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Abstract

Relativistic effects crucially influence the fundamental properties of many quantum materials. In
the accelerated reference frame of an electron, the electric field of the nuclei is transformed into a
magnetic field that couples to the electron spin. The resulting interaction between an electron spin
and its orbital angular momentum, known as spin-orbit coupling (SOC), is hence fundamental to
the physics of many condensed matter phenomena. It is particularly important quantitatively in
low-dimensional quantum systems, where its coexistence with inversion symmetry breaking can
lead to a splitting of spin degeneracy and spin momentum locking. Using the paradigm of Landau
Fermi liquid theory, the physics of SOC can be adequately incorporated in an effective single
particle picture. In a weak coupling approach, electronic correlation effects beyond single particle
propagator renormalization can trigger Fermi surface instabilities such as itinerant magnetism,
electron nematic phases, superconductivity, or other symmetry broken states of matter.

In this thesis, we use a weak coupling-based approach to study the effect of SOC on Fermi sur-
face instabilities and, in particular, superconductivity. This encompasses a weak coupling renor-
malization group formulation of unconventional superconductivity as well as the random phase
approximation. We propose a unified formulation for both of these two-particle Green’s function
approaches based on the notion of a generalized susceptibility.

In the half-Heusler semimetal and superconductor LuPtBi, both SOC and electronic correlation
effects are prominent, and thus indispensable for any concise theoretical description. The metal-
lic and weakly dispersive surface states of this material feature spin momentum locked Fermi
surfaces, which we propose as a possible domain for the onset of unconventional surface super-
conductivity. Using our framework for the analysis of Fermi surface instability and combining
it with ab-initio density functional theory calculations, we analyse the surface band structure of
LuPtBi, and particularly its propensity towards Cooper pair formation. We study how the presence
of strong SOC modifies the classification of two-electron wave functions as well as the screening

of electron-electron interactions. Assuming an electronic mechanism, we identify a chiral super-
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conducting condensate featuring Majorana edge modes to be energetically favoured over a wide

range of model parameters.



Zusammenfassung

Relativistische Effekte bestimmen die Eigenschaften vieler Quantenmaterialien entscheidend. Im
beschleunigten Bezugssystem eines Elektrons transformiert das elektrische Feld des Kerns in ein
magnetisches Feld, welches an den Spin des Elektrons koppelt. Die daraus resultierende Wechsel-
wirkung zwischen dem Spin eines Elektrons und seinem Bahndrehimpuls, bekannt als Spin-Bahn-
Kopplung (engl. spin-orbit coupling SOC), ist fiir die Physik vieler Phinomene der kondensierten
Materie von grundlegender Bedeutung. Dieser Effekt ist in niedrigdimensionalen Quantensyste-
men, wo seine Koexistenz mit Inversionssymmetriebrechung zu einer Aufspaltung der Spinentar-
tung und Kopplung des Spins an den Impulsfreiheitsgrad fiihren kann besonders wichtig. Mit dem
Paradigma von Landaus Fermi-Fliissigkeits-Theorie ldsst sich die Physik des SOC in einem effek-
tiven Ein-Teilchenbild gut modellieren. Ausgehend von einem schwach gekoppelten Bild konnen
elektronische Korrelationseffekte, die iiber diese einfache Theorie hinausgehen, eine Instabilitét
der Fermi-Fliche auslosen, die zu Magnetismus, elektronisch-nematischen Phasen, Supraleitung
oder anderen symmetriegebrochenen Materialzustéinden fiihrt.

In dieser Dissertation verwenden wir einen auf schwacher Kopplung basierenden Ansatz, um
die Wirkung von SOC auf Instabilititen der Fermi-Fliche und insbesondere auf Supraleitung zu
untersuchen. Wir betrachten eine storungstheoretische Renormierungsgruppenformulierung fiir
unkonventionellen Supraleitung die Random-Phase-Approximation (RPA). Auf Grundlage der
verallgemeinerten Suszeptibilitdt entwickeln wir eine einheitliche Formulierung fiir diese beiden
Ansitze.

In dem Halb-Heusler-Halbmetall und Supraleiter LuPtBi sind sowohl SOC- als auch elektro-
nische Korrelationseffekte fiir jede theoretische Beschreibung von grofler Bedeutung. Der met-
allische und schwach dispersive Oberflachenzustand dieses Materials weist Fermi-Flichen mit
gekoppeltem Spin und Impuls auf, die wir als mogliche Doméne fiir den Beginn unkonventioneller
Oberflichensupraleitung vorschlagen. Wir kombinieren ab-initio Dichtefunktionaltheorieberech-

nungen fiir die Oberflichenbandstruktur von LuPtBi mit der Renormierungsgruppe und der RPA
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fiir eine Analyse der Fermi-Oberfldcheninstabilititen and der Kristalloberfliche. Wir untersuchen,
wie die Existenz von starkem SOC die Klassifizierung von Zwei-Elektronen-Wellenfunktionen
sowie die Abschirmung von Elektron-Elektronen-Wechselwirkungen modifiziert. Unter der An-
nahme eines elektronischen Mechanismus identifizieren wir ein chirales supraleitendes Konden-

sat mit Majorana-Randmoden, das iiber einen weiten Bereich von Modellparametern energetisch
begiinstigt ist.
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Introduction

Superconductors are fascinating materials of both technological relevance and academic interest.
Already in the year 1911, Kammerlingh Onnes discovered that electrical resistivity of mercury
vanishes when the material is cooled to liquid helium temperatures (7' = —270 °C). It was quickly
established that this phenomenon is not unique to mercury as a material [1]. This property of
superconductors, namely their perfect conductivity, forms the basis of the most widely spread use
of superconductors today in high-field magnets for particle accelerators and magnetic resonance
imaging machines [2]. From the viewpoint of fundamental research, it is neither the vanishing
resistivity nor the perfect diamagnetism exhibited by the superconducting state of matter that make
it so remarkable. Rather, it is the fundamentally quantum mechanical nature of this macroscopic
phenomenon.

Quantum mechanics is instrumental to our modern understanding of atoms, molecules, and ma-
terials. Nevertheless, we can describe almost all macroscopic systems perfectly by using classical
mechanics and electromagnetism. This is due to the fact that the quantum mechanical wave-
function in most systems is localized to the span of a few atoms [3]. This limits the direct ob-
servation of quantum effects to experiments that are either extremely sensitive to, or explicitly
probe microscopic length scales. Superconductivity is a notable exception to this observation. If
a superconductor is cooled below its critical temperature at which the phase transition to the su-
perconducting state occurs, a macroscopic fraction of the electrons inside the material condense
into a single quantum state that necessitates a description via a single quantum mechanical wave
function [4, 5]. The multiple occupation of a single quantum state requires the formation of bound
states between pairs of electrons, known as Cooper pairs. In 1972 the Nobel prize in physics was
awarded to J. Bardeen, L. N. Cooper, and J. R. Schrieffer for their theory of superconductivity,
commonly known as BCS theory. In their work they derive a unified theory from the microscopic

forces binding the Cooper pairs to the phase coherence of the macroscopic condensate. This
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phase coherence of the emerging state provides a natural explanation for the vanishing resistivity
and perfect diamagnetism of the superconductor.

In conventional BCS superconductors like mercury or niobium the bound states of electrons
form due to an attractive potential between them that results from their coupling to the crystal’s
lattice vibrations (phonons). Due to this, the superconducting transition temperature 7. corre-
lates with the electron phonon coupling in these materials. An effect that can be demonstrated
by comparing the 7. of different isotopes of the same element [6]. Notably, the attractive poten-
tial generated by the phonon modes of materials like the layered copper-oxides is insufficient to
explain their “high-7,.” and a new explanation for the pairing mechanism is needed [7].

Long before the discovery of “high-7,.” superconductivity in the cuprates by J. G. Bednorz
and K. A. Miiller in 1986 [8], W. Kohn and J. M. Luttinger realized that the repulsive Coulomb
potential between two electrons may support the formation of Cooper pairs inside a solid state
material [9]. Their result rests on two important insights: (i) Cooper pairs may have finite angular
momentum; (ii) Screening of the long-range Coulomb potential can lead to attractive interaction
channels in a harmonic decomposition of the effective interaction.

Combining these ideas leads to the conclusion that superconductivity can arise from the repul-
sive Coulomb interaction between electrons alone. Cooper pairs with distinguishable angular mo-
mentum result in different superconducting states of matter and, therefore, relate to different order
parameters. This mechanism forms the basis for the current understanding of the pairing mech-
anism in the “high-7,.” superconducting material classes of the cuprates and iron-pnictides [10-
12].

While more generally valid, the theory of Kohn and Luttinger as well as the BCS theory of su-
perconductivity were initially applied to relatively isotropic three dimensional systems (a sensible
assumption for most conventional phonon based superconductors). The mentioned “high-7,.” su-
perconductivity arises in layered materials i.e., materials with a large anisotropy in their chemical
and electronic structure. For the example of “high-7,.” copper-oxide materials, the ratio of the
conductivity in the doped copper-oxide planes is up to three orders of magnitude higher than in
the perpendicular direction [13].

From a theoretical point of view, the dimensionality of a physical system does not only in-
fluence its description via certain models but critically determines the relevance of interactions
between the constituent particles. Some intuition for this can be gained when we consider a
one-dimensional system of electrons interacting via the Coulomb potential induced by their iden-
tical charges. Clearly, the particles in such a system can never switch places, thus emphasizing
the importance of their potential energy U over their kinetic energy 7. While the argument is
more involved for higher dimensions, it is still possible to show that electron correlations for sys-

tems of identical particle density are stronger in two spatial dimensions than in three [14]. This
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significance of correlations in low dimensional systems naively suggests that interaction driven
spontaneous symmetry breaking is enhanced in these systems. It is important to note that this
intuition has to be complemented by various arguments and proofs that exclude the possibility of
true long-range ordering i.e., spontaneous symmetry breaking of a continuous symmetry in one
spatial dimension (two spatial dimensions at finite temperatures), often referred to as Mermin-
Wagner-Hohenberg (MWH) theorem [15-17].

For fully three-dimensional layered bulk systems such as the copper-oxide superconductors and
layered iron pnictides, the MWH theorem is clearly irrelevant as they develop long-range magnetic
(breaking the spin-rotation symmetry) or superconducting order (breaking the U(1) gauge symme-
try associated with particle number conservation) depending on the parameters of the system [8,
18, 19]. Nevertheless, the theoretical modelling of these systems often neglects the interaction
and movement of particles between different layers of the system i.e., the dispersion of the system
is assumed to be perfectly two-dimensional [11, 12]. For the case of the copper-oxide supercon-
ductors, it is widely believed that their properties can be sufficiently captured by a single-orbital,
square-lattice tight-binding model with additional onsite interactions between the particles [11].
This model was introduced already in 1963 as a simple model describing the physics of electrons
in narrow bands formed by d or f orbitals by J. Hubbard [20] and became one of the paradigmatic
models of correlated electron physics.

While the Hubbard model has so far eluded an exact solution, its various exactly understood
limiting cases exhibiting a wide range of physical phenomena drive continuous interest [21]. In
its simplest form the model is characterized by two parameters: The first is the ratio U/t of the
hopping amplitude 7 between nearest-neighbour sites on the lattice and the potential energy penalty
U that is associated with doubly occupied sites. The second parameter 0 < n < 2 counts the
average number of electrons per unit cell. Despite its parametric simplicity, this basic model
seems to provide an adequate description of the copper-oxide materials at various doping levels
(corresponding to different values of n in the model), while being complex enough to necessitate
approximations or parameter fine tuning to obtain physical insights from it [22].

Unfortunately, the copper-oxide materials are best described at intermediate or large values
U/t, where perturbative treatments are not justified [11]. The experimental observation of quasi-
two-dimensional superconductivity, however, has not been limited to this regime. In fact, even
the superconducting state of copper-oxides with larger than optimal hole doping may be properly
described as emerging from of a correlated metal state that is well described by the Hubbard model
in the limit of small U/t [22]. For this situation an exact solution for U/t — 0 is possible [23]. A
reasonable expectation would be that conclusions from such an analysis hold even for the onset of

finite interactions. This is indeed confirmed when employing more involved (but less controlled)

3
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approximations such as the random phase approximation (RPA) or the functional renormalization
group (fRG) [24, 25].

While most of these approximation techniques are not limited to the simplest Hubbard model
per se, adapting them to extended-Hubbard type models is still challenging on an implementation
level. Including longer range hopping and nearest neighbour repulsion terms, adding orbital de-
grees of freedom, or putting the model of interest on a more complex lattice geometry make it
a versatile tool for the description of various realistic material systems. This approach has been
employed in the past for the investigation of multiple strongly-correlated metals such as the iron-
pnictide superconductors and Sr,RuO, among others.

Recently, the inclusion of spin-orbit coupling (SOC) into theoretical models has become par-
ticularly relevant for the description of real materials of experimental interest [26, 27]. SOC is
one of two leading order relativistic effects in atomic theory, the other being the spin-spin inter-
action between different electrons. It is most intuitively understood in the accelerated reference
frame of an electron orbiting the atomic nucleus. From this point of view, the electric field of the
moving nucleus gives rise to a magnetic field that couples to the electrons spin via the Zeemann
interaction. Compared to the spin-spin interaction, SOC is significantly more relevant for con-
densed matter systems as the associated energy scale is related to the host atoms atomic number
Z. For a hydrogen like atom with central charge Ze, the SOC interaction scales as AEsoc ~ Z*.
Correcting for the screening charges in heavy atoms, one still obtains an approximate scaling of
AEsoc ~ Z* [28, 29]. While calculating spin-orbit effects on the band structure of real mate-
rials is standard in modern density functional theory implementations like the Vienna ab-initio
simulation package [30], its interplay with electronic correlations in general and unconventional

superconductivity in particular is an ongoing research effort [31-34].

Hubbard models for realistic materials

Here, we want to highlight three instances of generalized Hubbard models that form a signifi-
cant part of the research during my PhD before continuing to the main part of the thesis. The
highlighted problems include the investigation of lattice geometries different from the square lat-
tice, the inclusion of additional orbital degrees of freedom, and the influence of a third spatial

dimension.

Layered Kagome materials AV,Sb,

One of the most natural extensions of the single-band square-lattice Hubbard model is its adap-

tation to different lattice geometries. A prime example of the rich physics resulting from such a
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simple change is the emergence of unconventional charge and spin order as well as spin triplet
f-wave superconductivity in the Kagome Hubbard model [35, 36]. In 2013, this phenomenology
was established in a purely theoretical study of the Kagome Hubbard model, without realistic
material analogues in sight.

The discovery of the layered Kagome metals AV;Sby (where A is one of the Alkali metals i.e.,
potassium, rubidium or caesium) in 2019 constituted the starting point for the experimental inves-
tigation of correlated Kagome systems in the metallic regime. Like the high-7, superconductors
discussed above, these materials display a layered structure in which the vanadium atoms form a
Kagome lattice in each plane shown, in Figure 1 [37]. Additionally, the chemistry of the system
conspires with the crystal field in the vicinity of the vanadium atoms in a way such that the vana-
dium 3d orbitals are part of the relevant low-energy degrees of freedom. Due to the comparably
small volume of these orbitals and resulting confinement of the electrons, one can expect strong
correlation effects in such a system. The resulting tendency for spontaneous symmetry break-
ing due to residual quasiparticle interactions is further enhanced by the large density of states at
and around the Fermi-level in these materials. This feature is facilitated by the systems chemi-
cal potential being tuned close to multiple van Hove singularities in the pristine i.e., non doped
stoichiometry.

Combining the two-dimensional character, metallic nature and relevance of electronic correla-
tions of the vanadium d-orbitals, it is not surprising that the layered Kagome metals have recently
emerged as a prime candidate for exotic Fermi-surface instabilities in general and potentially un-
conventional superconductivity in particular [38—40]. The interest in the material class is further
enhanced by the fact that three compounds were found to be superconducting with critical tem-
peratures of 7, = 0.93K (KV,Sbs), 7. = 092K (RbV;Sby), T, = 2.5K (CsV;Sbs) [38, 41,
42] and that various unconventional charge density wave (CDW) orders have been experimentally
identified in these materials.

In a recent letter [43], we developed an effective Hubbard type tight-binding model for the anal-
ysis of the superconductivity in AV;Sbs. Our model is able to encompass the necessary complex-
ity of multiple van Hove singularities in the vicinity of the Fermi-surface as well as the Kagome
lattices special sublattice decoration, while still allowing for a thorough analysis of its pairing
instabilities. One of the central insights of our model building was that the two van-Hove sin-
gularities (vHs) in the Kagome lattices band structure feature two distinct sublattice structures.
While the non-trivial sublattice structure of the Kagome tight-binding model and its influence on
the superconducting instabilities of the related Hubbard model have been discussed earlier [44],
this more subtle point was not clarified there.

The energy eigenstates of a nearest-neighbour Honeycomb lattice tight-binding (TB) model are

formed from perfect super positions of the two sublattices i.e., the probability of a given energy

5
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0+--—-3=- T

r K1 M, r
Path in k-space

Figure 1: (a) Top view of the KV,;Sbs crystal structure. The blue atom in the center represents
the alkali metal (potassium (K) in this case), the vanadium (V) atoms in silver form the Kagome
net and the antimony (Sb) atoms organize themselves in an interlacing honeycomb lattice. The
top view hides the fact that not all atoms reside in the same plane. (b) Sketch of the sublattice
structure and orbital model of the Kagome V planes. The sign structure of the d,, and d,, orbitals
(shown from above) is depicted in blue and red. The red, yellow, and orange colouring indicates
the three Kagome sublattices. (c) Band structure of our 2 orbital X 3 sublattice effective model
along the conventional high-symmetry path through momentum space (k-space) and in vicinity
to the Fermi-level. The color coding is used to depict the sublattice support of the energy
eigenstates at each momentum.

eigenstate to be measured on sublattice A is identical to the probability for the other sublattice
B. We call this even sublattice occupation. In contrast, the energy eigenstates of the Kagome
TB model vary between an equal split between all three sublattices and the pure occupation of a
single sublattice degree of freedom. In particular, two different types of van Hove singularities
exist in Kagome systems, which we call sublattice mixing (m-type) and sublattice pure (p-type)
and they relate to the lower and upper van-Hove singularity of the simple three-band Kagome
model, respectively.

In principle, the modelling of an AV,Sbs band structure around the Fermi-level would require
at least 17 distinct orbital/sublattice degrees of freedom per unit cell. This number is comprised of
the five d-orbitals for each of the three distinct vanadium atoms per unit cell forming the Kagome
structure and the contribution of two antimony p, orbitals. In order to dramatically decrease the
numerical cost associated with our analysis and still preserve the complexity of multiple p- and
m-type van Hove singularities, we decided to constrain our model to the vanadium d,,,,. orbitals.
Figure 1 shows a top view of KV;Sbss crystal structure as well as the real space sketch of our
tight-binding-model. In panel (c) the band structure in the vicinity of the Fermi-level is presented.
One can clearly identify the p- type (m-type) vHs located just below (above) the Fermi-level at
the M point of the Brillouin zone.
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Using this tight binding model as the basis for an extended Hubbard model with long-range
interactions and analysing it via the random-phase-approximation (RPA) based approach for un-
conventional superconductivity discussed in the methods section of this thesis, we were able to
identify strong competition between various exotic superconducting states. We further highlighted
how the interplay between nearest neighbour repulsion and the sublattice structure resulting from
the different types of van Hove singularities gives rise to the possibility of inter sublattice triplet

f-wave pairing.

Infinite-layer nickel oxides with three-dimensional characteristics

The infinite-layer nickel oxides (nickelates) RNiO, (R being a placeholder for rare earth atoms
e.g. La, Pr or Nd) and their hole doped versions are another promising class of materials for
the investigation of unconventional superconductivity [45—47]. In these compounds, the unusual
+1 oxidation state of the nickel atoms results in a d° electronic configuration, analogous to the
copper-oxide superconductors. As a result, the key low-energy degrees of freedom are formed by
the Ni d,>_,» orbitals hybridizing in the systems NiO,-planes. While this feature is similar to the
copper-oxide planes, the contribution of the interstitial rare earth atoms to the low-energy degrees
of freedom is unique to the nickelate system. The charge transfer gap between the oxygen p and
nickel d-orbitals is also significantly enhanced. In summary, the electronic structure of the infinite-
layer nickelates provides a perfect testing ground for the crucial ingredients of unconventional
superconductivity due to its similarities and differences to the “high-7,.” copper-oxide materials.
The possibility of rare earth atom substitution constitutes an additional tuning parameter in the
system that can be used to test our understanding of the superconducting mechanism at play.

In [47], we studied an extended Hubbard model of selected Ni and Nd orbitals that allowed us
to adequately capture the low-energy electronic degrees of freedom in the infinite-layer nickelate
NdNiO,. Using the RPA in the fluctuation-exchange parametrization we identified its dominant
pairing instability to be in the d,>_,» channel, making the connection to the copper-oxide supercon-
ductors even stronger. Another key result of our analysis is the presence of an intrinsic hole doping
of the systems Ni d-orbital Fermi-surface that is facilitated by the two small electron-like pockets
formed by Nd d-orbitals. The expected stronger correlation between Ni 3d-orbitals compared to
the Nd 5d-orbitals, combined with symmetry constraints on the coupling between them, restrict
the relevance of these states to this self doping effect, justifying an effective two-dimensional

modelling of the system a posteriori.

7
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Multi-orbital effects in transition metal oxides

Prior to the discovery of the infinite-layer nickelates discussed in the previous section, nickelate
heterostructures were suggested as a potential avenue for the realization of an electronic struc-
ture resembling the “high-7,.” copper-oxide materials [48]. For the specific case of the LaNiO; /
LaAlO; heterostructure discussed there, a quasi-two-dimensional electronic structure comprised
of Ni 3d-orbitals in a tetragonal crystal field was proposed. In contrast to conventional copper-
oxide superconductors, however, the Ni 3d’ configuration and weak crystal-field splitting between
the two e,-orbitals require the consideration of both orbital degrees of freedom. Similarly, the re-
duction of the apical oxygen distance in BaCuO3,; necessitates the consideration of such an e,
two orbital model for the description of its low-energy degrees of freedom.

Despite the similarities in the low-energy electronic structure between these compounds, exper-
iments reveal BaCuOs,s as a “high-T,.” superconductor with 7. ~ 70 K while superconductivity
has not been observed in LaNiO, / LaAlO; heterostructures and the 7. of related structures has not
exceeded 3 K. We were able to explain this striking difference in critical temperatures from calcu-
lations on a unifying two-orbital Hubbard-like model. Using a variety of many-body methods we
identified the differences in e,-orbital splitting and band filling between both material platforms

as the critical parameters that drive/ inhibit the superconducting transition temperature.

Two dimensional quantum-material platforms

While superconductivity in the cuprates, nickelates and Kagome metal systems can be under-
stood as quasi-two-dimensional, due to the weak-coupling between parallel layers of strong hy-
bridization, their real material instances are bulk systems with a macroscopic number of layers.
In this sense, they fundamentally differ from truly two-dimensional systems. From a theoretical
standpoint, two-dimensional superconductivity is constrained by the Mermin-Wagner-Hohenberg
(MWH) theorem [15], that prohibits true long-range correlations of the superconducting order pa-
rameter in less than three spatial dimensions. Nevertheless, the system can form quasi-long-range
ordered correlations in the order parameter via the Kosterlitz-Thouless-Berezinskii (KTB) transi-
tion and a zero resistance state with perfect diamagnetism i.e., superconductivity can still appear
without violating the MWH theorem [49, 50].

Experimentally, the pronounced relevance of disorder for the superconducting transition in two-
dimensional systems makes its observation challenging, especially since the system is dominated
by its interfaces / surfaces in the residual spatial dimension in this limit. The crossover regime
between two and three-dimensional superconductors has been studied since the 1970s [51] via

the investigation of superconducting thin films of elemental metals such as lead or bismuth on
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insulating substrates. In these systems, a superconductor-insulator (S-I) transition was observed
as a function of the sheet resistance (correlated with the film thickness) [52]. Other experiments
present evidence for the existence of a KTB transition via analysing the scaling of a thin films
resistance as a function of temperature in the vicinity of the phase transition [53].

Owing to the fact that one of the two critical length scales in a superconductor, the supercon-
ducting coherence length & (next to the London penetration depth), is of the order of a few hundred
nano meters for conventional BCS superconductors, the thickness of a two-dimensional supercon-
ductor may exceed the atomic-scale thickness. This is in fact what was observed in the previously
mentioned works [52, 53].

Recent advances in material fabrication further led to the discovery of two-dimensional su-
perconductivity in systems of atomic scale thickness, such as single atomic layers deposited on
insulating substrates, electronic states forming at the interface between different materials and
even specifically engineered systems composed of several atomic-monolayers [54-56]. In con-
trast to the previously discussed systems, the superconducting properties of these systems can’t
be understood as a thin-film limit of three dimensional materials. The main reason here is the
simple lack of three-dimensional extensions of these materials. Phrased from a different point
of view, the unique possibilities for the design of electronic parent states in two-spatial dimen-
sions provide an arena for the emergence superconductivity that exceeds the three dimensional
systems significantly. Most interestingly, the superconductivity in a variety of systems such as
atomic monolayers of FeSe, magic-angle twisted bilayer Graphene (MATBG) or, most recently,
a monolayer of Sn deposited on Si(111) have been suggested to be of unconventional origin [54,
56-61].

The discussed sensitivity of two-dimensional superconductors to disorder as well as difficulties
in consistent sample preparation pose significant experimental challenges in all of these systems.
A possible avenue towards simpler sample manufacturing and preparation is to circumvent the
need for multiple materials and the artificial creation of atomically sharp interfaces by using the
simplest interface available in any material: its surface to the vacuum. The broken translational
symmetry perpendicular to this interface generically allows for additional electronic states con-
fined to the surface [62] that may then (under the right conditions) form dispersive bands parallel
to the surface of a given crystal. While the resulting surface bands may be linked to a non-trivial
topology of the bulk band structure as present in topological insulators or semimetals, such a
structure is no prerequisite for the formation of metallic surface states. They can be easily un-
derstood as an effect of the change in boundary and, therefore, normalizability conditions on the
electronic wavefunction [62]. From a complementary point of view, one may consider the missing
bonding partners at the crystal surface and resulting changes to the local electronic structure as

key ingredients for explaining these additional states. Due to their ubiquitous nature and com-
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paratively simple experimental realization, metallic surface states provide a perfect avenue for the
investigation of two-dimensional superconductivity.

In contrast to the two-dimensional material platforms discussed above, the possibility of un-
conventional surface superconductivity seems to be theoretically unexplored. While experiments
evidencing superconducting states constrained to the surface of the sample are numerous and
cover a wide array of materials [63—68], the interpretation of the results seems to be limited to
conventional s-wave order parameters and phonon-based mechanisms.

In this thesis, we will demonstrate that the enhanced nesting effects in two-spatial dimensions
may conspire with electronic correlations to induce unconventional superconductivity in such a
metallic surface state. A prime material candidate for this endeavour is LuPtBi. This material is
experimentally known to feature a metallic surface state with a significant density of states on top
of a semimetallic bulk. Additionally, the combination of the non-centro-symmetric space-group,
large spin-orbit coupling effects and superconductivity in LuPtBi and it’s close cousin YPtBi have
already triggered enormous interest and several interesting bulk superconducting states have al-
ready been proposed for them [69-71].

Outline

The discussion of the specific case of the potential for unconventional surface superconductivity
in LuPtBi is going to be prefaced with two more general chapters focusing on the methodology
employed for this and the other projects mentioned in this introduction.

The first chapter starts with a definition of the class of generalized Hubbard type models we
want to consider. Subsequently, we develop a formalism for analysing the propensity towards
Fermi-surface instabilities caused by the electronic correlation effects in these models. A par-
ticular focus is given to unconventional superconducting instabilities. The discussed framework
is based on the calculations of generalized linear response susceptibilities and provides a unified
viewpoint on random-phase-approximation (RPA) calculations and the weak-coupling renormal-
ization group (wcRG) approach to unconventional superconductivity. We show how this angle of
approaching the problem can be exploited in order to achieve a numerically efficient and gauge
invariant implementation of the necessary calculations in generic models.

