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Dedicated to my family.

We can now see that the whole becomes not merely more, but very different from the sum of its parts.
Philip W. Anderson






Abstract

Emergent phenomena in condensed matter physics like, e.g., magnetism, superconductivity, or non-trivial
topology often come along with a surprise and exert great fascination to researchers up to this day. Within
this thesis, we are concerned with the analysis of associated types of order that arise due to strong electronic
interactions and focus on the high-T. cuprates and Kondo systems as two prime candidates. The under-
lying many-body problem cannot be solved analytically and has given rise to the development of various
approximation techniques to tackle the problem.

In concrete terms, we apply the auxiliary particle approach to investigate tight-binding Hamiltonians
subject to a Hubbard interaction term to account for the screened Coulomb repulsion. Thereby, we adopt
the so-called Kotliar-Ruckenstein slave-boson representation that reduces the problem to non-interacting
quasiparticles within a mean-field approximation. Part I provides a pedagogical review of the theory and
generalizes the established formalism to encompass Gaussian fluctuations around magnetic ground states as
a crucial step to obtaining novel results.

Part II addresses the two-dimensional one-band Hubbard model, which is known to approximately de-
scribe the physics of the high-T. cuprates that feature high-temperature superconductivity and various other
exotic quantum phases that are not yet fully understood. First, we provide a comprehensive slave-boson
analysis of the model, including the discussion of incommensurate magnetic phases, collective modes, and
a comparison to other theoretical methods that shows that our results can be massively improved through
the newly implemented fluctuation corrections. Afterward, we focus on the underdoped regime and find
an intertwining of spin and charge order signaled by divergences of the static charge susceptibility within
the antiferromagnetic domain. There is experimental evidence for such inhomogeneous phases in various
cuprate materials, which has recently aroused interest because such correlations are believed to impact the
formation of Cooper pairs. Our analysis identifies two distinct charge-ordering vectors, one of which can
be attributed to a Fermi-surface nesting effect and quantitatively fits experimental data in Nd,_Ce,CuOy4
(NCCO), an electron-doped cuprate compound. The other resembles the so-called Yamada relation implying
the formation of periodic, double-occupied domain walls with a crossover to phase separation for small
dopings.

Part III investigates Kondo systems by analyzing the periodic Anderson model and its generalizations.
First, we consider Kondo metals and detect weakly magnetized ferromagnetic order in qualitative agreement
with experimental observations, which hinders the formation of heavy fermions. Nevertheless, we suggest
two different parameter regimes that could host a possible Kondo regime in the context of one or two
conduction bands. The part is concluded with the study of topological order in Kondo insulators based
on a three-dimensional model with centrosymmetric spin-orbit coupling. Thereby, we classify topologically
distinct phases through appropriate Z, invariants and consider paramagnetic and antiferromagnetic mean-
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field ground states. Our model parameters are chosen to specifically describe samarium hexaboride (SmBg),
which is widely believed to be a topological Kondo insulator, and we identify topologically protected surface
states in agreement with experimental evidence in that material. Moreover, our theory predicts the emergence
of an antiferromagnetic topological insulator featuring one-dimensional hinge-states as the signature of
higher-order topology in the strong coupling regime. While the nature of the true ground state is still under
debate, corresponding long-range magnetic order has been observed in pressurized or alloyed SmBg, and
recent experimental findings point towards non-trivial topology under these circumstances. The ability to
understand and control topological systems brings forth promising applications in the context of spintronics
and quantum computing.



Zusammenfassung

Emergente Phianomene in der Physik der kondensierten Materie, wie z. B. Magnetismus, Supraleitung oder
nicht-triviale Topologie gehen oft mit Uberraschungen einher und faszinieren Wissenschaftler bis heute.
Innerhalb dieser Arbeit befassen wir uns mit der Analyse damit assoziierter Art von Ordnung, die durch starke
elektronische Wechselwirkungen entsteht und konzentrieren uns auf die Kuprat-Hochtemperatursupraleiter
und Kondo-Systeme als zwei prominente Kandidaten. Das zugrunde liegende Vielteilchenproblem kann
nicht analytisch gelost werden und hat zur Entwicklung vielfdltiger Nédherungsverfahren gefiihrt, um das
Problem anzugehen.

Konkret wenden wir den Hilfsteilchenansatz an, um tight-binding Hamiltonoperatoren zu untersuchen,
die einen Hubbard-Wechselwirkungsterm aufweisen, um die abgeschirmte Coulomb-Abstofiung zu bertick-
sichtigen. Dabei benutzen wir die sogenannte Kotliar-Ruckenstein-Slave-Boson-Darstellung, die das Pro-
blem im Rahmen einer Molekularfeldndherung auf nicht-wechselwirkende Quasiteilchen zurtickfiihrt. Teil I
beinhaltet eine pddagogisch aufgearbeitete Zusammenfassung der Theorie und verallgemeinert durch die
Berticksichtigung Gaufischer Fluktuationen um magnetische Grundzustidnde den etablierten Formalismus,
was sich als entscheidender Schritt herausstellt, um neuartige Ergebnisse erzielen zu kénnen.

Teil II befasst sich mit dem zweidimensionalen Einband-Hubbard-Modell, von dem bekannt ist, dass
es ndherungsweise die Physik der Kuprat-Hochtemperatursupraleiter beschreibt, welche Hochtemperatur-
supraleitung und verschiedene andere exotische Quantenphasen aufweisen, die noch nicht vollstandig ver-
standen sind. Zunéchst machen wir eine ausfiihrliche Slave-Boson-Analyse des Modells, einschliefilich der
Diskussion inkommensurabler magnetischer Phasen, kollektiver Moden und eines Vergleichs mit anderen
theoretischen Methoden, der zeigt, dass unsere Ergebnisse durch die neu implementierten Fluktuations-
korrekturen massiv verbessert werden konnen. Danach konzentrieren wir uns auf den unterdotierten Be-
reich und finden eine Verflechtung von Spin- und Ladungsordnung, die durch Divergenzen der sta-
tischen Ladungssuszeptibilitdt innerhalb der antiferromagnetischen Doméne signalisiert wird. Es gibt experi-
mentelle Hinweise auf derartige inhomogene Phasen in verschiedenen Kuprat-Materialien, was in letzter Zeit
vermehrt Interesse geweckt hat, da angenommen wird, dass entsprechende Korrelationen die Bildung von
Cooper-Paaren beeinflussen. Unsere Analyse identifiziert zwei unterschiedliche Ladungsordnungsvektoren,
von denen einer einem Fermi-Flacheneffekt zugeschrieben werden kann und quantitativ zu experimentellen
Daten von Nd,_xCexCuOy4 (NCCO), einer elektronendotierten Kupratverbindung, passt. Der andere erin-
nert an die sogenannte Yamada-Beziehung und impliziert die Bildung von periodischen, doppelt besetzten
Doménenwinden und einem Ubergang zu Phasenseperation fiir kleine Dotierungen.

Teil IIT untersucht Kondo-Systeme durch Analyse des periodischen Anderson-Modells und seiner Verallge-
meinerungen. Zunichst betrachten wir Kondo-Metalle und finden schwach magnetisierte ferromagnetische
Ordnung in qualitativer Ubereinstimmung mit experimentellen Beobachtungen, welche die Bildung von
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schweren Fermionen hemmt. Dennoch identifizieren wir zwei verschiedene Parameterbereiche, die ein
mogliches Kondo-Regime im Kontext von einem oder zwei Leitungsbéndern beherbergen koénnten. Der
Teil wird mit der Untersuchung topologischer Ordnung in Kondo-Isolatoren basierend auf einem dreidi-
mensionalen Modell mit zentrosymmetrischer Spin-Bahn-Kopplung abgeschlossen. Dabei klassifizieren
wir topologisch unterscheidbare Phasen durch geeignete Z,-Invarianten und betrachten paramagnetische
und antiferromagnetische Molekularfeld-Grundzustdnde. Unsere Modellparameter wurden gewé&hlt, um
insbesondere Samariumhexaborid (SmBg) zu beschreiben, von dem allgemein angenommen wird, dass es
sich um einen topologischen Kondo-Isolator handelt, und wir identifizieren topologisch geschiitzte Ober-
flichenzusténde in Ubereinstimmung mit experimentellen Befunden in diesem Material. Dariiber hinaus
sagt unsere Theorie die Emergenz eines antiferromagnetischen topologischen Isolators mit eindimensionalen
Randzustédnden als Merkmal von Topologie hoherer Ordnung im Parameterbereich starker Korrelationen
voraus. Wahrend das Wesen des korrekten Grundzustands noch umstritten ist, wurde eine entsprechende
langreichweitige magnetische Ordnung in unter Druck stehendem oder legiertem SmB¢ beobachtet und kiirz-
liche experimentelle Befunde weisen unter diesen Umstianden auf nicht-triviale Topologie hin. Die Fahigkeit,
topologische Systeme zu verstehen und zu kontrollieren, bringt vielversprechende Anwendungen im Kontext

von Spintronik und Quantencomputing hervor.
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CHAPTER 1

Introduction

When it comes to physics, the majority of the general public thinks of black holes or “god particles”, whereas
the field of condensed matter physics (CMP) rarely attracts broad media attention [1]. Nevertheless, a total
of 37 Nobel prizes have been awarded in the context of CMP, and after a rapid growth that started in the
second half of the 20th century, it is the largest branch of contemporary physics by now [2]. As we will further
elaborate, innovations originating from basic research in CMP have had a tremendous impact on technological
progress and society as a whole, shaping our modern way of living in a fundamental way. But what kind of
problems does the field actually address? Originally referred to as solid-state physics, a major part is the study
of insulators, semiconductors, and metals. The term CMP was adopted in the 70s when critical phenomena
such as magnetism and superfluidity in the context of quantum mechanics (QM) and the many-body problem
were brought to attention, making the conception of solid-state physics become insufficient to picture the
variety of the field [3]. It features a broad overlap with other scientific subjects like, e.g., chemistry, material
science, and nanotechnology and can generally be considered as the discipline of physics examining complex
matter [4].

Impact of condensed matter physics

A device that has had a profound impact on technology and society like hardly any other is the transistor,
which was invented by John Bardeen, Walter Brattain, and William Shockley at Bell Labs in 1947 within their
studies of semiconductors [1]. This electronic building block provides the basis for all modern computers,
and after decades of optimization in the industry, in order to create increasingly powerful chips, smartphones
have turned into tiny supercomputers that typically contain over 15 billion transistors. Another prominent
application of CMP is the digital storage of data on hard disk drives (HDDs) that record information by
magnetizing a thin film of a ferromagnetic (FM) material. The emergence of magnetism in solids can be
explained by a microscopic degree of freedom in quantum mechanics called spin, which can be interpreted like
an intrinsic magnetic moment of electrons that aligns parallel for a large number of particles in ferromagnetic
crystals in order to form a net magnetic moment. While HDDs are increasingly being replaced by solid-state
drives (SSDs), there is also ongoing research on storage devices that use antiferromagnetic (AFM) materials,
where spins align anti-parallel rather than parallel. These devices are envisioned to be more robust and
much faster than regular HDDs [5], which has evoked the field of antiferromagnetic spintronics that aims to
manipulate and control the origins of the magnetic order [6].

Another fascinating phenomenon within condensed matter physics is superconductivity (5C), a quantum
state of matter discovered in 1911 [7] that can manifest at low temperatures and features a vanishing electrical
resistivity with dissipation-less currents. At liquid helium cooling (-268.9°C), this technology is already

Chapter 1



1 Introduction

applied in medicine to produce strong magnetic fields that are required for magnetic resonance imaging.
In 1986, another class of superconductivity with a differing microscopic origin, so-called high-temperature
superconductivity (HTS), was discovered. Thereby, the critical temperature to uphold the quantum state was
pushed beyond the boiling point of nitrogen (-195.8°C), which significantly simplifies the cooling process [8].
Nevertheless, superconducting materials have, as of now, not found broad applications within electrical grids
due to the costly cooling and because the ceramic HTS compounds are not well suited to form electric wires.
However, a company in Ismaning has developed a technique to overcome that obstacle and provides HTS
material in order to build the longest superconducting cable in the world (12km) as a test project (SuperLink)
in Munich [9]. It is expected to finish in 2023 and could, if successful, lead to an adaptation at a larger scale.
Furthermore, high-temperature superconductors are also being applied in the context of magnetic levitation
and are, e.g., used in the Maglev train that was unveiled in China in 2021 with a peak velocity of up to 620
km/h [10]. Considering the potential of these use cases, it is, of course, a major objective of CMP to achieve a
superconducting state at ambient conditions, but such a material is yet to be discovered.

Despite usually being a long frame from theory to practical applications, these examples show that fun-
damental research can have a tremendous long-term impact, and it is hard to predict which discoveries will
become important in the future. Apart from the previously discussed quantum phenomena, Kondo physics
and topology have approached the center of attention in the last decade. We will further elaborate on the
related properties later on and the exotic quantum states associated with these systems might pave the way
towards possible quantum computers in the future [11, 12].

A brief history of condensed matter physics

In order to provide basic knowledge of CMP and present the most crucial achievements of the past century,
we start off with a brief historical overview. Its origin traces back to the beginning of the 19th century, with
Humphry Davy’s studies of electrical and thermal conductivities of the forty chemical elements that were
known at that time [13]. However, it was not before 1900 that a first classical theory of electrons in solids was
proposed by Paul Drude that was able to explain some of the empirical observations but also came along with
serious omissions [14]. The discovery of superconductivity in 1911 by Heike Kamerlingh Onnes [7] came as a
surprise and raised even more questions that could ultimately only be explained with the advent of quantum
mechanics.

The properties of QM states are determined by the solution of the so-called Schrédinger equation, a
linear differential equation proposed by Erwin Schrodinger in 1925: i%id; [¢) = H|¢) [15]. Based on the
Copenhagen interpretation, the absolute square of the wave-function |¢) yields probabilities over the outcome
of measurements of a system, and the Hamilton operator H describes its total energy. The corresponding
problem for the simplest atom, i.e., hydrogen, which contains one proton and one electron, can be solved
analytically. The Hamilton operator of the according two-body-problem is decomposed into the kinetic energy
of the reduced mass and the Coulomb repulsion between both particles

and the respective solution explained the discrete energy levels of hydrogen that had already been measured
via spectroscopy.

The Schrodinger equation for electrons is also bound to the Pauli exclusion principle [16] that dictates
that each quantum state cannot be occupied by more than one electron. With the introduction of the Fermi



gas of free electrons in 1926 [17, 18], this principle was incorporated into the Drude model, which solved
previous omissions like, e.g., the calculation of the electronic specific heat. However, the apparent success of
the model was somewhat surprising because it completely neglected interactions between different electrons,
and Hendrik Antoon Lorentz once allegedly said: “In a theory which has given results like these, there must
certainly be a great deal of truth” [19].

Experimental breakthroughs that significantly helped to decipher the composition of solids were achieved
by Friedrich et al. and Bragg et al. in the second decade of the 20th century by means of X-ray diffraction
[20, 21]. Their work revealed that most solids are composed of a large number of identical unit cells that
align in a regular way to form specific crystal structures. In 1929, Felix Bloch applied a periodic potential
to the Schrodinger equation that modeled such a structure and pioneered the immensely successful band
theory of solids [22]. He was able to show that those potentials initiate dense energy bands of quantum
states that are filled successively in accordance with the Pauli principle. The specific band structure (BS)
determines most of the key properties of a solid. For example, if there is a finite energy gap between the
highest occupied and lowest unoccupied quantum state, we speak of an insulator or semiconductor because
electrons cannot move freely in such a system due to the Pauli principle. In the opposite case, we have a
metal, which employs different states at the same energy that form the so-called Fermi surface (FS). This band
theory, however, still neglected the Coulomb repulsion between electrons. Lev Landau, with the introduction
of Fermi liquid (FL)-theory in 1956 [23], was finally able to give a satisfactory explanation why this enormous
simplification was justified in many cases. The essence of this theory is that electrons form quasiparticles
(Qps) with well-defined momentum and spin in the presence of interactions that behave like a single electron

with renormalized parameters like, e.g., an effective mass.

“More is different”

There are, however, also instances where the effective one-particle description of FL-theory breaks down,
and something entirely new emerges as a result of a so-called FS-instability that occurs due to electronic
interactions. Philip W. Anderson wrote in his famous essay “More is different” in 1972 on the topic: “The
behavior of large and complex aggregates of elementary particles, it turns out, is not to be understood in terms of a simple
extrapolation of the properties of a few particles. Instead, at each level of complexity entirely new properties appear, and
the understanding of the new behaviors requires research which I think is as fundamental in its nature as any other”
[24]. Such a system of interacting particles defines the quantum many-body problem, where we primarily focus
on vast numbers of electrons that interact through the screened Coulomb repulsion.

The emergent behavior manifests in the form of sudden phase transitions that can depend on internal
degrees of freedom like the energy scale of the interaction, or an external control parameter, e.g., the temper-
ature. Those transitions have indeed been studied long before the advent of quantum mechanics, with water
being an easy-to-grasp example that can be present as ice crystals, liquid, or steam depending on pressure
and temperature. A very successful phenomenological theory for quantum phase transitions was introduced
by Lev Landau in 1937 [25]. He classified different phases by a local order parameter that initiates an ordered
phase by reducing symmetries of the original problem due to spontaneous symmetry breaking. A prominent
illustration is the formation of ferromagnetism. The respective order parameter is the magnetization that can
—-with some simplification— be understood as the sum of electronic spins, envisioned as compass needles at
fixed positions of a crystal lattice. Without interactions, these align randomly such that the net magnetization
vanishes. For a ferromagnet, the spins align parallel in a specific direction such that there is a macroscopic
magnetic moment in total. Both cases are illustrated in the top panel of Figure 1.1. At first sight, one might
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(a) Flying Barnacle geese. Source: Shutterstock.com. (b) A flock of starlings. Source: Shutterstock.com.

Figure 1.1: A non-magnetic ground state can, at a simplified level, be visualized by randomly oriented spins with no
net magnetization. We employ a chaotic movement of birds as a picturesque example for such an unordered state in
the classical world. If the birds, however, strongly interact with their neighbors in order to form a flock that makes
them more robust to predators, they move coherently as a whole in an ordered fashion. In the quantum world, we
call the analog to the flock a collective mode of electrons. In our example of ferromagnetism, it comes along with
an interaction-induced parallel alignment of spins, where the carrying electrons are correlated over a macroscopic
distance.

claim that the ordered state appears to be more symmetric than the unordered one, but this is actually not
true. The non-magnetic state is invariant under continuous spin rotations because the random alignment does
not feature a preferential direction, whereas the ferromagnetic ordering spontaneously breaks that symmetry.
But why do the spins order? The actual microscopic reasoning is not simple and will be addressed within this
thesis, but let us consider a descriptive example from biology that can serve as some sort of analogy. Imagine
a large number of flying birds, as illustrated in Figure 1.1. If those only interact weakly with each other, their
movement seems unordered and unpredictable. If, however, a flock is formed, they create the impression of
moving as a whole rather than individually. In such a state, single birds on opposite sides of the flock are
highly correlated due to interactions between neighbored birds that can be extrapolated to large distances.
In CMP, we call the analog to the flock a collective mode of electrons, or specifically a spin-wave, that correlates
spins within a macroscopic distance as a consequence of microscopic, short-ranged interactions. Let us sum-
marize the discussion of ordering phenomena as follows: A phase that emerges due to interaction-induced
symmetry breaking brings forth something unprecedented; or to close the circle to Phil Anderson: “In this
case we can see how the whole becomes not only more than but very different from the sum of its parts” [24].

In the history of interaction-enabled phenomena, first microscopic models to describe ferromagnetism and
antiferromagnetism through the electron spin have been introduced by Ernst Ising and Louis E. F. Néel in
the first half of the 20th century [26, 27]. A theoretical explanation of conventional superconductivity, which is
also an interaction-driven quantum state, was provided by John Bardeen, Leon N. Cooper, and John Robert
Schrieffer in 1957 with the formation of Cooper pairs, almost 50 years after its discovery [28]. However, a
comprehensive understanding of the microscopic pairing mechanism of the unconventional high-temperature
superconductors, discovered in 1986 [8], is still lacking. Another prominent example of strongly correlated
electrons are Kondo systems in the context of magnetic impurities. The Kondo effect was first observed with
a puzzling resistance minimum of metals at low temperatures in 1934 [29], and a theoretical explanation for a

single impurity was given by Jun Kondo in 1964 [30]. For dense Kondo lattices with a periodic arrangement



of impurities, nonetheless, many open questions remain. These can give rise to so-called heavy fermions,
i.e., quasiparticles that behave like electrons with an up to 1000 times higher effective mass than the bare
particle, or Kondo insulators (KIs), i.e., semiconductors that become insulating at low temperatures due to
interaction effects. With the discovery of the quantum hall effect in 1980 [31], topological systems that feature
robust, fopologically protected surface states, and recently especially topological Kondo insulators (TKIs) [32] have
evolved as a major field of research in condensed matter physics. Topological insulators (TIs) are insulating
in the interior but can conduct electrons on the boundaries due to their surface modes. Associated phase
transitions between distinct topological or non-topological states are described by global properties rather
than local order parameters, have initially been described for non-interacting systems, and do not necessarily
break symmetries. These insights led to the paradigm shift that there are also types of order beyond Landau’s
interpretation. Therefore, regarding electronic interactions, one might say with a wink of the eye that “less
is also different” sometimes. TKIs, however, are at the interface of strong correlations and topology, and
associated phases may combine both: local order parameters and global properties.

Approximation techniques

To study those emergent phenomena, one ideally would like to solve the all-encompassing many-body
Schrodinger equation that describes positively charged protons (label I, J) and negatively charged electrons
(label i, j) with their respective Coulomb interactions and the Hamiltonian

N2 N 7? o 1 ZiZge?
H__TWZV%i_mZI:V Z477€0|"_"I| 2Z4neo|rl—r1’ ;4neo|n—r}‘.

The complexity of the problem, however, increases exponentially with the number of particles N, and a
general analytic solution can only be achieved for the previously discussed two-body problem (N = 2),
whereas a typical macroscopic solid contains electrons in the order of magnitude of N 2 10%3. We, therefore,
need to rely on approximation techniques that usually aim for a description within statistical physics rather
than to address the dynamics of individual particles.

A first simplification that is applied in most cases is the Born-Oppenheimer approximation, which neglects
the motion of nuclei and replaces associated terms by a periodic potential that is generated by a static lattice
of ions (in analogy to Bloch’s approach), such that the problem is reduced to only encompass interactions
between electrons. An immensely successful tool to tackle respective Hamiltonians is the density functional
theory (DFT), whose development is mainly attributed to Walter Kohn and was awarded the Nobel prize [33].
A strength of DFT is that it requires relatively few assumptions, i.e., it can determine fundamental properties
of molecules and solids ab initio, which also promoted its popularity in theoretical chemistry or even biology
[34]. However, it comes with the downside that it is not suitable to accurately cover the strongly correlated
regime and phase transitions in the sense of spontaneously symmetry breaking.

Thus it is required to employ further methods to investigate emergent phenomena in the context of the
many-body problem. An approach that has proved to be quite successful is to constrain the spatial electronic
degrees of freedom to a discrete set of lattice sites i rather than a continuous variable r;. A kinetic energy
scale is then introduced by a matrix element ¢;; that describes a hopping process from lattice site i to j,
whose amplitude can be approximated by means of DFT calculations. Since the screened Coulomb repulsion
is maximized when electrons are in close proximity, the simplest form of an effective interaction term is to

apply an energy penalty U > 0 if two electrons with opposite spin occupy the same lattice site, which leads
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1 Introduction

up to the Hubbard model [35]

N

N
_— s U
H™® = - Z tij fi,ofj,o+szi,Tfi,Tfi,lfi,i‘
i

<ij>,0

In this second quantized notation, f;rg creates an electron on lattice site i with spin o € {T,]}. The problem
is still intriguingly hard to solve, and its inventor John Hubbard once allegedly replied — without even the
faintest attempt of a serious explanation — when asked by his mother-in-law what the book he was reading
(The many-body problem) was about: “A murder mystery” [36]. While some of the mysteries have been unraveled
by now, others remain, and a plethora of methods have been developed to address Hubbard-type models
that are highly relevant up to this day.

Different approximation techniques to investigate this problem of interacting electrons on a lattice have
their strengths and weaknesses, respectively, and the nature of the true ground state should ideally be
evaluated under the consideration of multiple methods. By so-called exact diagonalization (ED), one may
determine properties of the system without additional simplifications, but the approach is limited to small
system sizes (N < 20) since the computational expenditure grows exponentially with the number of lattice
sites [37]. It is a powerful tool that can also serve as a benchmark for other techniques in certain limits but
often suffers from finite-size effects. Quantum Monte Carlo (QMC) simulations are also statistically exact,
and the numerical effort scales only polynomially with the system size [38]. There is, however, the so-called
sign problem that often limits its applicability to specific parameter regimes. A popular approach that works
in the thermodynamic limit and requires less numerical treatment is the mean-field (MF) method, where
spatial- and time-dependent fields are approximated by their QM expectation values [39]. On the plus side,
this procedure is practicable for arbitrarily strong interactions, allows to explicitly determine ground states
of symmetry-broken phases, and often yields analytic expressions that are helpful to gain a physical intuition
about the problem. On the other hand, it requires an a priori ansatz that limits the possible types of order, and
it cannot be ruled out that the severe approximations that come along with this method eliminate essential
physical properties of the problem. In order to partially overcome these downsides, the stability of the MF
ground state should ideally be analyzed through a fluctuation calculation. Other sophisticated techniques
that go beyond mean-field but are limited to finite system sizes or intermediate interaction strength are
dynamical mean-field theory (DMFT) [40], density matrix embedding theory (DMET) [41], perturbation theory,
and functional renormalization group (FRG) [42].

The auxiliary particle approach

Our method of choice is the auxiliary particle approach with a subsequent mean-field treatment plus fluctuation
analysis. The basic concept is to rewrite second quantized operators that enter the Hamiltonian with the use
of additional auxiliary operators in order to rephrase the problem in a way that is beneficial for consecutive
approximations. A bosonic representation of the electronic spin operator proposed by Theodore Holstein and
Henry Primakoff in 1940 [43] can be considered as pioneering work in that regard and was later refined by
Julian Schwinger [44]. Alexei A. Abrikosov introduced an alternative way to express the spin operator through
auxiliary fermionic operators known as pseudofermions in 1965 [45]. Based on these ideas, Stewart E. Barnes
and Pierce Coleman formulated representations to investigate Kondo systems in the strongly interacting limit



[46, 47]. Auxiliary particles are better known as slave-particles in the scientific community, and we will adopt
this term in the following?.

This thesis will apply an auxiliary particle representation that combines fermionic and bosonic degrees of
freedom based on Gabriel Kotilar’s and Andrei E. Ruckenstein’s approach introduced in 1986 [49], which is
designed to address arbitrary interaction strength in contrast to the previous literature. To be specific, we
adopt its generalization form known as spin-rotation invariant Kotliar-Ruckenstein (SRIKR) slave-bosons (SBs)
[50] that provides a full representation of the spin operator as opposed to the original description, where
the spin was projected onto the z-axis. Within a MF approximation of the occurring bosons, lattice models
with Hubbard-type interactions become quadratic in fermionic operators, such that the MF Hamiltonian
characterizes a renormalized theory of non-interacting quasiparticles. Due to the spin-rotation invariant
form, the formalism allows for the implementation of a magnetic order parameter (magnetization) with an
arbitrary ordering vector, which can describe ferromagnetism, antiferromagnetism, as well as magnetic order
with large unit cells, including incommensurate magnetic order (ICM). Furthermore, we calculate Gaussian
fluctuations around the MF ground state that provide a stability analysis through evaluation of the spin and
charge susceptibility. The fluctuation formalism will also be applied to determine dynamic excitation spectra
like, e.g., the spin-wave dispersion and to calculate leading order corrections to the MF magnetization.

The SRIKR approach is limited to models with one interacting orbital. In the late 2000s, other representations
that can handle more than one have been introduced [51, 52], which, however, come along with an enormous

increase of complexity and numerical cost.

Outline

Within this thesis, we investigate different microscopic lattice models that feature a Hubbard interaction and
evaluate the resulting quantum states in the context of the many-body problem. In order to account for
the associated repulsive electron-electron interaction, we apply the SRIKR slave-boson representation with
consecutive MF approximation and fluctuation analysis.

Part I derives the SB method from scratch in a pedagogical fashion that is intended to address researchers or
students who want to learn the technique or deepen their understanding of condensed matter field theories.
We, moreover, extend the established fluctuation formalism to capture magnetic saddle points and models
with additional non-interacting orbitals and therefore rely on our broad theoretical foundation to build in
those features. If the reader is mainly interested in the applications, that part may be skipped and used as
a work of reference. For convenience, the theoretical overhead is kept as short as possible in the subsequent
parts of the thesis, where relevant details of the formalism are directly referred to the respective sections of
Part I or the appendices in Part IV.

In Part II, we introduce the paradigmatic 2D Hubbard model in the context of the many-body problem as an
effective minimal model for the high-T, cuprates (HTCCs). We provide a comprehensive slave-boson analysis
that includes the discussion of Mott physics, magnetically- and charge-ordered phases, phase separation,
dynamic excitation spectra, and underlines the consistency between mean-field and fluctuation results. Our
evaluation does not explicitly cover superconducting phases because the current SB formalism is not suitable
to describe the unconventional superconductivity that is observed in these materials. We, however, identify a
domain of intertwined spin and charge order that is in excellent agreement with experimental findings of the
material Ndy_Ce,CuOy4 (NCCO) and other electron-doped HTCCs. A deeper understanding of such phases is

1To be specific, the term “slave-boson” was proposed to Piers Coleman by Chandra Varma in a conversation at Bell Laboratories in
1983. It was included in a preprint and stuck to the scientific community, although it was removed in the final publication [48].
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desirable because they are believed to have a subtle impact on the formation of Cooper pairs, and there has
not been much success in increasing T, since the late 90s.

In Part I1I, we consider Kondo systems based on the periodic Anderson model (PAM) and its generalizations
that can be inferred from the Hubbard model with additional non-interacting orbitals and the possibility of
spin-orbit coupling. First, we elaborate on the Kondo effect in the context of different material classes and
emphasize its relevance in the present literature regarding experimental findings and theoretical modeling.
Afterward, we discuss magnetic order and heavy fermions in the PAM and identify a domain of magnetic
frustration induced by destructive interference of an effective RKKY-interaction that correlates localized spins
mediated by the conduction electrons. Finally, we investigate topological phases in Kondo insulators utiliz-
ing a 3D minimal model. Thereby, we detect multiple topologically-distinct phases and study the interplay
between topology and magnetism and the emergence of higher-order topology in the strongly correlated
regime. Our theoretical predictions qualitatively coincide with experimental evidence in samarium hexa-
boride (SmBg), which is widely believed to be a topological Kondo insulator.

The results that are presented within this thesis are partially included in joint publications [53-56] and also
complemented by the Ph.D. thesis of Michael Klett [57].



Slave-boson theory of correlated electrons

Within this part, we present a pedagogical review of the spin-rotation in-
variant Kotliar—Ruckenstein (SRIKR) slave-boson (SB) formalism [49, 50] and
comment on the historical development of the method and possible omis-
sions. We moreover extend the established theory to encompass fluctua-
tions about magnetic mean-field (MF) saddle points with additional non-
interacting orbitals.

Chapter 2 derives the SB representation on operator level and introduces
necessary constraints, which are implemented within the field-theoretical
description of Chapter 3 to recover the physical subspace. Subsequently,
Chapter 4 defines a magnetic MF ansatz that reduces models of interacting
electrons with a quartic Hubbard-term to a renormalized, effectively non-
interacting theory within the approximation. We then derive important
quantities of statistical physics like, e.g., the free energy, magnetization, and
electronic compressibility. Finally, Chapter 5 presents the (para-)magnetic
fluctuation calculation that can, e.g., be applied to investigate the MF stability
by an analysis of the spin and charge susceptibility. We moreover discuss the
onset of possible phase separation (PS) that can consistently be determined
from the MF and fluctuation results.

The content of this part has partially been published in References [53] and
[55].






CHAPTER 2

Slave-boson formalism on operator level

Kotliar-Ruckenstein (KR) slave-bosons (SBs), originally introduced in 1986 [49], are designed to tackle inter-
acting electrons on a lattice with a quartic Hubbard-type interaction [35, 58], whose ground state can in
general not be determined exactly in the thermodynamic limit. The problem is thus treated approximately
within a mean-field (MF) treatment, where the interaction becomes quadratic in auxiliary bosonic fields. The
theory was refined in the 90s to consider Gaussian fluctuations around paramagnetic PM ground states for
the Hubbard model [59-61] and recently generalized to consider magnetic saddle points with additional
non-interacting orbitals [55, 56].

This theory is, therefore, well-suited to investigate the Hubbard model and variations of the periodic
Anderson model (PAM) [62, 63] that yield from the implementation of additional conduction orbitals. Our
according results in the context of the high-T. cuprates and Kondo materials are presented in Parts II and III.
To derive the theory in a consistent notation, we define the general Hamiltonian

H = Hyyp. + Heond. + Hhb. (2.1)
with

Ao, = D D Tty sl o + (€)= p0) Z Bl +U Z NN (22a)

00’ i#]
Hland. = ), ZZ ljwfco,wZZ o Vi €y T 0 )|+ 3 (60 = p0) €5 1,801y, (22D)

o=1 i#j 0%0’ i i,0,0

Fligp, = ZZ; (6850 Vilodior +c) (2.20)

o0’ o=

in second quantization [64, 65]. In that notation, interacting electrons on lattice site i with spin ¢ = +1/2 are
created (annihilated) by the operator fA‘L ( f ,) and non-interacting electrons at site 7, spin o and orbital o are

created (annihilated) by et

oio Coig) Hoppmg amplitudes between different lattice sites i # j are denoted

by t/, t°, and the hybridization of conduction orbitals with the interacting orbital is given by V. Our theory
also allows for spin-orbit coupling (SOC) and additional hybridizations between the conduction orbitals (V).
Finally, U defines the strength of the Hubbard interaction, €; (¢°) characterizes on-site potentials of the
different orbitals that account for the crystal field of the lattice, and i represents the chemical potential that

controls the total electron filling.
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The usual anticommutation relations for fermionic operators that comply with the Pauli principle!

A At _
[Co,i,o ’ Co',j,o’:l_,_ = 600’6ij600' ’

At At _[aA ~ _
[ 0,i,0’ CO’,]’,U’L - [Co,i,o ’ CO’,]’,O’L =0,

(2.3)

dictate a four-dimensional Hilbert space per lattice site and orbital, where an orbital-site can either be empty
(Ivac)), singly (]o)), or doubly occupied (|2)). The respective states are created or annihilated by the fermionic
ladder operators?

|vac) , Ciolvac)y =0,
lo) = ¢! |vac) , ¢_,|-0) = |vac) , (2.4)
12) =¢fet jvacy , &, 12) =1|-0) .

and the full Fock state is given by the tensor product over all sites and orbitals.

With the SB representation, we introduce auxiliary bosonic fields and construct the physical states by a
combination of fermionic and bosonic ladder operators and the implementation of additional constraints.
As we will show, the interaction term then becomes quadratic in bosonic operators at the cost of a more
complicated hopping scheme that, however, also remains quadratic w.r.t. fermionic degrees of freedom.
While the original Kotliar-Ruckenstein slave-boson representation [49] breaks spin-rotation symmetry [49],
a generalization known as spin-rotation invariant Kotliar-Ruckenstein (SRIKR) slave-boson (SB) scheme was
introduced shortly after [50, 66] to overcome that flaw. It provides a complete, bosonic representation
of the spin operator, which allows for the treatment of SOC, incommensurate magnetic order (ICM) and a
distinction between longitudinal and transversal spin excitation as main advantages over the simplified KR
representation®.

Adopting the SRIKR scheme, we introduce six bosonic operators e, ﬁO,i’ P; = (Px,i,Py,i,Pz,i) and d; per lattice
site* 7, which are associated with empty, singly and doubly occupied states, and two new auxiliary fermionic
operators fi,T’ fz v which are referred to as pseudofermions (PFs) in the following. Within this representation,
we create the states of the Hilbert space by

|0y = é* |vac) , (2.5a)
j0) = > pho fl Ivac) (2.5b)
12) = dt f}* ff |vac) . (2.5¢)

Notice that opposed to the representation in Equation (2.4), we explicitly distinguish between the vacuum
and empty state, since the latter contains an é-boson. The occurring fermionic fl , and bosonic bai €

{éi, PoirPis Lfl} operators fulfill the usual (anti-)commutation relations and consequently, any annihilation

1The (anti-)commutator is defined by [A , B ]+ =AB+BA.

2The same also holds for the interacting electrons .

3A further generalization is the spin- and charge-rotation invariant Kotliar-Ruckenstein (SCRIKR) SB representation [50], which
makes it possible to address the particle-particle channel and has been applied in the context of conventional superconductivity
[67, 68]. For the applications in this thesis, however, the SRIKR SB scheme is sufficient.

4The lattice site index will be dropped for better readability in the following and it is implied that all operators act on the same site,
if it is not explicitly shown.
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operator applied to the vacuum vanishes

2 Pt _ y 7 7 _[pt ot _
[fi,a ’ ]’,G’]+ = 00’ 0ij , [ i fj,o']+ - [fsz ’ j,o’]+ =0,

b bt ]l = 2 p _ [t it _
[B0ir Bf ;] = 0ap 0, [y by] = (08, 08,] =0, (2.5d)
[ :(:rr) ’ BS:]_ =0, bailvacy =0, fsilvac)y =0.

In Section 2.1, we will derive the explicit form of the matrix p!_, and subsequently the fermionic ladder
operator in SB representation. Afterward, we will learn in Section 2.2 that additional constraints are required
to exclude unphysical states and that the SB representation is an exact mapping of the original problem on
this constrained subspace. Moreover, we show how to enforce these constraints and their impact on gauge
symmetries. Finally, in Section 2.3 we investigate how important fermionic operators are expressed utilizing
the new SB and PF degrees of freedom.

2.1 Slave-boson representation

In order to transfer Hamiltonians into the SB picture, we need to derive the bosonic form of the p! _,-matrix
and find the SB representation of the fermionic ladder operator 7, which we do in the following based on
References [50] and [53].

2.1.1 Construction of the p-matrix

Empty and doubly occupied sites transform like scalars under spin rotation, whereas the singly occupied
state is required to transform like a spinor with a spin of S = 1/2 and can consequently p’ , be represented
by a 2 x 2 matrix. The total spin per site yields from addition of the PF (S¢ = 1/2) and bosonic spin, we thus
introduce a spin zero (Sp, = 0) scalar boson p; and a spin one (S, = 1) vector boson p = (px, py, p) and need
to find a superposition such that the total spin is always 1/2. The irreducible representation for the spin-one
operator is given by [69, 70]

S* 010 0 -i 0 10 0

. 1 1

S=|g¥|, with §*=—[1 0 1|, SY=—|i 0 -i|l, S*=|o 0o o. (2.6a)
s* 010 0 i 0 0 0 -1

We choose the p* operator to create a bosonic spin-one state, which is polarized towards the x, y and z
direction in Cartesian coordinates with the magnetic quantum number m = 0 respectively, yielding the

spinors
-1 i 0
X - L 0 X -1 0 X:=|1 with §%|x,) =0 (2.6b)
X \/E 7 y \/E 7 z V2 =4 a . .
1 i 0

The relative phases of this orthonormal basis of the spin Hilbert space with <xa| xﬁ> = Oqp are chosen such
that the spinors are consistent under spin rotations by the angle ¢, which are generated by the operator
U, =e72[69, 70]

—_in gz i gx —iogy
Xy=€ 2y, xa=eTy,, xy=ey (2.6¢)
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In order to add spins, we conveniently apply the basis of eigenstates of the S*-operator fis=1,,, with m €
{-1,0, 1}, which is given by the superposition

p1,1=—\ifz(ﬁx+iﬁy), Pro =P ﬁl,_1=%(ﬁx—iﬁy). 2.6d)

Consequently a state with total spin of S = 1/2, decomposed by the PF f » (Sf =1/2) and the vector boson p1,
(Sp = 1) is given by [50]

s=p= D, C(Spy=1,5;=12;my=0-0",ms=0'|S=1}2;0) Pl f Ivac) = > (i), flivacy

o’'=+ o’=%1/2

(ST

(2.6e)

with 0 = +1/2 and the Clebsch-Gordon coefficients [70]

3F20
6

C (1 12, 0 F1)2, +1/2|1/2 a) (2.6f)

In accordance with Equation (2.6e), we express the bosonic degrees of freedom in a convenient matrix notation

\/71710 \/71711
_\/gpl,—l \/Tplo o

F= (fT+ fj) : (2.6h)

Finally, we need to consider the contribution of the p,-boson, which acts diagonally in spin space as a

|"§>

and apply the PF basis

superposition, yielding

o[ apt ot vt -iph)

p= o o (2.61)
b(px + 1py) ap() - bpz
The coefficients a and b are constrained by the normalization condition!
D acl foup gty fi vacy =1, 2.6))

o'

with ¢ = +1/2, i.e., we need to enforce 3b% + a? = 1 and ratio a/b is a free parameter. We choosea =b =1/2

and finally find?
3 At ot t_ s
~ 1 ~ 1(Pot+Pz: Px—1p,
E+ =5 ZPLZ” =5 Af R AJ , (2.7a)
u=0 Px+ lpy Po—P:
3 N N N N
~ 1 ~ 1(PotP: Px—1p,
E:EZPHE#’zz AR (2.7b)
u=0 px+1py Po =P

1In early works featuring SRIKR SB formalism, this normalization was not chosen correctly, leading to a prefactor of 1/V2 instead of
1/2 in Equation (2.7) [59, 66, 71, 72]. This was corrected in Reference [50].
2In the following notation, we identify the Cartesian coordinates x, y, z with the numbers 1, 2, 3.
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where 7 is the four-vector of Pauli matrices, including the identity matrix 7° = 1,. The commutator of these

matrix operators is found to be
5 . 1
[pglgz 7 Pgsm]_ = 56010460203~ (27C)

2.1.2 Fermionic ladder operators
The fermionic ladder operator can formally be expressed as
fa =10) (0l +sgn(0) 2) (-0l . (2.8)

With Equations (2.5b) and (2.7a), we have the tools to create an electron with spin ¢ in an empty side and
thus a representation of the first term of Equation (2.8). For the second term, we need a matrix operator ,
which removes a p-boson with opposite spin, which is given by?!

3
2 o 1.
Poor = sgn(0) 500 )P_gr—g = 5| PoThr = . 29)

Consequently, we can express the ladder operators of the interacting electrons in SB representation by [50]

RPN P (2.10a)
~
Jo= 2 fotus (2.10b)
=
with
gt o=pt e+d'p,., (2.11a)
2,0 =6p,, +ptd. (2.11b)

In Section 2.2, we will show that this representation of interacting electrons becomes exact with the addition
of specific constraints to the Fock space. We identify f,, with the time reversed operator of f, . Fermionic

operators transform under time-reversal (TR) as

~

71-1}7’\-«—1 = fl ’ (f‘fl(]t_l = _fT (2.12a)

where 7~ denotes the anti-unitary TR-operator. The behavior of the PF and SB fields under TR can be inferred
by expressing Equation (2.12a) with the SB representation of Equation (2.10) and comparing terms. We find
(53]

ThoT ' =py, TpT'=-p, TeT'=e, Td7'=d, THT '=f, T/T'=-f, (212b)

which is the expected result, considering that p, represents a spin-singlet and  a spin-triplet.

In this notation ¢ — —o corresponds to a spin flip i.e., an interchange of rows/columns of the according 2 X 2 matrix.
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2.2 Constraints

In the following section, we will learn which constraints need to be enforced such that the SB representation
that combines fermionic and bosonic degrees of freedom is an exact mapping of the original purely fermionic
problem. Afterward, we show how to practically enforce these constraints and discuss their impact on gauge
symmetries.

2.2.1 Exact recovery of the physical Hilbert space

Accounting for the fermionic anticommutators of the PFs and bosonic commutators of the SB operators, a
general state is given by

o (l;_l_)ﬂb
ISB) = ! — [vac) , (2.13)
5:11—1[/2 (fs ) be{el;!,pl, ! o

p2p3,d}
with ms € {0,1} and n € Np. This general form contains unphysical states that are not designated by
Equation (2.5) and need to be excluded by adequate constraints. To recover the physical subspace, we must
first guarantee that every site is occupied by exactly one boson. Secondly, PF and SB degrees of freedom need
to be coupled such that the remaining other forbidden states are eliminated. These two conditions can be
fulfilled by enforcing [50, 66]

3
1=éte+d'd+ ) plp,, (2.14a)
1=0
f;’fo‘ = 2ZPA;10‘I§0’01 +6UO"dA+dA 7 (214b)

on each lattice site. Equation (2.14b) can be rewritten as four scalar equations by expanding in Pauli matrices
(ie., applying ¥, 7" , on both sides of the equation) which also allows for a more intuitive interpretation’

plp, +2d'd, (2.14c)
+p'p, —iptxp. (2.14d)

The first constraint defined in Equation (2.14a) can be interpreted to uphold the Pauli principle because it
excludes higher occupations. It comes along with important implications that greatly simplify many different
calculations. Specifically, two bosonic annihilation (creation) operators to the very right (left) of an expression
annihilate every state on the physical subspace, i.e., those terms are zero, which will be exploited in the
following. The second constraint given by Equation (2.14c) matches the charge density of PFs and SBs in
accordance with Equation (2.5). The third constraint in Equation (2.14d) relates the spin of PFs and SBs in
agreement with Equation (2.6e). In Section 2.3, we will learn that it correlates the spin operator of PFs and
SBs, i.e., a spin flip in PFs needs to be accompanied by a spin flip in SBs.

In early works [59, 66, 71], the indices of the Paul matrix in Equation (2.14d) were mistakenly interchanged, i.e., regular Pauli
matrices were displayed, whereas transposed Pauli matrices are correct. This was adjusted in Reference [50]. Moreover, some
references claimed that additional constraints were necessary to recover the physical subspace [73, 74]. It was later on agreed that
this assumption was incorrect [75, 76].



2.2 Constraints

With that knowledge and Equations (2.7c) and (2.9), we now can verify that the fermionic ladder operators
defined in Equation (2.10) indeed function as desired on the physical subspace?

ot st Pt st N
7ty = Z gt fhét lvac) = Z pt £l vac) = |o)
U/

UI
Jilohy = > ah f b, £ Ivac) = sgn(o)d oo d® £ £ Ivac) = sgn(0)6 6o 12) (2.15)
0102
f:,r [2) = Z iag,fg,frf?ﬁ [vac) = 0.
o’
We are left to prove that the SB representation of the fermionic ladder operators fulfills the canonic an-
ticommutation relations on the constrained subspace. We eliminate the PF degrees of freedom through
Equation (2.14b) and apply Equations (2.7c) and (2.9) to achieve an ordering, where bosonic annihilation
operators are on the right side. As discussed, all terms with two annihilation operators in that order vanish.

Thus, we find

77t — PSS IS B Y S
[fa ’ fa']+ - Z (f612016‘za’02f62 + Zo/azfazfalzala)

0102

L (2.16a)
= 0gpr (%6 +d'd) +2 )" (sgn(0) sgn(0" ) 0, Py v + PlrgsPoro) -
01
and the terms containing p-bosons can be further decomposed
13 13 LS
D PhaPoio =3 D Pibudor + 7 D T (PPo +PiP) + 5 D v ToaPhby - (2.16b)
o1 u=0 u=1 up'v=1
Making use of
Tg,g = —sgn(o) sgn(o’)'cf(j_g, , (2.16¢)
with p € {1, 2, 3} the terms containing Pauli matrices in Equation (2.16a) vanish and we find
3
7o 78], = 0uwr|ete +d*d + > php, | = 000 - (2.16d)

©=0
Consequently, the SB representation is an exact mapping of the original fermionic description on the con-
strained subspace.
Due to the constraints, there is considerable freedom of description, allowing for different but equivalent
representations of the ladder operator. To be specific, it can be transformed by

g o8 =pt (1+0)e+d" (1+02) by (2.17)

o0 oo’

and Oy need to be defined such that their contribution on the constrained subspace is zero. Since two bosonic
annihilation operators to the very right vanish, these expressions may contain an arbitrary (infinite) series
of SB operators under the condition that each summand ends with an annihilation operator. This ambiguity
does not matter for the exact formulation but will be exploited to improve the quality of the approximative
MF solution later on.

1The applicability of annihilation operators can be shown analogously.
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2.2.2 Projectors and gauge symmetries

We define the constraint operators

3
A =ete+dtd + Z php (2.18a)
B = Z fr— Z p,—2d'd, (2.18b)
y:O
B = v fifo— (Pip+p"po—ib" xp) (2.180)

oo’

and need to enforce A = @0 = B = 0 to fulfill the constraints. In practice, this can be achieved by the
projection operators! [53]

inT R
—inT
A 1 inT
Ppo = 2niT f ﬁOBO/Tdﬁo =040 (2.18¢)
A inNT _3 s
. $uBuIT 2.18f
B N—»oo (27TINT)3 ff\[lﬂNT 1—[ ¢ ﬁ ( )
b —Pubusy (2.18g)

As of now, T is an arbitrary parameter, but we will identify it with the temperature to enforce the constraints
within path integral formalism in Chapter 3. It is important to note that the constraint operators commute
among themselves and with the Hamiltonian on the constrained subspace as shown in Appendix A.1

(2.19a)

[H,.?Al]_zo, [H,.@o] = ’
0 [B:, Bj]_=2eiuBx. (2.19b)

(4, %) =0, [A,8] =

Consequently, the constraint operators and the Hamiltonian have common eigenstates, and all constraints
can be fulfilled simultaneously as desired. According to the Heisenberg equation of motion [75]

=[A, O] (2.20a)

this also implies that the constraint operators are conserved quantities, i.e., a physical state cannot propagate
into an unphysical one. According to Noether’s theorem [77], or to be specific its quantum analog, the
Ward-Takahashi identities [78, 79], each conservation law underlies a continuous symmetry, in this case,
local gauge transformations of the SB and PF operators, where the Lagrange multipliers a, o and f act as
gauge fields in the field theory. Since the constraint operators are hermitian, they can be utilized as generators
of symmetry transformations [69, 80]

S = 90 (2.20b)

1Since A and By only contain number operators, their spectrum is given by Ny and it is sufficient to integrate from —inT to —inT,

although the integration could also be extended to infinity. In the case of 8, one has to integrate to infinity because the spectrum
may include non-integer values.
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with ¢; € R, under which the Hamiltonian remains invariant. The individual operators, however, are subject

to change, and their transformation behavior is given by

[@\]

>~
A As oA =
b =SS, (2.21a) =
fo=871:S; - (2.21b) @)

By applying the identity
Ve =V LR, V] +x[X,[%, V] ] + 22)
- 1' 7 _ 2‘ 7 7 _|_ ety .

we find that Equations (2.18a) and (2.18b) yield a U(1) ® U(1) gauge degree of freedom involving SB and PF

operators
¢ =¢ 0 (2.23a)
d =d e 1 Pat2idp (2.23b)
p = pePatitsy (2.23¢)
Fr=Feion, (2.23d)

and we defined p = (po, p1, p2, p3) T. To obtain the transformation properties with respect to the non-diagonal

B-constraint, we may use the identity [81]
elPX § oni0X _ F o-igpX (2.24)

where X = 2ij &X ij é j is a single particle operator associated with a vector of hermitian matrices X and b3
represents a vector of fermions or bosons. With Equation (2.18c), we identify the single particle operator
N At A

X ;; = f 17 f for the PFs. The bosonic part of the constraint can be rewritten by means of matrices

(pip+p'po—ip" xp)=p'Bp, (2.25a)
with
01 0 O 0 0 1 0 0 0 0 1
1 0 0 O 0 0 0 i 0 0 -1 0
By = , By = , Bz = , (2.25b)
00 0 —i 1 0 0 O 0 i 0 O
0 0 i O 0 -i 0 O 1 0 0 O

and we identifyf('z = p'B p. We moreover observe that -7/ /2, —T].T/Z] = i€jj (—TkT/Z) and [QSIT/Z , QSj/Z] =
ie;jxBx. Consequently, we have a SU(2)-gauge symmetry associated to the f-constraint and the transformation

of the fields is given by

= fel'PT (2.26a)
p=peP. (2.26b)
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Operator rep- Creation Double Charge density . . a
. A N Spin density operator §
resentations operator occupancy D operator 7
Original o NP S Ly jir J
expression o fT foi 1 G o 2 &0 0a o
Pseudofermionic ) PPN 5 FtF '
representation does not exist f 7 f Tf 1 f ! S fots does not exist
Bosonic . M43 M7 3 At A 1 fata | atsa  sat o A\l
representation does not exist d'd 2d"d + E‘O PuPu | 2 (Pop +p'py—ip X P)
Mi st ft . . 1 £t 7 At oAl
ixed Lisofy not suitable > not suitable > 3 2 foTogrfor —1P" X P
representation a’ oo’

Table 2.1: Pseudofermionic (PF), bosonic and mixed representations of crucial fermionic operators within the SB scheme.
Different descriptions are equivalent on the physical subspace enforced by the constraints and allow the interacting
Hamiltonian defined in Equation (2.1) to become quadratic in PF operators. The bosonic z-matrix is defined in
Equation (2.10).

