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Introduction

Condensed matter physics is dedicated to much more than merely the investigation of the condensed
state of matter and its properties: The vast number of electrons and their mutual interaction can give
rise to a multitude of different phases of matter with interesting and surprising characteristics [1]. The
discovery of ever more such emergent states of matter has kept physicists fascinated over many decades
now and regularly renewed the interest in the field.

One of the most famous examples of the condensation into such a new phase of matter characterized
by unexpected properties is the superconducting phase transition observed in many materials at low
temperatures: Upon cooling these materials below a critical temperature, they become perfect con-
ductors [2-4] as well as perfect diamagnets [5]. What seems highly promising for applications at first
glance unfortunately happens at rather low temperatures — a few Kelvin in the case of the first known
superconductors. Moreover, superconductivity is also destroyed by magnetic fields exceeding a critical
field strength. In 1986, the interest in superconductivity was immensely boosted again by the discovery
of transition temperatures around 30K in cuprate materials [6]. The intense follow-up research indeed
resulted in the development of a large class of copper-based high-temperature superconducting mate-
rials some of which may be cooled to operating temperature already by liquid nitrogen. Yet another
class of high-temperature superconductors based on iron was discovered in 2008 [7], even though their
transition temperatures do not reach up to the boiling point of nitrogen yet.

The interest in these new superconducting materials is however not limited to materials science
and engineering. Cuprate and iron-based superconductors are in fact part of a much larger group of
materials in which the properties of the superconducting state qualitatively differ from the conventional
superconductors. Hence, these unconventional superconductors cannot be understood in terms of the
standard theory for superconductivity, and in particular, a different mechanism must be responsible for
the formation of the superconducting condensate. The explanation of unconventional superconductivity
is one of the questions that has been pestering condensed matter physicists for decades now and at
present, despite all progress, it seems that this quest may well last a while longer — just as it took almost
half a century to find a microscopic explanation for conventional superconductivity [8, 9]. Another
interesting aspect of unconventional superconductivity is that it is often observed in close vicinity to
(and sometimes even in coexistence with) other ordered phases, such as magnetic order. Consequently,
the properties of these materials can be tuned by doping or application of pressure, and the resulting
phase diagrams can be quite complex. However, since this variety of phases arises from the same
electrons, the investigation of their interplay is hoped to further elucidate the nature of unconventional
superconductivity.

Doping a material means that a certain fraction of one type of atoms in the chemical compound is
substituted by a similar element in order to manipulate the properties of the material. For example, this
is routinely used in semiconductors to add or remove charge carriers. Furthermore, as the dopant atoms
are distributed randomly throughout the material and locally change the crystal structure, doping
introduces disorder to the system: The itinerant electrons that are responsible for the macroscopic
properties of the sample might be scattered off these impurities. Therefore, one of the questions that
arises naturally in the context of these new superconducting materials is how disorder, and thereby
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doping, affects the diverse states of matter that have been observed in these materials, as well as their
interplay.

While conventional superconductivity turned out to be quite robust against nonmagnetic disorder
— known as the Anderson theorem [10-12] — unconventional superconductivity can already be destroyed
by the presence of nonmagnetic impurities. On the other hand, also the ordered states competing with
superconductivity can be weakened by impurity scattering. For example, magnetic order is often more
vulnerable to the presence of impurities than unconventional superconductivity. In the case of iron-
based superconductors, where the unconventional superconducting phase emerges from the magnetically
ordered undoped compounds, the superconducting transition temperature has indeed been predicted
to increase with disorder in this regime [13]. Moreover, these complicated materials might even provide
new mechanisms for protection against certain types of disorder, as will be discussed in Chaps. 2 and 3
of the present thesis. Furthermore, even though disorder may be detrimental to the formation of
ordered phases, it also provides the interesting opportunity to tune material properties by deliberately
introducing disorder, e. g., by irradiation, or removing it via annealing. This idea has been put forward
in the context of superconductivity [14, 15] and will also guide the discussion of magnetic order presented
in Chap. 4 of this thesis.

The central theme of this dissertation is the investigation of disorder effects in the context of uncon-
ventional superconductors. This topic is approached from a theoretical point of view in the remainder
of this thesis: We extend effective low-energy models for different types of order and in different systems
to account for scattering processes of the conduction electrons off impurities. In doing so, we assume
the disorder to be weak such that the mean-free path is sufficiently large and localization effects [16]
can be neglected in our discussion. This thesis is structured as follows.

The introductory Chapter 1 splits in three parts. Firstly, we present a description of the ordered
state in terms of an order parameter (going back to Landau and Ginzburg [17, 18]) and establish the
connection to microscopic theories. Secondly, we introduce two different systems probably hosting
unconventional superconducting states that shall be discussed in more detail in the following chapters:
the iron-based systems and the LaAlO3/SrTiOj3 interface. The last part of this introduction is concerned
with the weakening effects of competing phases, impurities, and fluctuations on a given ordered state.
In particular, we provide details on the framework which is used for our investigation of impurity
scattering in the remainder of this thesis.

Chapter 2 concentrates on the effect of disorder on the transition temperature for two different
superconducting states suggested for the iron-based superconductors. Here, the focus of our discussion
lies on the effect of orbital-magnetic impurities which are pairbreaking for conventional superconduc-
tivity but do not suppress the transition temperature of the proposed unconventional superconducting
state. These results apply more generally, however, are of particular interest in the context of iron-based
superconductors where orbital-magnetic impurities could arise from the nucleation of competing order
around nonmagnetic impurities.

A similar analysis for superconductivity in the LaAlO3/SrTiOg3 interface is presented in Chapter 3.
Here, we consider the effect of the most general type of disorder due to magnetic impurities or non-
magnetic impurities, respectively. However, as the Fermi surface of this system is strongly polarized
with respect to spin and orbital character, certain scattering processes are strongly suppressed. Most
notably, this results in a relative protection of the proposed unconventional superconducting state
(compared to the conventional one) against magnetic impurities.

In Chapter 4, we investigate the effect of disorder on three magnetic ground states conceivable
for iron-based superconductors. We find that the consideration of disorder excludes neither type of
magnetic ordering. Furthermore, our analysis demonstrates that disorder, in combination with basic
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band structure parameters, can in principle be used to tune the nature of the magnetic ground state.
In particular, weak disorder can quite naturally account for the formation of a nonuniform charge-spin
density wave state, such as it has recently been observed experimentally in various of the hole-doped
compounds.

Lastly, Chapter 5 is not concerned with disorder but addresses a more fundamental question about
the clean models we started with. Effective mean-field theories, such as those used throughout the
previous chapters, are a useful tool in theoretical physics and can be applied to a variety of problems.
They replace the interaction between particles (which leads to the formation of new states of matter)
by the interaction of each particle with an effective ‘mean field’, and thus rely on the assumption that
fluctuations of the mean field are negligible. In this chapter, we reassess the role of zero-temperature
quantum fluctuation corrections to the gap equation for several mean-field theories.

For the sake of better readability, a list of the acronyms and the notation used throughout this thesis
is provided on pages 143 and 145, respectively.

temperature

doping

Schematic phase diagram of unconventional superconductors. We show magnetic order as one
example of another ordered phase that competes with superconductivity. The numbers indicate
the chapters of this thesis concentrating on the respective regions of the phase diagram.
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Chapter 1

Fundamentals: Superconductivity

Superconductivity was first recognized as an exciting new state of matter by Heike Kamerlingh Onnes,
who characterized superconductors as perfect conductors in 1911 [2-4]. This description, however, is
not complete: Only the identification of superconductors as also being perfect diamagnets by Walther
Meifner and Robert Ochsenfeld in 1933 [5] could fully account for their electrodynamics. This chapter
is meant as a tailor-made introduction to the aspects of superconductivity advertised in the title of this
thesis — unconventional superconductivity, and the effect of disorder on superconductivity.

As a preliminary, we summarize the theoretical description of conventional superconductivity by
phenomenological as well as microscopic approaches which successfully reproduce the characteristics of
the superconducting state as observed in a wide range of the conventional materials. These include the
universal ratio 2A(T = 0)/kpT, = 3.528 of the superconducting energy gap at zero temperature and
the transition temperature, its characteristic square-root temperature dependence, as well as the jump
in the specific heat at the phase transition.

In the second part, we turn towards unconventional superconductors. These systems can have unex-
pectedly high transition temperatures and arise in the vicinity of other types of order. They cannot be
interpreted in terms of the phonon-mediated mechanism responsible for conventional superconductivity.
However, analogous theories can be used to describe the more complicated unconventional supercon-
ducting states and their properties — even though the respective mechanisms have not been identified
yet. We introduce two examples of materials hosting potentially unconventional superconductivity that
will be investigated in more detail in the remainder of this thesis.