Based on the formalism developed in the first chapter, we benchmark our numerical implemen-
tation in the second chapter. Here we start by reproducing literature results for the Hubbard model
on the square and triangular lattice and continue with exploring the effects of spin-orbit coupling

on the correlated electron physics in these models.
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Chapter three, finally uses the developed formalism to investigate the potential for unconven-
tional surface superconductivity in LuPtBi. Starting from an ab-initio calculation for the elec-
tronic structure of the material, we construct a generalized Hubbard model for the description of
its metallic surface. We continue by dissecting the spin and charge fluctuations of the model and
calculate the effective electron-electron interaction in the Cooper channel of the model. Finally,
we identify the superconducting instability implied by our analysis and close with a discussion of
potential experiments that may provide evidence for surface superconductivity in general, and the
particular superconducting ground state predicted by us in general.

The formalistic and computational toolkit developed during my PhD allows for and led to the
the study of many realistic quantum materials as outlined above. Nevertheless, I decided to focus
the application part of the thesis to the problem of unconventional surface superconductivity as
its study necessitates the inclusion of spin-orbit coupling into the microscopic description on a
methodological level and constitutes a novel arena for unconventional superconducting mecha-

nisms conceptually.
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Methodology

In this part, we introduce the theoretical and numerical
framework used to study the quantum many body problems
introduced in the following chapters. The contents of this

part of the thesis are partially included in Reference [72].






Methodology

The introduction of this thesis highlighted the fact that Fermi-liquids can undergo a supercon-
ducting transition driven by electronic correlation effects [9]. In fact, condensed matter research
over the past decades has led to the discovery of a variety of superconducting materials featuring
a metallic parent state and a pairing mechanism which is likely driven by electronic correlations
rather than electron-phonon coupling [22].

Starting from a Fermi-liquid description of the metallic state, an initial perturbative treatment
of the residual correlation effects is appropriate. This picture was the starting point for an analysis
by Kohn and Luttinger in 1965 [9]. They found that the ubiquitous presence of particle-hole (PH)
fluctuations in a metallic state introduces an additional momentum dependence into the effective
(screened) electron-electron interaction already on perturbative level. This modified interaction
generically supports the emergence of an unconventional superconducting condensate, as the ex-
istence of a single attractive channel with infinitesimal strength can drive the Cooper instability
of a Fermi-liquid. Decades later, their argument was re-established in a more systematic way for
generic lattice models [23, 73], resulting in the application of the theory to numerous toy models
and materials [44, 74-77]. We henceforth label this approach as weak coupling renormalization
group (wcRGQ) as it relies heavily on a 1-loop perturbative treatment of the electron-electron in-
teraction (for a detailed review see e.g. [73]). Its central motif is to retain analytical control over
the divergence in the particle-particle (PP) channel via the introduction of a cutoff. Subsequently
one can show that the physical results are independent of this calculational device and obtains a
rigorous formulation of unconventional pairing in the limit of vanishing coupling.

A related, but somewhat less rigorous approach to unconventional superconductivity arising
from particle-hole fluctuations is given by the random-phase approximation. Both experimen-
tal and theoretical studies have established such particle-hole fluctuations, mostly in the form of
spin-fluctuations, as a common thread between many unconventional superconductors [22]. For a

material system close to a (magnetic) instability, such fluctuations can, within a leading approx-
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imation, be well described by the random-phase-approximation (RPA). One can then proceed to
analyze the pairing interactions induced by these fluctuations [24, 78, 79]. While a rigorous con-
vergence radius for the RPA has not been established so far, it is clear that the error will usually
increase with the electronic coupling strength, as all vertex corrections and other higher order di-
agrammatic components are neglected. If we start from the hypothesis that the pairing is driven
by particle-hole fluctuations however, their resummation to arbitrary order should yield a valid
description even beyond the limit of perturbative coupling strengths, making the RPA a useful
tool for the qualitative analysis of superconductivity beyond the analytically controlled limit of
the wcRG.

In this chapter, we will start by establish a general class of extended Hubbard models and pro-
ceed to briefly summarize the fermionic coherent state path integral formulation of the quantum
many-body problem, the theoretical basis upon which the wcRG and RPA rest. The emergence of
unconventional superconductivity in these models is first discussed via a generalized formulation
of the wcRG that natively allows for the inclusion of spin-orbit coupling terms, does not necessi-
tate an analytically solvable tight-binding model and enables efficient interaction phase-diagram
scans. Subsequently we discuss how the central building block of this formulation, the general-
ized non-local particle-hole susceptibility N, relates to correlation functions and susceptibilities of
general two-particle operators. We finally present a generalized formulation of the RPA based on

this object before discussing numerical aspects of its efficient computation.

1.1 Generalized Hubbard model

The formalism described here concerns generalized Hubbard type models. The spinful (s;) elec-
trons in our models can occupy different orbital and sublattice degrees of freedom denoted by a
fused index w;. The kinetic part of the Hamiltonian generically is of tight-binding type

Ho= " > tua(ts = To)ciey (1.1)

Io,r2 ao,az

where a; = (w;, 5;) is a fused spin, orbital and sublattice index, cj denotes the creation operator
of an electron with indices a; on a lattice site r; and the amplitudes #;; parametrize translation
invariant hopping processes between states cj |0) and c} 10).

Using the translation invariance of the model via Fourier transformation we we find

Ho= > > (D taa®e ™)l ey (1.2)
k

ap,az r
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While the matrix 7,,,,(r) may not allow for a closed analytical solution for generic systems, we

can always find a numerical eigenmode decomposition

Pasay(K) = D Tanay (1™
i

(1.3)
= ) Ve K, (K)V, 0, (K)

The solution of the eigenvalue problem is parametrized by (possibly degenerate) band energies
€q,(K) (eigenvalues) and a complete set of orthonormal eigenvectors v, (k) of the matrix, which
encode the orbital-spin structure of the energy eigenstates. We note that the Fourier transformation
of systems with multiple sites in the unit cell should be done in “proper” gauge as defined in [80]
in order to ensure full periodicity of A(k) across all Brillouin zones (BZ). The proper gauge a
choice of basis which appears as if all orbital positions lie in the center of the unit cell, eliminating
the possibility for terms with fractional real-space lattice vectors in the Hamiltonian. This allows
the definition of all other operations and in particular integrations without explicit specialization
of the BZ in which to evaluate, as they are all equivalent.

An important detail we want to stress here is the fact that the orbital band transformations
Va.o;(K) are only defined up to gauge transformations i.e., ¥ ®v, , (k) are equally valid solutions
to the eigenvalue problem given by Equation 1.3. Additional care must be taken in the case of
degenerate bands where not only the phase but also the choice of basis in the degenerate subspace
is not specified by the eigenvalue problem. While the second issue is easily circumvented by
analytical separation of the spin degree of freedom in the case of non spin-orbit coupled systems,
the first issue is ubiquitous and particularly relevant for models requiring a numerical solution
of Equation 1.3. This ambiguity in the choice of eigenstates poses difficulties in the analysis of
Hubbard type models due to the resulting gauge-dependence of the bare interaction in band space
as we will elaborate now.

Notwithstanding these arguments, a representation of Equation 1.1 in terms of energy eigen-

states
Ho= ) > &®c) e, (1.4)
k «a
with
Chi= D VaaK)c), (1.5)

a

proves to be an computationally useful device.
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A general translation-invariant two-particle interaction is denoted by a quartic Hamiltonian of

the form

Hy =" Usayasas(F1s B2 B3)clele g (1.6)
{ri} A{ai}

where we define F; = r; — ry to compactify notation and emphasize translational invariance. We
further employ {x;} = xo, x1, X2, x3 as a shorthand notation for multiple sums. Using the same

Fourier transform (in proper gauge) as before we find

H; = Z Z U{“"}({k"})czzﬁkzczmkscal,klCao,ko (1-7)

ki} {ai}

where we introduced the definition

Uy (ki) = 6(ko + Ky — ks — k3)
U{a}(fl f.2 f.3)e+i(k1f‘1—k2f‘2—k3f‘3) ) (1_8)

By B B3
Analogous to the single particle Hamiltonian, a subsequent transformation into band space results

in

Uy (KD = > Vasar (K2)Vasa (K3)
{ai} (1.9)

Voo, KDV 0y (Ko) Uy (K3

Our previous discussion on the gauge freedom in the definition of the eigenvectors v,,, make it
clear that this expression is manifestly gauge variant. Due to this it may be a useful analytical
device in some cases, but not a computationally advantageous quantity for general models. While
one can trivially avoid this issue by considering the interaction in orbital space only, this is not
commonly done in the wcRG and functional renormalization group (fRG) literature. There, cal-
culations in band space are standard since they enable a restriction of the effective interaction to
the bands crossing the Fermi-level. While performing calculations in orbital space can in princi-
ple be fused with such an approximation, the performance of the established Fermi surface patch
formulation of the fRG is significantly reduced in such a hybrid approach. The reason is that a
restriction of the interaction to the Fermi surface is most useful if the interaction is constrained
to one band at the Fermi surface, resulting in a reduction of the vertex function by a factor of
N2, [81, 82]. Nevertheless, our formulation of the wcRG via the generalized susceptibility does
not allow for such a reduction, but in turn allows for gauge invariant calculations of two-particle

scattering amplitudes. Note that fRG calculations in orbital space are possible and have been suc-
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cessfully employed in the analysis of electronic instabilities in the Honeycomb Hubbard model
and the square lattice Hubbard model with added Rashba spin-orbit interactions [34, 80, 83—85].

Before continuing with a discussion of the wcRG and RPA methodology, we want to pro-
vide some additional context to the applicability and relevance of our models to real materials.
Landau’s Fermi-liquid theory tells us that the metallic phase of a material can be described in
terms of non-interacting quasi-particle excitations [86]. This crucially does not mean that that the
Coulomb interaction between the “bare” constituent electrons is neglected. Instead the statement
implies that it is possible to describe the low-energy excitations of a metal as non-interacting.
Throughout this thesis we adopt the point of view that the residual, and therefore weak, interac-
tions between such low-energy quasi-particle excitations drive the system into a spontaneously
symmetry breaking, many-body correlated phase. The generalized Hubbard models discussed
above can be viewed as an intermediate construction between the full electronic structure of a real
material and such a low-energy effective theory. While realistic materials are generically formed
from multiple atoms per unit cell with many valence electrons, the analysis of bond-chemistry and
crystal field effects often results in the insight that only a small subsection of electronic degrees
of freedom are relevant for the low-energy physics at the Fermi-level. Such a simplification can
be used to provide a connection between toy-models and real materials e.g. the one-band square
lattice Hubbard model description of the “high-7,.” cuprates as mentioned in the introduction. As
a next step, one can use results of ab-initio density functional theory (DFT) calculations as the
input for the calculation of maximally localized Wannier functions which can then be used to con-
struct low-energy effective models for realistic materials [87]. This provides a low-energy model
with a constrained number of orbitals as well as the matrix elements #,,,,(r) governing the transi-
tions between them. Interactions can be added to such a model “by hand” as a phenomenological
parameter. Alternatively it is possible to compute them via ab-initio methods in the constrained
random-phase-approximation, where the low-energy sector chosen for the minimal model and the
full DFT results are used as an input (see e.g. [88] and references therein). Since this thesis is
focused on the methodological development of the analysis of unconventional superconductivity
in the resulting models, we constrain ourselves to scenarios where the interaction is treated as a
small phenomenological parameter. In the following Chapter 2 we will apply our methodological
toolbox to toy model Hubbard models on the square and triangular lattice. Chapter 3 investigates
the possibility for unconventional surface superconductivity in LuPtBi on the basis of an ab-initio
electronic structure calculation of its surface state.

Prior to an investigation of these models we will now proceed with a brief summary of the
fermionic coherent state path integrals that will be the basis for both the wcRG and RPA described

subsequently.
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1.2 Path integral formulation for generalized Hubbard
models

Instead of the microscopic dynamics of every single particle of the system, we are interested in
the thermodynamic properties of its collective modes. Such a scenario is conveniently captured
by the partition function

Z=Tre?", (1.10)

where the trace indicates a sum over all possible microscopic states and 8 = 1/(kgT) is the inverse
temperature in units of Energy [89] (with the Boltzmann constant kg ~ 1.381 x 1072 JK™! ~
86.17ueVK™).

One common approach to evaluate this partition function for interacting Fermion systems of
the type discussed in the previous chapter is via fermionic path integrals [73, 90, 91]. In the case
of a theory described by Equation 1.1 and Equation 1.6 the conventional procedure is to start with

a set of coherent states

Wo(K)) = 10) = Yo (K) |, k) (1.11)

that are based on the solution Equation 1.4 of the non-interacting problem and obey the eigenvalue

equations

Cox Wa(K)) = Yo(K) [Yra(K)) . (1.12)

Importantly such states can not be constructed using conventional complex numbers but require

the ¢, (k) to be anticommuting Grassmann numbers

VoKWK = YK o(k)  —  yo(k) =0, (1.13)

in order to uphold the fermionic antisymmetry of the wavefunction. We can therefore write the

coherent states with an exponential function

Wa(K)) = exp{-wa(K)c}(K)}10) . (1.14)

We will refrain from a complete review of the properties of Grassmann numbers, e.g. their
behaviour under integration and differentiation and the resulting coherent states (check [73] for
a nice review in the context of correlated electrons and the renormalization group, the textbook
references [86, 90, 91] including bosonic path integrals or my Master thesis [92] for a more
elaborate summary in similar notation) and simply state one of the most important results: Using

adjoint coherent states

WKl )y = Wy (0, (K) (1.15)
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it is possible to formulate a resolution of unity for the complete Fock space from coherent states
= f rl dig, (K)dyr, (k) e 7% ® Jy, (K)) (i, (K) - (1.16)
a.k

Note that the adjoint Grassmann numbers i, (K) are a new set of independent variables, unrelated
to ¥, (K) The product over all integrals « and k is often abbreviated by introducing ¢ as a vector

of Grassmann numbers and writing

= [[apaw )@ [Tewow = [apa o) @ e et 117)

ak

Notice that we have been careful to only commute pairs of Grassmann variables during all oper-
ations. Using this shorthand notation it is possible to calculate the partition function in terms of

coherent states

Z=Tre# = [ agage Bt gle ) (118

where the additional minus sign in the bra-type coherent state arises due to the anti-commuting

nature of the Grassmann variables. For a normal ordered operator A(c! k) the matrix element

a, k’
(—| A ly) is simply evaluated by replacing all fermionic annihilation and creation operators with
the respective coherent state eigenvalues v, (K) [, (k)]. For the exponential of a normal ordered
operator this is not possible as one can see from a second order Taylor expansion. In the path-

integral approach, this problem is solved by splitting the exponential

e = lim (e—%H)N = lim (1 - %H)N, (1.19)

N—oo N—oo

into N — oo parts and performing a first order Taylor expansion in 8/N. Adding an additional

resolution of unity

= fd'v_btdwl |w>l <,7[_,l| e Sk ¥io Wi a(k) (120)

between each of the N factors then removes all operators and matrix elements from the formulation

and we are left with the evaluation of 2N integrals over Grassmann vectors y;

= pim f l_ldwdwe N (S H(wam(k) Vi) Wiy . (1.21)

Crucially we had to implement the periodic boundary conditions

Uy =¥ and Yy, = —Y (1.22)
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for this compact notation to work. Calculation of

Gralr) = expli, i) = exp{Z &(,,,.H(k)wa,,-(k)} (1.23)

ak

and rewriting the term 1 — 8/NH (i) back into exponential form yields

N N - -
: v ﬁ l//a,i(k) - l/’(r,i+1(k) -
<= Al’l_r& f D [dl’//id"bi] exp{—ﬁ ; ; ( B/N Voi(k) + H(‘/’a,m(k), lﬁa,i(k)))} .
(1.24)

Before taking the limit N — oo in the partition function we consider the continuous set of Grass-

mann numbers

'ﬁa(ka Ti) = wa,i(k)

- - (1.25)
Yo (K1) =, (K).
These functions of T are anti-periodic in 8
Yok, 7 +B) = ~Yo(K, 7) (1.26)

in order to fulfill the periodic boundary conditions in Equation 1.22 and may therefore be repre-

sented via a discrete Fourier series

Vo, D) = ) Yok, )

_ T (1.27)
ok, 7) = > e, (K, w,).

n

The anti-symmetry is now encoded in the fact that only odd frequencies

(1.28)

contribute to the series expansion.
As a final preparation for the “continuous” path integral formulation of the partition function,
we investigate the properties of our Grassmann valued function at an infinitesimally incremented

time T+ 0

ok, T+6) = > e (K wy) = ) e NT(1+0(wn0) ok, ) = Pk, )+ D Ow,).
' ' " (1.29)
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From this result we can deduce that disregarding terms of order ¢ restricts the validity of our anal-
ysis to frequencies smaller 1/6. Since infinitely many frequencies may contribute to the partition
function, taking the limit N — oo is therefore not sufficient to obtain an exact result for the parti-
tion function if we simply replace y(t + 8/N) by (7). Fortunately we are only interested in the
correlations functions at low-energy and thus small frequency of our model and the approximation
holds for this case [73].

By replacing
N
B[ fin=1f @
2 fiﬁ —>f0 f(r)dr and BN - gf(r) (1.30)
we read of the continuous action
- s 0 -
SWa =y fo H(0,06,7), 0ok 1) = (50 (kD) i, 7) dr (1.31)
ak

from Equation 1.24. The conventional form for the action is obtained via partial integration with

vanishing boundary terms (guaranteed by the anti-symmety of /(7))
. P _ d _
Sw =), f Dok 1), ) + (k. 7). ok, 7)) dT (1.32)
ak 0 T

Introducing the shorthand notation

f ﬂ[d%dwik f D(1), Y(1)), (1.33)
i=1

we find the following expression for the partition function:
<= f@(lﬁ(T), w() exp{-S (¥, ¥} . (1.34)

Example calculations for the free theory

To illustrate the benefits of our previous calculations, we start by calculating some basic properties
of the non-interacting problem and perturbatively add the interactions in a second step. For the

free theory, the action reads

’ 9 _
So=2, f VoK, D) o—ta(k, 7) + 4 (K, Deéa(K)a(k, T) d7 . (1.35)
ak 0 (9‘1'
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Using the orthogonality relation of different Fourier components

B . .
f et T AT = B (1.36)
0
we use the Fourier transformation given by Equation 1.29 and find

So=B > Uk, @)~ iw, + &R WK, w,). (1.37)

n ak

This transformations Jacobian is unity, therefore we can rewrite the partition function in terms of

a path-integral over fields at different frequencies instead of “time-slices” T

Z-= f D(&(wnwm»exp{—ﬁzZ%(k,wn)(—iwn+ea<k>)wa<k,wn>}. (1.38)

n ak

We have decoupled the path integral completely into the problem of independent fermionic oscilla-
tors and obtain a path-integral free representation for the partition function by using the definitions

for Grassmann integration [90, 92]
z=[1]] f A, (K, w,) Ay (K, w,) exp{ =B, (k, w,)( - iw, + &K) ok, w,)}
ak n
=T 1] [5(-iw. + ).
ak n

Using this result we can calculate an intermediate result that will prove to be valuable in the

(1.39)

calculation of any thermal expectation values. Consider the expression

f D(P(wn), Y)W, (K1, W Wy (Ko, ) exp{=S o Iw,), Yr(wy))}
- f D((w), (@) Py, vy exp{=So( Ty )|
= rl [ — OnNeONoN, + (1 = O )(1 = 5NN1),3( — 1w, + Ean(kn))]

N

=onm (=D - | | B(=iwn + &, (k) (1.40)

N#Ny
_5N0N1 .
= B( - iwn + €, (k)
B( = i, + €0, (ko)) l;[ (
6N0N1 Z 600016(1(0 - kl)é(wno - wm)

B (i, = €ay(ko)) B (i, — €ay(ko))
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Since the result is again proportional to the partition function, one usually uses the shorthand

notation

(Aw. D)), = zio f D((wn), Y(@n)) AW, §) exp|=S o (wy), Y(wy))} (1.41)

for “expectation values” of Grassmann valued functions A(y, ¢). The index (), denotes averaging

over the bare action S . For the previous expression 1.40 we can therefore write

(1.42)

_  Bagen ko — k)S(@s, = @)
(K1 (Ko o), = Bliwn, - enk)

This object is called the imaginary time Green’s function in Matsubara frequency representation.
Using this result we can calculate the thermal expectation value of any normal ordered operator.

As an example we consider the mean-particle occupation at momentum Kk

ko) = D€l 1 Corte- (1.43)

@p

The thermal expectation value of this operator is given by [89]
(ko)) = Tr in(ko)e . (1.44)

We can now employ fermionic coherent states to evaluate the trace, use the path integral discretiza-
tion for the exponential and replace the operators in 71 by the corresponding Grassmann numbers

at imaginary “time” 7 = 0
1 - - -
(o)), == 2, f D(P(T), Y(0)) Py (Ko, T = 0 + Sy (Ko, T = 0) exp{=So(, )} . (1.45)

Note that we were careful to include the fact that the creation operator cZO

K, acting on the left
coherent state is applied to a “time” slice at T = 0 + ¢ (slightly “later”’) while the annihilation
operator acts on the coherent state at 7 = 0 as defined by Equation 1.21. In the next step we insert

the Fourier representation of /(1) and employ Equation 1.42

<I’l(k0) Z Z Z fﬂ(w(wn) l/’(wn)) elwmo l//ao(kO, wmo)l//ao(ko’ wno)eXP{ o(#ﬁ l//)}

@y mo,nQ

R 00(106(k0 = K)o (wny — Wpy)
ZZ,; (lwno — €y (ko))

DM

ay no :8 lwno an(kO))

(1.46)
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The evaluation of our expectation value has been reduced to a standard Matsubara frequency

summation (for details see e.g. [90] or [93]) with the well known result

iw,0"
é i:)n £ eﬁ’-f?1+ 1= () (1.47)
and we find
(ko)) = " nr(Beny (ko)) (1.48)

@p

for the mean-particle occupation.

Linear response theory for static perturbations

In order to gain insight into the phenomenology of a physical system in (thermal) equilibrium,
theorists and experimentalists alike perturb the equilibrium slightly and monitor the changes to
some of the characteristic observables. Often it is sufficient to model a systems response to such a
perturbation to linear order in order to capture the essential properties of the state at hand.
In the framework developed so far we describe a perturbation to the system by adding a term to
the Hamiltonian
H=Hy+H + A (1.49)

where the scalar A controls the strength of the perturbation and the operator A governs the action
of the perturbation on our system. A general overview over such perturbation operators as well as
common examples are discussed in Section 1.4.1. Here we want to focus on how we can calculate
the response of our system to such a perturbation by considering how it changes the expectation
value of a different operator B.

We have seen in the previous section how such an expectation value is calculated using path
integrals. The addition of a new term into the Hamiltonian can be described by an added term in

the action

B
Sa= f AQ(7), (1)) dr . (1.50)
0

The expectation value of some operator B in the presence of this additional action is

(B),, = Z%A f D(#(). v()) B ) exp|=S (4(0).w() = A4 (B w@)}. (15D)

We expand Z,4 to linear order in A

Zu~ f D), p(@) (1= A8 ) exp{=$ (1), w())} = Z - A(S4) Z = z[l - A(SA>] (1.52)



1.2 Path integral formulation for generalized Hubbard models |

and conclude that

(B)M = (B) + A(B)(S4) — A(BS 1) + O(1). (1.53)

This is conventionally re-written into the form

tim 24— (B)(5,) - (BS 1) := ~(BS.), = xan- (1.54)

The subscript “conn” denotes the fact that only the connected Feynman diagrams contribute to the
expression for the susceptibility since one has to subtract the product (B)o(S 1)o. We will elaborate
on this notion of connected diagrams in the following section about the Wick theorem. Finally we

note that our expression for the static susceptibility can be written as

B
xua == [ (B =000 = DAWE).B + ) o (155)

with the previously discussed regularization ¢ arising from the path integral formulation. Read-
ers familiar with such expressions may wonder about the absence of an imaginary time-ordering
operator. Since we understand all expectation values to be defined by the path-integral expression
Equation 1.41 which already performs such a time-ordering by construction, no explicit time-

ordering is necessary here.

Wick theorem for the interacting theory

Inspired by the preceding linear response calculation we will now continue with the analysis of
the interaction term H; via a Taylor expansion. This treatment lies at the heart of the Feynman
diagram approach to interacting many-body systems and is not restricted to the application in
perturbation theory as we will see in Section 1.3 and Section 1.4.

Recall that our system is described by a kinetic Hamiltonian (see Equation 1.4 and following)

Hy= ) ) @R, o (1.56)
k @
and an interaction part
:
Hi = Z Z U “’ ) k€ az k3 Car ki Capko * (1.57)
{k } (Yt

Both parts are already normal ordered so that we can replace the operators with their correspond-

ing Grassmann fields (7). The additional derivative arising in the path integral formulation is
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quadratic in the fields and therefore added to the kinetic part and we define two seperate actions

p_ i
So=) f (K, T)[a— + &(K) |k, 7) dr, (1.58)
a.k 0 T
and 5
S1=). > Um(iki) fo Dy (K, T 3, (K3, T, (K1, Ty (Ko, 7) T (1.59)

{ki} {ai}
We have already solved the non-interacting problem via Fourier transformation. Employing the

same expansion for the interacting part yields
1= > Vet (k) > Bl (Ko, 0,34, (K, 0 W, (K1 0 Wiy (K0, )@, + @ = 0, = )
{ki} {ai) {wn;}

=B, Ut (i 10 D (K, @0 )y, (3, @, W, (K1 @00, Wy (K, )
}

ki) {a7) (@,

=pB Z U239 203910 -
0,123
(1.60)

Here we have absorbed the energy conserving delta function that results from the integration over
7 into the coupling function U and introduced a multi-index i = (;, k;, w,,) in the last line. Using

this notation the kinetic part of the action (quadratic in fields) reads
So =B (—iwn, + € ko) )lo¥o (1.61)
0
Inspired by Equation 1.42 we define the reciprocal Green’s function

G = Oapan (Ko — k)3, — wi,)( = iy, + €0, (Ko)) (1.62)

and write

So=8) G- (1.63)
0,2
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1.2 Path integral formulation for generalized Hubbard models

Now we represent the partition function of the interacting system via a Taylor series expansion

of €. This results in a sum of expectation values that are calculated with respect to S
Z-= zozio f D, ¢) exp{=S (b, v)} exp{ =S o(¥. v}
1 - - 1 - 2 -
= Z f D(0,v) [1 AL E(s,(l,//, w)) ; 0((5,)3)] expl-So(f )} (164)

= 2f{1), = (52), = 5(07), = (060

The first term in this expansion just gives Z, as expected. For all following terms we see that we
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will have to calculate expectation values of type
(1.65)

<l7/1l/_/312’5- . l//4l//2¢’0>0 :
We have previously (compare Equation 1.42) seen that

Oz = Go (1.66)
B, = €ar(ko))

<‘Z2'ﬁ0>0 =

and it is simple to show by explicit calculation (see e.g. [92]) of the Grassmann integrals that

(Il = (Bawo) (B3n), = (Bstho) (Fa01), = GoaGrs = GaGra. (1.67)
In general we see that each field necessitates a conjugate partner with identical quantum numbers

as one expects for particle conserving systems and one finds the general formula to be [94]

<1Z1J’3~-~lZ’2n+1¢2n~-~¢2¢’0>0 = Z (- 1)(nP)<'Z’P(1)¢P(0)>0<&P(3)w13(2)>0'"<&P(2n+1)w1’(2n)>0’
all pairings P
(1.68)

known as Wick’s theorem for fermions. Note that we have to sum over all possible pairings P of
the 2n Grassmann fields while np keeps track of the number of permutations needed to achieve a

given combination, resulting in an antisymmetric expression under particle exchange.
Using these results we can estimate the energy cost of adding an interaction U to our theory by

calculating the expectation value

<H1>0 = < Z U0,1,2,3C;C;CICO>O = Z U0,1,2,3<1Z2(_ﬁ3l//1lﬁ0>0 = Z U0,1,2’3(G02G13 - G03G12) .