Combining Equations (2.23) and (2.26), thereis a U(1) ® U(1) ® SU(2) gauge degree of freedom on each lattice
site i, which is a direct consequence of the constraints. The five redundant phases are problematic within the
field theory description and need to be gauged away or projected out as we will learn in Chapter 3.

2.3 Slave-boson operator representations

Finally, we discuss the SB representation of crucial physical quantities such as the double occupancy operator
and the charge and spin density operator. As discussed eatlier, the representations are not unique, and
in many cases, there exists a purely bosonic and exclusively PF description, and it depends on the specific
application, which one is to be preferred. The results are summarized in Table 2.1 and the respective proofs
can be found in Appendix A.2.

Most importantly, the operator of double occupancy adapts a quadratic and purely bosonic form. On
the other hand, the charge density operator is adventagously represented by the PF expression, which is
form-invariant to the original fermions. Note that the bosonic representation of the spin operator fulfills the
spin algebra [§ P, §7] = ie;xS¥, which is proven in Appendix A.1. After all, the most complicated terms
are given by the hopping and hybridization between different lattice sites because there is neither a purely
PF nor an exclusively bosonic representation for the fermionic creation operator. Nevertheless, the resulting
Hamiltonian is quadratic in PF operators, which was our initial goal. Consequently, the PF degrees of freedom
can be integrated out in the field theory, while we still have direct access to the physical observables by means
of the bosonic representations, which is the strength of the SB representation.

We define pt = (ﬁ{, —ﬁ;f, ﬁ;)T. As we will learn in Chapter 3, p' is a real field within the sB field theory after spurious degrees of
freedom have been gauged away. At that point, the cross product vanishes and the fermionic and PF representations of the spin
operators match, as one would expect.

2Because of the constraints, there is a remarkable freedom of description for the same operator and a mixed representation can
always be found. However, pure bosonic or pseudofermionic representations are desired and exist for this operator, thus a mixed
representation is of lesser use.



CHAPTER 3

Slave-boson field theory

In this chapter, we will learn about the field-theoretical description of the slave-boson (SB) formalism, where
operators are replaced by eigenvalues of coherent states within a functional integral. Section 3.1 summarizes
basic knowledge about the path integral formalism, whose initial idea goes back to P.A.M. Dirac in 1933 [82]
and it was significantly further developed by R. Feynman [83]. The concept initially only allowed bosonic
states but was extended to feature fermions with the introduction of anticommuting numbers that were
proposed by ]. Schwinger [84]. In order to study second quantized Hamiltonians in the thermodynamic
limit, we adopt its application to statistical mechanics at finite temperature by means of imaginary time
path integrals [85]. Subsequently, in Section 3.2, we apply the corresponding basis of coherent states to
the SB representation in the radial gauge and calculate the atomic limit to demonstrate the evaluation of an
analytically accessible limit. The final analytic form of the general SB Lagrangian is given by Equation (3.35)
and builds the foundation for the mean-field and fluctuation analysis discussed in Chapters 4 and 5.

3.1 Imaginary time path integrals

In the following, we summarize important knowledge about imaginary time path integrals and quantum
statistical mechanics based on References [86], [48], and [39]. Key results that will be applied throughout the
thesis are the functional integral for the partition function [Equation (3.6)], the two-particle Green’s function
[Equation (5.51a)] and the expression for the Grand potential [Equation (3.19)].

3.1.1 Coherent states

Coherent states [87] are defined as eigenstates of the annihilation operator

EalE) =Ea1E), (3.1a)

where the index a represents internal degrees of freedom like spin, orbital or lattice site. For bosons, the
eigenvalues &, are complex numbers and Grassmann variables in case of fermions'. The most important
properties of coherent states are summarized by? [86]

In order to incorporate the anticommutation relation of fermions, fermionic coherent state eigenvalues need to be anticommuting
numbers that fulfill the Grassmann algebra. In particular they obey &,&p + £,&, = 0 and &2 = 0, which also implicates special
rules for differentiation and integration [88].

2The notation : O(a},4,) : means normal ordering of the operator O(at,a,), ie., it is ordered such that all creation operators are
on the left and all annihilation operators on the right side.

Chapter 3
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[0 Ef] = 0ap (3.1b)

&) = et Xadall |0y (3.1¢)

1- f [12 [en &a] e 2550 120) (Eal (3.1d)
(1O &) 18y = e sata O(E3EL) (3.1¢)
w0 - [[[o[ene]e s o, (319

f [ ]2 & calexp (— Dl EMapéy+ D (Jada+ 5;]a)) = (det M) " exp (Z ];M;;]ﬁ) , (31g)
a ap a ap

where we defined

. dede
D&, éal = % , (3.1h)
27ni for éa bosonic (3.10)
_ X i
1 for &, fermionic
B 1 for é « bosonic G.1)
-1 for éa fermionic . B

The integrals associated with the differential O are to be understood as multi-integrals over all fields with
the limits —oo to 400, and &* is defined as the complex conjugate of &.

3.1.2 Path integral for the partition function

We aim to calculate the partition function in the grand canonical ensemble!
z=Teet = [ []D[e, e ] e 2ss care e (32)
a

with inverse temperature p = 1/T by means of the coherent state basis, i.e., utilizing Equation (3.1f). In order

to do so, we first consider the time evolution operator? in the coherent state basis, which is given by [86]
U(&, 8,) = (& [ &) (332)

for non-explicitly time dependent Hamiltonians. Since e_%H (tr=ti) is not normal ordered, we cannot directly
replace the creation and annihilation operators by their eigenvalues in the coherent state basis. To overcome
that obstacle, we split the continuous time interval [t fr t,'] into infinitesimal time slices

tf—t,'
n: M ’

(3.3b)

1The chemical potential term has been absorbed into the definition of the Hamiltonian.
2In the Schrédinger picture, the time evolution operator generates translations in time, i.e., [ (£)) = U(t,0) | (0)).
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and find
e N =; e . +0(n?) . (3.3¢)

Consequently, we can replace the regular exponential with the normal ordered one in the limit M — oo and
have marvelously eliminated the impact of the (anti-)commutator of the creation and annihilation operators.
Now, we insert M — 1 closure relations [Equation (3.1d)] between the M exponential factors and further apply
Equation (3.1e) to find [86]

660 o ] 50

- A}Iﬁlloof 1_[ (1_[ 'D Dt mé a, m e ot ’") IM[ < ‘ e_%H(SLSQ) :+0 (172)

=1

= lim (1_[ l_[@ [éz,méa,m] e_é;ﬂ”‘ga,m) ez'” 1 Za Sam Sam= 1_7H(5“ ms CSozm 1)) .
M—oo

m=1 «

&) 3ad)

Now, we identify that the partition function can be written as trace of the time evolution operator under
imaginary time propagation it/h — 7 with the interval 7y — 7; = § = Mn and application of periodic
boundary conditions (PBC) for bosons and anti-periodic boundary conditions (ABC) for fermions respectively

50{,0 = CSa 7 (343)
&= CEL (3.4b)

Utilizing Equations (3.2) and (3.3d), we finally find

M
Z = lim 1_[ 1—[ D (&5 &a | e SlEamton], (3.5a)
1 «a

M—>oo
m=

with the action [86]

S — Eam-1
S [ Ewm Eam] = ”Z[Z( %JFH((S;,m,ga,m_l))

i [Z gy TS (e e )]

m=2 n

(3.5b)

This form of the partition function is often symbolically expressed in a continuous notation’
= fl) [&(0), &(n)] S84, (3.6a)

with the action
* ﬁ *
sigvel= [ deLie @, g0, (3.6b)
0

1The integral is to be performed over all internal degrees of freedom a and all imaginary times 7 under the constraint £(8) = C£(0).
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and the Lagrangian

LIE(1),EM] = ). E(1)E,(1) + H (£4(1), £,(D) - (3.6¢)

Such an expression is called functional integral, because it involves integrating over the histories of all fields.
It is important to note that the discrete expression is formally correct since the continuum limit is not always
well defined. We adopt the continuous notation in the following, and it is implied that the limit M — oo is to
be taken within the exact, discrete expression given by Equation (3.5).

3.1.3 Green’s functions and correlations

Quantum mechanical expectation values are given by

[ DI, &] Ealn) eSIE4
Z

(a(m)) = (37)
within path integral formalism, i.e., the quantum mechanics of many-body physics based on commutators
is transformed to a statistical description with distribution function e™S. Time-ordered correlations between
two fields can be calculated analogously and are given by the two-point Green’s function, which is defined
by [48]
[ D&, 8] eune (e SiE s
7 /

where r = (r;, 7) is the space-time four index, p, v represent internal degrees of freedom, e.g., orbital and

Gun(r =1y = =(Teéu(n &) = (3.8)

spin, and 77 is the time ordering operator, which is defined by

Eur, D&, ) ifr>T

TEur, D& ) =1"", X
@, e, vy ifr <.

3.9)

The Green’s function depends only on the difference Ar = r — r” due to translation symmetry, and conse-
quently, the space-time degrees of freedom of the Lagrangian matrix can be diagonalized by means of Fourier
transformation (FT)'. The FT w.r.t. imaginary time has to respect the (anti-)periodic boundary conditions of
the path integral defined in Equation (3.4a), which can be achieved by the definition of Matsubara frequencies
[89, 90]

Z”Tn n € Zy, & bosonic,

o - (3.10a)
n @nibr e 7,, & fermionic ,

1(Anti-)symmetry w.r.t. to imaginary time occurs naturally in the path integral. Since we impose PBC for bulk Hamiltonians, we
also have spatial translation symmetry. For open boundary calculations investigated in the context of topological edge modes in
Chapter 12, translation symmetry is broken, i.e., k is not a good quantum number anymore, and the spatial degrees of freedom
are absorbed into the indices p, v.

2With symmetric normalization, the FT is a unitary transformation, i.e., the integration measure of the path integral remains
invariant. The FT of hermitian conjugated fields is found by £ — &* andi — —i.
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where = 1/T is the inverse temperature. For discrete imaginary times 7,, = mn with M = /1, we define!

1 M/2
éa,m = — e_iwﬂm éa,n ’
M ”:;A/ 2 3.10b
. w2 (3.10b)
éa,n = —— eiwﬂméa,m ’
\/A_/I m:ZI\:/I/Z

and find the continuous description after the limit of infinite time slices M — oo

1 ©
Ea(T) = — e_m}nTéa,n ’
Ly

nz_ﬁm (3.10¢)
1 .
Ean = _f dte' " &y (T) .

VB Jo

Moreover, the FT from position to momentum space is defined by
1 ep
Lalr) = = Dleknie,
k

. (3.10d)
_ —ikr; .
ok = \/—N;e Ea(ri)

where N is the number of lattice sites and the sum is to be performed over the Brillouin zone (BZ) of the
respective lattice. Within the limit of continuous imaginary time, we define the FT of the Green’s function

B A A
[Gk]y,v = Zf dt G#,V(AT) eflkAriﬂwnA'c , (3.11)
AT,‘ 0

where k = (k,iwy) is the four-index in momentum-Matsubara frequency space.

3.1.4 Quantum statistics of non-interacting particles

In the following, we calculate the partition function and thermodynamic potentials for free particles with the
Hamiltonian?

A® =36, élE, (3.12)

o

by applying the path integral formalism, which will be of great importance for the MF and fluctuation
treatment of the SB fields in Chapter 4 and Chapter 5.
Discrete imaginary time

The partition function factorizes for the non-interacting particles, and we find with Equation (3.5) and the
solution for the Gaussian integral given by Equation (3.1g) that we are left to determine the determinant of

2The calculation holds also for a non-diagonal Hamiltonian H® = ¥, & Z 6 Hapé g since it can be diagonalized by a unitary
transformation U, and the resulting quasiparticles fulfill the same (anti-)commutation relations. Moreover, the Jacobi determinant
J =detUdetU! = detU U’ = 1is equal to one, i.e., the integration measure of the path integral remains invariant.

| 25
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the M X M matrix of the Lagrangian, where the number of time slices M goes to infinity

© T 1 -
zZO = ]_[ lim (det M) ~. (3.13)
a
The Lagrangian matrix is defined by the discrete expression in Equation (3.5b) and yields [86]
1 0 0 0 -Cy
-y 1 0 0
0 -y 1
M= , (3.14a)
¢
0 . 0
0 -y 1
with
!
y=1- Mea . (3.14b)
By Laplace expansion of the first row, the determinant is found to be
det M =1+ (-DM ()M (3.14¢)
Evaluating the limit of infinite time slices, the partition function of free particles is given by
zO =TT (1-cee) ™. (3.14d)

a

Continuous imaginary time

The same result can be obtained in the limit of continuous imaginary time described by Equation (3.6). The
-1

Green’s function corresponding to Equation (3.12) is then given by G (1) = (—8T -H 0) , which yields’

[39, 48]

[fo,l wp Sa,p (lwn = €)7! (3.15)
after FT to Matsubara space. In that basis, the action matrix becomes diagonal,
* " 0 -1
S(Z) [Cgiwn,a/ éimy,,a:l = Z Z éia)”,a (_ Gi(w)”/a:l ) éia}n,a (316)

io, «

and the calculation of a determinant to obtain the partition function with Equation (3.1g) is simplified to the

evaluation of an infinite product

70 = (det (— [g“))]_l))_C =11 ] iwn + e .

(3.17)

1For simplicity, we adapt the notation AT — 7.
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Now, we consider the grand potential (GP) of free particles

QO =_Tinz®, (3.18)

and after applying the identity Indet A = TrIn A, we find

Chapter 3

Q© = TCIn det (— [g“’)]*l) — TC{Trin (— [g“’)]’l) =T Y In(-iy + €a) - (3.19)

The occurring Matsubara sum can be evaluated analytically after multiplying with a convergence factor e'@0"

and mapping on a complex contour integral® [48]
; + d +
QO = Tc;m(—iwn +eq)elen? = _Cza: 56 Z—;nc(Z)ln(sa ~z)e®

= _;f_: j—:inc(a)) [In (4 — @ +i0%) —In (e, — @ —i0")]

(3.19b)
[ da) ) =)
= —zal f_m 5 c(@)2mi O (@ — ) = —; f dong (o)
= (T ) In(1-Ce ),
o
with
ny1(ey) = ng(ey) = ﬁé;l Bose — Einstein distribution (3.20a)
e a —
n_1(eq) = np(ey) = _1 Fermi — Dirac distribution . (3.20b)
eb€a 1

This result will be used later on to determine the MF grand potential and implicates the same partition function
that we obtained for discrete imaginary times in Equation (3.14d) as desired. Finally, we want to establish a
connection between the equal-time Green’s function and quantum particle statistics.

1 ; + _ : +
GVt =07) = EZ GOl @ = 3 (iwn — £) € = ~Cnc(ea) | (3.21)
iwy a

Details on the occurring Matsubara summations are provided in Appendix A.5.

3.2 Slave-boson Lagrangian

Applying the knowledge of Chapter 2, we map the general Hamiltonian in Equation (2.1) to the SB represen-
tation by utilizing the operator representations summarized in Table 2.1. We choose the PF description of the
charge density operator because it can be integrated out exactly later on and adopt the bosonic representation
of the Hubbard interaction that simplifies it to a quadratic form. The resulting theory is decomposed into a
part containing both, PF and SB degrees of freedom and a purely bosonic part

A =Hr+H;p (3.22)

1The convergence factor needs to be added due to the ill-defined continuum limit. As can be seen in the discrete description,
the fields entering the Hamiltonian differ by a single time slice, which is omitted in the continuous expression and leads to the
necessity of the convergence factor.
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with

Z Z zcr 1001 1](7102 ]U(fzfj(r +(e}‘_HO)Zf

00’0102 lrﬁ]

00’ e At oA

+ Z Z Z €o,i,0 1] JO’CD]J' + Z Z €o,i ”V’] aa’ ]‘7' + hC + Z (EO B HO) Co,i,oco,i,ﬁ ’ (3.23a)
0" o=l i#j o0’ ij i00

+ Z ZZ( 0,i,0 1]0'02 ]oozf]a/-l-hc)
0’02 0=1 ij

Ay =U ) dld;. (3.23b)
i

To calculate the partition function on the physical subspace, we need to evaluate [53]
zZ="Tr(ePP), (3.24)

where P is the projector defined in Equation (2.18). Within the coherent state path integral of SBs and PFs
applied to all lattice sites 7, the product of exponentials yielding from the projectors and e PH can be written as
a sum in one exponential. We, moreover, identify the arbitrary parameter T in the definition of the projectors
with inverse temperature p. Consequently, we may divide the constraint operator terms into the same time
slices as the Hamiltonian, and we need to add these to the Lagrangian. Applying Equation (3.6), we, therefore,
find the effective Lagrangian [50, 53, 66]

LIy ¢, ¢ ¢l =L [y ¢, 9", @] + Ls [¢, ¢] (3.25)
with
Lr [y ¢, 97 ] = Hr [‘I’*,‘P, ¢, ¢] + Z [‘P:'raf‘l’i + 50,if;’r£0fi +P;i (f:rlfz)] ’ (3.26a)
s [¢, ] = Z [Wio. W, + U d;d, + ai (eje; + pi ipo, + P p; + did; 1)
i (3.26b)
= Po,i (P(*),ipo,i tpiopt 2‘1;”11') -Bi- (Pa,il’i + PPy, —ip; X Pi) ] .
We, moreover, define
.
W, = (ei i Py PP /Pa,i) ’ (3.27a)
.
b = (cw Sy Lir e 1 ConirCoir o f“) (3.27b)

for the collection of SB and PF fields, and 1 represents the SBs including the Lagrange multipliers (LMs)

a,ﬁo,ﬁ.

3.2.1 Radial gauge

In Section 2.2.2 it was shown that the constraints are conserved quantities, which according to the Noether
theorem [77] implicate respective continuous symmetries, specifically a SU(2) @ U(1) ® U(1) gauge symmetry,
where the LMs «a, o, f1, f2, B3 act as gauge fields. The static MF approximation discussed in Chapter 4 does
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not depend on the choice of gauge. The full functional integral, however, is only applicable if the gauge is
fixed.

The gauge freedom does not correspond to a physical symmetry but is an artifact of the SB representation
associated with the constraints, which is why those gauge fields are also referred to as spurious fields, or
Faddeev—Popov ghosts [91]. In Section 3.2.3, we will explicitly calculate the exact atomic limit and show that
an unfixed yields an incorrect partition function due to over-counting. In the case of Gaussian fluctuations
discussed in Chapter 5, the spurious degrees of freedom cause unphysical divergences, which need to be
projected out in order to evaluate correlation functions. These zero modes can be understood as Goldstone
modes, originating in the spontaneously broken gauge symmetries of the MF approximation.

The correct gauge symmetry has been debated for quite some time, including wrong assumptions of a
higher symmetry group [59, 60, 72, 92-95], until it was agreed to be U(1) ® U(1) ® U(1) for the original
KR representation [96] and SU(2) ® U(1) ® U(1) for the SRIKR representation applied here [50]. Following
References [53] and [50], the spurious degrees of freedom can be removed in the radial gauge, where the fields
on each lattice site are expressed by their absolute value and phase!

e=¢e%le|,
d =e®d|,
p = elloeinTy (3.28a)

13
== H
i ZZpZOq‘ul !

with g, € R. In order to do so, we need to simultaneously perform a local SU(2) ® U(1) gauge transformation
for the PFs and a U(1) gauge transformation for the d-and p-bosons respectively, where the gauge phases
match their counterparts in the radial description

f— e—iXOf e Xz

d— ei(9+2)(g)d ,
y (3.28b)

Following these transformations, all terms associated with the five phases 0, xo, x1, X2 and x3 can be absorbed
into the Lagrange multipliers by applying

(a + 19) - a, (3.29a)
(Bo +ix0) = Bo, (3.29b)
(ﬁ—i(n)'(+ﬁsin)(cosx—i1aninz)())—>ﬁ, (3.29¢)

which is proven in Appendix A.3. Consequently, the phases of e, pg, p1, p2 and p3 are removed, i.e., they real
fields and only the d-field remains complex. Without phases, the p and g matrices are equivalent, and we
will go back to the previous notation involving p, po and e in the fEHOWiI_‘lg and it implied that these fields
are real-valued. This gauge reveals two major s_implifications for the bosonic Lagrangian. First of all, the
time derivatives of all real fields vanish due to PBCs of the path integral for which total derivatives vanish

1The gauge transformation is local, i.e., all fields employ the same space-time index r for the whole calculation. We will thus drop
it for better readability, and the transformation is applied for each space-time independently.
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(2ed.e = d.e? = 0, etc.). Secondly, the cross product p* X p, which enters the -constraint vanishes and we
find

Lr [, 03, 0] = He (W, 05, 0,) + D [070:0, + poifiaofi + B, (Fizf))] (3.302)

1

Lolp,1 > Y [d;(aT +U)d; +ai (el +pd, +p? +d;d, — 1) = Bos (p3, + p} +2d;d;) - B, - 2;90,1-;/1[.] . (3.30b)

1

The PF part does not explicitly change except for the removed bosonic phases. This radial gauge will be
denoted by the dependency 1 instead of 1", 1 in the following. When calculating the partition function in
this gauge, the integration measure also needs to be substituted [50]

f g 4\;1_) dw? (3.31)
o 2mi 0

Moreover, according to the Read-Newns path integral [97, 98], the Lagrange multipliers are promoted to
dynamic potential fields, which need to be integrated along the entire imaginary axis [48].

3.2.2 Momentum-space representation

We impose PBCs to the Hamiltonian, and due to the resulting translation symmetry, the natural basis of Lr
is in momentum space. We apply the FT defined in Equation (3.10d) to the collection of PFs ¢, as well as the
bosonic z;-matrices and LM fields fg ;, #;, where number of lattice sites is denoted by N. We then can rewrite
the PF part of the Lagrangian through a SB-dependent hopping matrix H ;fll k, 153,56, 99]

Lr [¢7<1’ (sz’ ll}kl,Z] = Z (P;l (aTékl'kz +H;€Pl,kz) ¢k2 ’ (3:32)
k1,k2
with
1 1
HY ke = B (€= o) + = EINNES - Zk: (2) ok, 26 (2) o, (3.332)

Moreover, we define the bare hopping matrix
H, =Y e (;;?]. S A ) , (3.33b)
ij

that contains orbital and spin degrees of freedom and A;; connects lattice sites i and j. It describes the
hopping matrix of the non-renormalized Hamiltonian, excluding on-site degrees of freedom. These need to
be considered separately because they are not renormalized by the z-matrices within the SB representation,
and we define

€ = diag(ey, ...,€0,€)) . (3.33¢)

Also, we define a generalized Z-matrix, where all non-interacting orbitals are represented by the identity

matrix and a generalized Lagrange multiplier matrix, which of course vanishes for the non-interacting orbitals

Zy = (Lo VNSK0) © 2, (3.33d)
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B =000 @B, - (3.33¢)

— 220x%20

3
B, = Z Buxzt . (3.33f)
u=0

Finally, we define the PF Green’s function cg
4 y \7! S
gliQ - (aT + Ek1,kz) ’ (3.34) 6
After all, the SB Lagrangian is given by
L[¢% 0, 9] = Ls[¢,] + Lr [D1) Pr Prr] - (3.35)

where Lp defined in Equation (3.30b) is kept in position-space and Lr given by Equation (3.32) is more

conveniently handled in momentum-space.

3.2.3 Atomic limit

Our model of interacting electrons associated with the two-particle Hubbard term cannot be integrated out
exactly within the path integral because the action contains terms of the order O ( f4) in the Lagrangian. This
problem, of course, is not resolved by the SB representation because of the coupling of PF and SB fields in
Lr produces terms of the order O (‘114(1)2), which is in general even more complicated. In the atomic limit
where we consider only one lattice site, however, only quadratic terms remain and the fields can principally

be integrated out analytically. The according Hamiltonian is given by
Flsiom = —tto 3 747, + UFH 7T, = —uo 3 fif, + udtd (3.363)
o o
The Hilbert space is only four dimensional {|0), |T), [{),]2)}, and we find
Z Atom = Tr e BHAwm = 1 4 DeBHO 4 Buo=lD) (3.36b)

In the following, we will show that the SB path integral reproduces the correct atomic limit within the radial
gauge under the assumption that the LM fields can be chosen to be time-independent, whereas the Cartesian
gauge yields an incorrect result due to over-counting, which stresses the importance of the gauge fixing. Even
though the LMs are formally time-dependent in the radial gauge, we assume them to be static in the atomic
limit because the charge density 71 = 3, ff, is a conserved quantity, which can be seen in the Heisenberg
picture

on 1

gt

It would nevertheless be desirable to set up the formally correct calculation with time-dependent LMs, which

[Aawom , #]_=0. (3.36¢)

has been established for the KR-SB representation at infinite interactions [100, 101], but is, as far as we know,
still lacking for the general case.

We present the following atomic limit calculation based on Reference [53], which is a generalization from
the KR representation shown in Reference [80] to the SRIKR case. According to Equation (3.30), the SB-atomic
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limit Lagrangian in the radial gauge is given by

Laom=-a+ae’ +d U+ +a-2p)d+p " Bp+fFf (3.37a)
with
Po a—po —p1 —B2 —Bs
. P1/ 52 —f1 a-po 0 0 ,
P2 —B2 0 a—Bo 0
(3.37b)
p3 —Bs 0 0 a-po
f= f , F- dr — o + Po + B3 B1+1ip2 '
fi B1—1ip2 dr — o + Po — B3

To integrate out the fields, one needs to diagonalize the matrices 8 and ¥, whose eigenvalues are given by

Bip=a-po,
Byu=a—-Po£p, (3.37¢)
Fip=0r— o+ pPoxp

where g = /B3 + B3 + 3. In this quasiparticle (QP) basis, we have a diagonal Lagrangian of non interacting
fermions and bosons and we apply Equation (3.14d) to integrate out the fields. Consequently, we find

1 TNT 3 /T T\ ! (a=2o+U)/T\ "L
Z = d d d a —a 1 — e~ (@=2Bo+
Atom = i1 oo(2rc1T)2 (2mNT) ot “f_mT o fanNT petT(1-eT) " (1-e )

X (1 _ e—(a—ﬁo)/T) (1 _ e—(a—ﬁo+ﬁ)/T) (1 _ e—(a—ﬁo—ﬁ)/T) (1 + e—(ﬁo+ﬁ—yo)/T) (1 + e—(ﬁo—ﬁ—uo)/T)
(3.38a)

and are left to determine the integrals over the LMs. We start with the integration of a, and observe that the

partition function can be written as an integral over a function of e%/”
1 inT
ZAtom = T da, 3.38b
Atom = 5o j:iﬂ f (e ) o ( )

and after substituting a/T — ia, we find

27111,[ f " f(e¥T)da - — f (3.38¢)

Now, we may exploit that the projectors defined in Equation (2.18) are invariant under the addition of an

arbitrary imaginary part to the Lagrange multipliers @« — a + id@, which by substitution z = e™* maps the
integral onto a complex contour integral with radius e~ around the origin

1t 1 1.1
o _nf(e Jda - Zf(;)dz. (3.38d)
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Since & may be chosen arbitrary small, we may determine the integral by its residue at z = 0 and after
applying the substitution given by Equation (3.38¢) to all LMs, we find

1,.(1 1 1 m N A . .
Z =—Res|-f |- =0 = lIim —— 38 (1 =Qipo+U/T) | pa=ifo=ip | pa=ifo+ip
Atom es[zf(z)'z 0] N 27 (27N Indﬁoﬂandﬁ( e e e )

o
X (1 + eiﬂ0+i‘3+/,lg/T> (1 + eiﬁo—iﬁ+y0/T) . E
(3.38¢) 5
O
The Bo-integral may be carried out in the same way, yielding
1 N
Zatom = 1+ e U72H0/T 4 2ao/T 4 quo/T z\lzlglo W ffj:nN d3ﬁ (2cos(2B) +4cos(B)) . (3.38f)

The remaining integral vanishes in the limit N — co and thus we recover the correct result for the partition

function of the atomic limit in the radial gauge!
Zatom = 1 + 2eH0/T 4 oCuo=D/T (3.382)

The calculation can be carried out in the same way with complex fields in the Cartesian gauge, with the only
difference that there are additional contributions from the cross product p* X p. By explicit calculation one
finds that this term causes an over-counting yielding the wrong partition function 1 + e (U=2t0)/T 4 geto/T
[53]. It is, therefore, crucial to remove the spurious fields in order to have a well-defined path integral?.

We will argue for the Gaussian fluctuations in Chapter 5 that the best way to approximatively fulfill the
3
u
is not correct for exact calculations like the atomic limit, where the replacement yields a wrong partition

a-constraint is to replace an arbitrary SB field by direct application of 1 = e? + d*d + Y}’ _, pﬁ. This, however,

function and the result even depends on which field has been replaced?.

We use f x2 (cos(2x) + 2 cos(x)) dx = x2 (2sin(x) + sin(x) cos(x)) +x (4 cos(x) + % cos(2x) —4sin(x) — % cos(x) sin(x)) and apply

spherical coordinates. Since the trigonometric functions are bounded, we find the integral to be of the order O (N 2) and considering
o2 _

O(N3) —

2t was understood early in the literature that the cross product of the p-fields is problematic. So it was at some point suggested
in the literature to add an additional constraint y (fJJr X fa) = 0 to force the cross product to be zero [73, 74]. This, however, was
agreed to be incorrect in the following literature [75, 76]. And an explicit analogous calculation of the partition function would
also yield the wrong result, to be specific 1 + e@#o=t/T |

3Replacing €2, e.g., yields Zatom = 1 + 2e#0/T + e@to=W/T 4 4e200/T j e we explicitly find that not integrating the a-constraints
causes states, which are occupied by more than one boson.

the normalization, we find limy e






CHAPTER 4

Static mean-field approximation

As we pointed out in Chapter 3, the slave-boson (SB)-Lagrangian is of the order £ = O (¢2‘114) in pseud-
ofermion (PF) and SB fields, and those in total cannot be integrated out exactly. We, therefore, solve the
problem approximately by imposing a static, uniform mean-field (MF) ansatz to the SB and Lagrange mul-
tiplier (LM) fields, i.e., replacing respective space-time dependent fields by their quantum mechanical (QM)

expectation values!

v = (W) = v (4.1a)
Following Equation (3.7), the QM expectation value is given by

D, ¢ p] ¢ () eSle]
(v00) = P , o

where S denotes the MF action and Z?) the MF partition function, which are of Oth order in bosonic fields.
Because of translation symmetry of the Lagrangian w.r.t. space-time L(r) = L(r + Ar), the expectation
value ¢, does not depend on r = (r;, ) and is thus simply given by a real number. Within this ansatz, the
action becomes quadratic in PF degrees of freedom and can be integrated out exactly. Since S® does not
depend on bosonic fields, our MF ansatz does not implicate a direct self consistency equation like e.g., in BCS
theory? [28, 102]. We will rather minimize the MF free energy (FE) F ©) while enforcing the MF constraints,
to determine the ground state. Within this uniform MF ansatz, the SB-dependent hopping matrix introduced
in Equation (3.32) becomes diagonal, because the z-matrices do not carry space-time degrees of freedom any

o HY (W)
more, i.e., ﬂkl,kz - H".

4.1 Spiral magnetic mean-field ansatz

Although the internal spatial degrees of freedom are removed by the uniform MF ansatz, we may impose

non-uniform, symmetry-breaking order by means of an external ordering vector Q. The SB method is well-

1Since the MF Lagrangian is hermitian, its eigenvalues only depend on <¢ #) (1#7, ), consequently the MF variables 1, can be chosen
to be real.
2In BCS theory and most other fermionic MF theories, the two-particle vertex of the order O ( f4) is replaced by a quadratic expression

times the MF expectation value, yielding the order O ( Vi )2), which makes the action quadratic. However, in opposite to the SB
case, the BCS MF action still depends on the same fields that also appear in the expectation value, which implicates a self-consistency
condition. It can be shown that solving the resulting gap-equation is equivalent to minimizing the MF free energy (FE) [39]. Since
the sB mean-field variables are coupled to the PFs (which still enter the action as fields) by the constraints, one can, however, argue
that the saddle point equations, which determine the ground state, are also self-consistency equations.

Chapter 4
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(a) FM, i.e., @ = 0. The magnetic unit (b) AFM order, ie, Q = (7, n)T. The (c) ICM order with Q = (1.4,1.4).

cell encompasses one lattice site and magnetic unit cell encompasses two There is no spatial translation in-
is identical to the PM unit cell. lattice sites and is doubled in size variance, i.e., the unit cell is given
compared to the PM unit cell. by the whole lattice.

Figure 4.1: Visualization of the average spin structure in accordance with the spiral magnetic MF for three different
ordering vectors in two spatial dimensions. The dots represent lattice sites and arrows depict the orientation of the
respective MF spin. The translation invariant magnetic unit cell is displayed by the gray squares.

PN

suited for the investigation of magnetic order because of the simple form of the SB spin operator S; = p,p,, ;-
Accordingly, we define the MF ansatz [53, 55, 71, 74, 103-105]

cos(QR;)
p;(t) = p|sin(QR)) | , (4.2a)
0
po,i(T) = po, (4.2b)
ei(t) = e, (4.2c)
di(t) > d, (4.2d)

which incorporates a spin spiral in the x-y plane! , where the absolute value of the spin expectation value,
i.e., the (staggered) magnetization is given by

m = |<§>| = ppo , (4.3)

and the spatial periodicity, and thus also the size of the magnetic unit cell [19] is controlled by the external
ordering vector Q. For simplicity of notation, we have dropped the brackets (), but the MF variables are to
be understood as expectation values, which are positive semidefinite {p, po, e, d} € Rg and we recognize that
p = |p|- Moreover, we define the spin-spiral periodicity P as the minimal integer that satisfies

PQmod2rn =0 (4.4)

For a more intuitive understanding, P is also identified with the number of atoms per magnetic unit, i.e., its

size is proportional to P, and the size of the magnetic BZ is reduced by a factor 1/P in comparison to the PM

For SRI models, the spin-plane is arbitrary, and we can make this choice w.l.o.g. If spin-orbit coupling (SOC) is present, the
orientation may play a role and can be rotated as discussed in Appendix B.4.



4.2 Non-interacting limit

case. The two most important types of magnetic order covered by the MF ansatz are ferromagnetism (FM)
(Q =1(0,0,0)T, P = 1) and antiferromagnetism (AFM) (Q = (7,7, m)", P = 2). If components of Q/27 are
not a rational number, we find P — oo and the BZ shrinks to a single point, implying that the momentum k
is no longer a good quantum number. This type of order is called incommensurate magnet (ICM). The three
discussed examples of magnetic ground states are illustrated in Figure 4.1.

Since the constraints defined in Equation (2.14) can also not be integrated out exactly within the field theory,
we need to consider them in the static MF ansatz as well. In order to do so, the constraint fields act as Lagrange
multipliers (LMs) to enforce the constraints on average by fixing the occupation of bosons and matching the
expectation values of the SB and PF representations of the spin and charge density

1=e®+d*+p5+p?, (4.5a)
(fip) = (fig) = 2d* + pj +p*, (4.5b)
[(8e)] = [(88)] = pro - (450)

Moreover, the PFs need to be constrained to the same spin-spiral as the SBs, which leads to the ansatz [53, 55,
71,74, 103-105]

a; >, (4.6a)
Bo,i = Po, (4.6b)
cos(QR;)
Bi — B |sin(QR)) |, (4.6c)
0

with a, fo, B € R. Notice that the constraint given by Equation (4.5a) fixes the normalization of the magneti-
zation to the expected continuous interval m € [O, %] PM states, defined by a vanishing magnetization, are
recovered by p = 0, and the corresponding ground state does not depend on the ordering vector Q. This
limit also implicates = 0 because the PF expectation value of the spin does not vanish otherwise.

4.2 Non-interacting limit

The discussed lattice Hamiltonians are exactly solvable in the limit of zero interaction U — 0 in the original
fermionic description. It is desirable that our MF approach correctly reproduces that limit, which requires
z = 1, for U = 0, since the z-matrix renormalizes the hopping and hybridization amplitudes of the PFs.
In order to achieve that goal, we exploit the freedom of description of the exact theory on the constrained
subspace according to Equation (2.17). We may thus renormalize the Z-matrix operator?! [73]

~

+dﬁ(ﬁ£M3ﬁ+ﬁ

~

M 3&) , (4.7a)

(IS
o
(lanid

=é'p+

In early works, the renormalization was not correct in the non-interacting limit, which in some cases came along with a wrong
normalization of the p-matrix [50, 59, 61, 66, 71], this was corrected in Reference [73]. It was also recognized that the normalization

factors break the normal order of the path integral [75], which we will further discuss in Section 5.1.
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with
. . b \-12
L=(a-ddy-2p") (&.7b)
1/2
M=|1+dtd+éte+ > plp.| (4.7¢)
u
R ot a\-12
R=(a-eom,-25'3) (4.7d)

without impacting the exact theory, whereas the MF approximation is subject to change. As shown in Ap-
pendix A 4, the renormalized z-matrix can be expressed in a more convenient way, where the renormalization
factors . and R become diagonal by expansion in the basis of Pauli matrices. Within the spiral MF ansatz
defined in Equation (4.2), it is found to be [53, 99]

g =20 B i T < (4.82)
= P Z_ elQRi Z+
with
Z.= # , (4.8b)
2y = pole +d) tple—d) ‘ (4.80)

\/2 [1-d?2—(poxp)?/2] [1-e2- (po Fp)?/2]
In the PM limit, the matrix reduces to

d
poe +4) 0 = 7020 . (4.8d)

Zy = T
V200 -2 = p2/2)(1 - 2 - pF/2)

Returning to the question of the non-interacting limit, we may assume Equation (4.8d) to be present because
there is no magnetic order without interaction and need to show that zg = 1 for U = 0. For free particles, the
two possible electronic states [T), ||) are under consideration of the Pauli principle randomly occupied with
the same probability on each site. For an average filling of 0 < n < 2 per site, the mean occupation of |T)
or ||} is given by 1/2. Consequently, the average number of doubly occupied sites is given by d? = (n/2)?,
the mean value of singly occupied sites yields p3 = 2(11/2)(1 — 1/2) by accounting for the spin degeneracy.
Finally, it is e* = 1 — d®> — p2 = (1 — n/2)2. Inserting these expressions into Equation (4.8d), one finds zo = 1
independent of 1 as demanded, which correctly fixes the non-interacting limit* [53, 99].

1There are still multiple different choices of renormalization factors that fulfill the correct non-interacting limit. The MF renor-
malization, e.g., remains unchanged if creation operators are substituted by annihilation operators. However, the established
choice employing particle operators is reasonable because the renormalized Hamiltonian remains hermitian in the exact theory.

2t A~ .
Moreover, the MF solution in the non-interacting limit is invariant under the substitution p° — p*, because it features p = 0.
However, the particular chosen form is necessary to recover the exact original KR-SB representation [49] in the limit p; = pp = 0.
2t ~ . . .
Moreover, the chosen form recovers the symmetry of simultaneously interchanging e <> d and ' ¢ p, which is present in the

exact representation within the MF ansatz. We confirmed by numerical analysis that breaking this symmetry causes inconsistent
and unphysical results for the MF solution. After all, there remains some ambiguity about the choice of the renormalization
factors, but the presented form has been commonly agreed on in the SB community, and we provided strong arguments why
it is reasonable. Finally, another point is that the numerical results calculated with this renormalization compare well to other
theoretical methods.



4.3 Mean-field Lagrangian

4.3 Mean-field Lagrangian

Under application of the MF ansatz defined in Equations (4.2) and (4.6), the SB Lagrangian given by Equa-
tion (3.35) is simplified to [53, 54]

LO[¢p*, ¢] =LY + LD (¢, ] , (4.92)
with

LY =N [Ud® + a(e? +d* + p2 + p* = 1) — fo2d® + p3 + p*) - 2Bpop | , (4.9b)
LY (¢, @] =Hr [¢", @] + Y. [p0:p; + pof [2°F; + B (f] [cos (QR) T +sin (QRN V] £,)] ,  (4.90)

where N denotes the total number of lattice sites. The corresponding MF action is given by
’ (©) (©)
SO = f At LO [¢", 9] =S +S; (4.10)
0

and since Lg)) is constant w.r.t. the field theory, the bosonic part is simply given by
0 0
81(3 ) — B‘El(a) ) (4.11)

Since Séo) is quadratic in PF fields, it describes a renormalized effectively non-interacting field theory that
can be treated in analogy to the discussion in Section 3.1.4. To integrate out the PFs later on, we exploit the
translation invariance by adapting a diagonal basis in momentum-space and need calculate the SB-dependent
hopping matrix H f’Q as MF analog to Equation (3.33a). Despite having only one internal momentum index,
the external ordering vector Q correlates two fields with a momentum overlap of +Q, which generally
increases the dimension of H Z}’Q as a consequence of an enlarged magnetic unit cell for Q # 0. Since we
require ¢, ., = ¢, to hold, a suitable basis that captures all possible correlations and exploits translation

invariance w.r.t. the magnetic unit cell, is found by

0 T
<Pk = (‘i’k ’ ¢k+Q ’ ¢k+2Q sy ¢k+(P71)Q) /

. 4.12)
¢y = (Cum WCpy s 1 Cokn ol Sl ’fk,i) .

With the definition of the spin-spiral periodicity in Equation (4.4), it enables a ladder of possible momentum
overlaps with PBCs. In analogy to Equation (3.16), the action can then in Matsubara-space be expressed by

5= (90) (non+ HE) 92 == (92) [cV] 02, (4.13)
k

k

with the PF mean-field Green’s function

-1

G} = (i0n - H}"?) (4.14)

The specific forms of H ¥.Q for the three models that we discuss within this thesis, i.e., the Hubbard model,
periodic Anderson model (PAM) and topological Kondo insulator (TKI) model, are derived in Appendix B. In

1As shown in [55], this basis is connected to a real space sublattice basis by a unitary transformation. However, the chosen basis is
more convenient, especially with its simplificaton for spin degenerate models.
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general, the dimension of the SB-dependent hopping matrix is given by dim H¥"? = 2x(O+1)xP, proportional
to the spin-spiral periodicity P, which makes the evaluation of large magnetic unit cells numerically costly.
For models without spin-orbit coupling (SOC) (i.e., the Hubbard model and PAM in our case), however, there is
a block-diagonality such that only equal spins with the same momenta and opposite spins with a momentum
transfer of Q couple. In this case, we can express H¥? in the reduced basis

Q T
o — (cl,k,T C1k-QL 7 €Ok 7 COK-Q,L S ’fka,l) , (4.15)

whose dimension is independent of Q and P. This property comes with the convenience that Q can be
considered as a continuous MF parameter without adapting the respective matrix H ¥Q. We can, therefore,
easily determine MF ground-states with arbitrary Q, including the possibility of incommensurate magnetic
(ICM) order. For models with SOC, this cannot be easily achieved, and it is preferred to determine the leading
magnetic ordering vector by means of a PM fluctuation calculation (compare Section 5.3.3) and then determine
the magnetic MF ground state for the corresponding fixed value of Q.

4.4 Saddle point equations

In order to determine the MF ground state, we need to minimize the desired thermodynamic potential,
i.e., grand potential (GP) or free energy (FE) w.r.t. the SB mean-field variables while simultaneously enforcing
the constraints. The GP per lattice site is given by

T
QO = -5 Inz©®, (4.16a)

with the MF partition function
70 _ f D¢, p] eSl979] (4.16b)

For the MF action defined in Equation (4.10), it factorizes into a purely bosonic and a PF part Z(® = Zg))ZéO)
which yields
0 0
Q0 = Q¥ + QY (4.17a)

The bosonic part is constant w.r.t. the field theory and thus simply given by

o_ T o__T
Qp) =-5InZy = -

_g0 1
~ Ine Sy = N":g)) . (4.17b)

The PF contribution is determined by the action in Equation (4.13) and integration over all fields within a
diagonal basis in analogy to Equation (3.19b), yielding

Q¥ =—% > Y (1+e™"/T) (4.17¢)

keBZg o,5,p,k

The sB-dependent eigenvalues of H¥"2 are denoted by eZ’s’p , where the indices o, s, p represent the orbital,
spin and periodicity degrees of freedom for a total number of (O + 1) X 2 X P bands. The remaining sum is to
be performed over the magnetic BZ, which is defined by back-folding w.r.t. the reciprocal lattice vector Q. For

models without SOC, it holds ezﬂ = SZ +Q [56]. Therefore, the reduced basis with (O + 1) X 2 bands defined



4.4 Saddle point equations

in Equation (4.15) already considers the back-folding by the reduced number of bands and the momentum

sum has to be performed over the non back-folded, paramagnetic BZ that satisfies Yxepzy = P Yikenzo-

4.4.1 Enforcement of mean-field constraints

Since the Lagrange multipliers (LMs) appear linear in the MF action, they behave like chemical potentials, and
we may enforce the constraints by demanding the derivative of the GP w.r.t. the respective LM to vanish. This

can most clearly be seen in the real-space representation

9Q© T 1 . 2,2, 2. 2 -SO[¢*

=0 :—ﬁﬁfﬂ[q),qb]ﬁ(e +d*+pi+p —1)e [¢7¢1 =0, (4.18a)

9Q© ri 2, .2, 2 1 b +0 SO[¢

e _ L 2 . _ 2 -SO[¢,¢] _

o NZ(O)ID[(P’(P] (5(2‘1 "‘Po"‘P) Nzi“fo fitfile le"el =0, (4.18b)
o ; cos(QR;)

000 T 1 . 1 + T . -SO[¢*,¢] _

98 ——ﬁﬁfﬂ[cb 9] Zﬁppo—ﬁzi:j; fiT fi|sin(QR)) [|e le"el =0, (4.18¢)

0

where we identify that the QM expectation values of bosonic and PF representations of the spin and charge
density are matched as claimed in Equation (4.5). An explicit evaluation of PF expectation values for the
Hubbard model through the equal space-time Green’s function is provided in Appendix B.1 to illustrate the
validity of the constraint implementation.

In practice, the purely bosonic a-constraint can be enforced by directly replacing an arbitrary bosonic MF
parameter with Equation (4.5a). The remaining two constraints must be enforced numerically, and since the

second derivatives

Q0 1 R L
o T ((ny =y pe)®) =~ Var i p (4.192)
0
PO 4 L2\ Ao .
= VR R

are negative definite quantities related to the variance of the charge and spin density, it is guaranteed that the
MF values of By and § are always uniquely determined. The constraints can thus be enforced by maximizing
the GP w.r.t. fp and B, i.e., the system pays an extremized energy penalty if it deviates from the constraints.

4.4.2 Grand potential

According to Equation (4.17), the GP is given by

QO = —% Z Z In (1+e 67 /T) + Ud? + a(e? +d? + p2 + p? = 1) - Bo(2d + pZ + p?) — 2Bpop . (4.20)
keBZg 0,5,p
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The MF ground state is determined by minimizing the GP w.r.t. the SB variables, while simultaneously enforcing
the constraints, i.e., maximizing w.r.t. the LMs. The corresponding saddle point equations are given by!

200 1 sop aei’o’p
= =N Z Z ng (Sk ) % +2ae =0, (4.21a)
keBZg 0,5,p
900 1 S0 ae""
8—170 = N Z Z ng (ék ) ES +2po(a — Bo) —2p =0, (4.21b)
keBZg 0,5,p
200 1 sop 862’0”7
== ny (") +2p(a - Bo) —2Bpo =0, (4.21¢)
dp N kelZZQO,SZ,p dp
900 1 Sop ae""
= Z an(gk ) e +2d(U +a -2po) =0, (4.21d)
keBZg 0,5,p
(0)
a?a =e?+py+p*+d®-1=0, (4.21e)
200  q sop 881’0”7 s o2 o
7 _NHZZ an(ek )8—&)—% —p2-p*=0,, 4.21f)
Q 0,s,p
200 1 sop 861’0’]0
= — ng (Ek/ ’ ) - ZPOP =0 s (421g)
TN 2 X %
200  q sop 861’0”’
50 =N Z an(sk ) 5g =0 (4.21h)
keBZg 0,5,p

where nr denotes the Fermi-Dirac distribution defined in Equation (3.20). These saddle point equations
smoothly include the PM limit and are applicable to general Hamiltonians that may feature SOC and an
arbitrary number of conduction bands, but also include the well-known cases of the Hubbard model [50, 71]
and the PAM [74].

As stated earlier, Equation (4.21e) should be enforced by directly replacing an arbitrary SB parameter using
Equation (4.5a), which reduces the number of saddle point equations by two. The MF value of « for the
ground state may formally be determined by

B 5,0,p

11 oy 9
e PIPILHCE b

0,5,p

, 4.22)

Y

where 1 denotes a set of MF parameters that satisfies all saddle point equations and the derivative is to be
taken without enforcing the a-constraint for the eigenvalues ¢. However, a does not impact the quasiparticle
(QP) band structure and doesn’t have an important physical interpretation.

If we solely want to study PM solutions and explicitly exclude the possibility of magnetic order, we need
to additionally enforce p = p = 0. The resulting GP is independent of Q, only three saddle point equations
remain, and the original KR-SB representation [49] is reproduced for the Hubbard model. Moreover, it has

1We once more remind that £°° label the eigenvalues of the SB-dependent hopping matrix H. Z} that is derived in Appendix B for
the specific models that we study within this thesis. The indices o, s, p represent orbital, spin and spin-spiral periodicity degrees
of freedom respectively. The index p € {0, 1, ..., P — 1} reflects an enlarged magnetic unit cell that occurs for Q # 0, which implies
the summation over the back-folded magnetic BZ that satisfies P .5, = Ypz,- For spin-rotation-invariant models, we employ the
reduced basis defined in Equation (4.15) that does not feature the index p and requires a summation over the paramagnetic BZ for
arbitrary Q.



4.4 Saddle point equations

been shown that this PM saddle point solution is equivalent to the Gutzwiller approximation [49, 106-109].
PM ground states, however, may feature magnetic instabilities within the study of Gaussian fluctuations
(compare Section 5.3.3). In our analysis of different models [53-56] within the framework of a combined
(para-) magnetic MF and fluctuation analysis, we found that magnetic instabilities of PM ground states (p = 0,
enforced) always coincide with a non vanishing magnetization of a magnetic MF analysis (p > 0), where
the ordering vector Q of the MF magnetization matches the leading divergence of the PM spin susceptibility
1/xP™(g = Q) = 0. We thus find the two approaches to be perfectly consistent. First-order transitions on the
other side cannot be directly seen in the PM fluctuation calculation because the respective GP features a local
minimum at p = 0 that indicates a meta-stable ground state. In that case, a magnetic phase transition comes
along with a discontinuous jump of the order parameter p that can be seen found within the magnetic MF
analysis by globally minimizing the GP. Correspondingly, there are multiple different saddle points, and it
needs to be taken care that the numerical minimization algorithm does not get stuck in a local minimum.

For models without SOC, where tune Q can be tuned as a continuous MF parameter that is included in the
minimization process, one should always consider the magnetic point equations because the corresponding
ground states automatically resolve magnetic instabilities that would otherwise arise in a PM fluctuation
analysis. We, nevertheless, suggest simultaneously solving the simpler PM saddle point equations as a
benchmark, which can be especially helpful to distinguish between global and local minima in the context of
first-order transitions. On the other hand, for models that feature SOC, Equation (4.21h) cannot be directly
applied because the dimension of HY depends on the ordering vector Q. In that case, we recommend
determining the leading ordering vector through a PM fluctuation calculation and afterward solving the
magnetic saddle point equations for the corresponding fixed Q.

4.4.3 Free energy

If it is desired to fix the total electron filling per site n instead of the chemical potential 19, we may solve
the saddle point equations of the free energy (FE) per lattice site. It is related to the GP by the Legendre

transformation

0)
F(O)(T/ 7’1) = Q(O) (TI [JO) — o (&Q ) ’ (4233)
(9‘Ll() T

with

(ﬁ?) - "% 2, (") = (4.23b)
T

keBZg 0,5,p

The total filling is fixed by an additional constraint in the field theory, where pg acts as LM. In the exact path
integral, we would have to integrate over i in the same way as the other LMs, but to determine the MF saddle
point that constraints the filling on average, we need to maximize the FE

FY = _% D0 > (14 e ) 1 Ud+ (e +d? 4+ pd+ p? = 1) - Bo(2d + p3 + p) — 2Bpop + pon (4.24)
keBZg 0,5,p

w.r.t. po. The role of the chemical potential looks very similar to o within the theory. However, both
quantities are different on a physical level of understanding. While p1o controls the number of electrons in the
system by coupling to an external particle bath, fo renormalizes the energy level of the interacting electrons
as a response to the energy cost due to interaction. We may, however, reduce the number of saddle point
equations if the filling 1, of interacting electrons is fixed by an external bath.

