loop term is given by
Ly =5y®C)\+Cyr® 8\, (6.174)
and the single-scale Green function equals

Sy = —CrQaCy = Ch. (6.175)
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Furthermore, let Fff be the unique solution of this differential equation which satisfies
the initial condition

lim Fft(xl, xo, X3, ZE4> = —2,3V(£L‘1, ZT9,X3, .T4) (6.176)
A—oo
in terms of the four-point interaction kernel. If the limit
lim I'g(z1,...,x4) (6.177)
A—0

exists, then it can be regarded as an approrimation to the one-line-irreducible four-point
Green function of the interacting electron system.

Proof. All these equation follow directly from Theorem 6.7 by setting the self-energy
to zero and replacing the two-point function by the covariance as in Eq. (6.172). ]
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Table 6.5: Calculating with Universal Feynman Graphs: Egs. (6.158)—(6.160).



7. Functional renormalization for multiband
systems

7.1. Flow equations on the lattice

We now come back to the lattice Green functions as defined in Sct. 4.3. Our aim in
this chapter is to derive the RGE for these lattice Green functions, and to bring these
RGE—by a number of suitable approximations—into a form which allows us to solve
them numerically. Later, in Ch. 9, we will apply these approximate RGE for the lattice
Green functions to the Rashba tight-binding model as defined in Sct. 2.3.

First, the lattice covariance in the Bloch basis (or band basis) is defined as

Conr (o, K57 — 1) = ZiTr (e 5K T [a (k, )l (K, 7)]) . (7.1)
0

where Ky = Hy — MN is given in terms of the non-interacting Hamiltonian (4.2) and
the particle-number operator (4.13), and where Z; denotes the partition function of the
non-interacting system (see Eq. (4.75)). Furthermore, we have abbreviated the annihi-
lation and creation operators of Bloch vectors as

&n(ka T) = d( ‘\Ilnk>a T) ’ (72)

d;(kﬂ_) = &T(|\Ilnk>7 T) ) (73)
where the time evolution of these operators is defined in the interaction picture by
Eq. (4.74). Next, we derive an explicit expression for this lattice covariance: The free

Hamiltonian subtracted by the particle-number operator can be expressed in the Bloch
basis of Sct. 1.3 as

. 1 . .
Ko = |B|/Bd3k: ;en(k) al (k) an(k), (7.4)

where we have defined

en(k) == En(k) — p (7.5)

as the Bloch eigenenergies measured relatively to the chemical potential. By using Eq.
(7.4), one can show that the time evolution of the Bloch annihilators and creators is
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given explicitly by
(K, ) = an(k)e T B/ (7.6)
al (k,7) = af (k) emen(®)/h (7.7)
Furthermore, by putting this into Eq. (7.1), we find after a short calculation
Cop (b, k57 —7') = S |B| 6% (k — k') Cp(ky 7 — '), (7.8)

where the reduced covariance (which depends on only one Bloch momentum) is given
explicitly by (see Ref. [Mah90, Eq. (3.2.9)])

Colk, 7 —1') = e =B/ (O(7 — 7Y — f,(k)), (7.9)

with the Heaviside step function © and the Fermi distribution function

Falk) = flen(k) = (%) 4 1) (7.10)

By Fourier transforming Eq. (7.9) with respect to the time variables (in accordance with
Eq. (4.69)), we then arrive at (see Ref. [Mah90, Eq. (3.2.11)])

Co(k ) 1/wd Colkyr)om = — L L (7.11)
w) = — T T)e = —— .
e he Jo e B ihw — ey (k)’

where w labels the fermionic Matsubara frequencies. We remark that this result can be
derived even more straightforwardly from the equation of motion (4.115) of the covari-
ance (see Ref. [Sch+16a, Eqgs. (41)—(47)]).

In order to set up the renormalization group flow, we now introduce a scale-dependent
covariance (see Sct. 6.1) by means of a regulator function xa (defined for A > 0), which
appears in the denominator of the above expression:

1 xalea(R))

(CA)n(k,w) == 5 e —en(k)

(7.12)

This particular regulator function depends only on the Bloch momentum k, not on the
Matsubara frequency w. As explained in Ref. [Sch-+16a], the regulator function can be
chosen as a strict cut-off function, which is a smooth function with the properties that

0, if |e] <0.5A,

e) = 7.13
xa(e) { 1, if |e| > 1.5A. (7.13)

For this choice, the numerator of Eq. (7.12) vanishes if
lealk)| = [Ea(k) — ul < 0.5A, (7.14)

which means that all momenta inside a shell of thickness A around the Fermi lines are
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cut off. (For the concrete implementation of the RG equations, we will use instead a
non-strict regulator function; see Eq. (9.7) below). In the case of a strict cut-off function,
the scale-dependent covariance (7.12) approaches the original covariance (7.11) in the
infrared limit A — 0. Moreover, by defining the wltraviolet scale Ay much larger than
the bandwidth of the model, such that

|En(k) — u| < 0.5A for all n and k (7.15)

the covariance vanishes identically at this scale, i.e., Cy, = 0. Thus, the scale-dependent
covariance has precisely the properties (6.1) and (6.2) as required in Sct. 6.1. Further-
more, as explained in Sct. 6.1, the scale-dependence of the covariance induces a scale
dependence of all interacting Green functions, which then satisfy the hierarchy of RGE
derived in the previous chapter.

As a matter of principle, the lattice Green functions satisfy RGE which are formally
identical to the RGE of the fundamental Green functions. However, the RGE of the
lattice Green functions can be further simplified by employing the invariance of the
lattice Green functions under lattice translations (see Proposition 4.5). Concretely, this
implies that the lattice covariance depends on only one Bloch momentum, and similarly,
every 2n-point lattice Green function depends on only (2n — 1) Bloch momenta (see
Eq. (4.68)). In particular, the lattice version of the one-line-irreducible four-point Green
function in the Bloch basis is of the form

(Fj{)nlngngm; (kla k27 k?g, k4) = (Fﬁ)rqngngm;(k’l, k‘g, k3) 5(k1 + kjg, k?) + k4) 5 (716)
where we have introduced the multi-variable
k= (k,w), (7.17)

which consists of a Bloch momentum k and a fermionic Matsubara frequency w. Corre-
spondingly, we define the integration over such multi-variables as

1
dk:/d3k , (7.18)
Jo= g o X

and we define the multi-variable delta distribution as
5(k, k') = |B| 63 (k — k') 64y, s - (7.19)

Furthermore, we introduce the lattice version of the four-point interaction kernel (in the
Bloch basis) as

an...n4(k17w1; e ;k47 w4> = (720)
/d3a:1 e /d3m4 Z ‘/:91“.54($1,(/J1; ey $4,(JJ4)
81,...,54

X WL g (®1,51) U7k, (%2, 52) Wogney (23, 53) Yk, (T4, 54)
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which is analogous to Eq. (4.62). This lattice interaction kernel also has the property
(7.16) and, moreover, it provides the initial condition for the lattice version of the one-
line-irreducible four-point function (cf. Eq. (6.15)), i.e.,

i (I3 g (K1 -y ka) = =28Viy o na (k1y oo k) (7.21)
A—o0
In the following, it will be convenient to rescale the four-point function in such a way
that its initial condition is precisely given by the four-point interaction kernel. Hence,
we define the interaction vertex (or effective interaction) at the scale A as

1
= ——T% 22
such that its initial condition is given by
AILHQO(VA)"L”M(M’ coiska) =V, g (k.o k) (7.23)

Correspondingly, we reformulate the RGE (6.173) in terms of this interaction vertex as

Va(ar,. .. my) = (7.24)
- 5 /dyl ce /dy4 LA(ylay27 Y3, y4) VA(xla x2, Y1, y2) VA(y3,y4,$3,l’4) )

+48 A(gy 2 /dyl : --/dy4 La(y3,Y4,y2,y1) Va(y1, 1, y3, ©3) VA(22, Y2, T4, Y4)

Next, we will use the lattice translation invariance to simplify this equation.

Theorem 7.1 (RGE for lattice interaction vertex). In the level-two truncation
and by neglecting the self-energy, the lattice interaction vertex in the Bloch basis satisfies
the following differential equation:

’ h, h,d
(VA)n1n2n3n4 (p17p2,p3) = [Qgp + ¢R ‘+ éi ]n1n2n3n4 (p17p21p3) ) (725)

where the three terms on the right-hand side are given by

(PR )nmangna (P1,p2,03) = =B /dlﬁ /dkz 6(p1 + p2 — k1, k2) (La)ere (K1, ko)
41,42

X (VA)ninoti 0o (D1, P2, k1) (VA)t109msna (K1, k2,03) ., (7.26)
(DR mmangns (P1,P2,P3) = =28 /d/ﬁ /dk2 6(p1 — p3 + k1, k2) (La)esey (K2, k1)
l1,42

X (VA)eynrtans (k1,015 k2) (VA )nototing (D2, k2, k1), (7.27)

h,d h,
(@?\ )n1n2n3n4 (p17p27p3) = _(@R C)n2n1n3n4 <p2,p1,P3)7 (728)
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with the single-scale Green function

(Sa)e(k) = (Ca)e(k), (7.29)

and the loop term
(La)eres (k1 k2) = (Sa)ey (k1) (Ca)ey (R2) + (Ca)e, (Fr) (Sa)e, (K2) (7.30)
= % ((Ca)ey (k1) (Ca)ey (K2)) - (7.31)

In particular, since ka = (ka,w2) is fized in each term in Egs. (7.26)—(7.27) by momen-
tum conservation, the right-hand side of the RGE effectively requires only a summation
over two band indices {1, {2 and an integration over one multi-variable k1 = (k1,w1).

Proof. By performing a “basis transformation” using Eqs. (4.62)—(4.63), we obtain from
Eq. (7.24) the RGE for the lattice interaction kernel:

y h h,d
(VA)n1n2n3n4(p17p27p37p4) = [@Rp + QSR ° + @R ’ ] (p17p2)p37p4) ) (732)

ninansng

where the particle-particle term, the crossed particle-hole term and the direct particle-
hole term are given respectively by

(@Rp)nlngn;gnzl (p17p27p3)p4) - _/8 Z /dkl CIEIR /dk4 (LA)Z152€3€4 (klv k?a k37 k4)
l1,...,04

X (VA)nlnzflfg (p17p27 kl? k2) (VA)Z;gE4n3n4 (k;37 k47p35 p4) ) (733)

(D20 pimgnsna (D1, P2, D3, pa) = 23 Z /dkl . /dk4 (LA)eseatar, (K3, ka, ko, k)
Crila

X (VA)€1n1€3n3 (klapl) k3ap3) (VA)n2E2n4€4 (p2a k27p4a k4) 5 (734)
@Phyd _ ph,c
( A )n1n2n3n4(p17p27p37p4) - _(@A )n1n2n4n3<p17p27p47p3) . (735>

Furthermore, the property (7.8) of the lattice covariance implies the corresponding prop-
erty of the single-scale Green function,

(SA)5152 (kl, k2) = 55152 5(k1, k2) (SA)el (kl) ) (7'36>

as well as of the loop term,

(LA)tytatses (K1, ko, k3, ka) = 60,04 0(K1, k3) 00y, (K2, ka) (L)oo, (K1, k2) . (7.37)

We now put these results together with Eq. (7.16) into the above RGE (7.32). Then,
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the left-hand side of the RGE turns into

(V) ny..na (01,02, 03, 1) = (VA)ny...na (D1, D2, 03) 8 (P1 -+ D2, D3 + Pa) (7.38)

whereas the three terms on the right-hand side have to be evaluated separately.

(i) Particle-particle term. For the first term, Eq. (7.33), we obtain

DR (p1, P2, D3, Pa)nmangns = —B /dk‘1 /dkz (La)eres (ks k2) (7.39)
£y, 02

X (VA nyngty 0, (01,02, k1) 6(p1 + p2, k1 + k2) (VA)e,e9nan, (k1, k2, p3) 6(k1 + ka2, p3 + pa) .

The product of the two delta distributions equals

d(p1 + p2 — k1, k2) 6(p1 + p2, p3 + pa), (7.40)

and thus we obtain

(PR ninansna (P1, D2, D3, Pa) = (PR )ninangna (D1, 02, 13) 6(p1 + P2, p3 +pa),  (7.41)
with the function @} on the right-hand side given by Eq. (7.26).

(i) Crossed particle-hole term. First, by using the antisymmetry of V under the ex-
change of its last two arguments, Eq. (7.34) can be written equivalently as

(DY) yngngna (D1, P2, D3, 1) = —28 Z /dk:1 . /dk‘4 (LA)esesents (b3, ks, Koy K1)
Gt

X (VA)eynyegns (K1, p1s k3 p3) (VA natstans (P2, k2, kay pa) - (7.42)
This formula turns out to be more useful than Eq. (7.34), because the external momen-

tum py appears as the last argument of V, which can be eliminated by the momentum
conservation. Next, by using Egs. (7.16) and (7.36)—(7.37), we obtain

(@?\h’c)nlngnggrm(p17p27p37p4) = _26 Z /dkl/de (LA)fgﬁl (k27k1) (743)
L1,02

X (VA)eynytans (1,01, k2) (k1 + p1, k2 + D3) (VA )notating (D2, k2, k1) 6(p2 + ka2, k1 + p4) .