Lastly, we comment on the stability of the superconducting state. Many of the unconventional
superconductors have particularly high transition temperatures, however, superconductivity is not per
se more robust in these materials. On the contrary, it is a prevailing view that more complicated
superconducting pairing states can be rather frail, for instance, in the presence of impurities. We
postpone the discussion of these aspects to the following chapters and summarize the effect of weak
disorder on conventional superconductivity here — both as a reference point for later discussions as well
as to introduce the theoretical framework in which we will treat disorder throughout this thesis.

1.1 Theories of superconductivity: an introduction

After the discovery of superconductivity in 1911, it took a few decades until — after many attempts
had failed [19] — a major step towards the microscopic understanding of superconductivity was finally
provided by Bardeen, Cooper, and Schrieffer in 1957 [8, 9].
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Figure 1.1: Ginzburg-Landau expansion of the free energy up to quartic order. The sign of the
quadratic coefficient a(T") determines whether the minimum of the free energy occurs at |A| =0
or at a finite value Ay, as evident from the form of F(|A|) shown in (a). In the ordered low-
temperature phase, the free energy takes the characteristic ‘Mexican hat’ form depicted in (b),
resulting in the U(1) manifold of possible ground states indicated in blue. Any given ground state
(indicated by the red dot) corresponds to a specific choice for the phase of the complex order
parameter A, and hence breaks the symmetry of the underlying Hamiltonian.

But even before the microscopic nature of the superconducting state was uncovered, at least phe-
nomenological approaches had been successful: the London equations [20] describing the electrodynam-
ics of superconductors, and the more general Ginzburg-Landau theory [18]. The latter was published in
1950, though the underlying Landau theory of phase transitions [17] dates back to 1937. It constitutes
a very useful concept in the context of phase transitions and spontaneous symmetry breaking, and is
applicable to other types of phase transition as well, e. g., magnetic phase transitions.

In the following sections, we summarize the concept of the phenomenological Ginzburg-Landau theory
and its connection to the microscopic BCS theory of superconductivity. In the remainder of this thesis,
we will then widely employ the Ginzburg-Landau free energy expansion, with coefficients derived from
microscopic models.

1.1.1 Phenomenological Ginzburg-Landau theory

The Landau theory of phase transitions [17] provides a very useful phenomenological approach to
second-order phase transitions, where the ordered low-temperature phase is characterized by an order
parameter which vanishes continuously at the phase transition, and is zero in the high-temperature
normal state. The application to superconductivity was achieved by Ginzburg and Landau [18|, who
introduced a complex pseudowavefunction ¢ (r) as the order parameter for the superconducting state,
which is related to the local density of superconducting electrons as ng(r) = |1 (7)|?. Let us already note
here that shortly after the publication of the microscopic BCS theory, Gor’kov succeeded in connecting
these two theories in the regime close to the transition temperature [21], and identified ¢(r) as the
Cooper-pair wave function directly proportional to the gap function A(r) which we will use as an order
parameter in the remainder.




1.1 Theories of superconductivity: an introduction

Expansion of the free energy The cornerstone of Ginzburg-Landau theory is an expansion of the
free energy in terms of the order parameter A € C, valid in the vicinity of the phase transition where
the order parameter is small. For a homogeneous superconductor in the absence of external fields,! the
most general form of such an expansion is given by

F(A*,A) :]—“o+a(T)|A]2+b(2T)|A]4+O(]A\6), (1.1)

reflecting the fact that a constant phase of the order parameter is of no physical significance and hence
the free energy is invariant under the global U(1) transformation of the phase, A — Ael® (p € R). We
denote the free energy of the normal state by Fy and assume b(7T") ~ b > 0 for the quartic coefficient
to ensure the stability for A — co. The sign change of the quadratic coeflicient then marks the phase
transition, as sketched in Fig. 1.1 (a): While the free energy is minimized by |Ag| = 0 as long as a > 0,
a new minimum |Ag| = \/|a(T)|/b arises in the low-temperature phase (characterized by a < 0) which
lowers the free energy as compared to its normal-state value Fp.

In principle, the Ginzburg-Landau coefficients contain the full knowledge about thermodynamic
properties of the underlying system. However, within Ginzburg-Landau theory itself, they remain
indeterminate; only the connection to microscopic theories allows to relate the coefficients to physically
meaningful quantities. In App. A, we derive the corresponding coefficients for a neutral superconductor
from a microscopic model. In particular, the transition temperature T, can then be expressed in terms
of parameters of this model: It follows from the condition that the quadratic coefficient change sign,
a(T,) = 0, which we will exploit in Chaps. 2 and 3. Furthermore, in Chap. 4 we will use that the
structure of the magnetic ground state can be inferred from an analogous expansion of the free energy
in terms of the order parameter describing the magnetically ordered state.

Spontaneous symmetry breaking The superconducting ground state is characterized by a complex
order parameter Ag = |Ag|e¥?, where |Ag| denotes the magnitude and ¢ its fixed phase. (In the
remainder, for the sake of convenience, we choose the value of the phase such that Ay € R.) Therefore,
this ground state does not share the U(1) symmetry of the free energy (1.1), as visualized in Fig. 1.1 (b).
This phenomenon of a ground state which is of lower symmetry than the underlying Hamiltonian of
the system is referred to as spontaneous symmetry breaking and applies to a wide range of other phase
transitions as well. A famous example is the ferromagnetic phase transition, where the magnetization
M € R% can be used as an order parameter, and the O(ds) spin-rotational symmetry is lowered to
O(ds — 1) at the phase transition.

One immediate and interesting consequence of such a spontaneously broken continuous symmetry
is the appearance of new massless modes |22, 23|. The number of these Nambu-Goldstone bosons
corresponds to the number of generators of the symmetry that are broken. In the context of super-
conductivity, where U(1) is broken, this implies the existence of one Nambu-Goldstone mode which
is readily identified with long-wavelength fluctuations of the phase of the order parameter. This is
also illustrated in Fig. 1.1 (b), where the ground states characterized by different values of the phase
are degenerate in energy whereas changes of the amplitude of the order parameter always lead to an
increase in energy. For further discussion of fluctuations of the order parameter around its mean-field
value, we refer to Sec. 1.3.3 and Chap. 5.

!The full Ginzburg-Landau equations contain gradient terms as well as the coupling to the electromagnetic field. There-
fore, they also allow to determine spatial profiles of the order parameter, e.g., at interfaces or in the intermediate
regime of type-II superconductors, and to describe the electrodynamics of superconductors.
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1.1.2 Microscopic theory of superconductivity

One crucial preliminary for a microscopic understanding of the superconducting state was the notion
that a Fermi gas is unstable towards the formation of a bound pair of electrons experiencing a net
attractive interaction |24|, no matter how weak. Such a net attractive interaction could for example
arise from electron—phonon coupling [25]: Due to the huge mass difference of the itinerant electrons
and the ions forming the lattice, the latter relax on much larger timescales, thereby allowing for a
retarded effective interaction between electrons via the lattice which can be attractive. Indeed, pairs
of electrons connected by time reversal — i.e., one characterized by momentum k and spin 7 and
the other by momentum —k and spin | — turned out to form the superconducting condensate,? and
are named Cooper pairs in honor of Leon Cooper who first proposed this concept in the context of
superconductivity.

Mean-field theory Within the celebrated microscopic BCS theory of superconductivity [8, 9], the
presence of Cooper pairs is reflected in a nonzero ground-state expectation value of the pair operator
>k ﬁ,k,ﬁﬁkﬁ. BCS theory then builds on the assumption that this operator deviates only little from
its expectation value which is denoted A and corresponds to the order parameter as introduced in the
context of Ginzburg-Landau theory. This assumption allows to reduce the original many-body problem
of interacting electrons to the effective Hamiltonian

7:[BCS = ZEklﬂ,L’gi/;k’o. + Z (A@Z};le_k’i + H. C.) . (1.2)
k,o k

Since this Hamiltonian is bilinear in fermionic operators, it is readily diagonalized which results in a
gapped spectrum that can indeed account for experimental characteristics of the superconducting state.

For pedagogical reviews of BCS theory, its derivation, and further implications, we refer to standard
condensed matter textbooks. Let us however highlight two further aspects here. Firstly, BCS theory is
a mean-field theory. Within such a mean-field description, the electron—electron interaction is replaced
by the ‘mean field” A to which the electrons couple instead, and which is generated by the interacting
electrons themselves. This implies that its validity strongly builds on the assumption that deviations
from the mean-field value — fluctuations — are negligible. We will continue the discussion of fluctuations
in the context of mean-field theories in Secs. 1.3.3 and 5. Secondly, on a technical level, BCS theory
readily follows from a decoupling of the quartic interaction term in the Cooper channel, which can be
efficiently implemented in a field-integral approach to superconductivity.