43

Chapter 4



44

4 Static mean-field approximation

Hubbard model

For the one-band Hubbard model, it is n = n; = 2d* + p3 + p?, and we may fix the total filling by directly
constraining the SB variables. In that case, however, the maximizations w.r.t. o and By are not well defined
anymore, since both LMs appear identically the theory. We thus have to substitute peg = po — fo. In
these variables, 1o appears only in the bosonic Lagrangian, while ps plays the role of an effective chemical
potential, which fixes the filling of the PF band structure and f drops out of the equations

FO - —% Z In (1 + e_giff'eff/T)+Ud2+0z(ez+d2+r7(2)+P2—1)+#eﬁ(2d2+P§+P2)—2ﬁP0P—FO (2d*+pg+p?=n).

keBZy,s
(4.25)
The two purely bosonic constraints connected to « and i can be satisfied by directly enforcing
1=e?+d*+ pg +p?, (4.26a)
n=2d>+pl+p*, (4.26b)
Ueff = o — Po - (4.260)

and maximizing the FE w.r.t. peg rather than po and fo. We choose w.l.o.g. to replace e and d by means of
Equation (4.26) and need to solve the saddle pointe equations [53]

IF©) IF©) IFO IFO
e = e - = —0, (4.27a)
P la2e) Po (.26 B 1426 Heff [(4.26)
of the constrained FE
0] oIS Snfirein)| Yoo . a2m)
eff - N 2 Po—P pop + et . .
(4.26) keBzy s (4.26)

For PM solutions (additionally enforcing p = = 0), only two independent saddle point equations remain
that reduce to a single equation in certain limits where the solution can be determined analytically [49, 50, 53].
We may recover p and (g by resubstitution of Equations (4.26b) and (4.26¢) and evaluating the derivative

11 oo\ Ok
T IDNACHAR-

at the saddle point solution y. While the MF band structure only depends on pi, it is essential to recover the

o+
(4.260),1p

(4.27¢)

NS

original variables 1o and B¢ in order to compare the saddle point of the FE with ground states of the GP, to
calculate the electronic compressibility (compare Section 4.6) and to evaluate Gaussian fluctuations (compare
Chapter 5).

Multi-band models

In models with at least one additional non-interacting orbital, the maximization w.r.t. ug and Bo is well
defined, and the saddle point is determined by

OF®  gr®  grO®  grO®  JGF©@  gr@®  gr®  grO®  HFO
de  dpp dp ad  da  Ipy I IQ  duy

0. (4.28)



4.5 Interpretation of the mean-field ground state

In some cases, especially in the context of Kondo physics, we are interested in directly tuning the filling 7, of
the interacting orbital instead of the on-site potential €;. This can be achieved by coupling the f-orbital to an
additional independent particle bath and performing a substitution in analogy to the previously discussed
Hubbard model

1=e*+d*+p5+p?, (4.29a)
ny =2d*+pi +p?, (4.29b)
Eeff = —€f — ﬁo . (4.29C)

The according constrained FE is given by [56]

T &yt T
=5 > Zln(l+e et )
(4.29) keBZg 0,5,p

FO + % () — P} = p?) — 2Bpop + eastny + pon + €yn; , (4.30a)

(4.29)

and we need to solve the saddle point equations

wy | _ayy _ay _ay) _aby_or
P 29 Po (.29 Pl €eff |(4.09) HO (4.09 Q {29
We may recover f3y by
Fo= = 2 () " s (4300)
0= = FAEk e, _t 5. .
4d N keBzg 0,5,p celt dd (4.290) 2

While the MF band structure only depends on e.g, it is important to recover the original variables €, and fg
in order to evaluate Gaussian fluctuations (compare Chapter 5). Guidelines on how to efficiently implement
and numerically solve the previously discussed saddle point equations are provided in Appendix D.

4.5 Interpretation of the mean-field ground state

The interaction-renormalized MF band structure described by the hopping matrix H¥'€ is characterized by
five renormalization parameters, involving the so-called z-factors Z.., Z_ which are defined in Equation (4.8a)
as functions of the SB parameters ¢, d1, po, p, the Lagrange multipliers (LMs) o, f and the magnetic ordering
vector Q. As discussed earlier, only Z,; and fy are non-zero in the PM limit. The parameter Z, decreases the
hopping amplitude of the interacting electrons (t/ — Z2t/), which reduces the overall bandwidth and can be
interpreted to be a consequence of the reduced mobility of the electrons in order to avoid the interaction cost U
of doubly occupied sites. The LM f increases the on-site potential of the interacting electrons (e, — €; + o),
because the occupation cost is higher on average for growing U. It has been shown, that the PM saddle point
approximation reproduces results of the Gutzwiller approximation [49, 106-109]. If the magnetic ordering
parameter p is non-zero, the SU(2) spin-rotation-symmetry is spontaneously broken, and the ground state
is magnetic. If Q # 0, translation symmetry is additionally broken but can be recovered with an enlarged
magnetic unit cell, yielding a smaller BZ where Q becomes a reciprocal lattice vector. The energy gap
between different spin species is given by , and Z_ induces a hopping amplitude between opposite spins,

1The term €1y in the bosonic Lagrangian is just a constant and does not impact the saddle point solution. In order to compare
different ground states and fix the absolute energy scale, however, it is essential to add this contribution after the saddle point has
been determined and €; can be recovered using Equations (4.29¢) and (4.30c).
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MF renormalization Equ al-spin tSB Opp.osite—spm o LM on-site LM spin gap
hopping amplitude | hopping amplitude
parameters 0<Z. <1 1<7 <1 energy fo > 0 =<0
Generic Z = % z == ; e Bo B
Half-filled f-orbital
-z Z_--0
(n; = 1) Zi > zs Po p
PM limit (p = 0) Z+ — 29 Z-—-0 Bo g—0
Non-interacting
limit (U = 0) Z: =1 Z--0 fo—=0 p=0

Table 4.1: The MF renormalization of the PF quasiparticle band structure is determined by the five parameters:
Z+,Z-,Po, pand Q. The table summarizes their behavior under certain limits and shows their respective interval of
possible values on the constrained subspace. In the non-interacting limit, all parameters arrange such that the exact
non-renormalized band structure is recovered. The SB-weights z., z_ and z have been defined in Equation (4.8a).

which additionally modulates the magnetic gap function. Table 4.1 summarizes the properties of the MF
renormalization parameters in prominent limits.

Finally, we want to briefly discuss the MF ground state in the context of Fermi liquid (FL) theory [23, 110].
Interaction effects in FLs are commonly addressed by means of the self-energy X(k, w), which is defined by
the Dyson equation [39, 48]

GM=G)+Gli(k,io)GM™ o GM= — ! . (4.31)
(GY) " = (k,icn)
Real and imaginary part of the self-energy are connected to the QP weight Zj and lifetime 74 [39]
Z'=1- 2 Re (kM 0) (4.32a)
dw w=0
7 =-2ZkImZ (k, w) , (4.32b)
which are measurable by means of the spectral function
1
Ak, w) = —;ImG(k,w +1in) . (4.33)

The SB-MF Green’s function defined in Equation (4.14) corresponds to a real valued self-energy ¥ (k) that is
frequency independent in its diagonalzing basis! , which implies a unity QP weight Z ;f = 1 and infinite lifetime
Tx — 090, i.e., the MF ground state corresponds to an effectively non-interacting FL with a renormalized band
structure. Magnetically ordered states are, nevertheless, not adiabatically connected to the non-interacting
limit [39].

To be specific, the imaginary part is given by the infinitesimal convergence factor that yields from analytic continuation to the real
axis i@, = w +in > ImZ¥ = —1.



4.6 Breakdown of the mean-field ground state

4.6 Breakdown of the mean-field ground state

An effective way to assess the stability of the MF ground state is the analysis of static susceptibilities within the
Gaussian fluctuation formalism (compare Section 5.3.3). We may, however, already identify instabilities in
the context of phase separation (PS) and negative electronic compressibility [53, 55, 103, 105, 111] from a mere
MF perspective. In the following, we elaborate on the associated theoretical concepts that will be applied in
Section 8.5 and Chapter 9 to describe inhomogeneous MF ground states of the Hubbard model in the vicinity
to half-filling.

The saddle points of the GP and FE are equivalent if the Legendre transformation [112, 113]

)
FO(T, n) = QO(T, po) - po (a;il ) = QO(T, up) + pon (4.34a)
0 /T
IF©
QOT, po) = FO(T, n) - (&—n) n=FO(T,n) - uon, (4.34b)
T

between them invertible, i.e., uniquely defined!. This holds, if derivatives

90
( s )T = —n(uo) , (4.35a)
OF©
( 5 ) = uo(n), (4.35b)
T

of the potentials are monotonous functions, or in other words, if the isothermal electronic compressibility

1 (dn
KT = ﬁ (8_[10) (436)

is continuous and positive for all p19. While this is guaranteed for non-interacting systems, interaction effects
which are embedded in the SB-renormalized MF potentials may cause anomalies that revoke the applicability
of the Legendre transformation in a specific parameter range as a signature of possible FS instabilities that
go beyond magnetic ordering. For a deeper insight, we may investigate the implied non-equivalent ground
states suggested by the GP or FE, and discern that the unusual be occurs if at least one of the potentials
undergoes a first-order phase transition such that its derivative w.r.t. the corresponding base variable pg or n

is discontinuous.

4.6.1 Phase separation

Let us consider the ground state of the GP, where we can tune pg as a continuous parameter and assume that
there is a first-order phase transition at yo = . While the differential dQ” is well defined for a second-order
transition, a first-order transition is characterized such that the derivative of the potential w.r.t. the parameter
that induced the phase transition is discontinuous. As a consequence, the filling 7 jumps at po = p; according

to

©)
QO 00

— lim
ouo—0 (9[1,10

=n1, 4.37a
Ho=oto &[JO 1 ( )

H(Cyll’l

In that case, switching between those potentials is just a trick to save calculation time. One could also determine the saddle point
of a particular filling 1 by extremizing QO and adapting po by a divide and conquer algorithm until the desired filling is reached.
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900 Pl
- lim = =— 82 =m (4.37b)
dup—0 dlg HE+dto Ho us, P,

with 11 < ny. In the context of the spiral magnetic MF, this can happen if the GP features multiple local minima
at different saddle points! characterized by two sets of MF parameters y, # ¥, and the first order transition
occurs, if two minima become energy degenerate ng) = Qéo). The discontinuity implicates that there exists
a range of fillings n1 < n < n without a corresponding uniform ground state of the GP. Assuming that the
two different energy degenerate phases mix in the sense of phase separation (PS) with a fraction of x [53],

QP = xQ + (1-0)QP, (4.38a)
we may, however, recover the full range of fillings

(0)
Qg

8y0

n=-

=xnm+ A -x)ny. (438b)

This PS can equivalently be identified utilizing of the FE, which gives us access to the function po(n) rather
than n(po). To recover the MF saddle points ¥, and v, in the phase mix, we need to perform a Maxwell
construction, i.e., determine two fillings such that

0= f (1o(m) = ) dn = B (n2) = P (m1) = gy (n2 = m1) = QP (n2) = Q¥ (m) . (439)

1

We can thus recover the energy-degenerate saddle points of the GP, and the two potentials are equivalent
outside of the PS region as expected. The phase-separated FE is given by

0 0 c c
Fl(js)(n) = Qg/)z (F’o) +npg, (4.40)

with 71 < n < np and a constant chemical potential in the PS domain. It reduces the energy compared to the
homogeneous case?

FO@) - FQ(n) = FO () = QO (u§) — psn + FO (n1) — psny — FO(n1) + u§m
n
=f (1olm) — ) dn > 0,
ni

i.e., PSis identified as the globally minimizing MF ground state.

(4.41)

The phenomenon of PS is most commonly known in the context of an isothermal compression of a gas,
where the liquid and gas phase coexist in a specific range of volumes while the pressure remains constant.
This breakdown of homogeneity is also interaction-induced since the ideal gas law cannot describe phase
transitions. We can see the analogy to our quantum case if we identify the filling n with the volume, the
chemical potential 1o with the pressure, and the electronic compressibility defined in Equation (4.36) with
the compressibility of the gas.

1These various sets of MF parameters that each satisfy all saddle point equations typically involve different magnetic ordering
vectors Q and deviating magnetizations .

2The occurring integral is only zero for n = n, as shown in Equation (4.39) (except for the trivial case n = n1). Moreover at the
lower end of the PS domain where the Legendre transformation is still well defined, we have dug(n)/dnl,, > 0and po(n1) = i
and consequently the inequality holds.



4.6 Breakdown of the mean-field ground state

4.6.2 Negative electronic compressibility

The type of phase separation described Section 4.6.1, unfortunately, completely neglects boundary effects
between the two coexisting phases. Since those surfaces are usually associated with considerable energy cost,
the possibility of a charge-ordered (CO) phase that minimizes this contribution by periodic domains walls
rather than a completely disordered phase should be taken into account. As alternative to the PS ground state,
we may thus consider the homogeneous saddle point of the FE, which represents some kind of average of the PS
system, and investigate possible emerging FS instabilities through Gaussian fluctuations [55]. This approach
is particulary interesting if the FE does not feature a first-order transition in an interval 77 < n < np that is
phase-separated according to the GP. Then, the Maxwell construction described in Equation (4.39) does not
originate in a discontinuity of 7 (ug), but rather yields from a continuous regime of negative compressibility

1 [{omw) 17" 1 [{a2F@\ 17
aom=gsl(G),] = 5] .

which is encompassed by two diverging points. Since it is k1 o« 92Q? /9?3, we can infer in analogy to
Equation (4.19) that the compressibility is proportional to the variance of the electron filling n. We will
moreover learn in Section 5.3.2, that it is also proportional to the static charge susceptibility at the I'-point

Kk oc Varfiy o< xc(q =0,w =0), (4.43)

which associates a diverging compressibility with a FS instability in the charge channel. Overall, states
that feature kT < 0 can, therefore, be classified as unstable whereas saddle points of the FE with positive
compressibility within the PS domain are meta-stable.

4.6.3 Specific heat

Theoretically, we could also see PS, of two states with different entropy S, if the Legendre transformation
between the internal energy and FE breaks down

OF©®
EOS, 1) = FO(T, n) - T (7) =FOT,n)+ TS (4.44a)
9E©
FO(T, n) =EO(S,n) - S (W) =EO,n)-TS. (4.44b)
n
In that case, the specific heat
I*F©

would feature discontinuities or negative regimes in analogy to the previous section. We do, however, not
find evidence for such a kind of PS within the analysis of this thesis.
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CHAPTER 5

Gaussian fluctuations around the mean-field
saddle point

Gaussian fluctuations around the paramagnetic saddle point solutions have initially been considered for the
Hubbard model to provide a stability analysis of the MF solution and to analyze dynamic excitation spectra
by means of the charge and spin susceptibility? [59-61, 96]. We extend the fluctuation formalism to be
applicable to models with additional non-interacting orbitals [53, 54, 56, 99], magnetic saddle points [55]
and also suggest a fluctuation basis whose dimension is reduced by two compared to previous studies, but
correctly reproduces established results [53]. As we will learn, this theoretical framework enables us to study
the interplay between emerging spin and charge order, magnon dispersion relations in the symmetry broken
phase, fluctuation corrections to the magnetization, and to evaluate the stability of magnetic saddle points.
Respective results for the Hubbard model and Kondo systems will be discussed in Parts II and III.

From a field theory perspective, the pseudofermions (PFs) have been integrated out exactly within the static
MF approximation introduced in Chapter 4, while only zeroth-order contributions of slave-bosons (SBs) were
considered. The essence of the fluctuation calculation is to refine the approximation of the action

B
‘s=tﬂ il [w(o)] (5.1a)

by including the next leading order in bosonic fields. Since first-order variations vanish per definition at the
MF saddle point, we will investigate the second-order variation of the action w.r.t. bosonic fields

1 p
$+\/?B ff dtdat Z Zéz/f;,,m M7, AD] 00 0%, ay o tO (1[)3)

0 ri,Ar; pv
(5.1b)
around the MF saddle point. We define the fluctuation fields 6y, = ¢,,» — Ey with r = (r;, T) as deviation

S=80+824+0 (y?) = 8©

from the MF solution and the fluctuation matrix

2
IM@N],, = S Nf——2S

— (5.1¢)
2 all)llr"al'b1/,r+Ar

¥
Due to translation invariance w.r.t. the magnetic unit cell, the fluctuation matrix only depends on the relative

difference Ar; between lattice sites and not on the absolute value. This will be exploited in Section 5.1 to find
a diagonalizing basis through Fourier transformation (FT) to momentum and Matsubara-frequency space in

In most of the early literature, the radial gauge was applied incorrectly, and dynamic contributions of the complex d-field, which
are crutial for w # 0 have been overlooked. This omission was corrected later on [114].
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analogy to the MF basis introduced in Section 4.3. In section Section 5.2, we will derive the explicit form of
the fluctuation matrix and show that all PF degrees of freedom can be integrated out exactly. The fluctuation
matrix is connected to the bosonic fluctuation field Green’s function by

G=-M", (5.1d)

which will be applied in Section 5.3 to calculate dynamic correlation functions in the context of linear response
theory. Corresponding results may be applied to investigate collective modes, evaluate the stability of MF
saddle points, and determine experimentally accessible quantities. Finally, in Section 5.4 we elaborate on
why the effective theory does not represent free bosons despite being quadratic and explain how to compute

fluctuation corrections to the magnetization by means of the bosonic equal space-time Green’s function

G(ar =07).

5.1 Fluctuation basis

Firstly, it must be considered which bosonic fields should be subject to fluctuations for a consistent theory.
To acquire information beyond the MF saddle point, we have to allow deviations from the MF constraints,
which adds g and g to the fluctuation basis. As a consequence, the charge and spin expectation values of
the fluctuation fields 61 go beyond the bosonic and PF mean-field expectation values, which are matched
through the Lagrange multipliers (LMs) o and g at the saddle point, and provide a leading order fluctuation
correction. However, the LM a does not couple to a direct physical degree of freedom but rather constraints
the number of auxiliary bosons per lattice site. Its fluctuations could be interpreted as a violation of the Pauli
principle and are to be avoided [53], which can be achieved by eliminating an arbitrary SB field by direct
application of the constraint equation

l=e*+d'd+pj+p*, (5.2)

in analogy to the MF approach. We have confirmed by thorough numeric analysis that the bosonic propagator
G, and thus all physical observables are invariant under the choice of which field is eliminated from the
effective theory'. This is a strong confirmation of the consistency of our fluctuation basis and we will
w.Lo.g. choose to the eliminate the e-field in the following. We found that the same result for G may be
obtained without eliminating any field from the theory if the M-operator that appears in the renormalized
z-matrix [compare Equation (A.19)] is replaced by V2 like in previous studies [60, 61, 114].

Secondly, as pointed out in Section 2.2.2, the field theory includes spurious degrees of freedom in the
Cartesian gauge, which are associated with gauge symmetries that are a consequence of the constraints as
conserved quantities. Since the MF solution breaks those continuous symmetries, the field theory of the
fluctuation fields contains unphysical Goldstone modes [115], which manifest as zero-eigenvalues of the
fluctuation matrix that make the bosonic Green’s function ill-defined. As shown in Section 3.2.1, this can
be avoided in the radial gauge, where all spurious phases are removed, and only the d-field remains to be
complex field. For convenience, we define d = dy + idy, with dy, d; € R and thus have the basis

l,br = (dl,r ’ d2,r ,Po,r /,BO,r /P1,r s ﬁl,r ' P2,r /,62,7 /P3,r s ﬁ3,r)T (5.3)

of real valued fields within the space-time domain r = (r, 7).

!In opposite to Q, the fluctuation matrix M does depend on which field is eliminated from the theory. The correlations of the

eliminated field are determined by direct application of Equation (5.2), e.g., <e,L7 eq> = <1 —di,—gd,g —da—gdog — Zi:o py,,qpp/q)



5.2 Derivation of the fluctuation matrix

Thirdly, we want to point out, that the MF renormalized z-matrix defined in Equation (A.19) is not normal
ordered and consequently the coherent state path integral around the saddle point is not applicable in general
[75]. The normal order is broken by the L and R matrices since [ﬁ , ﬁ+] _ # 0and by the M factor. In the radial
gauge, however, where p-fields are phaseless it is = p' and consequently all contributions that violate the
normal ordering are gauged away. As discussed carlier, we exclude fluctuations of the a-constraint and thus
it is M — V2 and the normal order is recovered. This fact affirms the basis choice of Equation (5.3) and once
more underlines the importance of the radial gauge.

Finally, we need to adapt the basis such that the PF degrees of freedom can be integrated out exactly. This
can be achieved by matching the PF mean-field basis defined by Equation (4.12) in momentum and Matsubara
frequency space q = (g, iw;) through FT of 1, according to Equation (3.10). The momenta g of the individual
fields are then defined in the magnetic Brillouin zone (Bz), while gaining an additional external index that
corresponds to the spin-spiral periodicity degree of freedom defined in Equation (4.4)

T
lpq = (dl,q /dZ,q ,PO,q /ﬁo,q /Pl,q /,Bl,q /PZ,q /ﬁz,q /p3,q rﬂ3,q) 7 (54a)
II)Z = llbq+11Q,iw,1 ’ (54b)

witha € {0,1, ..., P — 1}, where P is the number of lattice sites in the magnetic unit cell, and Q denotes the
corresponding MF ordering vector. It has been shown in Reference [55] that this basis is connected to a basis of
magnetic sublattices in position space by a unitary transformation. Since all fields are real-valued in position
space, it holds

(w;)* = ll)zg = lp—q—aQ,—iwn : (54C)

By FT of Equations (5.1b) and (5.1c) and exploiting the translation invariance, we may express the action in
the convenient block-diagonal form [55]

SO =33 3 > v M @owt, (5.52)

iw, q€BZQ uv ab
with
9°S

1
S (5.5)
2 311by?—q811b3,q

M (q) =

[
In opposite to the MF case, the fluctuation matrix does not become block diagonal w.r.t. the periodicity
index a for models without spin-orbit coupling (SOC). Consequently, the dimension of the fluctuation matrix
dim M = 10P increases linearly with the periodicity P, and the numerical evaluation becomes very costly for
large magnetic unit cells. In the chosen basis, we may calculate correlations between fluctuation fields with
the application of Equation (3.1g) and the addition of source terms, yielding [53]

(oyp" 00t ) = [M‘l(q)]i'i = -G (@) (5.6)

5.2 Derivation of the fluctuation matrix

In order to calculate the fluctuation matrix, we need to determine the second derivatives of the action w.r.t. the

bosonic basis given by Equations (5.3) and (5.4) and evaluate them at the MF saddle point. Moreover, we shall
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integrate the PFs and trace out the respective momentum, Matsubara frequency, orbital, spin, and periodicity
degrees of freedom. According to Equation (3.35), the Lagrangian splits into a purely bosonic and a mixed
PF and SB part. After eliminating the e field through direct application of the a-constraint as discussed in the
previous section, we have

LI o] =Ls [¢7] +Lr [‘P’;ﬂ’ (sz’ lpkLz] (5.7a)

L[y, ] = Z [U (df, + dir) +1dy,,07da,r —ida rdedr,r — Po,r (PS,, +pr+2d;, + 2d§,r) - B, '2Po,rpr] ,

ri

(5.7b)
‘EF [(P;‘l, (PkZ’l’bkl,Z] = Z ¢zl (&Tékl’kz —k1 kz) (sz 4 (57C)
k1,k2 62\/1fd%fd§7p(2)7p2
and the fluctuation matrix, therefore, also splits into two parts
M) = [MP (lwn)] - [MF(q)] : (5.7d)

Notice that by the construction of the path integral, all SB and PF degrees of freedom in Equation (5.7c) are
discretized with the same underlying time slices. Consequently, the frequency mesh after FT to Matsubara
space also matches and the summation over a function depending on both, bosonic [w, = 2n7n/p] and
fermionic [@, = (2n + 1)1t/p] frequencies yields

N 2nm (2n+Dn
D Lelww, 0= Y. Lr [—g] . (5.8)
iwy, N=—00 ‘3 @
Hence, the PF action can be expressed as
Sk= > ¢F (-iom ok k +HY ) by, (5.9a)
k,k2

where
Y

1
Hy ok, = Okike (5_”0) \/N_B kl ko Nﬁ Z k ki Hy Z)Z—kz ¢

(5.9b)

is the SB-dependent Hamiltonian defined in Section 3.2.2 after FT to Matsubara space and the corresponding

Green’s function is given by
-1
qu)l,kz = (i@mékl,kz - ﬂllcl;,kz) . (5.9¢)

The PF degrees of freedom can be integrated out using Equation (3.17), which yields
-1
Zp = det (— [ ) . (5.10a)

Applying the identity Indet A = Trln A, we find the effective SB-dependent action, which results from the
integration of the PFs
Sp = = TrIn [ (~i@m b4, + Hkl W) (5.10b)



5.2 Derivation of the fluctuation matrix
In order to find the second variation w.r.t. bosonic fields, we employ a series expansion around the saddle
point
SO + 58k [69p] = - TrIn [ 0, + HY + H, ] — _Trln [(—mn +ﬂ,’f) (1 _Gvu )]

kl_klrk2
_ 0 !
_ ) " ¥ 0%
=-—Trln [—uan +ﬂk] +TrZ ] (le—kl,kz) .

(5.11)

The variation of the Hamiltonian is given by

—k1,k2 Z Z _kl’kz 6¢£] w3 2 Z Z 3#}@1;:;1{;:2, — 6#}%'#6#}%” +0 (6#}3) ’ (5.12)
4

qi,92 wv

and .
G/ = (1(Dn gf) (5.13)

defines the PF Green’s function at the MF saddle point i. Explicit expressions of SB-dependent MF hopping

matrix H ;{P for models discussed within this thesis are derived in Appendix B. The leading order variation
of the action is found by collecting all second-order terms w.r.t. fluctuation fields 01 in the series expansion
given by Equation (5.11)!

_ Y — oHY
SO - S0y tr| G | e el B IR AT,
T 2 Z Z 'al’qm %z, Z K 31#41 y3¢q2, B Z—kl 3¢q u J_kz al/’qz,v E ( )

q1.q92 pv kika

The details on how to evaluate the occurring derivatives depend on whether the underlying MF saddle point
spontaneously breaks translation symmetry due to magnetic order. In Section 5.2.1, we provide a complete
derivation for the simplest case, i.e., the PM. The calculation for spiral magnetic saddle points with ordering
vector Q works in principle analogous but is quite elaborate and requires multiple suitable index shifts to
adapt a compact form. It has been thoroughly derived in Reference [55] and we will summarize the results
in Section 5.2.2 and Appendix C.

5.2.1 Paramagnetic ground states

A paramagnetic MF ground state is characterized by p = g = Q = 0. In this limit, there are no external
periodicity or sublattice indices, and the fluctuation matrix simplifies to

2’8

1
Mur () = 200,404 I

(5.15)

1Despite the PFs have formally been integrated out exactly, the highest appearing order in the context of Gaussian fluctuations is
(@] (4)4), which is why this calculation is also referred to as a one-loop calculation. This can be seen if the bosonic series expansion

is applied before the PFs are integrated. The fluctuation matrix can then be derived through Wick’s theorem [116]. Our approach,
however, is more elegant and easier to generalize beyond the Hubbard model.
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Bosonic part

Since the bosonic part only contains on-site and equal-time contributions, i.e., A = AT = 0, its derivatives can

be conveniently calculated in the space-time domain. In order to do so, we define
67‘,7 = 61‘,‘,?,'6 (T - ’f) 7 (516)

where 64,, 0 denotes the Kronecker delta and 9 (1) the Dirac delta function and rewrite the bosonic action

according to

B
Si= 3 [[ ardat £a 197 vrolouva. 617)
#i, A7 V0

The bosonic part of the fluctuation matrix is then found to be

7
B _ NP 9>Sp _ YN Hﬁ o 9Ly i i i S A
MH’V(Ar) S2 &ll)#,ralib#,mm I 2 *ZA;. 0 ATt 9¢y8¢v 0ar0 [6” Oarar + 6“’V Or+Ar7 67/””]
JNB 2L¥ 5(ar)
= ———"—0(ar).
2 811&;18#)1/

(5.18a)

Since the matrix elements are delta-correlated in space-time, they become uniform in the momentum-

Matsubara frequency domain

M (q) = — f BdMZei"A”e’i“’"AT M@, = 1—8212? (5.18b)
Ho \/Nﬁ 0 Ar; oy zalzbyava '

and are simply determined by the respective derivatives of the MF Lagrangian. However, we need to dedicate
special notice to the remaining time derivative in the bosonic Lagrangian associated with the complex d-field:!

VN VN
Mgl,dz(Ar) = 5 ﬁiaATéArié(AT) = 2 BiéAri,O o (AT) , (5196)
which yields
1 P igAr —iw, AT VNB ’ 1
Mgl,dz(q) = \/N_ﬁj()‘ dATAZqu € nlh TléAr,’,O6 (T) = Ewn . (5.19b)

19’ (A1) denotes the distributional derivative of the Dirac delta function.



5.2 Derivation of the fluctuation matrix

Consequently, the bosonic fluctuation matrix for PM saddle points in the basis of Equation (5.4a) is given by
[53]"

2U-4B, 0 -4d; O 0 0 0 0 0
—w, 2U-4B, 0 0 0 0 0 0 0 0
0 0 28, -2p, O 0 0 0 0 0
—4d, 0 -2p, O 0 0 0 0 0 0
P2 L 0 0 0 0 -28, -2p, O 0 0 0 520
I . 0 o 0 -2, 0 0 0 0 0
0 0 0 0 0 0 -28, -2p, O 0
0 0 0 0 0 0 -2p, O 0 0
0 0 0 0 0 0 0 0 -28, -2p,
0 0 0 0 0 0 0 0 -2p, O

Pseudofermionic part

In order to calculate the PF part of the fluctuation matrix, we need to evaluate the derivatives of H ;fl ks
determined by the functions

Z, =Ly 00 VNBOKO) @ 2, , (5.21a)
By = 0,000 @B, - (5.21b)

w.r.t. the fluctuation fields and evaluate them at the MF saddle point y. As shown in detail in Appendix A.6
this can be done by exploiting that all fields are uniform at the MF saddle point in the space-time domain

Zpr| 0L (5.22)
Wrply  Waly’ '
which results in
5k|¢ = YNB ko Z|¢ , zl|¢ = \/NB bk z|¢ (5.23a)
= g2 i By 22 (5.23b)
| =0%g5 |, 37| =O%k-3— _
MWaulyg Tulg" auly ToYuly
P’z 1 %z *z! 1 P2t
d Bk - N 6k’q1+q29 0—7 L9 ak = 6kr—'11—qzﬁ (5.23¢)
Parud Py m NB Pudy v Yag1,udVP v M VNB Yudihy m
Ip
= =18y, 5,0k - (5.23d)
MWualy

The derivatives of Z, and B, can now be inferred with the definition in Equation (5.21a), i.e., first and second
derivatives of matrix entries associated with non-interacting degrees of freedom vanish, whereas zeroth

derivative terms are considered by the unity matrix as precisely defined in Equation (A.34). Since the LMs

Following Reference [53], the same result can also be found if the FT is performed before taking the derivatives.
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enter the Hamiltonian linear, only first derivatives are non-zero and their matrix structure follows from the
definition of g in Equation (3.33f). For shortness of notation, we define

=Z"|- ; (5.24a)
EVA

Z,=5— (5.24b)
“T 9y, M
Al

Z, =55~ (5.24¢)

wdYudYy |y
B, =0,,0® (1) 0y, (5.24d)

and we call these functions slave-boson weights. Those uniform derivatives are most conveniently evaluated

by in the Pauli-matrix expanded form of the z-matrix

3
p
z2=2Z.1"+Z § —TH, (5.25a)
= +L = P_
with
_ d)+ple—d
z = EEE L poe +d) £ple —d) ) (5.25b)

\/2 [1-4d2- (po £ p)2/2] [1-e2- (po ¥ p)2/2] e:W

which is deduced in Appendix A.4. Notice that we need to replace the e-field utilizing the o constraint before
taking the derivatives in the chosen basis. Combining all previous results, we may determine the derivatives
of the Hamiltonian defined in Equation (5.9b)

oH Sk
S| Ok p (o, 7,2, 2] 5260
&gbw a \/N_B —} =
21 7Y
d Ek,k =—5. Nzt # 7 Z+7‘{ Z +Z+7‘{ Z +ZJF7—[ (5.26b)
OV g1,u0Pg, v > Np 712 | STk Lo T LA Ay, Hirg, _H

which is shown in detail in Appendix A.6. Applying these results to the action in Equation (5.14) and the
definition of the fluctuation matrix given by Equation (5.15), we find
1 _
F [ — lnl) t + +
M@ = 55 Ztr [gk |28 H 2+ 2,H, 2, + 28, 2, + 2, 2]
B (5.27)
+G1P |2 H, ., 2o+ ZoH, Z, + B, | G,‘iq |ZiH, 2y + 2,H,,,Z, + B, ] ] .

This equation can be interpreted as scattering processes of the bosonic fluctuation fields with the PF mean-field
background as graphically illustrated by the Feynman diagrams in Figure 5.1.
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D()
:
g M @) S = (751/7/,:1 - fsﬁv"ﬂ _
L,
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D(11)
xZo
oY,
; G
ﬂk+qZO Q;ﬁrq
_D(12) ¥ D(13 W D(14)
ZyH,, GY Gy = S
Sy S,
- ,%ﬁq, - ﬁ’? + H k+qo vZoHyq + ZyH,, HyZy
P
Qk+q
_ L - - S o ko
G, ZyHyq Wy L Z, S, U, L Z, sy,

Figure 5.1: The fluctuation matrix can be interpreted as a result of scattering of bosonic fluctuation fields with the
PF mean-field background. The corresponding scattering processes are illustrated through the Feynman diagrams
D(1)-D(14), where k is the internal energy-momentum four-index, which needs to be integrated out and g represents
the external bosonic index carried by the fluctuation matrix. The diagrams are sorted by the scattering order from
zeroth (D(1): bosonic Lagrangian, no scattering at the MF background), to first (D(2)-D(5): processes including one
interaction line and one MF Green’s function) and second (D(6)-D(14): processes featuring two MF Green’s functions).
The rescaled bare Hamiltonian #{, Z, can be interpreted as a PF static but momentum-dependent interaction. The
bosonic vertices denoted by black circles fulfill energy and momentum conservation. The diagrams D(1)-D(3) yield
constants (except for u,v € {di, d>}). D(4)-D(5) are momentum-dependent but frequency-independent due to the
static interaction lines. Finally, D(6)-D(14) yield dynamic and momentum-dependent contributions because the PF
Green'’s function can also carry bosonic Matsubara frequencies.
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The occurring Matsubara summations can be calculated analytically in a basis where the MF hopping matrix

H Z} and the MF Green’s gkq} function are diagonal

U HIUL = €560 0 (5.28a)

m -1
ngfgz - (imm - gi) 65,5' ’ (528b)

whereat s acts as multi-index, representing orbital and spin degrees of freedom, and the unitary matrices
fulfill ngz = 1. The Matsubara summations are determined by

LS el A, = 3 (W] Y (- et) [u] [ = S () [ty ] 6290

i@m s,b,c lmm S
d,e
1 P [ +]5b1 ( _ h) b,c axc,d + . . e e,s’ ~s',s
Zt G!'s,,G Wc W 2 llow—eh) - up sy (UL, | (ion +ion -, ukwcm
I(Dm sh i@,
d,e

nr (ei) — ng (si{:rq + ia)n)

2 e

s,s’

C , Q;::Is’,s )

[Qkﬁk,quﬂl]s,s’ [gkw—k q

k+q
(5.29b)

where specifics are elaborated in Appendix A.5. Notice that we only sum over fermionic Matsubara frequen-
cies @, = (2n + 1)m/B, while the bosonic Matsubara frequency w, = 2n7/f remains as external degree of
freedom of the fluctuation fields. The Fermi-Dirac distribution is invariant under the addition of a bosonic
Matsubara frequency! ng (E?{ g T iwn) = nF (8?(, +q) and by identifying the matrices Ak 4, Bk 4, Ck,q with the
respective matrices in Equation (5.27), we obtain the final form of the PF part of the fluctuation matrix [53, 54,
56, 99]

Hv(q)—LNZ(ZnF(Ei) Uy (28,1, 2y + ZoH, 2, + Z0H,, 2, + Z0H, 2, ) UL
k s

# 3 L (e i) (U (200 20+ 20202, 4 B) UL ) [y (280,204 28,2, 8 ) 1] )

(5.30)

where
s ,
"F (Sk) nE ( k+q)

iw, + ei

Le (3 €5, i0n) = — (5.31a)
k+q

is known as Lindhard function. The remaining momentum sum needs to be evaluated numerically and

guidelines for an efficient implementation and analysis are provided in Appendix D. Moreover, we want to

emphasize that the convergence of the Lindhard function is problematic in the static limit (iw, = 0) but can

be recovered by implementing

ong (ex) _ _ B
ek 4 cosh? (Bex/2) .

lim Lg (ex, €keq,0) = (5.31b)

Exrg—Ek

1This is because a condensate of a fermion and a boson is a fermionic quasiparticle.



5.2 Derivation of the fluctuation matrix

An evaluation of real frequencies w requires the analytic continuation [39] iw — w +in with n —» 0F
to all occurring Matsubara frequencies, i.e., Mp(iw,) and Mr(iw,). This so-called Wick rotation reverts
the imaginary times applied to the time evolution operator in Equation (3.3d) which was used to derive
the path integral back to real times. Consequently, w is a continuous frequency suitable for describing
dynamic correlations and excitation spectra. The infinitesimal 1 needs to be positive in order to represent
the causal retarded function, whereas the respective advanced function is found for n < 0. This procedure is
usually applied in the context of Matsubara Green’s functions, which is also the case here since we identify

Glwy) = -M (iwy).

Symmetries of the fluctuation matrix

Since we employ a basis of fluctuation fields, which is real-valued in the space-time domain, the fluctuation

matrix

1S
29999l

satisties My, (q) = M, (—q) per definition. Moreover, for spin-rotation-invariant (SRI) models, it holds

My,v(q) = (5.32)

[#,20] =|c”, 2] =[c? 2] =|c”. B,| =0 (539)

in the PM limit. With Equation (5.27), we can then infer M, , (Z f = M, (Z),ie., interchanging the indices is
equivalent to conjugate transposing the Z- matrix. Since Z can be written as a superposition of the hermitian
Pauli matrices, we may determine Z by complex conjugation of the prefactors (Z, Z-) where the imaginary
unit i only occurs together with the d, field. As a consequence, the PM fluctuation matrix obeys the symmetry
(53]

My (@) = =My (q) = =My (=q) (W=dp,v#dr) U(u#dy,v=d),

(5.34)
Mpv(Q) = ny(q) = M‘Ltv(_q) otherwise ,

i.e., itis a symmetric matrix w.r.t. all fields except for d,, where it is antisymmetric’.

Moreover, the spin and charge sector are decoupled for SRIs models, i.e., the fluctuation matrix is block-
diagonal w.r.t. charge fields ¢ = (dy,d2, po, o) and spin fields (p1, 1), (p2,B2), (p3,B3), i.e., charge and
the spin fluctuations of every Cartesian direction are independent. This property is obvious for the bosonic
fluctuation matrix given by Equation (5.20) and for the PF part, it can be verified by using [53]

P’z >’z

ot , ———| o1, ~—| =0 foru#v, (5.35)
m IpudPe M Ipudpy m

dz
I

Jz
WPy

oclz,

¥
which leads to a vanishing trace in Equation (5.27) for all matrix elements that couple the spin and charge

sector or different spin directions. As we will learn in Section 5.3.2, this greatly simplifies the calculation of
susceptibilities?.

1Despite the antisymmetry of the fluctuation matrix w.r.t. dp, the second-order action is real-valued since all antisym-

metric contributions vanish with the Matsubara summation S/(f) = Doy OWu-qMyua,(9),0d2,5 + 0do,-g My a0, ()0Y g =
Doy OW g M0, (9)0da,q + b2, g My, iy (=9)0V g = Do, 0%, g M u,a,(9), 0da,q = bz g My, ()01, 4 = 0.
2The decoupling of spin and charge sector still holds for the TKI model discussed in Chapter 12, although it is not SRI, which can
also be verified by the evaluation of the trace, despite being less apparent.
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5.2.2 Magnetic ground states

The derivation of the magnetic fluctuation matrix, i.e., the second-order variation around a magnetic saddle
point, works principally analogous to the PM case. There is, however, a subtlety that makes the calculation
more complicated and numerical costly. Every type of magnetic order except for ferromagnetism (FM) has an
underlying enlarged magnetic unit cell due to the non-uniform MF

cos(QR;) cos(QR;)
p;=p|sin(QRy) |, B; = B| sin(QR)) | - (5.36)
0 0

We may nevertheless exploit the periodicity in the context of the magnetic unit cell by expanding every
quantity that depends on bosonic fields 1, (i.e., Z-matrices and the bosonic Lagrangian) and its derivatives

in a Fourier series w.r.t. the MF ordering vector Q

Zi’ Z Zo,a e 11QR; , 8#21" — Zy,a e 1QR; , szi‘ — Z!ma e 1aQR; (5.37)

R E— a=-00 Y a=-c0

As shown in Section A.6, the zeroth, first, and second variation in momentum space are then given by

Zk(a = yNB Z Zp o Ok+aQ,iwn),0 + (5.38a)
a
5Zk‘¢ = Z Z 200V k+aQ o s (5.38b)
@ f
1
62&(@ =N Z yz ; Z 5 a0y O, (kv icon) s - (5.38¢)

While the dependence on Matsubara frequency iw, is equivalent to the PM case, we notice that the magnetic
MF background initiates additional correlations between fluctuation fields with a momentum difference of
aQ, which makes the enlarged basis defined in Equations (5.4) and (5.5) necessary. Fourier coefficients with
label a and a + P are equivalent and need to be summed up to account for the periodicity of our basis [55]

o0

[Se] (o) (S
a _ a _ a _ a _
ZO - Z ZO,Pnﬂz mod P / Zy - Z zy,Pnﬂz mod P/ Zyv - Z Zyv,Pn+u mod P / LHV - Z LHVfP’H“ mod P -
n n=—co

=—00 - n=-—o00 n=—oo

(5.39)

Bosonic part

We consider the bosonic part of the action with the Lagrangian L5 = },, L; in momentum-space

' _1 P —igri+tiw, T
ngf(; dT;Li(T)z\/N_ﬁf; dT;Zq:e qri+ Lq=\/N_BL0. (5.40a)

Next, we apply Equation (5.38¢) by identifying L, with Z v and find [55]

b _ 1 (SZVNﬁ Lo _ 1211 Zﬁ,ﬁ Zkl Lgvéll),ﬂ,kl611)17,(0+aQ,im,,)—k1 _ 1[};;” (5'4()b)

ME@|" =
[ (q)] 4 2 61##,*11*11(2,71&)” 6¢v,q+bQ,iwn 2 6¢y,7q7uQ,fiw,, 6ll)v,q+bQ,iw,,
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Notice that LZ;” represents the sum over all equivalent Fourier coefficients with the index b — a of the second
derivative of L; evaluated at the MF saddle point as indicated by Equations (C.7) and (5.39). For the spin spiral
of the underlying magnetic MF, all Fourier coefficients with |b — a| > 1 vanish. The explicit matrices for AFM
and FM are summarized in Appendix C.

Pseudofermionic part

For the PF part, we need to consider the Fourier coefficients of the Z-matrix and its first and second derivatives
and further the first derivative of the B-matrix in analogy to the PM calculation. Since the Q dependence of
the Z-matrix is given by the term proportional to p/p, all Fourier coefficients Z, , vanish for |a| > 1. Taking

the derivative w.r.t. a spin field p, yields two additional Fourier components, i.e., Z 1,q Vanishes for |a| > 2
and Z , , for |a| > 3. Since the LMs appear linear, only B, ,_ is non zero, i.e., they do not induce coupling

between different Q-blocks. The PF Greens function G¥ at the saddle point has to be defined in the same
basis of Q-blocks as the fluctuation fields, i.e.,

Chapter 5

(Pg = (PqﬂzQ,iwn 4 (541)

witha € {0,1, ..., P—1}, where ¢ contains all spin and orbital degrees of freedom as defined in Equation (4.12).
As a consequence, it is B
dimGY¥ = PdimH = PdimZ (5.42)

because the bare Hamiltonian # is defined in the non-magnetic basis, which makes the evaluation of the
trace and Matsubara sum in Equation (5.14) tricky. It has been shown in Reference [55] that the fluctuation
matrix can still be expressed in a compact form through several complicated index shifts, and we will only
present the result here

IME@IE, =% >0 > ne(er) [Qk([lzv]b® [H,v00Zi] + [Zf] ® [Hn0Z ]

keBzy s

2] © [Hspuimozt] + (2] 0 [0, 22] Jut|

+ % Z Z Lg (e,sc, e,sc’m,ia)n)

keBzg s,s’
s,s
ng ([Z ] ® [ k+q+(v+u)QZg+a] [ ] ® [ k+szlJ+a] + %v v+11) U,‘;W]
s',s
[Z Ukw ZT] [ k*”Qzu] * [Zg]””’ ® (Wk+q+(u+b)Q EBHb u)gk} '

(5.43)

We further elaborate on the definition of the Fourier coefficient vectors Zj and the dyadic product (“®”) in
Appendix C, where we also provide a list of all non-zero Fourier coefficients and show their explicit form in
the case of AFM and FM. Guidelines for an efficient numerical implementation of the fluctuation matrix and
related data analysis are discussed in Appendix D.

1Even though we can express the MF Greens function of SRI models in a reduced basis that does not introduce additional fields
as discussed in Section 4.3, we need to apply the full enlarged basis for the fluctuation calculation, which can be constructed by
symmetrization of the reduced basis. Fluctuations about incommensurate magnetic saddle points are thus not accessible.
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In the PM limit (5 — 0,  — 0), the magnetic fluctuation matrix becomes block diagonal w.r.t. to the external
momenta indices, i.e., Mf,f (q) — 6a,bMZ’Vb (g) and a change of the index can be recast into a momentum
translation Mﬁtl’“l(q, iw,) = My (q + Q,iwy,). Consequently, the full PM Brillouin zone can be recovered
and the theory reduces to that PM case described by Section 5.2.1 [117].

5.3 Dynamic susceptibilities and mean-field stability

This section shows how to calculate dynamic susceptibilities utilizing the fluctuation matrix and how these
expressions are related to measurable quantities and the stability of the MF saddle point. We first summarize
basic knowledge of linear response theory based on Coleman’s textbook [48] in Section 5.3.1. Afterward,
explicit representations of dynamic susceptibilities within the SB formalism are derived in Section 5.3.2.
Finally, we elaborate on the interpretation of these quantities in the context of phase transitions and collective
modes in Section 5.3.3.

5.3.1 Linear response theory

Linear response theory in quantum mechanics addresses systems described by a Hamiltonian Hy that are
subject to an external force or source field f(¢) or f(t) which couples to a variable A, which is usually an
operator or a field, i.e.,

N N

A-Ay=H.=-f(H)A, H-Hy=H.=-f(1)A. (5.44)

Since we calculate susceptibilities through the imaginary-time formalism and then recover the real-time
quantities by analytic continuation iw, = w + in, we provide equations for both cases. The susceptibility yx is
defined by the linear response of A to the external force [48]

(0A(t)) = f x(t=t)f(thdt', (6A(w)) = x(@)f(w), (5.45a)
p
(0A(1)) = f(; x(t =) f(thdt", (6AGwa)) = x(iwn) f(wa), (5.45b)

where (0A) = (A(t)) — (A)( represents a deviation from the equilibrium. Utilizing the Heisenberg represen-
tation of operators, one finds [48]

x(t=t) = 1<[A(t) , A(t')]_)@(t ey (5.46a)
X (1 = 7') = (T6A(T)SA(T)) . (5.46b)

We moreover define the correlation function

d—“’e—iw“—f’)sm) (5.47)

S(f—f')=<A(t)A(f')>=f =

—00

that can be interpreted as fluctuations of A and is also called structure factor. Depending on the method
of measurement, either the susceptibility x or the structure factor S are accessible, but both quantities are
connected via the fluctuation-dissipation theorem [118]

S(w) =2h (1 +n¢(w)) Imx(w), (5.48)
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Susceptibility

Coupling
Hamiltonian

Static, uniform limit

Experimental
accessibility

P (1) = (7:68%(1)55F (0))

H¢ = §Bexi(7)

xPg=0)=

Spin structure factor

aBSxt,q:O Buus S(q,t) via INS
3(1y-0) Im x.(q, w) via
Xe(T) = (Tr6n(1)6n(0)) He = npext(t) | Xe(q =0) = 5==2 . EELS [%19]]or
ext= RXS [120
. . a<j“:0> Optical conductivity
0®f(1) = (T:6j*(1)8/F(0)) | He = jEexe(1) | o%(q=0)= 5=k o(w) via reflection
ext,4=0 |E, =0 measurements

Table 5.1: Overview of susceptibilities, their respective coupling to external fields, and experimental accessibility. The
spin susceptibility x,; describes the magnetization response to an external magnetic field, and the static limit recovers
the magnetic compressibility. The charge susceptibility x. captures the electron density response to an external
potential, and the static limit yields the electronic compressibility. Finally, the conductivity o represents the response
of charge carriers to an external electric field and reduces to the inverse resistivity known from Ohm’s law in the
static limit.

where n is the Bose-Einstein distribution if A is bosonic and the Fermi-Dirac distribution if A is fermionic.
Unlike its classical analog, where 2x (1 + ”C(“))) — 2kpT/w, a quantum system features fluctuations even
at zero temperature. These so-called quantum-fluctuations are also captured within the SB formalism and
manifest, e.g., in non-vanishing structure factors at U = T = 0. Real and imaginary parts of susceptibilities
are connected by the Kramers-Kronig relations

(@)= [ L tmw), 549

T zZ-w

which allows the interpret the dissipative part Im x as a spectral function for excitations.

Table 5.1 lists the most common types of response functions, i.e., the spin susceptibility, charge susceptibility,
and conductivity, and identifies the respective external coupling force f. Moreover, it provides the static limit
with a spatially uniform source f(g = 0), which is known as thermodynamic sum rule [121] and presents a
brief overview of how the discussed quantities are experimentally accessible. Since we investigate systems
with time translation invariance, we may w.l.0.g. choose 7’ = 0. Another important quantity thatis not directly
related to a response function, is the so-called lesser Green’s function G., which is the correlation function
of holes (i.e., A = é,). It can be measured by angle-resolved photoemission spectroscopy (ARPES), where
X-rays are used to eject electrons from the material, and consequently, the measured intensity is proportional
to the hole fluctuations [48]

I(k, w) & f dr (71N (0))e k= = G_(k, ) = 2mnp(-w)A(k, —w) , (5.50)
where A(k, w) = 1 Im G(k, w) is the spectral function. This technique can be applied to measure BSs and FSs
at the surface of a probe!.

1References [122] and [123] applied a different SB representation to calculate fluctuation corrections to the electron Green’s function,
which directly relates to the spectral function and allows to access dynamic contributions of the self-energy. An adaptation to
the presented formalism of magnetic fluctuations could be of interest in future studies. The fluctuating part of the PM electron
Green'’s function in the space imaginary-time domain is given by 6G(r, 1) = — <7}f(r, )1, 0)> =GY¥(r, 1) (6z(r, 7)62(0,0)). In
the magnetic domain, the index structure of the MF Green’s function and SB weights need to be considered.
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5.3.2 Slave-boson representation of susceptibilities

To calculate response functions within the SB scheme, we evaluate the Fourier transformation of Equa-
tion (5.46b) in the momentum and Matsubara frequency domain, where susceptibilities adopt a convenient
form due to translation symmetry. The occurring quantum mechanical expectation value can be calculated
with the addition of source fields and the generalized Gaussian integral defined in Equation (3.1g), yielding
[53, 55]*

1
<5¢ﬁ7—q5¢€,q> = ﬁfﬂ [61,!1*, 61,0] o, 51#3,51 exp (—8(2)[6tp*, 61[;])
507Z®@ /,

; 1 * i AqAb s\ so B - i -
= lim — | D 6", 6] 9j5, 90 exp| =D OVFT MEL@OW 5+ D T 0w+ 0wt ] o

= M@ = -6t

(5.51a)
Susceptibilities are then determined by superpositions of matrix elements of the bosonic propagator?
x@y= . Cin(svpt,ovt)=— > CihGii@). (5.51b)
w,v,a,b w,v,a,b
Spin susceptibility
In order to calculate the spin susceptibility
X ) = (658,855) (5.52a)

we need to express the fluctuations of the spin operator by means of the bosonic fluctuation field basis 61
around the MF saddle point with magnetic ordering vector Q, resulting in [55]

1 P igr-iwnt (5 = - 1 *
6Sq =4 !N_f) j; dt Z el n (poépr + Pr5P0,r) = poépq + Ep (Aépo,q+Q,im,, +A 6P0,q—Q,ia),,) , (5.52b)

where we applied the notations A = (1,1,0)" and p = (p1, —p2, p3)T. With Equation (5.52b), one can infer the
general form of the spin susceptibility for an arbitrary ordering vector Q and itis derived in Appendix C. Here,
we want to focus on the most common magnetic orders, i.e., fluctuations around PM, FM and AFM mean-field
saddle points. For these types of magnetic order models without SOC, the spin susceptibility matrix adopts
diagonal form and splits into a longitudinal part x/(q) = X! (g) parallel to the magnetic MF background and
a transversal component perpendicular to it: x!(g) = )(f’z(q) = X§’3(q). The full spin-rotation invariance (SRI)
of the unordered state is thus reduced to SRI in the transversal plane of the symmetry-broken state. Explicit
expressions of the spin susceptibility are listed in Table 5.2.