The product of the two delta distributions equals

d(p1 — p3 + k1, k2) 6(p1 + p2, p3 + pa), (7.44)
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which in turn leads to

h, h,
(@R C)n1n2n3n4 (plap27p3ap4) = (@R C)n1n2n3n4 (p17p21p3) 5(]91 + p2, p3 + p4) ’ (745)

where @Rh’c on the right-hand side is given by Eq. (7.27).
(11i) Direct particle-hole term. Since Vi and L are invariant under the simultaneous

exchange of their first two and their last two arguments, the same applies to the crossed
particle hole term (7.34). Therefore, Eq. (7.35) is equivalent to

h,d h
(QR ’ )n1n2n3n4 (p17p27p37p4) = _(QSR ,C)n2n1n3n4(p27p17p37p4) . (746)
By combining this with Eq. (7.45), we obtain

h,d h,d
(DX ninansna (P1, P2, 3, D1) = (PR ninangna (P1, P2, p3) 6(p1 + P2, p3 +pa), (7.47)

where @Rh’c on the right-hand side is given by Eq. (7.28). Finally, by combining all
results derived in (7)-(7ii) together with Eq. (7.38) and by canceling the delta distribution
d(p1 + p2, p3 + pa) from both sides of the RGE, we arrive at the assertion (7.25). O

7.2. Static-vertex approximation

To further simplify the RGE, we now employ the static-vertex approximation, by which
the frequency dependencies of the interaction vertex are entirely neglected. This means,
we replace

(VA)n1..-n4 (pla W1; Pa, W25 P3, w3) = (VA)TLL..TM (pla 0; Py, 05 Dp3, 0) (7'48)

= (VA)n1..-n4 (plap2ap3) . (7'49)

After this replacement, we can perform the remaining frequency summations on the
right-hand side of the RGE analytically, and thereby derive the approximate RGE for
the static interaction vertex.

Theorem 7.2 (RGE for static interaction vertex). In the static-vertex approxima-
tion, the RGE for the lattice interaction verter reduces to

- h, h,d
(VM) ninangna (P1, P2, p3) = [PF + 7+ O] (P1,P2:P3), (7.50)



192 7. Functional renormalization for multiband systems

where the three terms on the right-hand side are given by
(éﬁp)nlnznwu (p13p2ap3) = (7'51)
1
-y = / d3k1/d3k2 S 6K +py +py — ki, ko)
. 1Bl Js 5 7%
X (LX)£1€2 (klv k2) (VA)THTLQ&@Q (p17p27 kl) (VA)51f2n3n4(k17 kg,pg) )
h,c
(PR )ninangng (P1: P2 P3) = (7.52)
1
= B / d3k1/d3k2 > (K +p; —ps+ ki, k)
01,0 B B K
X (LX)ezél (k27 kl) (VA)€1n1€2TL3 (klvplv k2) (VA)n242€1n4 (p2) k27 kl) .
h,d h,c
(@R Jninangna (P1, P2, P3) = —(@R Jnaningns (P2, P1,P3) - (7.53)

Here, the particle-particle loop L, and the particle-hole loop LX are given by

(Lj\:)@l@z (kla kQ) = % (XA(€Z1<k1)) XA(e&(kQ))) (F/T)ZMQ (k17 k2) ) (7'54)

in terms of the functions Fy as defined by

Py ) =+ L) = enlfal) (7.59)
and by
Ef, (ko) = flea(k1)) — flew(ka)) (7.56)

ee, (k1) — eqy(k2)

Furthermore, eg(k) = Ey(k) — pu are the Bloch energies subtracted by the chemical po-
tential, and f(e) = (e%¢ + 1)~! denotes the Fermi distribution function. The reciprocal
lattice vector K s fixed in each term in Egs. (7.51)—(7.52) by the condition that all ex-
ternal Bloch momenta py, py, pP3 and all internal Bloch momenta k1, ko must lie in the
first Brillouin zone.

Proof. The RGE (7.50) follows directly from the more general Eq. (7.25) by employ-
ing the static-vertex approximation. Hence, it only remains to evaluate the internal
frequency summations in Eqgs. (7.26)—(7.28), and to show that they produce the expres-
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sions (7.54)—(7.56) for the loop terms:

(LD)ae (ki k) =8> Sxwyw (La)es (k1,wr; ko, ws) (7.57)
wi,w2 €M
=B (La)nye,(k1,w; k2, Fw) (7.58)
weM
=/ E: (Cmelkl,)(cmhxk%qmn) (7.59)
welM
d 1 1 1
TN (XA(eel(/ﬁ)) XA(t%(k:z))) 3 w%ﬂ;d T~ en (k) Tiho — e (k) (7.60)

where in the last step, we have used the explicit expression (7.11) of the covariance.

Now, the frequency summations can be evaluated by means of the residue theorem (see
Ref. [Mah90, Sct. 3.5]) as

75 X S e e T o e o

Taking into account the property
f=e)=1-f(e) (7.62)
of the Fermi distribution function, this shows the assertion. ]

7.3. Fermi surface patching

Finally, in order to make the RGE amenable to a numerical solution for the Rashba tight-
binding model (see Ch. 9), we employ yet another approximation, namely, we discretize
the Bloch momentum dependencies of the interaction vertex. In concrete terms, we
employ the so-called Ferm:i surface patching approximation, which we will now briefly
explain (for details, see Ref. [Sch+16a, Sct. IIL.LB and Appendix C]). First, we divide
the Brillouin zone B into N disjoint patches,

N
B=|JB, (7.63)

and we choose one representative momentum for each patch,
™ € B, (7.64)

which typically lies on a Fermi surface within that patch. Then, we assume the effective
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interaction to be constant on each patch, such that

(VA)n1...n4 (pla Do, p3) =

N N N (7.65)
Z Z Z (VA)n1-~n4(i13i27i3) ]l(pl € Bu) ]l(pZ € 812) ﬂ(p?) € Bls) )

i1=1 =1 iz=1
where we denote by
(VA)EI~--Z4 (ilu i2, Z‘3) = (VA)ZL.-& (ﬂil y Tigs 71',‘3) (7'66)

the values of the interaction vertex at each combination of the three representative
momenta. Note, in particular, that the representative momentum m;, may lie on any
Fermi surface—of any band, not necessarily only of the band labeled by ni;—and the
same applies to m;, and m;, as well. Hence, if L denotes the number of bands, there
are in total N3 x L* complex numbers which parametrize the interaction vertex. We
call our ansatz (7.65)—(7.66) the refined projection scheme (for a comparison with other
projection schemes, see Ref. [Sch+16a, Sct. III]). Next, we state the RGE which the
finitely many parameters (7.66) fulfill within the refined projection scheme.

Theorem 7.3 (RGE for discretized interaction vertex). Under the discretization
(7.65)—(7.66), the RGE for the static interaction vertex approzimately reduces to

d

L h, h,d L.
dA (VA)n1n2n3n4 (i1,12,13) = [@Rp + @Ij)\ “+ @R }n1n2n3n4 (i1,12,13), (7.67)

where the three terms on the right-hand side are given by [Sch+16a]
(é?\p)mmnsm (il, 12, i3) = (7.68)

N N
o Z Z Z ZR(K+W11 + i, — 75 € Bj2) (LX)€1Z2<i17i27j1)

l1,0s j1=1 jo=1 K
X [(VA)mmele(ihimjl) (VA)tr0amzna (J15 J2,83) + (J1,01) < (j2,42) |,
(dsﬁhyc)mnznsm (i17i27i3) = (7.69)
N N
—23 > > D UK i, —mi, 7, € By)
L1,y j1=1 jo=1 K

J
X (L) eres (11,33, 1) (VA)erna tans (31515 52) (VA )ngtatyng (i2, 32, j1)

N N

—9 Z Z Z Z]l(K+7ri3—TFil + 7y, € Bj,)

l1,02 j1=1 jo=1 K

X (L) eres (3531, 1) (VA)tans trms (525115 31) (VA )natrtana (2, 31, 52) »

(é?\h’d)nlnzng,nél (ila ,L.27 23) - _(@Rh,C)n2n1n3n4 (iQ, il, 23) . (770)
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Here, we have defined the loop terms
(LX)hb (ila i27j1) = (771)

1 .
\B|/B Ak Xa(ee, (k) xa(ery(K + iy £ 3, T k) FF, (K, K +m, £ 75, TK),
J1
with the functions FT given by Fqs. (7.55) and (7.56), respectively.

Remark. In the particle-particle term (7.68), the reciprocal lattice vector K is fixed by
the condition

K+7ri1+7r,~2—7rj168, (7.72)
and hence, K depends on only three patch indices 1, i2, and j;. The stricter condition
K+7Ti1+7l'i2—7l'j168j2 (773)

then also fixes the patch index jo. Therefore, the right-hand side of Eq. (7.68) effectively
requires only a summation over two band indices ¢, #o and over one patch index ji, and
the same applies also to the particle-hole terms.

Proof. See [Sch+16a, Appendix C.1]. O






8. Mean-field theory without SU(2)
symmetry

While the RGE derived in the previous chapter can in principle be applied to any model
with one or several energy bands, our main focus in this thesis is on the tight-binding
Rashba model of Sct. 2.3. This model is given by a (2 x 2) Hamiltonian matrix Hyy (k),
which corresponds to one spin-split energy band. In the next Ch. 9, we will use the fRG
to study the superconducting phases and, in particular, to predict the effective inter-
actions in this model (starting from an attractive, local initial interaction). After that,
we will use mean-field theory to predict the gap function as well as the superconducting
order parameter, and thereby obtain a more detailed characterization of these supercon-
ducting phases. The purpose of this chapter is therefore to explain mean-field theory and
to derive the Bogoliubov transformation in a general setting without SU(2) spin rota-
tion invariance. Our analysis is not restricted to the concrete Rashba model, but applies
to any time-reversal invariant Hamiltonian Hgy (k) describing a spin-split energy band.
Concretely, we proceed analogously to Ref. [SU91] and generalize the results presented
there to the non-SU(2)-symmetric case.

8.1. Definitions

We consider an (effective) single-orbital model as described in Sct. 1.5, whose Hamilto-
nian is given by its matrix elements in a Bloch-like spin basis,

(s | H [ g x) = 1B| 8°(k — ') HYy (k) . (8.1)

For technical reasons, we switch to the description of a finite crystal, where the allowed
Bloch wavevectors k are discrete owing to the Born—von-Karman boundary conditions,
and the above equation turns into (see Ref. [SS16b, Appendix A.2])

(s, | HO |90 ) = Opp gy HO (K) - (8.2)

In particular, as the Dirac delta distribution is replaced by the Kronecker delta, we can
evaluate this equation at k = k' to obtain the simpler relation

HY (k) = (s 1| H [1hgr 1) - (8.3)
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In first quantization, the free Hamiltonian can now be written as

Z Z H W}s k <ws/ k:| (8'4)

k s,s

where the sum is over all allowed Bloch wavevectors. In second quantization, this oper-

ator translates into
= "> Hy(k)al(k)ag(k), (8.5)
k s,s

where the operators as(k) = a(|ys,k)) and dl(kz) = a'(|ths k) annihilate and create,
respectively, a Bloch-like vector. In addition to this free Hamiltonian, we consider a
superconducting interaction, which is defined as a two-particle interaction of the form

~ 1 R . . .
V= 5 Z Z ‘/81828384(’{:7 k/) all(_k) al2(kz) a53(k:’) a84(_k/) ’ (8'6)
k,k' 81,84
with an interaction kernel depending on four spin indices but only two Bloch momenta.

Now, the mean-field ansatz consists in replacing the above quartic interaction operator
by the quadratic mean-field interaction, which is given by

Z Z ‘/;‘1825384 k k/> (8'7)

k k' 51558
x (al, (—k)al, (k) (s, (k) s, (—K')) + (al, (=) al, (k) s () s, (=K))
Consequently, the interacting Hamiltonian is replaced by the mean-field Hamiltonian,
H=H"+V — H™ =+ y™f (8.8)

which is quadratic and can therefore be solved exactly. However, the expectation values
in Eq. (8.7) are to be evaluated with respect to the mean-field Hamiltonian itself, i.e.,

(A) = % Tr (e PH™ =N 4) | (8.9)
with

7™ = Ty (e PEHM 1Ny (8.10)

where p denotes the chemical potential and § the inverse temperature. The self-consis-
tent solution of Egs. (8.7)—(8.10) is referred to as mean-field theory. Furthermore, the
expectation value

‘l’ss’(k) = <ds(k7) ds’(_k)> (8'11)

is called the order parameter, whereas the product

ASS’(k) = Z Z VS’85384(1€ k/)< (k/) (_k/)> (8'12)

k' s3,84
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is called the gap function. In the following, we will first study the general symmetries
of these two (2 x 2) matrices, and then calculate them explicitly in the case of a singlet
superconducting interaction (see Sct. 8.4).

8.2. Symmetries

We assume that the Hamiltonian H = H® + V is hermitean and invariant under time-
reversal symmetry. The consequences of these symmetries for the free Hamiltonian ma-
trix H2, (k) have already been studied in Sct. 2.1 (see Table 2.2). In this section, we
will derive the corresponding conditions on the interaction kernel, the gap function and
the order parameter.

Superconducting interaction.—Without loss of generality, we may assume that the coef-
ficient function V, s, (k, k') in Eq. (8.6) is antisymmetric under the exchange of its first
two and its last two arguments, i.e.,

‘/51823384(’6716/) = *‘/52818384(*kak,) = *‘/51528483(167*’{7/) . (8'13)

The reason for this is that any symmetric contribution to the coefficient function would
automatically cancel out in Eq. (8.6) due to the anticommutativity of the fermionic
creation and annihilation operators. In addition, we assume that the interaction operator
V is hermitean,

V=V, (8.14)

and time-reversal invariant,

A~ N

V=6"lvo. (8.15)

These conditions on the interaction operator translate into the following constraints on
the interaction kernel: hermiticity,

V815283S4 (k7 k/) =V

54835251

(k' k), (8.16)

and time-reversal symmetry,

Vi sas3s4 (K, k,) = Z [iffy]iltl [io—y]lgtg tht2t3t4(—k> —k,) [igy]tsss [iay]u&; . (8.17)

t1,...ta

In fact, these constraints can be derived similarly as the corresponding constraints on the
free Hamiltonian matrix (see Sct. 2.1, and Ref. [Sch+16a, Appendix A.4]). In particular,
the derivation of these constraints requires again the assumption (2.22) that the orbital
@s(x)—with respect to which the single-orbital model is defined—is real-valued.