0123 0123 0123
(1.69)
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Using the antisymmetry of the interaction matrix elements with respect to particle exchange

+Up123 = —Uip23
T o (1.70)
=-Upi32=+U1032

the expression can be simplified to a single term and subsequently evaluated analogous to Equa-

tion 1.48
<H1>O =2 Z U0.123G02G13 = 2 Z U101 1 !
0123 0.1 'B(w”o B an(k‘)))ﬁ(w’” B E‘“(kl)) (1.71)
=2 Z Z U aparaar (Ko, K1, Ko, K1) np(€q, (Ko)) 1 (€, (K1) -

ko.ki @o,a1

While it is clear that analogous calculations can in principle be done to arbitrary order in S, / U,
we note that the number of terms to track grows in a combinatorial fashion and the number of
frequency and momentum integrals is proportional to the number of interactions in each term.

A convenient way to track all of these different contributions is by using Feynman diagrams.
Instead of listing a precise set of rules for the translation between such diagrams and expressions
of the type considered here we will refer the reader to the extensive literature (e.g. [86, 90, 91])
and focus on examples of associated formulas and symbols. Single particle Green’s functions are

replaced by lines with an arrow indicating which Fermion is created (annihilated)

Gpp=0—>—2 (1.72)
0——2 0 2

<c§c§clco>0 = - >< (1.73)
1—3 1 3

while interaction vertices are replaced by black dots to distinguish them from accidental cross-

ings of propagator lines induced by the diagrams topology

Upi23 = X (1.74)
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(1.75)

<H,>0 =2 Z U0123G02G13 = 2.
0.123 Q

Note that free indices are indicated by open ended Fermion lines, while closed Fermion loops
imply a summation over all internal indices. At interaction vertices and along all Fermion lines
momentum and energy are conserved, greatly reducing the number of required summations.

In contrast, an arbitrary external operator may break these conservation laws. We represent this
by an additional line that we label with the introduced degrees of freedom. For example we may

represent a two fermion operator

A, D) = ) An(a,Deje, (1.76)
0,1
via the diagram
(q,0)
Ap(q. D) = : (1.77)
0 1

where ( is the momentum inserted into the diagram by the operator and / is a placeholder index
for all potential sub-lattice or spin-degrees of freedom. For the time independent observables and
perturbations considered in this thesis, the external line does not carry energy such that energy
conservation holds between the fermion indices 0 and 1.

Having established a framework for the calculation of scattering amplitudes in the interacting
theory via perturbation theory, we proceed by investigating the impact of the interactions on the

ground state of our non-interacting model via the perturbative renormalization group.

1.3 Weak coupling renormalization group (WcRG)

The weak coupling renormalization group (wcRG) approach to unconventional superconductivity
centers on the motiv of perturbative coupling strength. This not only justifies a perturbative expan-
sion of the interaction as presented in the previous section but further enables us to use analytically

established arguments about the systems ground state.
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If we restrict our interest to the scenario U/W — 0 (where U is the largest interaction parameter
in the problem and W the bandwidth of the non-interacting theory), we can truncate any pertur-
bative calculation at second order in perturbation theory and neglect all diagrams of higher order
without loss of accuracy. Techniques that allow for th retention of higher orders in the interaction
will be discussed in Section 1.4.

Further, it is analytically established that a generic (not fine tuned) Fermi-liquid subject to in-
finitesimal repulsive interaction always has a superconducting and a superconducting instability
only. The fact that such an instability exists generically has been first pointed out by Kohn and
Luttinger [9]. It’s existence as well as the absence of particle-hole instabilities in this particu-
lar limit can be understood in the language of the perturbative renormalization group developed
by Shankar and Polchinksi for weakly interacting electron systems [73, 95]. Raghu er al. [23]
used this formulation as the basis for calculations of the Kohn-Luttinger effect in lattice models.
Here we present a generalized formulation of their method applicable to the generic tight-binding
Hamiltonian presented in Equation 1.1. Crucially, our formulation allows for a straightforward
generalization to random-phase approximation calculations as will be explained in Section 1.4.

The wcRG is formulated at temperature 7 = 0 via the introduction of an artificial cutoff
into the problem [23]. € is constrained from below such that the most divergent terms in the
perturbative expansion of the partition function i.e., the Cooper logarithms are still small in the
first step of the RG calculation. This allows us to neglect many-body effects on the renormalization
of the bare interaction and truncate its perturbative expansion at second order. The cutoff is further
restricted from above by the relevant interaction scales for the the magnetic and charge channels
and we can neglect it for the calculation of particle-hole fluctuations [74]. To state this in a more
quantitative way:

If p denotes the density of states at the Fermi level, the cutoff Q is restricted to a parameter
range

W > pU” > Qy > (e(kr) - min e(k))exp[ — (pU)]. (1.78)

The first part of this inequality allows us to calculate an effective interaction including the renor-
malization effects of modes with energies larger than €, via second order perturbation theory in
U/W. Due to our lower bound for € it is also guaranteed that the resulting interaction will still be
small enough for the application of one loop renormalization group equations to the new theory.
Since we define all energies e(k) to be defined relative to the Fermi energy, e(kr) — ming e(k)
simply is the Fermi energy in our system.

In the established path integral formulation of the fermionic many body problem we now start

by dividing the action into fast modes i, &f with Matsubara frequency indices w,, > ) and the
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remaining slow modes ¥, ¥,

S =SoWstb) +SoWs W) +S (e, Wby =Sos+Sop+ 5. (1.79)

Notice that energy conservation implies a separability of the non-interacting part of the action

S0, while S, couples slow and fast modes. Since the path integral measure is given by a product
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over Grassmann fields at different frequencies we can now rewrite our expression for the partition
function and find [96]

Z-= f (. ys) e f Dy vrp) e e = f D(Fy)e e, (1.80)

where S constitutes an effective action for a theory that only includes the slow modes. We can

read of how to calculate this effective interaction from Equation 1.80
el = f Do) 515 = (€50, Zoy (1.81)
and perform an expansion up to second order in §;

S1Ws ) = —loge ™ yor — log Zoy

_ o (=S A G 1/ =S\ 3
= —log<1 +Z_; . >0f+const. = —<Z; . >Of+§<Z] - >0f+O(S,)+const.
1

=—(-51),, - %((51)2>0f + (- S,>;f +O(S3) + const.

(510, = ({507, ~ ($1);, ) + O + const.

(1.82)

The first order contributions to the effective action S} are given by the bare interaction S ; evaluated
between slow modes as well as self-energy corrections which can be neglected in the limit of
infinitesimal coupling strengths [23, 73]. At second order, we are left with the connected diagrams
only, as all disconnected diagrams are canceled by the square of the first order term. Taking all
contributions with four external slow modes into account, we find a diagrammatic expression for

the effective interaction between the low-energy fermions
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0 2 0 2
0 2 0 | 2
Upias = >< +4 ><:><+8m 1 -8 n . (1.83)
1 3 1 I3
1 3 1 3

We have labeled the internal propagators to be integrated over (fast modes) by 1 and ,1,m, n and
note that the momentum and frequency indices of the latter three are restricted by their respective

conservation laws at each vertex. They can therefore be expressed as a function of external legs
and 1

1=0+1-1
m=2-0+1 (1.84)
n=3-0+1.

The resulting theory is now composed of modes restricted to a small annulus of size € around
the Fermi energy e(Kr) that interact via the weak renormalized interaction U such that one can
easily apply the standard Fermi-liquid RG procedure by Shankar and Polchinksi to it [73, 95].
Raghu et al. have shown by explicit calculations up to fourth order in perturbation theory that
this two-step procedure removes any dependence of physical observables on the intermediate and
artificial cutoff Q [23]. From their calculations one can also see that the central property govern-
ing the low energy physics is the effective interaction in the Cooper channel U{e(?;}(kp, qr), while
contributions with deviating momentum structure and self-energy effects can be safely neglected.
From the restrictions we chose for € it is clear that it is sufficient to restrict ourselves to momenta
kr, qr from the Fermi surface since these are the only degrees of freedom present in the second
step of the renormalization. We thus adapt our notation to reflect this constraint to the Cooper
channel

Ui 23 =Ulai)1,) (Ko, K1, Ko, K3)

(1.85)
Uay(Kp, 4F) :=Ua jw,,=0/(KF, —KF, 4F, —qF)

where kr and qy are restricted to lie on the Fermi surface and we are only interested in band
indices «; corresponding to zero energy modes at these momenta. In the following we will see

how this effective interaction between Cooper pairs is calculated numerically.
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1.3.1 Calculation of the effective Cooper pair interaction

From Equation 1.83 we see that the effective Cooper pair interaction at second order in perturba-

tion theory is given by

Uit (&r,qr) = U (Kr, qr)

2nd order (1 86)
+ U{a,—} (kFa qF),

and second order corrections are given by the particle-particle (PP), direct (D) particle-hole (PH)

and crossed particle-hole (cPH) diagrams

U{Z(Ef}l Order(kF’ qF) = +4U{Pal::}(kF, qF)

+8U )\ (K, qr) (1.87)
_SUFPI}{(kF,qF)-

@

In the band space notation we previously introduced the different contributions are given by the

integrals
PP _ kr,—kr,1,-1 y PP 1-Lqr.—q
U{”i} B Zf dl Ua(fa/lﬂll;o Lﬁl o(l) Uﬁlﬁoszas ' (1.88)
ﬁlvﬂo QO
PH _ kr.m,qr,1 + PH L,-kp.m,—qr
Ut = Z f dLuke ™l 2 (1, m) U ke (1.89)
ﬁlsﬁm
cPH _ kr.n,—qr,1 y PH L—KkF.n,qr
U{“i} N Z f dl Uaoﬁnaaﬁz Lﬁlﬁn(l’ n) Uﬁzwlﬁnaz (1.90)
ﬁ[!ﬁn
where

m=1-kg+ and
Frdr (1.91)
n=1-Kkr—-qr

due to momentum conservation [23, 33, 73].

Using the fact that the bare interaction is constant in imaginary time and restricting our focus
to the zero energy sector of the effective interaction, we can absorb all frequency summations into
LP" and LFP. Standard Matsubara summation techniques can then be used solve the frequency
dependence analytically which reduces the propagator pairs to the well known fractions

_ nr( = Be,(D) — np(Be, (1)

PP
Fon 0= e (D (192
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and
« l - «
Lz}_}l (l, m) — nF(ﬂE 1( )) nF(ﬁE m(m)) (193)
" em(l) - fam (m)
with the Fermi Dirac distribution 7nz(x)
() = — (1.94)
np(XxX) = o+ 1 . .

Using the property ng(—x) = 1 — np(x) one can convert the nominators of these fractions to the

computationally disadvantageous but easier to interpret expressions

np( = Bea (D) = np(Bew, (D) = (nr(Bew, M) = 1)(nr(Ber, (~1) = 1) = nr(Bew, M)nr(Beq, (1)

np(Bew, () — np(Be, (m)) = (np(Be, D) = 1)np(Be,, (m)) — np(Be, D) (nr(Be,, (m) - 1),
(1.95)

where each factor of np(E) [1 — np(E)] describes the probability of finding an filled [empty] state
at energy E. This way it is clear that we can interpret Equations 1.92 and 1.93 as the summary of
all processes in second order perturbation theory that correspond to the intermediate excitation of
PP and hole-hole like or the two different particle-hole like excitations respectively.

While the wcRG is formulated in the limit of zero temperature i.e., 8 — oo, we retain the
temperature dependence as it provides a physical smoothing parameter as well as providing an
even more natural connection to two-particle susceptibilities. Note that the PP diagram in Equa-
tion 1.88 is explicitly regularized by restricting its integration to modes 1 respecting |eg (+1)| > Qg
while no such restriction is needed in the particle-hole diagrams due to the careful choice of €),.
Nevertheless, the denominator of LP? may vanish for the case of 1 = m and @; = a,,, resulting in

LP (1,1) = n)(Be, (D) L 5(ey, (1)) (1.96)

)

which requires special treatment in the numerical evaluation. We can explicitly calculate these

edge cases via a line integral along the FS using

1 dl
dlo(eg () = | deg o— 6(g5(D) = —_—, 1.97
j];Z () f » Vieg (€a) j;sﬁl Vg, (D (157

where vg, (1) denotes the Fermi velocity on band f3;.

The calculation of the PP diagram in Equation 1.88 would indeed require a careful implemen-
tation of the cutoff. Closer inspection of the formula yields the insight that the vanishing total
momentum of Cooper pairs disallows the emergence of new momentum dependencies kg or qp.

Additionally, the diagram scales with U? compared to U for the bare interaction. Combining these
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facts one can draw the conclusion that the PP diagram merely rescales the bare interaction and ne-
glect it completely in the limit of vanishing U [23, 74]. While this approach was adopted for the
remainder of this thesis, we would like to point out that the interaction structure of multi-orbital
systems is not momentum dependent, posing a potential loophole for the argument. Furthermore,
the calculation of the PP diagram is restricted to the q = O transfer momentum, making the numer-
ical cost of calculating this diagram negligible compared to the particle-hole diagrams. Therefore
a simple sanity check for the presented argument could always be implemented in any numerical
scheme with negligible cost.

As we have seen, the formulation of the diagrams in band space is useful for the analysis of
models with a closed analytical solution for H, as well as the presented path-integral derivation.
For models where Hj can only be solved by numerical matrix diagonalization, the gauge variance
discussed in Sect. 1.1, requires particular care. Inserting the orbital band transformation matrices
from Equation 1.9 into the expression for the direct particle-hole bubble above we can arrive at

gauge invariant and therefore numerically preferable quantities

ke, qr) = ) f dlZZ o, (1, m)

BiBm {a;} {bi}
* * k
va()(lo (kF)vblﬁ (m) Ua;bjr;;;; Varas (qF)Vb3ﬂ1 (l)
l,-kr.m,—q
Vg DVi o, CRR)U, Y vy, (M) Vg 05 (—q )

= Z aoao (kF)va] a (_kF)vazaz(qF)va3ag (_qF) (1 98)

kFl‘l‘qu l kF,ma_qF
Zfd Uaoblazbz boaibras
{b;}
% PH *
D Vi (g (LEE, (01003, 01,0

BiBm

For the special case of momentum independent interactions, we are able to pull the interaction
terms in orbital space in front of the 1 integration and the object to integrate is the generalized

susceptibility known from random phase approximation calculations
Xaoamzag (l - m) = Xaoamza} (kF - qF) = - fdl Z Vzoﬁ(l)vazﬁ(l)lllg;l(l, m)Vzly(m)Vaw(m) . (199)
By

We now generalize this idea to momentum dependent interactions Uy,,({k;}) i.e., non-local inter-

actions. To this end we first introduce the integrand of this generalized susceptibility as

Xaparara; (1, M) = Z Vi sVasML 1, m)v, - (m)v,,,(m). (1.100)
By
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In the next step we explicitly write our bare interaction in the direct particle-hole channel (D-
channel) representation of the singular-mode and truncated-unity functional renormalization group [97,

98] approaches

Uta(ki)) = 6o + Ky — ks —ks) >~ U (ko = ko) f; (ko) f(K3) , (1.101)
LJ
where the f;(k) denote a finite set of envelope functions that can be adapted to the specifics of
the input interaction and are commonly known as form factors. In App. A we show that such a
reformulation is generically possible for reasonable translationally invariant interactions involving
a finite number of bonds and that the number of form factors is bounded by the number of sites
involved in the interaction with a reference site.
Inserting Equation 1.101 into our gauge invariant expression for the direct particle-hole diagram
yields

U (kr, qr) = Z Voo KEIWV 0y (“KE)Visor (AF)Vasor (~GF)

Z Ufﬁffa2b3 —qn) U, (kp —qr) (1.102)

b}

f AL X, poips (1 m) fo (KE) fo, (D f5, D fes (—4QF) -

This motivates us to define

b0b1b2b3(kF’ qF) - fdl f;(l)Xboblhzbs(l’l - kr + qF)fh(l) (1-103)

as an even more generalized susceptibility. Here we chose the Hebrew letter N (Aleph) due to its
similarity with the Greek letter y. Repeating this calculation for the crossed particle-hole channel
reduces to the same integral. In conclusion, the knowledge of N for all points kr and qF on the
discretized Fermi surface is sufficient for the calculation of both the PH and cPH diagrams without
further integration. In particular, this allows for an efficient calculation of phase diagram scans in
all possible values of Ug:s: for a given single-particle Hamiltonian Hy.

As we will see in Section 1.4, the structure of our generalized susceptibility also allows for
a straightforward calculation of all particle-hole like diagrams contributing to the random phase
approximation. In fact our proposed form factor decomposition is formally equivalent to a proce-
dure which has been previously utilized to incorporate long range Coulomb interactions in FLEX

implementations [99]. We further note that it is straightforward to express the momentum depen-
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dence of the bare interaction in the PP channel and thereby facilitate a similar structure for the
remaining diagram.

We have now established a gauge invariant formulation for the numerically expensive momen-
tum integration. The gauge of the effective interaction in band space, however, is not yet fixed.
We tackle this problem by enforcing the calculation of the pair interaction between time reversal
partner states. This is possible for generic models as the time reversal operator 7 does not affect

the real space, orbital or sublattice degrees of freedom and can always be represented by
T =ioXK, (1.104)

where o, acts in spin space, K represents complex conjugation and the orbital sublattice structure

is trivial. Instead of calculating the effective interaction between Cooper pairs created by operators

clacikﬁ, we consider an interaction between states created by

A —

A 1 . A 5ol
et Tel, 7 = Z VaaRWVysK)et, Tel, T

ab
= D vaa Wy, D DLl (1.105)
a,b c

- Z Vaﬂ,ab(k)paircltacikb .
a,b
Here we have defined the quantity
Vet (&) = vaa(K) D DL (T)vig(K), (1.106)

which has the advantage that it is invariant under gauge transformations of the type
Vaa () = €y ,(K). (1.107)

Z)Ib(T) represents the unitary part of the time-reversal symmetry operator in orbital-spin-space
and is given by a tensor product of io-, in spin and 1 in orbital-sublattice space. Our construction
eliminates possible gauge differences between states at k and —k arising from numerics by using
the state at k to define the state at —K in a natural way.

Equation 1.107 is sufficient to solve the gauge-problem for the case of non-degenerate bands at
the Fermi surface, as we generically expect inter-band (i.e., finite frequency) Cooper pairing to be
negligible. For degenerate Fermi surfaces that naturally arise in the context of fully spin-rotation
symmetric models or spin-orbit coupled systems that respect inversion symmetry, Cooper pairing

between different band indices @ # 8 at zero energy needs to be taken into account. While we can
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fix the relative gauge between the degenerate states at a given momentum k as well as their time-
reversal partners at —k, the choice of the pseudo-spin basis is not fixed by this procedure leaving
a residual gauge degree of freedom. In order to relate Cooper pair scattering amplitudes between
states at different momenta in a meaningful way (an operation that is necessary for symmetry
operations), a consistent choice for the pseudo-spin basis along the Fermi surface has to be made.
For band degeneracies originating from spin rotational invariance this choice is naturally given
as the spin sector decouples trivially from the theory. In the case of centrosymmetric spin-orbit
coupling, a consistent definition of the pseudo-spin basis may be found by analytic and manual
diagonalization of A,k into a block diagonal structure. Spin-orbit coupled three band models
for Sr,RuQO,, where rearranging the orbital spin basis properly renders the Hamiltonian block
diagonal [100] are an example of this. Fink [81] has proposed to solve the problem for generic
systems by adiabatically switching on the spin-orbit interaction, implying a smooth and traceable
evolution of the natural spin basis. Another promising approach to the problem could be the
choice of Cooper pair states that are simultaneous eigenstates to H,, 7" and the inversion operator
1. The central problem with this approach is the fact that the specific representation of 7 depends
on the single particle basis in a non-generic way. In particular, electrons in orbitals with odd
(even) angular momentum (do not) acquire a minus sign under inversion and maximally localized
Wannier functions may not necessarily respect inversion symmetry on their own. Since we are
interested in the case of strong inversion symmetry breaking, we continue without solving this
issue in all generality.

Combining the gauge invariance of the N object and our choice of Cooper pair states, we sum-
marize the formulas for the particle-hole diagrams contributing to the effective interaction in the

Cooper channel as

U ke, qr) = Y fr (Kp) fe(=ar).

(&}
Z (Vgsg] aoar (kF)) Vi asas (QF) (1.108)
{ai}

8082, (Kr—qr) g 08182 8183.(kr—qr)
Z Uaob1a2b3 Nb1b0b2b3 (kF’ qF)Ub0a1b2a3
{bi}
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and

U Kr, qr) = ) i (Kp)fes(+ar).

{gi}

Z (Vggiofl,aom(kF))*VLIY’;‘gMIZ% (qF) (1 109)

{a:}

Z Ugogz,(kFJqu)Nglgz (Kp _qF)Uglgs,(kFHlF)

apbiazbs b1bybybs boarbraz
{bi}

Let us reiterate the benefits of this formulation:
e N only contains information about the kinetic model chosen and the set of form factors used.
e N is a gauge invariant quantity.

e By using a basis of time reversal partner states for the calculation we fix the U(1) gauge of

the effective interaction completely.

e Knowledge of N allows for detailed scans of the interaction parameter phase diagram with-

out the necessity to calculate momentum space integrals.

e We will see that a form invariant expression can be used to calculate the effective Cooper

pair interaction in the random phase approximation.

In the next section we will see how the obtained effective interaction relates to the dominant

superconducting instability of the model.

1.3.2 Renormalization group analysis of unconventional
superconductivity

In the second step of the wcRG scheme, we perform an analytical 1-loop RG flow from our theory
at cutoff Q) to even lower cutoff energies. This can be done by using standard one-loop Fermi-
liquid RG since the action generated by the first step is of the form required for the input of these

approaches:

o All states in the theory are confined to a small annulus of width € around the Fermi surface,

allowing a linearization of the dispersion.

o The effective interaction between the states 1s small, allowing for the a truncation of the RG

equations at one-loop.
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At the tree-level analysis of the RG flow one finds that most interaction parameters are exponen-
tially suppressed due to the phase space restrictions imposed during the the flow [73, 92, 95]. The
remaining parameters are either Fermi-liquid parameters or interactions in the Cooper channel.
The Fermi liquid parameters are marginal in the RG language i.e., do not renormalize under the
flow from Q to low energy (smaller cutoffs) [73, 95] and can be neglected in the wcRG approach.
Cooper channel interactions, however, renormalize significantly and their flow is given by the one

loop RG equations arising from the PP diagram to be
dgi = Z ~gii&jk d[log(Qo/Q)]. (1.110)
J

Here, the indices i, j, k run over all degrees of freedom for Cooper pairs on the Fermi surface and

the integration measure is absorbed into the definition of

_ \_/F(x()‘_"Fafz
Sleanik(enan = V‘”mp“ZN/vﬂm<kF>vﬂn<qF>
(1.111)
AF(I() (kF)AF(Iz ((IF)
UQ' k 9 b
\/ AroArm, 1ot (Kr, qr)

where Ap,(kr) and vg,(Kr) denote the Fermi surface area and Fermi velocity associated with
each discretized point kr on the Fermi surface, @ only runs over the bands at zero energy for
these points. p, and A, meanwhile denote the total density of states and total Fermi surface area
contributed by a specific band @. The mean of the Fermi velocity on a band is defined via an

inverse average

-1
Ara(kp) 1 ) (1.112)

VEg =
(kFea Aro  Vro(Kp)

over all Fermi surface momenta on this band. The flow equation Equation 1.110 can now be

solved via matrix diagonalization of

8= Snlubin (1.113)
by realizing that all eigenvalues renormalize independently due to the orthonormality of eigenvec-
tors. We find

da, = —A% d[log(Q/Q)], (1.114)

and see that all positive eigenvalues (corresponding to repulsive interactions g) renormalize to

zero und this flow equation. Negative eigenvalues, on the other hand, correspond to attractive in-
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teraction channels and grow indefinitely under the RG flow and indicate an instability of the Fermi
surface. The smallest (i.e., most negative) eigenvalue A, indicates the strongest superconducting
instability and we will refer to it as the leading eigenvalue in the following. From the definition
of g we can see that it is a dimensionless matrix that scales with Up. Since U is purely repulsive
we can expect its attractive eigenvalues A to scale with U%*p/W, with the bandwidth W arising due
to the PP loop in Equation 1.109. Accordingly it is conventional to calculate A and V. = |4]/p
in units of t/U? or W/U?. A link between |1| and an estimate for the superconducting transition

temperature that is independent of € can be given as [23]
T.~Wexp[~1/I] = Wexp[ = 1/(pVer)]. (1.115)

The eigenvector ¢, corresponding to Ay encodes the information about the full structure of the

leading superconducting instability’s gap function on the Fermi surface

AN, (Kp) o \ fmﬁbo(aoau kr), (1.116)

which we can subsequently analyze in terms of momentum structure, orbital/sublattice content
and singlet / triplet character. The central information extracted in our analysis is the symmetry
character of the gap function.

An equivalent (but slightly less rigorous) approach to the analysis of our low energy theory
below Q is given by a straightforward superconducting mean field theory. We present details of
its derivation in Appendix B and only state the result here. The self consistency equation for the

superconducting the mean field reads

A5, (kp) = f da S Ut (kr, LA @ASS, (@) (1117)

@2,a3

As we have already integrated out all high-energy modes with w, > € in the first RG step, the
integral only runs over modes with e(q) < €. Furthermore, the PP loop L has to be evaluated
with respect to the energy spectrum in the (potential) presence of a finite superconducting gap A
which acts as a regulator to the bare PP loop at temperatures T < T,.. Close to the superconducting

LPPA ~ PP je., we can calculate the PP

transition 7 = T, the superconducting gap vanishes and
loop using the normal state dispersion. This limit yields the linearized gap equation and for small

values of Qy we can write

1
A3 (k) = 2 AU (r anAY, @), (1.118)

@2,a3
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where the integral dq has been replaced by a density of states weighted integral over the Fermi
surface and « is a constant that only depends on the temperature, cutoff and density of states at the
Fermi level [82]. Clearly, Equation 1.113 is a discretized version of the linearized gap equation,
a fact that is expected as the validity of the one-loop RG flow breaks down when U x LFP ~ 1.
In summary, the shape of the superconducting gap function A,,,,(K) can be extracted by diag-
onalization of the effective low-energy interaction between Cooper pairs and the corresponding
eigenvalues of Equation 1.113 are a cutoff independent measure of the superconducting pairing
strength. In order to extract information about the superconducting condensation energy at zero
temperature as well as differentiating between degenerate superconducting instabilities, a self con-
sistent solution of Equation 1.117 is necessary.

The presented formulation of the wcRG enables a generic and numerically efficient implemen-
tation of the wcRG for the complete class of models discussed in Sect. 1.1. The key ingredients
necessary for such an implementation are the discretization of the Fermi surface and an efficient
solver for the integral in Equation 1.103. Our approach to these problems as well as a reduction
of the computational effort via the use of symmetries is discussed in [72].

In the following we will discuss the random phase approximation approach to unconventional

superconductivity and emphasize its connection to the wcRG.
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1.4 Random phase approximation

The random phase approximation (RPA) was first introduced by Bohm and Pines [101-104] in
an attempt to describe an electron gas interacting via the long range Coulomb interaction. The
eponymous random phases between single electron excitations motivated the authors to develop
a theory of collective description of the electronic interactions. Later, Gell-Mann and Brueck-
ner [105] showed that their approach can understood as a summation of the most highly divergent
terms of the perturbative expansion introduced in Equation 1.82. Notably, this formulation of the
RPA not only explains that the bare Coulomb interaction is screened by internal dynamics of the
interacting electron gas, but enables a more quantitative calculation of correlation energy in this
system.