1Remember that the chosen basis satisfies (61#’;,#)* =0y,
2Notice that translation invariant susceptibilities in the space-time domain are given by x(r,7) =

\/;N_ﬁ fOB dt’ ZR Zp,v,u,b CZ’,llj/ <7;6¢;1,R(T)6¢V,R+r(77 + T,)>~
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Magnetic order of the mean-field Dynamic susceptibilities: Longitudinal and transversal spin
background ( )(é, )(é), bare (xp) and charge (x.) susceptibility
Xs(q) = xi(q) = _Pogpa Pa = Po i
PM: p = O’ Q = 0/ Mpa paMﬁa/ﬁa Mpa B(XM,B(X Pa
Number of sites per unit cell: xo(q) = =2Mg, g, = —2Mg, 3,
P=1

Xe(@) = ~4T, G5, ~FaGhm, — 2017, (65, + 611,

X5@) = =BG = PPo (Goiwo + Gpowr) = P Groo

t —2 —2
Xs(q) = = 00Gpaps = —PoGps,
FM:p #£0,Q =0; s\ PoGpap2 = ~PoGpaps

Number of sites per unit cell: xo(q) = —2Mg, 5,

P=1 —2 —2 — _
Xe (q) = - 4d1gd1,d1 - p()gpo,po - 2d1P() (gdl,po + gpo,dl)
- 231? (gdl/r’l + gﬁl:dl) —PoP (on,m + gpwo) - ﬁzgﬁlrm
=2 0,0
Xé (9) = =PoGp1,p — P Po (gpl po gpo p1) on Po
AFM: p # 0, Xt()z_—g g

Q € 1(7,0,0), (0, (rm, ) | K= PG = T

and symmetry/lower dimensional Xo(q) = 2M20050

equivalents; Number of sites per 2 00 0.0

unit cell P =2 xe(q) = 4dlgd1 i = P0Grip0 ~ 2d1p0(gd1 o TG, d1)

~2dip (gm 1 +gﬁ1 dl) PoP (gpo P1 +gl’1 PO) gpl 1

Table 5.2: This table sums up, how to calculate the spin, charge and bare susceptibility by means of the fluctuation field
,b
propagator gﬁ;’; (9)=- [M’l (q)]:v for underlying PM, FM and AFM mean-field saddle points. The spin susceptibility

splits into a longitudinal part x! parallel to the MF magnetization and a transversal component x! perpendicular to it.

Charge susceptibility

The charge susceptibility

xe(q) = (6n,q5nq> , (5.53a)
can be obtained analogous, utilizing [55]
- 7 <
oy = 2d15d1,4 +Podpog + 5 D (A0Pagsion + AadPag-ian) - (5.53b)
a=1

The general form is derived in Appendix C, while the most common applications for PM, FM and AFM
order are listed in Table 5.2. The charge susceptibility is directly related to the electronic compressibility
k1 = n?dn/duo, which can be noticed by identifying the external potential ey in Table 5.1 with the chemical
potential 1o

8<nq=o>
—0) — _ 2
Xc(g=0) = e =nkr. (5.54)

67

Chapter 5



68

5 Gaussian fluctuations around the mean-field saddle point

We, moreover, want to discuss the bare susceptibility xo(q) which is sometimes also called polarizability and
can be understood as charge susceptibility of the effectively free MF band structure with x.(g) = xo(g) in
the non-interacting limit U = 0 [124]. It can be evaluated with the PF representation of the charge density
operator and the application of Wick’s theorem

1 . . . + 9] o)
0@ = (1gm), = 55 [ DU A oo fiveaf oo Y11 [Pr6Y] 74
k (5.55a)

1 ¥ ¥
- u(ricl, picl) .
k

where P = 0, ,, ® 1, projects onto the interacting electrons. This result can be identified with diagram
D(6) in Figure 5.1 and consequently we find

1
- EXO(q) = Mpgo.0(9) - (5.55b)

In opposite to other susceptibilities, o is not directly impacted by the interaction, besides the renormalization
of the MF band structure, and thus not well-suited to investigate FS instabilities in our case. However, it is an
indicator of FS nesting and of major importance for other approximation techniques like, e.g., random phase
approximation (RPA), where the corresponding diagram is summed up to infinite order.

Conductivity

The charge susceptibility and conductivity are not independent because the external potential and electric
field are connected by Eext = —Vpext and the continuity equation, yielding [39]

7(q) = a(DEext(9) = —10(9)g Pext(q) , (5.56a)
0 =—iwn, +iqj(q) . (5.56b)

Combining these results and using 15 = Xc(9)¢ext(q), the dynamical conductivity for isotropic systems is
given by
—iw
o(q,w) = ?Xc(q/ w) . (5.57a)

Since we obtain the charge susceptibility via analytic continuation w,, — w+in, wehave to add the convergence
factor to all appearing frequencies. The optical conductivity is then found in the limit of vanishing momentum

) ) iw+7 )
o(w+1in) = hn}) 7 Xc(gq, w+in) . (5.57b)
q—)

The convergence parameter 1 needs to remain finite for numerical evaluation, and it may be identified with
the inverse scattering time 7, = 1/1 of a Drude conductivity [14, 53]

(oN) . OpWTs

+i
1+ w212 1+ w22’

op(w, Ts) = (5.58)

and we find lim; o 0p = oo, if the model does not feature an explicit source of dissipation.
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5.4 Fluctuation corrections to the magnetization

5.3.3 Collective modes and phase transitions

Within the analysis of dynamic susceptibilities, we can infer the existence of collective excitations and deter-
mine their dispersion relation. Such a collective mode is characterized by a coherent oscillation of a large
number of electrons with the same wave-vector g and frequency w in the absence of external fields [125].
They are therefore defined by poles of the susceptibility or equivalently

1/x(q,w) =0 = Dispersion relation w(q) of the collective mode . (5.59a)

Specifically, in the case of a diverging spin susceptibility 1/xs(q) = 0, the quasiparticles (QPs) represent
spin density waves and are called magnons [126]. In analogy, the QPs of charge density waves come along
with a diverging charge susceptibility 1/x.(q) = 0 and are called plasmons [125]. In practice, we need
to perform the analytic continuation iw, — w + in with 7 — 0% in order to evaluate susceptibilities at
finite frequencies. Collective modes manifest in delta-peaks of Im x(gq, w + in), which are broadened by the
convergence parameter 1 that acts like a dissipative energy scale or an inverse lifetime in analogy to Im X in
FL-theory. A collective excitation at zero frequency is the signature of a FS instability, i.e., a phase transition
with spontaneous symmetry breaking

1/x(q,w =0) =0 = Phase transition . (5.59b)

Typical broken symmetries are spin-rotation-symmetry (magnons), translation-symmetry (enlargement of
the unit cell due to charge or spin order), lattice symmetries (nematic order) or U(1) gauge-symmetry
(superconductivity).

In the context the Gaussian fluctuations, we may think of susceptibilities as bosonic QP Green’s functions
Gsjc = X;/lc that initiate a breakdown of the path integral for G;;. < 0. Apart from roots of 1/x;/.(w = 0) at
phase transitions, we do indeed find negative domains if the external parameters are chosen such that the
system is tuned further into the broken symmetry phase, which can be interpreted as condensation energy of
the bound state. However, the MF approximation has already broken down at this point, and the respective
analysis of susceptibilities is not accurate anymore. Reliable information about the nature of the symmetry
broken phase should thus be acquired exactly at the critical point. This way, susceptibilities can also be
applied to determine critical exponents and Landau interaction functions [53, 127].

5.4 Fluctuation corrections to the magnetization

We may also utilize the fluctuation formalism to improve the quality of the MF solution by calculating
second-order corrections that yield from the bosonic theory of fluctuation fields with the action

DD ID I Rt K 50

iw, q€EBZQ v ab

Despite being quadratic, the effective theory does for two reasons not represent free bosons, which comes
along with subtleties that make the evaluation complicated and numerically costly. First of all Equation (5.60)
contains anomalous contributions w.r.t. the complex d-field that keeps its phase in the radial gauge. As a
consequence, the Lagrangian features terms proportional to dd and d*d* that do not enter in a free theory, but
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can principally be integrated out analytically® [80]. Secondly, the fluctuation theory features a complicated
time dependence that is not delta-correlated (Atg # 0) as opposed to a free theory. It is due to the fact that
only the original fermions are delta-correlated in time, whereas the PF and SB fields have individual dynamics
with 0 = A7 = Atr + Atg. This can be seen by inverse FT of the dynamic Lindhard function, which can be
determined analytically with the application of Reference [128]

_ [g—l(q,ATB)]Z’ = Mﬁ/l:/(q,ATB) o« — Z lamATB N Z [fk . 4 C;{’:LF (Si' gi’Jrq,ia)n)]

iwy, k,s,s’
- = Y [sas) 1z, ~ Cirexp (to (e, = e5) + Bei ) e (e5) e (<52,
k,s,s'

(5.61)

Unlike a free theory, an analytical evaluation of the occurring bosonic Matsubara summations is thus not
possible.

The calculation of the bosonic partition function that yields corrections to the free energy is problematic
because it involves non-convergent Matsubara summations and will not be further discussed in this thesis?.
However, uniform expectation values of the fluctuation fields are easier to access because they do not explicitly
require the integration of bosonic fields and can be interpreted as corrections to the respective MF variables.
These are determined by the respective equal space-time Green’s function

= @wmr—OM—O)————EZEZ‘WOQ Vg (G.62)

Ar=0 iw, q€BZQ

(690 ) = (092 (oYh(r +ar))

that does not depend on r due to translation symmetry. The occurring Matsubara summation needs to be
performed numerically and converges if Qﬁﬁ (iw) =0 (a); (1+6)) with € > 0. In the case of € = 0, numerical
convergence can be recovered by a convergence factor 07, which originates from the discrete nature of the path
integral and preserves causality. The matrix elements of interest decay quadratically for large frequencies,
i.e., the infinite sum numerically converges by employing a suitable cutoff

Z@ﬂ@eZ%mn (5.63)

n=—co n=—n,

1These terms are "hidden" in the off-diagonal matrix elements Gy, 4,, considering our basis d = dq +id,. A free theory is defined by
L(O) = Za 5; (wy, +&q) Ea-

2The calculation of F® = -TInZ® = —Tlnf D [61[)*, 61/}] exp (—61[)*Méll)) = —TNL[; Yiw, 2q Indet M(q) requires integration
of all bosonic fields and has, as far as we know, not been established in the literature. We quickly sketch the obstacles which
would need to be resolved to evaluate this type of energy correction. Firstly, all normalizations and Jacobi determinants that
conveniently cancel for the analysis of correlation functions, including the impact of dynamic Lagrange multipliers within the
radial Read-Newns gauge, need to be considered here. Secondly, the occurring Matsubara sum does not converge because

M contains eigenvalues of the order O(w;), which yield from the bosonic part Slgz). These divergences are an artifact of the
continuous-time description because only the formalism with discrete-time, where the limit of an infinite number of time slices
is taken at the very end of a calculation, is formally correct, as we pointed out in Chapter 3. This problem also occurs for free
particles and can be resolved through an adequate convergence factor [originating in the fact that two fields are always separated
by a single time slice in the discrete description, see Equation (3.5b)] and complex integration [compare Equation (3.19b)]. This
procedure, however, cannot be directly applied here because the eigenvalues of M have no simple analytic form due to the
occurring Lindhard function. A promising approach to resolve that problem is separating the divergent and convergent part of M

by means of the matrix identity M, + M =M, (1 + MleMc Onv) and treating the diverging part in an analytical manner,
while remaining part decays fast enough for a successful numerical evaluation. Following Reference [80], the calculation could
also be done in the Cartesian gauge with static Lagrange multipliers to avoid gauge problems in the path integral. In that case,
however, the unphysical zero modes which have been discussed in Section 3.2.1 need to be projected out [86] before the evaluation

of the determinant.
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fe)

that should be chosen such that w,, = 2nn./p = W, where W is the bandwidth of the MF band structure.
Therefore, especially the evaluation at low temperatures becomes numerically costly.

Corrections to the MF magnetization (m®) = p,p) are accordingly given by the equal space-time expectation
value of the spin fluctuation m® = (5podp), which is determined by the respective equal space-time Green’s
function matrix element. We explicitly consider the cases of FM, where the MF solution is spatially uniform,
and AFM where we have to consider the non-vanishing Fourier coefficients of p; w.r.t. the MF ordering vector

Ql

(2) Z Z Gropn (), (5.64a)

m),, qEBZy

mleM = Nﬁ Z Z gpo,m(q) . (564b)

iwy q€BZg

To sum up, the expectation value of the net magnetization m up to second order is then given by
m=m®+m?+0(59°) . (5.65)

The presented evaluation of second-order corrections is numerically expensive because it involves two inde-
pendent momentum summations (the PF sum to determine the fluctuation matrix and the bosonic sum) and
one Matsubara summation (the PF Matsubara summation has been performed analytically).

!In the case of AFM order, we need to multiply by 1 to account for the smaller magnetic BZ and we find the matrix elements

g,,U pl,g,,o D17 gm ,,O,Qm po to be equivalent within the summation. Moreover, we find Q,,O‘;?p] to vanish due to the sublattice
structure of the AFM.
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The 2D Hubbard model in the context of
the high-T. cuprates

In this part, we introduce the two-dimensional one-band Hubbard model as
an archetypal approach to the many-body problem and argue why it serves
as a minimal model for the high-T, cuprates. We then provide a com-
prehensive analysis of the model by means of the SB technique, including
the discussion of Mott physics, magnetic phases, collective modes, phase-
separation, and compare our findings with results from other theoretical
methods. Finally, we identify a parameter regime that features an intertwin-
ing of spin and charge order, where our results are in excellent agreement
with recent experimental findings in the of electron-doped compounds like,
e.g., Ndo_,Ce, CuOy4 (NCCO).

The content of this part has partially been published in References [53] and
[55].






CHAPTER 6

The Hubbard model and the many-body problem

The Hubbard model, independently conceived in 1963 by Martin Gutzwiller [106], Junjiro Kanamori [129] and
John Hubbard [35] is one of the legendary models in theoretical physics that captures the essence of various
emergent phenomena despite being simple and descriptive [36]. Almost 60 years later, it has remained
relevant in the current research and puzzles scientists up to this day. Initially, it was intended to explain
itinerant ferromagnetism (FM) in transition metals like, e.g., iron or nickel, as an interaction effect, since
the phenomenon could not be explained with the free electron gas [18], where particles are only indirectly
correlated by the quantum mechanical Pauli exclusion principle [16]. However, as we will learn, FM only
plays a minor role after all, whereas the corresponding phase diagram is dominated by antiferromagnetism
(AFM) and superconductivity (SC).

The model is based on the tight-binding approximation, where electrons are assumed to be fairly localized
around positively charged ions that form a periodic potential or lattice in terms of Wannier states [130]. Wave
functions, associated with different lattice sites 7, j hybridize as a result of the transfer integrals ¢; i between
the orbitals, which introduces a kinetic energy scale and allows the electrons to hop from site to site. The
Hubbard Hamiltonian adds a potential energy scale to the picture, which relates lattice sites occupied by two
electrons with different spin (7, ]) with the energy cost U > 0, as a consequence of the screened repulsive
Coulomb interaction. We further involve the chemical potential po to control the total number of electrons in
the grand canonical ensemble, which yields

Hub R 4 2 T NN
H™ = - Z tij fi o /i, = Ho Z fioliectU Z finfiaTiiti (6.1a)
<ij>,0 i,0 i
= Z ék,o’f]:afk/g +U Z fi‘tTi\i,Tﬁlfl‘rl ’ (6.1b)
k,o i

in the second quantization notation (compare Chapter 2). By imposing periodic boundary conditions (PBC),
the kinetic part of the Hamiltonian can be diagonalized by Fourier transformation (FT) in a basis of Bloch
states [22], which allows for calculating the exact ground state in the non-interacting limit (U = 0). Within
this thesis, we consider nearest neighbor (NN) hopping with an amplitude ¢ and next-to-nearest neighbor
(NNN) hopping t’ on the square lattice, which leads to the dispersion relation

Eko = —2t (cos ky + cos ky) — 4t’ cos(ky) cos(ky) — o - (6.1¢c)

We will w.l.o.g. define t = 1 in the following, i.e., we relate all energy scales to the NN hopping transfer
integral. In the non-interacting limit, the dispersion &, is equivalent to the spin degenerate eigenvalues ¢
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Figure 6.1: Band structure on the high symmetry path [ = (0,0)" - X = (0,n)" - M = (%, n) " — I'] with according
DOS (left side), and Fermi surfaces (FSs) representing three different electron fillings n (right side) for the Hubbard
model in the non-interacting limit (U = 0) and #' = —0.2. The DOS logarithmically divergences at ny,yq ~ 0.83 (van
Hove divergence). The hopping scheme is chosen such that the model approximately describes the physics of high-T.
cuprate materials (compare Chapter 7), where the van Hove singularity plays an important role, since a high DOS
may catalyze FS instabilities once interactions are taken into consideration. Figure adapted from [57] with permission
of the author.

of the Hamiltonian in the one-particle picture, where k is a good quantum number to describe the system.
Figure 6.1 exemplarily shows the corresponding band structure (BS) and Fermi surfaces (FSs) for three different
electron fillings n. We observe that there are states below and above the Fermi level as a consequence of the
electron hopping, i.e., the total energy can be minimized by the delocalization of electrons for partially filled
systems, which besides the prediction of energy gaps, is one of the key results of band theory in condensed
matter physics. Figure 6.1 moreover shows the density of states (DOS), which is defined by D(w) = dn/dw
and can be interpreted as the number of states per energy interval dw. It is given by the trace over the spectral
function! [39]

D(w) = Trg o A(w, k, 0) = %17135 k m :2; 5(w - ex) 6.2)
and employs a logarithmic divergence? at the saddle point of the BS. This so-called van Hove singularity is
named after its discoverer, who first observed the divergence in 1953 in the context of phonons [131]. Itis a
special feature of two-dimensional (2D) tight-binding models and does not occur in 1D or 3D? [132]. The value
of the critical filling n,y depends on the details of the hopping scheme, but it always remains present.

Like in most branches of physics, the properties of a system are mainly determined by the interplay of kinetic
and potential energy degrees of freedom, which are here represented by the transfer integrals ¢, ¢’ and the
Hubbard interaction U respectively. As we have learned before, the ground state energy can be decreased by
the delocalization of the itinerant electrons. However, this behavior is inhibited by the Hubbard interaction,
which effectively reduces their mobility and, to some extent, favors a localized picture. These competing
processes promote various interesting phenomena, and the Hubbard model has become the archetypical
model to study strong correlations among condensed matter theorists, featuring a plethora of Fs instabilities
despite its elegant simplicity. The interest in the model spiked twice in history due to breakthroughs in
experimental physics. First, in 1986 with the discovery of high-temperature superconductivity (HTS) by

IThe spectral function is defined by the imaginary part of the Green’s function A(w) = Im G(w + i), where 1 is a positive
infinitesimal, which is introduced by analytical continuation from Matsubara frequencies to real frequencies to preserve causality.
Moreover, 6(w) represents the Dirac Delta function that yields from the limit n — 0.

2The electron filling given by the energy integral over the DOS remains well defined due to the logarithmic nature of the divergence.

%In 1D or 3D there still is a critical point, where the DOS is not differentiable. It, however, does not diverge.



Bednorz and Miiller [8] and the high-T, cuprates (HTCCs) that are approximately described by the Hubbard
model and its high-U limit, the {-] model [133], as we will further discuss in Chapter 7. Since then, researchers
hope to get a deeper insight into the still not fully understood pairing mechanism of unconventional SC by
studying the Hubbard model, and that journey continues up to this day. Secondly, since the 2000s, physicists
were able to directly experimentally realize the Hubbard model by cold atom trapping [134, 135], which gave
its popularity another boost.

The problem, however, is very hard to solve and an exact solution has only been obtained in 1D [136]. Its
physical relevance catalyzed the development of analytical and numerical techniques to approximately solve
the many-body problem. Prominent examples are dynamical mean-field theory (DMFT) [40], quantum Monte
Carlo (QMC) [38], functional renormalization group (FRG) [42], density matrix embedding theory (DMET) [41]
and of course mean-field (MF) plus fluctuation methods like the slave-boson (SB) theory described in Part I
that we will apply in Chapters 8 and 9 to analyze the 2D Hubbard model. These techniques have revealed
various FS instabilities and non-Fermi liquid (FL) behavior like metal-to-insulator or Mott transitions [50, 58,
122, 137], superconductivity [41, 138], different types of magnetic order [53, 105], stripes in the context of
charge-order (CO) [55, 120, 139, 140] and the pseudogap (PG) [141] that cannot be explained without the impact
of interactions.

The dimensionality of the model also plays an important role. Since electrons are more confined in 2D rather
than 3D and feature the van Hove singularity at a critical filling, interactions effects that drive the previously
mentioned phenomena are expected to be more dominant. Theoretically, such long-range order should
not exist in two dimensions in the thermodynamic limit at finite temperatures due to the Mermin-Wagner-
Hohenberg (MWH) theorem [142, 143]. Magnetism and superconductivity, however, have been experimentally
observed in quasi-two-dimensional materials like the HTCCs, which can be explained by interlayer coupling
or anisotropy due to spin-orbit coupling (SOC). Moreover, a recent discussion initiated by Bertrand Halperin
questions the applicability of the MWH theorem in 2D systems due to finite size effects [144, 145]. Finally, it
is important to note that the approximations that come along with the SB theory described in Part I do not
respect the MWH-theorem, i.e., the method is suitable to investigate long-range order in 2D as experimental
findings suggest.

As mentioned previously, a prominent example of such a quasi-two-dimensional system are the HTCCs,
which became famous with the discovery of HTS. In Chapter 7, we will summarize crucial features of these
materials and argue why they can approximately be described by the one-band Hubbard model. Afterward,
we present a comprehensive study of the 2D Hubbard model in Chapter 8, where the results are also compared
with other theoretical methods and contextualized with the HTCCs. Finally, Chapter 9 identifies a parameter
domain featuring intertwined spin and charge order in excellent agreement with recent experimental findings
in electron-doped HTCCs [120, 140].
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CHAPTER 7

The high-T, cuprates and superconductivity

On April 8th, 1911, the dutch physicist Heike Kamerlingh Onnes wrote into his lab notebook [146] “Kwik
nagenoeg nul. Herhaald met goud” (Mercuryl's resistance] practically zero [at 3 K]. Repeated with gold) and discovered
superconductivity (SC), a quantum mechanical state where the electrical resistivity goes to zero below a critical
temperature T, as a result of his effort to liquefy Helium [7, 147]. Over time, more and more elements and
compounds were identified to feature SC with a rise in critical temperature T that saturated around 30 Kelvin
as illustrated by green circles in Figure 7.1. It took 46 years until a theoretical description was established
by John Bardeen, Leon Cooper, and John Robert Schrieffer in 1957, which is referred to as BCS-theory of
conventional superconductivity and explains the phenomenon by the formation of Cooper pairs [28, 102].
The pairing is explained by an effective attractive potential between electrons induced by electron-phonon
coupling, yielding the order parameter A;; = < f;rT f;r i> # 0.

In 1986, Bednorz and Miiller discovered that a totally different material type, namely the cuprate Ba,CuzLaO7
(LBCO) also featured superconductivity at a for that time surprisingly high critical temperature of about 35K
and the field of high-temperature superconductors (HTSs) was founded [8]. Shortly after, it was observed
that a substitution of the rare earth element could drastically increase the critical temperature up to 92K
for YBa,CuzO7-x (YBCO), which was a major breakthrough because it was the first superconductor that
could be cooled with liquid nitrogen [148]. It was succeeded to push T, for this material class of high-T.
cuprates (HTCCs) even higher as illustrated by blue diamonds in Figure 7.1, but it still remains far below
room temperature, and there was no major improvement since the late 1990s. The pairing mechanism in
HTSs differs from conventional superconductivity, is still not fully understood and its further deciphering
and the search for room-temperature SCs is a major goal in contemporary condensed matter physics. It is,
however, consensus that the pairing for this so-called unconventional superconductivity is due to electron-
electron interactions (rather than an electron-phonon coupling), where an adequate order parameter is given
by Moo = (71,71} # Owith i # .

A popular theoretical approach to study unconventional SC is to calculate the k-dependent pairing vertex
V7% (k, q) (e.g., by FRG) and solve the self-consistent MF gap equation [42]

g,0’

1 Ak,o‘ o Ek
) Vg,lg‘fz(k,q)T;ztanh(ﬁ) . 7.1)

k,ﬂloz

Unlike conventional SC, which can analyzed by means of the spin- and charge-rotation invariant Kotliar-
Ruckenstein (SCRIKR) slave-boson representation [68], a SB approach for unconventional SC has not been
established. The reason is that the corresponding order parameter would require defining a non-local
constraint that connects neighboring lattice sites, whereas the implemented constraints are local, i.e., on the
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Figure 7.1: Historical overview of discovering superconducting elements and materials with their respective critical
temperature T.. High-T, cuprate materials that are discussed within this thesis feature unconventional superconduc-
tivity and are shown in blue; conventional superconductors are represented by green circles and heavy-fermion-based
superconductors by green stars. Figure reprinted from [149].

same lattice site [compare Equation (2.14)]. A SB method that combines both types of constraints consistently
is yet to be found. We will, therefore, not explicitly discuss superconducting phases in this thesis and focus our
discussion on the underdoped regime of the HTCCs, where SC is not present. We are, however, investigating
a method to approximately calculate the frequency-dependent pairing vertex by means of the SB fluctuations
in order to solve the dynamic analog of Equation (7.1) [57].

7.1 Effective one-band Hubbard model for high-T. cuprates

A common denominator of all HTCC materials are copper-oxide planes (CuO,), separated by interlayers that
usually contain rare-earth elements that act as charge reservoirs as exemplarily shown in Figure 7.2(a). There
is only weak coupling between different planes such that the main physics is believed to be described by
quasi-2D systems, and the electron density in those planes can be manipulated by a process called doping,
where the rare-earth elements are partially substituted [150].

The copper ions are in the oxidation state Cu** with the electron configuration 34°, and associated orbitals
are energetically split by the crystal field of the surrounding oxygen octahedron into a low energy triplet t5,
containing orbitals that feature nodes at the oxygen ions (dyy, dxz, dy:), and a higher energy e, doublet with
the d,>_,» and d3;2_> orbitals. Furthermore, the degeneracy of the e; doublet is lifted by the Jahn-Teller effect
[151], i.e., the distortion from the perfect octahedron, which effectively removes the d3,2_,> orbital. These
results imply a three-band model, featuring a half-filled d,2_,. orbital for the copper and doubly occupied
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Figure 7.2: Basic crystal structure and schematic phase diagram of the high-T. cuprates based on experimental and
theoretical results. The doping 6 manipulates the electron density in the two-dimensional CuO;-plane and can be
tuned by partially substituting rare earth elements in the crystal. The system is theoretically well approximated by
the one-band 2D Hubbard model. Figure adapted from [57].

Chapter 7

p-orbitals for the oxygen ions O, to be an effective model [152, 153] with partially filled bands. Experimental
findings, however, show a large charge gap at half-filling, i.e., a breakdown of the band theory [154], which
can be explained by a Mott transition! as a strong correlation effect [156], which is actually covered by the
single orbital Hubbard model.

Also, for doped HTCCs, experiments suggest that there is only one band at the Fermi-level [162]. Moreover,
as pointed out by Hanke et al. [163] many theoretical studies featuring the one band model find the Fermi-
ology, magnetic ordering and d,._,» superconducting pairing in qualitative agreement with experimental
observations [162, 164-167]. In that picture, only the copper d,2_,» orbital remains, which can be approxi-
mated by the one-band Hubbard model on a 2D simple cubic lattice. Due to these findings, the HTCCs are
commonly believed to incorporate the physics “of doping a Mott insulator” [133]. Doped electrons occupy the
3d'0 orbital, whereas holes are mainly absorbed by the oxygen orbitals, which raises the question of why
those can be neglected in the case of hole doping. A possible explanation was given with the formation of
a so-called Zhang-Rice (ZR) singlet between a spin residing in the half-filled copper orbital and a hole on
the adjacent oxygen orbitals [168, 169]. The one band description can be recovered through a second-order
perturbation calculation, where the oxygen orbitals are integrated out. The apparent particle-hole asymmetry
can be recovered by a finite next-to-nearest neighbor (NNN) hopping t’ as a phenomenological parameter,
despite it is not in strict agreement with the ZR picture. Ab initio calculations suggest that ¢’ ~ —0.2 is a
reasonable choice to represent many HTCC materials [170]. We will therefore apply the one-band 2D Hubbard
model given by Equation (6.1) as effective HTCC model and analyze it with the SB scheme. There is, however,
an ongoing discussion on its validity and possible limitations in the scientific community.

1There is another school of thought that the HTCCs should be regarded as charge-transfer insulators, where the insulating properties
arise from hopping between the 3d'° and 2p orbitals within the unit cell rather than hopping between different unit cells like in
the case of Mott physics [155].
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7.2 Generic phase diagram

The two most crucial experimental possibilities to manipulate HTCC compounds are to control the temperature
T and the doping 6 away from half-filling n = 1 — 0 by substituting rare earth elements in the crystal. The
phase diagram as a function of these parameters looks qualitatively very similar for many different HTCC
materials and is summarized by the schematic universal phase diagram in Figure 7.2(b). As discussed earlier,
the undoped ground state is insulating, which can be explained by a Mott transition with antiferromagnetic
spin alignment. The antiferromagnetism (AFM) persists away from half-filling as conducting magnetic ground
state and occupies a larger domain in the case of electron doping. Superconducting domes are present for
both types of doping, but the highest critical temperature T, is consistently found for hole doping, with its
maximum around n = nyp (optimally doped). Moreover, a so-called and not yet fully understood pseudogap
(PG) regime is identified at the vicinity to half-filling, up to high temperatures. The PG is characterized by
partial energy gaps at the Fermi surface (FS) resulting in Fermi arcs and is also associated with local minima
of the density of states (DOS) that can be measured by means of the specific heat [171-173]. A significant part
of the remaining phase diagram also shows non-Fermi liquid (FL) behavior, such as a linear resistivity as a
function of temperature rather than a quadratic dependency, and is often called strange metal.

Recently, research on charge-order (CO) and stripe phases have risen in popularity. This type of order is
primarily observed in the underdoped regime for electron doping, intertwines with the AFM ground state,
and could also be relevant to gain a better understanding of PG physics [157]. Ultimately, people hope to get
a deeper insight into the superconducting pairing mechanism by studying spin fluctuations and the nature
of the other surrounding phases in order to demystify the fascinating phenomenon of HTS [174, 175].

The SB method is especially capable of describing intertwined spin and charge order, which is why we set
the main focus on the underdoped regime and present results for the Hubbard model with explicit context
to the HTCCs in Chapter 9.



CHAPTER 8

Slave-boson analysis of the 2D Hubbard model

In this chapter, we present a comprehensive analysis of the 2D Hubbard model defined in Equation (6.1) on
the square lattice, by means of the slave-boson (SB) theory described in Part I. The discussion includes a Mott
transition at half-filling (Section 8.1), magnetic mean-field (MF) phase diagrams (Section 8.2) as well as static
correlations (Section 8.3) and collective modes (Section 8.4) in the spin and charge channel. Afterward, we
investigate emerging inhomogeneous phases that arise from charge fluctuations about the AFM mean-field
ground state (Section 8.5) and lead up to the discussion of intertwined spin and charge order in the context of
electron doped high-T, cuprates (HTCCs) in Chapter 9. We, moreover, compare our results with the findings
of other theoretical methods to provide an estimation of the quality of the SB approximation. We do not
explicitly discuss superconducting instabilities because the SB technique presented in Part I is not suitable to
express non-local order parameters, which are required to describe unconventional superconductivity (SC).
The content of this chapter is based on References [53] and [55], but also complemented with a variety of
previously unpublished results. Data that has been published before in the references above is annotated in
the caption of respective figures.

We will keep technical details short in order to achieve a smooth presentation and refer the reader to
respective relevant sections in Part I to get a deeper insight into the underlying formalism. Just for a quick
recap, the SB approach that we apply yields an exact representation of the original model, where the Hubbard
interaction becomes quadratic in fermionic fields at the cost of a more complicated hopping scheme that mixes
fermionic and bosonic degrees of freedom. The corresponding ground state can be determined approximately
through a bosonic MF ansatz, where the remaining fermionic degrees of freedom are integrated out. Gaussian
fluctuations of the bosonic fields around the MF saddle point are applied to analyze dynamic correlations
and to investigate emerging Fermi surface (FS) instabilities of the renormalized band structure (BS) in order
to judge the stability of the MF ground state.

8.1 Mott transition at half-filling

According to Fermi liquid (FL)-theory, it is expected that a half-filled band always features a conducting state
because there are quasi-free electrons at the FS that can carry charge. There are, however, exceptions to that
assumption. In 1949, Nevil Francis Mott proposed his idea of an insulating state for a half-filled band [137],
which was theoretically supported by the analysis of the Hubbard model in 1964 [58] and explained the
phenomenon by interaction effects. The problem can intuitively be understood as follows: We learned in
Chapter 6 that free electrons in metals tend to delocalize in order to minimize their total energy. However,
the Hubbard interaction applies an energy penalty if two electrons occupy the same lattice site, and for a
half-filled system, this potential energy cost cannot entirely be avoided as long as the electrons remain to
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be itinerant. Imagine a critical U, where the interaction energy cost is so high that delocalizing does not
minimize the total energy anymore, but the electrons are rather frozen out and localized. The resulting state
is insulating and called Mott insulator (MI), whereby the critical interaction U, enables the Mott transition.
The existence of such a state is supported experimentally. It is e.g., widely believed that the HTCC are MIs at
zero doping [133].

Within our SB scheme, we have two accessible quantities to search for the signature of an emerging Mott
state. Firstly, the kinetic energy in the system, and secondly, the opening of an energy gap. In order to
investigate those, we minimize the MF free energy (FE) by solving the saddle point equations

aF(O) aF(O)
eff eff
- -0, 8.1a)
Ipo (4.26) O et (4.26)
IF) IF) IF) IF) IF)
P l26 Po 1406 B 46 Heff (426 Q {426

according to Section 4.4 at half-filling (n = 1). We distinguish between explicitly paramagnetic (PM) solutions,
where we enforce p = 0 and solve the reduced saddle point equations given by Equation (8.1a)' and MF
ground states that allow for magnetic order as determined by Equation (8.1b). The eigenvalues ¢k, of the
renormalized BS that enter the FE are derived in Appendix B.1 and yield

Eke = % [(Zi + ZE) (Ek + Ek—Q) + Af] — Ueft , (8.2a)

with the magnetic gap function

2 2
02 =\[(22- %) (54 - 1) +4[2.2- (61 + 0) + 6] 82b)
In the PM limit, itis Z_ = p = 0 and the spin-degenerate eigenvalues adapt the simplified form
Ek = 25k — Heft - (8.2c)

Moreover, we defined pef = po — fo, Ex represents the dispersion of the non-interacting system defined by
Equation (6.1c), and the properties of the SB-weights Z., Z_, zg and LMs fy, § are summarized in Table 4.1.

The hopping amplitudes that dictate the kinetic energy scale are renormalized by t;; — zg tij for PM and
tij — Z2t;; for magnetic saddle points respectively? and the localized Mott state can be identified by a
vanishing hopping amplitude. Equation (8.1a) can be solved analytically for t' = T = 0 [53] and yields
U, = 128/7% ~ 12.97 with zg|(U,) = 0 and po(U.) =1, i.e., every lattice site is exactly singly occupied, which
describes the frozen insulating state that we illustrated earlier. The numeric solution of the magnetic saddle
point equations yields an antiferromagnetic (AFM) ground state with Z, > 0 as shown in Figure 8.1(a).

The opening of a Mott gap in the PM ground state can again be shown analytically with a discontinuity of
the chemical potential [50, 53]

AMott _ }SE%WO(,Q =1+406)—po(n=1-9)| . (8.3)

1The magnetization is given by m = ppo.
2The interaction-enabled rescaling of the kinetic energy is, however, not simply given by z2, because the LM f also affects it by
increasing the effective chemical potential pe = 1o — Po-



8.1 Mott transition at half-filling

[ — ™Mt —uy2 1.0
| \\ - 'Zi 8 T~ 7 T~
L \\ 2
I N i 4 08
r \\\ 0 AMott AARM 0.6

0.5+ \ ~

» 0.4
I -4
I 0.2
I \“ _8 m\

0.k l L e 0.0
0 5 10 U.15 T X M T 0 2 4 6 8 10 12 14

u u

(a) Renormalized hop-
ping amplitudes for
t" = 0 at zero temper-
ature and half-filling.

(b) Mott gap vs. AFM band gap on (c¢) Interaction-temperature dependent phase dia-
the high symmetry pathof theBZ  gram for # = 1/V3 and half-filling. Dashed lines
for # = 0 at zero temperature,  indicate first- and solid lines second-order phase
half-filling and U = 15. transitions. Figure adapted from [53].

Figure 8.1: The Mott transition can be identified by a vanishing renormalized hopping amplitude z} and the opening of
a gap in the chemical potential within the PM MF. Allowing magnetic ordering, we find an AFM band insulator with
a larger gap to be energetically favored above the Mott state at zero temperature. At finite temperatures, we find a
first order transition from the AFM to the Mott state and a critical point, where Tneel is maximized. Figure 8.1(c) is in
good qualitative agreement with a corresponding DMFT analysis [40].

It opens exactly at U = U, and we find AMot

— U for U — oo, which is the signature of the upper Hubbard
band that can also be seen as collective modes in the charge susceptibility (compare Section 8.4). The magnetic
solution is also insulating, but the gap AAf™ ~ |28] is due to the finite magnetization! , which is the signature
of a band insulator (BI) rather than a MI. The Mott signature is partially restored in the limit U — oo, where we
find AAPM — AMott The respective gaps are shown in Figure 8.1(b) for U > U,. According to the MF analysis,
the magnetic state is always energetically favored above the PM Mott state for T = 0 and U < oo, which
is supported by the size of the corresponding gaps. Finite temperatures, however, energetically improve
the PM Mott insulator compared to the AFM band insulator and induce first-order phase transitions among
those states as shown in Figure 8.1(c). We do not find a ground state that can clearly be identified to be an
antiferromagnetic Mott insulator (AFMMI) as expected in the HTCCs, which is likely due to omissions of the
MF theory. Recent studies suggest that doublon-holon binding has to be considered in order to describe such
a state, which has been achieved with a different SB representation at half-filling [122, 176].

To complete the discussion, we want to take a closer look at the average double occupancy, ground-state
energy, and magnetization, which are displayed in Figure 8.2 as a function of the interaction. Conveniently, we
may compare our results at half-filling with statistically exact methods like auxiliary-field quantum Monte
Carlo (AFQMC) and approximative cluster calculations like density matrix embedding theory (DMET) that
often struggle with doping due to the sign problem or finite-size effects. The double occupancy d? and the
ground state energy E are slightly overestimated by the SB mean-field solution due to missing contributions
of dynamic fluctuations that usually lower the total energy. Nevertheless, the biggest deviation is found in
the MF magnetization (m = ppg), which tends towards the fully magnetized state (m — 1/2) for U — oo, and
exceeds the exact Heisenberg value mye = 0.31 [41, 179] that should be approached by far.

1B is the LM that enforces the equivalence of the PF and bosonic representation of the spin operator.
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Figure 8.2: Double occupancy, ground state energy and magnetization for the Hubbard model at half-filling, ¢ = 0 and
low temperature for different theoretical methods in comparison. The SB mean-field magnetization (red triangles)
overestimates the expected value that is given by the exact Heisenberg value for high interactions. With the addition
of fluctuation corrections (solid line), the results can be massively improved and become comparable to non-MF
methods. DMET data from [41, 177], AFQMC data from [177, 178], exact Heisenberg value from [179].

We may, however, calculate second corrections to the magnetization through Gaussian fluctuations around
the magnetic MF saddle point and the corresponding bosonic fluctuation field Green’s function

b _ _ a,b
Gin(g) = = (09l 09l,) == (M @] (8.4a)
that we derived by means of the fluctuation matrix

M = S

1
b_Z__ PO 8.4b
472 g o0t (&40

[
as a quadratic expansion of the action § in Section 5.2. The basis contains all SB fields and LM-fields

5‘1’?, = (5d1,q+uQ ,0d2,04aQ + OP0,g+aQ + OP0,g+aQ » OP1,0+aQ + OP1,g+aQ + OP2,4+aQ » OP2,g+aQ + OP3,440Q r5.33,q+aQ)T ,
(8.4¢)
and describes the second-order deviation 61[)‘; = IIJZ —1 from the static MF saddle point with magnetic ordering
vector Q. Moreover, the four-index g = (g, iw,,) represents the momentum and bosonic Matsubara frequency.
Following the discussion in Section 5.4, corrections to the magnetization are given by the translation-invariant
equal space-time expectation value of the magnetic fluctuations (6pdpo), that can be obtained by numerically
evaluating the Matsubara-frequency and momentum summation back to the real space-time basis. The result
is shown by squares in Figure 8.2(c) and demonstrates a massive improvement over the MF magnetization and
comes even closer to the AFQMC results compared to DMET at intermediate interactions U. We conclude that
the SB mean-field representation seems to have a bias towards magnetism and to overrate the magnetization,
which can significantly be improved by considering fluctuation contributions. While the SB results seem
unfavorable to the other methods at half-filling, the formalism comes along with the advantage that it can
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easily be applied for doping, zero temperature, large unit cells, and inhomogeneous phases, where many
other methods tend to struggle.

8.2 Magnetic mean-field phase diagram

Like the Mott transition, itinerant magnetism is also determined by the competition of kinetic and potential
degrees of freedom. At sufficiently low interactions, the ground state usually remains paramagnetic and
can be described by FL-theory, i.e., an effectively non-interacting state with renormalized parameters. For
the PM slave-boson band structure, the respective renormalization of the hopping amplitude t;; — zot;; also
implicates a reduction of the bandwidth (BW) W — z%W along with the effective mass mef = z 2, and the
on-site energy is increased by —pg — —po + fo. At a critical interaction, the spins become macroscopically
correlated and align with a finite magnetization as long-range order that spontaneously breaks the continuous
SU(2) spin-rotation-symmetry and except for the case of ferromagnetism (FM) also translation-symmetry. A
very common type of magnetic order at intermediate interactions U is antiferromagnetism (AFM). It can
be interpreted as the most itinerant type of magnetism, i.e., it offers a good tradeoff between kinetic and
potential energy in the system. Spins on neighboring lattice sites align anti-parallel, which reduces the
number of doubly occupied sites in order to save potential energy, but still allows a direct hopping between
nearest neighbors (NNs) without conflicting with the Pauli exclusion principle in order to minimize kinetic
energy through delocalization. Ferromagnetism (FM), the most well-known type of magnetic order, on the
other hand, does not allow direct hopping between occupied NNs and is, therefore, a localized rather frozen
state that is often found at higher U and remains to be conducting through doped holes or electrons’. It was,
in fact, proven analytically by Yosuke Nagaoka in 1966 that a single, hole doped to the half-filled Hubbard
model, invokes FM at infinite interaction [180] and the mechanism was recently experimentally observed
in a quantum dot plaquette [181]. Another complementing approach to explain magnetic instabilities is FS
nesting, i.e., the property that a large density of electrons at the Fermi-level is connected by the same wave
vector g, which catalyzes a collective mode with the respective ordering vector in the presence of interactions.
However, this explanation is less intuitive because there is no direct illustration in real space.

The interaction-filling dependent magnetic phase diagrams shown in Figure 8.3 follow from solving the
saddle point equation given by Equation (8.1b) and clearly reflect the intuitive physics discussed above. They
moreover feature spiral magnetic states in the x-y plane according to the MF ansatz

cos(QR;)
p=p|sin(QR;) |, (8.5)
0

introduced in Section 4.1, where Q is the magnetic ordering vector and R; represents the position on the
lattice. The ordering vector that minimizes the FE is visualized by the color code, where FM is recovered for
Q =(0,0)T (blue squares), and AFM for Q = (71, m) T (red squares). The magnetic unit cells can become very
large for the spiral phases and tend to infinity or, in other words, fill the whole crystal if Q is not given by a

In models with additional hybridizing orbitals, FM is usually more common because the conduction can also happen in another
orbital, while the strongly interacting orbital can be frozen out without a large energy penalty.
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Figure 8.3: Magnetic phase diagrams as function of the electron filling # and interaction U. The ordering vector Q
evolves continuously within the spiral magnetic phases, as indicated by the color scheme. An abrupt color change
indicates a first-order phase transition that comes along with a discontinuity of the magnetization m, whereas smooth
color gradients indicate second-order phase transitions. Domains featuring negative electronic compressibility x
indicate an unstable ground state and are annotated with black dots. Figures adapted from [53].

rational number times n. That type of order is called incommensurate magnet (ICM), where the momentum
k is usually not a good quantum number anymore’.

Figure 8.3(a) features a finite next-to-nearest neighbor (NNN) hopping t’ = —0.2 that breaks particle-hole
symmetry (PHS)2. At the van Hove singularity n = nyg =~ 0.83, AFM order already formates at very low
interaction due the diverging DOS and associated nesting effects. Figure 8.3(b) does not feature NNN hopping,
which recovers PHS (i.e., n — 2 — n) and the van Hove singularity is situated at half-filling. As previously
discussed in Section 8.1, the half-filled state is an AFM insulator that becomes conducting for arbitrarily
small doping like the rest of the phase diagram. In that context, it is remarkable that the SB mean-field
approximation respects Nagaoka FM where a single doped hole recovers a finite conductivity, since the
FM phase tends towards half-filling for high U according to in Figure 8.3(b). Overall, the FM is the only
magnetic state we find to feature a vanishing double occupation d? = 0 and fully maximized magnetization
m = ppo = n/2. A supplementing discussion of the phase diagram that shows band structures and Fermi
surfaces is included in Reference [53]. Figure 8.4 displays the temperature-dependent phase diagram with
fixed interactions. For small U, the magnetic phase boundary centers around the van Hove singularity and the
Neel temperature, which defines the phase boundary to the PM, increases for higher interactions as expected.
Moreover, it is notable that the AFM occupies a larger part of the parameter space at higher temperatures,
which could be explained by a less prominent role of nesting effects due to temperature-induced blurring of
the Fs.

In models without spin-orbit coupling (sOC) like the Hubbard model, we can still use k as a quantum number within the basis
discussed in Section 4.3.

2Results for the opposite sign of the NNN hopping are not independent and can be recovered by the particle hole transformation
fi,a N (_1)ilf;r,a' " — —t', n > 2 — n for bipartite lattices [182].
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Figure 8.4: Magnetic phase diagrams dependent on the electron filling #n and temperature T at fixed interactions.
Increasing temperatures favor the AFM over other magnetic orders and decrease the tendency towards negative
compressibilities. Figures adapted from [53].

A common feature of the phase diagrams are domains of negative electronic compressibility

T= %;—:O (8.6)
in the vicinity of half-filling above a certain interaction strength, which are indicated by black dots in Figures 8.3
and 8.4, and have also been observed in previous studies [71, 105, 182]. At the sign change, k1 diverges,
i.e., an infinitesimal increase of the chemical potential implies the addition of an infinite amount of electrons,
which is clearly unphysical and the signature of an instability of the magnetic MF ground state. We will
further elaborate on the nature of the thereby emerging inhomogeneous phases in Section 8.5 and Chapter 9.
The strong tendency towards AFM in the vicinity of half-filling qualitatively fits the physics of HTCCs. Since
the presented method is blind for superconductivity and likely to be biased towards magnetism as discussed
previously, we expect there to be a superconducting dome hidden below the spiral phases that may be
catalyzed by magnetic correlations as other theoretical methods and experimental evidence suggests [41,
183-185].

8.3 Correlations and criticality

We can acquire momentum and frequency-resolved information about correlations beyond the MF ground
state by utilizing the Gaussian fluctuations derived in Chapter 5. The most prominent application is executing
a stability analysis of the saddle point by means of the static spin and charge susceptibility, i.e., the linear
response functions to an external magnetic field or electric potential, respectively. Due to the SB constraints,
these functions have purely bosonic representations, which are equivalent to the corresponding fermionic
form of the original model (compare Table 2.1)

@) = (652,68L) (8.7a)
Xxe(q) = (6n_g0my) . (8.7b)
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These functions are given by superpositions of matrix elements of the fluctuation field Green’s function G
that we defined in Equation (8.4), i.e.,

x@y= > cib{oyiopt,y=- > ciheri@). (8.7¢)
w,v,a,b w,v,a,b

The explicit expressions for fluctuations about magnetic and non-magnetic saddle points are summarized in
Table 5.2. As elaborated further in Section 5.3.3, a FS instability is signaled by a diverging static susceptibility
in the respective channel that comes along with a breakdown of the path integral formalism about the MF
ground state. If the interaction is increased beyond the onset of the instability, we find an enlarged negative
regime of the susceptibility, which can be interpreted as condensation energy of the emerging bound state.
A quantitative assessment of the fluctuations in this regime, however, is limited because of the breakdown of
the MF.

In the following, we first discuss susceptibilities about PM saddle points that we express using Landau
parameters in Section 8.3.1. We, moreover, show the corresponding structure factors that are measurable
quantities. InSection 8.3.2, we determine critical exponents of the divergences and also include susceptibilities
about AFM ground states. Finally, we take a look at the dynamical conductivity, i.e., the linear response
function to an external electric field, in Section 8.3.3.

8.3.1 Landau factors

We rewrite the static spin susceptibility, which adapts a scalar form due to the spin-rotation-symmetry of the
PM mean-field background, in terms of the auxiliary function F, [53, 127]

Xo(g, w =0)

1+ Eg) (882)

Xs(q, 0 =0) =
which is a generalization of the Landau factor known from FL-theory [48] to finite wave-vectors. The function
Xo(g) defines the bare susceptibility that can be interpreted as the response function of the non-interacting
quasiparticle (QP) system, but it carries an indirect dependence of U due to the renormalization of the PM
mean-field band structure (compare Section 5.3.2). A Landau factor of F,;(q) = —1 coincides with a diverging
susceptibility and therefore signals a magnetic instability with the respective ordering vector Q = g, which
is demonstrated in Figure 8.5(a) for an exemplary set of parameters. As discussed in Reference [53], this
method can be applied to determine the whole PM phase boundary, and we find it to be perfectly consistent
with the MF phase diagrams discussed in Section 8.2 for second-order phase boundaries, i.e., a divergence in
Xs(w = 0,9 = Q) coincides with the formation of a finite magnetization m with the magnetic MF ordering
vector Q. First-order phase transitions that come along with a discontinuity in m, however, are not directly
visible to the fluctuation formalism because associated PM mean-field saddle-points feature a local minimum
with a meta-stable ground state in that case.

Leading order frequency contributions can be considered with the Landau damping function I'(g, @) and

the parametrization

_ Xo(q, w = 0)
Xs(q,w) = 15 Faq) — 10T (g, @) (8.8b)

As exemplarily illustrated in Figure 8.5(b), we find I'(g,0) o« |g| for small |g|, which hints towards a linear
magnon dispersion relation that will be further discussed in Section 8.4. Moreover, we determine the Landau
damping to be very high for momenta that are larger than the diameter of the Fs.
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Figure 8.5: We present Landau factors for two different interactions, where the lower one supports a stable PM and
the higher one indicates a magnetic phase transition towards an ICM with ordering vector Q ~ (7,0.6257)". The
determined critical interaction U, and resulting ordering vector are in perfect agreement with the magnetic MF phase
diagram displayed in Figure 8.3(b). The emerging order can be understood as a nesting effect, where Q connects large
densities on the FS as shown in the inset of Figure 8.5(b). As expected, the Landau damping I" becomes very high
for momenta larger than the diameter of the FS. The magnetic instability is also visible in the spin structure factor,
whereas the charge structure factor does not employ a sharp peak and is maximized around the M point. Figures
adapted from [53].

Finally, Figure 8.5(c) shows the spin and charge structure factors [53]

“dw
Ss.c(q) = _f ? Im x.s(q, w +in), (8.9)
0

which are measurable quantities as explained in Section 5.3.1. While the charge structure factor S.(g) remains
unobtrusive, the spin structure factor S.(gq) also captures the enhancement around g = Q that is found in
the spin susceptibility. In general, we do not detect any charge instabilities within the PM domain, except for
high temperatures in the vicinity of half-filling due to the Mott transition.