Gap function.—The hermiticity of the mean-field Hamiltonian,

A = (g™t (8.18)



200 8. Mean-field theory without SU(2) symmetry

implies by Eq. (8.9)—(8.10) the following property of the thermal expectation values,

(s, (K a5, (—K')) = (@], L(E)". (8.19)

By using this property as well as Eq. (8.16), we can transform Eq. (8.12) into

==Y ) Vi (K k) (al,(—K"al, (k)" (8.20)

k' $3,54

and further, by taking the complex conjugate and substituting k — —k, into

ss’ Z Z VS48388 7_ ) <&i4(_k/) &};3 (k/)> ) (8'21)

k' 53,54

which agrees with Ref. [SU91, Eq. (2.2)]. Moreover, one can show that the antisymmetry
(8.13) of the interaction kernel implies the antisymmetry of the gap function,

A(k) = -AT(-k), (8.22)
while the time-reversal symmetry (8.17) leads to
A(k) = [ioy|T A* (k) [igy] - (8.23)
If we define the matrix A(k) by
A(k) = A(k) oy, (8.24)

then the above conditions on the gap function translate into the following conditions on
this transformed matrix: hermiticity,

A(k) = AT(k), (8.25)

and time-reversal symmetry,

A(k) = [ioy])t A*(—k) [io] . (8.26)

Thus, we conclude that the matrix A(k) has exactly the same symmetries as the free
Hamiltonian matrix H (k). In particular, we can also expand the former in terms of the
Pauli matrices as

Ak) = (k)1 +d(k) - o, (8.27)

where the functions ¢(k) and d(k) have the same symmetries as the functions f(k) and
g(k) (see Table 2.2). We hence obtain the representation

A(k) = [¥(k) 1 + d(k) - o] iy (8.28)

of the gap function, which is standard in the literature (see Ref. [SU91]).
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Order parameter.—Similarly as for the gap function, one can derive the following con-
straints on the order parameter matrix: antisymmetry,

U(k)=-UT(-k), (8.29)
and time-reversal symmetry,
U (k) = [ioy)T U*(—k)[ioy] . (8.30)

Thus, the order parameter has the same symmetries as the gap function, which is indeed
well-known [Poo+07]. In particular, we can expand also the order parameter as

U(k) = [x(k)+ c(k) - olioy, (8.31)

where the functions x(k) and c(k) have the same symmetries as the functions f(k) and
g(k). Of course, the fact that the matrices A(k) and ¥(k) have the same symmetries
does not imply that they are of the same form, because the functions x (k) and ¢(k) may
be different from (k) and d(k).

8.3. Mean-field Hamiltonian

We now rewrite the mean-field Hamiltonian (8.8) in a form which will allow for its
straightforward diagonalization. For this purpose, consider first the mean-field interac-
tion in Eq. (8.7). In the second term, we interchange the integration variables k < k'
and relabel the spin variables as (s1, s2, 83, 54) — (S4, 83, 51, S2). Then, we obtain

Ve 52 O Versass (koK) (s, (R s, (<K)) @, (k) al, (k)

k,k’ 51,---,54

+ = Z Z Vigsssiso (K, ) (al, (—K')al (K')) as, (k) Gy (<) -

kk’81

(8.32)

By substituting k — —k and using the antisymmetry of the interaction kernel, we can
further write this in terms of the gap function (see Egs. (8.12) and (8.21)) as

= Y (B k)i, (R)al, (k) — AL (k) (R)as, () (8.33)
k 51,52

Next, we bring also the free part of the Hamiltonian as given by Eq. (8.5) into a more
symmetric form: Its hermiticity implies that

— (H%) =30 ST (HD,) (k) df, (k) g, (k). (8.34)

k s1,s2

Furthermore, by employing the anticommutation relation

[y (), al, (K')] | = 640, Ot » (8.35)
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and by dropping the constant term of the Hamiltonian, we obtain

HO == % (H],,)" (k) s, (k)al,(k). (8.36)

k s1,s2

By combining this formula with Eq. (8.5), we can write the Hamiltonian as
. 1/~ N
0_ 2+ (g0 0yt
=3 (H + () ) (8.37)
>3 (Ho k)l (k) (k) = (HE, ) (<) gy (—R)al,(<k)) . (838)
k

where in the second term, we have substituted k — —k. Taking into account also the
particle number operator

" 1
— Y — (k) a Cad—KYal(—
N =3 alkak) =5 33 (al(k)as(k) - as(~k)al(-k)),  (8:39)
the mean-field Hamiltonian (8.8) can finally be written in matrix form as

A = 30 S (i, (k). () (8.40)

k s1,82

Hglsz(k) — (1055, Ay s, (K) as, (k)
: ( _Azlsz(_k:) _(Hgsz)*(_k) + /L55152 ) ( &lz(_k)> ‘

In the next section, we will explicitly diagonalize this operator for a special form of the
superconducting interaction.

8.4. Solution for singlet interaction

A superconducting interaction of singlet form is defined by Eq. (8.6) together with the
particular form of the interaction kernel

g
‘/51525334 (k:, k/) = 5 (55153 55254 - 55154 55253>- (8-41)

This can be written equivalently as (see Ref. [Ede89, Eq. (10)])

V81828384 (kv k/) =

NS

. . g .. .
[lgy]swz [loy]5354 = D) [lgy]8281 [lay]8354 (8.42)

in terms of the Pauli matrix . As we will see in Ch. 9, this form of the interaction
comes indeed out as the effective interaction at the critical scale in the two-dimensional
Rashba model with an onsite attractive interaction [Sch+16a]. Note that mean-field
theory itself cannot be used predict the form of the superconducting interaction, but
requires this to be given as an input. However, given the superconducting interaction,
mean-field theory allows one to predict the gap function and the order parameter.
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8.4.1. Gap function

By assuming a superconducting interaction of singlet form, the gap function can be
inferred immediately from its defining equation (8.12): we find

g .. . ~ ~
Ass (k) = 5 ioy)ss SN lioylssss (s (K )as, (—K)) . (8.43)
k' 53,54
In matrix form, this can be written as

Ak) = Nolioy), (8.44)

where we have defined the scalar gap parameter

Ag = g Z Z lioy]sss <d33 (k) dS4(_k)> : (8.45)

k 3,54

In order to determine this parameter, we first have to calculate the order parameter,
which in turn depends on the gap function. Therefore, Ag must be determined self-
consistently as the solution of the gap equation (see Sct. 8.4.5). Up to this parameter,
however, the form of the gap function is already fixed by Eq. (8.44): it is independent
of the Bloch momentum k and of the chemical potential u, and it is of a purely singlet
form (see Sct. 8.4.4).

8.4.2. Bogoliubov transformation

In order to calculate the order parameter, we have to diagonalize the mean-field Hamil-
tonian (8.40). For this purpose, we proceed analogously as in Ref. [SU91] by introducing

the (4 x 4) matrix
R A
Hy, = ( K O’“ ) , (8.46)

where we have defined (similarly as in Eq. (7.5))
RS = Hyp —p. (8.47)

Here and in the following, we denote the momentum dependencies as subscripts in order
to lighten the notation. Note that by Eq. (8.22), we have

— A%, = A6, (8.48)

and hence Hy, is a hermitean matrix. The diagonalization of the mean-field Hamiltonian
is performed by means of a Bogoliubov transformation, which reads

&s(k) = Xsn(k) Bn(k) + }/sn(k) I;Jrfz(_k) ) (849)
al(—k) = Y2, (—k) b (k) + X2, (—k) b, (k). (8.50)
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We seek Xy = X (k) and Yg = Y (k) such that the 4 x 4 matrix

X Y
U = (8.51)
Y*. X*,
has the following properties: (i) it is unitary, i.e.,
Ul th, =1, (8.52)
and (ii) it diagonalizes Hy, i.e.,
Ul Hi, Uy = &k, (8.53)

where & is the diagonal matrix of eigenvalues, which turns out to be of the form
) 0

0 0
€+(k7) 0
0 (-
0 0

e_(k
€ 0 0
& = < * ) =
0 —E_k 0
0

With this, the mean-field Hamiltonian (8.40) is diagonalized as

Aot N 1 ot N en(k) 0 Bn(k)
kE n

0 —en(—k)

(8.54)

0
—e_(—k) 0
(

or equivalently, by substituting k — —k,
H™ = yN =) e (k) bl (k) ba(K) (8.56)
k n

In order to find the eigenvalues €5 and the unitary matrix Uy, we first note that Eq.
(8.53) can be written equivalently as

Hyo Up, = Up, Ek . (8.57)

or more explicitly as

AL =m0 ) \vr, X7, vo, x5, ) \o —e) '

This yields the conditions

R Xp + A Y, = Xpep, (8.59)
Al Xp = (W2 0) Y, =Yy e, (8.60)

as well as
ROYi + A X = —Yie g, (8.61)

Al Vi — (W) X = — X" e g (8.62)
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By substituting k — —k and by complex conjugation, one can convince oneself that
Eqgs. (8.59) and (8.60) are actually equivalent to Egs. (8.62) and (8.61), respectively.
Thus, we only have to consider two equations, say, Egs. (8.59) and (8.60). Next, we
choose Xj, such that it diagonalizes the free Hamiltonian,

hS Xp = Xpep (8.63)
with e = Eg — pr. Then, Eq. (8.59) yields
Xk (e —er) = A Yy, . (8.64)
Multiplying both sides of this equation with AL and using that by Eq. (8.44),
Al A = A2, (8.65)
we obtain the explicit expression of Y, in terms of Xj:

*

Af

Al Xy, (er — ex) - (8.66)

Furthermore, putting this result into Eq. (8.60) and applying Ay on both sides of the
equation yields

1

— p Ak (h(lk)* AL Xk (5k - ek) = Xk ((5k — ek) Ek — Ag) . (867)
0

The time-reversal symmetry of h) (see Eq. (2.43)) implies that

Alg A (0" Af, = [io,] (R0 4)" fio) = B, (8.68)
and hence, Eq. (8.67) simplifies to
— hig Xk (e — ex) = Xi (e — ex) ek — AF) - (8.69)
Now, a comparison with Eq. (8.63) yields the condition
— B (e —ex) = (ep — ex) ex — A3, (8.70)
from which we obtain the eigenvalue matrix as

e =i + A2, (8.71)

We shall employ a convention by which for Ay — 0, the mean-field eigenvalues e+ (k)
approach the respective eigenvalues e+ (k) of the non-interacting system. Thus, we define

e = sgn(ex) \/es + A2, (8.72)

where sgn(z) = z/|z| denotes the sign function. Note that this is an identity between



206 8. Mean-field theory without SU(2) symmetry

two diagonal matrices. In particular, using Eq. (1.175), we also obtain the condition
E_k—=F€¢k (8.73)
as a consequence of the time reversal-symmetry.

It remains to calculate the matrices X and Yy. By Eq. (8.63), the column vectors of
X are the eigenvectors of the free Hamiltonian hz, hence each of them coincides up
to a constant factor with the respective column vector of the matrix Uy as given by
Eq. (1.163). Thus, we may write

X =Ug (Ek +ek) N, (8.74)

with a yet to be determined diagonal matrix

Nee 0
O . (8.75)
0 Ny

Next, by putting Eq. (8.74) into Eq. (8.66) and using that
(Ek + ek) (5k — ek) = Ei — 6% = A2 R (876)

we also obtain
Y = Al Up Ny, (8.77)

Now, the matrix N is determined from the condition that U is unitary: in fact,
Eq. (8.52) is equivalent to the two identities

XI X+ YV =1, (8.78)
X Ve + Y5 x*, =0. (8.79)

Using Eqgs. (8.74) and (8.77), we find
X} Xy = N (ex + ex) U} Uk (ek + ex) Ni, = NJ Ny (e5 + ex)?, (8.80)

and respectively,
VI V¥ = N UL A Al U Ny, = NJ Ny A2 (8.81)

Therefore, Eq. (8.78) yields the condition
N} Nk ((ex + ex)? + A2) =1, (8.82)

which in turn implies (by choosing Ny real-valued)

1
V(K +ex)? + A2 .

Ny = (8.83)
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Hence, it remains to check that Eq. (8.79) is also fulfilled:
X Vi + Y5 Xt = N] (—(sk ten) Ul Ap Uy + UL Ay Uy (er + ek)) N*p, (8.84)

where we have used that AT r = —Ag, while e and ¢ are even in k. Furthermore, the
property (1.176) implies that

ApU* = A lioy| Uy, = Mg U e ko, (8.85)
and hence the above expression simplifies to
X v+ Y5 x*, = N} (—AO (ek + ex) e % o, + Age %k o, (e + ek)> N*,., (8.86)

which vanishes because any two diagonal matrices commute with each other. In sum-
mary, the (4 x 4) Hamiltonian matrix Hy as defined in Eq. (8.46) is diagonalized by the
unitary matrix Uy, in Eq. (8.51), where X} and Y} are given explicitly by
1
Vi +en)? + AL’
1
View +en)2+ AL

X =Upg (5k: + 6k) (8.87)

Vi = —AR U*, (8.88)

These formulae generalize the results presented in Ref. [SU91, Eq. (2.13)] to the case
without SU(2) spin rotation invariance. Note, in particular, that eg and e are diago-
nal matrices, which contain the eigenvalues of the free Hamiltonian (subtracted by the
chemical potential) and respectively of the mean-field Hamiltonian, where the latter
eigenvalues are given by Eq. (8.72).