Here we will refrain from a detailed motivation of the RPA or a review of the key results and
only point the reader to literature references such as Ch. 14 of Ref. [93]. Instead we will gener-
alize the RPA evaluation of particle-hole susceptibilities by identifying the most highly divergent
diagrams in an analogous way. In particular we point out the connection between unconventional
particle-hole instabilities, long-range interactions and the generalized susceptibilities introduced

in Section 1.3.

1.4.1 Linear response and generalized susceptibilities

Before engaging in the RPA resummation of diagrams including the interaction, we will consider
two-particle linear response functions of the kinetic model. We start by considering models with-
out a sublattice basis and absent SU(2) symmetry. Here we can introduce perturbing scalar and

vector fields of Zeemann type

HP_Za(r)Z cle rG+ZZB(I‘)Z oo o (1.119)

0072

and perform a Fourier transformation yielding

Hp = Za(r)z chz SCa o o—irako) | Z Zg(r) Z Z et oo o O'zcka-oe_irQ

o koky ooz Qk

- ZS(Q)ZCk+Q0CkG + ZZB(Q) Z ZC“Q@ (IJ'oa'zck(ro ’

g0072

(1.120)
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where we defined

EWQ) = Za(r)e-"fQ and

, (1.121)
B(Q) = ) Bir)e ™.

O'fm, are the three Pauli matrices and we will later use a?ﬂr, = 04, as the “Oth” Pauli matrix. The
intuition for these simple site dependent potential terms for the accumulated charge and spin is
clear and we can also use these operators as observables due to the hermiticity of the operators
for real potentials &(r) and B;(r). For their Fourier transforms the hermiticity conditions &(—Q) =
&(Q) and B,(—Q) = B;(Q) hold.

Already for this simple single band model a further generalization of the fields suggests it-
self by encompassing modifications to certain inter-site matrix elements. Consider the following

perturbation
_ i _ T
Hp = Z &(r,d) Z Crid2,0Cr-d2o = Z &(Q.k) Z Ck+Q/2.0%k-Q/2.0 (1.122)
r,d o Qk o

where

EQ.K) = ) Er,d)e ™%, (1.123)
rd

which can be analogously extended to the spin sector. This modification to the systems hopping

terms is restricted by the hermiticity conditions

EQ,k) =&8(-Q,k) and
Bi(Q’ k) = B?(_Q’ k) .

(1.124)

At this point one may wonder why a separation of the “electric” and “magnetic” fields is nec-
essary if the discussed constraints do not differ. A related question could concern the highlighted
treatment of the spin degree of freedom over the previously fused discussion of spin-sublattice
and orbital degrees of freedom. The answer to both of these questions lies in the spin’s non-trivial
transformation behavior under time-reversal symmetry. Considering the real space expression in
Equation 1.119, it becomes clear that any hermitian term proportional to £ will transform trivially
under time-reversal symmetry while terms proportional to B will acquire a minus sign i.e., break
time-reversal symmetry; expected for a magnetic field. This is not a problem per se since probing
the response of a time-reversal invariant system with a time-reversal symmetry breaking field still

results in a sensible response function. It does however make sense to treat the £ and B fields
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separately. The issue becomes more subtle for fields that modify hopping terms as these can be
complex without breaking hermiticity (e.g. spin-orbit coupling terms), leading to a non-trivial

transformation behavior of £ and B under time reversal symmetry. We find that

&Q.k) - +&'(-Q,-k) = + &Q,-k) and
Bi(Q.k) = -B;(-Q.-k) = -Bi(Q. k).

(1.125)

Considering the Q = 0 sector, this corresponds to the well known statement that hermitian and
time reversal symmetry respecting hoppings have to be odd (even) functions of momentum if they
do (not) depend on the spin of the hopping electron.

We summarize & and B; into a four component field A, where Ay = & and A; = B; (i =
1,2,3 = x,y, z) and proceed to generalize to systems with sublattice or orbital degrees of freedom

with label o;. The most general two operator perturbation can then be written as

Hp = Z Z Aogor (T, d)Z Crrd /2,007 T0.72Cr-d 2,000

rd 1,00,02 {oi}
— 71
Z Zﬂﬂm(r d) Z r+d/20'0 02000 02 0’0 0‘2Cr d/2,0,00 (1126)
rd nm {oilt
= Zzﬂnm(Q k) Z Ck+Q/2.00.00 O30.0,7 0.0, Cic- Q/2.02.00 "
Qk nm Joi}

As for the spin degree of freedom an expansion of A, ,, in terms of a complete set of hermitian

matrices O,,,, in the form of

Apou = Y | A0l (1.127)

seems natural as it provides the remaining A,,, with a simple transformation behaviour under
hermiticity and allows for an interpretation in terms of a a field coupling to (local) hermitian
operators. Considering the transformation behaviour under time reversal results in an additional
seperation into real and complex (or alternatively symmetric and anti-symmetric) matrices due
to the trivial transformation behaviour of orbital and sublattice degrees of freedom under this

symmetry. Using Equation 1.124 it is clear that the hermiticity condition generalizes to

Am(Q,K) = A, (—Q,K). (1.128)

Finally we will reduce the generality of our real space considerations slightly by restricting d
to small distances. We constrain our analysis to product functions A(r,d) = 3 ; As(r)¢,(d) as

we are interested in modifications to specific short range hopping integrals. Clearly ¢,(d) = 6(d)
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results in the less general Equation 1.119 while expressions like
¢i(d)=06(d-x)+o(d+x)-0o(d-y)—o(d+Yy) (1.129)

allow us to probe the systems response to an assymmetry in the nearest neighbour hopping inte-

grals i.e., nematicity. Fourier transformation according to Equation 1.123 results in

Agn(Q.K) = > Ay Q) (k) (1.130)
f
where
6r0) = > d(d)e ™. (1.131)
d
Putting everything together we define a set of operators
An’m’f(Q) - Z Z Z ¢f(k)cli+Q/2,0'z,02 02:)02o-goa'zck7Q/2,o-0,oo ’ (1'132)
k 00,02 00,02

with hermitian adjoint

¥ _ * ¥ mn
An,m,f(Q) = Z Z Z ¢f(k)ck—Q/2,a'2,02OOOOZO-ZOO'ZCk+Q/2,a'0,00' (1.133)

k 00,02 00,02

If we define 0° = 6,, and ¢y(k) = 1, we can write common examples for these operators like the

ou

Fourier transform of the electron density
Q) = Ao00(Q) (1.134)
and the mean spin direction of our system
Si(Q=0)=A4,0000) (1.135)

in precisely this form. An antiferromagnetic pattern on the square lattice Hubbard model would

be result in a finite expectation value of

Si(Q = (m,7) = Ajpo((m, 7)), (1.136)

while
ni(Q = (m,0)) = Agpo((rr,0)) (1.137)
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indicates charge stripe order. More exotic particle-hole instabilities have been classified in Ref. [106].

In particular, charge n = 0 and spin 7 = i bond order states with wave-vector Q will have signa-

tures for non-trivial form factors ¢ (k # const.).
We also note that PP operator pairs may be classified analogously. Here it is convention to

consider time-reversal partners, which leads to the addition of a matrix io” into the definition

Chapter 1

+ _ * T m n sy T
P ons(Q = Z Z Z ¢ 1K)k 10/2.00.00 o002 T o0 10010 )C /2,000, + (1.138)
k 00,00,02 00,02
Clearly this operator is not self-adjoint. A conventional s-wave superconducting mean-field may

be added into a Hamiltonian via the term
Hsc = AP} ((0) + A"Py (0), (1.139)

while non-trivial form factor dependencies denote unconventional superconducting condensates
with potentially finite angular momentum and finite momenta Q # 0 correspond to pair density
waves.

Having established a general notation and some first classification of different electron-hole
operators we can now proceed to the calculation of the system’s response functions for these
operators. To this end we will use the set of operators A not only as perturbations but also track
the change of their expectation value in response to the perturbation.

From Section 1.2, we know that

conn

B
Xan= - fo (B(r = 0),(7 = AW, §( +06))) _dr, (1.140)

for general (time-independent and normal ordered) operators A and B. In order to particularize

this to the class of operators A;m f(Q) introduced above we introduce a shorthand notation

A=Al ()= Z Aoscle,
03 T (1.141)
B=A,, @) =) By,
1,2
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with multi indices i = («;, Kk;) carrying all band space quantum numbers except for a frequency

index. Explicit calculation involving Equation 1.5 yields

Ans = 60K3 + q=Ko) D " $(K)O 0 Vasmirs 0905 K3V 0010 KD

00,073 00,03

BlZ = 5(k1 + q k2) Z Z ¢f'(k1)00102 O’]O’zva2 (02, 02)02(k2)va1 =(o 01)(11( 1) .

071,02 01,02

(1.142)

Note that while both Ay 3 and B, , are gauge-variant quantities with respect to the choice of eigen-
states, the susceptibility will turn out to be gauge invariant as A and B are gauge invariant and
observable operators.

We now perform a Fourier transformation of the field operators and introduce i = (i, w,,) yield-

ing

B
XAB = — Z 31,2A03f <¢2(T = )W (T = O3 (" + 6 (7 )> ndT'
{i}

= — Z Bi,Ap3 f el(@n W)’ dT'<$2¢1lpslp0>C0nneiwnzéelwn3 (1.143)
{i} 0

=B Z B124030w, 0, <@z¢1lﬁslﬁ0>conneiw”26€1w"3
{i}
Note that the complete discussion up to this point does not depend on the specific form of the
action furnishing the expectation value (¢/;¥2%¥3)com, i-€., our result is exact for the interacting
problem. We have to remember that we shall only consider contributions to the expectation value
where A and B are connected i.e., diagrams that can not be reduced to products of expectation
values (A)(B) = (Y¥2){Yyr3). Explicitly reintroducing the momentum dependency of A and B,
as well as the field variables ; yields

XA),B(q) & <l/_/1,l'702,l+qlz/0,l'+q’l//3,l’>conn (1 . 144)

and a perturbative expansion of the interaction up yields is most conveniently done in terms of
Feynman diagrams and presented in the next section.
For the non-interacting theory, however, the susceptibility is given by a single contribution that

can be represented by the Feynman diagram

1+q

Xi@= 4 q, (1.145)
1
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and evaluated as

Xap(@) = B Z B12A0300,)0,, <l//2¢0> fon2 <l//1k// > el
{i}
=p Z B124A0300,0,, 602G 13620’

o (1.146)
=" BiaAosf Z Goa(@n)G 3(@,)e

{i}
= Z BioAoLb, (Ko, ki) .
0.1

Chapter 1

The explicit energy conservation w,, = w,, conspires with the energy conservation along prop-
agator lines to leave a single frequency summation which is readily evaluated using the residue
theorem and the Fermi-Dirac distribution. We can now insert the expressions for Ay 3 and B, , and
find

XAl DA, (@)=
=" 216k + q-ko)s(ki +q' ko) Y " ¢3(k)py (k)0 Ot 0 0,
ko.k; ap,a1 {oi} {oi}
Vayr (K13 0 (60)Vara (Ko)VE, o, (KDL, (Ko, K1)

—Zé<k1+q Ki—@) ) Y ¢k KDO, Ot T Xeagaranas Ko, ki) (1.147)
{oi} o}

=5(q’ - q)ZZom O " o, mZ¢f<l>¢f,<l>xaoam<l+q, I

{oi} {oi}

—6((] q) Z Z 00003 0102 0'00'3 Ulnzxc{({alaz@ (q’ 0) .

{oi} {oi}

Here we have made use of previously introduced shorthand notations for the particle-hole bubble
calculation given by Egs. 1.100 and 1.103. Our result provides further motivation for the definition
of the generalized susceptibility N and shows that the conventional susceptibility is simply given
by its limiting case for on-site particle-hole fluctuations. We can see that translational invariance
decouples particle-hole fluctuations with different momenta q and that this result will hold upon
including any momentum conserving interaction. As the description of particle-hole operators in
terms of Equation 1.132 seems to be useful, we will employ it to the analysis of general interaction

terms in the next section.
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1.4.2 Particle-Hole decomposition of general interactions

While considering a general translation invariant two-particle interaction (compare Equation 1.8)

T T
HI ZZ Ua’ ) azkz as, k3 ai, klcaoko (1148)

{ki} {ai)

we have previously (Equation 1.101) seen that it may be useful to parametrize this interaction as

Uty (i}) = 6(ko + ki = Ko = K3) >~ U (Ko = ko) (Ko)(ks) (1.149)

bj
A different way to phrase this decomposition is in terms of the general particle-hole operators
introduced in the previous section. Note that we have to pick a slightly less physical gauge choice
for the Fourier transformation here and k is no longer dual to the center of mass independent

relative coordinate d from the previous section. If we start with

Apn QK D el 000 O T rsCherson (1.150)
{oi}.{oi}

and consider the operator

D0 D Ve QAL QA4 Q) =

Q ' mm’ f f'

Z > Vigom ffr(Q)ZZquf(k)gbf ®)or, or o ol (1.151)

m’ smm’ f f* {03} {oi} kK
"

Ck,tfz,oz ck’+Q,0'3,03 ck’,m ,01 ck+Q,0'o,00

and compare term by term with the previous expressions we find that if we let

U (ko — ko) = Z Vo e i/(o — k)OO o o (1.152)
nn’ ,mm’
we can write
Hr= Z Z Vit st 17 (QAT, (QA,,,, (Q). (1.153)
nn’ mn’ f 7

It is important to notice that this decomposition of H; into two pairs of fermion operators is not
unique. A decomposition in terms of particle-pair operators P’ o c'c' is clearly possible as
well. Another way to phrase the bias introduced here is by considering other options for the
“emphasized” transfer momentum Q = k( —k;. Taking into account momentum conservation one

realizes that three unique choices for transfer momenta constructed from two-fermionic momenta
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exist:

QD:kO_k2:k3_kl
QP:k0+k1 :k2+k3 (1154)
Qc =ko—k; =k, —k;.

These three are commonly called direct particle-hole (D), particle-particle (P) and crossed particle-
hole (C) channel in the fRG literature [97, 98]. Nevertheless, the decomposition given by Equa-
tion 1.153 is sufficient for the calculation of all diagrams contributing to the PH channel in the
RPA approximation. This crucially depends on the insight that any short ranged two-particle in-
teraction can be exactly expressed in this form via a finite number of form-factor functions ¢;.
Such a statement is only possible for the bare interaction, while a general effective interaction
at an intermediate scale may acquire long-range momentum dependencies in Qp,Qp AND Qp.
Due to this the number of form-factors required for an exact mapping between the three channels
grows during a functional renormalization group flow.

In order to illustrate our construction for the bare interaction we particularize to a model without
sublattice or orbital degrees of freedom and consider the bare Coulomb interaction with a Yukawa-
type regularization « for its long range convergence and an explicit exclusion of the diverging on

site contribution

e—a|d| )
Hi= o0k +k —k —k;) ) S cid(o—ky)

T T
OO0 s Cor ko Cors s Coro ko Corr ky * (1.155)
{k;} d+0 {oi}

Here the sum over d runs over all possible distances between lattice sites. The lattice discretization
makes an analytic evaluation of the Fourier transform non-trivial. The continuous integral in three

dimensions gives

e~ 4r
irQ _
L ere = m N (1156)

where the divergence for Q — 0 and @ — 0 indicates the long range nature of the interaction.

Inspired by this observation we investigate the lattice interaction in the limit Q — 0 via Taylor

expansion
Z el o Z e—aldl( ) Z e—old Z d
—e' N x —(1 +1d[|Q] cos BOgq ) = +1lQ| ) e ™% cos Oqq
£ |d| i |d) 1 por (1.157)

< 24 000) + 0(QI)
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and find a similar divergence for the true Coulomb case @« — 0. Due to the periodicity similar
divergences appear for all transfer momenta with Qd = 27 of which only a single one is included
in the first Brillouin zone used for integration. We will come back to this divergence in the next
section.
Naively one would simply read of
—ald|

e .
Vi i/(Q) = 6,308,606 Z WeldQ, (1.158)
d+0

from Equation 1.155 where

i= k :1
Pio(k) (1.159)

as previously and we omit the index m due to the absent residual degrees of freedom. Unfortu-
nately the situation is complicated due to the presence of the exchange interaction terms i.e., [] the

antisymmetry constraints on V. Clearly we can write

=~ > 60k + Ky — kz—kz)z 10N s Orirs € ks Corn s Cony » - (1160)

{k;} d=0 {oi}

but it is non-trivial to make the connection to Equation 1.153 here. Using momentum conservation

and the completeness relation of the Pauli matrices

20-0'00'2 0'10'3 - 260’()0’360'10'2 (1161)

we find

_ 1d(k3 ko) ~ ¥
Z 6(k0 + kl k2 k3) Z 2 Z Z 0-0'00'2 0'10'% (J'z ch(J'3 k3c()'1 K C(J'() ko *

d=0
(1.162)
In this representation, the matrix elements do not depend on the transfer momentum kj, — k.
Instead, the momentum dependence has been transferred into the form factors. If we define an

infinite set of form factors
¢i(k) = ', (1.163)
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which arises due to the long range nature of the assumed interaction, we can write

ozld |

:
=~ > 6(ko + ki — ks — k) Z ~ap ¥ 0 ks)3 Z > Tt Cont
{ki} n Ao}
(1.164)
From this equation we can would deduce
1 —ald|
Vi i5(Q) = =504y (1 = 610)0ij— 4= ] (1.165)

While Equation 1.158 and Equation 1.165 are seemingly at odds with each other, their combina-

tion
e—aldkl —ald;|

4 1 e
Vo ij(Q) = 57]17/5ij(57705i0 Z ] e — 5(1 - 5:‘0)W) (1.166)

k0

results in a manifestly antisymmetric interaction tensor

Utay (ki) = 6(ko + Kt =Ko = Ks) D= " Vi 1Ko = k2Ol O, 0 0 7 (Ko)h(Ks)

lj m]mm

= _Ua1a0a2a3(kl’ kO’ k2» k3) .
(1.167)

Since this antisymmetry is not obvious from the result we will also show the result for momentum

independent (onsite) interactions

Uta) (ki) = U(8oy0200105 = O1rs00rger, )9(Ko + Ky =k — K3)

1
=U Z (67777'6'70 - 557777') 002 0’1036(1(0 +ki —k; —k3) (1.168)
'

1 1
Vi if(Q) = Uy 1i60(0y0 = 5) = U 8810000 = ntsy).

This case does not necessitate the introduction of form factor dependencies due to the locality of
the interaction, while the antisymmetry requirement still results in a non-trivial form for V. We
have used the identify 1 = 6,0 + 0,(x.;) in order to simplify the expression. With the same replace-

ment we can separate our result for the long range interaction into a spin and charge component

1
Vi Q) = 50m 0 0(8i0 Y 2Ci = (1 = 0)C:) = Sypega(1 = )Ci|
k+0
(1.169)

—ald,|
€ " idQ

— i

Ci
|di]
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1.4.3 Susceptibilities in interacting theories

In Section 1.4.1, we have seen how to calculate the bare susceptibility of our Hubbard type models
for generic two-particle operators. Here we will use the separation of H; in terms of these operators
to motivate the calculation of these susceptibilities for an interacting model in the random-phase
approximation.

Using the notation from above we recall that

conn

Xag =P Z B1240300,0,, <lZ’2l//11_ﬂ3l//0> elnleln’ (1.170)
i}

and proceed with a perturbative expansion of the expectation value in terms of the interacting part

of the action S ;. Some but certainly not all diagrams of up to order (S ;)* are given by

1
ra l+q I'+q

xas@)= 4 @‘@ q +ma~(A] = _(B)d (1.171)
Y
)

l+q I'+q 1"+q

B A O S T
1

ll lll

where we have indicated the different symmetry prefactors via n;. With each added interaction
vertex, the number of loop integrations grows by one. We have denoted each momentum to be
integrated over by 1, I’ or I while other momenta like 1 + q or n”” are constrained by momentum

conservation.
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The first term in the expansion is the only term occurring in a non-interacting theory and was
already calculated explicitly in Section 1.4.1. Interestingly, the following diagram with prefactor
n; has a strikingly similar momentum structure and the integrals over multi indices 1 and I’ are
only coupled by the interaction term. The two diagrams with prefactor n, and n3 can be repro-
duced from the first diagram with a modified propagator line and are conventionally called self
energy diagrams. While these diagrams are omitted in the susceptibility calculation on RPA level
they can be included in frequency dependent fluctuation exchange (FLEX) calculations, where
the frequency dependent self-energy is included explicitly. In the third line, we see that diagrams
with a more complicated topology can introduce highly linked momentum integrals. For example
n” =17 +1-1"in order to enforce momentum conservation at each vertex making it impossible to
factorize integrations over 1, 1’ and 1” even for momentum independent interactions. Nevertheless,
these types of diagrams are implicitly included in functional renormalization group (fRG) calcu-
lations via the iterative structure of the functional flow equation. In contrast, the last diagram with
symmetry prefactor ng can be factorized in equivalent fashion to the diagrams in the first line as
we will now see.

Using results obtained during the calculation of the bare susceptibility and some previously

established shorthand notation we can calculate the first diagram including an interaction term as

Xhz (@ =B Z Oy, A02G04G62Uss576G73G15B) 3
{i)
= Z A0260467.366.261.5 Lagtr, 60, K2) Uaayasas (KD Lo, (K3, k1) By 3 (1.172)
{i}

= > D il 0+ €D Uayai0, 0+ @V, LY + QLY (U +@,1)Br g
{ai} LY

Up to this point the calculation is most conveniently performed in band space and similar ex-
pressions are readily obtained for all diagrams in Equation 1.171 due to the static nature of the
bare interaction. The remaining momentum space integrals, however, take an especially simple
structure for this specific diagram. If we insert the D-channel decomposition of the interaction we
find

@ =D > AL, A+ @ DGMUE, o (@, L, A +q,1)B1,. (1.173)

i} LV gg’
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and realize that the result decouples in q and into two independent integrals over 1 and I'. Finally

we transform everything from band space back into orbital space and find

XP(ADL (@A, (@) = )
— m d 'f m’ / ( L.17 )
- Z Z 00()03 O-Z'()(T3 N£§a7a4a3 (q’ 0) Uﬁfasaw(, (q)xiéjt; aas (q’ 0)001 (%) 0-Z'| o

{oil {oi} g8’

An equivalent calculation can be performed for the last diagram shown in Equation 1.171 and for
the equivalent diagram at all orders in U. These diagrams are the only diagrams considered in
the RPA and we will from now on refer to them as RPA diagrams. Similar structures in the loop
can most likely be employed for some self-energy diagrams, while the diagrams with symmetry
factors n4 and ns can not be factored into independent integrals and the double momentum space
integrals have to be carried out explicitly.

Clearly the RPA diagrams turn out to be easily calculated due to their simple analytic structure.
We introduce yet another set of multi-indices Ay = (fo, ag, by for notational convenience and
thereby rewrite the “central” part of the previous equation as a matrix product

RO (U (@RPE L (q) = RAA(QUA A (QRALA(Q) - (1.175)

apaibibo bibyaya; aazbzby

Each A; can be viewed as a PH pair and N 45 can be interpreted as coherent particle-hole propaga-
tion in the system while U zg describes particle-hole scattering at the interaction vertex. All RPA
type diagrams can be written in terms of these matrix products. We therefore consider the infinite

series

N%%(‘l) = Naya, (@) — Nays,(QUs, 5,(@QNs,4,(q)

+ N.“ﬂofgl (‘I) Uﬁngz (q)xﬂzﬁ% (Q) Uf83$4 (q)x34ﬂ1 ((I) ( 1. 176)
- Na,8,(QUsz 5, (QNs,5,(qQ)Usz,3,(q)...,

with all repeated multi-indices denoting implicit summation over them. Note that the alternat-
ing sign originates from the varying definition of the generalized susceptibility Equation 1.103
compared to common RPA convention Equation 1.99 [79]. This can be simplified to a recursive

expression

N (@) = Ny, (Q) = Ny, (@ Us,5,(QNE 5 (@), (1.177)

which is commonly solved by a resummation of the geometric series

xﬁz&’h (q)

NRPA ( ) —
ﬂoﬂ] q 1 + Nﬂo.ﬁgl(q)UBlBZ(q) :

(1.178)
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The fraction implies a matrix inversion of the denominator. Note that inserting the result back into
Equation 1.108 and Equation 1.109 yields the effective interaction in the fluctuation exchange
approximation [47, 72].

In order to motivate the importance of RPA type diagrams over others, we will now attempt
to classify the importance of diagrams in the interacting theory in analogy to a justification of
the RPA given by Bruus and Flensberg in [93]. We start our reasoning from the assumption of
weak enough electron-electron interactions such that U/W < 1. Since N o« Gy o« WL, it is
clear that diagrams with a lower number of interaction vertices will contribute less to the overall
susceptibility in Equation 1.171 in this limit. In a next step we try to compare the relevance of
different diagrams in the same order of interaction strength. While this is generically not possible
prior to an actual calculation of the diagrams, we can use the fact that V(Q) diverges for small
transfer momenta Q in the case of the long-range interactions introduced in Section 1.4.2 to craft
an argument. For Q — 0, an RPA diagram of order n will diverge as ™" while any diagram of
non-RPA type will at least involve one interaction V(p # Q), depending on a momentum p that
is integrated out. The singularity at p — 0 is of measure zero in these integrals, and the diagram

will diverge more weakly with at worst o'

In conclusion, the long-range singularity of the
Coulomb potential provides one avenue to justify a restriction to the RPA diagrams. Following this
argument, the PH susceptibility of a given system diverges at each order in perturbation theory for
a sufficiently long range interaction. Coincidentally, the geometric series of RPA type diagrams
to all order n, cures this divergence as one can easily from Equation 1.178. This fact can be
understood as a self-screening of the system that is facilitated by PH fluctuations.

For lattice systems, a similar argument for the importance of RPA diagrams could be made by
assuming the existence of a perfect nesting vector Q driving a divergence in the bare susceptibility
No at this momentum and at zero temperature. Clearly this situation can be analysed analogously
and the RPA diagrams are easily identified as the most divergent diagrams at each order in U/W.
The RPA is therefore an especially suitable approximation close to a PH instability [107]. Despite
these reasons, the RPA remains a crude approximation for generic Hubbard type Hamiltonians
and is most easily justified by numerical applicability and a posteriori comparison to more sophis-

ticated methods like the fRG.

1.4.4 RPA analysis of unconventional Fermi surface instabilities

We have previously seen in Sect. 1.3, that Hubbard type models become superconducting for low
enough temperatures due to the presence of an effectively attractive interaction channel and the
diverging PP diagram [5]. The two most relevant assumptions in our argument were the absence of

fine-tuning and an infinitesimal coupling strength. This allowed us to perform calculations in one
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loop perturbation theory and to neglect the possibility for growing couplings in the PH channel.
Accordingly, lifting these assumptions necessitates a reconsideration of the possibilities for spon-
taneous symmetry breaking in our models. One possibility for treating PH and PP instabilities on
equal footing is to calculate a one loop renormalization group flow starting from the full band-
width W instead of the small intermediate scale €}, introduced previously [73, 108—113]. Such a
calculation can be either done analytically by singling out a small number of physically motivated
coupling functions [76, 114—117] or numerically via a discretization of the vertex function, an
approach known as functional renormalization group (fRG) [82, 118-123].

Here we will pursue an alternative, numerically much less demanding, approach. We have seen
that XRPA s associated to our systems linear response functions with respect to an exhaustive set

of PH perturbation operators and from Equation 1.178 it is clear that X®** diverges if

1. the nominator diverges, a scenario that is associated with small temperatures and fine tuned

Fermi surfaces with perfect nesting.