8.3.2 Critical exponents

We can describe the scaling law at the magnetic instability by expanding the spin susceptibility around the
divergence with respective critical exponents «, 8

X (Q,w=0) o |n—n ™", (8.10a)
XM(Q, 0 =0)c (T-T)7. (8.10b)

As exemplarily shown in Figure 8.6(a), we can numerically evaluate them by fitting, and find a = 1/2 for the
ICM instability with Q = (7, Q) and a = 1 for the AFM. The temperature scaling law was determined to be
y =1 for both cases [53] like the Curie-Weifs law of FMs!.

"Notice that (g = 0, w = 0) does not diverge at AFM transitions, i.e., our results do not contradict the usual scaling laws regarding
the Néel temperature [19].
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Figure 8.6: We demonstrate scaling laws of the spin susceptibility around the critical point of the magnetic phase
transition as function of the electron filling # and momentum g. Within the AFM domain that features a finite MF
magnetization m, the spin susceptibility splits into a longitudinal and transversal component that become equivalent
to the PM spin susceptibility as the magnetization vanishes. Figures adapted from References [53] and [55].

We moreover analyze the critical behavior of the susceptibility within the AFM ground state. With a finite
MF magnetization, the spin susceptibility splits into a longitudinal component x! parallel to the polarization
of the MF spins and a transversal part x! in the perpendicular plane, i.e., the full spin rotation symmetry in
the PM is reduced to rotation symmetry in that plane. We demonstrate in Figures 8.6(b) and 8.6(c) that the
scaling laws

! P D(0)
Xs(q,w=0)= —r n 5(2)(11 —oy , (8.11a)
D(0)
"qw=0=—""—, 8.11b
Xs(q,0=0) 2(- Q7 (8.11b)

which are also identified within random phase approximation (RPA) [127, 186] are fulfilled for g = Q [55].
The parameter & is the microscopic spin correlation length, and D (0) is approximately given by the DOS at
the Fermi level. The divergence of the longitudinal spin susceptibility disappears with a finite magnetization
due to the coefficient r, which we find to be proportional to the magnetization squared r = a;m? as expected
[127]. The transversal component remains gapless and features a sharp divergence at g = Q in the whole
AFM domain. This remaining singularity is the Goldstone mode of the broken SU(2) symmetry and will be
further discussed in the context of spin waves in Section 8.4. Whereas this magnon mode is part of a stable
AFM, we also observe a breakdown of the magnetic MF ground state signaled by divergences in x! and x.
at high U in the vicinity of half-filling. The resulting emerging order is inhomogeneous and will be further
discussed in Section 8.5 and Chapter 9.



8.3 Correlations and criticality

[— T T T ] 04_ T T T T T . ]
18[ PM Mag. | = [ PM Mag. Instability®
= 3 Insta%ility— = r : v ]
<} i 1 SN
s 1506 ¢ & o o LA I & < 03r 5
N 10 1 Ne [ * * . *
E 1 | 1 L 1 0.2¢ 1 1 1 1 1 1
T T T T T 24F 7T T T T T T
oL ° P LY * ] [ &
= ' * > E
<\Q=’_ . . S 2.0+ 5 'S
1.5+ ¢ ] [ * o °
1 1 1 1 1 1.6 1 1 1 L 1 L 1 L 1
0 10 20 30 40 0.3 0.4 0.5 0.6 0.7 0.8
u n
(a) Rescaled zero-temperature resistivity as function of U (b) Rescaled zero-temperature resistivity as function of n
for n = 0.5. for U = 10.
T i T T T u T ] 1.5F T u T u T u T u T u ]
giidowaldWoodsrano | o ol e o .
=00 ¢ ¢ =
4 1.0+ .
0.6+ . - N . *
1 " 1 " 1 " 1 " Il L 1 0~5 C_1 L 1 L 1 L 1 n 1 1 17
0 10 20 30 40 0.3 0.4 0.5 0.6 0.7 0.8
u n

(d) Rescaled temperature-coefficient of the resistivity as
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Figure 8.7: We present the coefficients of the dc-resistivity p(T) = py + AT? as function of filling and interaction for
t" = 0and n = 0.1. For the Hubbard model, the SB weight z is related to the effective mass by mef = z; 2 and we

find the Kadowaki-Woods ratio A/ mgﬁ = const. to be fulfilled for large interactions U. The orange-colored part of the
plots features a divergence in yxs, i.e., the PM ground state that we assume for the calculation of the conductivity is to
be understood as hypothetical. Figure adapted from [53].

8.3.3 Conductivity

The dynamical conductivity is the linear response function to an external electric field j(q) = 0(g)Eext(q)-
It is not an independent susceptibility, but rather coupled to x.(g), i.e., the response function to an external
electric potential (eyt, by the relation Eext = —Vpext. As shown in Section 5.3.2 their connection is given by
. . Tlw+n .
o(w+in) = 111r(1) T)(C (9, w+in), (8.12a)
q—)
where 1 is the broadening due to analytic continuation from Matsubara to real frequencies, and it needs to

remain finite for the numerical evaluation. In Reference [53], we established the dynamical conductivity for
PM ground states of the Hubbard model at low temperatures to fit a Drude model [14]

(oN) . OpWTs

+i , 8.12b
1+w?t? 1+ w?t? ( )

op(w, Ts) =

where the broadening is identified with the inverse scattering time 1 = 1/7,. In agreement with the Drude
model, we determine oyp — oo for  — 0, because our MF ground state does not feature a momentum
dissipation mechanism like phonons or umklapp scattering. We find the temperature-dependence of the

dc-resistivity [53]

p(T) = = po+AT?, (8.12¢)

1
oo(T)
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which is the expected result for a Fermi liquid (FL), where the scattering rate of electrons is proportional
to T?. The dependence of the coefficients as a function of interaction and doping is shown in Figure 8.7.
Notably, we observe pgzj to be almost independent of U, i.e., the dc-resistivity scales with the effective mass
po o Megt, which is given by mef = z; 2 for the 2D Hubbard model. Moreover, the expression 1 po/meg that is
density-independent in the Drude model features a weak dependence on the electron filling .

In 1968, it was observed by Michael Rice that there is a close scaling relation between the resistivity
coefficient A and the coefficient y in the electronic contribution to the specific heat of metals C(T) = yT [187].
It was generalized to heavy-fermion metals and is now known as Kadowaki-Woods ratio [188]

% = const. (8.12d)

and A can vary over eight orders of magnitude for different materials [48]. Since, it is y oc D(0) o me = 2z 2,
Figure 8.7(c) demonstrates that the ratio is be fulfilled at high interactions. For future studies, it could be
of interest to calculate the dc-resistivity for small dopings near the Mott transition at high temperatures to
investigate if there is a switch towards a linear temperature dependence p(T) = po + BT, which is observed
in the strange metal phase of the HTCCs.

8.4 Excitation spectra and collective modes

In agreement with the interpretation of Pines and Bohm in 1953 [189], we find the excitation spectra of
susceptibilities to be composed of a particle-hole continuum as a consequence of incoherent quasiparticle
(QP) excitations (in our case initiated by the MF ground state) supplemented by sharp peaks that indicate
collective excitations generated by fluctuations of the ground state (in our case Gaussian fluctuations about
the saddle point). As we discussed in Section 5.3.3, such a collective mode is characterized by a coherent
oscillation of a large number of electrons with the same wave-vector g and frequency w in the absence of
external fields [125]. The dispersion relation w(q) is thus determined by poles of the respective susceptibility

1/xs,c(q, w) -0 = Dispersion relation w(q) of the collective mode , (8.13)

that we calculate according to Equation (8.7). Corresponding modes are identified with spin-density-waves
(SDwWs) for x; (also called magnons) and charge-density-waves (CDWs) for x. (also called plasmons) and turn
into gapless Goldstone modes if the collective excitation occurs at zero frequency w = 0, which yields a
phase transition as discussed in Section 8.3. In order to calculate susceptibilities at finite frequencies, we need
to perform the analytical continuation iw, — w + i), where the convergence parameter 1 plays the role of
an inverse lifetime of the bosonic QP excitation that manifests in the imaginary part of the susceptibility in
analogy to the spectral function for electrons. From a theoretical standpoint, the dynamics of the d-field are
essential to describe collective modes because all other SB fields are static in the radial gauge. In the following,
we will investigate the excitation spectra Im x (g, @), where collective modes appear as bright lines, for PM
and AFM ground states.

8.4.1 Paramagnetic ground states

Figure 8.8 shows the frequency-dependent spectrum of the charge susceptibility x. and bare susceptibility
Xo on the high symmetry path of the BZ for n = 0.6 and different interactions. xo can be thought of as
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Figure 8.8: Imaginary part of the charge susceptibility (upper panel) and bare susceptibility (lower panel) for three
different interactions at n = 0.6, t’ = 0, n = 0.005 and zero temperature. Both quantities are equivalent in the
limit of vanishing interactions and show a spectrum of continuous particle-hole excitations. At finite U, the charge
susceptibility develops two collective modes that manifest as sharp, bright lines in the spectrum. The first one is
called upper Hubbard band (UHB) and is situated at w = U for high interactions U. The second one is of zero-sound
type and manifests at the high-frequency edge of the particle-hole continuum. Figure adapted from [53, 57].

the susceptibility of the non-interacting system (equally for spin and charge) and does in opposite to x. not
contain fluctuation effects of the SB fields. Expectedly, we find x. = xo at U = 0 in agreement with the
respective limit in RPA [53, 190]. Both quantities show a continuous particle-hole excitation spectrum, whose
bandwidth (BW) is found to be W = 8z3 and coincides with the BW of the underlying MF band structure
according to Equation (8.2c) as expected!. For U = 0, the non-interacting limit zy = 1 is recovered, and the
SB-weight z decreases along with the BW for higher interactions (we find zyp = 0.9 for U = 10). There is a
gap around the M-point, because the diameter of the FS is smaller than the respective connecting momentum
overlaps.

Fore finite interactions, we see a transfer of spectral weight into two emerging collective modes in the charge
susceptibility that manifest as sharp peaks with a dispersion relation w(q). Firstly, the upper Hubbard band
(UHB) that is separated from the particle-hole continuum by a gap Aynp that increases with interaction and
approaches Aypp ~ U for large interactions [53, 190]. The gap can be understood in the limit of zero hopping
(t = 0), where only two energy levels exist at w = 0, and w = U and these flat bands are distorted by the
delocalization of the electrons for finite t. We find the gap to grow with doping and the UHB mode to vanish
at half-filling, and, notably, the feature is not captured by RPA calculations [190]. The second collective mode
occurs at the upper edge of the particle-hole continuum and is called zero-sound mode because it features a
linear dispersion relation for small momenta. Both collective modes vanish for § — 0 and at w = 0, i.e., there
is no indication for a gapless charge instability.

!The bare susceptibility features an implicit dependence on U because of the renormalization of the MF band structure that
represents an effectively non-interacting theory of fermionic QPs. The BW of o, therefore, becomes interaction-dependent, even
though it does not carry any information about Gaussian fluctuations.
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Figure 8.9: We present the spectrum of the charge susceptibility and longitudinal & transversal spin susceptibility about
a stable AFM ground state with n = 1.05,U = 5,# = —0.2,T = 0.005 and n = 0.01. The particle-hole continuum
features a gap, which is due to the band gap of the AFM band structure A*™ =~ 2, however, it only appears partially
due to the finite doping. The color scheme is analogous to Figure 8.8. Figure adapted from [55].

8.4.2 Antiferromagnetic ground states

Now, we investigate the excitation spectrum for a stable AFM ground state! with small electron doping
n = 1.05, U = 5 for the long-range hopping model ¢’ = —0.2. As discussed earlier, the spin susceptibility
is decomposed into a longitudinal part x! parallel to the MF magnetization and a transversal component x!
perpendicular to it. As opposed to PM fluctuations, the spin and charge sector are coupled for the AFM ground
state, which makes the analysis particularly interesting, and the respective spectra are shown in Figure 8.9.
First of all, we notice that all susceptibilities feature a partial energy gap in the particle-hole continuum
that is due to the band gap of the AFM band structure A*™ =~ 2. For v < A*™, only excitations in the

conduction band contribute, whereas w > AA™

also allows scattering processes in the valence band. At high
frequencies, we identify the UHB in x, and x!, which was also visible in the charge susceptibility of PM ground
states. The zero sound mode is recovered as well in x., but the spectral weight is more concentrated around
the M-point. The transversal spin susceptibility features a gapless SDW mode around the M-point, which of
course coincides with the MF ordering vector of the AFM Q = (7, )" and affirms the magnetic ground state.

We determine the magnon dispersion relation by fitting and find the expected scaling [81, 127]
Na)
Z=c3g-Q)*+ i (8.14a)

around the Goldstone-mode with spin-wave velocity c; ~ 1.32 and QP lifetime 7; =~ 100 [55].

The longitudinal spin susceptibility x! also features a collective magnon mode around the M-point, but it
becomes gapped at the magnetic phase transition, where the spin-rotation invariance (SRI) is broken due to
the finite MF magnetization. The continuous opening of the gap Aspw due to a second-order phase transition
with increasing interaction U is demonstrated in Figure 8.10. By parameter ﬁtting, we recover the dispersion
relation [127]

@* = Ay + (g = Q)% + 1_1 (8.14b)

8.5 Phase separation and inhomogeneity

To conclude this chapter, we will investigate the origin of negative compressibilities k1 o dn/duy that we
identified in parts of the magnetic phase diagrams discussed in Section 8.2. In a non-interacting system,

li.e., it features a positive compressibility x7 > 0 and no divergences in the static charge and longitudinal spin susceptibility.
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(a) U=3.25. (b) U=4.25. (c) U=5.25.

Figure 8.10: Longitudinal ( xL) and transversal (x!) spin susceptibility about a stable AFM mean-field ground state for
n=1.16,t"=-0.2,T = 0.005 and 1 = 0.01 for different interactions U. At the magnetic phase transition and smaller
interactions U < 3.25 it is x! = x!. For higher U, i.e., deeper in the magnetic phase, ! opens a gap, while x!
remains to feature a gapless spin-density-wave (SDW) around the MF ordering vector Q = (7, ). The color scheme
is analogous to Figure 8.8. Figure adapted from [55].

statistical physics dictates that k7 is always positive, i.e., a rise of the chemical potential increases the total
electron filling, and it is guaranteed the function n (o) is unique and invertible. This property allows for a
Legendre transformation between the free energy (FE) F¥) (1, T) with base variable 1 and the grand potential
(GP) Q@ (g, T) that depends on the chemical potential

20
FO(T, n) = QO(T, po) - po ( Ew ) = QO(T, up) + pon, (8.15)
0 /T

for an equivalent description of the MF ground state for both thermodynamic potentials. Due to the interaction-
induced renormalization of the band structure, however, it becomes possible that pio(7) is not a monotonous
function, coinciding with discontinuities or divergent and negative domains of xr(n), as illustrated in Fig-
ure 8.11 for t’ = —0.2 and U = 7 by the red dotted line. This property results in a breakdown of the uniform
statistical physics description, and the saddle points of both potentials are not equivalent. It is also directly
tied to a FS instability in the charge channel since the compressibility is proportional to the static, uniform
charge susceptibility

1 dn
g <A@ =00 =0« ((n=m?), (8.16)

KT =
and also to the variance of the filling elaborated on in Section 4.6 from a theoretical perspective. This instability
can be circumvented by phase separation (PS), i.e., an inhomogeneous spatial mixture of two different phases
whose boundary effects are neglected within our MF description [55]. Classical examples for the same
phenomenon are e.g., an emulsion of vinegar and oil, i.e., two liquids that do not mix, or the coexistence of
the liquid and gas phase that can be described with the Van der Waals equation [191].

Specifically, in our case, the GP features a first-order phase transition with two different energy degenerate
ground states Qio)(T, ) = QSO) (T, ug) at a critical chemical potential p that yields two distinct fillings
(0)
9y,
IHo |,

0

nip =— , (8.17a)

97

Chapter 8



98

8 Slave-boson analysis of the 2D Hubbard model

o 3.+ . 3.1
= 2. = 2.1
X X .
g 1} 91
0. L 0. 1 L
kr <0 PS
51 --- uo (homogeneous)
' —— uo (phase-separation)
g
3 N
5.051%
\
\
\
\\
5. < —
0.85 0.9 0.95 1. 1. 1.05 1.1 1.15 1.2
n n

(a) The Ps at lower filling is among the magnetic phases (b) The PS at lower filling is among the magnetic phases
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Figure 8.11: The lower panel shows the chemical potential g as a function of the filling as it is determined by the
homogeneous ground state of the FE (red dashed line) for U = 7, = —0.2 and T = 0.005. It employs discontinuities
and local extrema, which results in divergences and negative regimes of the electronic compressibility k1 oc dn/dug.
The therefore implied FS instability can be circumvented by phase separation (PS) of two different, energy-degenerate
ground states of the GP and a constant chemical potential within the phase separated ground state (green line). The
upper panel shows the energy difference AE = F — Q) between the homogeneous and inhomogeneous ground state
and confirms that the phase-separated state minimizes the energy, which was also proven analytically in Section 4.6.

resulting in a discontinuity of n, with 11 < np w.l.o.g. There is no uniform ground state of the GP for fillings
in between. Those can, however, be recovered by PS of the two degenerate states

O =x0 +(1-00Y = n=xm+1-x)n, (8.17b)

at the constant chemical potential 1o = 5, and x € [0, 1] represents the proportion of the phase volume of Q;O)
in the crystal. The respective chemical potential as a function of the filling is shown in green in Figure 8.11,
and it differs from the chemical potential of the uniform ground state of the FE only in the phase-separated
domains. The critical fillings 11, can equivalently be determined without explicit knowledge of the GP
by a Maxwell construction, where the green areas below and above p have to be equal in size [compare
Equation (4.39)]. We have proven in Section 4.6 that the phase-separated ground state indeed minimizes
the energy in comparison to the uniform saddle point of the FE and the respective condensation energy
is displayed in the upper panel of Figure 8.11. Since an explicit FS instability is only present for k' < 0
(annotated by dark gray areas) according to Equation (8.16), the uniform ground state can be considered to
be meta-stable in the remaining part of the phase-separated domain (annotated by light gray areas).

The resulting low-temperature phase diagram that considers PS is shown in Figure 8.12(a) for t' = —0.2 and
electron-doping. The PS in the vicinity of half-filling is due to domains with negative compressibility of the
homogeneous state and will be further discussed in the following. On the other side, the PS occurring for
n > 1.15is due to a discontinuity of po(rn). Itis less relevant because the condensation energy is much smaller
(compare Figure 8.11), the explicit FS instability only happens at a single point of the homogeneous ground
state, and the large doping is of minor interest for the high-T, cuprates (HTCCs). The AFM; + AFMj state in the
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(a) The phase transition from PM to AFM is of first-order, with a large jump (b) The compressibility k1 diverges at the crit-
in magnetization around n = 1 that decreases for higher filling and ical point (1, = 1.008, U, = 5.24) and other
becomes a second-order transition at n ~ 1.15. points with dup/dn = 0, which signals the

onset of PS.

Figure 8.12: Electron-doped magnetic phase diagram for t’ = —0.2 and T = 0.005, where domains of negative compress-
ibility featured in Figure 8.3(a) are circumvented by phase separation (PS) of two individually stable, homogeneous
phases. This approach, however, neglects the impact of phase boundaries that are expected to increase the true
ground state energy. Figure adapted from [55].

underdoped regime is of special interest because that part of the HTCC phase diagram is known to feature AFM

Chapter 8

ordering, and nanoscale phase separation has actually been observed by ARPES measurements for n < 1.125
[162] and various other types of charge inhomogeneities have also been reported [120, 140, 192, 193]. The
critical interaction that marks the onset of that type of PS is found to be U, = 5.24 and coincides with a saddle
point of po(n.) and a divergence of k7 as illustrated in Figure 8.12(b). For higher U, the saddle point splits
into two extrema with k1 < 0 in between, and the singularity disappears for U < U,. Figure 8.13(a) shows the
static charge susceptibility at the critical filling 7. for two different interactions, and we identify a divergence
at the I'-point in agreement with Equation (8.16) as expected!. The fluctuation results are, therefore, fully
consistent with the MF analysis in the context of PS. We moreover find the two mixing phases AFMy,, to be
individually stable, i.e., they do not feature divergences in the static charge or longitudinal spin susceptibility.
The MF properties of the two different AFM ground states allow for a better understanding of the ordering
mechanism. AFM;, for all interactions, represents a half-filled state (17 = 1) with a very high magnetization,
where 1191 is situated at the lower edge of the conduction band. Thereby, doped electrons are fully absorbed
in AFMy, with 1, > 1 and a much lower magnetization. In conclusion, doped electrons hinder the “ideal”
characteristics of the AFM, where neighbored sites are occupied by exactly one electron with opposite spin,
which is reflected by the decrease in magnetization for larger doping. Thus it is energetically favorable to
partly recover the “ideal” half-filled AFM in specific domains of the real-space crystal in the sense of PS at high
interactions in comparison to the homogeneous state, where doped electrons are distributed evenly.

Similar results w.r.t. PS have been reported in previous SB studies, which also show the hole-doped phase
diagram in agreement with our conclusion but lack the AFM; + AFM; phase for electron-doping [53, 71,
105, 111, 182]. For hole-doping, we find PS of the magnetic phases? (QQ)" + AFM;. A proper fluctuation

In general, such a divergence of x.(g = 0,w = 0) could also be explained by a Pomeranchuk instability and emerging nematic
order [194]. We therefore investigated lattice symmetry breaking order parameters € like (k) — &(k) + e(cosk, — cosky) and
found lim._,g dF (€)/de = 0, i.e., we could not find a propensity for this type of order on MF level.

2For the hole-doped part, the chemical potential of the AFM; phase is of course situated at the upper edge of the valence band, but
it also features half-filling and similarly large magnetization like the electron-doped part.
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Figure 8.13: Static susceptibilities on the high symmetry path of the BZ for n, = 1.008,t’ = —-0.2,T = 0.005 and two
different interactions. The charge susceptibility diverges at the I' point for U > U,, which implicates the onset of PS
in agreement with the MF results. The longitudinal spin susceptibility also diverges for U > U, around the M-point
due to the coupling of the spin and charge sector. The transversal spin susceptibility employs a pole at the M-point
for both interactions, which affirms the underlying AFM ground state. Figure adapted from [55].

analysis for these phases, however, cannot be provided because the homogeneous ground state of the FE is
an incommensurate magnet that cannot properly be tracked with the existing formalism. The onset of PS has
also been observed by different theoretical methods like DMFT+QMC in the PM domain of the Hubbard model,
which predicts a coexistence of insulating and metallic phases connected by a first-order transition in the
context of a diverging compressibility that could explain the volume collapse in Cerium [195]. Moreover, other
studies report a reentrant behavior of the PS w.r.t. temperature, i.e., its disappearance at T = 0 and very high
temperatures, and support the particle-hole asymmetry that we also find [196-198]. For the SB formalism,
PS also vanishes for high temperatures, but remains present in the limit T — 0. The biggest omission of
the described MF phase separation is that boundary effects between the mixing phases are neglected, which
motivates a quantitative comparison with other methods and a more refined approach to investigate domain
walls. We already provided such a benchmark at half-filling in Figure 8.2. Although there is fewer data
available for finite doping due to limitations of many theoretical methods, there are suitable results from a
DMET [41] and SB cluster study [139] that we investigate in the following.

Figure 8.14(a) compares the SB ground state free energy (FE) with the corresponding FE from DMET on a
cluster with 16 lattice sites at U = 6. Similar to the half-filled case discussed in Figure 8.2, the DMET energy is
smaller because it considers fluctuations effects that are neglected for the MF approach and lower the ground
state energy. Moreover, DMET also includes superconducting order that is expected for n < 0.85 and not
captured by the SB method, which questions the validity of a direct comparison. On the other hand, we find
the ordering vector of the occurring (7, Q) " MF phases to fit surprisingly well to the spin profile of the DMET
benchmark data, if the periodicity implied by Q approximately fits the applied 2 x 8 cluster size. We also
observe a strong correlation between inhomogeneous order in DMET and a negative compressibility within
the SB formalism [53]. The ordering vectors within the (Q, Q)T phase, however, does match the DMET spin
order. Coincidently, there are enhanced inconsistencies between 2 x 8 and 4 x 4 clusters [41], which is a sign
of finite size problems due to large magnetic unit cells that are predicted by the SB theory.

Figure 8.14(b) shows the ground state FE of a slave-boson MF cluster study that combines AFM order with
charge stripes and domain walls, featuring up to 32 lattice sites per unit cell at U = 12 [139]. Remarkably, it
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Figure 8.14: Quantitative comparison of the homogeneous and inhomogeneous SB mean-field ground state energy with
other theoretical methods for hole-doping. Figure 8.14(a) shows DMET data from Reference [41] for a system with
16 lattice sites. The corresponding ground state energy is 3 to 8% lower than the SB results because it also considers
superconducting order and fluctuation contributions. It may, however, be limited w.r.t. inhomogeneous order due to
the associated small number of lattice sites. Figure 8.14(b) shows benchmark data from a SB mean-field cluster study
[139] with up to 32 lattice sites per unit cell that features combined spin and charge-order with almost the same FE as
our phase-separated ground state.
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almost exactly matches the FE of the phase-separated ground state at the two available fillings. This could
indicate that the true unit cell is larger 32 sites and that PS is indeed a strong tool to approximate the ground
state. We will further investigate emerging charge-order (CO) and domain walls via fluctuations on the
metastable, homogeneous MF saddle point in Chapter 9 and directly compare the results with experimental

findings in the HTCCs.






CHAPTER 9

Intertwined spin and charge order in the
electron-doped high-T. cuprates

In Chapters 6 and 7, we learned that the Hubbard model — with its competing kinetic and potential energy
scales — is archetypical to study itinerant, correlation induced, ordering phenomena and that it acts as a
minimal model to describe the high-T, cuprates (HTCCs) and their plethora of different phases. Subsequently,
we presented a comprehensive slave-boson analysis of the 2D Hubbard model, with a focus on magnetic
phases and phase separation (PS) in Chapter 8. This chapter will complement our investigation by discussing
charge-density-waves (CDWs) that emerge on top of the antiferromagnetic ground state. Such phases of
intertwined spin and charge order have been observed in the HTCCs [120, 140, 161, 192, 193], and we will
show that our results are in remarkable agreement with recent experimental findings [120]. There is a
high interest in demystifying this type of order because it is on the one side believed to be competing with
superconductivity (SC) or on the other side may also synergize as superconducting pairing glue [174, 175,
183-185]. Moreover, we will present a temperature-dependent phase diagram that includes charge-order
(CO), and we will elaborate on two further experimental observables, the magnetization, and specific heat.

9.1 Competing types of charge-order

In Section 8.5, we identified a domain of PS for small electron doping 6 < 0.15, where an undoped AFM (AFM;,
ny = 1) state mixes inhomogeneously with another AFM state (AFMjy, 1o = 1 + 0) that carries the additional
doped electrons with a lower magnetization. The instability of the homogeneous ground state w.r.t. PS is
signaled by a diverging compressibility 1/x7 = 0 or equivalently a pole of the static charge susceptibility
at the I'-point: 1/x.(0,0) = 0. However, for slightly smaller interactions, there is a metastable domain of
the homogeneous AFM with finite k1, despite the phase-separated state being lower in energy. We analyzed
static susceptibilities based on those meta-stable saddle points of the free energy (FE) at finite momenta
to investigate further FS instabilities beyond the MF phase separation that unfortunately neglects boundary
effects. We, indeed, find divergences of x.(Q°, w = 0) on the I'-X high symmetry line (HSL)'. These imply an
intertwining of spin and charge order, whose spatial periodicity is determined by the charge ordering vector
Q°. Corresponding behavior has been measured in the HTCCs via resonant X-ray scattering (RXS) [120, 140,
161, 193], and it has been an open question if the phenomenon can be attributed to FS-nesting effects [120].
We even find two distinct peaks that can be identified as bright features in Figure 9.1(a), which exemplarily

1The longitudinal static spin susceptibility diverges coincidingly with the static charge susceptibility and a momentum shift
xc(Q,0) & )(é (Q + M, 0) due to the spin-charge coupling in the AFM mean-field ground state. As discussed previously, the static
transversal spin susceptibility features a sharp divergence at the M-point, incorporating the Goldstone mode of the symmetry
broken AFM.

Chapter 9



104

9 Intertwined spin and charge order in the electron-doped high-T. cuprates

102 1.
0.5
10
=
=0
e
10°
-0.5
107! ~1.
-1

1. 1.
0.5 0.5
S
}0 n =1.0825

-0.5 -0.5
-1. -1. ~
-0.5 0. 0.5 1. —-1. -0.5 0. 0.5 1. -1. -0.5 0 0.5 1.
ke/m ky/mt ky/m
(a) Charge susceptibility x.(q, @ = 0). (b) Bare susceptibility xo(gq, @ = 0). (c) AFM Fermi surface.

Figure 9.1: Static charge & bare susceptibility in the Bz, and Fermi surface (FS) of the underlying AFM ground state for
n =1.0825,U = 6.6,t' = —=0.15 and T = 0.005 in the extended zone scheme. The bare susceptibility employs a flat
maximum as the consequence of a FS nesting effect with |g| ~ 2ks. The charge susceptibility on the other hand is
significantly enhanced in the vicinity of the I-point and features two sharp peaks in particular that indicate charge
instabilities. The first occurs at Q] =~ (0,2kf) and can be attributed to the nesting. The second is broader with a
smaller ordering vector Q5 = (0,0.177) and cannot be understood as a Fs effect.

shows the charge susceptibility in the Brillouin zone (BZ) within the extended zone scheme for 6 = 0.0825".
Moreover, Figure 9.1(b) illustrates the static bare susceptibility xo(q) that can be considered as the response
function of the effectively non-interacting MF quasiparticle band structure. It does, in general, not feature
divergences but is suitable to quantify FS nesting. The corresponding FS is displayed in Figure 9.1(c) and
employs a large momentum overlap for |Ag| = 2k due to its almost square-like shape that we find to be in
good agreement with previous studies including experimental ARPES data [120, 140]. The resulting finite,
nesting induced, peak can be seen in xo(2kf) as well as )(é(Qi), and )(é(Qi) and leads to a very sharp
divergence of x. at Q] ~ (2ky, 0)". On the other hand, the second pole of x.(Q5) is broader, happens at
lower momentum? QF < Qf and cannot be explained by nesting since the bare or spin susceptibility does not
have a similar feature.

The resulting charge-ordering vectors Qf , at the respective critical interaction U, with Xc_l(Qi,z) =0asa
function of the electron filling # are illustrated in Figure 9.2(a). A dashed line visualizes the leading ordering
vector at the corresponding filling, and we detect a discontinuous jump from Qf to Q7 at n ~ 1.1. These
findings suggest that CO in the HTCCs is determined by multiple competing effects, which has also recently been
hypothesized for the hole-doped regime, due to the detection of non-monotonous behavior of Q¢ [193]. The
interaction-dependent phase diagram that accounts for the results of the previously discussed susceptibility
analysis, as well as phase separation, and homogeneous AFM ground states, is given by Figure 9.2(b). We
cannot provide a precise distinction between PS and CDW phases for U > U, as indicated by the dotted line
because our formalism does not allow investigating the emerging, symmetry broken state beyond the nature
of the leading instability.

According to Luttinger’s theorem, the area enclosed by the FS is proportional to the doping, which implies
2k o V26 in our case with the assumption of a square-shaped FS. As illustrated in Figure 9.2(a), Qf closely
follows that curve, which further supports the claim of a nesting effect, and it shows remarkable quantitative
agreement with RXS measurements of the CO wavevector in Nd,_Ce, CuO4 (NCCO) [120]. With decreasing
doping, the respective peak loses spectral weight, as itinerant degrees of freedom become less dominant

Due to C4, symmetry, on eights of the BZ is sufficient to describe the system, i.e., only two of the eight bright peaks are independent.
2We define Qi,z =(Qf 0)T.
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(c) Schematic illustration of three different types of doped AFMs in real space. Figure adapted from [57].

Figure 9.2: Charge instabilities emerging on the AFM ground state for t' = —0.2 and T = 0.005 as a function of the
electron-doping and interaction. According to ab initio data, the NN transfer integral can be estimated by = —0.46eV
[170, 201], i.e., the applied temperature translates to roughly 25 Kelvin. The onset of PS is signaled by a diverging
electronic compressibility xT, coinciding with poles of the static charge susceptibility at zero momentum. CDWs that
are found for n 2 1.05, whose ordering vectors Qi,z are shown in Figure 9.2(a), yield from divergences of the charge
susceptibility at finite momentum at a lower interaction.

closer to half-filling, and it disappears entirely at 6 < 0.05, where the FS becomes circular. The behavior
of the second peak features Q3 /m =~ 26 for intermediate dopings [55], reminiscent of the so-called Yamada
relation known from the hole-doped HTCCs [199]. Qf approaches zero at 6 ~ 0.055 in a square-root-like
functional behavior, which we interpret as the transition from a CDW to PS. Fulfillment of the Yamada relation
implies a periodic length of the emerging charge-ordered unit cell, which is inversely proportional to the
doping Q5/m = 26 & P = 1/6. Thereby, the doped charges can be distributed by the formation of vertical,
doubly occupied domain walls at the edge of the unit cell, while recovering the undoped AFM in between as
illustrated in Figure 9.2(c) [55, 200].

To sum up, we identify three different types of COs that emerge within the doped AFM ground state at
sufficiently high interaction. According to our results, these ordering mechanisms are driven by partially
restoring the “ideal”, half-filled AFM in the real-space lattice by clustering the doped charges. The half-filled
Hubbard model is reduced to an AFM Heisenberg model in the limit of infinite interactions, where the
itinerant degrees of freedom are frozen out and the potential energy can be minimized by the formation
of the antiferromagnetism. If the interaction is sufficiently low (U < 5.25), this localized picture is not yet
accurate and the doped electrons distribute uniformly to form a stable AFM with a reduced MF magnetization
(compare Figure 9.2(c), left). Above the critical interaction we observe that small doping (6 < 0.05) leads to
PS, where the half-filled AFM is retained in the major part of the lattice in order to minimize potential energy,
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and the doped charges are randomly distributed to form islands of a weaker magnetized AFM (compare
Figure 9.2(c), middle). For slightly larger doping (0.05 < 6 < 0.1), this behavior is succeeded by the formation
of a periodic CDW, whose ordering vector approximately satisfies the Yamada relation, which we interpret as
the emergence of doubly occupied domain walls in order to once more partially recover the half-filled AFM
(Figure 9.2(c), right). As the kinetic energy of the electrons becomes more important with larger doping, there
is a transition towards the nesting-enabled CO, which we interpret as an itinerant COW, where the previously
described localized picture is not accurate anymore. These results pose the question, of why there is yet no
hard experimental evidence for the Yamada-type CO on the electron-doped side. Possible explanations could
be shortcomings of our theoretical description, crystal defects that hinder the formation of the domain walls,
or an interplay with the pseudogap (PG) phase. Especially the relevance of CO for PG physics should be further
investigated because the domain walls, as well as the partially restored half-filled AFM, could hinder electron
transport or reduce the DOS at the Fermi level. Moreover, we find PS and the Yamada-type CO associated with
this behavior to persist up to much higher temperatures than the nesting-enabled CO [200], which is further
reminiscent of the PG appearance.

Finally, we provide a rough approximation of the estimated difference in ground state energies of the
uniform AFM compared to the Yamada-type intertwined AFM and CDW at high interactions in the localized
picture. Thereby, we consider the spin-exchange of a t — | model that describes the Hubbard model in the
strong-coupling limit in the vicinity of half-filling [81]. Furthermore, we neglect the kinetic part (+ — 0) and
apply the SB mean-field approach, assuming AFM order:

e =17y (Siéj - }lﬁ Y ) -y (p P2+ n n]) . (9.1a)

<ij> <ij>

Moreover, we presume there to be no empty sites (¢ = 0), and the MF spin S = ppy to be maximized in the
homogeneous AFM, which implies pg = p and yields ppo = (1 —1/2) under consideration of the SB constraints
given by Equations (4.26a) and (4.26b). Under these conditions, we find

Hloc

hom.

> -lJIN[2+2(n-1)?] , (9.1b)

where N is the number of lattice sites. In order to compute the MF energy of the domain wall structure
illustrated on the right side of Figure 9.2(c), we need to calculate the energy of the unit cell' and multiply it
with the number of unit cells, i.e., N6/2 = N(n — 1)/2, according to the Yamada relation. The result is given
by

HSS = —JIN(1+n) 9.1¢c)

and thus the energy is minimized for the vertical stripe phase in the underdoped regime (HS5, < HS, ),

which is also supported by a SB mean-field cluster study for hole doping [139]. Unlike our MF description of
phase separation, this emerging CDW takes boundary effects into account and is more sophisticated in that
sense. It, however, becomes less efficient for small dopings because of the respective large unit cells, which
could explain why the stripe order disappears for n < 0.055. After all, the presented SB method is viable for
the types of order associated with the underdoped HTCCs because it does not suffer from finite-size effects,

unlike other approaches like, e.g., QMC or DMET, and our results are supported by experimental evidence.

1This can conveniently be done by considering the energy of the half-filled AFM, which is given by =2 |J| N and taking the energy
differences into account that appear due to the doubly occupied domain walls.
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Figure 9.3: Temperature-dependent SB analysis for U = 6.5 and ¢’ = —0.15. Except for superconducting phases, which
are excluded in our SB analysis, the phase diagram in Figure 9.3(a) qualitatively resembles the generic HTCC phase
diagram shown in Figure 7.2(b). However, magnetism seems to occupy a larger domain than expected, which may be
due to a bias of the SB method, and we find the MF magnetization to be significantly reduced by fluctuations, as shown
in the upper panel of Figure 9.3(a) and Figure 9.3(b). In addition, the specific heat employs anomalous behavior with
a local maximum at low temperatures near emerging PS and CDW phases but recovers the linear dependence Cy oc T
in the limit T — 0.

9.2 Temperature-dependent phase diagram

To conclude, we examine the temperature-dependence of crucial, experimentally accessible quantities for
an exemplary set of parameters, i.e, U = 6.5 and t' = —0.15. Figure 9.3(a) shows the temperature- and
doping-dependent phase diagram under consideration of the aforementioned charge-inhomogeneous phases.
Excluding superconductivity, it qualitatively resembles the generic HTCC phase diagram in Section 7.2, since
we identify domes of charge-order in the underdoped regime and a stronger propensity towards AFM order
for electron-doping. As discussed earlier, the type of CDWs that we predict is affirmed by experiments in
the HTCCs [120, 140, 161, 192, 193], and also nanoscale PS has been reported [133, 162]. However, apart from
the fact that we cannot directly track superconductivity with the SB method, we observe the general trend
that the phase volume of magnetic domains is overestimated. This may be due to a bias of the chosen MF,
and thereby we find the magnetization to be significantly reduced by fluctuation corrections, as shown in the
upper panel of Figure 9.3(a) and Figure 9.3(b). Furthermore, ab initio calculations suggest that the effective
interaction decreases with doping [201], which could further reduce the propensity towards magnetism away
from half-filling.

Finally, we calculate the specific heat according to Section 4.6.3 and observe anomalous, plateau-like
behavior with a local maximum at low temperatures (T = 0.108) that appears coincidingly with the emergence
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of charge-inhomogeneous phases (i.e., CDWs and PS), as shown in Figure 9.3(c)!. Similar properties of the
specific heat have been reported in the pseudogap (PG) phase, which is associated with a partial reduction
of the electronic DOS [171, 172, 202]. Moreover, theoretical studies suggest that charge-ordered phases can
open such partial gaps at the Fermi energy [139], and their relevance to understanding PG physics is debated
in the current literature. We find the charge-ordered domain to extend towards higher temperatures if the
interaction is increased and note that the presented U is rather on the lower end of the expected range of the
one-band HTCC model. Some estimations yield that it could be as high 12 [139, 170] and possibly doping-
dependent [140]. The enhancement of Cy at the magnetic transition can be explained by magnon contributions
to the specific heat [203], and the usual behavior Cyy = yT is recovered at sufficiently low temperatures. For
future studies, it could be interesting to study the temperature-dependence of the conductivity in analogy to
Section 8.3.3, but in proximity to half-filling and at higher temperatures, in order to investigate if there is a
transition towards a strange-metal phase.

It is noteworthy that the local maximum only appears, if the implicit temperature dependence of the SB mean-field variables is
considered (dp/dT # 0, etc.). If that dependence is neglected, Cy resembles a free electron gas at low temperatures.



Magnetism and topology in Kondo
materials

In this part, we discuss interaction-dependent properties of Kondo materials
by means of the slave-boson method. First, we elaborate on the underlying
Kondo effect, emphasize its relevance in the current literature and introduce
commonly applied microscopic models to describe the problem. We then
investigate Kondo metals in the context of heavy fermions, magnetic order,
and an effective RKKY-interaction based on the doped periodic Anderson
model (PAM). Finally, we consider Kondo insulators based on a generalized
periodic Anderson model with additional spin-orbit coupling and clas-
sify emerging magnetic and non-magnetic phases in the regard topology
through corresponding Z, invariants.

The content of this part has partially been published in Reference [54] or is
in preparation for publication [56].






CHAPTER 10

Local moments and the Kondo effect

After the discovery of superconductivity in 1911, the scientific community was once more surprised by a
temperature-dependent resistivity measurement in Kamerlingh Onnes Laboratory at Leiden University in
1934, when the three dutch physicists W.]. de Haas, J.H. de Boer, and G.J. van den Berg found a puzzling
resistance minimum in gold wires at low temperatures [29]. According to Matthiessen’s rule [204], the resistivity
was believed to be decomposed into a temperature-independent contribution due to crystal defects comple-
mented by an electron-phonon (lattice vibrations) scattering term, whose impact increased with temperature
with a determined proportionality pejph T® according to Felix Bloch’s theoretical approach in 1930 [205].
At that time, the electrical resistance was, therefore, expected to decrease monotonously by lowering the tem-
perature and, except for superconductors, approach a constant value. The unusual behavior could also not be
explained by electron-electron scattering, which was established by Lev Landau and Isaak J. Pomerantschuk
in 1936 to feature a quadratic temperature dependence [206] and can be understood in the context of Fermi
liquid (FL) theory [23, 48] as previously discussed in Section 8.3.3.

The puzzle remained unsolved for more than 30 years. However, experimental observations in Bell
Laboratories in the early 60s acquired significant hints towards the underlying mechanism that liked the
resistivity minimum to small concentrations of magnetic impurities, e.g., iron in niobium, that did not
always yield a net magnetic moment in the respective compound [207, 208]. This technical achievement to
carefully tune magnetic impurities in the parts per million range attracted theorists to investigate the topic
in the following years. In 1961, Philip W. Anderson formulated an important second quantized model that
describes emerging magnetic moments in metals due to interactions between localized electrons, referred to
as the Anderson impurity model (AIM) [62]. Jun Kondo finally explained the resistance minimum in 1964
through a perturbation calculation of an s-d spin-exchange model, established by Tadao Kasuya in 1956,
which is today known as the Kondo model (KM) [209]. His result was a logarithmic contribution to the
resistivity at low temperatures as a consequence of a many-body effect, yielding in temperature dependence
[210]*

p(T) = 0o + AT+ BT® +  Cln(W/T) (10.1)
—— —

~—— ——
crystal defects el-el scattering el-ph scattering Kondo effect for T Tk

in total. We will introduce the AIM and KM along with their periodic generalizations, the Kondo lattice
model (KLM), and the periodic Anderson model (PAM) in Section 10.3. These two models are connected via
the Schrieffer-Wolff (SW) transformation in the limit of strong correlations and constitute the basis of our
theoretical investigation of Kondo materials in Chapters 11 and 12.

1Dependent on the specific material, additional phononic contributions o T® arise [22], and the high-temperature regime is
dominated by p « T as classical limit, where the phonon energy is also oc T due to the equipartition theorem.
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A serious omission of Kondo’s result was that the logarithmic term led to a divergence of the resistivity
in the limit T — 0, which clearly indicated a breakdown of the perturbation calculation at some point. The
search for an appropriate description in the zero-temperature limit, i.e., the Kondo problem, once more attracted
theorists to study the field more deeply in the 60s and 70s. An extension of the perturbative approach proved
to be insufficient but moved the singularity to a finite temperature, which is called Kondo temperature Tx [63],
and defines the only characteristic energy scale of the problem [12]. In 1970, Philip W. Anderson suggested an
intuitive explanation of the Kondo effect by means of a perturbative renormalization group method, known
as Poor man’s scaling [211], which was, however, still not applicable for T <« Tx. His approach found an
effective coupling of local moments and conduction electrons that increases with lowering the temperature
and effectively screens the net magnetic moment. Shortly after, the Kondo problem was finally solved in 1974
employing a non-perturbative technique, i.e., the numerical renormalization group, that Kenneth G. Wilson
developed himself and refined Anderson’s result [212]': While local moments are asymptotically free for
T > Tk, the conduction electrons start to screen the magnetic impurity for T > Tx by forming a many-body
Kondo singlet, whose binding energy is given by the Kondo temperature. In the limit T — 0, the local
interactions become so strong that the magnetic moment is fully screened, and a Fermi liquid with finite
resistivity is recovered [12].

Although the original Kondo problem for a single impurity was now well understood, it was acknowledged
in the late 70s that the same phenomenon could also occur in dense Kondo lattices with large numbers of
periodically distributed local moments. That insight launched an entirely new material class, the heavy fermion
metals that we will further discuss in Section 10.1. Insulating heavy fermion materials are nowadays referred
to as Kondo insulators (KiIs) and will be introduced in Section 10.2. For both material types, many open
questions remain, and we will apply the slave-boson (SB) formalism in Chapters 11 and 12 to address some
of these problems.

After all, the popularity of Kondo physics has again spiked in recent years, since the related interplay
between localized and itinerant degrees of freedom in the presence of strong correlations determines the
unconventional behavior of different quantum materials beyond the original idea of local magnetic moments
and may even provide practical applications [12, 214]. To be specific, the Kondo effect may also occur in
artificial structures like quantum dots or also in the absence of spin, if another quantum number, e.g., orbital
degrees of freedom, gives rise to energy-degenerate states and such an orbital Kondo effect has been observed
in RuO; in 2020 [215]. Moreover, the phenomenon involves quantum entanglement, and a recent theoretical
study suggests that it becomes long-ranged at the Kondo-destruction near a quantum critical point [216].
Finally, some heavy-fermion materials employ triplet-superconductivity and are possible hosts of Majorana
fermions. Those observations pave the way for possible quantum logic gate devices and quantum computing
within the scope of Kondo physics [12].

10.1 Heavy fermions

In 1975, K. Andres, J. E. Graebner, and H.R. Ott measured an unexpectedly high specific heat coefficient y in
the intermetallic compound CeAls, which was about 1600 times larger than in copper [217]. It is given by the
proportionality factor of the electronic specific heat at low temperatures and can directly be associated with

1The innovative renormalization group concept was later generalized and broadly applied to different many-body problems,
e.g., high-temperature-superconductivity [213] and has been established as a powerful numeric tool. For his contributions, Wilson
was awarded the Nobel prize in 1982.
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the (renormalized) density of states (DOS) D*(0) at the Fermi-level [48]

T2 k2

Cv=yT, y=—3 5D 0). (10.2a)

The therefore implied enhancement of the DOS can also be identified with an increased effective mass m* of
the FL quasiparticles (QPs) that we define by a quadratic expansion of the band dispersion around the Fermi

surface (FS) in order to relate it to a free electron model with mass m = m,!

kZ
2m*

m* _ D*(0)
m D)

€k = +0 (k%) (10.2b)
For CeAls, the effective mass yields about 1000 bare electron masses (m*/m ~ 1000), and with the discovery of
other compounds, e.g., UBei3 and CeCug [218] that show similar behavior, the material class of heavy electrons
or heavy fermions was founded. Partially filled f-orbitals were identified to be a common denominator of
these compounds, and it was established that a lattice version of the Kondo effect, i.e., a periodic arrangement
of localized, strongly interacting electrons immersed in a sea conduction electrons, was responsible for the
unusual behavior [219]. The high effective masses were then explained by Kondo resonances of the local
moments at the Fermi-level for an overall paramagnetic (PM) state due to screening by the conduction electrons
[12].

Many heavy fermion materials, however, also employ magnetic ordering, especially antiferromagnetism
(AFM) [220, 221] and in some cases also ferromagnetism (FM) [222], with an oftentimes weak net magnetization
that can be as small as m < 1072up. The magnetic instabilities compete with the Kondo effect, and to quote
Piers Coleman: heavy fermions are therefore considered to be “on the edge of magnetism” [218]. The ordering
process is, on the one hand, driven by itinerant magnetism due to the enlarged DOS at the Fermi-level,
and on the other hand, by local moment formation as a consequence of a spin-exchange coupling induced
by hybridization with the sea of conduction electrons, known as Ruderman-Kittel-Kasuya—Yosida (RKKY)
interaction [12]. In opposite to magnetic phases, the Kondo effect emerges continuously by lowering the
temperature, and there is no thermal phase transition. At zero temperature, however, many experiments
indicate that it can be destructed instantaneously at a so-called quantum critical point (QCP), which can,
e.g., be seen in a discontinuous jump of the Hall-coefficient as a function of a suitable control parameter [12].
The corresponding Kondo-destruction is triggered by quantum fluctuations rather than thermal fluctuations
and can manifest in metal-to-metal, metal-to-Mott insulator, or magnetic transitions.

A qualitative classification of chemical elements that feature strong correlations and employ a propensity
to form local moments and heavy fermion compounds was given in 1983 by J. L. Smith and E. A. Kmetko with
their “nearly periodic table of transition elements” [223] that is shown in Figure 10.1. The degree of localization
is governed by two trends: Orbitals with a higher principal quantum number contain more radial nodes and
tend to be more delocalized. Moreover, moving along a row in the periodic table or from d to f orbitals
increases the nuclear charge that pulls the electrons closer towards the nucleus. As a result, the shells can be
ordered by

5d <4d <3d <5f < 4f (10.3)

from low to high localization. The itinerant, strongly correlated systems in the lower-left corner of the phase
diagram tend to be conventional superconductors at low temperatures, whereas materials on the upper
right employ a strong propensity towards local moments. The elements on the crossover are particularly

In a free electron gas, it is D (0) o m [19].
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(a) Elements with a gray background featuring empty (left side) or full (right side) (b) Schematic wave function 1
d and f shells are not directly relevant for the localized interaction picture and for differently localized or-
are only included for completeness. bitals.

Figure 10.1: Kmetko-Smith diagram [223], which describes the trend of strongly correlated transition metals with
partially filled orbitals towards localization. The arrangement does not fully recover the order of the periodic table
of elements because the electron configuration is unexpected in some cases due to interaction effects. Elements on
the upper right corner tend to be magnetic Mott insulators, whereas the lower-left corner is dominated by itinerant
non-magnetic behavior that favors superconductivity. Materials on the crossover indicated by the white line are
particularly interesting because their physical properties are very susceptible to perturbations or external forces.
Figure adapted from [48, 57].

interesting due to the competing processes and also especially susceptible to perturbations. In that regard,
e.g., the lattice structure, corrosion resistance, and magnetic properties of iron can be dramatically changed
by adding chromium and nickel to obtain stainless steel [223]. Moreover, the cerium and uranium-based
heavy fermion compounds and the iron-based superconductors are associated with that crossover.

As a matter of fact, Frank Steglich et al. discovered by studying CeCuSi, in 1979 that heavy fermion materials
themselves could also be superconducting [224], and many more heavy-fermion superconductors (SCs) have
been reported ever since. An earlier observation of superconductivity in UBej3 in 1973 was dismissed as
an artifact, because conventional superconductivity order was believed to be impossible in dense magnetic
systems [225]. An especially interesting heavy-fermion SC is YbRhySiy, because it features strange metal
behavior with liner resistivity as a function of temperature followed by a superconducting transition at lower
temperatures [226]. This similarity to the high-T, cuprate raises the question of whether the Cooper-pairing

mechanism of both material classes has a common origin.

10.2 Kondo insulators

Kondo insulators are basically heavy-fermion semiconductors, where the chemical potential lies in a narrow
energy gap that opens at low temperatures due to the hybridization of localized and conduction electrons as a
result of the Kondo effect. From a quasiparticle perspective, KIs can be considered to be highly renormalized
band insulators [218]. The first material to be classified as KI is Samarium hexaboride (SmBg), after it had
already been discovered in the late 60s that the material is a local moment metal at room temperature that
continuously transforms into a PM semiconductor with a tiny gap of approximately 10meV at low temperatures
[227]. Another feature of KIs are mixed-valence states, i.e., a fractional occupation of the f-orbitals where,
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e.g., samarium is present in both Sm?* and Sm®* ions [228]. Until now, many other Kis with similar behavior
have been found.