8.4.3. Order parameter

Having diagonalized the mean-field Hamiltonian, it is no more difficult to calculate the
order parameter (8.11). In terms of the new annihilation and creation operators by, (k)
and b},(k), we can write this as

(8.89)

Using the anticommutation relation between these operators,

[BTLI (k)> BILQ (k/)]+ = 5n1n2 6k,k’ ’ (890)
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we obtain the identities

~

(b () B, (K)) = b (1 fu()) | (8.91)
(bl (=k) b (=k)) = Snns fu(—k) = Suns fu(K), (8.92)

with the Fermi distribution function f, (k) = f(en(k)) given by Eq. (7.10). With these
relations, Eq. (8.89) simplifies to

k)= Xo(k) You(—k) (1 — fa(k +Zst —k) fo(k),  (8.93)

which can be written more compactly in matrix form as
Vg = Xp (1= fo) Yl + Vi fr X2, (8.94)

We now put the matrices X and Y as given by Eqgs. (8.87)—(8.88) into this formula.
Then, we obtain for the first term,

Xi (1= fr) Y'Y = Uk (ex + Ex) Ni (1 — f2) N, U}l Ay, (8.95)

where we have used again Eq. (8.22). Furthermore, by Egs. (8.72) and (8.83), we have

1 1
N? = = , 8.96
k (z’:‘k—i—ek,)g —i—A% 25k(5k +€k) ( )

and consequently,

Xe (1= fr) Y = Uk 52 f’“ Ul Ay . (8.97)
Similarly, we obtain for the second term in Eq. (8.94),
T _ * fk T fk
Yie fo X2 = — A UXy, koo U = —Ug —U Ak, (8.98)

where we have used the explicit form of Ay, Eq. (8.44), and the property (1.176) of Ug.
By combining Egs. (8.97) and (8.98), we arrive at

1—2f;

Uy, = Uy Ul Ay . (8.99)

To obtain an even more concrete expression for the order parameter, let us define the

function
Y(e) = 1_22f() 2% ta h(%) , (8.100)

which in the zero-temperature limit reduces to

lim ~(e) = L

8.101
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With this, we can write Eq. (8.99) as
Uy = U y(ex) Uj Ag fioy] . (8.102)

Next, we split the diagonal matrix into two terms,

_(e-(R) 0
Y(ew) = < N (k))> (8.103)
_ (== (k) 42—7(5+(k)) 14 e=(k) = vee(k) (8.104)

Using the unitarity as well as the property (1.170) of Uy, this yields

0 — Ay YE=R) Haler(R) (k) = (e (k)

: )~ o . ~g(k) - alioy
(8.105)
where we have introduced the notation
R g(k)

for the normalized vector g(k), which appears in the free Hamiltonian (1.157). The
above Eq. (8.105) is our general result for the order parameter matrix Uy = U,y (k).
In contrast to the gap function (8.44), the order parameter depends nontrivially on the
Bloch momentum k and on the chemical potential u, and it is not of a pure singlet form.

8.4.4. Singlet and triplet amplitudes

Next, we define the (spin) singlet and triplet amplitudes Ws(k) and U¢(k) of the order
parameter through the expansion

U(k) = Uy (k)io, + Uy(k) [g(k) - o] io, . (8.107)

In fact, we can compare this expansion with Eq. (8.31), which was deduced from sym-
metry considerations only. Obviously, the singlet and triplet amplitudes are related to
the functions x(k) and ¢(k) in the latter expansion by

x(k) = ¥s(k), (8.108)
clk)=Vy(k)g(k). (8.109)
Concretely, from our result (8.105), we read off the singlet and triplet amplitudes as

k) = 2y HEED L)

(8.110)

k) = 2y HEED =2 () s11)
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In the zero-temperature limit, these formulae reduce to

S 1,

v =7 (oo * o) (8.112)
a1

v =3 (e mw) (8.113)

For comparison, consider the corresponding singlet and triplet amplitudes of the gap
function, which can be defined analogously through

A(k) = Ag(k)ioy + Ay(k) [g(k) - olioy. (8.114)
In fact, the result (8.44) for the gap function is equivalent to
Adk)=Do,  Ayk) =0, (8.115)

and for this reason, we have called Eq. (8.44) a purely singlet-type gap function.

8.4.5. Gap equation and critical temperature

So far, we have calculated the gap function Agy (k) and the order parameter W,y (k)
up to the scalar gap parameter Ag. The latter was defined in Eq. (8.45), which can be
written equivalently in terms of the order parameter and a trace over the spin indices as

Ay = % ; Tr (U(k) fio,]T) - (8.116)

By inserting our result for the order parameter, Egs. (8.107) and (8.110)—(8.111), and
by using that the Pauli matrices are traceless,

Tr(g(k)-o) =0, (8.117)
we obtain immediately
Bo =9 D 2Ws(k) = T80 D" (v(ex (k) +y(e-(K))) | (8.118)
k k

which is equivalent to the scalar gap equation

1 Ben(k
1= g zk:zn: 3578 tanh( 52( )> . (8.119)

Note that this agrees with the standard form of the gap equation in the SU(2)-symmetric
case (see Ref. [VW90]). If combined with the expression (8.72) for the mean-field en-
ergies e, (k), the gap equation constitutes an implicit equation for determining the gap
parameter Ay as a function of the inverse temperature 3, the chemical potential y and
the coupling constant g. Furthermore, the gap equation allows one to estimate the crit-
ical temperature for the onset of superconductivity, which is defined as the temperature
where the gap vanishes (for a short discussion, see Ref. [Sch+16a, Sct. IV.D]).




9. Application to the Rashba model

In this chapter, we apply the combined fRG and mean-field approach described in the
previous chapters to the tight-binding Rashba model of Sct. 2.3. We first specify the
model parameters and briefly explain our numerical implementation, and after that
summarize our results for the effective interaction, the order parameter and the gap
function. For a more detailed discussion, we refer the interested reader to the original
publication [Sch+16a] (parts of which are reproduced in this chapter).

9.1. Model parameters and numerical implementation

We start from the two-dimensional tight-binding Rashba model as described by the
Hamiltonian matrix Hy (k) given by Eq. (2.105), where the functions f(k) and g(k)
are defined in Egs. (2.151) and (2.163)—(2.168), respectively, and where the parameters
a/t and v/t are specified in Eq. (2.170). The corresponding Hamiltonian operator is
given in second quantization by Eq. (8.5). To this quadratic part of the Hamiltonian,
we now add a quartic (two-body) interaction term of the general form

. 1 ) ) ) )
V= -5 Z Z Vay..sa (K1, ko, k3) all(k1)al2(k:2)a53(kg)as4(k4) . (9.1)
ki,ka, k3 s1,.-,54

In this expression, k4 is fixed by the “Bloch momentum conservation”, i.e.,
ki=K+ ki +ks— ks, (9.2)

where the reciprocal lattice vector K ensures that k4 lies in the first Brillouin zone
(see Ref. [Sch+16a, Eq. (A147)]). Concretely, we choose a momentum-independent
interaction kernel given by

Vsl...54 (k17 k27 k3) = (55153 55254 - 65134 53253) ’ (9'3)

| S

such that Eq. (9.1) coincides with the normal-ordered operator
V=UY (R (R): =U> al(R)a](R)a (R)ar(R), (9.4)
R R

where the spin-resolved density operator is defined as

iis(R) = al(R)as(R). (9.5)
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Figure 9.1: Division of the Brillouin zone into 48 patches and representative momenta on the
two Fermi lines. The latter are only schematically represented here as perfect circles, which is
indeed a good approximation for small Fermi energies (near the band crossing, see Fig. 2.1). The
patches are labeled counterclockwise, with patches on the outer Fermi line having smaller indices
than those on the inner Fermi line.

An interaction of this form is called local, because it contains only products of electronic
density operators at the same lattice site. Furthermore, we define the parameter

Ut =2, (9.6)

which, by its negative sign, implies an attractive interaction between electrons. In the
framework of the fRG, the electron-electron interaction determines the initial condition
for the one-line-irreducible four-point function (see Egs. (7.21)—(7.23)).

For the concrete implementation of the RGE, we use the non-strict regulator function
xale) = <10(A—|6|)/(0.05A) n 1)—1 o

in the denominator of the scale-dependent covariance (7.12). This regulator function
is always greater than zero and smaller than one, hence all momenta inside a shell of
thickness A around the Fermi lines are suppressed (but not cut off). However, we per-
form our calculations at a tiny positive temperature (such that 8t = 10'°), where xx
can be used down to scales A ~ 10719¢. Next, we choose the initial scale Ay much larger
than the bandwidth of the model (given by Eq. (2.172)), i.e.,

Ao/t = 40. (9.8)

Thus, the condition (7.15) is approximately fulfilled for any band index n and any Bloch
momentum k, which implies that the covariance essentially vanishes at the initial scale.
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Figure 9.2: Double-logarithmic plot of the scale-dependent vertex supremum VS"P(A) as ob-
tained for a chemical potential of u/t = —2. The RG flow is stopped at the scale A, where
VsUP exceeds the threshold parameter S.

Furthermore, the RG flow is stopped at the stopping scale A, defined by
VEP(A,) = S, (9.9)
with the scale-dependent verter supremum
VEP(A) = sup{ [ (VA)ny..ng (K1, k2, k3) | } - (9.10)

The threshold parameter S is chosen more than an order of magnitude larger than the
initial interaction (9.6), i.e.,

S/t =40. (9.11)

By this choice, the stopping scale A, is always close to, but slightly above the critical
scale A. where the interaction vertex diverges (see Ref. [Sch+16a]). In the following, we
will not distinguish explicitly between these two scales.

In our numerical implementation, we solve directly the RGE for the discretized interac-
tion vertex as given by Theorem 7.3. For this purpose, we divide the Brillouin zone into
48 patches, which are shown schematically in Fig. 9.1. The solution Vj with the given
initial interaction Vj, = V can be written formally as

A A

d

Vi = Va, +/ dA Vi = Vi, +/ dA [@R + PR 4 @RI (9.12)
Ao AO

This scale integral can be performed numerically by starting at the initial scale Ay, and
by stepwise determining V1 4a from the previously calculated V. Here, we dynamically
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Figure 9.3: Real part of the interaction vertex in the band basis, Re (VA)nynanana (41, t2,%3)/t,
after following the RG flow down to the stopping scale A = A, (for p/t = —2). Shown are the
four non-vanishing contributions with band indices ninonsn, and the dependence on two patch
indices 4; and 45 (while the third patch index is fixed as i3 = 1). The patches are labeled as
shown in Fig. 9.1.

adjust the integration steps dA depending on how fast the interaction vertex changes in
the flow. In this way, the divergence at the critical scale can be approached numerically
by gradually decreasing the step size.

0.2. Effective interaction and critical scale

Our numerical result for the vertex supremum VS'P(A) as a function of the scale pa-
rameter A is shown in Fig. 9.2. One clearly sees that the interaction vertex grows with
decreasing A and eventually approaches a divergence at the critical scale. This is in-
terpreted as a signal for “an instability leading to an ordered phase via spontaneous
symmetry breaking” [RRMO7] (see also Ref. [KL65, footnote 2]). The divergence of
the effective interaction is due to the truncation, which in particular restricts to the
symmetric phase. It has been shown [Ger+05; Sal+04] that the flow can be continued
into the symmetry-broken phase and down to A = 0 if the symmetry-breaking terms
indicated by the effective interaction above A, are included. The numerical result for
the effective interaction at the stopping scale is shown in the band basis in Fig. 9.3 and
in the spin basis in Fig. 9.4. We have fixed the third patch index as i3 = 1 and analyzed
the dependence of the effective interaction on 47 and iy for all possible band and spin
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Figure 9.4: Interaction vertex (VA )s;sysssq(i1,%2,73)/t in the spin basis at the stopping scale
A = A, (for p/t = —2). Shown are four representative spin configurations s;sssgss and the
dependence on two patch indices i; and is (while i3 = 1). The patches are labeled again as
shown in Fig. 9.1.

combinations (of which four representative ones are shown in Figs. 9.3 and 9.4, respec-
tively). The result clearly signals a superconducting instability, where pairing occurs
between opposite momenta on the same Fermi line. The discretized effective interaction
at the stopping scale is well represented in the band basis by

(VA* )nl...n4 (7;17 Z'27 iS) = ]]-(771'1 = _772'2) Sé?ung 6n3n4 nans eiw(ﬁis)_iw(ﬂiQ) ’ (913)

and in the spin basis by

(VA*)S1~.S4 (il’ i2, i3) = ]l(ﬂ-h = _771'2) (_S) (5313353254 - 5818453283) ) (9'14)

where S is the threshold parameter (see Eq. (9.11)). The corresponding interaction
operator (which is obtained by first putting Eq. (9.14) into the projection ansatz (7.65)

and then inserting the resulting interaction kernel into Eq. (9.1)) is approximately given
by

Vi, = % Z Z (6815353254 - 5515465283) dll (—k2) &lg (k2) Qs (k3) as,(—ks3) ,
ko, k3 S1,---,84
(9.15)
where N is the number of patches (in our case, N = 48). The factor 1/N corresponds to
the area of a single k-space patch, which arises because our effective interaction (9.14)
turns out to have a k; = —kso restriction on the level of patches (see the derivation in
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Ref. [Sch+16a, Appendix C.2]). By explicitly performing the spin sums and using the
canonical anticommutation relations, we further obtain the equivalent expression

Vi, = —g Y al(~k)aj (k) ay (k) ap(~K), (9.16)
kK

where we have defined the coupling constant

_ 29

0. A7
> (9.17)

g:
An interaction of the form (9.16) is called singlet superconducting interaction (see
Sct. 8.4). We have obtained this result for the effective interaction independently of
the chemical potential p, whether it is above (u > 0) or below (1 < 0) the band crossing
of the Rashba dispersion.