Field-integral formulation One advantage of the field-integral approach over the canonical formu-
lation of quantum-field theory is the straightforward application to problems which cannot be tackled
by perturbation theory. Although we will not use its full capacity, we will formulate most calculations
in the language of field integrals. The field integral for the partition function in terms of fermionic
coherent states (represented by Grassmann fields ¥(r,7) and ¢(r,7)) reads Z = [ D[, ] e~ SW)
where

B _ _ _
S(d]a ¢) = /0 drdr |:ZJ: 1%(7“, T) (8T - iv2 - M) ¢U(Ta 7—) + VSC wT(ra T)¢¢(’l", T)Q/{L(’I‘, T)?/JT(’I“, T)
(1.3)

2This is not true for the more exotic triplet superconducting states and the Fulde-Ferrell-Larkin-Ovchinnikov phase.
However, these will not be included in our discussion of examples of unconventional superconductivity in the remainder
of this thesis.




1.2 Unconventional superconductivity

is the action for a (neutral) superconductor, stated in real space and imaginary-time representation.
Here, 5 = 1/T, and u denotes the chemical potential. Furthermore, this is a weak-coupling theory
controlled by the small attractive coupling Vgc < 0. The quartic interaction term can be decoupled
by means of a Hubbard-Stratonovich transformation which artificially introduces an additional bosonic
field. In the context of superconductivity, this auxiliary field is a complex scalar field usually denoted
A € C, already anticipating the connection to BCS theory. Indeed, the action at this step assumes
a form analogous to the BCS Hamiltonian (1.2). On a technical level, this procedure transforms the
fermionic field integral to Gaussian form and hence fermions can be ‘integrated out’. This can be used
to obtain an effective action for the new bosonic fields,

1
[Vscl

Ser(A,A) = /|Aq|2 — Trin(—-G™1). (1.4)

Here, we denote the corresponding complex conjugate by A, and G is the matrix Green’s function in
Nambu space, see App. A.1.

At this point, we can use a saddle-point approximation to the field integral Z = [ D[A, Ale™ et (A,4)
to derive an effective low-energy description. In that, we utilize that the dominant contribution to the
field integral stems from the saddle point and hence is determined by the condition 8S.¢/6A, = 0.
Then, by assumption of a static and spatially homogeneous mean field, one obtains the free energy
in terms of the mean-field order parameter Ay quite naturally from this alternative approach. The
expansion takes the form of the Ginzburg-Landau free energy (1.1) and thus makes the connection
between the phenomenological description and the microscopic model. Furthermore, the mean-field
value Ay is readily obtained from the saddle-point condition, which corresponds to the self-consistent
gap equation within BCS theory.

1.2 Unconventional superconductivity

The term ‘unconventional superconductor’ is used to distinguish a variety of different materials with
characteristics deviating from the well-studied ‘conventional superconductors’ whose properties are
splendidly captured by BCS theory. The nature and mechanism of superconductivity in these ma-
terials, however, is not unique. Examples of unconventional superconductors include heavy-fermion
compounds (such as CeCuaSia [26], UBe;3 [27], and UPt3 [28]), organic materials like the triplet super-
conductors (TMTSF)2PF¢ [29] and (TMTSF)2ClO4 [30], and the d-wave cuprate superconductors [6]
which still hold the record for highest T, at ambient pressure. Many of these violate the so called
‘Matthias’ rules’ — named after Bernd T. Matthias and established in the search for ever higher transi-
tion temperatures in conventional superconductors: Many of the unconventional and, more remarkably,
the high-T, compounds contain oxygen and are close to magnetism, which are both ingredients detri-
mental to conventional superconductivity.

In this section, we introduce the more recently discovered unconventional superconductors in detail
on which we will focus in the remainder of this thesis: the class of iron-based superconductors and the
heterointerface between LaAlOs and SrTiOs. In both systems, impurities are inevitably present and
we believe them to be important for the discussion of the unconventional superconducting states that
have been proposed in these materials. In Chaps. 2, 3, and 4, we will investigate the role of disorder in
these system and also highlight some unexpected effects of disorder.
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Nature Physics 6, 645, copyright 2010, cf. Ref. 33.]

Figure 1.2: Crystal structures of the best-studied families of iron-based superconductors. The
characteristic FeAs-type planes — highlighted in light red in (a) and common to all representatives
of the FeSCs — are responsible for their peculiar properties. Because of the staggered As atoms
(indicated in yellow), the unit cell contains two iron atoms, yet minimalistic models often work
with a 1-Fe unit cell instead. Both possibilities are shown in (b).

1.2.1 Iron-based superconductors

The ‘iron age’ of superconductivity began with the discovery of an unexpectedly high T of 26 K in
the oxypnictide compound La(Og.ggFo.11)FeAs in 2008 [7]. Electron-phonon coupling was soon shown
to be too weak [31] to account for superconductivity (SC) with such a high transition temperature,
implying the discovery of a new type of unconventional superconductors. The class of iron-based su-
perconductors (FeSCs) includes iron pnictides (containing elements from the pnictogen group, in most
cases As) and iron chalcogenides (containing an element from the chalcogen group, in most cases Se).
The occurrence of bulk superconductivity with transition temperatures reaching up to 56 K (reported
in Srg 5Smgp sFeAsF [32]) in materials containing a considerable fraction of iron (which by itself is ferro-
magnetic) strengthened the new paradigm developed in the ‘copper age’ that magnetism could actually
be beneficial for (unconventional) superconductivity. Thus, even though the transition temperatures
in FeSCs might never reach the boiling point of liquid nitrogen, these materials provide another chance
to get closer to a full understanding of the phenomenon of unconventional superconductivity. For a
detailed overview on the research progress, we refer to the review articles provided by Refs. 33-36.
More recently, also thin films of iron chalcogenides attracted considerable attention since the transition
temperatures in FeSe layers on SrTiO3 substrates have been found [37, 38| to be significantly higher
than in the bulk material — but in the remainder, we concentrate on bulk FeSCs only. (A = K, Rb, Cs)
or of the 11 type like FeSe.

Crystal structure There are several families of iron pnictides and iron chalcogenides which all share
the same building blocks: the eponymous layers of iron atoms and pnictogens (e.g., As) or chalcogens
(e.g., Se), respectively, separated by blocking layers consisting of alkali metals, alkaline earth metals,
and rare-earth oxides or fluorides, for instance. These layers are only weakly coupled and the interesting
physics takes place primarily in the quasi-2D FeAs layers. The best-known families, presented in
Fig. 1.2 (a), are the 1111 iron pnictides of type RFeAsO (R = rare earth), the 122 iron pnictides with
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Figure 1.3: Characteristic phase diagram of iron-based superconductors. This sketch summarizes
the different types of order observed in FeSCs. As an example, doping is used as a tuning parameter
here, however, similar phase diagrams are obtained by application of pressure, for instance. Quite
generically, superconductivity emerges out of a magnetically ordered state of stripe type. The
magnetic phase transition coincides with or is preceded by a structural phase transition, implying
the possibility of an intermediate nematic state. Furthermore, in a small region of the phase
diagram, another phase of tetragonal magnetic order has been observed in various materials.

molecular formula XFesAsy (X = alkaline earth metal), the 111 iron pnictides like LiFeAs, and iron
chalcogenides of structure A,Feo_,Se

In the paramagnetic ground state of the undoped parent compounds, the crystal structure is tetrag-
onal and the iron atoms are arranged in a square lattice. The pnictogen or chalcogen atoms are located
slightly below or above these planes, as indicated in Fig. 1.2 (b). However, since the electrons domi-
nating the low-energy physics of the FeSCs stem from the Fe atoms, we can ignore the inequivalent
pnictogen or chalcogen positions as long as we are concerned with minimal models rather than more
realistic but potentially parameter-overloaded models. Therefore, in the remainder, we will work in
the 1-Fe unit cell, reducing the number of orbitals (and thus bands) taken into account and ignoring a
possible hybridization and splitting of these orbitals.

Phase diagrams Over the years, the family of FeSCs has grown considerably, and some represen-
tatives® exhibit interesting features that are nonuniversal. Most compounds, however, share the same
characteristics, summarized in the rich phase diagram sketched in Fig. 1.3. In the following, we strive
for simple models that can account for the most important properties the FeSCs have in common
rather than for a multitude of theories accounting for particular features of individual compounds. One
striking feature is the interplay of competing instabilities:

e The undoped (so-called parent) compounds are metallic and order antiferromagnetically at the
Néel temperature Tn. This results in the characteristic stripe-magnetic state, which will be
discussed in more detail in Sec. 4.1.1.

e Magnetic ordering is closely linked to a structural transition at 75. In some compounds, the
structural transition even occurs at temperatures Ty > Ty, implying an intermediate regime of

3For example, the stoichiometric compound LiFeAs is superconducting already at ambient pressure (without doping),
and FeSe exhibits nematic order, yet no magnetic ordering occurs down to zero temperature.
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nematic order where the tetragonal symmetry is broken while spin-rotational symmetry remains
intact, cf. Sec. 4.1.1, or Ref. 39 for a review on nematicity.

o Upon doping, magnetism is suppressed and (unconventional) superconductivity with a critical
temperature T, emerges. More details concerning the nature of the superconducting state in
FeSCs are provided in Sec. 2.1, or see Ref. 40 for a review on the pairing states.

o Hole doping can furthermore lead to a regime of tetragonal magnetic order before superconduc-
tivity sets in, as discussed in Sec. 4.1.2.