In 2010, Maxim O. Dzero, Kai Sun, Victor M. Galitski, and Piers Coleman suggested that KIs could be
topological, and proposed the term topological Kondo insulator (TKI) [32]. Theoretical studies on SmBg
suggest the existence of three topologically protected Dirac cones at the surface [54, 99, 229, 230] that could
explain the existence of a resistivity plateau that had been measured below 3K and seemed to be unaffected
by the sample quality [231]. We will introduce a minimal model for TKIs in Section 10.3.4 and elaborate on
interaction-induced magnetic and topological properties by means of the SB method in Chapter 12.

10.3 Microscopic models

In Sections 10.3.1 and 10.3.2, we will define the aforementioned impurity models, namely the Kondo model
(kM) and Anderson impurity model (AIM) and their periodic counterparts, i.e., the Kondo lattice model (KLM)
and periodic Anderson model (PAM). The two models are related by the Schrieffer—Wolff (SW) transformation
in the limit of high correlations, as will be discussed in Section 10.3.3. Finally, we introduce a minimal model
for TKIs that is based on the PAM with additional spin-orbit coupling (SOC) in Section 10.3.4. In Chapters 11
and 12, we will apply the SB formalism to the introduced periodic models in order to investigate interaction
effects in heavy-fermion metals and topological Kondo insulators.

10.3.1 Kondo model

The KM was the first model to effectively describe the physics of the Kondo effect and couples a sea of
conduction electrons created by 6; , in the tight-binding approximation to a single magnetic impurity with
spin operator § via a spin-exchange coupling | defined by the Hamiltonian [48, 209]

HM = Ho+ Hy = Y 6l &b+ ) 3 T8 Towty 8. (10.4)
k,o kk' o0’

A convenient method to calculate the resistivity minimum and extract the Kondo temperature Tk, is to
apply Abrikosov’s pseudo-fermion (sometimes also called slave-fermion) representation [45], for the local spin
S = 3 it f;,. It is only exact if the occupation of the auxiliary fermionic operators /! is constrained to one
ny; = 1, which can be implemented in full analogy to the slave-boson theory by a projector with a complex
Lagrange multiplier field (compare Section 2.2.2). A consecutive second-order perturbation calculation of the
scattering amplitude 7 in the resulting fermionic model yields the well known logarithmic contribution to
the resistivity [48, 57]

p(T) o | T o (1 +4]D(0) InW/T) , (10.5a)

where W is the half-width of the conduction band. The breakdown of the perturbative calculation can be
defined by the temperature, where second-order contributions become larger than the first-order term, which
determines the Kondo scale

1=4/DO)InW/Tx & Tx=We D07 (10.5b)

1The spin operator of the conduction electrons at lattice site 7 is defined by §; = % P éf/a Tg,00 61.’0,, which is equivalent to the
respective expression in momentum space in Equation (10.4) for i = 0, and 7 represents the vector of Pauli-matrices. The coupling
constant | may in general be momentum dependent (Ji x/). For the purpose of this thesis, we restrict ourselves to constant
couplings, which is sufficient for most applications.
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The KLM with momentum-independent coupling constant follows from a periodic arrangement of the impu-
rity $8 — 3; S:$; [219, 232]!

KLM At A At A B
HNM = Hy+ Hy = Y ed &kt o+ 00> J ek o Toort o Sk - (10.6)
k,o kk’ o0’

10.3.2 Anderson model

The AIM, introduced by Philip W. Anderson in 1961 [62] with the aim to describe local moment formation,
combines two essential ideas. Firstly, the localizing impact of the Coulomb repulsion, represented by a
Hubbard interaction in the f-electrons, which hinders the electron movement and can induce a metal-
to-insulator transition (Mott transition) in the high coupling regime (compare Section 8.1). Secondly, the
formation of virtual-bound state resonances, which Anderson interprets as a tunneling process between the
localized f-electrons ( fg) and the conduction sea (¢!) with an amplitude of V that acts as hybridization. The
corresponding Hamiltonian with a singly impurity at i = 0 and f-electron on-site potential €, is given by
[48]"
resonant part

HAM _ Z & &k, + Z vel Jo+ Vit ) +e Z i, + uitigti, - 10.7)
o

atomic part

The PAM follows from a periodic arrangement of the impurities, i.e., the terms of Equation (10.7) associated
with the interacting f-electrons are extended to the whole lattice [63]"

HPAM =H;+ thb + Hf , (10.83)
with
Hy = ~t Z Cio ]U ,UOZ CioCio Zéi,aékék,o ’ (10.8b)
i,j),0 k,o
A st 7 Lo
Hh)’b = VZ + fl o 10) = VZ (Ck,a k,o + fk,ack,o) 4 (108C)
G
Hy = ”Zﬂ NN AESCEITY Zfl oo = UZf Tl e — ) D - (10.8d)
k,o

Moreover, we include the chemical potential 1o that couples to the total electron density to control the filling
n = n¢ + ny. In the non-interacting limit, the natural basis is in momentum space, and the energy bands can
be calculated analytically as shown in Appendix B.2. The hybridization leads to the opening of an energy
gap with an insulating ground state at half-filling, which is demonstrated in Figure 10.2(a). Due to the
lack of direct hopping between different f-orbitals, the energy bands are narrow, which makes the PAM a
suitable minimal model to study heavy fermion systems. In Chapter 11, we will apply the SB representation
introduced in Part I to the PAM in order to account for the Hubbard term and study the interaction-dependent
phase diagram.

!In general, the hybridization V may be momentum-dependent (V) in analogy to the coupling constant | in the KM, but for the
purpose of this thesis, we only consider a momentum-independent hybridization in the PAM.
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(a) Band structure of the PAM for po = €y = U = 0. Finite (b) Band structure of the conduction band in the KLM. It
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Figure 10.2: In the PAM, local moments are represented by an f-orbital with a Hubbard-type interaction U and zero
hopping amplitude that hybridizes with the conduction orbital. On the other hand, the KLM considers a spin-exchange
interaction | between the local moment S and the spin s of the conduction electrons. Both models are connected by
the SW transformation and become equivalent for strong correlations in the extended Kondo limit.

10.3.3 Schrieffer-Wolff transformation

The AIM and KM are related by a canonical transformation that was first described by Schrieffer and Wolff in
1966 [233]. It projects out empty and double occupations of the magnetic impurity and only allows virtual
excitations of those within the lowest order perturbation theory [63]. Both models become equivalent in the
so-called Kondo limit, which identifies the KM as a low energy description of the AIM in the strong coupling
regime. Later, it was shown that a similar relation holds between their periodic counterparts, where the KLM
is expected to represent an effective model of the PAM in the Kondo regime, where the Kondo coupling constant
is approximately given by | ~ V2 ( 6/‘1"U + _LE/) [48, 232]. The mapping from PAM to KLM becomes exact in the
extended Kondo limit (EKL), which is defined by [234]

u vz
efz—E, Uzconst., U—oco, Voo, =2n=1. (10.9a)
A consequence of the limit is that the f-orbital is half-filled (n; = 1), which ultimately initiates the spin-
exchange term as a kind of a reverse of Abrikosov’s previously discussed pseudo-fermion representation.

The coupling constant in the EKL is positive [232, 234]

_av

T (10.9b)

J

which favors AFM ordering in agreement with experimental observations in Kondo materials. Summing up,
the SW transformation projects the interacting f-electrons to local moments by means of the hybridization V,
while the conduction band recovers its non-hybridized form as illustrated in Figure 10.2.

10.3.4 Minimal model for topological Kondo insulators

A minimal model for TKIs can be built based on the PAM with the addition of a small hopping amplitude
tf; between the localized f-electrons. Moreover, a crucial ingredient for topological phases is that the
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hybridization is an odd function of k, which implies that it needs to be non-on-site [32]. This is because
the localized electrons in Kis are usually derived from atomic f-orbitals, which are odd under parity, while
the hybridizing conduction d-orbitals are even under parity. A minimal model with those ingredients that
preserves time-reversal symmetry (TRS) and inversion symmetry (IS) is given by [54, 99, 230]

H™! = Hy + Hyygp + Hf + Hin , (10.10a)

with

d at A At oA
Zztl]cdlﬁcdjv [JOZ laci,o ’ (1010]:))

(ijy © i,0

Hhyb —Z Z ZIV f;ra TooCjor f;nga/@i’a, +h.c.) , (10.10¢)
a (i<j)y o0’
Hy=- Z t ﬁaf;ﬁzfm €f —Ho fm/ (10.10d)
<ij>,0
Hine =U ) T T I (10.10e)
i

and features band inversions at time-reversal-invariant momenta (TRIM) that initiate topological transitions.
The model employs spin-orbit coupling (SOC) in the hybridization term given by Equation (10.10c) and
(i < j)o indicates NN bonds with i < j in a-direction and 7¢, represents the a-th Pauli matrix acting
on spin space. Such a SOC, which features TRS and IS is called centrosymmetric. In Chapter 12, we will
apply the SB representation discussed in Part I to the TKI model to account for the Hubbard term and study

interaction-enabled magnetic and topological transitions.



CHAPTER 11

Emerging Kondo regime in the periodic Anderson
model

In this chapter, we will investigate the 2D periodic Anderson model (PAM), introduced in Section 10.3.2, by
means of the slave-boson (SB) method that we derived in Part 1. Firstly, in Section 11.1, we identify an emerging
Kondo regime in the parameter space of the PAM that features an AFM mean-field (MF) ground state with huge
effective masses that, however, turns out to be unstable w.r.t. Gaussian fluctuations. Section 11.2 adds another
conduction band to the model and discusses a domain that is dominated by the effective RKKY-interaction
inducing magnetic frustration due to destructive interference of the two conduction band pockets. The results
are partially included in Reference [56], which is in preparation for publication.

11.1 Heavy fermions and magnetism

The Kondo problem and theoretical understanding of heavy fermions have driven the development of
auxiliary particle (slave-boson) methods, pioneered by Barnes in 1976 [46, 235] for the Anderson impurity
model (AIM) and the PAM by Coleman in 1984 [47] in the limit of infinite interactions. KR slave-bosons,
which are the foundation for the SB representation applied in this thesis, provided a description for finite
interactions U in 1986 [49]. An advantage of this formalism is that it treats local and non-local physics on
the same footing and allows for both: correlation-induced mass enhancement and the formation of magnetic
order. Early works, however, suggested that the Kondo energy scale (Tx) was not recovered [236], whereas
later applications of the KR-SB method at least compared well to QMC calculations at half-filling and found
the occurrence of magnetic order in qualitative agreement with experiments [74]. Other theoretical methods
like, e.g., DMFT tend to struggle with the coinciding importance of localized and itinerant degrees of freedom,
and reliable results have been difficult to obtain despite the problem being around for multiple decades. One
of the remaining fundamental questions is the exact origin of the large quasiparticle (QP) mass.

In the following, we will revisit the problem and fully exploit the capacities of the SB formalism presented
in Part I, including a magnetic MF analysis for arbitrary doping and the evaluation of Gaussian fluctuations
about (para-) magnetic saddle points. In order to target the Kondo regime and seek for heavy fermions in
the PAM defined in Equation (10.8), we aim to tune the free parameters such that the Kondo lattice model
(KLM) represents an effective low energy description. As previously discussed in Section 10.3.3, both models
are connected by the SW transformation that projects out double occupations of the interacting f-orbital. We,
therefore, restrict our analysis to half-filled f-orbitals 7, = 1 in accordance with the extended Kondo limit
(EKL). This constraint can be enforced by coupling the f-electrons to a particle reservoir, where the on-site
energy €; acts as effective chemical potential. We moreover fix the hopping and hybridization amplitude
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t = V =1, such that the interaction U and total filling n, which is controlled by the chemical potential 1,
remain as free parameters.
In order to map out the magnetic phase diagram, we numerically solve the SB saddle point equations [56]

IFS)
dp
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(4.29)

to minimize the MF free energy (FE). Details on calculating the FE and implementing the additional constraint
of half-filled f-orbitals are provided in Section 4.4.3. The corresponding renormalized QP hopping matrix
is derived in Appendix B.2, and its eigenvalues that enter the FE are given by the roots of a fourth-order
polynomial that is defined in Equation (B.21). The resulting zero-temperature phase diagram in the vicinity
of half-filling (n = 2) is shown in Figure 11.1(a). The MF ground states are metallic and employ a second-order
FM instability at U =~ 1 except for half-filling, where the ground state is insulating due to the hybridization gap
with an AFM transition at U, = 2. In analogy to our analysis in the Hubbard model, the PM phase boundary
can equivalently be determined by means of a diverging static spin susceptibility 1/x"™(g = Q, @ = 0) about
the PM ground state, i.e., we find PM fluctuations to be in perfect agreement with results from the magnetic
MF. Explicit expressions for the susceptibilities are summarized in Table 5.2 and given by superpositions of
the fluctuation field propagator gf,;’; (9,iw) that we derived in Section 5.2. For half-filled f-orbitals, the PM
spin susceptibility adapts an RPA-like simple form [56]

Xo(q)
1+ xo(q@)Mp, p,/ (2]03)

XM (g, 0 =0) o (11.2a)

The matrix element M,, ,, does not depend on g or @ and the bare susceptibility at zero momentum
Xo(qg = 0,w = 0) = D*(0) is given by the renormalized DOS at the Fermi-level. FM instabilities can thus be
determined by the equation

1==D*(O)My, /295, (11.2b)

similar to the Stoner criterion in the Hubbard model. Those emerge as a direct consequence of the high DOS at
the Fermi-level, that naturally arises in the PAM, and thus hinder the formation of heavy fermions within a PM
ground state. The AFM domain in the vicinity to half-filling at intermediate interactions 2 < U < 3.5 cannot
be explained by such a nesting effect. It is rather to be identified with an emerging Kondo regime, where the
PAM is effectively represented by the KLM with a positive Kondo coupling constant | ~ 4V2/U that drives ARM
order, which is also observed in many heavy-fermion materials [218]. This hypothesis is also supported by
the fact that we detect the scaling U2 o V2 for high U, which coincides with the EKL, whereas the critical
interaction towards the FM does not follow such a simple scaling relation.
We now want to investigate the effective masses of the (magnetic) MF band structures (BSs) that are related
to the DOS by
m* = nD*(0) (11.3a)

in two spatial dimensions and are visualized as a function of interaction and filling in Figure 11.1(a) as a 3D
plot. At U = 0, the effective mass is already relatively large (m* ~ 10) due to the construction of the PAM.
With finite interactions, the PM band structure is renormalized by V — zoV, with zg < 0 and €; — € + fo
with fg > 0, i.e., the effective hybridization ( f-electron on-site energy) is decreased (increased) by interaction
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(c) Band structure of the unstable AFM ground state
for n = 2.01 and U = 2.4. Red (blue) color indi-
cates the orbital weight of the f-orbital (conduc-
tion orbital).

4l
(a) Magnetic phase diagram of the PAM at T = 0 around half- ol
filling, with effective mass m* in the top panel. Figure
adapted from [56].
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Figure 11.1: The magnetic phase diagram of the PAM is dominated by FM and AFM order in the low to intermediate
coupling regime. The FM instability arises due to a modified Stoner criterion as a consequence of large densities of the
PM Fermi surface, yielding a stable MF ground state with a small magnetic gap that significantly reduces the DOS at
the Fermi-level. The AFM mean-field ground state competes with the FM and globally minimizes the free energy close
to half-filling and comes along with a drastic interaction-induced enhancement of the effective mass (1},,, = 250) in
opposition to the FM state. It, however, appears to be unstable w.r.t. Gaussian fluctuations. Both ground states feature
phase separation for parts of the phase diagram due to the respective first-order transition. The FM employs a very
low magnetization that is even further decreased by fluctuation corrections and almost approaches zero at the phase
transition.

effects, and we find the DOS to follow the scaling relation [237]

222 222
D*(0) = (1+ 0 2)D( 0 ) (11.3b)
(o — €/ = Po) Ho— €1 = Po

Notice that D*(0) represents the renormalized paramagnetic DOS at Fermi-level and D(w) describes the DOS of the bare non-
hybridized conduction band.
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Figure 11.2: Inverse static susceptibilities around an AFM mean-field ground state for n = 2.01, U = 2.4, and FM mean-
field ground state for n = 2.03,U = 1.5, and T = 0.005. Fermi surface instabilities are indicated by an enlarged
negative domain, i.e., the AFM is unstable, whereas the FM appears to be stable. Gapless spin waves, which arise due
to the finite MF magnetization, can be seen in x! and manifest around g = (71, )" for the AFM and g = (0,0) " for the
FM as expected. Figure adapted from [56].

in good approximation. It moderately grows with interaction, but a significant increase of m* cannot be found
in the PM domain because of the formation of magnetic states, which was also concluded in other theoretical
studies [238]. FM ordering even drastically reduces m" to the level of a free-electron mass (m* = 1) by opening
a small magnetic gap around the I'-point, which is exemplarily displayed in Figure 11.1(d). The AFM domain
on the other side employs a massive increase of the effective mass as a function of interaction from m”* = 1 to
m* ~ 250 that is finally negated by a first-order transition towards (Q, Q)T incommensurate order at U ~ 3.5,
which recovers m* < 3. An exemplary BS of the corresponding AFM mean-field ground state is shown in
Figure 11.1(c) in the extended zone scheme. The back-folding pushes additional DOS to the Fermi-level and
results in tiny pockets around the I' and M-point.

A fluctuation analysis of the magnetic saddle points by means of the static charge and spin susceptibilities
that are exemplarily presented in Figure 11.2, however, reveals that the AFM ground state is unstable due to
divergences of x. and x! around the T and M-point. Although the general signature of Kondo physics is
contained in our previous analysis, we, therefore, conclude that KR slave-bosons are not capable of sufficiently
describing the problem because we cannot write down a stable MF ground state that globally minimizes the
FE in that domain. The FM, on the other side, is stable w.r.t. Gaussian fluctuations. It only features a sharp
divergence of the transversal spin susceptibility x!(g = 0) at the [-point, which is expected due to the gapless
spin waves associated with the finite MF magnetization.

Finally, we want to take a look at the doping-dependent properties of the MF ground states. Firstly, there is
phase separation (PS) between the AFM and FM due to a discontinuity of the chemical potential pio(n) at the
first-order transition, which can be seen for U = 2.4, and n. =~ 2.043 in Figure 11.1(b). The constant chemical
potential of the PS ground state is indicated by the dashed line!. We do, however, not find domains of negative
electronic compressibility like for the Hubbard model discussed in Section 8.5. The apparent competition

1Theoretically, there could also be irregularities in the context of €;, which acts as effective chemical potential of the f-orbital to
constrain n1; = 1. In order to have an equivalent description of the free energys F(#;) and F(ey), we require the compressibility of

the f-electrons «;. = —dns/des be a monotonous function, which is satisfied for our findings.



11.2 Generalized model with two conduction bands

between the two magnetic phases can also be seen in the transversal spin susceptibility in Figure 11.2(c),
where )(; Apym 18 also enhanced around g = (0, 0)T,and X;,FM employs a maximum around q = (7, 7)". After
all, the instability of the AFM phase cannot be explained by the phenomenon because it also occurs outside of
the PS domain.

Secondly, we investigate the mean-field magnetization m®) = my, which is also plotted in Figure 11.1(b).
We find the FM to be very weakly magnetized, with a minimum of myr =~ 0.025 at the transition to the AFM (the
fully magnetized state is normalized to m = ). Such a weak FM has also been reported in other theoretical
studies [238] and small magnetic moments have been observed in many heavy-fermion materials, e.g., CeAls,
UPt3 and YbRhSDb [220-222]. The AFM has an overall much higher magnetization. We also computed second
order fluctuation corrections to the magnetization 7® according to Section 5.4. Interestingly, the resulting
fluctuation-corrected net magnetization m©® + m® = myp g is even lower, as illustrated by the diamond-
shaped data points in Figure 11.1(b), and goes down to a minimal value of mmppe = 0.008 at n,. The
strength of the respective order is also reflected in the critical temperature that marks the destruction of the
magnetic state, i.e., the Néel temperature for the AFM with Tneer < 0.12, and Curie temperature for the FM
with Tcyrie < 0.04 for U = 2.4. The transitions are of second-order, and the whole demagnetization takes
place in a very small temperature interval of AT = 0.01. These energy scales indicate that the magnetic order
might be easily destroyed by disorder, which is present in many heavy fermion materials and could possibly
extend the Kondo regime. Related questions are of particular interest because FM heavy-fermion materials
have also been reported to feature unconventional superconductivity, and the fundamental mechanisms of

these compounds are not fully understood [222].

11.2 Generalized model with two conduction bands

We generalize the PAM by adding a second conduction orbital that hybridizes with the f-electrons with the
same on-site amplitude V. We do not allow hybridizations between the conduction bands but define on-site
energies €4, ,, which result in an energy splitting Ae; = €4, — €4, that is crucial for the Fermiology of the
model [56], and we will analyze its impact on the magnetic properties in this section. The corresponding

Hamiltonian is given by [56]

H;?g/;d, = I:Id + I:Ihyb + Hf , (11.4a)
with
2
~ A At A Aty A
H; = Z —t Z c;r/g,dcjla/d + Z (€4 — to) c;a/dci,a/d = Z ci?_{kck , (11.4b)
d=1 G, i, k
2
A= VY 3 (& o+t s8i0a) - (11.4¢)
d=1 i,0
Hy= U Z fZTfi,TfIlfAi,i + (€7 = o) Z f;rafzo ’ (11.4d)
i i,o

At At At At . . . .
Cerd Chia Chrar Cru dz) is the spinor of conduction electrons in momentum space. The

SW projection introduced in Section 10.3.3 may be generalized to HPAM
2 cond

the limit of strong correlations onto a two-conduction-band KLM. The coupling constant in the EKL is given

where é; = (

and maps its low energy physics in
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Figure 11.3: Solid lines represent the band structure (BS) of the interaction-renormalized two-conduction-band PAM
[Equation (11.4a)] in the PM regime. Red coloring indicates spectral weight of the interacting f-orbital, which
is half-filled. Dashed lines show the BS of the bare conduction Hamiltonian [Equation (11.4b)] that enters the KLM
[Equation (11.5)]. The two sub-figures demonstrate the profound impact of the energy splitting Ae; of the conduction
bands to the Fermiology of the problem, where Akg represents the Fermi-vector difference of the conduction band
pockets.

by ] = 4V?2/U, i.e.,, we may approximate it to be independent of €4, resulting in the Hamiltonian [56]

2 cond. —
kK

HEM = etJey - Swor+ Ha (11.5a)

with the matrix representation of the coupling constant

J=—7109r1, (11.5b)

where the unity matrix 1, acts in orbital-space and 7 is the vector of Pauli matrices acting on spin-space. The BS
of the interaction-renormalized two-conduction-band PAM in comparison to the bare conduction Hamiltonian
H, is illustrated for two different energy splittings Ae, in Figure 11.3.

11.2.1 The RKKY-interaction

An effective long-range correlation of localized spins that is believed to have a profound impact on the
magnetic properties of heavy-fermion materials is the so-called Ruderman-Kittel-Kasuya—Yosida (RKKY)
interaction. It was initially formulated in 1954 to describe the indirect magnetic exchange coupling of nuclear
magnetic moments mediated by conduction electrons in order to explain unexpectedly broad spin resonance
lines in metallic silver [239]. The theory was then generalized by Tado Kasuya and Kei Yosida to spins of
localized f-electrons that are indirectly coupled through a sea of conduction electrons, which initiated its
high relevance to Kondo physics [209, 240].

Following References [56], [57], and [99], we may derive the RKKY interaction based on the two-conduction-
band KLM defined in Equation (11.5) within a path integral scheme by integrating out the conduction electrons
and expanding the resulting action up to second-order in S. The technical details are in analogy to the
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calculation of SB Gaussian fluctuations in Section 5.2, yielding the partition function

_ fz) [Slexp (Trin [-Gi Sk + JSk—k] )
= fz) [S]exp (Trln [-Gitorw] - 1Tr [gk]sk,_k]2 +0 (53)) (11.6)

f@ Jexp (Tr In [ Gy 1or k]) exp (—— Tr qungk,imnlagkm,imnlﬁ) ¢

-1
where Gg iw, = (iwn -H Z) denotes the Green’s function of the conduction Hamiltonian an the linear order
of § is zero due to the vanishing trace over Pauli the matrices. From Equation (11.6) we may extract the
effective RKKY-Hamiltonian of localized spins §

= 35S @z
a,f q

and evaluate the occurring Matsubara summation in analogy to Equation (5.29a) to determine the coupling
constant

d d
1(4v2)\? nF (‘Sk,s) —nE (€k+q,s’) 1(4v2\?
RKKY _ d
apqg ~ 9 Zztr—k m)n_ k+q 1m,,lﬁ E (T) Z Sd _ Sd 6a,ﬁ - _E T) Xo (q)éa/ﬁ
iwy k,s,s’ k,s k+q,s’
(11.7b)

The effective momentum-dependent coupling constant is thus proportional to the bare susceptibility )(g (q9)
of the conduction Hamiltonian H,, whose eigenvalues are labeled by ei . [48, 241]. The spatial dependence

of JRKKY jg obtained by inverse Fourier transformation

RKKY _ \/_Z ol ]RKKY (11.7¢)

For the one-conduction band PAM, it can be obtained analytically under the assumptions of a free electron
gas, which is valid for small, circular FSs with Fermi vector kg in the lattice model, yielding [241]
r%, (Cos(ZkFr) - %) for 1 conduction band PAM in 3D
Jo(kgr)Yo(kgr) + J1(kgr)Yi(kgr) for 1 conduction band PAM in 2D,

RKKY (11.7d)

where ], and Y,, are Bessel functions of first and second kind, respectively. The RKKY-interaction is thus
very sensitive to the Fermiology of the conduction Hamiltonian and oscillates within an enveloping function
o 1/r3 in3Dand o 1/r2 in 2D with a periodicity that is approximately given by 7tkg. For two conduction bands,
JRKKY j5 decomposed into two terms that can each be approximated by Equation (11.7d) with Fermi-vectors of
the respective pocket plus an additional inter-band contribution. These properties give rise to the existence of
interference effects, which may have a significant impact on the magnetic order in the two-conduction band
PAM.

In order to shape the intuition about the RKKY-interaction and the requirements to the parameter regime
of the PAM where it becomes dominant, we want to point out analogies to the Hubbard model. It has been
known since the late 60s that the strong-coupling regime of the Hubbard model can be represented by the

so-called ¢-] model, which essentially features a non-interacting orbital in addition to an AFM spin-exchange
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coupling [242, 243]. A very similar relation is given between the PAM and KLM by the SW transformation.
The main difference of those models is that the -] model couples spins of the same orbital, whereas the
KLM correlates spins of two different orbitals. If the Hubbard model is half-filled, the t-] model reduces to
a short-range AFM Heisenberg model due to the Mott transition [244]. The KLM, on the other hand, can be
mapped to the RKKY-Hamiltonian by integrating out the conduction electrons. It can be interpreted as a
long-range Heisenberg model, whose magnetic ground state precisely depends on the explicit form of JRKKY,
In summary, itinerant models with a Hubbard-type interaction reduce to non-itinerant spin-exchange models

in certain limits:

strong half-filling
Hubbard model  E—— t-J- model ———  AFM Heisenberg Hamiltonian
coupling Mott-limit
strong integrate
Periodic Anderson model ———— Kondo lattice model ——— RKKY-Hamiltonian .
coupling d-electrons

(11.8)

11.2.2 RKKY-induced magnetic frustration

We aim to find a parameter regime in the two-conduction-band PAM defined in Equation (11.4) that is
dominated by the previously derived RKKY-interaction with a long-range coupling of the localized moments.
Thus, we once more constrain the f-orbital to be half-filled n; = 1 in accordance with the EKL and fix
V =t = 1. We are primarily interested in investigating how the difference of conduction band Fermi vectors

Akg = kg » — kg1, which determines the interference of JRKKY

, affects the magnetic ordering. It can be directly
tuned by the energy splitting of the conduction orbitals Ae; = €4, — €4,. In order to fix one of the pockets as
a reference point, we choose g = =3.5, €4, = 0 and keep €4, and U as free parameters.

To map out the magnetic phase diagram by means of the SB method [56], we once solved the saddle point
equations given by Equation (11.1), where the eigenvalues that enter the FE are determined by numerically
diagonalizing the renormalized hopping matrix of the two-conduction-band PAM, i.e., Equation (B.23). The
result is presented by Figure 11.4(a), and we indeed find the critical interaction U, that marks the onset
of magnetic order to be highly dependent on Akg, with a sharp maximum at Akg = 0.44m'. The respective
conduction-band Fermi surfaces along with another exemplary set with smaller Akg = 0.187 and an associated
lower critical interaction are shown in Figure 11.4(b). Moreover, Figure 11.3 displays the matching band
structures. In order to investigate whether frustration effects mediated by the RKKY-interaction could explain
the peak, we numerically evaluated the spatial dependence of JR¥KY by means of Equation (11.7c), and the
result for the two previously chosen Akr is summarized in Figure 11.4(c). For small pockets, we find JRKKY to
be relatively short-ranged with a positive NN coupling, similar like one would expect for the one-conduction-
band PAM. Increasing the diameter of the second pocket, however, initiates frustration effects that manifest
as a long-ranged RKKY profile with multiple coupling constants that are in the same order of magnitude in
addition to an overall decreased interaction scale that can especially be seen by comparing the NN coupling
of the two chosen Akg.

In the following, we provide two more arguments, why the domain around the maximum of U, at
Akp = 0.447 can be associated with an RKKY-dominated parameter regime of the two-conduction-band PAM.
Firstly, we expect double occupied sites to be mainly projected out in that limit. The applied constraint n; =1

that is enforced by tuning the on-site energy €;, however, only tunes the total filling, while the distribution to

In order to achieve the plotted differences in Akg, we tuned €4, from 0 to —7.5. The PM phase boundary is determined by second-
order magnetic transitions and can be equivalently found by divergences of the static spin susceptibility 1/x™(g = Q, w = 0) = 0.
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Figure 11.4: The SB mean-field phase diagram of the two-conduction-band PAM features a sharp peak of the critical
interaction U, that marks the onset of magnetism as a function of the difference of Fermi surface (FS) diameters Ak
of the bare (non-hybridized) conduction bands. Corresponding FSs are exemplarily shown and can be understood as
Schrieffer-Wolff projection of the PAM. The difference Akr also significantly determines the functional behavior of the
RKKY-interaction that we find to be parametrically frustrated and overall decreased in strength around the maximum
of U, which allows the identification of an RKKY-dominated regime of the PAM. Figure adapted from [56, 57].

empty, doubly, and singly occupied sites is determined by the PM saddle point equations with n; = 2d% + pg.
We find the maximum of single occupation to be aligned with the highest value of U. (p3 ~ 0.71 at Akg ),
which supports the applicability of the SW projection as an approximation in that domain. Secondly, the
frustration also manifests in the slave-boson MF free energy Fg)) via multiple (up to six) local minima at
different magnetic ordering vectors Q and the formation of incommensurate magnetism (ICM) around Akg ;.
In opposition, it becomes much more smooth for in the domains of small U., where magnetic instabilities are
predominantly of the FM and AFM type. Remarkably, a Luttinger-Tisza analysis [245] of the RKKY-coupling
around Akg even yields qualitatively matching ICM phases, which also supports the applicability of HRKKY
as low energy description of the PAM around that point.

To sum up, we have shown that tuning the size of two different conduction electron pockets can initiate a
sharp maximum of the critical interaction U. as a consequence of frustration in the effective RKKY-interaction.
Although we cannot directly write down a Kondo ground state within the SB scheme, we expect the interplay
between the RKKY-interaction and Kondo physics to become relevant [246]. Moreover, the maximum in U,
coincides with a minimum of the Néel temperature T and the frustration effect could be a starting point
to understand why Tnyge can differ significantly in various heavy-fermion compounds [218, 247]. Finally, a
PM high-interaction regime is also of interest in the context of heavy-fermion superconductivity.
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CHAPTER 12

Topology and magnetism in Kondo insulators

Three-dimensional (3D) topological insulators (TIs) describe materials that are insulating in the interior due
to a finite energy gap between the valence and conduction band of the bulk Hamiltonian but can transport
electrons on their boundaries because of robust, topologically protected surface states (TSSs). The concept of
topological Kondo insulators (TKIs) was introduced by Maxim O. Dzero et al. in 2010 [32] and combines the
properties of Kondo insulators (KiIs) with the occurrence of topologically non-trivial phases. He pointed out
that Kis provide the key ingredients that are required for topological order: Despite being strongly correlated
systems, their renormalized ground state can oftentimes be considered to be adiabatically connected to
non-interacting limit, and their multi-orbital band structure (BS) is insulating at low temperatures due to an
emerging hybridization gap mediated by the Kondo effect. Moreover, KIs feature intrinsically strong spin-orbit
coupling (SOC) that promotes topological phases if it arises in the form of a centrosymmetric hybridization that
preserves inversion- and time-reversal symmetry (TRS). This specific form can be achieved in Hamiltonians,
where the hybridizing f- and conduction orbitals have opposite parity.

A couple of actual materials have been proposed to be TKIs, with the most promising candidate being
samarium hexaboride (SmBg), where multiple theoretical studies predict TSSs in the form of three gapless
surface cones [57, 229, 230, 248, 249]. There is, however, some controversy about the nature of the true ground
state of the material. On the one hand, experimental evidence from transport, scanning tunneling, quantum
oscillation, and ARPES measurements confirms the existence of gapless surface states [250-254], and SARPES
data indicates that these are spin-polarized [255], which implies a topological scenario. On the other hand,
also arguments for a topologically trivial ground state [256, 257] or even a bulk-metallic transition under high
pressure [258] have been reported. In addition, specifics of the magnetic properties are still under debate.
Multiple studies suggest a paramagnetic (PM) ground state with intrinsic spin fluctuations [259, 260], but
also A-type (Q = [, 7, 0]") [261, 262] and Néel type (Q = [nt, , n]T) antiferromagnetism (AFM) under high
pressure [258, 263] and surface ferromagnetism (FM) [254] have been observed.

This chapter will discuss magnetic and topological phases in KIs based on the two-band TKI model that
we introduced in Section 10.3.4 as a generalization of the periodic Anderson model (PAM) with additional
f-electron hopping and centrosymmetric SOC. First of all, in Section 12.1, we summarize basic knowledge on
topology in condensed matter physics (CMP) that will be necessary to classify the topological phases that arise
within the TKI model. In Section 12.2, we will account for the Hubbard interaction of the f-electrons through
the slave-boson (SB) mean-field approach and elaborate on why the centrosymmetric SOC is an essential
ingredient for non-trivial topology. Based on Reference [54], we map out the interaction-dependent phase
diagram shown in Figure 12.3 and contextualize our findings with the material SmB¢. We identify multiple
topologically distinct magnetic and non-magnetic phases and provide a stability analysis that reveals their
robustness w.r.t. Gaussian fluctuations. Resulting from the interplay of topology and magnetism, we find an
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C
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antiferromagnetic topological insulator (ATI) at high interactions and discuss the respective TSSs that emerge
in the form of one-dimensional chiral hinge modes in Section 12.3.

12.1 Basics on topology in condensed matter physics

Topology is a branch in mathematics that addresses the properties of geometrical objects that are conserved
(i.e., topologically invariant) under continuous transformations such as twisting and bending without closing
or opening up holes. Its origin goes back to Euler’s ideas, which arguably provided the first practical
application with the solution of the well-known Seven Bridges of Kénigsberg problem in 1736 [264]. Poincaré’s
Analysis Situs achieved a further ground-breaking success that broadly established the field in 1895. The
relevance of the concept in CMP was, however, not realized until the 1980s and the discovery of the quantum
Hall effect (QHE) by Klaus von Klitzing in Wiirzburg [31]. The phenomenon can be theoretically described by
means of the so-called Chern Number, a topological invariant [265-267]. In the following, we will summarize
the basic concepts of topology in CMP based on Reference [99].

12.1.1 Topological phases

After the introduction of Lev Landau’s famous article “On the theory of phase transitions” in 1937 [25], it had
been believed that different phases could be distinguished through their symmetries and the definition of
a local order parameter. Such transitions towards an ordered phase are usually fueled by interaction effects
and arise suddenly below a certain critical temperature by spontaneously breaking symmetries of the initial
system. A prominent example that we have extensively discussed within this thesis are magnetic phases,
where the magnetization m serves as local order parameter (m = ppo within the SB scheme) and breaks
spin-rotation invariance (SRI) as well as TRS and depending on the specific problem possibly also translation-
and lattice-symmetries. This point of view had to be adjusted with the discovery of topological phases that
cannot be quantified by a local order parameter but rather depend on the global properties of the ground
state. Those can be classified with so-called topological invariants that are characterized by discrete sets
of integers and will be further discussed in Section 12.1.2. Corresponding phase transitions also appear in
non-interacting systems and without symmetry-breaking.

Within that scope, two phases are — in reminiscence of the geometric origin of the field — topologically equiva-
lent if they are connected by an adiabatic change of parameters of the underlying Hamiltonian. Such a change
has to uphold a one-to-one correspondence between associated states [39], which holds for band insulators
(BIs) due to their finite energy gap!. If the allowed adiabatic transformations are additionally restricted to
uphold certain underlying symmetries of the system, otherwise equivalent phases can be distinguished by
different topological classes, yielding symmetry-protected topological (SPT) phases [268]. A ground state that
is equivalent to an atomic limit, where all electrons are exponentially localized in position space and infinitely
separated, is not topological and referred to as trivial BI [269]. We can summarize topological order in CMP
as follows [99]: Topological phases are characterized by a discrete set of integers called topological invariants
that can only change if the bulk energy gap closes or if the protecting symmetry of the SPT phase is broken.

1There are also topological quantum states that are not Bls, e.g., Weyl semimetals or topological superconductors that will, however,
not be further discussed within this thesis.
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Surface states and the bulk boundary correspondence

A central property of TIs are gapless surface states that are exponentially located at the boundaries of the
system'. While the bulk of a TI is insulating, the energy gap is therefore closed on the surface, which makes
it conducting on the exterior. In CMP, on usually employs periodic boundary conditions (PBC) because the
resulting translation symmetry enables the momentum k in the Brillouin zone (BZ) as a good quantum
number that greatly simplifies the problem. This assumption, however, only allows the investigation of
the bulk, which is arguably the reason why topological order in CMP has been overlooked for so long, and
Wolfgang Pauli once allegedly said: “God made the bulk; the surface was invented by the devil”.

By means of topological invariants that are defined within the bulk, we can, nevertheless, infer the existence
of topologically protected surface states (TSSs), which are robust w.r.t. local perturbations and the geometry
of the probe, without explicitly breaking the PBCs. This remarkable feature can be explained intuitively [99]:
The vacuum as an atomic limit is topologically trivial, while a non-trivial topological invariant of a TI within
the bulk can only change if the energy gap closes or if the protecting symmetry of the SPT phase is broken.
Therefore, if two states with different topological invariants meet at a spatial interface that respects the
protecting symmetry, the energy gap has to close, which creates the TSS. This profound relationship between
the global properties of the bulk and the TSS is known as bulk-boundary-correspondence [270, 271]. A general,
rigorous mathematical proof of the concept is difficult but has been achieved for specific models [272]. Since
2007, the existence of such topological states in quantum matter has experimentally been verified in multiple
materials [273-275].

Higher-order topology

In 3D systems, the concept of the bulk-boundary-correspondence can be generalized to higher-order topolog-
ical insulators (HOTIs) [276, 277]. Under certain conditions, the surface states of the 3D TI gap out, but gapless
one-dimensional states at the hinges or zero-dimensional states at the corners of the system remain. First

experimental evidence of a HOTI has recently been found in elementary Bismuth [278].

12.1.2 Topological invariants

An intuitive mathematical understanding of topological invariants can be given as follows: A function
of continuous parameters is mapped to a discrete integer quantity (the topological invariant) that jumps
discontinuously at topological phase transitions and remains unchanged for parameter changes within the
same phase. In CMP, it often involves an integral of a band structure quantity within the BZ. However, the
concept is not limited to quantum mechanical systems, and topological order can, e.g., also be realized by a
periodic arrangement of mechanical springs or electrical circuits [279].

For the topological classification of the TKI model discussed in this thesis, we will apply the Z, invariants for
the 3D topological insulator given by Equation (12.7). For completeness, we will nevertheless provide a short
overview of the most important topological invariants with historical context based on Reference [99]. Those
quantities were initially derived for non-interacting systems. Therefore, the SB formalism is quite convenient
to investigate topological order in the context of strong correlations because the interaction-renormalized MF
band structure behaves like an effectively non-interacting quasiparticle Hamiltonian.

ITopology can arise in arbitrary spatial dimensions, by “surface” we generally address boundaries of the respective dimension,
i.e., actual surfaces in 3D, edges in 2D or endpoints in 1D.
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The Chern number

In 1980, Klaus von Klitzing made a surprising discovery while performing experiments with a silicon metal-
oxide-semiconductor field-effect transistor at low temperatures with a strong perpendicular magnetic field.
He observed that the Hall resistivity developed plateaus at integer multiples of e?/h, where e is the elementary
charge and /1 the Planck constant, while the classical solution according to the Maxwell equations suggested
a linear increase as a function of the magnetic field. Although the plateaus had been theoretically predicted a
few years earlier [280], the apparent robustness w.r.t. sample geometry and local perturbations was puzzling.
An elegant explanation of the exact quantization was then given by Robert B. Laughlin in 1981 by means of
gauge invariance [281], and a first connection to topology was made shortly afterward with the introduction
of the Thouless-Kohmoto-Nightingale—den Nijs (TKNN) invariant [282]. This integer-valued quantity could
only change if the bulk gap closes and coincides with the number of chiral edge states associated with the
QHE and thereby explained the quantization of the Hall conductivity

Oy = —%c. (12.1)

It was later understood that the TKNN invariant was equivalent to the Chern number C, which was known
from the branch of topology in mathematics [265-267]. It is the first topological invariant discussed in CMP
and explains the robustness of the QHE as a topological effect.

The Chern number can intuitively be introduced by analogy with the so-called Euler characteristic, a
geometric quantity. According to the Gauss-Bonnet theorem of differential geometry, it is given by the
integral over the so-called Gaussian curvature Fg(x) on a boundary-less 2D compact Riemann surface M [99,
283]

2-2¢= % fM d*x Fg(x) . (12.2)

The integer-valued number g is a topological invariant called genus and can be interpreted as the number of
holes of an object that does not change by smooth bending or twisting. Based on that property, there is a
well-known joke around mathematicians that “a topologist is a person who can'’t tell the difference between a donut
and a coffee cup” [284]. In CMP, the Euler characteristic is replaced by the Chern number [283]

1

C=— f d*k F (k) , (12.3a)
27 BZ

the Rieman manifold by the BZ and the analogue of the Gaussian curvature is the so-called Berry curvature
[285]

F ) = Falk), (12.3b)
a=1
with
IR (k) OAL (K
Fa(k) = a,fl( ) aiclz( ) (12.3¢)

The sum has to be performed over all occupied energy bands a and the function A is called Berry connection,
with
Aa,j (k) = i(ua (k) |9, |wak)) (123d)
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where |u,(k)) denote the Bloch-eigenstates of the Hamiltonian. Aligning with the concept of topology, it is
only well defined if there is a finite energy gap between occupied and unoccupied bands.

Periodic table of topological invariants

According to Alex Atland’s and Martin R. Zirnbauer’s work in 1997, non-interacting electron systems can
be categorized by means of the properties of the respective Hamiltonian w.r.t. time-reversal symmetry (TRS)
represented by the operator 7, particle-hole symmetry (PHS) # and Chiral symmetry C = 7 P [286]. The
time-reversal (TR) and particle-hole operators are anti-unitary, i.e., 72 = +1,$? = +1 and by accounting for
all possible combinations of those values or the absence of respective symmetries, there are ten different
Altland-Zirnbauer (AZ) symmetry classes [287]. In addition, the number of spatial dimensions plays an
important role of whether topological order is feasible or not. In 2008, all AZ classes with non-trivial topology
were identified in 3D, and the concept was generalized to arbitrary dimensions shortly after [288, 289]. It
turned out that the pattern repeats with a periodicity of D — D + 8, which leads to the Periodic table of
topological invariants. The corresponding topological invariants are either Z-valued (e.g., the Chern number
that does feature an underlying symmetry) or Z,-valued (i.e., the only possible values are 0 and 1).

An important model for a Chern insulator that significantly pushed the field of topology in CMP was
proposed by Dunkin Haldane in 1988 on the 2D honeycomb lattice [290]. It did not require an external
magnetic field like the QHE, but TRS was intrinsically broken by a complex hopping between the sublattices.
In 2005, Charles L. Kane and Eugene J. Mele developed a model that restored TRS by effectively stacking
two copies of the Haldane model, one for spin up and one for spin down, with opposite Chern numbers
[291]. It features the quantum spin Hall effect (QSHE) that employs gapless, counter-propagating edge modes
with opposite spin (helical edge states) that are protected by the so-called spin Chern number as topological
invariant. One year later, Andrei B. Bernevig, Taylor L. Hughes, and Shou-Cheng Zhang introduced their
prominent model for the QSHE in the presence of strong SOC in mercury telluride quantum wells [292] that
was supported by the first experimental observation of the QSHE by Molenkams group in Wiirzburg in 2007
[273]. While the QSHE requires spin conservation, Charles L. Kane and Eugene J. Mele showed around the
same time that there was another topological invariant if spin conservation was broken, e.g., by a Rashba-type
SOC [291]. To be specific, it is a Z, invariant, where the value 0 yields trivial and 1 non-trivial topology and
coincides with the ATl AZ-symmetry class in the presence of TRS with 72 = —~11 and can also be generalized
to 3D. Finally, we will conclude our summary on topology in CMP with the discussion of those TRS protected
Z, invariants that we will later apply to topologically classify the TKI model.

Z, invariant for the 2D topological insulator

The protecting symmetry of the Z, invariant in TIs is time-reversal symmetry (TRS) and the respective trans-
formation reverses the arrow of time 7 : t — —t. The fulfillment of the canonic commutator [, pl_=in
dictates that it is anti-unitary, i.e., it can be represented by a unitary matrix U times the operator of complex
conjugation K

F=Ux. (12.4a)

192 = —1 holds for fermionic spin-3 systems.
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For a spin-} system, it fulfills [293]

A

Tz = -1 o 721‘ = (]2 = —(]2_1 , (124b)
and flips the spin ¢ as well as the momentum k of the corresponding fermionic creation operator

Tep T ==t (12.4¢)

A concrete operator-representation is therefore given by

A

7 = itV K, (12.4d)

where 1V is the second Pauli-matrix in spin space, and 7~ acts diagonal in orbital space. It can be shown that
the Bloch matrix #, of a TR-symmetric Bloch Hamiltonian H = ; é;?_{ké  With [H , ’f“] _ = 0 transforms
like? [293]

THIT ' '=H,. (12.5a)

Also, TRS implies a relationship between the Bloch wave-function |u, (k)) that satisfies H i a(k)) = &5 lua(k))
and its time-reversed counterpart, which is an eigenstate of H{_, with the same eigenvalue

H T lua(k)y =T H, T T lua(k)y =T &b lua(k)) = €4 |ua(k)) (12.5b)

Moreover, these states are orthogonal according to Kramers theorem [294]

(ua (k)| 7| mal)) = 0. (12.5¢)

As a consequence, the energy bands are two-fold degenerate at time-reversal-invariant momenta (TRIM) I';
that satisfy I'; = —I'; + G, where G is a reciprocal lattice vector. In 2D, there are four TRIM

e {007,007, @0, x0T}, (12.6a)

and the respective degenerate states are called Kramers pairs.

According to the pioneering work in 2005, the Z, invariant v of the 2D topological insulator can be calculated
the evaluation of the Pfaffian of the matrix <uu (k) | T ) uy (—k)> at the TRIM, where the band indices a, b label
occupied Kramers pairs [291, 295]. In 2007, Liang Fu and C. L. Kane were able to show that the formula
was simplified in the presence of additional inversion symmetry I : r — —r, where v is determined by the

inversion eigenvalues of the Bloch states at the TRIM [274]

4

0= ][] (12.6b)

i=1

Inversion symmetry guarantees the parity

Eia = (ua(T) | T | ua(-T1)) = £1 (12.6¢)

1The Bloch matrix may contain spin and orbital degrees of freedom that are contained in the spinor & and will be labeled by the
multi-index a in the following.
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to be well defined at the TRIM and a labels all occupied Kramers pairs. The TSSs for a non-trivial Z, invariant
v =1 are helical edge states in analogy to the QSHE, with time-reversal being the protecting symmetry [99].

Z, invariants for the 3D topological insulator

The same concept can be generalized to 3D systems with TRS [296, 297], which yields four Z, invariants
(vo, v1,v2,v3) for a total of 24 = 16 topologically distinct states. First of all there are three Z, invariants
(v1,v2, v3) that classify so-called weak topological insulators (WTIs). These correspond to a stacking of 2D TI
layers, which requires translation invariance. WTIs are thus susceptible to disorder. With additional inversion
symmetry, the invariants can be calculated by [99]

0 =[] [ (127a)

jki=m a

where the parities &; , defined in Equation (12.6¢) have to be evaluated at the TRIM in 3D
T; e {(O, 0,007,0,0,m)7,0,7,07,(n,0,007,0,7,7)",(n,0,7)" ,(n,7,0)" ,(m,m, n)T} (12.7b)

that satisfy k; = 7 and the index a again labels all occupied Kramers pairs. The strong index vy does not
require any additional symmetry besides TRS and can be thought of as a true 3D invariant. In the presence of

inversion symmetry, it is given by1
8

0 =T ]] ] éia (12.70)
1 a

i=
and the respective topological phase is referred to as strong topological insulator (STI). Non-trivial indices
v; = 1 implicate TSSs on boundaries of the 3D crystal. These manifest as gapless Dirac cones on the surface
Brillouin zone (SBZ) and are spin-polarized. This effect is called spin-momentum-locking as a unique feature of
3D TIs [99, 271]. The STI features an odd number of surface cones, whereas the WTI employs an even number.
According to the fermion-doubling-theorem theorem proved by Holger B. Nielsen and Masao Ninomiya in 1981,
chiral Dirac cones in 2D systems always come in pairs [298, 299]. This theorem still holds, but in 3D, they
may appear on opposite boundaries, i.e., they can be spatially separated [271]. The previously discussed
symmetry-protected gapless surface cones occur at high symmetry points (HSPs) of the SBZ if an odd number

of band inversions of the respective bulk HSPs is projected onto them [99, 274].

Topological crystalline insulators

For completeness, we want to mention that there are additional topological invariants, which are protected
by point group symmetries of the lattice (e.g., mirror or rotation symmetry), and constitute the class of
topological crystalline insulators (TCIs) [300]. A systematic approach to classify topological phases in all
possible BSs of weakly correlated materials was proposed by Bernevig’s group with the topological quantum
chemistry [269]. The key insight is to define a topologically non-trivial phase by the property that it “cannot
be continued to any atomic limit without either closing a gap or breaking a symmetry” [269] and analyzing all 230
crystal symmetry groups in that regard. The approach was recently generalized to the 1651 magnetic space
groups [301].

1Without inversion, symmetry the STI and WTI phases are still well defined, but the calculation of the respective invariants is more
complicated [293].
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12.2 Topological Kondo insulator phase diagram

In order to map out the interaction-dependent phase diagram of the minimal TKI model and study its magnetic
and topological properties, we apply the slave-boson representation introduced in Part I to Equation (10.10)
and employ a static, uniform MF approximation for the bosonic fields [57]. We start off with a PM ansatz
(p = B = 0), which results in the 4 x 4 quasiparticle (QP) hopping matrix

éd - 0 2oVt
HM= SDE ; T (12.8a)
20Viz  (22&] +ep+ o— o) 7°
that is derived in Appendix B.3 with the according basis
- R AT
P = (CAkrT’ Cerr Sip fk,l) : (12.8b)

Conduction electrons with spin 0 and momentum k are represented by ¢, ~and fk , describes pseudofermions

(PFs) that are associated with the interacting f-electrons within the SB representation. The dispersions & Z’f
of the conduction and f-electrons depend on the specific hopping scheme but are even functions of k. Due
to the spin-dependent nearest neighbor (NN) hybridization V of the TKI model in real space, it features a
momentum dependent SOC

Vit =-2V (sin ket +sink,t¥ +sin kZIZ) , (12.8¢)

where 7% denotes the a-th Pauli matrix and 7° the unity matrix in spin space. In analogy to the PAM that
we analyzed by means of the SB method in Chapter 11, the hopping amplitudes of the interacting electrons
are renormalized by t; — z(z) tr, V. — zoV with zg < 1 and the effective on-site potential of the f-electrons is
increased by €; — €7 + po with fg > 0. The specific values are determined by the solution of the saddle point
equations that depend on the Hubbard interaction U and recover zy — 1, o — 0 in the non-interacting limit
u-ao.

As previously discussed, the conduction electrons are even under parity, whereas the f-electrons are odd,

i.e., the respective operators transform under inversion J according to

rert= W (12.9a)
&> A1) £ A+
TN =—fQ . (12.9b)

As we elaborated on in Section 12.1.2, the TR-transformation 7~ yields!