We stress here that the form of the effective interaction depends crucially on the projec-
tion scheme used to discretize the scale-dependent interaction vertex. Our result given
by Egs. (9.13)—(9.14) is obtained by using the refined projection scheme (see Sct. 7.3),
whereas a qualitatively different result would be obtained in the projection scheme of
Ref. [PHT13] (see the discussion in Ref. [Sch+16a]). In particular, our numerical imple-
mentation of the RGE shows that the scale-dependent interaction vertex V) has relevant
contributions from both bands of the model at any scale A, even if the Fermi level lies in
the lower band (such that the upper band is empty at zero temperature). This is most
clearly seen in Fig. 9.3, which shows the four contributions

Va)———  (VA) =45 (V) (VA 444+ (9.18)

of the interaction vertex in the band basis at the stopping scale A = A, (for u < 0, where
the Fermi level lies in the lower band). The four contributions are of equal magnitude,
and the momentum dependence is well described by Eq. (9.13). The unexpected result
that even in this case, contributions to the interaction vertex with an upper band index
cannot be neglected in RG flow, has been explained further by means of an analytical
resummation of the particle-particle ladder in Ref. [Sch+16a, Sct. IILE]. In fact, we
have provided there a general, analytical solution of the particle-particle flow in the
spin basis, which applies to the case where the single-particle Hamiltonian is not SU(2)
invariant. This analytical solution is completely consistent with our numerical results.

Next, we show our results for the critical scale as well as the phase diagram: The RG
flow is stopped at the scale A,, where the interaction vertex exceeds the threshold S
and hence a divergence is approached, which signals the breakdown of the Fermi liquid
description. Figure 9.5 shows A, as a function of the chemical potential y. The numerical
data turn out to be well represented by the formula

2
A/t =5.0 exp(—WD(u)> , (9.19)

where U is the initial interaction strength (given by Eq. (9.6)), and D(u) is the density
of states of the minimal tight-binding model (see Fig. 2.2). The exponent in the above
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Figure 9.5: Logarithmic plot of the stopping scale A, as a function of the chemical potential p,
for an initial interaction of U/t = —2. The vertical line (where p = 0) marks the position of the
band crossing of the Rashba dispersion. The red points show the stopping scales obtained from
the numerical implementation of the RG flow. The blue curve corresponds to Eq. (9.19), which
can be motivated by an analytical resummation of the particle-particle ladder.

formula can in fact be motivated by an analytical resummation of the particle-particle
ladder, as we have shown in Ref. [Sch+16a, Sct. IIL.E]. In particular, the sharp increase
of A, for small p reflects the diverging density of states at the band minimum of the
Rashba dispersion, and the kink at u = 0 corresponds to the kink in the density of
states at the band crossing. Finally, concerning the interpretation of Fig. 9.5 as a
“phase diagram” (in particular in relation to the Mermin-Wagner theorem), we refer
the interested reader to the discussion in Ref. [Sch+16a, Sct. IIL.D].

9.3. Solving the gap equation

Our result for the effective interaction at the critical scale, Eq. (9.15), represents a super-
conducting interaction of the form (8.6), with a singlet interaction kernel as defined in
Eq. (8.41). Therefore, we can employ the mean-field solution derived in Sct. 8.4 for the
general case of a time-reversal invariant Hamiltonian Hy (k) (where here, we specialize
to the tight-binding Rashba Hamiltonian defined in Sct. 2.3). In particular, we thus
obtain the order parameter in terms of the singlet and triplet amplitudes, Eqs. (8.110)—
(8.111), or Egs. (8.112)—(8.113) in the zero-temperature limit.

For small energies, i.e., in the vicinity of the band crossing, the dispersion of our tight-
binding model is approximately described by the ideal Rashba model (see Sct. 3.2).
Therefore, near p = 0, the singlet and triplet amplitudes of the order parameter essen-
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tially depend only on the modulus |k|. Figure 9.6 shows these amplitudes as a function
of k, for three different values of the chemical potential x (above, at, and below the
band crossing), where we assume a small value of the scalar gap parameter, Ao/t = 0.1.
We can qualitatively understand these results as follows: First, we restrict ourselves to
such momenta k which satisfy the condition |e, (k)| = |E,(k) — p| < A.. For small
enough A, we may then estimate using Eq. (8.72),

{ e () < | (R, e (k)| < A, 020)
() < e (R), i [es (k)] < A..
From Eqgs. (8.112)—(8.113), we therefore obtain
(k) ~ —20 Ui(k), if (k)| < A
s N ——— — , if Je_ s
1=~ "
A (9.21)
U (k) ~ o~ Wy (), if [er (k)| < As.
() % Tt W)t e (R)

This means, if k is close to the Fermi line of the lower or the upper band, then the
singlet and triplet amplitudes are of equal magnitude, and they have the opposite or
the same sign, respectively. In particular, if the Fermi level is above the band crossing
(1 > 0), then there is one Fermi line for each band, and hence the ratio between ¥y and
WP, changes sign in the Brillouin zone as seen in the uppermost panel of Fig. 9.6.

Furthermore, we have solved the scalar gap equation (8.119) both analytically (in the
asymptotic regime) and numerically. For 8 — oo, this gap equation reduces to

g 1
1== . (9.22)
1 T
In terms of the density of states (2.171), we can write this equivalently as

1=9 /MA* ag —PE) (9.23)
o

—A. V(E=p)?2+ A%

For E < 0 (i.e., below the band crossing), the dispersion of the tight-binding model can
be approximated by the ideal Rashba model, whose density of states can be calculated
explicitly (see Ref. [Sch+16a, Eq. (29)]). By putting the result for D(E) into Eq. (9.23),
we obtain

(9.24)

_ V3 (aokr)? / B ! !
Y67 BEr Jun. © VILE/Er VB -pPiAl

where ag denotes the lattice constant, while kg and ER denote the Rashba wavevector
and the Rashba energy, respectively (see Sct. 3.2). Note that x4 and E are measured rel-
atively to the band crossing, and hence the minimum of the lower band has the negative
energy = —FER. For simplicity, we now ignore the integration boundaries depending
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Figure 9.6: Spin singlet and triplet amplitudes of the order parameter, for Ag/t = 0.1. Vertical
lines mark the positions of the two Fermi lines for the respective values of p.

on A, and instead integrate over the whole interval —FEr < E < 0. Furthermore, as we
are interested in the case where yu ~ —FER, we define the dimensionless variables

___ p+ER - E+ER ~ _ Ao
=— EFE=—— A= — 9.25
= Bn B (9.25)
as well as the dimensionless coupling constant
g = g Y3 looka)” (9.26)
~ 716r  Er ’

In terms of these new variables, we can write the gap equation (9.24) compactly as

_/1 _ 1 1
l=g [ dE — .
0 VE \J(E-p)+A°

(9.27)



220 9. Application to the Rashba model

0.008 : : :
Numerical result  +

0.007 1 Eq. (9.28)
0.006 m Bq.(9.32) ——
+ +T

o
L
~
o
<
=
o)
2
o L +
£ 0.005 + i
© +
s +
© +
o 0.004 +, R
Q +y
© 4,
@ 0.003 ey b
ko] i
o] *+
N Fhy
= 0 . 002 +++ h
+t
© . o
£ b, -
L + m
5 0001 -

O L L L L L L
0 0.01 002 0.03 0.04 0.05 0.06 0.07

Normalized chemical potential (u+Eg)/Eg

Figure 9.7: Numerical solution of the scalar gap equation (9.27) for g = 0.02, and comparison
with the analytical results for the asymptotics, Egs. (9.28) and (9.32).

Next, we summarize our analytical results for the asymptotics of the solution: On the
one hand, for 1 > i > g2, we find

A = 8[i exp <—\/ﬁ> (9.28)

29
Using that the density of states [Sch+16a, Eq. (29)] is given for 1 < 1 by
4g 1
Dr(p) =~ —=, (9.29)
v Vi
the above result is equivalent to
A =8 ( 2 ) (9.30)
=dpexp| ———— |, .
9Dr(R)
or in terms of the original parameters,
2
Ao =8 (u+ ERr)exp (—> . 9.31
( ) 9Dr (1) (9-31)

Note in particular the exponent, which coincides with the usual exponent in the SU(2)-
symmetric case. On the other hand, for i = 0, we find

A= (gC)?, (9.32)

or in terms of the original parameters,

2 2
Ay = g—R <‘{§WC> (aokr)*. (9.33)

This solution is valid for sufficiently small coupling parameters, i.e., for g < 1.
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Figure 9.8: Numerical solution of the scalar gap equation (9.27) for i = 0.001, and comparison
with the analytical result for i = 0, Eq. (9.32).

Finally, for the numerical solution of Eq. (9.27), we have used the function fzero from
GNU Octave [Eat+14]. We have fixed the coupling parameter to a small value, g =
0.02, and solved the implicit equation for the gap parameter A. Fig. 9.7 shows the
resulting dependence of A on the chemical potential ji. The characteristic features of
the asymptotic solution are clearly reproduced in the numerical result: (i) the positive
value of A(fi = 0), (ii) the maximum of A(fi) at small fi, and (iii) the exponential decay
for large . Even quantitatively, there is a good agreement between the numerical data
and the analytical results as given by Egs. (9.28) and (9.32). Finally, we have fixed the
chemical potential to a tiny value (z = 0.001) and plotted the dependence of the gap
parameter A on the coupling constant g. The result is shown in Fig. 9.8. One clearly
sees the quadratic dependence on g, and the agreement with the analytical result (9.32)
becomes perfect for small coupling constants.
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10. Electrodynamic properties of BiTel

In this chapter, we briefly summarize the theoretical results published in Refs. [Dem-+12;
Lee+11; Sch+12; Sch+16b], which concern the electrodynamic and optical properties
of the Rashba semiconductor BiTel as well as related bismuth tellurohalides. (Parts of
these publications are reproduced in this chapter.)

10.1. Optical conductivity

First, in Ref. [Lee+11], we have calculated the optical conductivity of BiTel from the
18-band model of Ref. [Ish+11] (see Sct. 3.1). For this purpose, we have employed the
Kubo formula [Kub57] (see also Refs. [GV05; Mah90]), which implies in particular that
the conductivity tensor can be written as a sum of two contributions,

7 (w) = 0 (W) + 7 (w) (10.1)

an interband and an intraband contribution. The former is given by [Lee+11]

inter f nk mk) Ui,nm(k) Uj,mn(k)
1] = 10.2
O-Z] ;; mk: - nk Emk - Enk, - (hw + 1F) ’ ( )

where E, is the eigenenergy corresponding to the nth eigenstate |nk), and the velocity
matrix elements are defined as [Wan+06]

Vi (k) = % <nk ‘ Mg]g“) ‘mkz> . (10.3)

Furthermore, f(E) = (®(P=#) 1-1)~1 denotes the Fermi distribution function, and I" the
“carrier damping” constant. On the other hand, the intraband contribution is formally
obtained by setting n = m in Eq. (10.2), hence it is given by [A1I06]

. 1 k
intra 1
04 (w) h i IV E § f Uz nn )U],nn( ) , (10'4)

where f/'(E) denotes the derivative of the Fermi distribution function. As the 18-band
model is given in the basis of maximally localized Wannier functions, special care is
required for evaluating the velocity matrix elements. In this respect, we have followed
the procedure described in Ref. [Wan+06] (see, in particular, Eq. (31) therein).
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Figure 10.1: Longitudinal conductivity of BiTel. The characteristic energies o, 8 and ~ can be
assigned to the interband transitions as shown in Fig. 10.2.

The result for the longitudinal optical conductivity o, is shown in Fig. 10.1 for the
following parameters: chemical potential g = 90 meV (above the crossing of the lowest
conduction bands), temperature 7" = 10 K, and carrier damping I” = 5 meV. (The
last parameter can be chosen such as to optimally fit the experimental data, see Ref.
[Lee+11]). Apart from the Drude-Lorentz part at low frequencies, which results from
the intraband contribution, one can clearly see the onset of the interband contribution
at ~ 0.6 eV, which corresponds to the optical gap 7y (see Fig. 10.2). In addition, there is a
contribution below the optical gap, which can be attributed to optical transitions within
the Rashba spin-split conduction bands, and whose lower and upper edges correspond to
the transitions « and 8 indicated by arrows in Fig. 10.2. Note that at zero temperature,
optical transitions can occur only between occupied states (below the Fermi energy)
and empty states (above the Fermi energy). We also remark that optical transitions
between bands with different spin polarizations are theoretically expected to occur as a
consequence of the spin-orbit coupling [Sch+16b] (see also Refs. [Lee+11; Sak+13]).

Furthermore, we have investigated in Ref. [Lee+11] the systematic change of the charac-
teristic transition energies by varying the chemical potential (which corresponds to the
carrier density). Experimentally, the carrier density could be controlled by doping Ag,
Cu and Mn, as well as by changing the composition ratio between Te and I. Overall, the
conductivity spectra obtained theoretically show an excellent agreement with the exper-
imental results. Thus, the optical transitions within the spin-split energy bands confirm
the bulk nature of the Rashba spin splitting (the skin depth of the midinfrared light is
around 10-30 pm), and they manifest the relativistic nature of the electron dynamics in
the semiconductor BiTel [Lee+11].
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Figure 10.2: Band structure of BiTel near the A point of the Brillouin zone (cf. Fig. 3.2; here,
the two highest valence and two lowest conduction bands are shown). The arrows indicate tran-
sitions between these bands which correspond to characteristic features in the optical spectrum
(see Figs. 10.1 and 10.4).