In some materials, such as Ba(Fe;_,Co,)2As2, magnetic order and superconductivity even coexist.
Their competition, however, leads to a weakening of the ordered phase, reflected in the suppression of
transition temperatures, see also Sec. 1.3.1. The importance of phase competition in FeSCs is further
supported by theory, and model calculations [41-43] even predict a third instability: charge-density
wave order (with imaginary order parameter, i.e., indicating static charge currents), that competes
with superconductivity and spin-density wave order.

In most studies, the phase diagrams are tuned by doping, but pressure has a similar effect. However,
the relation between changes of the lattice structure due to pressure and due to chemical substitution
is not well understood. In addition to changes of the lattice parameters, chemical substitution is
also associated with charge doping and, additionally, the dopants can act as impurities off which the
electrons are scattered. The investigation of the latter effect will be a recurring theme of this thesis
and is discussed in the context of FeSCs in Chaps. 2 and 4.

Models for iron-based superconductors Even though for some FeSC compounds correlations are
clearly important [35, 44|, we consider these materials from the viewpoint of itinerant electrons rather
than local moments here. This approach is motivated by the fact that both magnetic order and
superconductivity originate from the same electrons, and therefore should be treated on equal terms.
Even more, the tetragonal magnetic phases observed in various hole-doped compounds arise quite
naturally from itinerant models whereas the localized approaches used so far could not account for this
type of order.

The electrons responsible for the low-energy physics in FeSCs stem from the orbitals of the 3d°
configuration of the Fe?* ions. All five orbitals (d,., dyz, Ay, dy2_y2, and ds,2_,2) have to be considered
in order to obtain the correct Fermi surface (FS) geometry, even though the electronic states at the
Fermi energy all have to4 character, i.e., involve only the d,., dy., and d,, orbitals [45]. Therefore,
due to the doubling of the unit cell resulting from the two inequivalent As positions, at least the ten
orbitals from the Fe atoms contribute to a realistic description, resulting in a 10-band noninteracting
Hamiltonian.

The orbital contribution of the electronic states close to the Fermi surface is however not essential to
account for superconductivity or magnetic order in the iron-based materials as long as these orders are
not merely a byproduct of orbital ordering. On the contrary, already two-band models (including both
hole-like and electron-like bands) are sufficient for the description of superconductivity in FeSCs whereas
a successful description of spin-density wave (SDW) order of the stripe type as in the FeSCs requires
three bands. The advantage of these minimal models as opposed to a more realistic description is that
it allows for a controlled study of the most important control parameters while avoiding obfuscating
complexity from the interplay of too many parameters. A detailed overview and comparison of results
obtained in orbital-basis models and band-basis models can be found in Ref. 45.
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Figure 1.4: Toy model of iron-based superconductors. We show (a) the Fermi surface and (b) the
band structure of the toy model of iron-based superconductors using the 1-Fe Brillouin zone. It
consists of two circular hole pockets (red and yellow) and two elliptical electron pockets (green and
blue) close to perfect nesting. Note that the hole pocket at the M point is not a generic feature
of the materials. Furthermore, we introduce the parameters that will be used to tune the band
structure in Chap. 4: The ellipticity of the electron pockets is reflected in d,,, while ¢,, is associated
with a relative shift of electron and hole bands. Lastly, increasing s pushes the second hole
pocket to lower energies.

The Fermi surface and band structure of the toy model extracted from experimental data on many
FeSCs are depicted in Fig. 1.4. Since the shape of the Fermi surface depends only weakly on k,,
using a two-dimensional Brillouin zone is a good approximation. In the 1-Fe unit cell, the minimal
ingredients to model FeSCs are one hole pocket at the I' point and two electron pockets at the X and
Y points. Close to particle-hole symmetry, all FS pockets are approximately nested, meaning that
large parts of the 'S are connected by translation with an appropriate nesting vector Q. The shape
of the electron pockets (ellipticity) and the relative size of electron pockets to hole pockets (doping)
can then be included as tuning parameters to study small deviations from perfect nesting. Another
natural extension is the inclusion of a second circular hole pocket at the M point, however, this feature
is not present in all the FeSCs and even if there is a hole band at M, it might not cross the Fermi
level — hence often termed an incipient band. We will employ this toy model for our investigations of
superconductivity and magnetic order in iron-based superconductors in Chaps. 2 and 4, respectively.

1.2.2 Oxide heterostructures

Another interesting example of a possibly unconventional superconducting state presents itself in the
heterostructure fabricated from the two insulating and nonmagnetic oxides LaAlO3 and SrTiOs, often
abbreviated LAO/STO. The 2D electron liquid that forms at the interface exhibits a high carrier
mobility [46] and may undergo a superconducting transition [47] — though the transition temperatures
of 100...200mK are comparably low. Theoretical studies propose an unconventional pairing state [48],
even linked to nontrivial topology, as one possible candidate for the superconducting pairing state.
Furthermore, superconductivity is expected to emerge in the proximity of magnetic order. Indeed,
superconductivity has been found to coexist with magnetic order in the LAO/STO interface [49-51].
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Figure 1.5: The conducting LaAlO3/SrTiO3 interface. In the crystal structure, shown in (a),
the different polarity of the layers is indicated. The strongly anisotropic dispersion obtained from
a microscopic model building on the Ti 3d,, and 3d,. states is shown in (b), together with the
resulting Fermi surface.

Conducting interface The explanation of the conducting properties of the interface between the
(001)-oriented TiOz-terminated STO substrate and (crystalline) LAO has stimulated a lot of interest.
One intrinsic source of doping is certainly the polar discontinuity [46, 52| that develops at the interface
since the layers forming the STO substrate are charge-neutral whereas LAO consists of alternately
charged layers, as shown in Fig. 1.5(a). In order to avoid the ‘polar catastrophe’,* above a critical
thickness of the LAO layer of four unit cells [53], electrons are transferred to the Ti 3d states at the
interface which thereby becomes conducting.

Another, extrinsic, source of doping that has been widely discussed in the community are oxygen
vacancies that form at or near the surface of the STO substrate during the deposition process [54, 55].
The detailed analysis of Ref. 56 reveals that carrier doping in amorphous LAO layers on STO is mostly
due to oxygen vacancies, whereas in the crystalline LAO/STO interface, both oxygen vacancies and
the polar scenario contribute to conductivity.

Furthermore, superconducting properties such as the critical temperature and the superfluid density
can conveniently be manipulated by application of electric fields [53, 57, 58|, and the field effect can even
be used to reversibly tune the interface from insulator to conductor. Hence, the conducting properties
of the interface are not irrevocably fixed by growth conditions, but can be controlled by a gate voltage
which is desirable for prospective applications.

Model for the LAO/STO interface Our calculations for the LAO/STO interface presented in Chap. 3
are based on the model for the interface introduced in Ref. 48. Here, we briefly summarize their ideas
and refer to Ref. 48 and the references therein for further details.

The relevant states for the low-energy physics of the LAO/STO interface are the 3d Ti orbitals of the
t2g manifold. The 3d,, electronic states mainly localize whereas the 3d,. and 3d,. states are delocalized.
While the former are possibly related to magnetic order in the interface, the latter are the ones that are

“The term ‘polar catastrophe’ refers to the following scenario: The differently charged (LaO)™ and (AlO2) ™ layers result
in a voltage built-up in the LAO side of the interface that diverges with the thickness of the LAO layer.
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responsible for superconductivity. Therefore, the effective model in Ref. 48 concentrates on the 3d,, and
3d,. states, which results in the dispersion presented in Fig. 1.5 (b). These two orbitals have a different
overlap in x and y directions, resulting in strongly anisotropic masses. Hence, the corresponding Fermi
surfaces have a distinctive noncircular form which is also evident from Fig. 1.5 (b).