Te 7! = sgn(o)e) (12.9¢)

_k,_o— 7

T hnT " =sgn(@)f)_, . (12.9d)
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After all, inversion acts diagonal in spin space and TR diagonal on orbital space, which allows for the following
matrix representations of the operators:

A 70 0
7=\ i (12.9¢)
0 -1°
A —it¥ 0
T = x. (12.99)
0 —it¥

Finally, since the diagonal elements of H IIZM w.r.t. orbital space are even functions of k and the off-diagonal
hybridizationis odd Vi = —V_i, we can directly verify that the Hamiltonian fulfills inversion and time-reversal
symmetry, i.e.,

THMI =g, (12.9¢)
THMG =g™, (12.9h)

which is due to the centrosymmetric form of the SOC. The coinciding presence of both of these symmetries
allows for classifying the topological phases of the Hamiltonian through the Z, invariant of the 3D topological
insulator by means of Equation (12.7). Moreover, the hopping matrix remains invariant under the application
of both symmetry transformations 7~ 1 H I;M I1'91=H IZM, which implicates that the energy spectrum is
doubly degenerate with the eigenvalues

2
(éi + zéé{ +er+Po— Zpo) + \/i (éi - zgéi —€ - ,30) + (2Vzp)2 (sin2 ky + sin® ky + sin? kz) )
(12.10)
This property can be thought of as Kramer’s pair at each momentum k that reduces to a degeneracy at the

PM _
gk,i -

NI =

TRIM if inversion symmetry is broken. It becomes apparent that the gap of the corresponding BS can close at
the TRIM, which enables the possibility of topological phase transitions. The hybridization gap of the PAM,
whose PM eigenvalues are given by Equation (B.22), on the other hand, can never close for V # 0, which
explains why it is not topological.

12.2.1 Model parameters for SmBg

The previously derived minimal model can be considered to describe the physics of TKIs in general. However,
in the following, we want to specifically address the most promising candidate of being a TKI, i.e., samarium
hexaboride (SmBg). Its 3D crystal structure, which is sketched in Figure 12.1(a), is of the caesium-chloride
type, where a cube of samarium atoms encloses a boron octahedron with a lattice constant of agy,p, ~ 4.13A.
It shows the KI typical metal to semiconductor transition at around 50K with the opening of a small bulk gap
Ap = 20meV. Moreover, it is a mixed-valence compound, where the samarium ion is simultaneously present
in the Sm>* and Sm>* state, with an average valence of Sm?>%0* [227, 228, 255]. The crystal field of the boron
octahedron splits its 5d orbitals into a t5¢ triplet and an e, doublet, where only the e, orbitals, which are even
under parity, remain in the low energy description. The situation of the 4 f-orbitals is more complicated, but
DFT calculations predict a split into three 4 f5/» and four 4 f7/» orbitals that are odd under inversion [56, 228]. A

Notice that we have shown in Section 2.1.2 that the PFs within the SB representation behave analogous to the original fermions
under TR.
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(a) Crystal structure of SmBg. Figure adapted from (b) Renormalized band structure for U = 11.25, e; = —12,
[99]. zero temperature and half-filling (n = 2).

Figure 12.1: Paramagnetic, interaction-renormalized band structure of the minimal TKI model according to Equa-
tion (12.10). While the model is expected to contain essential physics of TKIs in general, we aim to specifically describe
samarium hexaboride, whose crystal structure is shown in Figure 12.1(a). Following Reference [99], we, therefore,
chose the hopping amplitudes t; = 1,#;, = -0.4,ty = —0.1, t} = 0.04, and V = 0.5. In Figure 12.1(b), red coloring

indicates spectral weight of the interacting f-electrons and blue coloring of the conduction electrons. Consequently,
there is a band inversion at the X point that identifies the ground state of being a STI according to Equation (12.7c).
The MF solution for the given parameters yields zop = 0.84, fg = 9.96, 1o = —1.84.

comprehensive description of SmBs would, therefore, require to consider five orbitals [99], but our minimal
two-band model captures the essential physics of even conduction orbitals hybridizing with odd, localized
f-orbitals.

Based on Reference [99], we choose the hopping amplitudes of the TKI model to recover the physics of
SmBg as realistically as possible. Multiple ab initio calculations expect a band inversion at the X-point [248,
302, 303], which can be realized by introducing a finite NNN hopping in our model. Besides, an insulating
ground state is only possible if the d- and f-orbital hoppings (t; and ts) have opposite signs and if the ratio
between NN and NNN hoppings is approximately equal for both orbitals. Also, we expect t; > ¢ in a Kondo
material. In compliance with these constraints, we fix [99]

ti=1, t,=-04, t;=-0.1 =004, V=05 (12.11)

Y
for the rest of our discussion, and analyze the insulating state at half-filling (n = 2) with e; and U as free

f

parameters. The respective dispersions cEZ' are given by Equation (B.30). The interaction-renormalized

paramagnetic MF ground state is determined by the solution of the saddle point equations?

9F®  9r©®  Hr©®  Hr©
de h od - (9ﬁ0 a a[.lo =0

(12.12)

that were derived in Section 4.4, and the eigenvalues that enter the free energy F(*) are given by Equa-
tion (12.10). The mixed-valence of SmBg is only considered on average with the MF occupation of the f-orbital
ny = 2d* + pf + p?, which is determined by the saddle point and strongly depends on the on-site potential
€7 and its renormalization o. The band structure of the ground state is exemplarily shown in Figure 12.1(b)
for e, = =12 and U = 11.25. As expected, it features a small energy gap and a band inversion, i.e., f-orbital

Notice that we explicitly set p = = 0 for PM solutions, which also removes the magnetic ordering vector Q from the equations.
Furthermore, we can eliminate an arbitrary SB field due to the constraints and choose pg w.l.o.g.
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character in the d-band, at the X-point. Because of the opposite parity of d- and f-orbitals, we can effectively
determine the Z, invariants given by Equation (12.7) by counting the number of band inversions at the TRIM,
where an odd number yields non-trivial topology. Accordingly, the presented band structure represents a
STI phase with (vo, vy, vy, vz) = (1,1,1,1), which is expected to feature topologically protected surface states
at the I'- and X-point of the surface Brillouin zone (SBZ). The existence of such gapless Dirac cones at all
theoretically predicted surfaces has been numerically confirmed in Reference [99]. Coinciding surface sates
have been experimentally observed in SmBg [255], which indicates that the STI(X) phase of our model is the
most promising regime of describing the actual material. The implied surface conductivity could explain the
long-lasting mystery of a for KIs unusual resistivity plateau in SmBg at low temperatures [227, 231, 304]. A full
analysis of the topological phases in the PM domain is given in Reference [99], and those are also included in
our final phase diagram in Figure 12.3 that we will further discuss in the following. The trivial band insulator
is generally recovered if the energy splitting € + fo between the conduction and f-orbital becomes so large
enough that one of the orbitals is almost fully occupied (1; = 0 or ny = 2).

12.2.2 Antiferromagnetic instability

Due to the spin-orbit coupling in the TKI model, we cannot write down a general SB hopping matrix for
arbitrary magnetic ordering vectors Q like in case of Hubbard model or PAM. Instead, we have to explicitly
increase the dimension of the matrix in accordance with the size of the respective magnetic unit cell as we
explained in Section 4.3. We, therefore, determine the leading ordering vector through divergences of the
static spin susceptibility around a PM saddle point [54]. The explicit expressions for the susceptibilities are
summarized in Table 5.2 and they are given by superpositions of matrix elements of the fluctuation field
propagator gﬁﬁ that we derived in Chapter 5. Charge and spin susceptibilities about the ground state that
matches the band structure in Figure 12.1(b) are plotted in Figure 12.2 with a gray dashed line. The presented
PM ground state is stable because none of the susceptibilities features a divergence, and we find x; to be
a scalar quantity despite the SOC of the model. The spin susceptibility, however, is significantly enhanced
around the R-point [¢q = (7, 7, ©) "], which identifies Néel antiferromagnetism (AFM) to be the leading type
of magnetic order with a divergence of x;(q = R) at slightly higher interaction.

To describe the implied AFM mean-field ground states, we need to calculate the slave-boson quasiparticle
hopping matrix H ’QFM with magnetic ordering vector Q = (7,7, m)". Since there are two atoms in the
respective magnetic unit cell, it is given by an 8 X 8 matrix, which is derived in Appendix B.3.1 with the final
result being Equation (B.28). Now, we can map out the magnetic phase diagram by solving the AFM saddle

point equations
OF©®  gF©®  JF©®  JHF©®  Jp©®  Hp©)
de = ad " opy om  op o

(12.13)

The energy bands that enter the corresponding free energy are given by the eigenvalues of H ’,?FM, denoted
by £2™, and need to be determined numerically. Notice that despite the SOC of the model, ™ does not
depend on the orientation of the MF spin, which is proven in Appendix B.4. The resulting magnetic and
topological phase diagram as a function of the free parameters €, and U is shown in Figure 12.3. As expected,
the AFM domain is centered around the ideal case of a half-filled f-orbital (11, = 1), and there is no magnetic
order for U < |es| and €; 2 0, because it is fully occupied (n; = 2) or empty (1; = 0) in these limits. The
transition from the PM to AFM is of second order and yields an antiferromagnetic insulator (AFMI) that turns
into a metallic state at high interactions because a warping of the band structure pushes d-electrons towards

the Fermi surface. Exemplary band structures of the AFM ground state are included in Reference [305].
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(a) Charge susceptibility. (b) Longitudinal spin susceptibility. (c) Transversal spin susceptibility.

Figure 12.2: Static susceptibilities for e, = =12, T = 0.005 and different interactions. The lowest shown interaction
(U = 11.25) describes a stable PM, which can be identified because )(é and x! are degenerate and finite. However,
the spin susceptibility features a sharp peak at Q = R = (7, 71, 1) 7, which points towards an emerging Néel AFM
instability at higher interactions. A corresponding solution of the AFM mean-field equations yields a magnetic saddle
point for U > 11.6. Fluctuations about the respective AFM ground states feature gapless spin-waves that manifest in
sharp divergences of the transversal spin susceptibility x{(g = Q) (polarized perpendicular the MF magnetization)
as expected. Since )(é and x. stay finite within the AFM domain, these phases are stable w.r.t. Gaussian fluctuations.

From the previously discussed fluctuation analysis of PM ground states, we could, strictly speaking, only
infer the leading magnetic ordering vector in the vicinity of the PM phase boundary. However, the stability
of the AFM ground state could not be guaranteed deeper into the phase. Therefore, we also calculated
fluctuations around magnetic saddle points and evaluated the corresponding susceptibilities, which are
exemplarily displayed in Figure 12.2 for an insulating and metallic AFM at €; = —12. In analogy to the PAM,
the spin susceptibility splits into a longitudinal part x! parallel to the MF magnetization and a transversal
part x! perpendicular toit. x! features a sharp divergence at g = Q, which is no indication for a FS instability
but rather the expected signature of gapless spin-waves associated with the Néel AFM. x! does not employ
any divergences and is even suppressed for higher interactions, which confirms Q = (7,7, m)" as the
correct magnetic ordering vector. Moreover, the charge susceptibility x. stays finite and is overall small. We
find similar results for other pairs of (e, U) and thus conclude that the whole magnetic domain is stable

w.r.t. Gaussian fluctuations.

12.2.3 Z; invariant for the antiferromagnetic topological insulator

Finally, we want to topologically classify the occurring AFMI phase. The previously discussed Z; invariants,
however, are not applicable because the anti-parallel ordering of neighbored spins breaks TRS. Nevertheless,
based on the pioneering work by Roger et al. in 2010 [306], there is another Z; invariant for the antiferromag-
netic topological insulator (ATI), which can be understood as analog to the STI. In contrast, WTIs cannot be
recovered due to the broken translation symmetry. In the following, we will again apply a Fu-Kane-type of
classification for the ATI in the presence of inversion symmetry, which was established by Fang ef al. in 2013
[307].
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Figure 12.3: Magnetic and topological phase diagram for the TKImodel dependent on the Hubbard interaction U and on-
site potential €, of the f-electrons at zero temperature. Following Reference [99], the hopping amplitudes are chosen
such that the STI(X) phase matches experimental findings in SmBg, i.e., f; = 1, t; =-04,t; =-01, t} =0.04,V =0.5.
Levels of equal f-orbital occupation (1) are indicated by gray dashed lines. Besides the trivial BI, we find two
topological phases, i.e., the WTI and STI in the paramagnetic regime. The red-colored domain marks a Néel AFM
[Q = (n, m, m)T] ground state that has been shown to be stable w.r.t. Gaussian fluctuations and centers around n; = 1.
An antiferromagnetic topological insulator (ATI) emerges as a back-folded version of the STI at the magnetic phase
boundary. Moreover. we identify a topologically-trivial antiferromagnetic insulator (AFMI) and antiferromagnetic
metal (AFMM).The bulk gap of the ground state at U = 15 is illustrated in the top panel. It closes at every topological
transition except for the magnetic phase boundary, where, however, the breaking of time-reversal symmetry allows
for the determined change in topology. Figure adapted from [54].

Since 7 effectively flips the spin, we can recover a symmetry transformation, which leaves magnetic
Hamiltonian invariant, by combining time-reversal with a translation by one lattice site in a-direction T,

N — (i—rj‘wra = Feikata , [HTKI , rfr/]_ — [Tra , 72/]_ -0. (12.14)

AFM
k

are doubly degenerate at every momentum k in analogy to the Kramers pairs in the PM phase. Therefore

Because 7 commutes with the Hamiltonian and H QF M preserves inversion symmetry, the energy bands ¢

7 serves as a suitable replacement for 7~ in the context of a topology protecting symmetry. Due to the AFM
order, Q = (7, 7, )" becomes a reciprocal lattice vector, with the associated magnetic BZ being halved in
size compared to the paramagnetic BZ. Accordingly, the R-point is folded onto the I'-point, and the M-point
becomes equivalent to the X-point. As a consequence, the k; = 7 plane is folded onto the k; = 0 plane, which
removes the WTI as potential topological phase. Therefore, a single Z invariant for the ATI remains, which is

given by [56, 57, 307]
4
o= ] & (12.15a)
i=1 a
where a labels the two associated degenerate pairs of occupied bands, and
Eia = (o) | T |ue(-T)) = 1 (12.15b)
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C
fe

Magnetic Z, invariants Band in- TSSs on suitable
Phase Bulk gap .
order (Vo; Vi, Vy, Vz; Varn) | Versions surfaces

BI Yes No 0;0,0,0;-) - No
WTI(I'X) Yes No 0;1,1,1;,-) I,X 2D surface states
STI(R) Yes No (1;1,1,1;,-) I,X,M 2D surface states
STI(X) Yes No (1;1,1,1;,-) X 2D surface states
2D surface states
ATIX) Yes Yes (====1 X & 1D hinge states
_ . 5 2D surface states
ATI(R) Yes Yes (== ==D [, X & 1D hinge states

AFMI Yes Yes (=-,-,=0 X No

AFMM No Yes (=—-,-,—-) - No

Table 12.1: Overview over topological and magnetic phases in the TKI model based on References [54, 57, 99]. The
two phases that are associated with SmBg are printed in bold. Quantities that are not well defined are denoted by
“—". The Z, invariants are calculated via Equations (12.7) and (12.15a), and the underlying (para-) magnetic band
structures yield from solutions of the saddle point Equations (12.12) and (12.13). Topological gapless surface cones
occur at HSPs of the SBZ if an odd number of band inversions of the respective bulk HSPs is projected onto them.

defines the inversion eigenvalues of the respective Bloch eigenstates at the four remaining time-reversal-

times-translation invariant points

Ti € {(0,0,0)7,(0,0,7)7,(0,7,0)7,(m,0,0)7} . (12.15¢)

In order to evaluate Equation (12.15a), the AFM hopping matrix needs to adapt a Bloch form that satisfies
AFM _ 7ARM
—k - —=k+Q"
derived in Appendix B.3.1.

A respective gauge along with a suitable matrix representation of the inversion operator I is

Within our numerical analysis, we do indeed find an ATI phase with non-trivial index (vamy = 1) that
appears as folded version of the STI at the magnetic phase boundary. We also identify a trivial AFMI phase
(varm = 0) that can be interpreted as folded version of the WTI [57]. Similar results have also been found
in a previous slave-boson study at infinite interaction (U — o0) [308]. We have now classified all occurring
topological and magnetic phases that are summarized in Table 12.1 and built up the phase diagram shown
in Figure 12.3. In Section 12.1.1, we argued that a topological phase transition could only occur due to a non-
adiabatic deformation of the band structure, e.g., through closing the bulk gap or if the protecting symmetry
of the SPT phase is broken. The top panel of Figure 12.3 demonstrates exemplarily for U = 15 that a bulk
gap closing happens between all topologically distinct phases except for the transition from the STI to ATI
phase. The onset of magnetic order, however, breaks TRS as protecting symmetry of the STI, which enables the
topological phase transition, although there is a finite bulk gap. Also, the emerging AFM is not connected to
the PM state by adiabatic continuity?, since the spin gap closes [1/x(g = Q) = 0] at the magnetic transition.

It is remarkable how much of the experimental findings in SmBs are captured in our simple model.
As pointed out earlier, the TSSs in the STI(X) phase match the experimentally measured surface cones in
the material [255]. Moreover, SmBg is known to develop long-range magnetic order under pressure that
ultimately leads to a metallic phase [258, 263, 309]. Since increasing pressure usually initiates a higher
effective interaction by confining the localized electrons, this transition can be identified in Figure 12.3 for

!i.e., it cannot be described with a perturbative renormalization of parameters within Fermi liquid theory [39].



12.3 Topologically protected surface states

(a) Gapless surface states for the (1,0, 0)-surface termina- (b) Gapped surface states for the (1, 1, 1)-surface termina-
tion that preserves T, tion that breaks 7.

Figure 12.4: Energy spectrum of the TKI model on the high-symmetry-lines of the surface Brillouin zone (SBZ) for
U = 15,¢; = —15 with broken PBCs in one direction to investigate the impact of the thereby created surfaces.
Accordingly, we used 40 unit cells in our numeric open boundary calculation. Localization on the surface is denoted
by orange coloring. Figure reprinted from Reference [56] with permission of the author.

a constant €, < —6 in the STI(X) phase by increasing the interaction U. Moreover, Nakajima et al. reported
surface-ferromagnetism with gapless one-dimensional edge states in SmBg, which points towards a possible
ATI phase [254]. Furthermore, long-range magnetic order at ambient pressure was recently observed in
magnetically alloyed Sm;_yEuy,Bs, which also features robust surface states and appears as a promising
candidate for the experimental realization of an ATI [310].

12.3 Topologically protected surface states

Finally, we want to investigate the topologically protected surface states (TSSs) in the ATI. A comprehensive
study of the TSSs in the PM domain has already been provided in Reference [99].

12.3.1 Two-dimensional surface states

First of all, we consider 2D surface states by breaking the periodic boundary conditions (PBC) in a specific
direction to create two surfaces, i.e., we are left with two momentum quantum numbers that define the
surface Brillouin zone (SBZ). The respective energy spectrum is given by the eigenvalues of a large hopping
matrix, whose dimension grows linearly with the distance of the surfaces. We solved the problem numerically
employing a Mathematica script with 40 magnetic unit cells. The result for two different surface terminations
of the ATIis shown in Figure 12.4. The spectrum features many densely packed modes because a large number
of bulk states are projected onto the SBZ. The point of interest, however, is the appearance of gapless surface
states that cannot be found in the bulk spectrum under the application of PBCs.

The surface termination with normal vector (1,0,0)T chosen in Figure 12.4(a) respects the 7/-symmetry
and features the expected TSS at the T-point of the SBZ and also a gapless mode around the M-point [57]. On
the other hand, the (1,1, 1)-surface termination displayed in Figure 12.4(b) breaks the 7’-symmetry, and the
respective spectrum remains gapped. Interestingly, we also find gapless modes in the AFMI phase. These are,
however, not protected by the AFM Z, invariant and also feature a trivial mirror Chern number [57] but appear
to be quite robust in our numeric calculation. Therefore, they could just appear accidentally or be protected
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(1,0,1)
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(a) Nanowire geometry along (b) Energy spectrum of open the boundary calculation (¢) Exponentially localized
the (1,0,1) direction. Blue thatfeaturesa 1D chiral gapless hinge mode, whilethe  eigenstate at the hinge for
and red represent opposite 2D surface states are gapped. k=m/2.
spins.

Figure 12.5: Open boundary calculation for a 1D nanowire geometry, whose lateral surfaces break 7. PBCs are kept
in (1,0, 1)-direction, which yields the quantum number k. The color code of the energy eigenstates shows that the
gapless mode is exponentially localized at the hinges of the wire. A magnetic unit cell contains two lattice sites, and
we used 20 x 20 + 19 x 19 sites for the numeric open boundary calculation. Figure adapted from [54, 57].

by another, yet unknown, topological invariant. We moreover observe that the position of the surface cones
weakly depends on the orientation of the MF spins that did not play a role for the bulk spectrum.

12.3.2 One-dimensional hinge states

The ATI phase can additionally be classified as an axion insulator (AXI) that is characterized by a finite
magnetoelectric polarization and was initially studied in the field of electrodynamics [311]. On surface
terminations that break 7 and preserve I, AXIs feature gapless chiral hinge modes that are also the signature
of a higher-order topological insulator (HOTI) [56, 57, 271, 312]. A suitable geometry can be achieved by
stacking squares in the (1,0,1) direction, as illustrated in Figure 12.5(a). The lateral surfaces of the according
nanowire employ a parallel spin alignment and correspond to (1,1,1) surfaces that break 7. The respective
energy spectrum is determined by an open boundary calculation, where PBCs are kept in the (1,0,1)-direction,
i.e., a single scalar momentum k remains a good quantum number. Figure 12.5 demonstrates that the gapless
chiral mode is present and exponentially localized at the hinges of the nanowire. Experimental evidence for
such an AXI has recently been observed in MnBi, Tey and Bi;Ses thin films [313, 314], and also the previously
mentioned detection of 1D edge states in the context of surface FM in SmBg points towards a possible HOTI
phase [254].

After all, the TKI model serves as a neat example to demonstrate the bulk-boundary-correspondence in
topological systems and provides a rich collection of topologically distinct phases that also considers the
interplay between topology and magnetism. According to the theoretical predictions that show remarkable
qualitative agreement to experimental findings, pressurized SmBs might actually be an ATI.



CHAPTER 13

Conclusions and outlook

The goal of this thesis was to study emergent phenomena like e.g., magnetism or charge inhomogeneities
in strongly correlated electron systems by utilizing Kotliar-Ruckenstein slave-bosons [49]. Part I provided
a pedagogical review of the slave-boson method that built up to generalizations of the established theory,
which proved to be essential to obtain novel results in the context of the high-T, cuprates and Kondo systems
that we discussed in Parts II and III. In the following, we summarize the main achievements of each part and

finally provide an outlook that addresses further ideas and open questions in condensed matter physics.

Methodological development

Within this thesis, we were concerned with electrons on a lattice being subject to a quartic Hubbard interaction
that cannot be treated exactly by analytical measures. The spin-rotation invariant Kotliar-Ruckenstein (SRIKR)
slave-boson (SB) representation reviewed in Chapter 2 recasts such models into an effective quadratic theory
for the fermions with the complication of additional bosonic degrees of freedom. To exactly recover the
physical subspace, additional constraints are required that we implemented within the field-theoretical
description of Chapter 3. As discussed in Chapter 4, a mean-field (MF) approximation of the bosons reduces
the problem to renormalized, effectively non-interacting fermions, whose ground state is determined by a
solution of the saddle point equations. Besides magnetic order, these allow for phase separation (PS), i.e., an
inhomogeneous mixture of different phases, which comes along with subtleties for the analytic and numeric
treatment, as we thoroughly discussed. Finally, in Chapter 5, we extended the established formalism of
Gaussian fluctuations around paramagnetic (PM) saddle points to allow additional non-interacting orbitals
and also encompass magnetic saddle points [55]. Moreover, we proposed a reduced fluctuation basis while
reproducing previous results and thoroughly elaborated on the gauge problem, which is a subtlety of the
fluctuation calculation. The essence of the fluctuation calculation is to integrate out the fermions and expand
fluctuation fields up to leading order for an overall quadratic bosonic theory that can again be addressed by
analytical measures to assess the MF stability. For magnetic saddle points, we also newly proposed a method
to determine second-order corrections to the MF magnetization.

In order to quantify the quality of approximations that come along with the SB treatment of the electronic
Hubbard interaction, we provided various consistency checks and compared our results to other theoretical
methods: First of all, we found that second-order magnetic instabilities can equally be determined by a di-
vergence of the spin susceptibility around a paramagnetic ground state or the onset of a finite magnetization
within a magnetic MF ansatz. This consensus affirms the consistency between MF and fluctuation calcula-
tions that are technically quite different and makes possible remaining errors in the analytics or numerical
implementation highly unlikely. We observe similar conformance in the charge channel in the context of
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phase separation (PS) that we find between different magnetic phases in certain domains. While the onset of
PS can be studied from a mere MF perspective through an analysis of the chemical potential, it is expected
to be accompanied by a divergence of the charge susceptibility at the I'-point that we consistently identify
within the magnetic fluctuation results. Secondly, we showed that an evaluation of dynamic SB susceptibilities
qualitatively recovers well-known physical properties like, e.g., a Drude-like dynamical conductivity within
a PM Fermi liquid (FL) phase (see Figure 8.7), and a linear spin-wave dispersion for the antiferromagnet (see
Figure 8.10). Finally, the well-studied 2D Hubbard model provides a broad pool of data from different theo-
retical methods [177] that we applied to benchmark our results from SB theory. A comparison of the staggered
magnetization with statistically exact quantum Monte Carlo (QMC) simulations at half-filling reveals an over-
estimation of the respective slave-boson MF data, especially at high interactions. With addition of the newly
implemented fluctuation corrections, however, our results closely approach the QMC data and even compare
favorable to density matrix embedding theory (DMET) at low to intermediate interactions (see Figure 8.2).
Furthermore, we were able to qualitatively reproduce a phase diagram from dynamical mean-field theory
(DMFT) in the context of Mott physics (see Figure 8.1), and our phase-separated ground state energy matches
the outcome of a previous MF cluster study for finite doping (see Figure 8.14).

After all, we, therefore, acknowledge the SB technique as a proper tool to investigate models with Hubbard-
type interactions, which is applicable for arbitrary doping and interaction and in the thermodynamic limit. Its,
arguably, most unique virtues are the analysis of ordered phases with large unit cells (e.g., incommensurate
magnetic or charge order) and Kondo systems where localized and itinerant degrees of freedom are equally
important. These characteristics were discussed broadly within this thesis and are particularly challenging
for many other theoretical methods.

Application to the high-T. cuprates

Chapter 6 introduced the Hubbard model as an archetypal problem to study emergent phenomena in the
context of the many-body problem and provided a suitable literature overview. One of the main reasons why it
is still popular after more than 50 years is its applicability to the high-T, cuprates (HTCCs) as minimal 2D model.
For these materials, many open questions, especially regarding the pairing mechanism of unconventional
superconductivity and the corresponding role of magnetic, charge-inhomogeneous, and strange metal phases,
remain, as we elaborated in Chapter 7. Therefore, Chapter 8 provided an extensive SB analysis of the 2D
Hubbard model, where we discussed Mott physics, magnetic phases, critical exponents, and collective modes
apart from the aforementioned consistency checks. We also highlighted the emergence of incommensurate
magnetic order and phase separation between different magnetic phases in the underdoped regime. In
Chapter 9, we discussed this type of order more deeply in the electron-doped regime with context to actual
materials and experimental data. The evaluation of magnetic fluctuations around AFM mean-field ground
states revealed emerging charge-order (CO) that we find based on the bare Hubbard model without additional
assumptions in agreement with experimental evidence [120, 161, 193]. Interestingly, we identify two distinct,
competing charge ordering vectors [Qfg = (Q1/2,0)7] and the respective dominant type of order varies
with doping and temperature (see Figure 9.2). The larger ordering vector Qq appears for higher doping
(0 £ 0.15), can be explained by a Fermi surface (FS) nesting effect and matches experimental data of the
material Nd>_xCe,CuOy4 (NCCO) [120] even quantitatively. The second peak at Q> < Q1 cannot be attributed
to FS nesting and rather resembles the Yamada relationship [199], implying the formation of periodic, doubly
occupied domain walls to distribute the doped electrons (6 < 0.1). It shows a transition towards phase
separation (Q = 0) at very small doping (0 < 0.05). We interpret these three drivers of charge-inhomogeneities



as mechanisms to partially restore the localized, half-filled AFM in the real-space lattice by clustering doped
charges. While recent experimental data provides indications for the existence of competing effects in regard
of CO for hole doping [193], hard evidence for a Yamada-type instability with electron doping is still lacking.
Finally, we find the charge-inhomogeneous phases to be accompanied by a local maximum in the specific heat
as a function of temperature, which could be of interest for further experimental investigations, especially in
the context of pseudogap physics (see Figure 9.3).

Application to Kondo systems

Chapter 10 initiated the discussion of Kondo systems with a general review of the Kondo effect and the
introduction of associated material classes, i.e., heavy fermion metals and Kondo insulators, within the
historical context. We, moreover, elaborated on the most successful microscopic models to describe the
phenomenon, i.e., the periodic Anderson model (PAM) and Kondo lattice model (KLM), and on how they are
connected by the Schrieffer-Wolff (SW) transformation in the strong-coupling limit.

In Chapter 11, we then studied magnetism and heavy fermions in Kondo metals based on the PAM and
accounted for the associated Hubbard interaction through the SB formalism. We conclude that we do not
find heavy fermions in the paramagnetic regime because an interaction-enabled increase of the density of
states (DOS) yields ferromagnetic order as the consequence of an adapted Stoner criterion. The respective MF
magnetization, however, is very low and almost drops to zero under consideration of fluctuation corrections
such that a non-magnetic heavy-fermion state might be recovered with the impact of disorder in actual
materials. Furthermore, we identify an AFM domain associated with parameters of an expected Kondo regime
at low doping that features huge effective masses but proves to be unstable w.r.t. Gaussian fluctuations. In
that part of the phase diagram, we cannot determine a stable ground state within the SB scheme, which
points towards a possible Kondo state whose complexity may be beyond the capabilities of mean-field
theory. Furthermore, we elaborated on the role of the RKKY interaction, an effective spin-exchange coupling
mediated by the conduction electrons, for the two-conduction-band PAM. In that context, we reported magnetic
frustration due to destructive interference of two conduction band pockets with different diameters that might
impact the Néel temperatures of actual materials or could be a host to different types of order.

Finally in Chapter 12, we investigated Kondo insulators (KIs) with respective topological and magnetic
properties based on a 3D PAM with additional centrosymmetric spin-orbit coupling (SOC). We thereby com-
plemented the analysis of the model in the paramagnetic regime [99] by considering the possibility for
magnetic FS instabilities and identifying an AFM domain at intermediate to high interaction that proves to be
stable w.r.t. Gaussian fluctuations. With the evaluation of appropriate Z, invariants, we topologically classify
an antiferromagnetic topological insulator (ATI) featuring one-dimensional chiral hinge modes, and other
non-trivial phases, which are summarized in Figure 12.3. While our approach in general concerns possible
phases in the material class of topological Kondo insulators (TKIs), our hopping amplitudes are tuned such
that we specifically address the material SmBs, which is widely believed to be the first TKI. In that regard, we
predict the ground state of being a strong topological insulator (STI) with a f-electron filling of n; = 1.3 that
accounts for the mixed-valence of the compound on average, and features topologically protected surface
states (TSSs) that are supported by experimental evidence in SmBg [255]. According to our calculations, an
increase of the interaction strength leads to a transition towards the ATI phase that ultimately turns into a
metallic state. Correspondingly, long-range AFM order and a metallic state have been observed in pressurized
[258] and alloyed [310] SmBg and there is experimental evidence pointing towards an ATI phase [254]. While
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the exact nature of the ground state of SmBg is still under debate, our results support the hope to discover
exciting physical properties associated with the material.

Outlook

One of the most extensive research areas in condensed matter physics remains to be unconventional su-
perconductivity. While we discussed phases that arise in its close proximity, we did not explicitly address
the superconducting ground because the applied slave-boson representation is not suitable to describe cor-
responding non-local order parameters. For future investigations in the context of superconductivity, we,
therefore, propose the idea to construct an effective vertex by utilizing the SB Gaussian fluctuations [57] and
to solve the superconducting gap equation accordingly through conventional fermionic mean-field theory.
This approach allows to study the full frequency dependence of the superconducting order parameter and is
not limited to high-T, cuprates (HTCCs) but could also be applied to the PAM in order to study heavy-fermion
superconductivity.

Another open question is the detailed understanding of strange metals [48] that employ a linear temperature-
dependence of the conductivity rather than a quadratic one expected for Fermi liquids. This characteristic
is well known from the HTCCs but also appears in other superconducting compounds, e.g., twisted bilayer
graphene [315], infinite-layer nickelates [316], heavy-fermion superconductors, and Kondo systems near
quantum critical points. Strange metal behavior is thus a common denominator of different material classes
employing unconventional superconductivity, and its understanding could be a key to deciphering the un-
derlying pairing mechanism [226]. Within this thesis, we developed the framework to obtain the temperature
coefficient of the conductivity through the SB charge susceptibility and demonstrated corresponding results
in a Fermi liquid environment. For future studies, this technique could be applied to parameter regimes
with expected strange metal behavior in order to investigate the phenomenon in the context of the HTCCs and
Kondo materials based on non-magnetic and magnetic ground states.

Finally, we want to bring to mind a generalization of the KR slave-bosons [51] that allows for multiple
interacting orbitals and has lately been further developed to consider fluctuations in order to study s-wave
superconducting pairing [52]. This formalism could be applied to high-parametric strongly correlated systems
in the future and, e.g., be of particular interest in the context of magic-angle twisted bilayer graphene, which
has recently been associated with heavy fermion physics [317].

After all, we elaborated on various emergent phenomena within condensed matter physics. Some of
them are now well understood, while others remain puzzling. With the rise of topology and especially the
observation of higher-order topological insulators (HOTIs) [277], new phases have been added to the list. As
history has taught, emergence often comes with a surprise, so who knows what kind of exotic quantum states

are still waiting to be discovered?
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APPENDIX A

Details on the slave-boson formalism

A.1 Proof of slave-boson related commutation relations

In the following, we adopt Einsteins sum convention, where summation over every index that appears at

least twice in a summand is implied. We moreover will apply the identities
€ijk€ilm = 0j10km — OjmOki , (A.la)

') = 641, + et (A.1b)

where €;ji represents the Levi-Civita symbol and 1’ the i-th Pauli matrix.

Commutators of constraint operators with the Hamiltonian

As stated in Section 2.2, the Hamiltonian commutes with all five constraint operators A, By and B; defined in

Equation (2.18). To be specific, the constraint operators even commute with the fermionic creation operator
i, A =0, [if, %] =0, [if.B] =0, (A2a)
whose SB representation is given by

o= gt fh = (phae +d'p,.) £l (A.2b)

o’ o’

Since the constraint operators are hermitian (A = A" , B = Bg ,@y = @;) they also commute with the
fermionic annihilation operator and thus with the Hamiltonian. We exemplarily prove the most difficult

commutator in the context of
By= Y b fhfo— (Phpu+Plpo—iewip! xpj) . well,2,3), (A.2¢)
go’

while the remaining others can be calculated in the same manner. We start with the bosonic part of the
constraint operator, and after application of the canonic commutation relations, we find

(400 + 935~ iewiah 1Py 260 F3]_ = [P0 + PP —ieuappy, (3687 e + 50 (gl = plen)) F1]

Lo(at 0 ot o ot Nt L et (e p a0 i o\t
= 5¢ (pyfcw, + Do Ty = 1eyilpi’cgg,) for t Ed (pofcw, ~PuToe + 1eyi1pl’rw,) for - (A.2d)
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The PF part yields

1 3 3
7 st 5 At i 7t
[ aza’fa’ffiz 4 UUlfo'l] ZOG] U]o fa Ee sz Too 01 U]o’ +3 d Po 001 U]o’ Z 01 am/ fa’ 4

(A.2e)
and after multiplying out the Pauli matrices, we find that the commutators of Equations (A.2d) and (A.2e)
yield the same result and thus confirm

[B oalf(rl] =0. (A2f)

Proof of the spin algebra in slave-boson representation

In the following, we show that the spin operator within the SB representation defined in Equation (A.5a)
fulfills the SU(2) spin algebra.
At A

(57, T]_= 3 [pb0: + 6o ~ieqsp}pr B3P, + PPy — i€1mnPlub]

1
At A At A : At oA At A At A . A oAt
popo il = PP — 1€lmnp0pn6im + Pi Pl popo il t 1€lmnl70,0m5in

. A At At At A At A
+i€ijkPrPoOji — 1€ijk P POkt — €ijk€1mn P j P Okm + €ijk61mnpmpk5nj)

L R T S ot A ot A
= (P10, —teupipy + i p; +iemiPopy + i€k PPy — i€ Py — €ijntk PP + Exij€imiPlupy)
= 5 (618, = 1P, + 2ieuplpy + 2icinpypy — P p; + 0uptpy +Pio, — dupipy)

i
= E ( llk(Popk + PkPO) +1(P1P, ) = zlksk

(A.3)

Commutators between constraint operators

As stated in Section 2.2, the constraint operators A, By and B; defined in Equation (2.18) commutate among
themselves in the constrained subspace. We exemplarily calculate the most difficult commutator

B=pip+ppy-iptxp - 1, f1f, =0, (Ada)

oo’
while the others can be derived analogously. Since fermions and bosons commute among each other, we
are left to calculate the commutators of the bosonic and fermionic parts, respectively. The fermionic part is
most conveniently evaluated by commutating two fermions from the very left to the very right of the quartic
expression. The commutator is then given by the extra terms which yield from the fermionic anticommutation

relation [f:;r , fAG,L = 040

[ Ul(fzf(fszl’T0304f(74fO3:| T0301 Gl(fzf(fszg U]UZT]UZUALf(;lfUl = _2ieijkT](§162f(jzf61' (A4b)

The bosonic commutator is evaluated in full analogy to Equation (A.3) since the sign of p, does not change
the result of the calculation. Both parts independently fulfill the spin algebra if rescaled by a factor of 1,
yielding

[B/2, 8/2] =iex8)2, (A.4c)



A.2 Proof of slave-boson operator representations
and consequently the commutator vanishes on the constrained subspace.

A.2 Proof of slave-boson operator representations

The general strategy to find representations of the original fermionic operators within the SB scheme is to
apply Equation (2.10a) and exploit the constraint given by Equation (2.14b) to simplify respective terms to
ideally find a purely bosonic or purely pseudofermionic expression in the end. Due to Equation (2.14a), two
annihilation operators on the very right side annihilate any state on the constrained subspace, and thus those
terms vanish. Consequently, the best strategy to simplify terms is to commutate all bosonic annihilation
operators to the right side until only quadratic terms remain.

Spin density operator

The spin density operator is given by

A 1 o ” 1 . o . ~ N 1 .- 1 PN
S = E Zf;'roa/fg/ = E Z Z;alf(;TUG’ZGzo’fUz = (plﬁlpoza’ + §d+d66102666’) ETO'O’fglfUZ
oo’ 00’0102 A Sa)
At A AR TSN At o oA (&
= 2 P TorPoor = PT'p = 5 (B3P +P'0 — 19" %)
00’01
with

. R AT
pP= (Plr‘szpz,) . (A.5b)

The mixed representation shown in Table 2.1 can be derived by applying Equation (2.14b) to the first term in
Equation (A.5a).
Charge density operator

The charge density operator is defined by

Ao 7 S e PN F _ (st 5 7t 3 7
n= Zfofa - Z Zaalfalzozafoz - (poolpgzo +d déﬁlﬁz)falfaz
o 00102

3 3 (A.6a)
= 4Pt oo +dTd | D php, +2d'd | = > php, +2dd .
u=0

By direct comparison with Equation (2.14c), we identify that a solely PF representation that is equivalent on
the constrained subspace is given by

= fif,. (A.6b)

Operator of double occupancy

The operator of double occupancy is defined by

D =5l al s (A7a)
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which can be recast to squaring the charge density operator in the different representations given by Equa-
tions (A.6a) and (A.6b)

L +f;fafi0/?—a :ﬁ+f;fafjof—a =h+d'd. (A.7b)
By comparison of terms, we find the bosonic representation

= d+lj , (A7C)

and its PF counterpart

D=ff.fffe. (A.7d)

A.3 Gauge fixing

Based on References [50] and [53], we explicitly show in the following that the phases of the e, pg and p fields
can be removed in the radial gauge by a SU(2) ® U(1) ® U(1) gauge transformation. The ghost phases appear
because of the five constraints as conserved quantities and need to be removed or projected out in order to
have a well-defined functional integral. At the end of the calculation, the spurious phase information will
be absorbed in the Lagrange multipliers, promoting them to time-dependent fields. We start with the SB
Lagrangian given by Equation (3.25) and rewrite it via the p-matrices!

r= ; HO (), fror o oo | = 0 ) X fiaha (A 8a)
i#] i
gl [ 602 2 ()i + 38, 1) Zﬁy , Z( DL (71) o TPy + 000 = Fi3L )l
i 010 oo’ o1
(A.8b)

"2

Now, we rewrite all fields on each lattice site in the radial gauge by means of their absolute value and phase

di (@ + Ud, +edce; +2 ) (pF)  dep; 1o, +Zfoa fo} (A.8c)

010

e=ée|, e =e|, d=e%d|, d =ed|, (A.9a)
Poor = Zeixouoolqow' ’ <P+)oa’ = Ze—i)(oqgm (u+)om, ’ (A.9b)

01 01

and define
13
oo’ = E Z (m/ ’ (A90)
1=0
> > sin)(
U,o = exp 12 XaToo ) 0o’ COS X + 12 T (g (A.9d)
a= a=

1The non-interacting degrees of freedom remain invariant and are summarized in the function H®, which only depends on the
creation and annihilation operators in SB representation.



A.3 Gauge fixing
with g, € R. Moreover, we need to find the consistent transformation of the time reversed p-matrix!

3
Poor = 5gn(0) sgn(o”)p-s'—c = sgn(a’) sgn(c”) exp (i Z Xﬂfa,_g,,) sgn(c”) sgn(0)g-¢7—o
u=0
(A9e)

3.
. N\ siny o
= M0G0 (60//0, cos Y — 12 % )(a’cg,,g,> = e0g 0 (w)gng, )

a=1

~+) — ~—ixo =
=e U .
(p oo oo qo-llgl

We simultaneously apply the following SU(2) ® U(1) ® U(1) gauge transformation, where the phases match
their counterparts in the radial expressions given by Equation (A.9)

—ix +
fU — e Ofo" (u )O”O’ 7 (A.loa)
d — 0210 g (A.10b)
Poor — eiepaa' ’ (A.10¢c)
ﬁac' - eieﬁoa’ . (AlOd)

In the following, we show term by term that the Lagrangian remains invariant except for removing five phases
that are absorbed into Lagrange multipliers, promoting them to time-dependent fields.

Pseudo-fermionic terms

* ixo * —ixo L *
Z foéﬁﬁlfa’ - Ze uaolfo’léﬂﬁ'e fazugza’ = Z foéﬁﬁlfa’ ’
go’ oo’ ag,0’

* * * ~ * A-ll
(Z+)U(T/ fa’ - qoo"le|fa’ +d qao’fa” ( )

fa’zo/tf - fo’lema’a + fa’qa'ad .

Lagrange-multiplier terms

a (e"e +2 3 phioPos +d'd - 1) —a (|e2| +2) Gorollom +d'd — 1) . (A12)

010 010

Rather than directly considering the second term in Equation (A.8b), we look at the transformation properties
of the second constraint given by Equation (2.14b) in matrix representation

Z uoazf;zfay, (U+)U3g’ = 2 Z ‘70102 (U+)Uza' u663q6301 + 6go’d*d M (A13)

0203 010203

In order to obtain four scalar equations, we expand by means of Pauli matrices in the unitary rotated basis.

Applying .50 U, o (l,l)g5 - with p € {0,1,2, 3} onboth sides of Equation (A.13) yields the transformation

a
oo’ *

1Within the calculation, we apply the identity sgn(c’) sgn(o)t¢ =-1

—0-0’
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properties of the second constraint enforced by new static Lagrange multipliers f,

3
- Z ﬁ“ Z (ZZ (p+)glgf Tg’aptfm + d*’[g’oéao’d - f;Tg/gfa’>
u=0

go’ o1
3 3 3
= Y folBodoor + D Buth | £ = Bo| D a2 +2d°d |- " Bu2qug0.
ago’ u=1 u=0 u=1

Again, the p-fields lose their phase information, which vanishes the cross product p* X p, while the rest

(A.14)

remains invariant.

Time-derivative terms

Finally, we investigate the time derivative terms given by Equation (A.8c). Notice that total derivatives like
2le|dz|e| = 9+ |e|* vanish due to the periodic boundary conditions of the path integral

d*(d; + U)d + e*dqe +22 (PJr)mg‘?TPvm + Zf;&fa

010

= (0 +2ixo + U)d'd +i0le?| + ) [—21(2'( +0)0,0000, + Usse, (U7) qazgqm] (A.15)

0010203

+ > [f20efs =0 fs fo + £, (UNgso U, fi] -

00102

With n, = xo/x, the time derivatives of the unitary matrix are found to be!

3

Z UU301 (lﬁ)om2 Qor09005 = 140 Z Ja (na)'( + 71, sin y cos x — Z €aijliN; sin® )() , (A.16a)
0010203 a=1 if

3

Z (U+)Uzg Uso, = —iZ Na X + Mg Sin y cos x — Z €aijTliN] sin? X Tf,‘zgl. (A.16b)
o a=1 ij
Using all previous results, terms containing the phase factors xo, x and 6 can be absorbed into the Lagrange
multipliers by

(a+i0) - a, (A.17a)
(Bo +1ix0) = Po, (A.17b)
(ﬁ—i(n)'(+hsin)(cosx—r'laninz)())—>[3. (A.17¢)

A.4 Pauli matrix expansion of the z-matrix

Any hermitian 2 X 2 matrix can be expressed in the basis of Pauli matrices 7 and the identity matrix 7°
A=a’+a- 1, (A.18a)
Notice that 91 = 97 (U, Ul ,,) =0 & U,,o Ul = —Uyo Ul 5, and 0 = 9; (nana) & X, g 110 = 0.
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and it can be diagonalized by a unitary transformation
utAau, =apx’ +at®, (A.18b)
such that g‘; only depends on @ = a/a with a = |a|. Consequently it holds
Ul (a0’ xa 1)U, = a0z’ +alll (a- 1) U, . (A180)

These properties will be applied to rewrite the z-matrix, which reproduces the correct non-interacting limit
defined in Equation (A.19), in the basis of Pauli matrices in order to eliminate non-diagonal matrices in the
denominator. We consider z w.r.t. the field theory basis of coherent states in the radial gauge, i.e., operators
are replaced by fields, and only the d-field remains as a complex variable, while e, pg, and p are real-valued.
We moreover replace the M-factor defined in Equation (4.7) by V2 utilizing the a-constraint!. With these
assumptions, it is

z=(eLV2Rp+p'LV2Rd) , (A.19a)

with
= (a-ddz,-2p'p) ", (A.19b)
5:((1—e)70—2p p) 2 (A.19¢)

We can rewrite the products

4p'p = Z (Poz® +puz) (poz’ + pwz!’) = Pz’ +2po(p - 1) +p*2°
: (A.20)

4p'p = Z (Poz® + puzt) (pox’ + ppr®’) = p5z’ = 2po(p - ) +p7°,

w,u’
and realize that [B , p] = [L , ;5*]_ = 0. We may thus express the z-matrix as [99]
b -}

2= [(1—dd )T —po(p - r)] [(e+d)p0T t(e—d)(p- 7)] [( ¢2 - 1" )T tpop-o)|
(A.21)

With Equation (A.18c), we realize that all three matrices can be diagonalized by the same unitary transforma-
tion? U,,. Consequently, we may insert 1, = Q;Q » between them and diagonalize each matrix independently
by means of Equation (A.18b) and the eigenvalues of z are thus given by the product of respective diagonal

entries

z 0 + 2z —z_
UpzUb =" =2 E P - 2 2 1 (A.22)
0 z_

1On MF level, this constraint is exactly fulfilled, and the replacement is justified. As we argue in Section 5.1, we also do not consider
fluctuations of M because those would have an unphysical origin and need to be inhibited.
2The inverse square root terms can be expanded in a power series and one may insert 1, = g;ggﬁ between each appearing power

to diagonalize all occurring matrices separately and express the diagonalized infinite series again as an inverse square root.
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+00
Summand function g (iw,) Matsubara summation S; = % > glwy)
1
. —Cne(e)
iw, — €
1 _Cnc(é'l) —ng(e2)
(iwn — €1)(iwy — €2) €1 — &
CIn(—iw, + €) ClIn (1 - Ce/T)
€3 Cnc[(el +e2—A)/2] —nel(er +£2+A)/2]€
(iwn — 1) (iwn — €2) — €3 A 3
iwy, — &1 _C (61 —ex + A)Tlc[(é‘l + &r — A)/Z] +(epg—e1+ A)i’lc[(é‘l + &y + A)/Z]
(wy — €1)(iwy — €2) — €3 2A

Table A.1: List of Matsubara summations applied within in this thesis and evaluated by means of Reference [128]. We

define A = |[(e1 — €2)? +4¢3. Moreover, n; denotes the statistical distribution and w, the Matsubara frequency
defined by Equations (A.25) and (A.26).

with (e+d) = p(e—d)
z, = poerizpre . (A23)

V2[1—-d2 = (po£p)?/2] [1 -2 — (po F p)?/2]
We may now rotate back to the original basis by means of Equations (A.18b) and (A.18c¢) and find

_ 7t 0, <- 3 _ 0 p
z=U; (Z+1 + ; pz)gﬁ—ZQ +Z-p£- (A.24)

A.5 Matsubara summations

In the context of the imaginary-time path integral formalism, we often need to evaluate summations over
discrete frequencies that respect the periodic (anti-periodic) boundary conditions of the bosonic (fermionic)
time evolution operator. These so-called Matsubara frequencies are given by

2

Wy = % n € Zy forbosons, (A.25a)
2n +1

Wy = % n € Zy for fermions, (A.25b)

with the inverse temperature f. In the limit of infinitesimal time slices, i.e., continuous imaginary time
where the path integral becomes exact, summations must be performed from minus infinity to infinity.
Corresponding infinite series can be evaluated analytically by mapping to a complex contour integral utilizing
a weight function with simple poles situated at the Matsubara frequencies. Suitable functions are the Bose-
Einstein distribution for bosons and the Fermi-Dirac distribution for fermions

1
ni(z) = ny(z) = o1
1

ebz 417

, (A.26a)

n-1(z) = np(z) = (A.26b)
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with 1
Res [n¢(iw,)] = CB , (A.27)

and C denotes the statistical sign, being C = 1 for bosons and C = -1 for fermions. Consequently, it is [39]

400

Sc=3 ) stion = $dzgeme, (A.28)

n=-—oco

and the complex contour integral can by evaluated by means of the residue theorem. If the summand is of the
order g(iw,) =0 (1/iw,) or higher, the sum does not converge and it needs to be evaluated with the addition
of a convergence factor g(z) — g(z)e™"* with n — 0*. The necessity of this factor originates in the fact that
only the discrete formulation of the path integral, where "equal-time" terms actually differ by a single time
slice n = p/M [compare Equation (3.5b)] is formally correct. The limit to continuous time is well defined
if taken at the very end of a calculation. However, the Matsubara representation takes this limit before the
evaluation of the sum, which needs to be compensated by the convergence factor. Table A.1 summarizes
results for Matsubara summations, which are applied within this thesis. They have been evaluated utilizing

the Mathematica script of Yi-Zhuang You from the university of San Diego, which is publicly available on
Github [128].