Finally, in the more recent work [Sch+16b], we have extended the optical conductivity
calculations to the whole class of bismuth tellurohalides (BiTeX with X = I, Br, Cl). In
particular, we have computed the entire conductivity tensor from first-principles density
functional theory, and we have thus obtained the conductivity spectra for a wide energy
range up to 12 eV. Furthermore, we have compared our theoretical results systemati-
cally with the recent measurements of Akrap et al. [Akr+14], Makhnev et al. [Mak+14]
and Rusinov et al. [Rus+15], whereby we have found an excellent agreement. Moreover,
we have calculated the dielectric constants and refractive indices, which in turn agree
well with the experimental values as reported by Rusinov et al. [Rus+15].

10.2. Magneto-optical conductivity

Next, in Ref. [Dem+12], we have calculated the magneto-optical conductivity of BiTel,
i.e., the transverse conductivity 0., in the presence of a perpendicular magnetic field B,
(parallel to the crystal’s principal axis). For this purpose, we have employed Fukuyama’s
formula [FFK10; Fuk69a; Fuk69b], which can be written in SI units as

3hB. 1 1
Oay(w) = & d 3 5 S S(k, ihwn, i) . (10.5)
k 4

2w 14 iwn —w

Here, we sum over all fermionic Matsubara frequencies, e, = (20+1) 7 /(hf3), ¢ € Z, while
wn, = 2nw/(hB), n € Z, denotes a bosonic Matsubara frequency (see Ref. [Mah90]). The
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Figure 10.3: Contour integral used to evaluate the Matsubara frequency sum in Fukuyama’s
formula for the Hall conductivity (see Ref. [Fuk(9a]).

function S is given explicitly by

1
Sk,inw, (iheg) = ET&“ Fv,Gv,G— Fu, Fu, G

+ Tr _FUvavavay — szGvvavay_
i . (10.6)
+Tr | Foy Fo,Gu, Guy — Fop, Fo,Guy Guy
+ Tr _vaFvaszvy — Fvavva$Gvy_ ,
where GG denotes the thermal Green function
G = Gg(ihey) = (ihag +il'sgn(ep) — H + M)A (10.7)
with the “spectrum broadening” I' [FFK10], and F' is defined as
F = Fi ihw, (ihey) = Gi(ihe, — ihwy,) . (10.8)

Furthermore, the prefactor 1/m in Eq. (10.12) denotes the inverse electron mass, and v;
the velocity matrix as given by Eq. (10.3). After evaluating the Matsubara frequency
sum in Eq. (10.5), the result should be analytically continued to the real axis.

Before proceeding with the evaluation of Eq. (10.5), we note that the analytic continu-
ation of the Green function G has a branch cut at Im z = 0,

. —1 .
z+il — Hy + , if Imz >0,
Cio(2) :{ ( et h) (10.9)

(=il —Hp+p) ", if Imz <0,
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Figure 10.4: Transverse conductivity of BiTel in the presence of a perpendicular magnetic field
of B, = 3 T. The characteristic energies o and 8 can be assigned to the interband transitions
indicated in Fig. 10.2.

whereas F' has a branch cut at Im z = hw,,

(z—ihwn—i—iF—Hk+u)71, if Imz > hwy,,

Fi ihw, (2) = { (10.10)

(z —ihw, — i — Hy, —I—u)_l, if Imz < hw, .
Therefore, the analytic continuation of the function S is given by

Te(z —ihw, +1 z +107), if Imz > hw,,,
Sk,itwn (2) = Te(z —ihw, —1, z +1I"), if hwy, >Imz >0, (10.11)
Te(z —ihw, — il z —iI"), if Im2z <0,

where we have defined
1
Ti(z1,20) = ETr[lexGovao — G Grv: Gy
+ Tr _lemGoszovyGovy - lexGovngvaovy_

i i (10.12)
+ Tr leylezGovaovy — G10$G1vaovyGo’l}y

+Tr|Grv, G1vy G1v: Govy — G1oy Gro, Grvg Govy |
in terms of the analytic function (i = 0,1)

Gi=(z—Hp+p) . (10.13)
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Next, we perform the frequency sum in Eq. (10.5) by means of the residue theorem (see
Ref. [Fuk69a]). By integrating over the contour shown schematically in Fig. 10.3, we
obtain the identity

4
1 . dz dz
~3 %:Sk,ihwn (ihee) = /r o f(2) Sk, inw, (2) + ; /Ce o f(2) Sk,inw, (2), (10.14)
where f(z) = (% + 1)7! denotes the analytic continuation of the Fermi distribution
function. The first term on the right-hand side of this equation vanishes as the radius of
the circle " goes to infinity. Furthermore, by using Eq. (10.12), the four integrals over
C1,...,Cy can be transformed into integrals over the real axis as

1 . 1= : . :
-3 %:Sk’ihwn(lh&'g) =52 / dE f(E) { Te(E +il, E + ihw, +1iI")

—0o0
— Tw(E —ill, E + ihwy, +iI)

(10.15)
+ Te(E — ihw, —iI, E+1iI")

— Twl(E — ihw, — il E—ir)}.
After performing the analytic continuation (iw, — w) in Eq. (10.5), we thus arrive at

e3hBZLl
2w 2wV

Oy (W) =

Z/OO dEf(E){ To(E +il, E + hw +1iI)
k —00

— Te(E =i, E + hw +iI)
(10.16)
+ To(E — hw — il E +iI)

—n(E—hw—ir,E—iF)}.

Finally, the sum over Bloch wavevectors k can be approximated by an integral over the
Brillouin zone, which together with the integral over E can be evaluated numerically.

The result for the transverse optical conductivity is shown in Fig. 10.4 for the following
parameters: chemical potential ¢ = 90 meV (above the conduction band crossing), tem-
perature T' = 10 K, carrier damping I' = 6.5 meV, and magnetic field B = 3 T. The
interpretation of this spectrum is similar as in the case of the longitudinal conductiv-
ity: Apart from the Drude-Lorentz contribution (which is only indicated in Fig. 10.4
by the sharp increase at low frequencies), one can clearly see a contribution resulting
from optical transitions within the spin-split conduction bands. In particular, the char-
acteristic energies o and 8 correspond again to the transitions shown in Fig. 10.2. In
Ref. [Dem+12], we have also studied the systematic change of these characteristic ener-
gies by varying the chemical potential, and our results are again in excellent agreement
with the experimental data. We further remark that the magneto-optical response of
BiTel in the infrared region is extraordinarily large for a non-ferromagnetic material,
and this is a direct consequence of the giant Rashba spin splitting of the bulk energy
bands [Dem+12].
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10.3. Magnetic susceptibility

Finally, we have investigated the magnetic susceptibility of BiTel in Ref. [Sch+12]. Usu-
ally, one distinguishes between the orbital and the spin contribution to the magnetic
susceptibility, although cross contributions are generally also possible (see Ref. [SS16c,
Sct. 3.2.5]). The orbital magnetic susceptibility can be calculated in at least three dif-
ferent ways: (i) from its thermodynamic definition as the second derivative of the free
energy, (ii) from the Kubo formalism, and (iii) from Fukuyama’s formula. In the fol-
lowing, we will briefly explain these three methods and show that they yield exactly
the same result for the Rashba model of Sct. 3.2. For a general statement about the
equivalence of these approaches, we refer the interested reader to Ref. [SS16¢, Sct. 4.4].
Furthermore, we remark that in Ref. [Sch+12], we have also calculated the orbital mag-
netic susceptibility in the 18-band model of Ref. [Ish+11] and thereby obtained a good
agreement with the experimental results for BiTel.

10.3.1. Thermodynamic calculation

In the presence of a perpendicular magnetic field B = —Be,, the Rashba Hamiltonian
(3.1) is modified as [She-+04]

H=

(h+cAY + T e. ((p+cA) x o) —%gsuBBaz, (10.17)
where A = yBe, is the vector potential in the Landau gauge, g5 the electron’s Landé
g-factor, and up = efi/2m, the Bohr magneton (with m, the electron mass). The eigen-
values of this Hamiltonian—i.e., the Landau levels of the two-dimensional electron gas
in the presence of the spin-orbit coupling—can be calculated explicitly [She+04]. They
are labeled by N € Ny and s € {—1,+1}, and they are given as follows: for N = 0,

2m*

1
Ey :thg(l—g), (10.18)

and for N > 1,

Ens = hiwg (N+§\/(1—g)2+8N772). (10.19)

Here, we have defined the cyclotron frequency

B
m
the effective g-factor
m*
= 10.21
g gS 2me I ( )
the magnetic length
h
bp=1]— (10.22)
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and the dimensionless constant (with kg the Rashba wavevector)

Ifpm*a
n={~{pkr = 2 (10.23)
whose square equals the quotient (with Fr the Rashba energy)
2F
2 R
= —. 10.24
hon (10.24)

The corresponding eigenvectors can also be calculated explicitly (see Ref. [She+04]). In
particular, due to the invariance of the Hamiltonian (10.17) under translations in the x
direction, each eigenvalue has a degeneracy of L?/(2m¢3), where L denotes the linear
dimension of the sample (hence L? is the area of the two-dimensional sample).

Having diagonalized the Rashba Hamiltonian in the presence of the magnetic field, we
can compute the thermodynamic grand potential as [Sch06, Eq. (4.1.7)]
1 1 L2
=——-mZ=->""_S"m (1 + e—ﬁ(ENs—“)) : 10.25
6] B 2l %; ( )

where 8 = 1/kgT denotes the inverse temperature and u the chemical potential. From
this, we obtain the magnetic susceptibility as

_ 1 0?0
For a strictly two-dimensional system, this quantity has the unit of a length (m). In

order to compare our results to the measured magnetic susceptibility of BiTel, however,
we multiply it by Ao, the surface area per mol of one BiTel layer. This is given by

(10.26)

Aol = Ny det(ar, as) ~ 9.82 x 10* m?mol ™!, (10.27)

where N denotes Avogadro’s constant, and a1, as are the primitive vectors of the two-
dimensional hexagonal lattice (see Sct. 1.2). The resulting molar magnetic susceptibility

Xm,mol = Amol Xm (1028)
has the unit m?/mol (SI units), or emu/mol (Gaussian units), where [[EEE16]

3
1 g 1076 2 (10.29)

mol mol
We have chosen the parameters of the Rashba model as in Eqs. (3.17)-(3.18) and per-
formed the calculation at a temperature of 7' = 30 K. Our result for the orbital mag-
netic susceptibility is shown in Fig. 10.5 as a function of the chemical potential . We
see that (i) if the chemical potential is above the band crossing (x> 0), xm approaches
the Landau diamagnetism of free electrons with the effective mass m* (see the original

article [Lan30], or [GVO05, Sct. 4.5]), i.e.,

Ho e?

_ ) 10.30
12mm* ( )

Xm,Landau =
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Figure 10.5: Orbital magnetic susceptibility of the Rashba model (see Sct. 3.2). The vertical
lines mark the band minimum (E = —ER) and the band crossing (E = 0), respectively. Our
results obtained from the thermodynamic calculation, the Kubo formalism and Fukuyama’s
formula coincide exactly.

Furthermore, (ii) near the band crossing (1 ~ 0), the orbital diamagnetism is enhanced
and in fact diverges as —1/7 for the temperature 7" — 0. Finally, (iii) below the band
crossing (u < 0), an orbital paramagnetism (i.e., xm > 0) occurs as a consequence of the
Rashba spin-orbit coupling [Sch+12]. Such an effect had been considered before by only
a few theoretical studies [BI98; BR60; KO56; Pri+10; Vigd1]. In Ref. [Sch+12], we have
also predicted this effect to occur in BiTel based on a calculation in the 18-band model
of Ref. [Ish+11]. In fact, after subtracting the Larmor diamagnetism originating from
the ionic cores, the orbital paramagnetism of the conduction electrons has been observed
experimentally for the first time in this material [Sch+12].

10.3.2. Calculation in the Kubo formalism

We start again from the Rashba Hamiltonian (3.1), which reads in second quantization
_FAI = ZZHSS/(,{?) &L,S&k75l7 (1031)
k s,

where the (2 x 2) Hamiltonian matrix Hsy (k) is given by Eq. (3.5). To diagonalize this
Hamiltonian, we define the new annihilation and creation operators (cf. Eq. (3.7))

G = > Ui (K) iges (10.32)

it = Usm(k)al, . (10.33)
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where n € {4+, —} labels the two branches of the Rashba dispersion, and U(k) = Us, (k)
is the unitary matrix given by Eq. (3.8). Thus, we obtain the representation

H= ZZE ) ey (10.34)

where the eigenvalues F, (k) are given by Eq. (3.14). Next, the velocity operator is
obtained from the classical relation v; = 0H/9p; (i = x,y), which yields for the Rashba
model (3.1) the first-quantized expressions

R 1 . «a . 1 «
Ve = %px“r EO’y, Uy == 7]93; — 0z - (1035)

From this, we deduce the paramagnetic current density operator [GV05, Appendix 2],
Jp(a) = —% ('v eTIT 7T v) : (10.36)

where 7 = (%, §) denotes the two-dimensional position operator. Restricting ourselves
to the x component, we obtain

0 —ig-# € - hqy ea
Jpa(@) =€ { prees < > — 2) - hay}. (10.37)

In second quantization, this operator turns into
q ex R )
ins@ =SS (k- ) b= o il (1039
k s,

In the following, we will consider only the case where g = ge, (with e, the unit vector
in the y direction). Then, we can write

jpx qey ZZ .7p, ss’ ak, q,s ak s (1039)

k s,s
with the g-independent (2 x 2) matrix

) eh eq ea (ky/kr — —i
k)= —k,1 - —0, = —— ) 10.4

where kr = m*a/h? denotes the Rashba wavevector. In the basis of the energy eigen-
vectors, the same operator can be written as

Toa(aey) =Y > (pa)nn (k — a,k)aj,_ aon Qb (10.41)

k n,n

where we have defined the matrix elements

(o) (kb = @, k) =D (Gp,2)ss (k) Uty (k — @) Ugtr (k) (10.42)

s, s’

= [UT(k — @) jp,o (k) U(K)] .0 - (10.43)
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Now, for a magnetic field applied in the z direction (perpendicular to the two-dimen-
sional electron gas), the orbital magnetic susceptibility x,, can be calculated from linear
response theory as (see Refs. [GV05, Eq. (3.183)] or [SS15a, Eq. (7.38)])

X:m(qeya w = O)
2 )

(Xm)zz = po lim (10.44)

Xm q—0 q

where the current response function . is given by the Kubo formula (see Refs. [GV05,
Eq. (4.46)] or [SS16¢, Appendix C]), which reads

6271 1

m* hL?