Furthermore, spin-orbit coupling lifts the spin-degeneracy of the Fermi surface and shifts two out of
the four bands to higher energies which thus can be ignored in an effective low-energy description of the
interface. The two remaining sheets of the Fermi surface exhibit strong orbital and spin polarization.
Furthermore, large parts of the Fermi surface can be approximated by straight lines (indicated in
Fig. 1.5 (b)) which are approximately nested in groups of four. This has been exploited in Ref. 48 to
formulate a ‘patch approximation’ of the Fermi surface geometry which can account for both s™" and
st~ superconductivity as well as for magnetic ordering. In Chap. 3, we will extend their approach to
disordered interfaces and study the effect of impurities on superconductivity.

1.3 Robustness of superconductivity

The discovery of superconductivity opened up a whole new field of possible technical applications: The
vanishing resistance below T, makes superconductors optimally suited materials for the construction of
powerful electrical magnets and lossless transmission of electrical power, for instance. Unfortunately,
complications arise because they have to be cooled below the respective T, which can also be costly
and technologically challenging. Moreover, their range of application is restricted to magnetic fields
below the respective critical field as well as critical currents below the respective critical current density.
Even though after the discovery of the high-T¢; cuprates, a lot of effort of both physicists and engineers
has considerably put forward the research on superconductivity and superconducting materials, the
ultimate goal of room-temperature superconductors is still a distant prospect.

In addition to the above-mentioned intrinsic limitations of superconductivity, especially in the newly
discovered, more complex superconducting materials, further complications arise concerning both the
fabrication and material properties of these new superconductors, and the sensitivity of the super-
conducting state to the proximity to magnetism or the presence of impurities. In this chapter, we
summarize some of these effects which might weaken superconductivity and hence be reflected in char-
acteristic properties like 7.. We will further discuss implications of fluctuations, which could even
challenge the applicability of mean-field theory as introduced in Sec. 1.1.1.

1.3.1 Competing phases

Unconventional superconductivity usually appears close to other ordered phases. Sometimes, as for
example in the cuprates and in the iron-based superconductors, superconductivity even emerges from
a magnetically ordered state upon doping. This supports the notion of the importance of magnetism
for unconventional superconductivity, however, the presence of a competing instability can also have
detrimental effects for the SC state. We briefly discuss the implications of phase competition using the
example of FeSCs — since both phases emerge from the same d electrons here, superconductivity and
stripe-magnetic order compete for the same electrons, resulting in a complex interplay of these two
orders.

On the one hand, in some iron-based compounds, superconductivity and antiferromagnetism coexist
microscopically [59, 60| despite their competition, and their mutual influence is, for instance, reflected
in a reduction of the static moment together with a suppression of the low-energy spin-wave excita-
tions below T, [61, 62]. Analogously, the superfluid density [63] and the transition temperature are
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suppressed in the presence of antiferromagnetic order. Apart from this competition, SDW order does
not destroy st~ superconductivity, i. e., the nature of the superconducting state remains unaltered [64].
The resulting phase diagrams are complemented by theoretical studies [65-69], which also identify a
regime of phase coexistence associated with suppression of T, and a back bending of the antiferromag-
netic transition line due to the presence of SC. What is more, theory also points towards a natural
relation between these orders [41-43] owing to an enhanced SO(6) symmetry of the two-pocket model.
Furthermore, this implies that also charge-density waves with an imaginary order parameter (iCDWs)
are a potential instability of the model that could result in yet another competing state of order.

On the other hand, the presence of magnetic order restricts the possibilities for the superconducting
state [68, 70]. What is more, even the mere proximity to a magnetic instability is suspected to affect
superconductivity |71-73|, and the optimal T¢ is potentially related to an antiferromagnetic quantum-
critical point [74-76] hidden below the SC dome. Consequently, spin fluctuations have been proposed
to provide the ‘pairing glue’ for unconventional superconductivity in the iron-based superconductors as
well as in the cuprates, but the discussion about the mechanism is ongoing.

1.3.2 Impurity scattering

Condensed matter theory usually uses the notion of a perfect crystal with a periodic structure as a
starting point which provides tools such as Bloch’s theorem or crystal symmetries to make life easier.
Real materials, on the contrary, exhibit various imperfections in their structure even if they are crystals
rather than amorphous materials: planar defects (such as grain boundaries and stacking faults), line
defects (such as dislocations), and point defects (such as vacancies or interstitial atoms), for instance.
The latter type of defect is of particular interest for compounds like the FeSC, in which doping (in form
of chemical substitution, i.e., a replacement of the atoms at random positions) is used to tune material
properties. Indeed, studies in the FeSCs find that some dopants [77| neither cause notable changes
in the form of the Fermi surface nor do they add carriers and thereby change the chemical potential.
In those compounds, impurity scattering might be the main effect caused by doping [78-80] and thus
disorder would be another control parameter to tune material properties.

Substitutional disorder can be modeled by randomly distributed point defects off which the con-
duction electrons are scattered and thereby, the presence of impurities is expected to affect electronic
properties of the respective materials. For example, the Drude conductivity decreases with the mean
free time between collisions, which is inversely linked to impurity density. Other effects, however,
can be much more dramatic such as the Anderson localization [16] resulting in insulating behavior.
This possibility will however be excluded from our discussion of disorder in the remainder, which is
permissible as long as the localization length Ry is sufficiently large [81, 82],

Rioe > (Topp) 4 . (1.5)

We furthermore omit the discussion of signatures of disorder in local probes — close to the impurity sites —
but rather concentrate on the collective effect of disorder manifested in thermodynamic quantities.
Lastly, the following introduction has a clear focus on the type of problems considered in the remainder
of this thesis. For a broader introduction to disorder in the context of condensed matter, we refer to
textbooks such as Refs. 83-85.

Anderson theorem Since the notion of phase coherence is important for an understanding of the
superconducting state, the naive guess might be that even a minuscule amount of impurities will be
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Figure 1.6: Visualization of the Anderson theorem in real space. Electrons are scattered off
impurities, however, they can still be matched with another electron on a time-reversed path
through the superconductor, hence forming a Cooper pair.

fatal for superconductivity since the electrons that are bound into Cooper pairs in the SC state are
now scattered elastically off the impurities, involving a change in momentum. Indeed, the penetra-
tion depth of magnetic fields is found to increase with disorder, for instance. However, contrary to
this expectation, s-wave BCS superconductivity is astonishingly robust against nonmagnetic isotropic,
short-ranged impurities in the sense that the Fermi surface remains gapped, characterized by the order
parameter A, and the transition temperature 7, remains approximately constant,

To(T) ~ T (1.6)

Here, Tt is the transition temperature following from BCS theory for a clean superconductor, and
by I' we denote the scattering rate as a measure comprising both impurity strength and impurity
density, which will be introduced rigorously later in this section. This fact is usually referred to as the
Anderson theorem since the underlying physical argument for the robustness of superconductivity in
view of disorder was presented by Philip W. Anderson in Ref. 10: In the presence of impurities, it is still
possible to find time-reversed pairs of electron states, i.e., Cooper pairs can also form in the presence
of weak disorder. This argument is complemented by the rigorous calculation of Alexei A. Abrikosov
and Lev P. Gor’kov [11, 12|, who independently deduced the robustness of superconductivity against
nonmagnetic scatterers.

A real-space visualization of the underlying physical argument can also be found in Fig. 1.6: The
path of an electron through the superconductor is changed by the presence of disorder since impu-
rity scattering changes the electron’s momentum. Nevertheless, it is still possible to find an electron
traversing the superconductor on a time-reversed path, and hence Cooper pairs can also form in the
disordered superconductor. This argument, however, works only if the impurities preserve time-reversal
symmetry (TRS), i.e., for nonmagnetic impurities, which is inferred most elegantly when formulated
in the basis of time-reversed pairs, cf. Refs. 86 and 87.

Pair breaking If the impurities are magnetic, i.e., if the impurities break TRS, the situation is
completely different: The transition temperature is suppressed quickly and as soon as the scattering
rate reaches a critical value, superconductivity is destroyed completely. The relation between the
transition temperature T, and the scattering rate I' due to magnetic point scatterers was established
by Alexei A. Abrikosov and Lev P. Gor’kov in Ref. 88, and the corresponding functional dependence®

o (7) =0 g+ )~ () 0

®To make the connection with the original publication [88], use I' = 1/(2mpr7s), where 1/7; is directly related to the
impurity concentration and the strength of the interaction between electron spin and the impurities’ magnetic moment.
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is often referred to as the Abrikosov-Gor’kov (AG) law in similar contexts. Here, ¢,(x) denotes the
digamma function and v is the Euler-Mascheroni constant. Furthermore, we defined

_ TC,O
c 4e,pr )

(1.8)

where pr is the density of states (DOS) at Fermi level. Since I' = I'. implies T, = 0, we can conclude
that superconductivity vanishes above a certain impurity concentration related to I'.. The above
definition of I'. thus corresponds to a critical scattering rate at which magnetic scatterers destroy
BCS superconductivity. At low impurity concentrations, the decrease of the transition temperature is

linear,
2

s
TC = Tc,O — ?ppr, (1.9)

and the slope is a measure of pair-breaking strength of the impurities.