2. the denominator vanishes i.e., the matrix N 7,5, (q)Ug, ,(q) has an eigenvalue A = —1. This

can be seen as a generalized Stoner criterion for PH instabilities.

A diverging susceptibility indicates an instability of the system with respect to this perturbation
since infinitesimal fluctuations are sufficient to induce a finite response of the system. In this
scenario our perturbative treatment of the interaction certainly breaks down. Fortunately, the
diverging susceptibility of some operator A already provides us with an ansatz for a possible
mean-field expansion of the interaction: (A). In order to obtain the ground state of the system one
can now perform a self consistent calculation in the mean-field approximation. This is similar to
the fRG, where the numerical evaluation of the RG flow may lead to a divergence in the (cutoff
dependent) vertex function. At this point one has to stop the flow due to a breakdown of the one-
loop expansion of the flow-equation and also resorts to a renormalized mean-field analysis that is
motivated by the diverging coupling function.

In contrast to the fRG, however, our RPA analysis up to this point does not include any feedback
between PP and PH fluctuations. While we accept this constraint for the analysis of particle-hole
like instabilities, bare repulsive interactions will not induce a superconducting instability in the PP
channel. We have seen this in our analysis of the wcRG and in particular from the RG equation
in the PP channel for Q = 0 (the Cooper channel) given by Equation 1.110. Repulsive (positive)
couplings in the Cooper channel renormalize to zero and only attractive channels flow to strong
coupling.

As stated in Sect. 1.3, the expansion of the Cooper pair scattering vertex up to second order

in the bare interaction Equation 1.86 is justified by an appropriate choice of the interaction scale
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U and introduction of a cutoff € in the wcRG. In the RPA, this cutoff may be given by a finite
temperature in the evaluation of N or neglected as one disregards the PP diagram. The requirement
of a small enough interaction scale is fulfilled in the RPA approximation if not only U but also
NRPA are sufficiently small to allow for a truncation of the perturbative expansion of Equation 1.86.

Because we are interested only in attractive interactions in the Cooper channel, it is sufficient
to perform calculations for the PH diagrams and neglect the PP diagram as discussed in Sect. 1.3.
The remaining contributions of the one-loop expansion U™ and U*" give rise to longitudinal and
exchange (transverse) fluctuations [124] respectively and describe the lowest order contributions
to superconducting pairing from PH (spin or charge) fluctuations. In this way, the expansion
given in Equation 1.86 forms the basis of RPA and FLEX calculations [24, 79, 125-128]. The key
difference between wcRG and RPA is the inclusion of higher order diagrams in the evaluation of

the relevant PH fluctuations. The effective Cooper pair interaction
Uty (krar) = U (Kr, qr) = U (Kr, qr) (1.179)

on RPA level is given by Equation 1.108 and Equation 1.109 (for U? and U*™) but inserting KR
instead of N°. Since our formalism is set up to treat generic Hamiltonians, where the spin-degree
of freedom does not decouple from other dynamical degrees of freedom, these formulas only
vaguely resemble conventional expressions from Refs. [24, 47, 79] and is more closely related to
recent results for the Rashba Hubbard model [32].

Specifically, for models with spin-rotation (SU(2)) symmetry, the bare susceptibility 8y oc &,/
is identical for charge n = 0 and spin-like n = 1,2,3 = x,y, z PH excitations. Combined with the
results from Equation 1.168 and Equation 1.169 we see that the interacting susceptibility on RPA

level will separate into a charge component

xe Q) o x (Aj]:O,;n, r=0(@s Ay g pr=0 (q)) (1.180)

that differs from the spin component

XSPMQ) o x(A] NG\ SN () B (1.181)

n={x.y.zhm.f=

The restriction to the constant form factor f = f* = 0 is also common for RPA calculations. Addi-
tionally, the SU(2) symmetry facilitates a separation of the Cooper pair scattering amplitudes into
singlet and triplet channel. Using these identifications, our formulas reduce to the conventional
expressions for the RPA and FLEX approximation [129].

In the general case, where we consider non-SU2 symmetric models with multiple orbital /

sublattice degrees of freedom and non-trivial form factors, the distinction between charge and spin
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susceptibility is not sufficient. Fortunately, a more general framework for the analysis of diverging
susceptibility matrices exists in the form of a simple eigenmode decomposition. This allows us
to identify the linear combination of particle-hole operators A with the largest susceptibility and
therefore the leading instability of the system.

Here, a connection with self-consistent mean-field approaches to the solution of the interacting
electron problem is natural. In Appendix B, we provide a self-contained derivation for such an
approach to superconductivity in spin-orbit coupled systems. Note that the final result for the
linearized gap equation

Ai = UL A, (1.182)

can be easily converted into a criterion similar to the divergence of the RPA susceptibility

PP _ g PPyyeffy PP

PP j reffy 7 PP (1.183)
0= (Illj -L; Uij )ijAk.

In other words, diverging susceptibilities imply spontaneous symmetry breaking via the emer-
gence of finite expectation values. The eigenmodes of the susceptibility tensor may provide insight

into the structure of this expectation value, priming a self-consistent mean field ansatz.

1.5 Comparison of the RPA with wcRG and fRG

To round out this chapter on methodological approaches to unconventional superconductivity,
we will now focus on similarities and differences between the wcRG and RPA. This comparison
would not be complete without a discussion of the functional renormalization group (fRG) as both
the wcRG and RPA can be understood as different simplifications of it.

Starting from a unified description for a systems action S™ at high A — oo and low A — 0
energy scales, one can derive an exact renormalization group (RG) flow equation that connects
actions at high scales to ones at lower scales [82, 112, 122, 130]. The microscopic model given
by Eqns. 1.1 and 1.6 defines the initial conditions for this flow equation. Similarly to the RPA
and wcRG the evolution of S5 to lower energy scales yields a low-energy effective model that
only accounts for modes close to the Fermi level, while the influence of higher energy modes are
absorbed into the renormalized effective interaction terms. A key difference to the wcRG is the
numerical evaluation of the RG flow.

The exact flow equation for the action can be rephrased an infinite set of coupledflow-equations
for two-particle irreducible vertex functions. Then, the flow of each n-particle vertex function

is connected to the n + 1-particle vertex and an exact solution result for S 5o would require the
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tracking of all two-particle irreducible vertex functions. The common solution of this problem
lies in lies in a truncation of the flow equation i.e., one neglects the effect of three-particle and
higher order vertex functions. Further common simplifications that reduce computational cost
are additionally neglecting changes of the one-particle vertex function (self energy corrections)
and fixing the frequency dependence of the two-particle vertex to the static part. All of these
approximations were justified in numerous places in the literature (see [82, 122] and references
therein) and do not affect the methods capability for resolving the interplay between particle-hole
(e.g. antiferromagnetic) and particle-particle (e.g. superconducting) fluctuations. The resulting
integro-differential equation for the effective two-particle vertex has striking similarities to the
perturbative expansion in Equation 1.83. The key difference is that the left hand side is replaced
with a derivative of the scale dependent two-particle vertex U” with respect to A while the Greens-
functions on the right hand side are partially replaced by their scale derivatives. The differential
equation for U {fli}(ko, ki, k») is then solved via standard techniques.

Analogous to the calculation of RPA susceptibilities at low temperatures, the vertex elements of
U™ will generically grow during the flow to an effective theory. At some point, this results in the
breakdown of the truncation conditions and the flow has to be stopped. A subsequent mean-field
decomposition of the effective interaction allows the identification of a clear instability. Similar
to the wcRG and RPA such an analysis goes beyond a simple treatment of the initial model on
mean-field level, as most order parameter fluctuations at energies > A are included in the analysis.

More specifically, the fRG constitutes the most rigorous perturbative treatment of such fluc-
tuation effects in the limit of weak coupling when compared to the wcRG and RPA approaches.
Similar to the analytical starting point of the wcRG, the fRG treats all two-particle instability
channels on equal footing. Expanding on the notion of analytical rigour and in a similar spirit
to the RPA, one may however allow for finite interaction scales, allowing approximate nesting
vectors to drive the system under consideration into a magnetically or charge-ordered phase. The
main advantage of the fRG lies in its iterative solution structure, furnishing a generic mixture of
the particle-particle and particle-hole channels. While our RPA and wcRG approaches outlined
above analyze the particle-hole renormalized interactions in the particle-particle (PP) channel,
the fRG tracks the evolution of the full interaction vertex during the whole flow. Consequently,
cross-channel contributions are naturally included in every single step of the differential equation’s
integration.

This advantage of the fRG is simultaneously it’s biggest drawback. The treatment of magnetic,
charge and PP interaction channels in an unbiased way necessitates the storage of the full two-
particle vertex and it’s three independent momentum dependencies. Using a naive momentum
space discretization with n; different momenta and considering a system with n, degrees of free-

dom per unit cell [ no. sublattices X no. orbitals (X 2 for spin-orbit coupled systems) | this function
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scales as n; X nj. Assuming storage of Vi, ({k;}) in terms of double precision complex floating
point numbers a typical size a 3 band model in two-spatial dimensions without spin-orbit cou-
pling would be n;, = 40%, n, = 3 and the size of V would be ~ 5.3 TB, making such calculations
prohibitive without further approximations. One such approximation is given by the truncated-
unity (TU) formulation of the fRG [123], which heavily inspired our approach to the treatment of
bare long-range interactions in the wcRG and RPA. It is important to note that the expansion of
the two-particle vertex in terms of formfactors, while exact for finite ranged interactions, poses
an approximation in the fRG approach. During the flow non-local and highly non-local interac-
tions can be generated, a process which is completely analogous to the generation of long-range
Cooper pairing interactions from purley local bare interactions in the wcRG (see Section 1.3).
Accordingly, the number of formfactors used for any TU-fRG calculation significantly exceeds
the one needed for an exact representation of the bare interaction. Therefore, a limitation to model
systems with limited complexity is present for the fRG, even in the TU approximation.

The RPA and wcRG approaches to unconventional superconductivity circumvent this problem
by constraining the calculation to one single channel at a time. This allows for a more efficient
vertex parametrization due to the limited range of the bare interaction and the constraint to the
Q = 0 case for the PP-channel (the Cooper channel). Accordingly, the potential complexity of
the model system is enhanced at the cost of a more biased analysis. This bias is exemplified by
the potential for fRG to resolve finite Q instability in the PP channel. Also the RPA allows for
particle-hole fluctuations as a driver for Cooper pairing, while the feedback of particle-particle
excitations into the magnetic and charge channel is completely neglected. While these omissions
constitute a (physically motivated) approximation for the RPA, they are exact constraints on the
effective interaction in the limit of vanishing bare interactions [23, 92]. In the limit of vanishing
bare interactions U/W — 0 and notwithstanding numerical implementation problems, the wcRG,
fRG and RPA are formally equivalent. Under the assumption that spin and charge fluctuations
of the unrenormalized electronic system drive phase transitions in the Fermi-liquid, the small set
of resummable diagrams included in the RPA poses a sensible restriction and we can expect it to
match results from a more involved fRG calculation [24, 125].

In order to properly compare the three methods, another numerical challenge has to be consid-
ered: the sharpness of the Fermi surface for zero temperature. On one hand, the introduction of
a finite regularization scale A in the fRG circumvents the problem at the beginning of the flow.
Furthermore, due to the start with a finite interaction scale, the flow is usually terminated before
A becomes to small to allow for efficient loop integrations. In the RPA one can similarly en-
hance the ordering tendencies of the system via the introduction of a finite interaction, justifying
an artificial temperature regularization to simplify the integration of the particle-hole bubble in

Equation 1.103. On the other hand, the vanishing interaction strength constraint of the wcRG
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necessitates an evaluation of this integral at zero temperature in order to achieve a conceptually
consistent result. Due to this, numerical calculations of the wcRG may be significantly more in-
volved when compared to seemingly similar RPA results for the same system. Such a comparison
of the wcRG and RPA via the necessary effort for the loop integration is justified as the necessary
matrix operations for the ladder resummation are dwarfed by the integration.

Finally we would like to comment on the feasibility of detailed phase-diagram mappings in all
three methods. Changes to the single-particle Hamiltonian H,,, for example in order to compare of
different doping levels, necessitate a complete recalculation in all three cases. In contrast, modi-
fications of the interaction Hamiltonian parameters H; do not alter Equation 1.103 i.e., the results
of this calculation may be re-used for scans in e.g. the overall interaction strength or different ra-
tios between onsite and nearest-neighbour interactions. Due to this, the computational complexity
of phase-diagram scans in the interaction parameters for wcRG and RPA is significantly reduced
compared to the fRG as its iterative solution structure does not allow for significant re use of

results for different initial conditions.

1.6 Conclusion and Outlook

In the pursuit of an efficient and reliable framework for the analysis of unconventional supercon-
ducting instabilities of correlated metals, we have identified the particle-hole bubble as the central
quantity. We have unified the formulations of the wcRG and the RPA in terms of this object, which
we introduced as the generalized susceptibility y for local and it’s generalization N for non-local
interactions.

In combination with the numerical performance optimizations we presented in detail in [72],
our work paves the way towards an efficient and reliable numerical toolbox, equipped for the ab-
inito analysis of unconventional superconducting instabilities in real materials. We envision such
a framework to be based on traditional density functional theory calculations, downfolding of the
model to a tight-binding Hamiltonian via Wannierization and the presented analysis of its Fermi
surface instabilities within the wcRG or RPA.

Future methodological improvements of this work may include the relaxation of various approx-
imations. Clearly, a combination of our results with the inclusion of frequency dependent vertex
functions as well as self energy corrections could be a worthwhile pursuit. The resulting frame-
work, commonly known as fluctuation exchange approximation (FLEX) constitutes a conserving
approximation and was established as a useful tool for the analysis of various toy-models[131—

133]. Fusing it with our results could open up the possibility of studying the interplay of non-local
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interactions and self-energy effects in the context of realistic material scenarios. In this context, a

connection with dynamical mean field theory (DMFT) approaches may also be fruitful.



Benchmark calculations

Here we investigate the propensity towards unconventional
surface superconductivity of the square and triangular Hub-
bard modes with and without Rashba spin-orbit coupling.
Some results of this this part of the thesis have been pub-
lished in Reference [72].






Benchmark calculations

In this chapter we will discuss the paradigmatic Hubbard model on the square and triangular lattice
from a weak coupling perspective. Particularly, we will focus on the superconducting instabilities
of these models and the influence of Rashba spin-orbit coupling on them. The square lattice
model provides a perfect benchmark case, where our methodology can be compared to related
approaches, and is accordingly the first place to establish the capabilities of our framework to
include spin-orbit effects.

The Hubbard model on the triangular lattice features a different lattice geometry while avoiding
the necessity for a sublattice basis, making it an ideal model to highlight the influence of the
model geometry on superconductivity. Additionally the surface of LuPtBi we investigate in the

next chapter features a triangular lattice of bismuth atoms.

2.1 SU(2) symmetric Hubbard models

Before concerning ourselves with the complications arising due spin-orbit coupling effects, we
study models with an intact spin-rotation symmetry. We restrict our analysis to the simplest case

i.e., models with three parameters.
1. The nearest neighbour tunneling amplitude ¢.
2. A repulsive onsite interaction of strength U.
3. The average number of electrons per unit cell 7.

For the lattices with a trivial unit cell considered here, 0 < n < 2 due to the Pauli principle. We
further note, that our methods are limited to a perturbative treatment of these models i.e., U < ¢t

as discussed in the previous chapter.
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The general Hamiltonian describing the models in this section is therefore a particularization of
Egs. 1.1 and 1.6 that can be written as

— i i ot
H= tz Z CioCig —H Z Z CivCivtU Z €1 CirCinCiy - 2.1
o i i

o (L)

The chemical potential u is chosen such that the groundstate |0) of H (for U = 0) yields

n= % > Z ©lcl . 10) (2.2)

for a system with NV lattice sites. The operators cfg create an electronic state at site i with spin o.

The spin rotation symmetry of this model is given by the gauge-transformation
oo Y Usrcly, o ey Y Uspcy, . 2.3)
o’ o’

where U € SU(2) is generated by the Pauli matrices o = {0y, 7, 0} such that U(@) = e797.
Clearly the model features an additional U(1) gauge-symmetry

; L ,
ci,O' — € 1¢Ci,0' ’ ci,O' - e+l¢ci,0' ’ (24)
related to the conservation of particle-number. The implications of these symmetries for emergent
low-energy effective interactions is discussed in detail in Ref. [120].

Therefore, we will be content with a brief discussion of Equation 2.3’s implications for the bare
susceptibilities introduced in Section 1.4.1. For the simple Bravais lattice models we discuss here,

it is sufficient to discuss the local operators

nQ) =D > oo i 2.5)
k o
SQ =D > OlguTrrCiy (2.6)
k oo’
as well as their non-local generalization
An’f(Q) = Z Z ¢f(k)ClT(+Q,O'O—Z'O"Ck,a" (27)
k oo’

discussed in Section 1.4. Due to the local nature of the presently discussed model class, we will

refrain from discussing susceptibilities of non-local operators, as their RPA contributions vanish.
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To keep notation general we introduce
po(k) =1, (2.8)
a constant formfactor associated with index f = 0.
We recall from Equation 1.147 that
KA Q). Ay (@) = 5Q - Q) Y. o ol N, (Q,0) (2.9)
{oi}

and note that Equation 2.3 implies —
z
<
(2.10) =
O

(Q, 0) o 60'00'260'10'3 P

00
NO’QO’ 102073

for the bare susceptibility, as the spin degree of freedom is conserved along each propagator line.

Straightforward calculation
Z 0-2'00'30-2"1 0’250'00'260'10'3 = Z O-Z()O'l 0-3,10‘0 = 2577”, (2 1 1)
{oi} o001
yields
XA} Q) Ay p(Q)) < 5,y . (2.12)

As previously (compare Section 1.4.4) discussed, this only holds for the non-interacting suscep-
tibilities and the spin (S) (7 = (1,2, 3)) and charge (C) (n = 0) sectors will split upon including

interaction effects into the susceptibility calculation.
Finally, in order to simplify notation for the results presented here, we introduce the shorthand

(2.13)

notations
X" = x"Q) = XA ,(Q). Apo(Q))

(2.14)

and
0ij — 0dic(yy — Ot
X =x"(Q) = x(4,)(Q), A40(Q))
with i, j € {x,y,z}. In particular for the case of bare susceptibilities and intact spin-rotation sym-
metry we have y%¢ = y% = y9 for all i. Note that in some figures we further abbreviate y° = y.
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Figure 2.1: We show the energy dispersion of the nearest neighbour square lattice tight-binding
Hamiltonian in the left panel. The energy-dispersion is measured relative to the Fermi energy
implied by a filling of n = 0.95 electrons per unit cell and the Fermi level is indicated by a
dashed line. The high symmetry path through momentum space is indicated by a dashed line in
the right panel where we also depict the models Fermi surface for n = 0.95. The color coding
of the Fermi surface illustrates the Fermi velocity vy = JE/0k along the Fermi surface and
the ticked color corresponds to its reciprocal average vy along the Fermi surface as defined in
Equation 1.112.

2.1.1 Square lattice

The square lattice Hubbard model can be physically motivated in various ways, one of which is
discussed in the introduction of this thesis. Here we will instead focus on the model as a simple
testing ground for the methodological framework introduced in Chapter 1. In particular, the filling
fraction n i.e., the average number of electrons per unit cell, is taken as a completely variable
input. While this is in stark contrast to most realistic experimental situations (with the notable
exception of the recently discovered Moire hetero-structures [56, 60]), it allows us to track the
influence of the system’s Fermi surface shape on the superconducting pairing. In particular, the
model at very low filling fractions maps to the Free electron model with a vanishing influence of
the lattice chosen as a ultraviolet-regulator to the parabolic kinetic energy relation.

In the left panel of Figure 2.1, we show the band structure for the Hamiltonian’s non-interacting
part (U = 0). Notice the particle-hole symmetry of the band structure around the van-Hove filling
atu =0 (n = 1), as well as the SU(2) symmetry enforced two-fold degeneracy of the band. Here,
we have chosen a slightly lower filling fraction of n = 0.95 electrons per unit cell, resulting in
the depicted Fermi level and the Fermi surface shown in the adjacent panel. This way, we avoid
the ideal nesting (and corresponding divergence in the 7 = 0 particle-hole (PH) susceptibility) at

this special point in parameter space. The reciprocal of the Fermi velocity along the Fermi surface
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Figure 2.2: Comparison of the square lattice Hubbard model’s bare particle hole susceptibility
Xo for varying filling fractions n. In the left panel, we compare our results to the exact result
for the free electron gas for a small filling n = 0.05, where lattice effects are negligible due to
the mean electron separation exceeding the lattice constant significantly. The right panel shows
the continuous evolution of the susceptibility as a function of n. We particularly emphasize the
evolution of the maximum from I" to X and finally M as n increases.

is proportional to the density of states at this point p oc 1/vp so that the chosen setting is still
influenced by the band structures van-Hove singularity at the k = X point, where |V E| vanishes.

The influence of the square lattice geometry on the electronic structure becomes particularly
important close to half-filling i.e., n = 1. We illustrate this by comparing the PH susceptibility
defined in Equation 1.99 for different fillings in Figure 2.2. Starting from a susceptibility profile
matching the free electron gas for small filling fractions, one can clearly observe the emergence of
additional features when the Fermi momentum approaches the Brillouin zone boundary 2kr ~ n/a
atn = 0.4.

We use this setting, where we only vary the filling n as the simplest benchmark scenario for
the wcRG and RPA methods. We present the filling dependent phase diagram of this particle hole
symmetric model (for the hole doped side O < n < 1 only) in Figure 2.3. Not only do we reproduce
the initial results by Raghu et al. [23] but also find the small region of spin triplet pairing in the E
irreducible representation (Irrep) at n ~ 0.5 uncovered in [134]. Our quantitative deviation from
the results in [23] by an overall factor has been resolved in private communication with the authors.
Note that the emergence of a significant V.4t/U? at n ~ 0.4 coincides with the introduction of
lattice effects in the susceptibility as discussed in the previous paragraph. Following this line of
argument, the B; / d,>_,»-wave superconducting phase can be associated with the dominating PH

susceptibility in the region around Q = (7, 7).
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Figure 2.3: Results for the NN (# = 0) Hubbard model on a square lattice. Most of the pre-

sented data has been previously reported in [23, 134, 135]. Wolf et al. [134] identified a small
parameter region where triple superconductivity in the E irreducible representation (Irrep) is
favoured in the wcRG. We reproduce their results by discretizing the Fermi surface with 80
distinct points and solving the critical susceptibility integral using an equally spaced grid of
(800 x 800) points in the Brillouin zone. Nevertheless, the instability scales for fillings n < 0.2
are indistinguishable within the numerical error. The proximity of different phases close to
n = 0.5 filling is highlighted in the inset. A generalization of these results for finite interaction
strength is obtained in the RPA and shown in the right panel. Based on the bare susceptibil-
ity calculations obtained as an intermediate result of the left panel, the RPA resummation with
varying onsite interaction reveals slight changes in the ordering of instabilities. In particular, the
triplet state is suppressed via the enhanced antiferromagnetic spin fluctuations, giving rise to a
double transition into the neighbouring B, Irrep and finally the extended s-wave solution A; for
U > t. The inset shows that the E Irrep survives for very small interaction scales, demonstrating
the equivalence of RPA and wcRG for infinitesimal interaction scales. We emphasize that our
findings coincide with the results of Ref. [135] (# = O line in Fig.3). The grey region around
half filling signals the onset of a spin-density wave (SDW) instability due to a diverging RPA
spin susceptibility as expected from the perfect (7, ) nesting of the FS atn = 1.

Using the generalized susceptibilities obtained from these calculations we perform RPA cal-

culations for the same system at varying interaction scales 0 < U < 3t without any additional

numerical integrations and present our findings in the right panel of Figure 2.3. As expected this

does not affect the symmetry of the order parameter in regions of large separation between the

eigenvalues of g but introduces qualitative changes at n ~ 0.5. In agreement with the results

from [135] an extended s-wave A; state is favoured in this transition region between the common

nearest neighbour B, / d,»_»-wave state around half filling and the next nearest neighbour B, /

d,-wave state for 0.25 < n < 0.45.
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Figure 2.4: We show the energy dispersion of the nearest neighbour triangular lattice tight-
binding Hamiltonian in the left panel. The energy-dispersion is measured relative to the Fermi
energy implied by a filling of n = 1.5 electrons per unit cell and the Fermi level is indicated by
a dashed line. The high symmetry path through momentum space is indicated by a dashed line
in the right panel where we also depict the models Fermi surface for n = 1.5. The color coding
of the Fermi surface illustrates the Fermi velocity vy = JE/0k along the Fermi surface and
the ticked color corresponds to its reciprocal average vy along the Fermi surface as defined in
Equation 1.112. In contrast to Figure 2.1, this model does not feature a particle-hole symmetry
for any filling fraction.

2.1.2 Triangular lattice

Similar to the previously discussed square lattice Hubbard model, the model on the triangular
lattice features a single spin-degenerate bands as it is a pure Bravais lattice. The different space
group symmetry of the lattice, therefore manifests itself only in a different point group symmetry:
Ce, instead of C,, for the square lattice. In Figure 2.4 one can see the appropriate hexagonal
Brillouin zone (BZ) with the Fermi surface at van-Hove filling (n = 1.5 electrons per unit cell).
From the band structure it also becomes clear that the bandstructure does not feature a particle-
hole symmetry as expected for a non-bipartite lattice. Another interesting consequence of the
hexagonal structure are the different Fermi surface topologies when hole doping or electron doping
away from the van-Hove filling. For fillings n < 1.5 the Fermi surface is fully connected and
shrinks around the I'" point. This finally results in a model that is well approximated by a free
electron model with quadratic band dispersion for very small fillings, analogous to the discussion
for the square lattice model. In contrast, for n > 1.5 the Fermi surface splits into two disconnected
segments, conventionally named pockets. Both pockets center around the corners of the hexagon
i.e., the K points of the Brillouin zone. While the four corners of the BZ are identical modulo

reciprocal lattice translations, this is not the case for the triangular lattice. Here only every second
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Figure 2.5: Comparison of the triangular lattice Hubbard model’s bare particle hole susceptibility
Yo for filling fractions n € {1.3, 1.5, 1.7}. In the left panel, we compare the three scenarios along
a high symmetry path through the Brillouin zone. We emphasize the strong increase of y(0)
and yo(M) for n = 1.5, i.e., as the Fermi level coincides with the van-Hove singularity at M.
The right panel shows the the bare susceptibility for this scenario in the complete first Brillouin
zone. The results were obtained while employing a regularization temperature of 7 = ¢/600.

corner when traversing the hexagonal BZ can be identified with each other, resulting in two distinct
K points related only via the Cg, point group symmetry but not via reciprocal lattice translations.
Similarly, three distinct M points exist in any hexagonal lattice systems.

As we have seen previously, a systems particle-hole fluctuations near van-Hove filling are dom-
inated by nesting vectors i.e., non-trivial displacements between two Fermi surface copies that
allow for good match between them. Visual inspection of the Fermi surface in Figure 2.4 quickly
results in the insight, that every vector along the high symmetry line between I' and M induces a
strong nesting, maximising for Q = M. The resulting bare susceptibility is depicted in Figure 2.5,
where this feature can be seen clearly. We supplement the data for the van Hove filling by the
results for ~ 13% hole and electron doping. One can clearly see that (i) particle-hole fluctuations
are more strongly suppressed for electron doping compared to the hole doping case and (ii) the
particle hole susceptibility for the electron doped scenario is largest for small momentum trans-
fers. Both of these effects are nicely explained by the two smaller Fermi surface pockets in the
electron doped case.