Xzz(qe€y, w) = dt et et <[]p’ (gey,t), jp,x(_qey)}> . (10.45)

Here, the first term comes from the diamagnetic current density [GV05, Appendix 2],
which is proportional to the electron density

ne = L2 =13 sz (10.46)

where f denotes the Fermi distribution function. The second term in Eq. (10.45) involves
the commutator of the paramagnetic current operators, whose time evolution is given
in the interaction picture, and the expectation value is taken with respect to the grand
canonical ensemble. By neglecting electron-electron interactions, this expression can be
evaluated as follows (using Eq. (10.41), and abbreviating g = ge):

([70.0(@8): Jou(=0)]) = 323" 33" G (k = @, k) G (K + . &)

k n,n kK L0
X < [dL7q7n(t) e (), 0, g g,] > . (10.47)

Here, the time dependence of the annihilation and creation operators is given by

go,(t) = bage g € Frn =)/ (10.48)
af (1) = af, , et Ern=n)/ (10.49)

and hence, the expectation value of the commutator yields [GV05, Eq. (4.7)]

(|ah-qnimm s g 0| ) = Ot quie One St (F(Brgq.n) = f (i) . (10.50)

Thus, we obtain from Eq. (10.47),

([Foa(@ . (=0 ) = D23 Goenn Uk = 4. K) GipuoJwrm e, k= @)
k nn! (10.51)

% (F(Br—qn) = £ (B o)) e Poeman =)/,
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From the definition (10.43), we further deduce that

(Up.e)nn (K, k= q) = (o2 ) (K — @, k), (10.52)

where we have used that jj .(k) is hermitean and that j, .(k — q) = jp, (k) holds for
gz = 0. Therefore, the product of the two matrix elements in Eq. (10.51) can be replaced
by the squared absolute value of the first matrix element. By putting this result into
the Kubo formula (10.45) and by performing the frequency integral explicitly, we obtain
the (non—interacting) current response function as

Ekq) f(Ekn> . 2
. xnn’k_ 7k .
B e i 019

er(qeyaw) = m*

(10.53)
Furthermore, by evaluating this expression at zero frequency and taking into account
also Eq. (10.46), we arrive at the following formula for the orbital magnetic susceptibility
(in the non-interacting case; with q = ge,):

Xm = —H0o él_I)%q{m LQZZfEkn

1 f(Ek—qn) — f(Er,n) |, . 9
— E E : : x )nn' k — ) k
+ L2 Equ,n _ Ek;}n’ |(]p7 ) ( q )|

(10.54)

This formula can be evaluated numerically for the Rashba model. The resulting magnetic
susceptibility as a function of the chemical potential coincides precisely with the result
obtained from the thermodynamic calculation, which is shown in Fig. 10.5.

We remark that the advantages of calculating the magnetic susceptibility in the Kubo
formalism are that this method does not require knowledge of the precise form of the
Landau levels, and that it can be generalized straightforwardly to take into account
electron-electron interaction effects (see Ref. [Pri+10]). In fact, following a suggestion of
Giovanni Vignale, we have also calculated the first-order interaction contribution to the
orbital magnetic susceptibility in the Rashba model. For this purpose, we have assumed
a local density-density interaction as given by the normal-ordered operator

N U o
V= Bl Z TNgTi—q: , (10.55)
q#0

where U > 0 (corresponding to a repulsive interaction), and where the density operator
reads in the spin or in the energy eigenbasis as

g = ZZak asln s =23 [Ulk—q)UK)],, a} o g - (10.56)

k n,n

Our result for the interaction correction to the orbital magnetic susceptibility is shown
in Fig. 10.6 for U = 5 eV. We see that for p < 0, the orbital paramagnetism is further
enhanced, and the first-order contribution grows linearly with the energy difference to
the band minimum. On the other hand, for @ > 0, the magnetic susceptibility remains
unaffected by the electron-electron interaction.
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Figure 10.6: First-order contribution to the orbital magnetic susceptibility at 7' = 30 K, as-

suming a repulsive contact interaction of U = 5 eV. The vertical lines mark the band minimum
and respectively the crossing point of the Rashba model dispersion.

10.3.3. Calculation from Fukuyama’s formula

Finally, we have calculated the orbital magnetic susceptibility in the Rashba model from
Fukuyama’s formula [FFK10; Fuk70], which reads in SI units

2h2
Xm = MOZ ézk:;%:Tr[vaGvvavay} , (10.57)

where

G = G(k,e0) = (iheg + p— Ho(k)) ™" (10.58)

is the thermal Green function depending on the momentum k and the fermionic Mat-
subara frequency e;. Furthermore, v;(k) = 0H(k)/(hk;) denotes the velocity matrix,
which is given for the Rashba model (3.5) by

hk, o hk «
Um:m*ﬂ—i_ﬁay’ ’Uy:mfzﬂ_—ﬁ(fx. (1059)

The advantage of using Fukuyama’s formula for evaluating the orbital magnetic suscep-
tibility is that this formula does not require us to perform the ¢ — 0 limit numerically
as in Eq. (10.54). Our result obtained from Fukuyama’s formula agrees again precisely
with the one obtained before from the thermodynamic calculation and from the Kubo
formalism, as can be seen in Fig. 10.5 (see also Ref. [Sch+12]).






11. Functional Approach to
electrodynamics of media

In this last chapter, we describe in desperate brevity the Functional Approach to elec-
trodynamics of media, which has been developed systematically in Refs. [SS15a; SS15b;
SS16a; SS16b; SS16¢] (parts of these publications are reproduced in this chapter).

11.1. Introduction

The Functional Approach [SS15a; SS15b; SS16a; SS16b; SS16¢| denotes a microscopic
field theory of electromagnetic material properties, which operates in accordance with the
common practice in ab initio physics. In particular, it resolves the following conceptual
problems of the Standard Approach (where the latter is described in the traditional
textbook literature, such as [Gri99; Jac99; LL84])—for a more detailed discussion, see
Ref. [SS16¢]:

(i) Incomplete field equations: The well-established equation V - P = py, for the po-
larization in terms of the “bound” charge density determines only the longitudinal
part of the polarization, but leaves its transverse part undefined. Correspondingly,
the equation V - D = pr for the displacement field in terms of the “free” charge
density leaves the transverse part of the displacement field undefined. In particular,
this implies that even electromagnetic response functions—such as the (relative)
dielectric tensor ?r, which should be defined through the relation D = 50?r E—
are underdetermined in the Standard Approach.

(i1) Ambiguous source splitting: At present, there is no consensus about the precise
meaning of “bound” and “free” charges or currents. In particular, this distinction is
usually based on a prior: assumptions about the material, which cannot be upheld
microscopically. In other words, this traditional splitting cannot be justified on the
level of the many-body Schréodinger equation, which (together with the microscopic
Maxwell equations) forms the basis of modern ab initio calculations.

Apart from this, the Standard Approach also leads to practical problems, which regard
in particular the description of bianisotropic materials (Sct. 11.2) and the relativistic
covariance (Sct. 11.3). Moreover, the Standard Approach implies a wrong formula for
the refractive index (Sct. 11.4).
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(a) (b)

Eint,O Eext
B int,0 Bext

(d) Eind = Eint — Eint,0
Bing = Bint — Bint,O

Eext + Eint

Bext + Bint Eiot = Eext + Einda

Btot = Bext + Bind

Figure 11.1: Definition of internal, external, induced and total fields (see Ref. [SS15a, Fig. 2]).

By contrast, the Functional Approach to electrodynamics of materials is conceptually
based on the following fundamental principles [SS15a; SS16¢]:

(i) Splitting into internal and external contributions: on a microscopic level, all field

quantities (i.e., electric and magnetic fields, potentials, charges and currents) are
split into internal and external contributions. The former correspond to the de-
grees of freedom which constitute the medium, whereas the latter correspond to
an external perturbation. The internal quantities are further split into their val-
ues in the absence of the perturbation and the induced contributions (i.e., induced
under the action of the external perturbation). Finally, the total fields are defined
as the respective sums of the external and the induced quantities (see Fig. 11.1).
The so-defined external and induced fields are related to their counterparts in the
Standard Approach by the Fundamental Field Identifications:

P(x,t) = —goEina(x,t), (11.1)

D(z,t) = eoEext(x, ), (11.2)

E(z,t) = Eot(z,1), (11.3)
and

M(mat) = Bind(mat)//«LOa (114)

H(mvt) = Bext(wat)/fmv (115)

B(z,t) = Biot(x, ). (11.6)

In particular, in the Functional Approach, all electric and magnetic fields are
uniquely defined by the microscopic Maxwell equations in terms of their respective
charge and current densities (compare [SS16¢, Table 1 and Table 3]).
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(ii) Functional dependence of induced on external fields: The Functional Approach
postulates a functional dependence of the induced fields on the external perturba-
tion, where the concrete form of this functional characterizes the material under
consideration. In particular, the functional dependence of the induced four-current
on the external four-potential,

j{fld = jllfld [Agxt} 3 (117)

completely determines the electromagnetic response of any material. The reason
for this is that the external four-potential contains the whole information about the
applied electromagnetic perturbation, and the induced four-current contains the
whole information about the induced electromagnetic fields. Furthermore, linear
response theory corresponds to the first-order expansion of this functional,

Jina(®) = / d*a’ Xt (2, 2') Al (), (11.8)

where = (x,t) and d*z = d3x cdt, and where the integral kernel y*, is called
fundamental response tensor. The above equation constitutes the most general
first-order response relation, which incorporates all effects of inhomogeneity, aniso-
tropy and relativistic retardation [SS15a].

On the other hand, the practical basis of the Functional Approach is the Kubo formalism,
which gives the concrete formulae for the actual calculation of linear response functions
(in particular of the fundamental response tensor, see Ref. [SS16¢, Sct. 3.2.4)).

11.2. Universal Response Relations

By the continuity equation and the gauge invariance of the induced current, the funda-
mental response tensor of any physical system has to obey the following constraints (see
Refs. [AS10] or [SS15a, Egs. (5.5)—(5.6)]):

Oux*,(z,2") =0, (11.9)
" x",(x,2") =0. (11.10)

These can be used to deduce the general form of the Lorentz-covariant response tensor,
which is given in Fourier space by [SS15a, Eq. (5.12)]

~SkETY K SETY
X (K, k' w) = . (11.11)

<N K X

Therefore, there are at most 9 independent linear electromagnetic response functions
for any material, and the (3 x 3) current response tensor <)_(> already describes the lin-
ear response of any material completely. Furthermore, by the universal relation (for its
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derivation, see Ref. [SS16c, Sct. 3.2.3])
ok K w) =iwy (kK w), (11.12)

it follows that the conductivity tensor also contains the complete information about the
linear response of any material. Consequently, all linear electromagnetic response func-
tions (including magneto-electric cross couplings) can be expressed analytically in terms
of the conductivity tensor by means of universal (i.e., material-independent) relations.
These Universal Response Relations have been derived explicitly in Ref. [SS15a]. In the
Fourier domain, they read as follows:

jgjnj((:/:t:)) sotﬂ 2j12m__020‘:|2k iwom;(k, k'sw), (11.13)
1 jﬁj j((:/:(:)) goiz Qi;m_—c20| lflf iwamn(k, k' w) W (11.14)
;15; f((:/:z)) 50102 ;;2]”_” C;QT:@ iwom;(k, k' w), (11.15)
jﬁézf((k’wi 601002 (j;kﬁc;c“lz; iwomn(k, k';w) W (11.16)

where ¢;;; is the Levi-Civita symbol, and we sum over all doubly appearing indices.
Importantly, in the above formulae (using a symbolic vector notation),

o dEinq(k,w)
k kK w)=-—"""0"0 11.1
XEE( ) 7“) dEext(kf,yw) ( 7)
5E1nd(kaw) 5Eind(k7w) 5Bext(k/7w) (11 18)
(SEeXt(k,,W) 5Bext(ki/,OJ) (SEeXt(k,,W) '

denotes the total functional derivative [SS15a, Sct. 4.2] of the induced electric field with
respect to the external electric field. Similarly,

1 dEind(k, w)

e

(
1 6Epng(k,w) 1 6FEina(k,w) dEcxi (K, w)
1 1 11.20
¢ 5Bou(K,0) | ¢ 0Eo(K,w) 6Bus(K,w) (11.20)

denotes the total functional derivative with respect to the external magnetic field, etc.
These total functional derivatives directly correspond to the physical response functions
(see the discussion in Ref. [SS15a, Sct. 6.1]). For example, the dielectric tensor and the
(relative) magnetic permeability can be expressed in terms of these as

(€071

<~

Ly

v (11.21)

><$ Xi

+
+

—T =2

. (11.22)
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We stress again that the above relations between linear electromagnetic response func-
tions are valid for any material, and they include all possible effects of inhomogene-
ity, anisotropy, relativistic retardation and magneto-electric cross coupling. On the
other hand, all standard relations between linear electromagnetic response functions can
be rederived in special cases from the Universal Response Relations (see Ref. [SS15a,
Sct. 7]). Hence, if combined with the Kubo formalism, the Universal Response Rela-
tions lend themselves to the ab initio calculation of all linear electromagnetic response
functions.