Let us already note here that pair breaking can also be caused by nonmagnetic disorder in multi-band
superconductors with a more complicated pairing state. Hence pair breaking due to the presence of
nonmagnetic impurities is usually related to unconventional superconductivity. This will be discussed
in more detail in the context of iron-based superconductors (Chap. 2) and oxide interfaces (Chap. 3)
in the remainder of this thesis.

Microscopic model Further consequences of disorder can be manifold and range from a mere smear-
ing of experimental signatures to new effects (such as the above-mentioned Anderson localization) that
cannot be understood as perturbations around the previous (clean) ground state. Most of these effects,
however, have in common that they are macroscopically observable consequences of the underlying
microscopic impurity distribution, yet do not depend on the specific distribution of the impurities but
rather on characteristics® such as the density of the impurities nimp and the strength of their scattering
potential ug. Such behavior is called self-averaging since the system behaves as averaged over sub-
systems of the size of the phase coherence length, which is much smaller than the system size in this
case. Such an average is equivalent to an ensemble average over many systems with different disorder
realizations (characterized by the same macroscopic parameters).

Since the time scales for the physical processes of interest are usually much smaller than the time
scales on which a system containing randomly distributed impurities could equilibrate, it is usually
justified to consider ‘quenched’ disorder, i.e., to add an additional static term to the Hamiltonian that
represents the impurities. This could be straightforwardly implemented [83, 84, 89] by adding a term
Hais arising from N identical nonmagnetic impurities at random positions R;

N
Has=» Ur,  with Ug, = /dr dr' Pt (ryu(r — Ry, 7 — R)(r) (1.10)
=1

to the full Hamiltonian of the clean system. Here, we omitted the spin of the fermionic creation and
annihilation operators, Jf(r) and 12)(’)"), in position space since we consider nonmagnetic impurities here,
which are insensitive to the electrons’ spin. Note that we assume identical impurities, implying that the
matrix elements u(r,r’) do not depend on the sites R; of the respective impurities, however, in their

5This is different for ‘mesoscopic’ disorder effects which are manifestations of the microscopic disorder realization on
a macroscopic scale in systems in which the phase coherence length at low temperatures grows large such that it
becomes comparable to the system size. Such effects will not be discussed here.
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most general form, they are not necessarily diagonal in real space since impurities could in principle
have extended effects going beyond mere potential scattering. This representation of disorder readily
allows for a perturbative analysis of disorder effects in orders of the impurity potential. An alternative
formulation of the impurity Hamiltonian that is better suited for implementation in a field-integral
approach is

A~

Hais = /drdr’ YW (i, v (r'), (1.11)

where the focus is not on the single impurities but models disorder as a random matrix field characterized
by a probability distribution P[W] [85]. This version of the Hamiltonian is also better accessible for
a symmetry analysis of the disorder. These two formulations of the disorder Hamiltonian, Eq. (1.10)
and Eq. (1.11), are connected by

W(r,r')=> u(r - Ri,7' - R;). (1.12)
=1

In the framework of Eq. (1.10), self-averaged quantities are obtained from averaging over all possible
realizations of N randomly distributed impurities by taking the average over impurity positions,

N
<...>diSEVNH/dRi..., (1.13)
=1

where V' denotes the system volume, whereas in the field-integral formalism of Eq. (1.11), disorder
averaging corresponds to

() = /DWP[W]... . (1.14)

A frequently used assumption for the disorder distribution is Gaussian disorder, which corresponds to
the limit of infinitely weak and infinitely dense impurities [90], i.e., ug — 0 and nimp — oo where
nimpu% = const. is a measure of disorder strength. This is both a convenient choice and a reasonably
good approximation for systems in which the length scales of other physical effects are much larger than
the distance between impurities. Thereby, we treat impurity effects as collective effects rather than
concentrating on local effects around a single impurity. Within this framework, the crucial information
about the disorder is contained in the correlator

D(ry, 7y, rh) = (W r)W(ry,mh)) (1.15a)
N
= Z <u(r1 - R;, 7} — R)u(ry — R;, 7 — Ri)>d_ : (1.15b)
i—1 18

A technical complication that arises due to the presence of impurities is that not only the numerator but
also the normalization in the field-integral technique depends on disorder, preventing a straightforward
execution of the disorder average. To deal with this challenge, there are three methods at hand: the
Keldysh technique [91, 92|, the supersymmetry approach [93, 94|, and the replica trick [85, 95|. Here,
we follow the logic of the latter, meaning that we artificially introduce R copies of the system (replicas)
in order to rewrite the disorder part of the action and subsequently perform the disorder average, see for
example Ref. 85 for details. This results in an effective attractive interaction of the electrons induced
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by the presence of disorder,

R
_ 1 _
Sais(¥, V) = -3 E /deT//d""ldT’i dr, d7'/2¢T(T1aT)¢T(T/1aT)
1

rr/=
X F(Thr/l;T27TIZ)@T/(T%T/)M/J(T/Q?T/) ’ (1'16)

where r and 7’ label replicas. Owing to the static nature of the impurities, energy and hence Matsubara
frequencies are preserved even in single scattering events. Note that the effective interaction (1.16) in
principle couples fermions from different replicas. As long as the replica-off-diagonal contributions are
negligible, the limit R — 0 can safely be taken at the end of the calculation of physical observables,
resulting the disordered equivalent of the previous mean-field theory, which is the case that will be
discussed in the remainder.

Diagrammatic technique From Eq. (1.16), it is evident that disorder can be implemented in a dia-
grammatic technique by introducing a new type of vertex. This is best done in momentum represen-
tation since the disorder averaging procedure turns out to restore translation invariance. Furthermore,
before proceeding, we adopt further simplifications for the sake of readability. Firstly, another sensible
assumption in the context of Gaussian disorder is the restriction to spatially uncorrelated disorder,
meaning that

L(ry,r);ry,m5) =T(ry, rl;ry, 7)) 8(r1 — o) 8(r) — 7). (1.17)

Secondly, we assume the disorder to be spatially local and homogeneous, i.e.,
u(r — Rj,r' — R;) = up8(r — R;) §(r' — R;), (1.18)

implying that the disorder is constant in momentum space. Here, ug corresponds to the strength
of the scattering potential of a single impurity. Note that it will become necessary to relax these
assumptions to deal with spatially extended impurity effects or multi-band systems, as described in
App. B.1. However, with these simplifications, the disorder correlator takes a very convenient form,

F(ﬁﬂ“’l% 7“277“/2) =Io(r — 7“/1) 8(ry — 7’/2) 5(ry —7y), (1.19)

where I' = nimpu% is a measure of the disorder strength that combines impurity density niyp and
impurity strength ug. Finally, in momentum space, we can write the additional element (also referred
to as the ‘impurity line’”) representing disorder in a diagrammatic technique as

|
K, K,

|

| = Tk ek, = D(2m) 7 8(ky + Ky — by — Ky + K, (1.20)
Ry K
— |

where the last equality is valid for d-correlated, homogeneous potential disorder, though it can even be
used as an approximation for sufficiently short-correlated disorder. Since we consider elastic scattering
on static impurities, momentum is conserved at each vertex (up to a vector K from the reciprocal
lattice) and Matsubara frequencies are not affected by scattering.

"The definition in Eq. (1.15a) refers to the impurity line, however the disconnected fermion lines in Eq. (1.20) have been
added for the sake of clarity to represent the corresponding incoming and outgoing momenta.
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1.3 Robustness of superconductivity

To identify the physical meaning of the parameter I', we consider the disorder-averaged Green’s
function Gg(vy,), which is affected by disorder through a finite self energy Y (vy,),

1
== = Gi(v) = -

. 1.21
vy, — e — Sk (vn) ( )

In the limit of weak disorder, which we already utilized when restricting ourselves to Gaussian disorder,
it is sufficient to calculate the self energy in self-consistent Born approximation (SCBA), leading to

-

K Y= 23CBA,)) = —imppT sgn(vy) (1.22a)

= —2i sgn(vn) | (1.22b)
-

where in the last line, we introduced the scattering time 7 as the finite lifetime the quasiparticles acquire
due to impurity scattering, i.e., the broadening due to Im ¥ (v,,). Consequently, we find that I' plays
the role of a (dimensionless) scattering rate,

1
I'= .
2mppT

(1.23)

In real space, this corresponds to an exponential decay of the quasiparticle propagator, and the respec-
tive scale defines the mean-free path l,¢, = vp7, where vp is the Fermi velocity. The self-consistent
Born approximation corresponds to the lowest order of an expansion in 1/kplng,, since all diagrams
with crossed impurity lines (see Fig. 1.7 (a) for an exemplary contribution to the self energy) are sup-
pressed by a factor 1/kplyg compared to the respective non-crossed contributions to the self energy,
where kp denotes the Fermi momentum. This assumption is valid as long as the mean-free path l,g, of
the electrons is large compared to the range of the impurity potential. In the framework of Eq. (1.10),
the SCBA further implies that we restrict ourselves to double-scattering processes of electrons off the
same impurity — since single-scattering processes can be absorbed in a shift of the chemical potential
and multiple-scattering processes are negligible compared to the double-scattering processes.® Within
this approximation, the SC vertices are modified by the Cooperon-ladder corrections presented dia-
grammatically in Fig. 1.7 (b). Finally, it turns out that self-energy corrections and vertex corrections®
due to nonmagnetic impurities cancel exactly in the quadratic coefficient a(T") (cf. Fig. 1.7 (c)) of the
disorder-averaged version of the Ginzburg-Landau expansion discussed in Sec. 1.1.1, leaving the tran-
sition temperature towards the superconducting state unchanged and hence resulting in the Anderson
theorem.