These differences influence the dominating superconducting instability strongly as shown in
Fig. 8 of Ref. [23]. We refrain from plotting our own data for the complete scan in filling as the
most interesting region around the van-Hove singularity is already contained as a special case in

Figure 2.10 which we discuss below.
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Figure 2.6: We show the energy dispersion of the nearest neighbour square lattice tight-binding
Hamiltonian with Rashba spin-orbit coupling ag = 0.4¢ in the left panel. The energy-dispersion
is measured relative to the Fermi energy implied by a filling of n = 0.95 electrons per unit cell
and the Fermi level is indicated by a dashed line. The right panel shows the four pocket Fermi
surface resulting from the singly degenerate bands.

2.2 Rashba spin-orbit coupling

Having established the effect of lattice geometry on particle-hole fluctuations and the subsequent
impact on superconducting pairing, we will now proceed to discuss the influence of spin-orbit
coupling on static particle-hole fluctuations.

Spin-orbit coupling is a relativistic effect that is rooted in the Zeeman coupling uzoB between
the spin o of an electron and the effective magnetic field B experienced by this electron in its
rest frame. In this reference frame, an effective magnetic field B ~ E X p/ mc? arises, whenever
the electron moves in an electric field E, inducing a finite Zeeman splitting o-(E X p)ug/mc?* for
vanishing external magnetic fields [27]. The required electric field is naturally present in the
vicinity of heavy atomic nuclei, where its radial symmetry induces the well known Lo term,
coupling the electrons spin to its orbital angular momentum [136]. While this term can not induce
an energy splitting in time-reversal preserving and inversion symmetric systems, it will still lead
to an orbital admixture and energy shifts as exemplified in the unconventional superconductor
Sr,Ru0O, [137]. Nevertheless all bands in such a system are doubly degenerate.

A spin dependent energy splitting becomes possible in time-reversal invariant systems due to
the presence of inversion symmetry breaking induced by the crystal structure, interfaces between
different materials or simply at a crystals surface [138, 139]. This effect is known as Rashba spin-

orbit coupling in the literature and leads to a variety of experimentally observed effects and is
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Figure 2.7: Phase diagram for a wcRG analysis of the unconventional superconducting instabil-
ities induced by a local Hubbard repulsion on a nearest-neighbour square lattice tight-binding
model with Rashba spin-orbit coupling ay as a function of filling n. The right panel shows
effective pairing strength described by Equation 1.115 and the grey dashed lines indicate the
position of the van-Hove singularities as a function of ak. In the left panel we can see that the
symmetries of the superconducting order parameter do not change in the region around half
filling. The slight particle-hole asymmetry for small and large filling fractions is an indication
of numerical inaccuracies in this regime.

especially relevant in the context of spintronics [27]. In the following we will focus on the Rashba
spin-orbit effect at interfaces.

Naively, one could assume that the electric field gradient at a crystal surface or epitaxial inter-
face is the sole driver for the observed spin-splitting via the analogous effect discussed previously.
The experimentally observed strength of spin-splitting is however underestimated by several or-
ders of magnitude by this [140-142]. Ref. [141] resolves this discrepancy via a tight-binding
model (in particular for an Au (111) surface including all sp® orbitals) and find that the spin-
splitting is well described by a term of form azo(z X p). The coupling strength ay is dominated
by processes in perturbation theory that involve nearest neighbour hopping and matrix elements
of the intra-orbital spin-orbit interaction, enhancing the effect for materials involving heavy ele-
ments.

Due to the single orbital nature and model character of our Hubbard models, we introduce
Rashba spin-orbit coupling phenomenologically via an added term in the tight-binding Hamilto-
nian

Hsoc = ag Z Z cj’gg(ri - rj)a'w,cl.’a, . (2.15)

(i,jy oo’



2.2 Rashba spin-orbit coupling

As one can anticipate from our previous discussion
gr)=it(r))r x z (2.16)

for a 2d system in the xy plane, where #(|r|) parametrises the non-spin-orbit hopping element
between sites separated by r. An exemplary bandstructure and corresponding Fermi surface is
shown in Figure 2.6.

Previous studies of unconventional superconducting instabilities in this system have relied on
an analytical solution of this tight-binding Hamiltonian in order to circumvent the gauge problem
posed by numerical matrix diagonalization [32, 33]. Since the Rashba term is not centrosym-
metric, it lifts the spin degeneracy between the bands at all points in the Brillouin zone with the
exception of time reversal invariant momenta and thereby making our gauge fixing procedure dis-
cussed in Chapter 1 unique. We validate our approach by successfully reproducing their results
without relying on analytical eigenstates. Our resulting phase diagram is shown representatively
in Figure 2.7. One can clearly see the splitting of the superconducting dome at g = 0.0 and
n = 1 into two separate domes following the new van Hove singularities established by the two
spin-orbit separated Fermi surface sheets and observe an overall suppression of the superconduct-
ing pair strength V., with larger values of a. This result is expected due to the reduction of the
systems nesting. In addition to this phase diagram, we provided extensive phase diagram scans
in ag and filling » for finite next nearest neighbour hybridizations in [72], further validating our
implementation.

Due to the small effective pairing strength for small Fermi surfaces in the small and large n
limit, which further decreases as the spin-orbit interaction is increased, the gap between leading
and sub-leading instabilities drops beneath the numerical resolution of the applied scheme, which
is a problem also present in other works (e.g. Ref. [33, 134]). Our results are therefore only strictly
reliable in phase space regions of sizeable pairing strength, providing a natural explantation for
the slight particle-hole asymmetry in Figure 2.7.

A superficial look at the presented phase diagram for the Rashba Hubbard model an a square
lattice could lead to the conclusion that the influence of the spin-orbit coupling is a purely quan-
titative effect that is well explained by the splitting of the van-Hove singularity. This is not true
as the broken inversion symmetry qualitatively changes the symmetry considerations for potential
Cooper pairing states [31, 143, 144]. Similarly, the spin-orbit coupling invalidates our considera-
tions for the symmetry between bare charge and spin fluctuations that resulted in Equation 2.12.
It is true, however, that the implied changes are subtle on the square lattice. Due to this, we will

now proceed with our discussion of these effects on the triangular lattice.
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Figure 2.8: We show the energy dispersion of the nearest neighbour triangular lattice tight-
binding Hamiltonian with Rashba spin-orbit coupling ag = 0.5¢ in the left panel. The energy-
dispersion is measured relative to the Fermi energy implied by a filling of n = 1.5 electrons per
unit cell and the Fermi level is indicated by a dashed line. The right panel shows the six pocket
Fermi surface resulting from the singly degenerate bands.

Triangular lattice

Let us start the discussion with a quick summary of the kinetic Hamiltonian on the triangular
lattice. Analogous to the square lattice situation, the two previously spin degenerate bands split
at all momenta that are not time-reversal invariant (TRI) (here the Kramers theorem protects the
spin degeneracy for all time-reversal symmetric systems). The van-Hove singularity splits into
asymmetrically due to the absent particle-hole symmetry and the hexagonal Brillouin zone leads
to up to six distinct pockets as one can see in Figure 2.8, corresponding to the six distinct TRI
momenta. We overlay the dependence of the new van-Hove fillings on the Rashba parameter ag
as grey lines over the phase diagrams in Figure 2.10.

Since the discussion of particle-hole fluctuations and unconventional superconductivity on the
surface of a crystal are a central topic of this thesis, we refer the reader to the following Chapter 3
for a detailed discussion of Cooper pairing in these models and only summarize the main points
here.

Since Equation 2.2 breaks spin-rotation symmetry, the spin of an electron moving on the lattice
is not conserved in the presence of spin-orbit interactions. Accordingly, y(,, is less constrained

in this scenario. One can show that y%% = »%©0)* = 0 with i € {x, y, z} vanishes for time-reversal
i

invariant systems, i.e., the total spin of a local particle-hole excitation ¢, c, , is conserved even in
the presence of SOC. In contrast, the direction of such an excitations spin is not conserved and in
general all y%/ are finite and only constrained by hermiticity. Figure 2.9 shows the resulting diag-

onal elements of the particle-hole susceptibility along the high symmetry path through the BZ for
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Figure 2.9: Bare particle hole susceptibilities y,., Xyy, Xzz and ¢ on the triangular lattice for
n = 1.5 and ag = 0.5. In the left panel, we compare the different diagonal spin contributions
along scenarios along the high symmetry path through the Brillouin zone shown in Figure 2.8.
We emphasize the strong increase of y,, at the k, = 0 M point. The right panel shows the
the charge susceptibility for this scenario in the complete first Brillouin zone. The results were
obtained while employing a regularization temperature of 7 = ¢/600. Plots of the off diago-
nal components of the spin-susceptibility and complete Brillouin zone have been delegated to
Appendix C. Readers are encouraged to check out the beautiful pictures :-).

exemplary fixed model parameters. One can clearly observe the influence of the spin-momentum
locking for the large SOC case and the distinction between in plane xy and out of plane z spin
alignments. While the off diagonal elements are finite, their absolute value is small compared
to the diagonal components and we have decided to move additional plots into Appendix C for
conciseness.

In addition to this modification of the particle-hole susceptibities, superconducting pairing in
Rashba spin-orbit coupled systems is significantly modified by the spin-split Fermi surface. This
effect is particularly strong in our calculations due to the static approximation for the pairing inter-
action. It implies the strict fixation of Cooper pair excitations to the Fermi surface that, when com-
bined with the zero momentum condition ko = —k; constrains the potential pair wavefunctions to
be of intra-band type A, o d,,. For the present case this fixes the complete spin-structure of a
Cooper pair excitation with given relative momentum k. A combination of time-reversal symmetry
and fermionic antisymmetry then implies a constraint to even pairing functions A (k) = A (k).
For the case of the triangular lattice with point group Cy,, this means that only the three even (A,
A,, E»,) of the six irreps constitute energetically favourable pairing wavefunctions in the limit of
string SOC ag > A. Clearly this condition is fullfilled for arbitrarily small values of ak in the

wcRG limit, where U and correspondingly A is extremely small compared to all energy scales.
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Figure 2.10: Phase diagram for a wcRG analysis of the unconventional superconducting instabili-
ties induced by a local Hubbard repulsion on a nearest-neighbour triangular lattice tight-binding
model with Rashba spin-orbit coupling ay as a function of filling n. The right panel shows effec-
tive pairing strength described by Equation 1.115 and the grey dashed lines indicate the position
of the van-Hove singularities as a function of ar. The perceived enhancement of V., at e.g.
ag = 0.1, ag = 0.5 and n = 1.48 is attributed to the almost perfect coincidence with the van
Hove filling at this parameter. In the left panel we can see the constraint to even irreducible
representations that is imposed by spin split Fermi surfaces in the limit of weak coupling.

Finally we present the phase diagram of unconventional superconductivity obtained from our
wcRG calculation in the vicinity of the van-Hove singularity in Figure 2.10. The previously
discussed point is clearly visible as the odd representations E; and B; are only supported for
ag = 0 and the degenerate E, representation which was limited to the exact vHS at ag = 0
dominates the phase diagram for finite SOC. Interestingly, a new phase transforming under the A,
irrep emerges along the lower vHS.



Unconventional surface
superconductivity

Here we investigate the possibility of unconventional surface
superconductivity. A particular focus is given to the half-
Heusler compound LuPtBi, whose unusual surface state is a
prime candidate for correlation induced Cooper pairing. The

presented results are in preparation for publication [145].






Unconventional surface
superconductivity

The analysis of many established unconventional superconductors has been predominantly fo-
cused on the bulk limit of quasi-two-dimensional (quasi-2D) such as the cuprates, ruthenates or
certain families of iron-based superconductors [12, 137, 146—149]. This fact may be understood
in terms of the generically reduced nesting features of three-dimensional (3D) Fermiologies com-
pared to the quasi-2D case in these layered systems. In addition, a variety of superconducting sys-
tems with atomic scale thickness have been identified in recent years, some of which we already
sketched in the introduction to this thesis. Noteworthy is, for instance, the case of twisted bi-
layer graphene (TWBLG) (and related systems), where the twisting angle between the graphene’s
layers affects the flatness of bands close to the Fermi level [56, 60]. Other examples include the
deposition of adatoms on the surface of various insulating and semimetallic substrates such as
Sn on Si(111) [54] or superconductivity (SC) between insulating oxide materials like the LaAlO,
/ StTiO; or KTaO; based interfaces [55, 58, 150-152]. The true 2D nature of these systems
allows for potentially topological superconducting condensates that can feature chiral Majorana
fermions, the building blocks for topologically protected quantum computation [153—-158]. Com-
pared to SC at an interface, however, surface SC has significant advantages, as it may be prone
to easier manipulation and investigation compared to interfaces hidden between two bulk materi-
als. In particular, many widely applied experimental probes such as photoemission spectroscopy
(ARPES) or scanning tunneling microscopy (STM) could be used to investigate surface SC.
While the 2D nature of SC between insulating oxides and on top of insulating or semiconducting
substrates is experimentally well established, the distinction between surface and bulk SC in bulk
(semi)metals is challenging. For phonon driven bulk superconductors, the distinction between

surface and bulk SC deriving from a single material superconductor is especially hard, because
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the SC 3D bulk transition sets all decisive energy scales due to its dominant density of states in
generic settings.

Evidence of surface SC has been reported in a variety of 3D topological insulators as well as 3D
Dirac semimetals [63—68]. While the superconducting transition temperature 7 in these systems
reaches up to = 9 K, the comparatively small density of states (DOS) of linearly dispersing Dirac
fermions inhibits even higher 7.’s. In contrast, non-topologically protected (Shockley or Tamm)
surface states may be characterized by small bandwidths and nearly-flat dispersions, indeed pro-
viding a promising avenue to increase 7. via the enhanced DOS.

In this chapter we will start by summarizing the literature on surface superconductivity and
contrast it with our proposition for unconventional surface SC. We continue with a summary of
symmetry considerations for superconducting pairing in the absence of inversion symmetry as it
is relevant for a crystals surface. Subsequently, we discuss the crystal structure and electronic
properties of the half-Heusler material LuPtBi in the context of its bulk SC and metallic surface
state. Finally, we present an almost ab-initio Fermi surface instability analysis of this surface state
and identify a condensate of Cooper pairs which spontaneously breaks time-reversal symmetry as

the leading instability.

3.1 Surface superconductivity

In the introduction of this thesis we have discussed experimental investigations of two dimen-
sional (2D) superconductivity in various systems. This section particularizes the discussion to the
explicit case of surface superconductivity i.e., 2D superconductors arising at the surface of a bulk
material with critical transition temperature 75" exceeding any bulk SC transition temperature
Thul < urtace,

To the best of our knowledge, such a scenario was first discussed by Saint-James and de
Gennes [159] in the context of conventional bulk superconductors in the presence of decreasing
magnetic fields. The diamagnetic properties of superconductors implies that they expel magnetic
fields H from their bulk. Clearly, the presence of such an external field raises the total system
energy and for large enough values of H > H, !, the superconducting state is no longer energeti-
cally favourable compared to a normal state that allows for a penetration of the field through the
material [5]. Saint-James and de Gennes studied the Ginzburg Landau theory of a bulk supercon-
ductor in the presence of a plane boundary and magnetic fields parallel to this surface. They found

that upon lowering the field from values H > H,, superconductivity nucleates at the surface and

IFor the sake of conciseness we do not discuss the difference between superconductors of the first and second
kind here, and refer the reader to [5] for a general discussion and [159] for the implied differences for surface
superconductivity.
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not at the bulk. The critical field at which this nucleation occurs was named H . and found to be
larger than the bulk value H. < H_; for ideal superconductors. For superconductors of the second
kind (type II superconductors), they established that the presence of such a magnetic field will
lead to a superconducting layer near the surface of the sample i.e., surface superconductivity. The
theoretical prediction was quickly verified experimentally [160, 161] and their theory expanded to
finite temperatures [162], more complicated surface geometries [163—165] and multi-band super-
conductors [166]. Measurements of this effect in the heavy-Fermion superconductor UPt; [167]
lead to extensions of the theory to unconventional order parameters [168]. Finally, the influence
of spin-orbit coupling on this type of surface superconductivity was also discussed [169]. In their
study, the authors predict an enhancement of particle-particle condensation with finite center of
mass momentum (FFLO? states) due to the interplay of in-plane magnetic field and spin-orbit cou-
pling. Going forward, we will label all of these scenarios of surface superconductivity discussed
in this paragraph as field induced. They do not depend on a specific electronic structure at the
surface and are therefore not related to the scenario considered in this thesis.

A completely different approach to the idea of surface superconductivity is concerned with
possibility of a modified electronic structure at a material’s surface and accordingly does not
require the presence of a magnetic field. Theoretically, zero-field surface superconductivity (in
the following titled surface superconductivity) has been predominantly studied in the context of
topological surface states. The literature includes superconductivity in flatband surface states
at the surface of nodal fermionic systems [170, 171], phonon induced superconductivity in the
metallic surface states of three-dimensional topological insulators [172, 173] and the influence
of bulk superconductivity on topological surface states [174] to name a few. While experimental
evidence for surface superconducting islands in the topological insulator Sb,Te, has been reported
in [63], conclusive evidence for a coherent superconducting condensate in the topological surface
state is outstanding. The arena of 3D semimetals seems to be more promising, as a variety of
groups have reported in evidence for surface superconductivity in a wide array of materials [64—
68].

Our proposal for unconventional surface superconductivity, however, neither relies on magnetic
fields nor non-trivial topology. Instead, we propose that an enhanced density of states at some
crystal surfaces may conspire with the increased correlation effects in two spatial dimensions [14]
and pronounced nesting features in the surface band structure to yield an unconventional mech-
anism for surface superconductivity. The first point was previously proposed by Weitzel and
Micklitz [175], who claimed that their observation of superconductivity in rhombohedral bismuth

clusters could be explained by the strongly increased density of states at the cluster surfaces,

2Fulde Ferrell Larkin Ovchinnikov
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leading to surface superconductivity. We are, however, not aware of any proposals for surface
superconductivity driven by electronic correlation effects inside the surface state itself.

Topologically trivial surface states are a widespread phenomenon in semiconducting materi-
als and even metals as reported by numerous photoemission as well as scanning tunnelling mi-
croscopy studies [140, 176, 177]. Typically, the resulting surface bandstructure are well separated
from the bulk, making these systems prototypical two-dimensional (2D) material platforms. As
we discussed in Section 2.2, the broken inversion symmetry at the surface can conspire with the
strong spin-orbit coupling (SOC) of heavy elements to yield spin-split Fermi surfaces. Finally,
the relevance of correlation effects for such surface states has not only been predicted theoreti-
cally [178] but observed in experiment [179]. A related system class to these intrinsic surface
band structures forming naturally on top of certain bulk materials, 2D band structures with strong
SOC and correlation effects can be engineered by depositing a single layer of atoms on top of a
clean substrate. This approach is even more flexible and both correlation effects and topologi-
cal properties have been observed in this large class of systems [180-182]. In both cases, missing
bond partners at a crystal termination are responsible for the formation of these surface band struc-
tures. Typically, electrons hopping through out-of-plane atomic orbitals (i.e., perpendicular to the
new surface) form m—bonds and experience the vacuum region’s strong potential barrier. These
conditions naturally lead to band dispersions flatter than for their in-plane-hopping counterparts.
The resulting increase in the associated density-of-states forms a genuine proxy for stabilizing
collective phenomena.

Having established the surface of bulk materials as an interesting platform for the realization
of unconventional superconductivity, we will now proceed by studying the constraints on pairing
imposed by the absent inversion symmetry at a surface. Particular focus is given to the relevance

of spin-orbit coupling in this context.

3.2 Relativistic corrections to superconducting pairing

As we discussed before in the introduction of this thesis and in Section 2.2, the dominant relativis-
tic correction in condensed matter systems stems from the effective magnetic field experienced
by electrons in the vicinity of the strong potential gradient near atomic nuclei. The coupling
between this effective field and the electrons intrinsic spin results in the well known spin-orbit
interaction [183]. In the absence of inversion symmetry, this effect has dramatic qualitative con-
sequences as it lifts the spin degeneracy of the electronic band structure and ties the electron’s
spin degree of freedom to it’s lattice momentum. This effect was discovered by Rashba [139] and

Dresselhaus [138] and was discussed by us in Section 2.2.
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In the following section we will first discuss the general implications of time reversal symmetry
on the electronic structure of Rashba spin-orbit coupled systems. We will then use the result to

discuss the implications of spin-orbit coupling on superconducting pairing.

Time reversal symmetry in a spin-orbit coupled system without
inversion symmetry

In a system of spin one half without orbital or sublattice degrees of freedom, we can write a

generic Hamiltonian as

H= Z vl (etk) + gk)ay, = ; wih, , 3.1)
k

with the combined creation operator
TN BN
wk - (Ck,T ’ Ck,l) s

for up (down) spin electrons C;ET (c; l) at momenta k.

We define the helicity operator
k
[409]
squaring to the identity which trivially commutes with A(k). Due to this we can label the eigen-

states at each momentum k according to their eigenvalue A = 1 corresponding to this operator A.

k

The given Hamiltonian is already diagonal in momentum so we define eigenstates of the problem

defined by their eigenvalue equations

Pip; ) =plp; 1),
Aplp; ) = Alp; A) .

(3.3)

We can now diagonalize our Hamiltonian by introducing new operators creating these states

(N LT — T ]
Y = (ck,/l:+ ’ CIL,A:—) - ‘plar(Uﬂ(T)r :

Ck,+
lIIk/l = = U/l(f(k)wkcr s
Ck,—
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where we define operators CZ , that create electrons with momentum k and helicity 4 on the vacuum
lk; Ay =} 10) .

We pick U, (k) such that
U(k)/la'h(k)mr’ U*(k)(r’/l’ = E/l(k)(s/lxl’ .

In the new basis Equation 3.1 reads

H = Z Z Ea(k)CZ,aCk,A

P A
and one possible solution for U, (k) is given by

lg®)l+g. k) gx(k)—igy(k)

U k = e ny , 34
® lg®)l-g:(k)  —gx(k)+igy(k) (3.4)
n- n-

with normalization factors

n = \2g0l(lg0)] = 5.K).

Clearly this unitary transformation also diagonalizes A

10
U)AK)U (k) = ;
0 -1

and results in energy eigenvalues
E, = ek) + Agk)|. (3.5)

Note that generically, operators in the helicity basis B can be obtained from operators in the
spin basis A via
B(k)ay = Uk)acA(K) oo Uk) 5 (3.6)

resulting in the fact that operators constant in momentum acquire a momentum dependence from
the unitary transformation.

Having found the energy eigenvalues of our Hamiltonian we continue with analysing the sym-
metry properties of our solution. In order to investigate the transformation behaviour of (time-
independent) operators and states under time-reversal symmetry it is easiest and most transparent

to start from the transformation behaviour of spin up and spin down states. In real space this
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transformation behaviour is given by

-1
TepT™ =cp

-1 _
TeyT™ =—cj,
and the time reversal operation for our system can be represented in the spin basis as

ch(TT_1 = Z (0 y)goCio -

o’

While it is up to a choice of convention how the minus sign for this transformation is picked, we

can’t choose all signs to be positive since 7> = —1 has to hold for spin 1/2 particles. The time

reversal operator in spin space can is conventionally written as

T = iocyK = UK, (3.7)

where the complex conjugation K is necessary in order for 7' to be anti-unitary and Urg is the

unitary part of 7". If the matrix Urg is not real, it is important to notice that

Chapter 3

T7'= (UnrK)" = KUz = (U)K = (Ur)" K .

Introducing a Fourier transformation to connect real space and momentum space we can com-
pute the transformation behaviour of the creation and annihilation operators from the real space

behaviour and find

_ ikx
Cko = Z € Cxo
x

TCkTT_l — Z e—ikxTCxTT—l — Z ei(_k)xcxj, =cy

X X

TeyT™' = Z e BT T = Z T —cy) = —c .

X X

This can be summarized into
TyT™" =i i . (3.8)



92

3 Unconventional surface superconductivity

We can now compute the transformation behaviour of the Hamiltonian under the time reversal

operator
THT = Z Ty hiyy, T = Z Ty T\ Th(k)T ™' Ty, T
k k

= Y WL —io ) ThIOT oy = ) wi(=io ) Th(=K)T ™ (i)
k —k

Since Ah(k) is not an operator on the Hilbert space but simply a matrix shorthand for prefactors
of linear combinations of Hilbert space operators, time reversal simply acts on it as complex
conjugation, Th(k)T~' = h*(k). We find

THT™ = ) yioh' (K)o, .
k

We can generalize this statement for operators of the form Oy = wZOkwk and general unitary

symmetry operations S represented in the space of creation and annihilation operators by Uy

Sy S™ = Usthp
SOS™ = Yy 1 Us OUs ¥ 4 = ¥, Us O Us ¥y, = ¥, Oy, = Oy (3.9)
with O} = Ug O Us -

For the Hamiltonian in Equation 3.1 this result can be used to compute constraints on g(k) and
e(k)

THT™' = Z Yoy (€' (k) + &' (=k)o") oy,
k
= > Ui(e(-k) - g(~k)o)oly,
k
- Z Vi (e(~k) — g(~k)a )y,
k

= > Yy (etk) + gy, = H.
k

Here we used the fact that € and g have to be real in order for H to be hermitian as well as the fact
that while oy is the only Pauli matrix with imaginary components resulting in oy = —0o, it is also
the only Pauli matrix commuting with 0. o, and o, on the other hand acquire a minus sign from

the anti commutation relation with o-y. In summary

(k) — g(~k)o = (k) + gk)or . (3.10)
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From Equation 3.10 we find that for H to be time reversal symmetric, g(k) has to be an odd
function of k i.e. —g(—k) = g(k). Due to this we interpret A as a helicity operator. It further holds
that

TAT ' = =Ap = Ay, (3.11)

and therefore

AT = —ALT k) = —TAT ' Tk ) = =T Ay Ay = =T Ak, A = —AT k; A)
AT ks ) = =T [k; )

1.e. the time-reversal operator seems to connect states with different helicity. This of course is not
correct since we also have to account for time-reversal changing the momentum of our state. If

we act with the helicity operator at the “correct” momentum —k on a state 7T |k; A) it holds that
AT |k; ) = AT |k; Ay . (3.12)
Using this information we can now define states at —k via their time-reversal partners at k
T lk; 2y = P |—k; ) (3.13)

capturing the correct transformation behaviour for both momentum and helicity eigenvalues.
We can check that this is true and fix the phase by calculating (—k, A| T |k, 2’} in the spin basis

to be
g.(k) —ig,(k)

V8:(k)* + g,(k)?

du® — g.(k) — ig,(k)

Ve &7 + g, (k)%

Notice that we did not compute the “time-reversal operator in the helicity representation” as it

(~k,A|T |k, ) =2 SO K = 6,6 K

(3.14)

would be defined by Equation 3.6. This is not possible for the time reversal operator as a suitable
representation for 7" has to fulfil Equation 3.11 i.e., it is not diagonal in momentum space and

connects states at different momenta. To see that Equation 3.14 is consistent with 72 = —1 we
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compute

(e, AT, 1) = > e, AT 1=K, VX=K VI T Ve, ) = ) €06 60 Ke"OK
KA o
— eia(_k)(eia(k))*(l(z — (/1)2 gx(_k) - lgy(—k) gx(k) + lg)(k)
V8:(=k)? + 8,(=k)? /g.(k)? + g,(k)?
__(gulk) — ig,(k))(g:(K) + ig, (k)
8x(k)* + gy(k)?