We close this section with the following remark [SS16¢]: As the physical response func-
tions necessarily correspond to total functional derivatives, part of the magnetic reaction
is already contained in the electric response function, and vice versa. A naive expression
of the induced electric and magnetic fields in terms of the external fields, as often used
in the context of bianisotropic media, therefore leads to an overcounting. This raises
the delicate question of how the induced electric and magnetic fields can actually be
expanded in terms of the physical response functions. For the answer to this question,
the interested reader is referred to Ref. [SS15a, Sct. 6.6], where it is shown that there
exist three different but equivalent field expansions on the fundamental level.

11.3. Relativistic covariance

On a macroscopic scale, Ohm’s law relates the induced electric current density through
the direct conductivity o to an externally applied electric field by

Jind = 0 Eex (11.23)
or through the proper conductivity o to the total electric field by
Jina = 0 Etot - (11.24)

In the following, this difference does not play any role, because the transformation
properties of the direct and the proper conductivities coincide (for a comparison between
direct and proper response functions, see [SS15b, Sct. 2.3]). Microscopically, however,
Ohm’s law has to be interpreted as a non-local convolution (see e.g. [GV05, Egs. (3.167)
and (3.185)]), i.e.,

Jalz) = / a4’ oyj(a, o) B, (o). (11.25)

From the relativistic point of view, the problem with Ohm’s law apparently is that it
relates the spatial part j of the four-vector j* = (cp, 7) to the spatial three vector F; =
cFY%  which is part of the second-rank field strength tensor F** = gAY — 9" A*. Hence,
it is not obvious how Eq. (11.25) squares with the usual relativistic transformation laws.

To clarify this issue on a fundamental level, we start from the linear relation (11.8)
in terms of the fundamental response tensor. This relation is relativistically covariant
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X" (k,w) 2 , X' (kW)
A
(11.11), (11.12) (11.12)
Y
A (11.28) o)

Figure 11.2: Universal relations and transformation laws. The arrow labels refer to equation
numbers in the text.

per constructionem, because it relates the relativistic four-vectors j# and A”. In Ref.
[SS16a], we have shown that Ohm’s law in the form (11.25) can be derived covari-
antly from Eq. (11.8) and, consequently, Ohm’s law holds in every inertial frame.
Thereby it is understood that o;; (just as x",) obeys a relativistic transformation law
itself. This transformation law of the conductivity tensor has been derived explicitly in
Ref. [SS16a] from the procedure shown in Fig. 11.2 (assuming homogeneity in space and
time): (i) By means of Eq. (11.12), one obtains the spatial part of the fundamental re-
sponse tensor from the conductivity tensor o;;(k,w) in the unprimed coordinate system,
and by Eq. (11.11) one reconstructs from this the whole fundamental response tensor
X"y (k,w) = x(k,w). (ii) The fundamental response tensor transforms under a general
Lorentz transformation A = A", € O(1,3) according to

Y (K, W) =Ax(k,w)A™, K = Ak, (11.26)

where k = k* = (w/c, k)T denotes the relativistic four-momentum. (iii) In the primed
coordinate system, one invokes again Eq. (11.12) to read out the conductivity tensor
oi;(K',w'). The concatenation of these operations leads to a complicated (i.e., non-
tensorial) transformation law for the microscopic conductivity tensor under general
Lorentz transformations. In particular, for a boost of the form

v —vle
A(v) = N , (11.27)
—yv/c A

where v is the velocity of the primed coordinate frame relative to the unprimed frame,

v=1/y/1—|v]?/c?, and

(11.28)

this transformation law reads as follows:

! T T
S W) = (1 _ ”'“) A (T - ""“) 5 (k, w) <T - '“’) A, (11.29)

¥ w w w
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This is the most general transformation law for the conductivity tensor, which incor-
porates all effects of anisotropy and relativistic retardation. In Ref. [SS16a], we have
shown that in the special case of a constant, scalar conductivity, this transformation
law can be used to rederive the standard textbook generalization of Ohm’s law (see
e.g. Refs. [Reb12, Sct. 5.3], [Jac99, Problem 11.16], or [Tsa97, Problem 9-15]). Finally,
we remark that by a similar logic, one can also derive the relativistic transformation
behavior of all other linear electromagnetic response functions (see Ref. [SS17b]).

11.4. Refractive index

Within an ab initio context, the standard formula for the refractive index n in terms
of the relative permittivity e, and the relative permeability u, (see e.g. Refs. [BW99;
Gri99; Hec02; LL84])

?

n?® = e fir, (11.30)

cannot be upheld. This formula is usually deduced from the alleged wave equation for
the electric field in the medium (see Refs. [Fox10, Appendix A.2] or [Nol07, Sct. 4.3.1]),

2
(sosr 10 iz gﬂ - A) E(z,t) = 0. (11.31)

However, both this wave equation and the ensuing standard formula for the refractive
index have been refuted in Ref. [SS15b]. Instead, it turns out that the fundamental,
Lorentz-covariant wave equation for the electromagnetic four-potential as used in plasma
physics (see Refs. [Mel08; MM91], and [SS15b, Eq. (4.7)]),

w? - v
<<_02 + \k\2> nt, — k 'k, — po X“l,(k:,w)>A (k,w) =0, (11.32)
is equivalent [SS15b] to the simple condition
2ok, w)E(k,w) =0, (11.33)

which means that the electric field component of the wave in the medium lies in the
kernel (null-space) of the dielectric tensor. (Note that in Eq. (11.32), ", denotes the
proper fundamental response tensor, which relates the induced four-current to the total
four-potential; see [SS15b, Eq. (2.50)].) In the isotropic limit, the longitudinal and
transverse oscillations decouple, and hence we obtain

e L(k,w)Ey(k,w) =0, (11.34)
er1(k,w)Er(k,w)=0. (11.35)

Here, the longitudinal and transverse dielectric functions are defined by the equality

2 (k,w) = er1(kyw) Pr(K) + err(k,w) Pr(k), (11.36)
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Figure 11.3: Schematic representation of the Fizeau experiment, which established that the
speed of light ¢’ in a moving medium is related to the speed v in the medium at rest by u’ =
u —v(1 —1/n?). Here, v denotes the speed of the medium and n its refractive index.

where Pp,(k) and Pr(k) denote the longitudinal and transverse projection operators,
respectively (see [SS15a, Sct. 2.1]). While Eq. (11.34) describes transverse light waves in
the medium, Eq. (11.35) describes the so-called plasmons (see Ref. [MR02, Eq. (4.92)]).
Thus, the theory of plasmons combines with the theory of transverse electromagnetic
waves in media into one unified wave equation in materials, which is given by Eq. (11.33).

Furthermore, in an ab initio context the refractive index is defined from the dispersion
relation w = wy), of the medium. The latter is obtained from the condition

det 2, (k,wi)) =0, (11.37)

which is necessary for having a nontrivial solution of Eq. (11.33). Concretely, the speed
of light in materials, u = ug) , is defined as

Uy = % (11.38)

which generalizes the vacuum relation ¢ = w/|k|, and the refractive index is given by

c clk|
Ny = —— = —.

(11.39)
U\ Wi\

In particular, we have shown in Ref. [SS15b, Appendix A] that this definition allows
for a straightforward rederivation of the Fizeau result for the refractive index of moving
media (see Fig. 11.3).
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Thus the Coulomb correlation energy is too big, and can therefore be ne-
glected. If this reason for neglecting Coulomb effects seems odd, remember
that we are not trying to explain and predict everything about the solid. We
are just trying to understand superconductivity.

R. P. Feynman [Fey72, p. 269]

In this thesis, we have further developed and improved (quantum) field theoretical tech-
niques as they are presently used in materials physics, and we have applied them to
models describing the Rashba spin splitting of the bismuth tellurohalides. We consider
the main achievements of this thesis—for the articles on which this thesis is based,
see p. xi—to be the following:

Part I (Chapters 1-3).

1. The systematic derivation of the relations between plane-wave functions, Bloch
functions, Bloch-like functions, Wannier functions and atomic orbitals in the gen-
eral case including the spin-orbit coupling (Scts. 1.3-1.4).

2. The straightforward derivation of the Rashba Hamiltonian from symmetry condi-
tions (Sct. 2.2, which is in accordance with Ref. [BAN11]), and the construction
of a minimal tight-binding model on the hexagonal lattice which reproduces the
Rashba spin splitting near the center of the Brillouin zone (Sct. 2.3).

3. The construction of the “effective single-orbital model” in Sct. 3.3, which as a two-
band tight-binding model accurately reproduces the spin-split lowest conduction
bands of BiTel.

Part IT (Chapters 4-5).

4. The definition of lattice Green functions and the clarification of their relation to
the fundamental Green functions (Sct. 4.3).

5. The derivation of the Green function perturbation theory (for temperature Green
functions in imaginary time) from their fundamental equations of motion, in par-
ticular the straightforward proof of Wick’s theorem (Theorem 4.8; Ref. [SS17a]).
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6.

The development of Universal Feynman Graphs as a simple and efficient graphical
representation which can be universally used for various Green function techniques
(Sct. 4.5; for the advantages of these graphs, see p. 106).

The simple proof of the Grassmann field integral representation of fermionic Green
functions, which uses only the factorization property of the Grassmann—Gaussian
integral (Theorem 5.3; Ref. [SS17a]).

The detailed and transparent proofs of the Feynman graph expansion of the con-
nected and the one-line-irreducible temperature Green functions, i.e., Theorem 5.7
and Theorem 5.17 (building on the proofs given in Refs. [NO98] and [Zin02]).

Part IIT (Chapters 6-9).

9.

10.

11.

12.

The detailed derivation of the renormalization group equations for the connected
and the one-line-irreducible Green functions in Scts. 6.2-6.3 (following the lines of
Ref. [SHO1] with only very slight simplifications, see the remark on p. 168).

The derivation of the explicit renormalization group equations for the momentum-
discretized interaction vertex in the refined projection scheme (see the projection
ansatz (7.65) and Theorem 7.3, as well as the discussion in Ref. [Sch+16a]).

The general solution of the mean-field theory for a time-reversal invariant Hamilto-
nian Hgy (k) with a singlet superconducting interaction, which generalizes results
of Ref. [SU91| to the non-SU(2)-symmetric case (see Sct. 8.4, in particular the
Bogoliubov transformation defined by Egs. (8.87)—(8.88)).

The application of the combined functional renormalization and mean-field ap-
proach to the Rashba model with an attractive local interaction, and the ensuing
prediction of the superconducting interaction, the gap function and the order pa-
rameter (Ch. 9 and Ref. [Sch+16a]).

Part IV, Chapter 10. The theoretical description of the following effects in the Rashba
semiconductor BiTel:

13.

14.

15.

Optical transitions within the spin-split conduction bands, which are allowed due
to the spin-orbit coupling (Sct. 10.1 and Ref. [Lee+11]).

The enhanced infrared magneto-optical response, which also results from transi-
tions within the spin-split conduction bands (Sct. 10.2 and Ref. [Dem+-12]).

The orbital paramagnetic response, which has been predicted in the Rashba model
already in Ref. [BR60] and which has been observed experimentally for the first
time in BiTel (Sct. 10.3 and Ref. [Sch+-12]).

Part IV, Chapter 11. The systematic development of the Functional Approach to
electrodynamics of media in Refs. [SS15a; SS15b; SS16a; SS16b; SS16¢]. This approach



Conclusion 249

constitutes a microscopic field theory of electromagnetic material properties which sits
in accordance with ab initio physics. In particular, this approach comprises:

16. The Universal Response Relations, which constitute model- and material-indepen-
dent relations between linear electromagnetic response functions (Sct. 11.2).

17. The proof that Ohm’s law is Lorentz covariant, and the ensuing relativistic trans-
formation law for the conductivity tensor (Sct. 11.3).

18. The refutation of the standard formula for the refractive index, n? = e, i, and its
replacement by a microscopic theory of the refractive index, which is based on the
dispersion relation as derived from microscopic wave equations for the electromag-
netic field in materials (Sct. 11.4).

Finally, we provide a view of a possible first-principles study of the low-temperature
properties of BiTel, which combines several techniques developed in this thesis. One
may start from the effective single-orbital model of Sct. 3.3, which accurately describes
the dispersion of the two lowest conduction bands of BiTel. One may add to this an
electron-electron interaction obtained from the cRPA method [Aril2; Ary+04] and/or
a phonon-mediated interaction as derived in Ref. [SS16b]. This model may be investi-
gated using the combined functional renormalization and mean-field approach developed
in Ref. [Sch+16a], which allows one in particular to predict the low-temperature phase
diagram and (for a superconducting phase) the gap function as well as the order pa-
rameter. Furthermore, from the resulting effective Hamiltonian one may deduce the
(wavevector- and frequency-dependent) conductivity tensor by employing the Kubo for-
malism. This quantity can in turn be used to compute all other linear electromagnetic
response properties via the Universal Response Relations [SS15a; SS16¢|, and in this
way to characterize in detail the (possibly superconducting) phases of the material. In
summary, we expect the field theoretical techniques developed in this thesis to be useful
for an unbiased theoretical description of the low-temperature properties of spin-based
correlated materials.
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