Generalizations Many of the recently discovered superconductors are multi-band systems where
pairing might involve electronic states from different bands. Then in addition to intraband scattering
processes, whose effect can be readily inferred from the single-band consideration presented in this
section, wnterband scattering processes have to be considered. The generalization of the diagrammatic
technique to the multi-band case is straightforward and our notation is introduced in App. B.1.1.
In particular, in systems hosting superconductivity with a more complicated structure of the order

8Multiple-scattering events could in principle be included easily by replacing the Born scattering amplitude by a total
scattering amplitude which would lead to structurally identical diagrams.
9Note that in our notation, only one vertex of the quadratic coefficient should be renormalized to avoid double counting.
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Figure 1.7: Self-consistent Born approximation for single-band s-wave superconductors. Within
SCBA, crossed diagrams such as shown in (a) are suppressed by 1/kplng, and hence negligible.
The corresponding vertex corrections are thus given by the ‘Cooperon ladder’ depicted in (b). The
resulting quartic coefficient (c) is renormalized by self-energy and vertex corrections in the presence
of disorder.

parameter than following from BCS theory, interband scattering can be crucial and the validity of the
Anderson theorem and the AG law have to be reassessed, to which Chaps. 2 and 3 of this thesis are
dedicated. Further possibilities for generalizations include magnetic impurities which are characterized
by a local moment interacting with the electrons’ spin, and anisotropic scattering potentials.

1.3.3 Fluctuations

Let us finally comment on fluctuations as an intrinsic effect that could destabilize superconductivity.
Up to now, we considered static and homogeneous order parameters in our description of the supercon-
ducting state as a symmetry-broken low-temperature phase. In the regime close to the phase transition,
however, thermal fluctuations become important and in fact drive the phase transition. In principle,
such fluctuations of the order parameter around its mean-field value are also reflected in physical ob-
servables. However, the Ginzburg regime, where these effects are important, is usually restricted to the
vicinity of the phase transition in three-dimensional conventional superconductors. This is due to the
large coherence length in many superconducting materials and explains the remarkable success of the
BCS theory in describing the superconducting state.

On the other hand, in lower-dimensional systems, such as superconducting films or granular materials,
fluctuation effects can become quite important. They result in contributions to various thermodynamic
and dynamic properties at the phase transition, see Ref. 96 for a review focusing on theoretical as-
pects. For instance, they lead to a smearing of the transition [97]|, and superconducting fluctuations
can affect normal-state properties even above the transition temperature. Even more drastically, the
Mermin-Wagner-Hohenberg theorem [98, 99| strictly excludes the possibility of a spontaneously broken
continuous symmetry — associated with true long-range order — at finite temperatures in systems of
dimensionality d < 2. At least, the possibility of quasi-long-range order (i.e., a low-temperature phase
where correlations decay with a power law) persists in low-dimensional systems. All in all, the quickly
expanding field of unconventional superconductivity also stimulated the interest in fluctuation effects.

In any case, at zero temperature, the order parameter is expected to be well developed and fluctua-
tions should be less important as long as the system is deep inside the ordered phase and not close to a
quantum-critical point. Indeed, it was shown by Kos, Millis, and Larkin [100] that Gaussian fluctuation
corrections to the mean-field gap equation are indeed negligible in this regime, ensuring the stability
of the BCS mean-field theory. Since their conclusion relies on the cancellation of individually large
contributions resulting from amplitude and phase fluctuations, we will return to this peculiarity in
Chap. 5, where we will also discuss the role of fluctuations in the context of other mean-field theories
where no such cancellation is expected.
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Chapter 2

Orbital-magnetic impurities in iron-based
superconductors

Iron-based superconductors are multi-orbital materials that usually become superconducting upon dop-
ing. Hence the motivation to consider the effect of impurities is twofold: First, chemical substitution
also introduces impurities into the system, and secondly, in a multi-band system the interband scatter-
ing processes might have quite substantial effects. In particular, single-band s-wave superconductors
as described by BCS theory are robust against nonmagnetic scattering [10-12] whereas in multi-band
superconductors, T, can already be suppressed by nonmagnetic impurities, depending on the pairing
symmetry. Therefore, the suppression of T¢ in the presence of impurities has been employed in order to
draw conclusions about the nature of the superconducting state in the iron-based superconductors [101-
107], however, such studies can merely be an indication rather than proof for a certain pairing state.
Furthermore, as we discuss here, the situation in the iron-based systems is considerably complicated
by the proximity of superconductivity to competing phases of order.

We start this chapter with a discussion of experimental evidence concerning the nature of the su-
perconducting state in iron-based superconductors, discuss the most likely candidates for the pairing
state, and introduce the toy model which we will consider in the remainder of this chapter. Afterwards,
we discuss impurity scattering in the framework of the proposed two-band model with a special focus
on the role of time-reversal symmetry in the context of interband scattering processes. Finally, we
discuss the implication of nonmagnetic and magnetic impurity scattering for both the s** and the s~
pairing state. The focus of this discussion lies on a scenario of orbital-magnetic impurities tailored to
iron-based superconductors which could obstruct a straightforward interpretation of pair breaking in
iron-based superconductors.

This chapter is based on my work in collaboration with Mathias S. Scheurer, Sergey V. Syzranov,
and Jorg Schmalian, which has been published in Ref. 87.

2.1 Superconductivity in iron-based superconductors

At first glance, the recently discovered iron-based superconductors (FeSCs) and the cuprates, which
have been studied for three decades now, seem to share many characteristics. Above all, the phase
diagrams that are obtained by doping look rather similar. A closer look, however, reveals important
differences. Most notably, the symmetry of the superconducting state of the cuprates has been iden-
tified to generically have d-wave character by phase-sensitive experiments [108] whereas the discussion
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concerning the pairing state — and hence the mechanism for superconductivity — is still ongoing in the
FeSCs. This section briefly summarizes the progress that has been made so far towards a characteriza-
tion of the FeSC pairing state and, based thereon, introduces a minimal model for superconductivity
in FeSCs which we will employ in the remainder of this chapter.

2.1.1 Candidate pairing states

A phonon-based mechanism for superconductivity has been ruled out [31] early after the discovery of
superconductivity (SC) in the iron-based systems. However, the question of the pairing mechanism as
well as the pairing state are still not finally settled. It might even be that the symmetry of the pairing
state is not a universal feature in the class of FeSCs, and that some of the compounds elude a general
description. In this work, however, we ignore such outliers and concentrate on candidate pairing states
extracted from experimental data from a majority of the FeSC compounds. Detailed reviews which
concentrate on the pairing symmetry in the FeSCs are provided in Refs. 36, 40, and 109, for instance.

Measurements of the Knight shift in nuclear magnetic resonance (NMR) on several materials [110-
113] indicate that the spin symmetry of the SC state is singlet which suggests s-wave or d-wave pairing
states as the most natural candidates for the iron-based systems. The gap amplitude and thus the
presence of nodes can, in principle, be probed most directly by angle-resolved photoemission spec-
troscopy (ARPES) measurements, and while many compounds of the iron-based family show fully
established gaps on all pockets of the Fermi surface, others have found to be nodal superconductors.
However, the multi-orbital nature of the iron-based materials allows for more complicated variations
of s and d-wave pairing states — so called extended states. This may implicate ‘accidental’ nodes not
required by symmetry which may or may not be located on the Fermi surface. We summarize the
most important candidates for the pairing state of FeSCs in Fig. 2.1. Besides the generalization of the
BCS pairing state to the multi-band case, referred to as s™ and depicted in Fig. 2.1 (a), extended
s-wave states are possible as suggested almost instantaneously after the discovery of superconductivity
in FeSCs 114, 115]. Depending on the position of the associated accidental nodes, either the s™~ state
as sketched in Fig. 2.1 (b) (with zeros of the gap between the Fermi pockets) is realized, or a more
complicated nodal st~ state, cf. the example in Fig. 2.1(c). Even though d-wave symmetry of the
order parameter (as depicted in Fig. 2.1 (d)) seems less likely, it has not been ruled out yet — a strong
argument in favor being the near degeneracy [116] of sign-changing s-wave and the d,2_,2-wave. An-
other possibility, however restricted to materials which lack the central hole pocket at the I' point, is
the nodeless d-wave pairing state sketched in Fig. 2.1 (e).