=-1.
Using Equation 3.13 and 72 = —1 we can also compute a generic constraint on the phase e/®®
generated by the time reversal operation
—lk, Ay = T? |k, 2) = T ® |-k, 2) = P ® |k 1)
yielding
—e 1 ®) = gk (3.15)

Superconducting pairing in the absence of inversion symmetry

Having studied the single particle solution of the tight-binding Hamiltonian Equation 3.1, we
proceed with investigating the symmetry properties of two-electron wave-functions, in particular
of Cooper pairs. In a weak coupling theory we can constrain ourselves to Cooper pairs where the
single electron states are time reversal partners since we assume the superconducting pairing to be
much smaller than the band-splitting energy gap. The pair wave functions can thus be written in
terms of two creation operators on the same band

Wouirlk; 1) = ¢ Tep T7' = e ®cf ) (3.16)

By introducing an additional term
1
Hsc = 5 ; A)Y ie(k: 1) + hec. (3.17)

into Equation 3.1, we add superconducting pairing on the mean field level to the Hamiltonian.
The chosen form restricts our description to intra band pairing i.e., Cooper pairs that consist of

electrons with different helicities are excluded.
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To compute the energy spectrum of such a mean field Hamiltonian, it is convenient to formulate

the problem in terms of Nambu spinors

I A T
G = (ck,+ 2 Cpm Cpnr ’c—k,—)

and its hermitian conjugate C, . The Bogoliubov-de Gennes Hamiltonian Hamiltonian for a single
orbital superconductor with broken inversion symmetry restricted to intra band (=intra helicity)

pairing can then be written in matrix form as

E. k) O A, (k) 0
1o E®m o Ak
H:H0+HSCZEZC; ® ® C,+%K.
29 a0 —Eqk 0
0 A® 0  —E(-k

The spectrum of this Hamiltonian is given by the absolute value of the gap function |A (k)[?
A’ (k)A,(k) and the spectrum of the normal Hamiltonian E,(k) to be

&) = £ \E2K) + A (KR (3.18)

One clearly sees the separation of the two helicity degrees of freedom, which can be treated in

analogy to multi band superconductivity in our weak coupling approximation.

Implications of time reversal symmetry

In the absence of inversion symmetry, time reversal symmetry is an almost mandatory requirement
for the formation of superconductivity. As we discussed in Chapter 1, the divergence of the parti-
cle particle susceptibility, or the related absence of phase space restrictions on the particle-particle
scattering with total momentum Q ensures the existence of a superconducting Fermi surface in-
stability. A necessary precondition for this is the existence of a zero energy pairing partner state
c’(—Kk) for Fermi surface excitation at k. In the absence of inversion symmetry, time reversal is

the only remaining symmetry enforcing the existence of such a state.
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Here, we start by computing the transformation of Cooper pair states under time reversal in spin

space

TCT)

: 1 Py ot o
T¥pairlk; sgOT ™ = T(cypc Ll + L) = (g — e

= \Ppair(_k' Sgt)

1
ki kT)T = (!

T ek tpt, m = 0)T ™! T(C c! T Cklc kT)T b= (= lekT ¢ chkl) = (¢ mczl ¢ kiCkT)

= - pair(—k tpt, m = 0)

TY i (k; tpt, m = +DT7! = wl I= c_kg czg = —cz(r,cfk(r,
= - pair(_k; tpt,m = 1),
(3.19)
and perform the analogous calculation in helicity space
. IN— iy (k) T _ —iapk) jia k) T iay (k) T
T\Ppair(k7/l,/l)T = Telev®, cL\C kA’T I _ priay®) yiaal) e (=0 oy
_ za(k)T i _ta(k)T T
= T ey = €T C
= @MW Y (ki A, 0) (3.20)
TWpairk; A, DT~ = Wpir(—k: 4, )
T\Ppair(k; A, # /l)T_ = pair(_k; 4, /l,) .

Notice that these calculations are independent of any specific form of the phase ¢/**® but can be
derived by the general properties of T and in particular Equation 3.15 only. Only the last statement
about unequal helicity pairing makes explicit use of Equation 3.14.

We use this information to calculate properties of the intra helicity superconducting gap function

by demanding that the Hamiltonian Hgc be time-reversal invariant

THseT™' = Hyc
Z AL Wpair(—k; ) + hc. = > Ay Whaie(ks ) + hec.
Ak

(3.21)
Z ALK Pl ) + . = > Ay Wpaie(hs ) + h.c.
Ak Ak

AL(—k) = Ay(k).

The restriction to pairing of electrons on the same band, which as we emphasize again is a very
sensible assumption for the case of large spin-orbit coupling, constrains the gap function A to
even functions of k. This clearly goes beyond constraints imposed by the point group of the

crystal which, even in the absence of inversion symmetry, allows for k even and odd pairing.
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Equation 3.21 does not hold for superconductors that break time reversal symmetry sponta-
neously as it is merely a statement on the Fermi surface instability level. It is sensible to require

the pairing interaction responsible for the Cooper pair formation

Hi= ) Vi, @Wh, (g )P, (k; 1) (3.22)

kg4,

to be time reversal invariant. This restricts the mean-field Hamiltonian to terms given in Equa-
tion 3.21. An explicit determination of this restriction is most easily done by assuming a mean-

field expansion of H; in terms of real and even basis functions
di(k) = d; (k) = di(-k) (3.23)

yielding
Var(k,q) = Z Vijardi(K)dj(q) . (3.24)
tj
Using Equation 3.20 we find that the matrix elements of a time reversal invariant interaction have
to be real Vv = V;’M.
symmetry and our constraint to intra-band pairing and does not constitute a further approximation.

The restriction to even functions is a direct result of the fermionic anti-

Spontaneous time-reversal symmetry breaking is still possible for superconducting instabilities
transforming as a degenerate irreducible representation (Irrep) of the point group. In this case,
the gap function may acquire a non-trivial phase factor between the different components of the
Irrep, leading to a finite imaginary part violating Aj(=k) = A,(k) for the even basis functions
A(—k) = A(k).

The helical degree of freedom manifests itself in the possibility to have different pairing am-
plitudes for the different helicities, like it would be possible in a multiband superconductor. The
helical degree of freedom is closely connected to the spin of the Cooper pairs, allowing us to
calculate the spin-singlet / triplet nature of the condensate from this information [31]

Ay (k) = (3.25)

Ay=+ (k) + A/l:_(k)[io' ] N Ap=+(k) = Ap=—(k)
Yoo

> 5 gk) [a‘ia'y]

oo’

The limit of strong spin-orbit coupling and or small pairing amplitudes, is by definition fulfilled in
the weak coupling renormalization group approach for any finite SOC. It is then natural to expect
a vanishing superconducting gap function A,(k) whenever |E,(k)| > 0. Under these conditions
Equation 3.25 predicts an precisely equal mixing between the spin-singlet and spin-triplet nature

of the pairing wavefunction in the limit of strong spin-orbit coupling and inversion symmetry
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breaking. This statement is slightly weakened in the vicinity of band-crossings, which may either
occur accidentally or in case of Fermi surfaces in proximity of time reversal invariant momenta.

In contrast, the presence of inversion symmetry not only implies a restoration of the band de-
generacy and therefore simultaneous formation of gaps for helicities. The spin degenerate system
also naturally allows for inter-helicity pairing. Most importantly, however, inversion symmetry
implies that the parity of a Cooper pair remains a good quantum number. This allows a strict sep-
aration between the (pseudo) spin singlet and triplet pairing wave functions as scattering between
them is forbidden by symmetry [31, 81].

While such scattering elements are symmetry allowed in the case of inversion symmetry break-
ing and strongly spin-orbit coupled systems, they are not necessarily large. In contrast to the
energy considerations that lead to a mixed singlet and triplet pair amplitude, the seeding fluctu-
ations leading to this result may be of pure type. Once could then state that the opposite parity
pairing is induced by the low energy projection. In the next section, we will now discuss some
general facts about the half-Heusler material LuPtBi before applying the presented analysis to it’s

surface state.

3.3 LuPtiBi - a prime candidate for unconventional
superconductivity

Named after Friedrich Heusler [184], the so called Heusler compounds are a diverse class of
materials with roughly 500 members [26]. In particular, ternary half Heusler compounds of XYZ
composition (X,Y denote transition metal or rare-earth metals and Z a main group element) have
recently received considerable interest due to their relevance for spintronic applications. Their
strong tendency towards covalent bonding allows for the prediction of semiconducting properties
in these compounds from a valence electron counting argument alone. In general, XYZ materials
can be considered as YZ zinc-blende lattices (analogous to III-V semiconductors) that are filled
with an additional X atom as displayed in Figure 3.1. Here we have indicated the zinc-blende
lattice with bonds between the Y (grey) and Z atoms (yellow). Systems with 18 valence electrons
like LuPtBi can be considered as a “sum” of positively charged X atoms (Lu**) and negatively
charged zinc-blende structures [(PtBi)*~] [185]. Accordingly, these systems can be expected to
have semiconducting or at least semimetallic properties with remarkable electronic tunability [26].

Here, we study the half-Heusler compound LuPtBi which crystallizes in the non-symmorphic
space group (SG) F-43m (# 216) [69, 186]. At temperatures T > T, this material a semimetal
and features a quadratic band touching point near the Fermi energy [187, 188]. More generally,

bulk LnPtBi (Ln=La, Y,Lu) is a prime candidate for unconventional topological superconductivity
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i

Figure 3.1: Crystal structure of the half-Heusler compound LnPtBi which crystallizes in the
non-symmorphic space group F-43m (# 216). Yellow (grey) sites correspond to Bi (Pt) atoms
forming a zinc-blende structure, while the green sites indicate the Ln site which is occupied by
Lu and Y for LuPtBi and YPtBi respectively. Note that the arrows indicate the conventional
crystal axes for half-Heusler structures and are distinct from those in Figure 3.2 (b).

with reported 7,.’s of ~ 1 K [69, 189, 190]. While relativistic effects due to spin-orbit coupling are
expected to be highly relevant in all of these compounds due to the presence of heavy elements
Pt and Bi (with atomic numbers Z = 78, 83 respectively), LuPtBi is special in the sense that Lu
(Z =171) is the heaviest Lanthanide option for this half-Heusler system.

Several interesting bulk superconducting states for LnPtBi have already been proposed [70,
71, 187, 191-193] and even experimentally established for LuPdBi [194]. A common thread
between all these proposals is the fusion of spin-orbit coupling induced j = 3/2 Fermion physics
near the Fermi level and bulk inversion symmetry breaking due to the non-symmorphic crystal
structure. This symmetry breaking generically leads to mixing between singlet and triplet pairing
states as we discussed for surfaces in the previous section. The existence of fermionic quasi-
particles with higher angular momentum (at least near the k = 0, I' point) can be understood
from a combination of a p-orbital derived degeneracy and the two-fold spin-degeneracy at time-
reversal invariant momenta. Strong spin-orbit coupling can then yield an effective j = 3/2 angular
momentum excitation spectrum close toI': (/ = 1)® (s =1/2) = (j = 1/2)® (j = 3/2). For or
LnPtBi, the resulting four-fold degenerate state is in close proximity to the Fermi level, as one can

see from band structure calculations [187].
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The proximity of the Fermi level to this quadratic band touching point, combined with the ab-
sence of other bands at the Fermi level, explains the semimetallic properties of LnPtBi. Semimet-
als feature a small density of states, which is detrimental to high superconducting transition tem-
peratures 7, as we have seen in Equation 1.115. This observation provoked Meinert [195] to ask
the question whether the electron phonon coupling in LnPtBi is strong enough to explain the ob-
served 7. ~ 1 K. While this transition temperature is small in absolute terms, making electron
phonon coupling a likely candidate, it is large in relation to the observed small density of states.
Based on ab-initio electron-phonon calculations for YPtBi, Meinert ruled out a phonon based
mechanism and arrived at the strong statement that “it is safe to conclude that an unconventional
mechanism is responsible for the superconductivity in YPtBi” [195]. Due to the strong structural
similarities in the LnPtBi material class, it is most likely that these results hold for LuPtBi as well.

An at first glance completely unrelated, but nevertheless intriguing, experimental fact about
YPtBi and LuPtBi is the existence of a (topologically trivial) metallic surface state. This flat
metallic state emerges at the Bi terminated (111) crystal surface depicted in Figure 3.2 and has re-
cently been observed by angle resolved photoemission spectroscopy (ARPES). It is well captured
by conventional ab-initio electronic structure calculations [196]. Intuitively we can understand the
existence with the absence of Pt atoms as covalent bond partners for the Bi atoms at the surface
termination, leading to dangling bonds which then form the observed flat and surface localized
bands.

Combining all this evidence with reports indicating that a small fraction of its electronic density
of states undergoes a superconducting transition at 7, = 6 K [197], we identify LuPtBi as a highly
interesting instance of unconventional surface superconductivity. We suggest that the particularly
flat surface bands for LuPtBi’s Bi(111) termination could trigger a first superconducting transition
Ts'aee prior to the bulk superconducting transition at some lower T, A detailed analysis of the
surface band structure and its symmetry properties is necessary, before continuing the analysis of

unconventional superconductivity in this surface state.

Metallic surface state of LuUPtBi

The Bi(111) surface termination (compare Figure 3.2) of LuPtBi features flat metallic surface
states with strong spin-orbit coupling. Combined with the inversion symmetry breaking caused
by the interface, a significant spin splitting of the surface bands, induced by Rashba spin-orbit
coupling, can be expected.

In order to gain quantitative insight into this band structure, we employed density functional the-
ory (DFT) based calculations from first principles for a slab of material. A non-primitive setting

for the unit cell with broken translational symmetry in the e, = a3 direction was chosen, yield-
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Figure 3.2: (a) Schematic representation of surface superconductivity. (b) Bulk crystal structure
of LuPtBi. One can clearly see the half Heusler crystal structure along the (111) crystal direction
chosen as the c-axis. (c) Sketch of the surface crystal structure constituted by a triangular lattice
of Bi atoms, whose inversion symmetric Cg, point group symmetry is broken down to C;, by
the presence of Lu and Pt atoms in the layers below.

ing the two dimensional space group P3m1 (SG # 156 = plane group # 14). More precisely, the
chosen hexagonal supercell consists of six unit cells and 22.5 A of vacuum. The numerical calcu-
lation was performed by my collaborator Domenico di Sante [145], using a projector-augmented
plane-wave method [30] for the DFT as it is implemented in the Vienna ab-initio simulation pack-
age (VASP) [198]. Employing the generalized gradient approximation (GGA) as parametrized
by the Perdew, Burke and Ernzerhof (the PBE-GGA functional) for the exchange-correlation po-
tential [199], the Kohn-Sham wave functions were expanded into plane waves up to an energy
cutoff of 300 eV [200]. The Brillouin zone was sampled on a dense 16 X 16 X 1 regular mesh and
relativistic effects were included self-consistently. Figure 3.3 shows the resulting bands as grey
lines along the high symmetry path of the surface Brillouin zone.

Our ab-initio calculation confirms the existence of metallic surface states. We find that the
least dispersive low-energy bands emerge from dangling bonds of the Bi p, orbitals at the crystals
surface, as expected from a simple covalent bonding picture. Due to its dominant contribution
to the density of states at the Fermi level as well as its highly non-trivial Fermi surface topology,
we restrict our analysis to this band. The small Fermi surface pocket centred around I" seen in
experiment [196] is dominated by strongly dispersing Bi p, and p, orbitals. While it is well
captured by our DFT calculation, we neglect its contribution to the surface low-energy model due
to its small density of states at the Fermi level and nearly circular shape. The influence of non-
trivial Fermi surface topology, as well as the comparative irrelevance of small circular pockets
in the Brillouin center for unconventional superconductivity, becomes clear from our benchmark

results presented in Chapter 2, where the pairing strength vanishes for small fillings.

101

Chapter 3



102

3 Unconventional surface superconductivity
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Figure 3.3: (a) The Bi(111) terminated surface band structure of LuPtBi as obtained by DFT as
thin grey lines. The overlaid dots indicate the surface localization in the compuational supercell
and continuous black lines represent a fit to the calculation obtained by using maximally local-
ized Wannier functions on the Bi surface. Bands without any points overlaid are localized on
the opposite surface with a different termination. (b) The resulting Fermi surface from the Wan-
nier model presented in panel (a) features two helicity sheets highlighted in different colours.
The conventional high symmetry points were introduced in Figure 2.4.

We use the framework of maximally localized Wannier functions as it is implemented in the
VASP2WANNIER90 interface [201, 202] in order to obtain a best fit tight binding model for
these bands, using a single Bi p, orbital on the 1a Wyckoff position of the P3m1 space group as
the starting point. Figure 3.3 shows the resulting band structure overlaid as a black line and in

comparison to the ab-initio data. The resulting tight-binding Hamiltonian can be written as
Ho= Y wi(et) + k)W, = Yy hO) U, (3.26)
k k

with the combined creation operator

Uy =(corhcp)s (3.27)

for up (down) spin electrons czT (czl) at momenta k. The parameters for the functions e(k) and
g(k) based on these calculations are published in [145]. The strong spin-orbit coupling of Bi,
modelled by g(k) in Equation 3.26 results in a significant splitting of the bands due to the broken
inversion symmetry on the crystals surface. Kramers theorem protects a two-fold degeneracy of
the band at the time-reversal invariant momenta I' and M and a linear dispersion is realized in
the vicinity of the latter. As before, we label the systems energy eigenstates with their helicity

eigenvalue A = +1, where the helicity operator A is defined as the normalized spin-orbit coupling
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term in the Hamiltonian. The colour of the Fermi surface pockets depicted in Figure 3.3 labels the
helicity eigenvalue of different points on the Fermi surface, simultaneously indicating the opposite
chirality of the spin texture of the corresponding pockets.

From a symmetry perspective, the I'-point of the surfaces P3m1 SG is invariant under the Cj,
point group (PG). While the the Bi atoms at the surface form a triangular lattice and one could
accordingly expect a C¢, PG, the C, rotation symmetry of the surface is spoilt. This becomes
clear upon considering Figure 3.2 (a) and realizing that, while the system is invariant under a
mirror operation along the a; + a, direction, it exchanges the positions of Lu and Pt under the
a, — a, mirror, resulting in a breaking of the C¢, symmetry of the triangular Bi lattice.

These symmetry considerations are not only crucial for the analysis of finite angular momen-
tum Cooper pairing presented in the next section, but also allow for an additional term in the
tight-binding Hamiltonian Equation 3.26. Most obvious is the absence of a second symmetry
(beyond time reversal symmetry) that maps k — —k at the K point. For Cg, symmetric systems,
the combination of C, rotation and time reversal enforces a Kramers degeneracy at the K point,
even in the presence of spin-orbit coupling and spoilt inversion symmetry. Kane and Mele [203]
pointed out, that spin-orbit coupling allows for an additional term (which preserves all symme-
tries in Graphene as the two sublattices interchange under C,), that goes beyond Rashba spin-orbit
coupling. In a triangular lattice, such a term is only present for models with the reduced C;, PG
symmetry.

Based on this symmetry analysis we now construct a symmetry respecting tight-binding model
with ten parameters. Seven of these parameters describe a seventh nearest neighbour tight-binding
model on a triangular lattice, while the remaining three describe relativistic effects. We employ
two parameters for the nearest and second nearest neighbour Rashba spin-orbit coupling and the fi-
nal parameter describes a Kane Mele term on the nearest neighbour bonds. Using this parametriza-
tion we write ;

etk)=2) "1, > cos(kd), (3.28)
n=1  de(d,)
where ¢, are the hopping amplitude parameters and the d,, run over all (translation symmetry and
C, rotation inequivalent) real space distance vectors separating nth nearest neighbours. Letting
as; = a, — a;, we have
{di} = {a;, a, a3} (3.29)

for nearest neighbours,
{dr} = {a; + ay,a, + a3,a; —a;} (3.30)
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H 15} 13 7 ts 16 t7

52.024 -21341 -0.596 21519 9557 0.088 4.32

aR, agm aR,

23.887 11.283 —17.104

Table 3.1: Best fit tight-binding hopping matrix elements for a simple ten parameter model, ap-
proximating the Wannier model data presented in Figure 3.3. All values are given in meV.

for next nearest neighbours and so on. For the relativistic effects, we write

8(k) = ag,8r, (k) + ag,8r,(k) + axmgxm(K) . (3.31)

The Rashba spin-orbit coupling terms are given by

— /3 sin(ka,) — V3 sin(kas)
8r (k) =|2sin(ka,) + sin(ka,) — sin(kas) (3.32)
0

and

—V3sin[k(a; + a,)] — 2 V3 sin[k(a, + a3)] — V3sin[k(a; — a;)]
gr, (k) = 3sin[k(a; + a,)] — 3 sin[k(a; — a,)] . (3.33)
0

Finally, the Kane Mele term g, (k) || e, is given by
(gxkm(k)), = —2(sin(ka;) — sin(ka,) + sin(kas)). (3.34)

Using this parametrization and the wannierized DFT data as a starting point, we performed a
Monte Carlo parameter search, optimizing for an overlap between the energy eigenstates of H with
special focus close to the Fermi level. The best fit model parameters are presented in Table 3.1.
All following calculations were performed directly on the full Wannier model obtained from DFT

as well as this minimal model, resulting in virtually identical results.



3.4 Chiral surface superconductivity in LuPtBi

Having discussed the arena for the formation of unconventional surface superconductivity in
LuPtBi, we now turn to the investigation of the obtained model via the wcRG and RPA methods

as presented in Chapter 1.

3.4 Chiral surface superconductivity in LuPtBi

As a first step towards the analysis of electronic correlation effects in our model, this section starts
with an analysis of the relevant particle-hole fluctuations in the non-interacting system. In a second
step we will then discuss how these fluctuations modify the effective interaction in the Cooper
channel within the RPA and wcRG discussed in Chapter 1. We find a chiral superconducting

condensate featuring Majorana edge modes to be energetically favoured.

Particle-hole fluctuations in the LuPtBi surface state

Due to the absence of multiple orbital or sublattice degrees of freedom the most general (static

and onsite) particle-hole excitations in the LuPtBi surface state are represented by the operator

S”(q)—Z D g s (3.35)

70,02

Following Section 1.4.1, we calculate the static susceptibility matrix in the non-interacting limit

as
Xnu(q, w = 0) =(S"(@S*(=q)), - (3.36)

In contrast to systems without spin-orbit coupling, this matrix is neither diagonal nor proportional
to the identity matrix. In a system where the spin and momentum degrees of freedom are cou-
pled, it is intuitive that the magnetic response of the spin system depends on the alignment of the
external magnetic field with respect to the crystal. In Figure 3.4, once can clearly see this effect.
For magnetic fields without any real space modulation, the susceptibility at Q = 0 shows that
the systems response differs between electric fields, in plane and out of plane magnetic fields,
reflecting the inversion symmetry breaking along the e, direction. Finite transfer momenta Q
correspond to periodically modulated external fields in real space with the appropriate reciprocal
length scale. The additional symmetry breaking of such an external field further splits the in
plane response function. A second qualitative difference between finite Q response functions for
systems with finite spin-orbit coupling and ones with SU(2) symmetry is the general finite value
of off-diagonal response functions y,, ¥ and x,.. Since the associated energy scale for these is

an order of magnitude smaller then their diagonal counterpart, we only present the obtained data
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Susceptibilities along HSP Xc in BZ
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Figure 3.4: Bare particle hole susceptibilities x .., Xy, ¥z and ¢ of the LuPtBi surface state
model for n = 0.62. In the left panel, we compare the different diagonal spin contributions along
scenarios along the high symmetry path through the Brillouin zone. We emphasize the location
of the maximum of y,, and y ¢ close to the M point, especially in comparison to Figure 2.9. The
right panel shows the C6v) symmetric charge susceptibility for the surface state in the complete
first Brillouin zone.

in Appendix C. We note that the residual time-reversal symmetry of our model forbids mixing
between the onsite charge and spin fluctuations i.e., yo, = 0 for all u € {x,y, z}.

Using these results, we can now employ a generalized Stoner criterion to obtain the ener-
getically favoured particle-hole instability on RPA level as discussed in Section 1.4.4. Assum-
ing a purely onsite Hubbard interaction U, we find that the RPA susceptibility diverges for all
U > 0.37eV, approximately one third of the bandwidth W. Since the susceptibility first diverges
at an incommensurate transfer momentum, the associated ordering vector Q is six (6) fold degen-
erate. One ordering vector associated with the smallest value of U that still results in a diverging
magnetic susceptibility has an ordering vector Q; = [(1 + 6)b; + (1 — d)b;]/2 with (6 = 0.016).
Accordingly, the magnetic instability is approximately associated with a commensurate ordering
vector at the Brillouin zones three M points. In real space, this corresponds to nearest neighbour
stripe antiferromagnetic order on the triangular lattice formed by the Bi atoms. The geometric
frustration of the triangular lattice renders a true antiferromagnetic state impossible and three de-
generate types of stripe magnetism are energeti[t]cally equivalent for triangular lattice Hubbard
models close to the van Hove singularity (also compare Figure 2.5).

The imperfect nesting of the Fermi surface for this realistic material model induces a slight
incommensurability which we parametrize by 6. In Figure 3.6 one can see the consequence of
this in real space for one, arbitrarily chosen ordering vector Q; = (1.02,0.55)x/a (with triangular

lattice constant a). The close up view in the right panel reveals the approximate nearest neighbour
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Figure 3.5: Bare particle hole susceptibilities y .y, Xy, Xz of the LuPtBi surface state model for
n = 0.62 in the whole BZ as a function of transfer momentum Q. We note the absence of Cj
rotation symmetry for in plane magnetic fields with finite transfer momentum.

stripe antiferromagnet, while the large scale overview on the left demonstrates the additional real

space modulation of this magnetic order.

This is most clearly understood by first writing the transfer momentum as a sum of commensu- o)
rate and incommensurate part 5
~—
¥
<
Q=Q+Q =
b; + b, U

Q=—7F— (3.37)

b, — b,
i=0 ;
Q 2

in terms of the reciprocal lattice vectors b; and b,. It is now natural to define real space vectors
R, and R; such that R.Q, = 7 and R;Q; = x i.e., vectors that define half period cycles of the

orderings periodicity pattern. While these equations do not have a unique solution,

o + a
)
a—a (3.38)
Ri:—
o 2

are a natural choice as they are the shortest vectors with this property. All other solutions corre-
spond to rotated and elongated real space vectors that result in an identical oscillation pattern. The
black arrow in the left (right) panel of Figure 3.6 corresponds to R; (R,) respectively.

So far, the discussion would have been very similar for an incommensurate spin density wave
order of a SU(2) symmetric model. In the case of spin-orbit coupling, the matrix structure of
Xur(Qy) is non-trivial. The eigenvector M, of the matrix, with largest eigenvalue is associated

with the instability, while the other two eigenvectors are energetically disadvantageous for the
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Figure 3.6: Example of a spin density wave instability of the LuPtBi surface state on RPA level
as obtained from a general Stoner criterion. The spin spiral with Q; = [(1 + d)b; + (1 —
0)b,]/2 is well approximated by a nearest neighbour stripe antiferromagnet as one can see in
the right panel close up. The large scale overview shows the close up region as well as the
long range incommensurate oscillation with real space period R;. Due to SOC, the spin degree
of freedom is frozen to the real space magnetic pattern. The arrow on each lattice point was
chosen proportional to the semi-classical in plane magnetization of the order parameter while
the out of plane component in positive (negative) z direction is encoded by the red (blue) colour
coding.

system. This allows us to predict an “easy’’-axis for the present AFM state and plot the complete
semi-classical spin spiral
(8“(r)) = |My|cos(Qr + ¢), (3.39)

with M, = |M,|e**. We note that the necessity for a real expectation value constrains the ordering
to simultaneously occur at Q; and —Q; and that the gauge degree of freedom in the choice of the
eigenvector M, is tied to the spontaneous translation symmetry breaking of the spin spiral. Since
this work focuses on Fermi surface instabilities and superconductivity, we did not investigate the
ground state magnetic solution further. Such an analysis would require the consideration of multi-
Q magnetism in order to determine the precise point group symmetry breaking associated with
the instability [204].
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Csy, | AT A E (@) | Ay E, E; A, E, E,
1 +1 +1  +2 1 +1 +1 +1 +1 +1 +1
Cy | +1 +1 -1 C; |41 -3 -3 +1 -3 -3
m, +1 -1 0 m, +1 +1 -1 -1 -1 +1
C, C, +1 +1 +1 -1 -1 -1

Table 3.2: C;, character table (left) and symmetry characters (right) of real space representations
for the nearest neighbour form factors shown in Figure 3.7. The operation C, is not part of the
C3, point group (PG), therefore the corresponding line of the transposed character table is left
empty. Nevertheless, we constructed real space representations with a defined transformation
behaviour under this operation E, and E,. Note that these representations may generically mix
under the Cs, PG.