A.6 Differentials of fluctuation-fields

In order to compute Gaussian fluctuations, we are required to calculate derivatives of the bosonic Z, factors
in momentum space w.r.t. individual fluctuation fields 61, ; and evaluate them at the MF saddle point ¢ as
discussed in Section 5.2. In the following, we present the occurring calculations in detail. We aim to calculate

14 2 Y
aﬂkl ko d Ek,k

the derivatives __ of the SB-dependent Hamiltonian

Mg a and Ig1,ud Py v 7
v _ Lo oL 7 T
Hy k, = Ohko (g ‘“0) * JNB (B)kl—kz " NB ; (Z )k—k1 H, (Z)k—kz ’ (A.29)
with
Zk = (lz()(zo VNB 6](,0) @ Zk 7 (A30a)
Ek = QZOXZO @ Ek . (A30b)

Spatially uniform mean-field saddle point
We start with the analysis of a spatially uniform MF saddle point that satisfies

Z,,
I

v Y

(A.31)

M
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which holds for PM or FM order. The zeroth, first and second order differentials around the MF saddle point
are found to be

p oo B N
— 1 P —ikri+iw, T azr o g
6gk—\/?zz‘f(; dte + _alp—r’ﬁa(s ry_;alpﬂq}

Ok,

2
0°z
d’r e ikritionT ___~ =1 64},r(51l1vr , A.32
dTe1r,(k1+k2 k) 17(‘”" “’”1_“)”2)5 ik 0 7,k
Zag[}‘u(%,[}v Yk Ti f 1#[” | 11[} 2
0 k 0 k—ki,7 -«
Zal/Jyava Z lzbl# Viky,

Consequently, derivatives w.r.t. SB fields are given by

% | g 2 % | s, 0 (A33a)
—| =0kg=— k—qg5—— 33a
MWquly Topu m a‘zbq# 1oy, ¥
72 L s 7’z e L, i (A33b)
= g+ 3| - = k-01-0 3T :
gy, 10y, v m NB M+ Yoy, m Vg1, w0V gy m NB N 9P 0, M

Derivatives or the Z,-factors with additional non-interacting orbitals can be inferred with the definition in
Equation (A.30a) by adding a direct sum of unity or zero matrices

Zk = \/NB 6k, ( L0 ® 2| 4)) , (A.34a)
QZ’(:) 0 oz, (A.34b)
(91/)’”‘ J - —20xzo ngq H *
2 Z](:) 82 (’F)
_ & | ) A (A.34c)
g, udPgy v I P00 @ g, uaquz v

The remaining MF derivatives of the z-matrix can conveniently be evaluated in the Pauli matrix expanded
form given by Equation (A.24). Notice that in the basis chosen for the fluctuations, we need to replace the
e-field by means of the a-constraint 1 = ¢ + d? + d? + pg + p? before taking derivatives. The derivatives of
the LM-fields are particularly easy because they enter the Lagrangian only linearly. Hence, it is

9B, | _
3¢M P

By’ IOk,
0 o ® —— =0 o ® IV(5¢ uﬁvék,q . (A.35)
20x20 ZV awﬁ (91!)#/11 20%20 I

For shortness of notation, we define

Zy=27| (A.36a)
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Z,= 9L (A.36b)
*Z7
Z, =53~ (A.36¢)
e dYudYy |y
B, =0,0,,® (") 0y, (A.36d)
and find
oH 4
—kl ka 1 1 + N
= B 64 ki—k, + — Ok —aZ H, Z0k—k, 0 VNP + A/NBOk_, 0Z2H, Z Of_
aybw J /NB‘—y q9.k1—kz Nﬁ ;[ k=k1,—q & 2 £0C9k=k2,0 [3 ﬁ k—k1,0£00 . £, 0k kz,q]
6qu1_k2 + +
= [E# + (Z#) Hy, Zo + ZoH,, Z#] ’
YNB
217
J Hk,k

_ 7t
O g1,u0Py, v 7 Nﬁz [6k k—q1— qzzva ZyOk k0t Ok 0Z, ZyH;, yvék—k,q1+q2

+ 512—k,-q1§:27;’;2 Z,0% kg 512—k,-q2§ﬂ12 Zyéﬁ—k,ql]

1

Nﬁéql qz[z H Zg+ ZH 2 + ZVH ) 2+ ZVH

—k+q, —y:| '

(A.37)

Spatially periodic mean-field saddle point

In order to calculate fluctuations around a MF saddle point with an enlarged magnetic unit cell, we need
to expand every non-uniform quantity E, (i.e., the Z-matrices and the bosonic Lagrangian) and respective
derivatives at the saddle point as a Fourier series of the MF ordering vector Q

By = )| Been, (A.38)
¥ o=
IuEr| = Z B e 9, (A.38b)
P a=-c0
OwEr| = D, Bawe ", (A380)
P a=-co
and we reemploy the notation where the index u represents taking the derivative w.r.t. ¢, <
RS
=
=_ o - _ 0B - _ 0 (A39) S
— T 7 l—l[_l - 7 \—4“]} - =, = . . Q\
7 MWuly IPudiy |y 3

We now can repeat the calculation presented in Equation (A.32). Since the MF ansatz is still static, the
frequency dependence is unchanged, but the Fourier series results in an additional sum over Kronecker
deltas with a momentum kick of Q
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By a = NB Zg: Ea 6iw,,,k+uQ,0 (A40a)
08k = D D Bui OWion ke s (A.40b)
TR

2

_
=k

1
v JNp Zg: D D BV 500 sk 7 (A.40c)

gy ok

The fluctuation basis has thus to be enlarged to include correlations between fields with a momentum
difference of Q. For commensurate Q, this basis stays finite.



APPENDIX B

Derivation of mean-field matrices

In the following, we explicitly derive the SB mean-field (MF) hopping matrices for the three different models,
i.e., the Hubbard model, periodic Anderson model (PAM), and topological Kondo insulator (TKI) model,
discussed in this thesis based on References [53] and [54]. We moreover provide the respective eigenvalues
that define the magnetic MF band structure if analytically accessible and discuss the impact of rotating the MF
magnetization axis.

According to Section 4.3, the MF action
SO =80 + 8O (B.1a)
decouples into a purely bosonic part that does not depend on details of the models
Sy = Np [Ud® + a(e? + d* + p + p* = 1) — fo(2d? + p3 + p*) = 2Bpop | (B.1b)

and a PF part whose particular basis of spinors and explicit form yields from specifics of the hopping scheme
but can generally be expressed by

S0 =Y (90) [Fien + 1 62 == Y (92)" )] 62 (B.10)
k k
with the MF Green’s function

! = (i0.-H"?) . (B.1d)

The SB-dependent hopping matrix H f’Q is to be determined by application of the spiral magnetic MF

cos(QR;) cos(QR;)
p;(t) = p|sin(QR;) |, PBi(1) = B|sin(QR;) | , (B.2a)
0 0
po,i(T) = po, (B.2b)
ei(t) > e, (B.2¢)
di(t) > d, (B.2d)
ai(t) > a, (B.2e)

Po,i(1) = Po, (B.2f)

Appendix B
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defined in Section 4.1 for the bosonic degrees of freedom and consecutive Fourier transformation of the
pseudofermions (PFs) in Equation (3.30a). The Lagrange multiplier (LM) part of H ZJ’Q does not depend on the
specifics of the model and is given by

ﬁ eiQR,‘

Bo  pek Bo
He = + ) —-ikR; Lik’R; ,
! Z fl ,B e 1QR; o l N Z Z ¢ f e 1QR; fk

KK i Bo
(B.3)

O K O’ k-
=S| Pt Pheaelp S (pey' ﬁ; :ff,
0

Kk \BOwik+o PoOkwr 3

with

fo=|"*"1, (B.4a)

= 7k, (B.4b)
fi-qu

and we define the periodicity index a that is associated with a momentum shift w.r.t. the magnetic ordering
vector Q

o= [Frsaal, - (B.4c)

B.1 Hubbard model

The Hamiltonian of the one-band Hubbard model in SB representation within the field theoretical description
is given by

Hub _
H™® = Hy 4 Hige + Hine == Y Yt fr2l 200 fi onfmfm+UZd (B.5)

<ij> o010’

B.1.1 Slave-boson-dependent quasiparticle matrix

In order to calculate the SB dependent MF hopping matrix H¥"?, we need to Fourier-transform the PF part
of the Hamiltonian after applying the MF ansatz to the z-matrices according to Equation (4.8a) [53]. We

!In the last calculation step, we exploit that the sum is invariant under index shifts: 5 f7_ Q0 fi Qo = 2k fr o fkor
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moreover define R; — R i = Rjj and utilize the basis f:r = ( fl.’*T , ﬁ l):

fo| L+ Z_ ek Zs Z_eQR;

Hyr = Z tifi iQR; _iOR,
Nz ez, \zeion z,
5 TR 2z )
SN2z (R 4 e1OR) 22 4 Z2e Ry |7

j

(B.6a)
2 2 LiQR;; iQR; —iQR;;
= l Z Z tfe—ikRieik/(Ri—Rij)f+ Z+ +ZZ elQ ! Z+Z- elQ (1 te © ]) f
N i k SR (1 4 oIORy 2 72 o 10R; v
kk' <ij> ZiZ-e ! (1 +e ’7) Zi+ZZe Y
f —ik'R;; ¢+ Ok k (Zer + ZE@QRH) Or k- L+Z- (1 + e_iQRij)
=D D e R on, DN IS
kk' Rj; 6k,k'7Q Z+Z_ (1 + el r]) 6k,k’ (Z+ + Z2e 1 1])
We define the dispersion
&= t{;e—“‘Rz’f , (B.6b)

and with appropriate index shifts in momentum k — k + Q, we may express H; in the basis f ,? defined in
Equation (B.4b)
t| Z2&k+Z%&k-q  Z+Z-(Ek-q +
H, :Z(f;g) * ) ( . ) r2. (B.6¢)
k Z.Z (5k—Q + ék) Ziék- + ZL5¢k

With the inclusion of the diagonal chemical potential term and the LM part given by Equation (B.3), we finally
find the SB-dependent MF hopping matrix

po |23+ ZP&q+Po-mo  ZiZ (Exq+ik)+B

_ (B.7)
Z.Z- (Ek—Q +c§k) +B  Z2&k—q+ P&k +Bo— Lo

—k,Hub —

In a two-dimensional (2D) hopping scheme with nearest neighbor (NN) hopping t and next-to-nearest neighbor
(NNN) hopping t’ on the square lattice, it is

& = -2t (cos ky + cos ky) —4t' cosky cosky, . (B.8)

Y.Q

The eigenvalues of H; {7

are given by

€ s = 5 [(Z2+22) (& + €ug) £02] + fo—po, 59)

with the magnetic gap function

2
. (B.10)

Appendix B

2
82 =\J[(22- 22) (54 - 10| +4[Z.Z- (6 + 0) +6]
In the PM limit, itis Z_ = p = 0 and the spin-degenerate eigenvalues adapt the simplified form

ENub = Z0€k + o — to - (B.11)
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B.1.2 Constrained expectation values

In Sections 4.1 and 4.4.1, we argued that the MF constraints match the quantum mechanical expectation values
of the SB and PF representations of the spin and charge density. In the following, we support that claim with
an explicit calculation for the Hubbard model utilizing the respective equal space-time Green’s function

<f;fn/>_ Gc'(Ar_O )_N@ZGkoa" (Blz)

Based on the operator representations summarized in Table 2.1, the afore mentioned expectation values in

Fourier-space are given by

() = N5 f 1 D i) = e ) (Fifiey) (B.13)
(Skq) = N fo dt ;eiqrm@ﬂ (8r,) = NLB% Zk: <f; sz7q> , (B.13b)
(5q) = NLS foﬁ dt Z T (g ) = (p2+ p? +2d%) 500, (B.13¢)

Lo 1 (64,0 +040)
(85,4) = N_Bfo dr ;eiq"’“‘”” (Ser)=ppo| & (64,0 —54-0) |Bion0 - (B.13d)
0

Utilizing Equation (B.7), the MF Green’s matrix for the Hubbard model in the basis f S is found to be

yp 1 [i@n+po+fo— Z2&k - Z%&k—q B+ Z.Z- (51( + Ek—Q)

=k — D ’ (B.14:a)
k.Q B+Z+Z- (Ek + Ek—Q) i@y + po + fo — Z2Ek — Z%Ek-0

where

Dy, = (ich + o + o — Z2&k - erék—Q) (ich + o + o — Z2&k - Zzék—Q) (ﬁ +Z+Z- (ék + ék—Q))2
(B.14b)
To evaluate PF expectation values within the MF approximation, we need to identify the momentum g with
the MF spinor that only allows correlations with an overlap of g € {0, Q}. Within the applied basis given by
Equation (B.4b), we therefore find!

A 1 P I
(np,q> - Np Z (Gk n + Gy u) 0q,0 (B.15a)
k
1 (Y ¥
(Gk 1050+ Gl 100)
5 7
<SF"7 Nﬁ Z 2 ( leé’i Q— Gy “5 Q) ia,0 - (B.15b)
4 4
(Gk 1~ Gk u) o

1The Fourier components of < f;f . fqu T>’ which do not explicitly show in the basis can be inferred by shifting k — k + Q and using
Zk fkfk Zk fk+ka+Q
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The occurring Matsubara summations can be carried out analytically (for details see Appendix A.5) and the
remaining momentum-sum needs to be evaluated numerically at the saddle point, yielding

N2 2 (6hh 6l = g Xl () +m (i) =22, ®160)
ng (e+) — N (e‘)

NgZ( k11T ku)=NZ 22 - Z22) (& - &xq) kAf LI (B.16b)
nglelf) —ne (el

Niﬁzklck,u NﬁZGkH NZ B+Z.Z (5k+c§k—Q)) ( k)A,? ( k) =ppo - (B.16¢)

The quantities 8; and Ag have been defined in Equations (B.9) and (B.10) and ng(w) denotes the Fermi-
Dirac distribution. Combining the results of Equations (B.13), (B.15), and (B.16), we realize that all Fourier
components of the PF and SB expectation values of the charge and spin operator match at the saddle point
and thus the MF constraints are fulfilled exactly.

B.2 Periodic Anderson model

Based on Reference [56] by Klett, Riegler et al., we discuss two types of PAMs in this thesis. These do not employ
hopping amplitudes within the interacting orbital but feature on-site hybridizations between non-interacting
conduction electrons and interacting f-electrons expressed by the Hamiltonian!

HPM = 3" Hy+ Hgy + Hy (B.17a)
d=1,2
with

:—t Z Cdl(fcd]o+(€d [JO)chlo'Cdlol (B17b)

(i,j),0
Hiyp =V Z Cd i,0%i,00 afz o T fl o%i,0f O'Cd’i/gl) , (B.17¢)

d,i,oo
Hp=U Y did;+ (61 = o) ) fiofio s (B.17d)

i i,0

within the field theoretical description in SB representation. In analogy to Section B.1, we apply the basis
f:r = ( ﬁT , fl* l) and c;r = ( Cipo c’ i) and calculate Hyy, for one d-orbital

Z_elQRi 1 ) o Z Z_elQRi
Hpyp =V E < fithc =+ E Vv E ¢} e ikRiglk'Ri " fr +he
- -iQR; N , —iQR;
i Z_e@ Z Kk’ i Z-e i v

orwVZ Or kw—oVZ-
= Z C+ kK i kk'-Q fk/ + h.C. .

Kk
e \Okr-oVZ-  OrrVZ:

Appendix B

(B.18a)

1This Hamiltonian could easily be extended to allow f-electron hopping in full analogy to the SB-dependent hopping matrix of the
Hubbard model or non-local spin diagonal hybridization.
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With appropriate index shifts in momentum k — k + Q, we find

0 0 VvZ, VZ

=Y (00| & 0 VF VZi e

= vz, o vze o0 o |TF

vZ. vZs 0 0
within the basis
1k
ClLk-Q
frx
fure-q

o7 =

The remaining terms are calculated in full analogy to Section B.1.

B.2.1 One-conduction-band model

(B.18b)

(B.18¢)

For the PAM with one d-orbital, we chose w.l.o.g. €1 = 0. The hopping terms of the c-electrons have to be

expressed in the Q-shifted basis as well, yielding

vo 0 Ek-Q — o VZ- VZ,
Hy oam = ,
VZs: VZ- e+ po—Ho p
vZ- VZ. B €1+ Bo— Ho

with
&k = —2t(cosky + cosky) .

The eigenvalues €'}, are given by the roots of the quartic equation

a(€+up) +b(€+p)>+c(€+pu)*+d(E+u)+e=0,
with

a=1,

b=-2p0- (cfk + éka) ,

¢ =P+ E&ék—q +2po (Ek + ék—Q) -Vv:zZ,,

4= P&k + Ex0) - 2osnéi o + V2 (326 + k) + Zp)

. V2
e=pEklk-q — 7Zﬁ(c§k + &) + V* (Zz - Zf)z ,

(B.19)

(B.20)

(B.21)
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and
Bo=Po+es,
Z,=2(22+2%),
B=pB-8",

Zp=2p0 (23 +2%) -4pZ.Z-.

They can be calculated analytically utilizing Ferrari’s method [318, 319]. The explicit analytic form is not
very descriptive but comes with a considerable performance boost in the numerical evaluation compared to
numerical diagonalization algorithms. In the PM limit, the eigenvalues adapt the simple form

+ 1
EII?\I/’[AM (ék +e€7+ Po—2p0) £ \/Z (&k — €7 = Po) + (Vz0)2. (B.22)

B.2.2 Two-conduction-band model

The hopping matrix of the three orbital model is determined analogously, yielding

&k +€1— lo 0 0 0 VZ. VZ-_
0 Ek-g +€1— o 0 0 VZ- VZs
¥,Q 0 0 Ek+€2— o 0 VZ+ vVZ.
ﬂk PAM! — ’
0 0 0 Ek-g +€2— o VZ- VZ.
VZ: vVZ- VZ,: VZ- €7+ ,30 — Ho ﬁ
VZ- VZ. VZ- VZ, B €1+ Po— Ho

(B.23)
.
with the extended basis qb,? = (cm,k, C1L1k-Qr C2,0kr C2,0,k-Q s f1k/ fl,k_Q) . There is no general analytic
form for the eigenvalues, i.e., they need to be evaluated numerically.

B.3 Topological Kondo insulator model

Based on Reference [54] by Klett, Ok, Riegler et al., the 3D Hamiltonian of the TKI model on the simple cubic
lattice in within the effective SB field theory is given by

H™ = Hy + Huyp + Hf + Hine , (B.24a)

with
ZZ Cdzacd]o luoz 10 1(7 ’ (B24b)
<1J> Y
cf +
Higo =Hji + Hy =3 3 iV (2 0T = FloZ e T +hec) (B.24¢)

a <z<])a g0’01

Z Z fio 1610 ]Um j.o! Zfza €fr - FO)flgr (B.24d)

<ij> o010’
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Hine =U Z did, (B.24e)

where 7% denotes the ath Pauli-matrix in spin space. In the following, we derive the SB-dependent MF
hopping matrix for the TKI model based on References [54] and [305]. Because of the spin-orbit coupling
(SOC) in the context of hybridization terms, the matrix cannot be represented in a minimal basis independent
of Q like the previously discussed spin-diagonal models. The basis has rather to be explicitly enlarged by the
factor P, such that PQ is a reciprocal lattice vector G with k + G = k as we discussed in Section 4.3.

B.3.1 Antiferromagnetic order

We choose the ordering vector to describe AFM or stripe order with P = 2, i.e,,

Qe {(n,n,n)T,(n,n,O)T,(n,O,O)T} , (B.25)
consequently H xT%(I represents a 8 X 8 matrix. In analogy to Section B.1, we apply the basis f| = ( fivo ff l)
and cj = ( 1 G ) and further define R, to be the unit vector in a-direction, with a € {x, Yy, z} to calculate?
iQR;
i Z Z f+ —ikR; lk’m _ e—ik'm) Z+ Z-¢ ek’ Ri o
h b ‘ K
y N/2 Py Z_e1QR; Z.

v Z Z o Z. 6,(/,,('21. sin (kRy ) A Z i k02 s.in.((k - QR,) e,
Kk @ Z- Oy k+q 2isin ((k + Q)Ra) Zy Oy i 2isin (kRa)

Since we adopt a basis, where 2Q is a reciprocal lattice vector, itis k + Q = k — Q, and thus we may write

H}{ycb iV Y L[ 20 0w n2isin (kRo) 20 + Z- 0k kg 2isin ((k + Q)R.) 7] ¢y, -

kk' «a

After appropriate index shifts, we may express the hybridization terms by

fe _ fe
thb Z (f k) thb K’ (B.26a)
with
Zi52k Zi(Sxk —isy k)  Z-(Sxk+Q +iSyk+Q) -Z-5;k+Q
fo_ v Zi(Sx,k +isy k) ~Zi55k Z-5:k+Q Z(Sx,k+Q — 1Sy k+Q) B.9%6b
Hhyb =~ _ _ , (B.26b)
z- (Sx,k + 15y,k) _Z—Sz,k Z+Sz,k+Q Z+ (Sx,k+Q - 15y,k+Q)
Z—Sz,k z- (Sx,k - iSy,k) Z+(5x,k+Q + i5y,k+Q) —Z+Sz,k+Q
Q _ T
fr = (f k1 fou feeon / k+Q,l) ’ (B.26¢)
Q _ T
cp = (ck,T, Cr 17 Ck+Q17 Ck+Q,L) , (B.26d)
Sak = 2sin (k) . (B.26e)

1Since we explicitly double the number of bands in the magnetic basis, there are only N/2 different momenta, with N being the
number of lattice sites, which is considered in the normalization of the Fourier transformation.
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The remaining terms H; and H  are calculated in full analogy to Sections B.1 and B.2. However, the respective
matrices have to be symmetrized to the extended basis Hy — Hy + Hi.q, yielding

&-pw 0 0 0
ge | © &L= o 0 0 ’
ik 0 0 5Z+Q i 0
0 0 0 &g~ Ho
22, + 22, o + €1 Ho 0 0 Z.Z (&0 + 1)
e _ 0 B2+ 2 g rer—1m0 T2 (&0 + L) 0
aEle 0 Z.Z (+el,,) B+ 22 ve—mo 0
Z.Z (5 + &) 0 0 22,0+ 225 +er— o
po 0 0 B
0 0
Hg = fo B . (B.27)
0 B po O
B 0 0 po

HS HS®

P,Q —d k —hyb

Hina =/ s \' o , (B.28)
(Hl) HE, +H,

within the basis

T
Q _
bp = (Ck,T’ v ket ket S for freean fk+Q,l) : (B.29)
In Chapter 12, we consider NN and NNN hopping for the d- and f-electrons with the dispersions
éi = 2ty (cos ky + cosky + cos kz) — 4t} (cos ks cosky + cosky cosk; + cos k, cos kz) , (B.30a)
Si = 2ty (COS ky + cosky + cos kz) - 4t} (COS ky cosky + cosky cosk, + cosk, cos kz) . (B.30b)

H }er? are doubly degenerate due to Kramer’s pairs [294] and are determined numerically.

The eigenvalues of
To avoid over-counting in the free energy (FE), the occurring k-summation must be performed over the

magnetic Brillouin zone BZg, which is halved in size compared to the paramagnetic BZ of the original basis

Z :% Z . (B.31)

kEBZQ keBZy

As shown in Reference [305], the MF analysis can, in principle, be adapted to investigate arbitrary commen-

surate ordering vectors. The dimension of H fﬁq, however, grows with the number of atoms in the unit

magnetic unit cell P and consequently, a numerical analysis becomes costly.

1This 8 X 8 description correctly contains the ferromagnetic (Q = 0) and paramagnetic limit. However, these cases can be expressed
within a more convenient 4 X 4 matrix.
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Bloch form
Equation (B.28) does not represent a Bloch matrix, i.e., H fT%(I +#H ;i% TKI" A Bloch form, which satisfies
H }fgq =H Z:;%/TKI can be found by means of a unitary transformation
F9.Q gt g¥Q
Ek,TKI - gB,ka,TKIgB,k : (B.32)
A suitable basis transformation is given by [305]
1 .
t ky ot t
Cie = Eel Cp + @CIHQ ’
1 .
t iky .t t
Cok =~ 58 kT Sk
\{E \/15 (B.33)
o= iky £ t
fix= 6el‘fk+$fk+(2’
1 . 1
t _ ky £t +
fax= _661 fk+$fk+Q’
with )
SO\T _ gt o\t
(0x) =Uj(0F) (B.34)

where ((f)g)Jr represents the basis on the left side of Equation (B.33). This unitary transformation does, of
course, not impact the eigenvalues. Eigenvectors, however, are subject to change. This subtlety is important
to calculate topological invariants through eigenvalues of the inversion operator, which are only well defined
for Bloch matrices (compare Section 12.2.3). The inversion operator 71 in the Bloch basis is given by

1000 0 0 0 0
01000 0 0 0
0010 0 0 0 0
0001 0 0 0 0
I=ujf_, Up . - (B.35)
0000-10 0 0
0000 0 -1 0 0
0000 0 0 -1 0
0000 0 0 0 -1

The inversion eigenvalues of the n-th Kramer’s pair at time-reversal-invariant momentum (TRIM) T'; can be
obtained by evaluating
&[n, Tl =(+x0,n, -kl |xo,n, k), (B.36)

where |+0, 1, k) represents the two eigenvectors for the n-th Kramer’s pair of the hopping matrix defined in
Equation (B.32), with wave vector k and pseudo spin o.



B.4 Mean-field spin rotation

B.3.2 Ferromagnetic order

For ferromagnetic (FM) order, i.e., Q = 0, the SB-dependent hopping matrix reduces to

HO H‘l}ro
po | Hak Lhyb,k
Hyma = vo \' Lo (B.37a)
(ﬂhyb,k) Hpy +Hg
within the four-dimensional basis
-
(pk = (CkrT, Ckrl, fle, fkrl) 7 (B‘37b)
and
& - 0
HO, =| 7% , (B.37¢)
0 éi — Ho
HY o=V Y (Zexsan + 22T sa k) (B.37d)
24
oo |22+ Z2E —wo+ e 22.7.¢]
H fi = ; f ; , (B.37¢)
' 2Z2.Z-&; 228 + 228 — o+ e
Hy = fo P . (B.37f)
B Po
The matrix employs a Bloch form and the respective inversion operator I is given by
10 0 0
. |01 0 0
I = . (B.38)
00 -1 0
00 0 -1

In the PM limit, i.e., p —, f — 0, the SB weights reduce to Z, — zp and Z_ — 0 (compare Table 4.1). In this

case the two-fold degenerate eigenvalues of H ;’f’gKI adapt the simple form

1 1 2
E?%fl =5 (EZ + zééi +€r+Po— 2/40) + \/Z (EZ - zgéi —€f— /30) + (2Vzp)2 (sin2 ky + sin? ky + sin? kz) .
(B.39)

B.4 Mean-field spin rotation

In Section 4.1, we chose the bosonic MF spin to form a spiral in the x-y plane. In the following, we will
discuss the impact on the MF hopping matrices H¥'2, if that polarization plane is rotated. A spin rotation by
0 around the axis 7 of a second quantized Hamiltonian may be achieved by rotating the spinor ™ = ( f; , ff)
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by means of the unitary spin rotation operator [70]

u, , =eionz/2, (B.40a)

—i,0

via
~t ~1 T ~t
Jrot = Uh of = UL o (2) W, 0L oF - (B.40b)

n,

In order to rotate the MF spin, we only rotate the bosonic part of the SB spinor, and we need to apply the same
transformation to the Lagrange multiplier 3, i.e.,

-Z+ z- eiQR + Z+ Z- eiQR
= Uy Uy g,
Zz e IR Z ' Z e IR v '
(B.41)
0 ‘B eiQR . 0 ‘BeiQR
- U, u,, -
Be~iQR 0 "\peier o | "

For spin-rotation invariant models, this results in an overall unitary transformation of the hopping matrix
HY2, whose eigenvalues remain invariant. Moreover, since the bosonic Lagrangian is diagonal in spin space,
the FE is invariant as well, and all rotations are equivalent on MF level. For Hamiltonians, which break

spin-rotation symmetry, the MF can be extended to include the parameters 6 and 7 through Equation (B.41).

g0

H1gl - the sub-matrices transform as

In the case of

a + 1 a
ch N Z+Sa,kT Z—Saz,k+Quﬁ,9 T uﬁ/eT )

—hyb
! 7 \Z-saxly o T U, ,T° Zisa k" 542
B.42
vo [ (B2 grpo-n) 0 (ZeZ- (gt &) +B) Ut Uy

H
=fk (Z+Z_ (Ei + §£+Q) + ﬁ) U;;,Q 7! U o (Zi££+Q + Zzéi +Po — H) 0

It becomes apparent that rotating the magnetization plane of the MF ansatz is equivalent to rotating the

direction of the spin-orbit coupling (SOC). It can be shown, e.g., using Mathematica, that the eigenvalues of

Y.Q
Hyma

the saddle point solution. This is due to the time-reversal (TR) and inversion symmetry of H™!, where a

remain invariant under this transformation, and thus the polarization of the MF spin does not impact

rotation of the SOC occurs on a degenerate subspace of the Hamiltonian

Unolo,n, ky=Uinelo,n k) +Uyiel-0,n,k)y with EZ’TQKI |+o,n, k) = € |+0,n,k), (B.43)

where |+0, 1, k) represents the two eigenvectors for the n'th Kramer’s pair with the degenerate eigenvalues
€., wave vector k and pseudo spin o.



APPENDIX C

Details on magnetic fluctuations

Based on Reference [55], we further elaborate on the result for the PF part of the magnetic fluctuation matrix
introduced in Section 5.2.2

M@ =5 ) Yo (d) | (2] 0 (o] + (2] [#nozs)

keBzy s

r12) o [Hugumo2i] + 2] 0 [21,2:] Jut]

+% Z ZLF (si,eil+q,ia)n)

keBzg s,s’

5,8
X [ng ([Z ] ® [ k+q+(v+a)QZg+a] [Zg]v ® [(]_[kH}sz-Hl:I + %v v+a)gz+q:|

s’,s
[Z Uk+q [Z+]u+ [ k+”Qzu] * I:Z(.;] " ® (Hk+q+(u+b)sz + %“*h u) u+] '
(C1)

Thereby, we provide definitions of the momentum-shifted Fourier coefficient matrices Z%, and we list the
explicit expressions for all non-vanishing coefficients. Moreover, we elaborate on the special cases of AFM and
FM order, and exemplarily demonstrate the construction of [M?* (q)]f;,bv to illustrate the applied index-shifts.

In analogy to the PM case, all fermionic Matsubara summations have been evaluated analytically to derive
Equation (C.1). In order to do so, the pseudofermion MF Green’s function and consequently ¢; and U, must
be written in the fermionic basis

‘PZ = ¢k+aQ,iwn 4 (C2)

witha € {0,1,...,P — 1}, and ¢ = ”+P that has been defined in Equation (4.12). The second momentum
sum needs to be performed over the magnetic, back-folded Bz, which relates to the paramagnetic BZ by
P Ykebzg = Xikebz,- Although MF Hamiltonians for SRI models can be expressed in the reduced basis defined
in Equation (4.15) that exploits a block-diagonality between spin and momentum shifts, we need to apply the
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full, symmetrized Bloch basis here. The corresponding MF Green’s matrix is of the form

o7 o7 y

ik ~Zk,k+Q e gk,k+(P—1)Q
¥ ¥
J gk+Q,k gk+Q,k+Q
Gy = , (C.3)
[ 7
§k+(P71)Q,k Qk(P*l)Q,k+(P*1)Q

i.e,, momentum degrees of freedom are relabeled to band degrees of freedom by means of magnetic back
folding. As a consequence it is

dimGY = Pdim#, = PdimZ" , (C.4)

because the bare Hamiltonian #, is defined in the non-magnetic basis. The Fourier coefficient matrix Z* as
been introduced in Equation (5.39)!. The complicated index structure in Equation (C.1) achieves that the bare
Hamiltonian is back-folded to the magnetic basis of the Green’s function under consideration of the external

indices a, b. In order to do so, we define a vector of the Fourier coefficient matrices
z=(2",2",...,27")", (C.5a)
and introduce an external index that cyclically rotates the order of the vector components
z" = (Z(—a) mod P z(-a+hmodP - 7(-a+P=1)mod p)T ) (C.5b)

while the dimension dim Z” = P dim Z is unchanged. The dyadic product of these vectors is constructed by

(—a) mod P (=b) mod P (—a) mod P (=b+P-1) mod P
z HZ .z H,Z

Z'oH,Z" = : : : (C.5¢)

Z(—a+P—1) mod Pﬂkz(_b) mod P L Z(—u+P—1) mod Pﬂkg(—b+P—1) mod P

We also employ the basis-adapted LM matrix

B(—a) mod P, (=b) mod P B(—a) mod P, (-b+P-1) mod P
= Ce b
B’ = : : , (C.6a)
B(—a+P—1) mod P, (=b) mod P B(—a+P—l) mod P, (=b+P-1) mod P
where
5 B ifa=b=0,
B = 4 (C.6b)
0 otherwise

and B u has been defined in Equation (5.24).

!We have droped the subindex that denotes the order of the derivative w.r.t. the bosonic fields v, ¢, for simplicity. It is implied
that Z” represents Z7, Z, and Z[sz in full analogy.

=



Fourier coefficient matrices

Following Reference [55], we subsequently provide the Fourier coefficients of the z-matrix and its derivatives

within the expansion

(o) (o) [oe]
z| = Z Zy, e 11QR; 9,2, = Z Z,, e iQR: Iz = Z Zya e-i7QR; (C.7)
Y a=-co Y a=—co TR —
These determine the Fourier coefficients of the Z-matrix!
Z=1000®2, (C8)

introduced in Section 5.2.2. It has been shown in Equation (A.24) that the z-matrix can conveniently be
expressed by

3
2=|za0+ 2 ) B . (©9)
Remember that we have to replace the e field by means of the a-constraint in our fluctuation basis before

taking derivatives, which is implied in the following. All quantities are to be evaluated at the saddle point of
the magnetic MF ansatz defined in Equation (4.2), where the p-field carries the spatial dependence

cos(QR;)
p;=pP|sin(QR) | - (C.10)
0
Zeroth derivative

Zp0 = Z+|$IO , (C.11a)

1 121"
200 = 52l (1 £i[e’] ) . (C.11b)
Notice that only the zeroth Fourier coefficient is unity for the non interacting orbitals Z,, = 1, ,, © 2,

while all other Fourier coefficients are zero in that regard Z, ;.o = 0,,,, ® Z( ,0-

First derivatives

Due to the magnetic MF ansatz, taking the derivative w.r.t. a spin field ¢° € {p1, p2, p3} yields two extra
non-vanishing Fourier coefficients, while derivatives w.r.t. a charge field ¢ € {po, d1, d2} do not impact the
spatial dependence:

_9Z.|
Zy,O - a#}; @I ’ (C.12a)
_1dZ 1,217
gy,il = E&—% E (I +1 [I ] ) . (Cle)

1The number of non-interacting orbitals is denoted by O.
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We further have to distinguish between in-plane spin fields (p1, p2) and the perpendicular spin field with
= 1p and p¥ = £ and find for the derivatives

p3; = 0. In the following, we adapt the notation p7

w.r.t. in-plane spin fields u € {p1, p2}

_(9zZ- . zZ-\]| [z*]7
B ¥
24 = 90Z+| Pi o (C.12d)
wELdp g p
P
3 L F,F
0Z- Z_)‘ PuPv .1
_iz=(——— - — '], (C.12¢)
' o Pl Vz:; P
and
z-
Zp0 = 7’13 : (C.121)
L
For first and second derivatives, the non-interacting unity part is of course zero Z wa = 0,000 92 wa
Second derivatives
Derivatives w.r.t. two charge fields ¢¢ are given by
*Z,
Zyv,o - ‘9'7[):4(91!)16/ @Io 4 (C.13a)
1 *Z. 1,217
Zyv,il - E&gbfﬁl#f, $ (I +1 [I ] ) . (C13b)
Mixed derivatives w.r.t. a charge field 1%, and an in-plane spin field u € {p1, p2} are given by
Pz 9z \| [z17
Zyv,() - (8;781}'5 + pawﬁ E 2 ’ (C13C)
PZ.| Pi o
Zuval = ool =L (C.13d)
L Opdys |5 P
PZ. IZ\| = PiPa
,%2 :( _ wPa 1oy (C.13¢)
T \dpayy payy ¢; 7o
and mixed derivatives featuring ps yield
Z-
z =——| 1,. (C.13f)
Zups3,0 pgwﬁ ¢—3
Finally, second derivatives w.r.t. two in-plane spin fields p, v € {p1, p2} are found to be
PZ.  0Z.\| dwIy
= A1
Z1v,0 ( op? * pop M 2’ (C.13g)
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PZ. 0Z z_) 2 dwp’ [z
Z .= _3%%5s 3% ( )Tk 4 ;) < (C.13h)
Zy a1 (P 5 3o T3, w; R
0Z- _Z- F [V F 3 F [ a .
(a_ - —) ‘ (Py (217 +p7 (217 + 6 ) pi [z ]T) , (C.13)
P P ' a=1
2Z. az+)‘ PaPy
Zyyao = - T, (C.13j)
e ( > poplly p? )
»rPZ. 0Z- Z)' PEPY & 4 it
Zyvas = (P— —3—5 - +3— pa [z (C.13k)
and derivatives w.r.t. one arbitrary spin field u € ¢, and v = p3 yield
az
Zupo = O (9; 7, (C.131)
3
1(9Z._Z .
Zups, a1 = ;; ( ap - 7) ((1 - 6#?3) P;f + Oups Zl’; [z ]T) . (C.13m)
a=1

Susceptibilities

As discussed in Section 5.3.2, dynamic susceptibilities around the MF saddle point are given by superpositions
of matrix elements of the fluctuation field Green’s function G = —~ ML, The spin susceptibility around a MF
saddle point with arbitrary ordering vector Q can be inferred with Equation (5.52b) and is given by [55]

0,P-1

X2 g = <6qu655> = (D)L 55 60 ps(4) + %17770(/\;; G (D) + A5Gyl (q) + Aag;é?vﬁ(q))

@)+ A% Gt

(@) + AaA3 G0ty (@) + AaAﬁg;(;?p‘()l(q))],
(C.14a)
The general charge susceptibility can be found analogously with

)

+ 4p (/\* Ay Goopi (@) + A A G

with @, 8 € {1,2,3} and A = (1,i,0)".
Equation (5.53b) [55]

0,0
Xe(q) = <”—‘7”'4> = _4d1gd1 w ~ Po popo — 217 (gm o T Gpoay

1,0

PlO
+Ag +A o

)

3
= . 0,P-1
-dp Y (1697, + MG
=1

a

PP § 0,P-1 P-1,0 (C.14b)
-2 Z(A*gpor’aJ“A G+ NGt + 2By, )
a=1
7 3
. 1 P 11 « 1 P-1,P-1 1,p-1
vy Z (A AGpups + AaMpGpapy A /\ﬁg +Aa/\ﬁgm,ms)'

C.1 Antiferromagnetic mean-field ground states

AFM saddle points are defined by the periodicity P = 2,i.e., Q € {(7,0,0)7, (7, 7,0)", (7, m, ©) "} in addition
to its lower-dimensional and symmetry equivalents. Consequently itis a,b € {0, 1} and we need to sum up
all equivalent Fourier coefficients, i.e., odd and even ones respectively in accordance with Equation (5.39).
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Bosonic part

The bosonic part of the fluctuation matrix is found with Equation (5.40b), yielding

2U -4,  wy 0
—w,  2U-48, 0 0
0 0 2B 27,
~4d, 0 -2p, O
N 1 |
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
00 0
00 0
00 0
00 0
[MB]Z;M - [MB]ZEM =Luv-1+ Ly = % g 2 _g
00 0
00 0
00 0
00 0

—4d,

0
0
0

0

~2B,

-2p,

|
<| o o o o

o o o o o

0

o o O

.
< = @ @

o o o o o o

o o O

o O

|
=

o O o o o o o

o O O o o o o o o o

o O o o o o o o o o

o O O O o o o o o o

o o o o o

-2p,

0
0

o O O O o o o o o o

o O o o o o o

2B,

~2py

o O o o o o o

-2p,
0
(C.15a)

(C.15b)

Since p; = psin(QR;) = 0, the magnetization is polarized towards the x-direction and matrix elements that

couple to p, and B, vanish with the Fourier coefficient sum. As a consequence, the longitudinal spin fields

(p1, 1) couple to the charge fields, while the transversal spin fields (p2, f2) and (p3, f3) remain decoupled

and block diagonal.

Pseudofermionic part

Summing up all equivalent Fourier coefficients yields

+z

2011201/

'}ICNO ENv—-

= E#/—2 +Z#/O +§

1,

27

(C.16a)
(C.16b)
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1 _

2, =2y %241, (C.16¢)
0 _

Zuy = Zuv,2 Y 20t Zuna s (C.16d)
1 _

éyv - Z,uv,—3 + Eyv,—l + gy.v,l + Zyv,(% : (C.16e)

Based on Reference [55], we provide a list of all coefficient matrices. In the following, the indices p, v represent
charge fields ¢° € {po, d1, d»} while the spin fields p1, p2, p3 are denoted explicitly.
Zeroth derivatives:

T, (C.17a)

First derivatives:
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Finally, we illustrate the matrix construction featuring the dyadic product with a simple example
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C Details on magnetic fluctuations

C.2 Ferromagnetic mean-field ground states

For a FM saddle point, itis @ =0, P = 1 and thus a = b = 0, i.e,, the basis is spatially uniform like in the PM
case. Consequently, all Fourier coefficients are equal and need to be summed up. In order to do so, we may
use the results of the previous section

ME = (M) MBS (C.19)
EO|1DM - Zg|AFM i E(l) ARM (C.19D)
z“|FM - Z?"AIFM _i’ ARM (C.19)
vl Z?‘V AFM _}‘V AFM (C.194)

In the limit p — 0 and p — 0, the theory reduces to fluctuations around a PM saddle point as derived in
Section 5.2.1.



APPENDIX D

On the numerical implementation and performance

A significant amount of my Ph.D. time was spent to numerically implement SB mean-field and fluctuation
equations, to optimize the performance, and to analyze the respective results. The following therefore shares
insights gained during that time on how to effectively fulfill these numerical tasks.

In that regard, we want to acknowledge Markus Legner, who provided a working C+ code to evaluate PM
mean-field saddle point equations and PM fluctuations. In close collaboration with Michael Klett and Jannis
Seufert, we further developed the numerics in C+ to encompass magnetic MFs, respective fluctuations, and
implemented the novel applications presented within this thesis. We want to also acknowledge Florian Goth,
who was a major help in regard of performance optimization. Publishing a unified, fully documented code
in collaboration with all developers is considered as a future project.

D.1 Minimization algorithm

A (magnetic) SB mean-field solution is determined by the saddle points of the grand potential (GP) [Equa-
tion (4.21)] or free energy (FE) [Equations (4.27) and (4.28)], where the respective potential needs to be
minimized w.r.t. the SB parameters and maximized w.r.t. the Lagrange multipliers (LMs). The ground state
is given by the respective global minimum, which makes the extremization a non-trivial problem because a
general analytical solution cannot be obtained and numerical algorithms are susceptible to converge towards
local rather than global minima.

To determine saddle point solutions, we applied the simplex algorithm provided by the GNU Scientific
Library within gs1_multimin.h [320]. Thereby, we performed a full maximization (i.e., minimization of the
potential times a minus sign) w.r.t. the Lagrange multipliers (i.e., 8, Bo, and po/ g in case of the FE) between
every minimization step, which effectively yields a minimization on the constrained subspace. As shown in
Section 4.4.1, the potentials are concave functions of the LMs, i.e., the maximization is unique and converges
quickly. The minimization algorithm may, however, become stuck in a local minimum rather than the global
one. For the PM saddle point equations (i.e., f and p are explicitly set to zero and do not participate in
the minimization), this is a minor issue because there is usually only a single minimum according to our
numerical experience with the models presented within this thesis!. For the magnetic saddle point equations
it is, however, a different story and local minima as a function of the order parameter p and ordering vector
Q are common for finite doping.

The following algorithm has proven quite successful to find the global minimum for models without
spin-orbit coupling (SOC), where Q can be tuned as a continuous parameter:

1The only parameter regime where we identified two distinct minima of the FE within the PM description is in proximity to the Mott
limit (n = 1) of the PM Hubbard model at high temperatures, with minima for d = 0 and d # 0 respectively.
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1. Sample the ordering vector Q on the high symmetry lines (HSLs) with Nysi, equally distributed points,
such that Q — Q becomes a scalar quantity on these lines!.

2. Perform a minimization at each sample point for constant Q with two different sets of starting parameters
(e, po, p,d), one of which featuring a small magnetic order parameter (p = 0.1) and the second featuring
a large one (p = 0.5)2.

3. Choose the global minimum of the FE (or equivalently GP) from all previously calculated saddle points
and perform a minimization, where Q is added to the simplex algorithm as a continuous variable on
the respective HSL3.

4. Compare the resulting saddle point energy with the ground state energy of an explicit PM calculation
(i.e., without dependence on Q,p, f) and pick the lower one as the global minimum?*.

For many applications, however, sampling only the high symmetry points (HSPs) or excluding certain
HSLs may be sufficient and should be considered to save calculation time. The above algorithm is especially
recommended in the situation of multiple competing magnetic phases. In that context it is helpful to gain an
intuition by plotting the FE as function of Q and p (while minimizing w.r.t. all other parameters).

D.2 Performance optimization

To boost the performance of the code, we need to identify the computational bottleneck, which is usually a
momentum sum in condensed matter physics. In our case the calculation of the pseudofermion (PF) part of
the FE [or equally GP, i.e., Equations (4.24) and (4.20)] for the MF and the PF part of the fluctuation matrix
[i.e., Equations (5.30) and (5.43)] for the Gaussian fluctuations. The bottlenecks are, therefore, the respective
integrands, which need to be evaluated on a discrete mesh of N¥ momenta in the Brillouin zone (BZ), with d
being the spatial dimension. In order to save calculation time, consider the following remarks.

Analytical vs. numerical diagonalization

If possible, implement analytic solutions for eigenvalues of the MF-renormalized Hamiltonian. These can,
e.g., be obtained for magnetic saddle points of the Hubbard model and PAM, as shown in Appendix B,
which comes along with a significant speed boost compared to the application of numerical diagonalization
algorithms.

Momentum grid

Avoid unnecessary function calls in the integrands by storing data in advance that is called multiple times
during a calculation (time—memory trade-off). In concrete terms, we save relevant data on a grid of N discrete
integers n; € [0,1,...N — 1] per dimension d that represent the possible momenta k; = 27tn; /N in the BZ of a
simple cubic lattice. The corresponding momentum sum is to be performed over the respective N momenta.

1The HSLs for a simple cubic latticeare' =X -M -T'in2DandI'-X-M-TI'-R-M-X-Rin 3D.

2To be even safer to find the global minimum, this could be repeated multiple times with random starting parameters. However,
the suggested procedure is mostly sufficient according to our numerical experience. In proximity to expected Mott physics, it is
recommended to also implement two sets of starting parameters, withd = 0 and d > 0.

3This process refines the solution due to the continuous Q, which is relevant for incommensurate magnetism and the calculation
of the compressibility [Equation (4.42)] by means of the finite difference method.

4This is important to track first-order transitions from the PM to a non-magnetic ground state. Also, the PM minimization converges
quickly and serves as a benchmark/consistency check of the magnetic solution in the limit p — 0.



D.2 Performance optimization

Application for the MF: Renormalized MF eigenvalues that enter the integrand depend on the dispersion
&k of the free system, which contains trigonometric functions that are numerically costly. Therefore &i, &k+q,
and related quantities should be stored on the momentum grid to avoid such function calls during the
minimization procedure in order to significantly reduce the calculation time'. Moreover, the dependence on
MF parameters can be reduced to the variables Z., Z_, fo, B, 1o (compare Table 4.1). Suitable functions of
these parameters can also be prestored, but need to be updated every time before evaluating of the sum.

Application for the fluctuations: Storing data in advance can drastically reduce computation time if it is
desired to determine the fluctuation matrix M, , (¢, @) at multiple momenta or frequencies at the same saddle
point. Thereby, we save the eigensystem (¢x, U, ) and corresponding values of the Fermi-Dirac distribution
ng(ex) of the MF Hamiltonian, as well as the bare Hamiltonian Hj on the momentum-grid. This same grid can
now be applied to calculate the fluctuation matrix at multiple different momenta if q is chosen such that k + g4
is also a grid point. This procedure enormously saves calculation time in regard of the weight matrices ‘W**’
that enter Equations (5.30) and (5.43). If M, is calculated at constant momentum for different frequencies
w, the weight matrices as a whole can be stored to further optimize.

Lattice symmetries and reduced momentum integration

It is well known, that lattice symmetries can be utilized to effectively express momentum sums through
only a fraction of the BZ, while the rest can be recovered via symmetry transformations from the respective
irreducible wedge. This can, e.g., be exploited in the momentum sum of the MF free energy in order to save
calculation time. With four-fold rotation and mirror symmetry (Cs, symmetry), coinciding with the models
discussed within this thesis, the irreducible portion of the BZ is 1/8 in 2D and 1/48 in 3D and applicable to
magnetic ordering vectors Q that do not break the C4, symmetry (i.e., PM, FM, and AFM). Thereby, HSPs, HSLs,
and other remaining points are scaled by weight factors (i.e., the number of symmetry-equivalent points) that
are listed in the following and need to be considered as proportionality factors during the momentum sum?:

Two dimensions: Weight 1: HSPs (I, M); Weight 2: HSP (X); Weight 4: HSLs (I'-X, X-M, M-T, excluding the
HSPs); Weight 8: Remaining triangle with k, € (0, ) A ky, < ky, excluding the HSLs.

Three dimensions: Weight 1: HSPs (I', R); Weight 3: HSPs (X, M); Weight 6: HSLs (I'-X, M-R); Weight
8: HSL (I'-R); Weight 12: HSLs (I-M, X-M, X-R); Weight 24 for the four triangular surfaces cornered by the
HSLs: ky € (0,1) ANky < ki Ak; =0,ke € (0, 1) ANky < ke Nkz =ky , ky € (0,1) Nky = kx ANky < ki
s ky = Ak, € (0,1) ANk, < ky; Weight 48 for the enclosed volume of the triangular pyramid, i.e., kx €
O, ) Nky <kx Nkz <ky.

Parallelization

The code can conveniently be parallelized, e.g., by using OpenMP. It is usually most efficient to parallelize
the evaluation of different input parameters, but also parallelizing the momentum sum can be effective if the

integration grid is not too small.

If Q is included as a continuous parameter of the simplex minimization algorithm, we have to either calculate &x4q without the
grid (not recommended) or employ a very large grid of i to extract £k and Ex+q accurately for every Q and respective discretized
momenta of the summation.

2Be aware of the correct integral normalization, i.e., (2N )4 if there are N discretized momenta between I and X and d spatial
dimensions.
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D.3 Pitfalls to avoid

Last but not least, consider the following remarks to avoid pitfalls during the numerical implementation or
data analysis:

* Benchmark results with certain known limits in order to eliminate implementation errors: For the

MF minimization, e.g., the analytical solution for the half-filled Hubbard model [53], or the PM and
non-interacting limit (Table 4.1). Moreover, the PM limit of the magnetic fluctuation matrix has been
established in Section 5.2.2. Also, consider the consistency checks discussed in Chapter 13.

Make sure that results from the parallelized code are recovered without parallelization in order to
eliminate possible errors from race conditions.

Choose efficient basis of MFs and consistent starting values for the simplex minimization algorithm:
Apply the substitutions suggested in Section 4.4.3 to reduce the number of minimization parameters
for the FE. This is especially required for the Hubbard model to guarantee convergence. For a correct
evaluation of fluctuations, one has to resubstitute according to Equations (4.27c) and (4.30c) at the
respective saddle point. Moreover, the starting values of the SBs need to satisfy all MF constraints and

these quantities are required to remain positive semidefinite during the minimization process®.

Be aware of local minima: The simplex minimization may get stuck in local minima, especially for
competing magnetic phases or near the Mott transition. Consider the algorithm presented in Section D.1

to seek the global minimum.

Perform a consistent back-folding in the context of the momentum grid: Le., make sure that terms
like €x+4 back-folded to the BZ by exploiting k + 2ntn — k.

Be aware of the convergence parameter 7 that yields from analytical continuation (iw, — w +in):
Static susceptibilities can be calculated most efficiently for w = = 0, and finite but arbitrarily small
temperature T. In that case, however, the zero momentum limit of the occurring Lindhard function
needs to be implemented according to Equation (5.31b). Finite w requires 1 > 0 for convergent numerics.
Remember that 7 does not only enter the Lindhard function but also the bosonic part of the fluctuation
matrix [Equation (5.20)], and it must be consistently chosen in Equation (5.57b) for the evaluation of the
conductivity.

Monitor the convergence of the momentum summations: The sufficient number of integration points
N4 strongly depends on the specific application. MF integrals usually converge faster than fluctuation
quantities?. Fluctuations around gapped ground states converge much quicker than metallic states that
employ a FS. In that context, an enhanced DOS at the Fermi-level requires a higher number of integration
points, which makes fluctuation calculations in the context of heavy fermions in the PAM particularly
challenging. Finally, finite (w, n) usually leads to a slower convergence of the associated Lindhard
function, and n should typically be much smaller than all other energy scales. Decreasing n, however,

requires increasing N in order to uphold convergence, where N oc 1/1 can act as a rule of thumb.

1This can, e.g., be achieved by adding a large energy penalty to the FE if this additional constraint is violated.

2Reasonable MF convergence for the Hubbard model and PAM can already be achieved for N 2 > 1002 and N3 > 203 for the AFM TKI
model with exploiting the previously discussed irreducible 3D wedge, although a higher resolution is recommended to refine the
results. For fluctuations, we typically applied N2 > 5122, N3 > 643, dependent on the specific parameter regime.
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