Cooper pair symmery in a C;, symmetric system with spin-orbit
coupling

As a last preparation for the evaluation of the effective Cooper pair interaction mediated by the
previously discussed particle-hole fluctuations, we will discuss constraints on the pairing wave
function that can be deduced from locality of Cooper pair states and point group symmetry con-
straints alone.

In order for the superconducting mean field Hamiltonian in Equation 3.17 to be invariant under
all point group symmetries of the free theory, the superconducting order parameter A has to trans-
form according to irreducible representations of the crystallographic point group [82]. For the Cj,
point group of the LuPtBi surface state we find three distinct possibilities for the representation of
the gap function A;, A, and E in the corresponding group theory tables [205]. While A; and A,
are scalar representations, E is a two-fold degenerate representation. The C3, character table as
well as an overview of the symmetry operator expectation values for the presented basis functions
is given in Table 3.2

Here, we present all form factor functions ®(k) transforming as irreducible representations of
C3, up to nearest neighbour Cooper pairing. In addition to the onsite A; case, this requires us to
give six (6) orthogonal basis functions, i.e., we need to give more than one set of functions for one
of the representations (N4, + Na, + Ng = 1+ 1+ 2 = 4). It turns out that it is possible to construct
two additional basis functions in the E representation that are not trivially obtained via the routine
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Figure 3.7: We present the real space structure of possible pairing wave functions as obtained
from Table 3.2. Circles with black border are weighted twice, black circles indicate zero and
blue (red) circles indicate a minus (plus) sign of the corresponding representation. Starting
at the rightmost circle and in counter clockwise ordering, the states can be denoted as A; =
(+1,+1,+1,+1,+1,+1), Ay = (+1,-1,+1,-1,+1,-1), E, = (+2,-1,-1,+2,-1,-1), E; =
0,-1,+1,0,-1,+1), E, = (+2,+1,-1,-2,-1,+1) and £}, = (0, +1,+1,0,-1,-1).

given by in the appendix of [82]:

M =1, \E( cos(ky) + 2 cos(k,/2) cos( V3k, /2))
o = \/g( sin(k,) — 2 sin(k, /2) cos( V3k, /2))

OFs = %(cos(kx) — cos(ky/2) cos( \/§ky/2)) (3.40)

O = cos(k,/2 + V3k,/2) - cos(k./2 — V3k,/2)

D = %( sin(k,) + sin(k,/2) cos( V3k, /2))

= sin(k./2 + V3k,/2) - sin(k,/2 = V3k,/2).

=

OF

These form factors have been chosen to be real and orthonormal with respect to the scalar

product
1
(0@} = —— fBZ @ (k)D, (k) dk (3.41)

BZ

and their corresponding real space configurations are displayed in Figure 3.7.
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Figure 3.8: We present the evaluation of the analytically obtained gap functions from Figure 3.7
in momentum space, evaluated on the LuPtBi Fermi surface. The point size along the Fermi
surface was chosen proportional to the order parameter (normalized over the complete BZ)
value at that point. The color coding denotes the same information and additionally provides
the sign of the (real) order parameter at each point. One can clearly see the different line nodes
of the order parameters with finite angular momentum, while the A, line node is a circle inside
the hexagonal center Fermi surface and therefore not visible.

Chapter 3

In order to make a connection to the LuPtBi surface state, we present the resulting pairing wave
function on the Fermi surface of our tight-binding model in Figure 3.8. We present the even
pairing functions corresponding to the energetically favoured intra helicity pairing in the first line
and note in passing that all considered gap functions are not affected by the bare on site Hubbard

interaction.

Effective Cooper pair interaction

Following Section 3.2 we now introduce a basis of Cooper pair states for our model. Since a
parametrization in terms of singlet and triplet states is not possible due to the lack of inversion
symmetry, we consider pairs of electrons connected by the time-reversal operator 7 = ioyK,

neglect inter-band pairing amplitudes due to ag > A and define

pair

Wk ) = cp Teh T™0 = Y g )c, ey, (3.42)



112

3 Unconventional surface superconductivity

with
l///l,O'O"(k) = Z M/I,O'(k)ufl,g-”(k)(io-y)(r”(r' . (343)

a—l/
We emphasize again that our setup allows us to circumvent any issues arising from the global

gauge freedom of u, (k) at different momenta that would arise from naively choosing ¢/ ¢’

k1C-ka 38

the basis for the pairing wave function.

Using this parametrization as a starting point we calculate the system’s propensity towards
different superconducting instabilities. To this end we implement a perturbative interaction term
into our model Hamiltonian

H=Ho+Uy ) clicl e, Cors (3.44)

k
and calculate how it is screened by particle-hole excitations. In contrast to systems with SU(2)
symmetry, the bare particle-hole (PH) susceptibility of our model can’t be reduced to a single
momentum dependent number as discussed before. For the analysis of superconductivity it is
more convenient to consider the generalized particle-hole susceptibility without a conversion into

the spin and charge operator basis
0 _ t t
Xk, T) = D (Tec), D)y, (D), (0)cy, 4, (0)) (3.45)
1

where we used the imaginary time-ordering operator 7. We calculate it’s Fourier transform in
the static limit using standard Matsubara summation techniques for the frequency integral and
a discretized mesh containing N; = 1200? points for the momentum space summation (compare
Section 1.4). We have confirmed the convergence of our results at zero temperature by comparison
with integration meshes containing N; = 2000 points per direction and refrained from using any
regularization for the susceptibility integral.

We have previously seen that a bare interaction Uy of U, = 0.37¢€V is sufficient to drive the
system into an incommensurate magnetic phase on the RPA level. For U, below this critical
value, the spin and charge fluctuations induce a superconducting phase transition [24, 79, 206].

We calculate the Cooper pair scattering amplitudes in the previously described basis

FU' (k’ q) = Z wljl?,:'z(rs (q)r{o'i}(k’ q)'ﬁf)ligo(rl (k) ’ (346)

{oi}
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in the fluctuation exchange formulation generalized for spin-orbit coupled systems

T k.q) =T() +T2 (k.q).
r(l) = U0(60'00-2 o103 — Ooyo000,)  and
FE?,{ D T X k= DT
) (3.47)
- Z I e X+l

(1) (1)
+Z 0'00'10'()0'1X{0' (Q 0) 02030203 °

that we introduced in Chapter 1. The generalized RPA susceptibilities x| (@) are calculated via
the usual Dyson series resummation of all RPA diagrams and the momenta k and g are chosen
from N, = 360 unique Fermi surface points.
The resulting Cooper pair scattering amplitude serves as an input for the linearised supercon-
ducting gap equation
VerrBatk) = Y Tk, @A (@), (3.48)
q

whose solutions indicate the leading superconducting gap functions A which can be analysed in
terms of irreducible representations of the model’s point group. The most negative V., indicates
the maximum paring strength. Despite the selective RPA resummation of diagrams, we would
like to stress that this approach recovers the solution of the asymptotically exact weak coupling
renormalization group in the limit of Uy — 0 [23].

For our model of the LuPtBi surface states, no qualitative changes Figure 3.9 are observed over
the whole range 0 < U, < U, and the leading eigenvalue is two-fold degenerate over the complete
range of doping analysed. We emphasize this aspect since the changes in the filling of a surface
state may be sensitive to adsorbates or other influences that are not present for bulk states. As
expected from the performed symmetry analysis, we find a superconducting gap function trans-
forming under the E irreducible representation of C3, as shown in Figure 3.9. This is confirmed
by the fact that the corresponding gap functions transform accordingly. Furthermore, the numer-
ically obtained gap functions are almost perfectly fitted by linear combinations of ®*¢ and ®F,
highlighting the nearest-neighbour character of the superconducting pairing.

The absence of inversion symmetry on the LuPtBi surface allows for mixing of spin-singlet and
spin-triplet Cooper pairs, which we analyse by comparing the fitted harmonics for the different
helicity Fermi surfaces. From the almost identical fitting parameters for both helicities we infer
the Cooper pair wavefunction to be well approximated by pure spin-singlet pairs. This result is

again stable across a wide range of filling fractions.
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Figure 3.9: Panel (a) shows the superconducting pairing strength Vg in the RPA as a function of
the particle occupation 7 in the surface band. While this calculation was done for an intermedi-
ate value of U, = 0.3 eV, all qualitative features of this figure are preserved upon lowering U, to
the analytically controlled limit Uy — 0. The filling of n = 0.62 corresponds to the DFT result
and our result is rather insensitive to the variation of filling. The right panel (b) depicts the gap
function A(k) = |A(k)|e¥™ of the leading superconducting instability along the Fermi surface.
The point size is chosen proportional to the absolute value of the gap size |A| while the colour
represents the phase ¢(k) of the complex condensate. One can clearly see the approximately
uniform magnitude of the chiral d + id pairing as well as the phase winding of 4.

We want to highlight the notion of two very distinct types of singlet-triplet mixing in inversion
symmetry breaking unconventional superconductors. As discussed before, the superconducting
state will mix singlet and triplet excitations due to the well defined spin polarization for each
Fermi surface momentum in a spin-split system. In the limit of strong spin-orbit interaction this
almost inevitably leads to a half and half admixture of singlet and triplet pairing as we discussed
at the end of Section 3.2 and was recently observed in a truncated unity functional renormalization
group (TU-fRG) study of the square lattice Rashba Hubbard model [34]. This has to be contrasted
with the scattering of singlet and triplet Cooper pairs via the effective pairing interaction [31].
In the limit where the spin splitting energy significantly exceeds the superconducting gap size,
one should actually distinguish three separate Cooper pair scattering amplitudes: singlet to singlet
scattering, triplet to triplet scattering and the mixing singlet to triplet scattering. For " (k, q) this

corresponds to the three independent scattering sectors I',,, I'__ and I',_ which can be related to
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Figure 3.10: Excitation spectrum of the resulting Bogoliubov-de-Gennes Hamiltonian on a ribbon
with periodic (open) boundary conditions along the a, (a,) directions. We show the localization
at the left and right boundaries of the ribbon respectively in order to demonstrate their different
spectra due to the Cj;, point group of the surface state.

[gt, T'ipe and I'iyix via [31]

o, +I'__+I'._+T_,

l_‘sgt = 4
Py = et - R (3.49)
F++ - F__
l—‘mix =
4

Many choices exist for obtaining scalar objects from the two variable functions I'y; (k,q). For
example, one can project onto the leading eigenvector, an arbitrary form factor or simply integrate
all couplings.

From such an analysis, the pairing fluctuations in the surface state of LuPtBi are found to be
of dominant singlet-singlet type. Nevertheless the large spin-splitting of the Fermi surface will
induce triplet Cooper pairs via “proximity effect”.

In order to distinguish among all possible linear combinations a®®s + SdF: (with identical
pairing potential) we compute the free-energy F' of the resulting superconducting state according
to the procedure we outline in Appendix B. We find that F is optimized for the chiral and time-
reversal symmetry breaking linear combinations ®%¢ + i®f: shown in Figure 3.9. The physical
intuition for this result lies in the formation of a full excitation gap across the Fermi surface and
therefore a maximum gain in condensation energy [76, 207]. The superconducting condensate
formed by the @ + i®F: combination is characterized by a topological Chern number C = +2.

One experimentally signature of this topological invariant would be the universal thermal and spin

115

Chapter 3



116 | 3 Unconventional surface superconductivity

Hall conductivity due to two low-energy edge modes [208-210], as we show in Figure 3.10. Using
our ten parameter tight binding model we have confirmed the existence of this asymmetry in the
absence of numerical disorder originating from the numerical minimization of the Wannier orbital
spread. Additionally we have verified the necessity of spin-orbit coupling for the splitting between
both boundary modes.

As we have discussed in the introduction of this thesis, the role of quantum fluctuations is en-
hanced in two dimensional systems. The time-reversal superconducting state is associated with
discrete Z, (time reversal symmetry) and continuous U(1) (gauge symmetry resulting in particle
conservation) symmetry. Despite the Mermin-Wagner-Hohenberg (MWH) theorem one expects
the formation of a U(1) symmetry breaking superconducting phase of matter with algebraically
decaying correlation functions for two dimensional surface superconductors via a Kosterlitz-
Thouless-Berezinskii (KTB) transition at a finite transition temperature 7.. On the mean field
level, time reversal symmetry breaking sets in at exactly the same temperature. The quantum fluc-
tuations neglected in the mean-field treatment are however sensitive to the distinction between the
breaking of continuous and discrete symmetries and tend to split the transition [145, 211-214].
This effect is particularly relevant for systems with low carrier concentration like the LuPtBi sur-

face state and results in a vestigial time reversal symmetry breaking above 7.

Conclusion

Starting from an overview of literature about surface superconductivity we have highlighted strongly
spin-orbit coupled surface bands as a novel and potentially diverse domain for superconducting
instabilities driven by electronic correlation effects. In particular, we have formulated a theory on
how LuPtBi might be reconciled as an instance of an unconventional chiral topological surface
superconductor. Our proposition lends itself to several tangible experimental tests: First, any ther-
modynamic measurement sensitive to distinguish sub-extensive surface contributions from bulk
contributions should be able to discriminate between a leading surface transition and a subsequent
bulk transition. Second, we would expect a finite Kerr signal not only below T, but also above
T, due to low-dimensional order parameter fluctuations and resulting vestigial time-reversal sym-
metry breaking. Finally we suggest to the possible resolution of the topological edge modes or
vortex spectra as a smoking gun signature of the theoretically predicted state. While it is likely that
our theory will not universally apply to all half-Heuslers for all surface terminations, it might be
promising to reconcile instances of hitherto observed SC in currently known half-Heuslers from

the viewpoint of unconventional surface SC engineering.



Conclusion

At the start of the thesis we set out to develop a generic and computationally efficient way of
analysing superconducting Fermi surface instabilities of real materials which we presented in
Chapter 1. Following a brief overview of obtained benchmark results in the Chapter 2 we iden-
tified the metallic surface states of LuPtBi as a prime candidate for the observation of surface
superconductivity driven by electronic correlation effects in Chapter 3 We summarize our results
in the following.

Our framework for the analysis of unconventional superconductivity in realistic materials is
based on a three step program. In the first step we analyse the electronic band structure of a ma-
terial by performing standard ab-initio density functional theory calculations. After a qualitative
analysis of the results we proceed with the building of a tight-binding model capable of describing
the low-energy degrees of freedom i.e., the bands around the materials Fermi level. This can be
done either via the use of maximally localized Wannier orbitals or through fitting of an analyt-
ical tight-binding model that is based on the symmetries of the material and Wyckoff positions
of the relevant orbital degrees of freedom to the band structure. Already from this intermediate
result, one can analyse the models bare particle-hole susceptibility to get a first impression of the
relevant nesting vectors of the Fermi surface, dominating spin- and charge fluctuations as well as
the importance of matrix element effects arising from the interference of energy eigenstates with
different orbital character.

In a second step, a basis for all possible Cooper pair states, i.e., two-electron states with vanish-
ing total momentum is set up via the use of a discretized Fermi surface. In Chapter 1 we outline
a detailed algorithm for this task that is useable in the presence of spin-orbit coupling. The es-
tablished tight-binding model can now be dressed with interactions terms, yielding an extended
Hubbard type model.

Finally we complete the program by calculating the effective interactions between all classified

Cooper pair states and identifying the most strongly bound pairing states. We propose a unified
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formulation to analyse this effective interaction in the Cooper channel of these models using the
weak coupling renormalization group (wcRG) method as well as the random phase approxima-
tion (RPA). The key insight of our formulation is the fact that both methods centrally rely on
the generalized bare particle-hole susceptibility as the only computationally expensive ingredi-
ent, thus placing them in the same class of computational complexity. Our formulation is almost
completely gauge-invariant and therefore allows for the analysis of arbitrary spin-orbit coupled
systems. Further we introduce an efficient and conceptually simple way to treat non-local inter-
action terms in both approaches and show how the numerical effort can be managed via the use
of hermiticity, Fermionic antisymmetry and spatial symmetries. Using these ingredients the third
step can be performed efficiently and phase diagram scans in different interaction parameters do
not require the recalculation of any integrals.

Using all of these methodological advances we were able to analyse possible superconduct-
ing instabilities of the metallic surface state of the bulk semimetal LuPtBi. The combination of
bismuth’s strong spin-orbit coupling and the broken inversion symmetry at the crystal surface re-
quire the use of our gauge invariant formulation of the RPA. We identified completely gapped,
time-reversal symmetry breaking chiral d-wave superconductivity to be the dominant supercon-

ducting instability in the system independent of interaction strength or model details.



Appendices







Decomposition of long range interactions

We show that a generic translationally invariant two particle interaction

Uiy (ki) = 0(ko + ki — Ky +Kk3)

Z U{a-}(fl , f.2, f.3)e+i(k1f‘1—k2f2—k3f‘3) , (A 1)
ISR VR &
involving a finite number of bonds can be rewritten in the D-channel representation
Uay(ki}) = 6(ko + ki — Ky + k3)
(A.2)

U (ko — ko) f (ko) fika)
i,j

with a finite set of form factor functions f;(Kk).
This is accomplished by first rewriting the exponent in Equation A.1 by using momentum con-
servation for k;
kit — ko, — Ksi3
= (k3 + ky — Ko)fty + (ko — ko)f, — Kol — K33 (A.3)
= (ko — ko)(f2 — 1) — Kotz — ks(F5 — 1),
and introducing form factors
fik) = ™. (A4)

By shifting the summations via the use of translational invariance and defining

f,=F), (A.5)

Appendix
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A Decomposition of long range interactions

we can then simply rewrite Equation A.1

Uy (ki) = 0(ko + k; — Kk +K3)
D Uty = B, B B — 1 = 1)
Fibg
e+i(k0—k2)f‘ie—ikof‘g e+ik3f‘h

= (5(ko +k1 —k2 +k3)

Zf;(ko)fh(ka)
fotn (A.6)

ZU{ai}(f‘g - fi’ fg» i\.g - f.j - f'h)
B
e+i(k0—k2)f‘i
=6(ko + ki — k; + Kk3)
> £ 060) filks) ULl (ko — ko).

.8

The remaining interaction tensor can be identified as

U (ko — ko)

= Z U{ai}(f.g - fi’ fg’ f.g - f.i - f.h) e+i(k0_k2)fi
fi (A.7)

= Z U{ai}(f.ja f‘g, fj - f'h) e_i(ko_kz)(f‘j—f'g) )
Iy

J

Note that the summations over r, and r; involve a very limited number of terms for short range

interactions and that the complete derivation does not necessitate any approximations.



Mean field theory for spin-split Fermi
surfaces

Starting from a quartic Hamiltonian with a superconducting interaction

1 N A—1nA Al
H=) e®ec, + 3 > V@, el T Te 17 e, (B.1)
k,A k.q.4.2’

it is sensible to introduce pair creation operators

¥k =l Tk i (B.2)

pair

We perform a standard mean field decomposition of the interaction term followed by the neglec-

tion of order parameter fluctuations yielding

2Hl = Z VM’ (k, q)\PZ’air(q’ /l,)\PPair(k’ /l)

k,q,2,4’

D Vi (Wl NPk, D)+ W (g N (K, )

k,q,4,4
— (@ XY (K, D) (B.3)
+(\Pl:air(q’ /l,) - <\Plair(q’ /l/)>)(\Ppair(k’ /1) - <\Ppair(k’ /l)>))

D Vi (Wl (@ NP (K, D) + WL (g AN, (K, )
k,q,4,4

Q

— (P! N, (K, D))

Appendix
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B Mean field theory for spin-split Fermi surfaces

From here we proceed by introducing a spectral decomposition of V,, (K, q) using a set of real

orthonormal functions d;(K) even in k

Vir(k, @) = )" Vijardi(k)dj(q) (B4)

ij

and introducing variational parameters
Aia = Vijar D di@(¥ .(q, ). (B.5)
ja q
Clearly this equates to the conventional choice

AR) = D Aiadill) = D Vaw(k, @) (¥, (q, 1)) - (B.6)

qv

with the benefit of reducing the problem from a variational problem of a function to set of param-

eters. We now consider the quadratic Hamiltonian

1 .
H-= %: e(k)cl ¢, + 5 % di(K)(A] W (O, D) + AW () — AP (kD)) (BLT)

Introducing Nambu spinors

Vi = (Ck,/l’ TCITM)T = (Ck,/l’ eim(k)cjk’/l)T (B.8)
we rewrite this
1 1 1
H=2 3 Whiaa@0¥y, + 5 > el = 3 3 dilodu(h, k. D). (B.9)
k.4 k1 ikt

where we introduced matrices

k di(K)A;
hédg(k): ei(k) Zl (9] A ' (B.10)

2idiRA,  —a(k)

Not that this structure neglects the possibility of inter band / inter helicity pairing. The hermitian

2x2 matrices with a symmetric spectrum due to the emergent particle hole symmetry are diago-
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nalizable using

(k) = g (k) up (R Eak) 0 fugak) vo,(k) B.11)

Vo) v L 0 —EyK) Ju (k) viak)

with eigenvalues

E\(K) = \/ej(k) + | Zd,‘(k)AM‘2 (B.12)

and orthonormal eigenvectors

Mo,/l(k) =

1
T )+ eul)
4

1
di(K)A?
Na(k)Z‘ (0%

Nk = (£ + €00) +| D dions|

vo(K) =

(B.13)

u (k) = _Va,l(k)
via(k) = MS,A(k)

it is natural to introduce quasi particle operators

iy (k
aj | = upa(K)e, , + vo(k)e®c’ and

. . (B.14)
yi = uaKe,, + viake ®cl

Note that naturally

I i * —iaa (k)
ay, = Uy (K)ey  + v (Ke e

—iaq 1k
= —u R P+ v,
= up (K™ P+ vk, B
= €_ia/l(_k)(u1,/l(_k)c—k/l + e+ia/l(_k)v1’ﬂ(_k)cliﬁ)

— e_ia/l(_k)')’ik,l )

Appendix

This allows us to connect the operators y and «

o i (—k
Yia = —€ « )a—k/l (B.16)

—_ _-laa(-k) T
Yea = ~€ T _x1>
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and to further simplify

Ex) 0 ||la,

1

S b= 2o L)
kA kA

2 245 0 —Eﬁ(k) Vs

1 i
) Z E/l(k) ak/lak/l Vkﬂ’kx ) Z Eﬁ(k) ak/lak/l a—k/la—k/l)
K
1 . . 1
=3 ExK)(ey,aq, + a0, — 1) = Y ExKaf,oy, - 5 D Ek).
K K1 K

(B.17)

In summary we can write the Hamiltonian as

H= ) Ex®a,a, - Z Exk) + > Z e(k) — - Z dK)A (Pl D). (B.18)
k,A

1k/1

The free energy of this system is now given by

=-T Z log (1 + exp (- BEA(K))) — > Z Ey(k) + 5 Z (k) - 5 ; di(K)A (P (K, D).
(B.19)

For a system in thermodynamic equilibrium the value of the order parameter is defined by the

minimum of the Free energy

Q
L (B.20)
a@galr(k )
To recast this into a more useful form we calculate some intermediate results:
A = e S Vi D A0 ) = 0 B21)
o) B (e ) S AT e |
I LZ ,,WZd (@(¥] (@, 1)) = > Vijndik)  (B.22)
Yk, D) NPk, D) 47 P ;
1 0
————Eu(q) = (@A v Ay
aw o) VT 2E @ a¥ (k. A)>(Z DAA)

pair

" (B.23)
" 2E, (q)( Z di (@A Z Vijad;(K)).
i j
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We apply everything to Q7 and find

-9 g,
a(q’;alr(k )
exp (- BEx(Q) a 1
= - = (qQ) — = ) di(K)A;
Z 1 +exp (= BEv(@) (Y, (k, D) @ ; 6(‘P£alr(k ) B @ =3 Z (08
= BE ,(q) ———Ey(q) - ) di(KA;
g( ! )8<‘If;alr(k ) Z !
(B.24)
1
D008 = 3 (F(BEr @) = 5 )3 (D @i Z Vijeads(k)) (B.25)
j q '
A=Y (F(BEv (@ (@A Vi (B.26)
i ;( ( X ) )2E ( )Z A VijAa
d(q)
Ao = Z Vi L o (FBE@) = 3 (B.27)
Finally we define the integral
o d(Q 1
M= Y (r(pE@) - 5) (B.28)
and rewrite the non-linear gap equation as
Aia= ) Vi A(AA (B.29)
j
and remember that we reduced everything to the positive energy solution
E(k) = \/ej(k) +| Zdi(k)AMr. (B.30)

Note that the RHS of the non-linear gap equation is, in contrast to its linear approximated

o
o |
o)
(i
O
(@F
(@F
<

version, not hermitian. Also the dependence of A on A makes a solution via the eigenvalue

problem alone impossible. Our strategy for solution therefore contains multiple steps
e Use singular value decomposition of the matrix VA to identify its singular values.

e Use the right hand side eigenvactors as guesses for the shape of the gap function.
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e Calculate a critical interaction parameter a such that VA has a singular eigenvalue of

exactly 1 for a given gap and temperature.

e The function (7, A) — 1 is monotonous in both temperature and gap size. We search for its

roots via the divide and conquer method.
e These roots are solutions to the non linear gap equation.

From here we can calculate the Free energy F of the system at a given temperature by inserting

into

:—T21og L+ exp (= BEK))) - ZEﬂ<k>+2Zeﬂ(k> %d(k)AM<¥gm<k ).

(B.31)

where we calculate

(W, ) = [Zd<k>Z Vil (B.32)

Nz
For superconducting instabilities with a gap function transforming like a two fold degenerate
irreducible representation, we may label two orthogonal solutions by i = 0, 1. We then minimize
Q7 by solving Equation B.29 for A, at each temperature and subsequenty varying the complex

superposition of possible gap functions with identical amplitude and helicity distribution
Az = (cos(0)d + sin(0)e*6;1)Ao 0 (B.33)

to find the minima of Q7 in terms of ¢ and 6. For T = 0.67T,. we find that 8 = n/4 and ¢ = 7/2
to minimize the free energy for both the rashba Hubbard and LuPtBi models. We present the

amplitude of the gap function as a function of temperature as well as the gap function at 7/T,. =
2/3 for both models.
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o |
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C Additional susceptibilities
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Figure C.1: Bare particle hole susceptibilities on the triangular lattice for n = 1.5 and g = 0.5.
In the left panel, we compare the different diagonal spin contributions y ., Xyy, ¥z and y¢ along
the high symmetry path through the Brillouin zone shown in Figure 2.8. The right panel shows
the real and imaginary part of the three independent off diagonal spin contributions Yy, X2y, Xzx

along the same high symmetry path.
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Figure C.2: Bare particle hole susceptibilities on the triangular lattice for n = 1.5 and g = 0.5.
We present the different diagonal spin contributions y ., Xyy, Xz in the complete Brillouin zone.
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-0.2

Figure C.3: Bare particle hole susceptibilities on the triangular lattice for n = 1.5 and ag = 0.5.
We present the real and imaginary part of the three independent off diagonal spin contributions
Xyx> Xzy» Xzx 0 the complete Brillouin zone.
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Figure C.4: Bare particle hole susceptibilities of the LuPtBis surface state model for n = 0.62. In
the left panel, we compare the different diagonal spin contributions y .y, Xy, Xz and y¢ along
the high symmetry path through the Brillouin zone shown in Figure 2.8. The right panel shows
the real and imaginary part of the three independent off diagonal spin contributions Yy, X2y, Xz

along the same high symmetry path.
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C Additional susceptibilities
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Figure C.5: Bare particle hole susceptibilities of the LuPtBis surface state model for n = 0.62.
We present the real and imaginary part of the three independent off diagonal spin contributions
Xyx> Xzy» X=x 0 the complete Brillouin zone.
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