Especially the insufficient resolution of ARPES, the fact that effects such as impurity scattering can
wash out the nodes [117], and the lack of phase sensitivity make it hard to discriminate between the
suggested pairing states for FeSCs based on ARPES or signatures of nodes in other probes. In the
cuprate high-T¢. superconductors, phase-sensitive experiments [108] have proven to be most useful in
determining the pairing state to be of d-wave symmetry. Unfortunately, in the iron-based compounds,
it is not only hard to fabricate the samples needed for such experiments but also impossible to further
discriminate between the s™ and s~ state based on the setup used in the context of cuprate supercon-
ductors. Hence physicists have to resort to signatures of possible pairing states in other experimental
probes. By now, a lot of evidence is pointing towards the s pairing state for the FeSCs, including the
spin resonance mode [118-120] found from inelastic neutron scattering in most of the FeSC materials
(starting with Ref. 121) and in-gap bound states near nonmagnetic impurities [122-124] found from
scanning tunneling microscopy (STM) [125, 126]. However, no ultimate ‘smoking gun’ experiment has
been reported so far, leaving the question of the pairing state of the FeSCs still open.
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Figure 2.1: Candidate pairing states for iron-based superconductors. We summarize the most
widely discussed pairing states suggested for iron-based superconductor here, represented in terms
of the respective gaps on the Fermi surface, cf. Fig. 1.4 (a). Different colors correspond to different
signs of the order parameter.

Furthermore, let us note that the possibility of a change of pairing symmetry with doping has been
reported [15, 127-129]. However, we will neglect such peculiarities in our further discussion of disorder
effects and consider the effect of weak disorder on a given pairing state instead. Since there is stronger
evidence for an s-wave symmetry of the gap than for d-wave symmetry, we will concentrate on the
distinction between st+ and s™~ pairing states in the following.

2.1.2 Minimal two-band model

As already discussed in Sec. 1.2.1, the orbital composition of the low-energy states is not crucial for a
successful description of low-energy phenomena and their interplay in FeSCs. Consequently, band-basis
models have proven very useful [45] to investigate phenomena such as superconductivity and magnetic
order in these materials. By construction, such band-basis models cannot account for orbital order,
and the minimal two-band model is too simple to cover anisotropic phenomena such as d-wave SC or
nematic order. It is, however, a suitable playground for a comparative investigation of s7™ and s™= SC
in FeSCs under the influence of disorder.

Two-band model As a minimal model for superconductivity in (disordered) FeSCs, we employ a
two-band model taking into account one hole pocket, e.g. at the I' point, and one of the two electron
pockets centered around @ where it holds that 2@Q is a reciprocal primitive vector (derived from the
1-Fe unit cell), as it is suitable for the nesting vector in iron-based superconductors. The corresponding
toy model [41] is defined by the noninteracting Hamiltonian

Ho = Z Z SA,kT/A}j\,k,glz},\,k,a ) (2.1)

A ko

where A € {1, 2} labels the bands, and 1[1;,“, and 1;,\,1@70 are the creation and annihilation operators for
quasiparticles of spin ¢ and crystal momentum k in band A. Quasiparticles in the hole band, labeled
by 1, have small momenta k near the center of the Brillouin zone (I" point), while the momenta of the
quasiparticles in the electron band, labeled by 2, are close to Q. Furthermore, € j is the dispersion
of band A, measured from the chemical potential u. A good approximation for the FeSCs is the
assumption of a circular hole pocket and elliptical electron pockets with parabolic dispersions. In this
chapter, however, the concrete form of the dispersion relation is not important as long as ), = ) —k
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2 Orbital-magnetic impurities in iron-based superconductors

holds. In the following, we assume a constant density of states (DOS) at the Fermi level in each band,
denoted py, and as a consequence of this assumption, our results are independent of the shape of
the two Fermi surfaces. In particular, the possibility of an elliptical electron Fermi surface, which is
important in the context of magnetic order in iron-based superconductors, is thereby included in our
considerations. Furthermore, for simplicity, we consider the system at particle-hole symmetry,

€1k = —€2k - (2.2)

Thus, we assume the DOS near the Fermi level to have the same constant value pp in both bands which
will turn out useful in the context of superconductivity.

Superconductivity The two-band model for FeSCs allows for five different interaction terms — intra-
band and interband density—density interactions, spin exchange, and pair hopping [41, 116]. The crucial
process that distinguishes the extended s™ -wave state from the conventional two-band s*+ state is
the pair-hopping term [41], hence we restrict ourselves to

Vo Mt gt p
Hine = DD Vi Oh kA ks Vx w Va1 (2.3)

A kK

where ) labels the band other than A. Here, we take the interaction to be constant for all states in the
vicinity of the Fermi surface up to a cutoff A,

X Vsc for |exk|, |exp| < A
AN SC ANED 1€)X K )
Vik = { 0 otherwise, (2.4)

in analogy to the formulation of the BCS theory for conventional superconductivity.

We follow the usual route outlined in Sec. 1.1.2 to obtain an effective theory in terms of the low-
energy degrees of freedom: We decouple the interaction by a Hubbard-Stratonovich transformation
and trade the fermionic degrees of freedom for effective low-energy degrees of freedom. The action
associated with the interacting Hamiltonian given in Eq. (2.3) can be decoupled [87] by introducing

the bosonic fields ]

V2

where Ay = <fk ﬁA,—k,iqﬁA,k,H is the mean-field value of the SC order parameter on the respective Fermi
surface pocket. The assumption of the same constant density of states pr at the Fermi level in both
bands guarantees gaps of equal magnitude A; = +A,. Then, depending on whether the interaction is
attractive (Vso < 0) or repulsive (Vgc > 0), either the conventional s™7 state or the extended s~ state
is realized, respectively. In either case, the SC transition in the clean system occurs at the same critical
temperature Tt ¢ as known from BCS theory [130],

Y
= 2Ae ef\Vsé\PF , (2.6)

A (A1 £+ Ag), (2.5)

TCO

)

™

where v denotes the Euler-Mascheroni constant and pp is the total DOS at the Fermi level per band.

In principle, the generalization of our results to different densities of states p) in the two bands
is straightforward, however, the resulting pairing state is already a mixture of s7" and s~ pairing
states. The DOS mismatch thus provides an additional source of Ti suppression [131] which hinders
the analysis of the role of different scattering processes in pair breaking. Therefore, this will not be
considered in the remainder since our focus lies on the disorder effects.
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2.2 Impurities in iron-based superconductors

Superconductivity in iron-based superconductors is realized by doping the so called ‘parent compounds’,
and the transition temperature 7. depends on the dopant concentration x. This statement seems to be
true no matter whether the dopants replace atoms from the active layer (FeAs or FeSe, respectively) or
the intermediate layers, and whether they are isovalent or correspond to hole or electron doping. We
introduced the prototypical phase diagram of FeSCs in Fig. 1.3: With few exceptions, the stripe-type
magnetic order and the superconducting dome are found throughout all families of FeSCs, yet specifics
of the phase diagrams (such as a split structural and magnetic transition or the tetragonal magnetic
phase discussed in Chap. 4) do depend on the nature of the dopants. Furthermore, for example in
Ba(Fe;_,Ru;)2Ass, doping is not associated with changes of the Fermi surface 77|, hence another
mechanism must be at play which tunes the phase diagram. Indeed, theoretical studies [78-80] also
emphasize the importance of effects beyond a rigid band shift, such as disorder scattering, and it has
been demonstrated that changes of the band structure [65-68] as well as disorder [69] can reproduce
the experimental phase diagrams of FeSCs.

In summary, the presence of dopant atoms manifests itself in many physical observables and can be
accounted for in models by at least the two most noteworthy effects:

e a shift in the chemical potential (‘carrier doping’) and associated changes of the band structure
« as well as inclusion of scattering processes of the electrons off impurities (‘disorder’).

The former effect is readily included in the minimal two-band model for the FeSCs introduced in
Sec. 2.1.2 by adjusting the band-structure parameters, see also Chap. 4. This section provides details
on how to include the latter effect in the minimal two-band model of FeSCs. We further emphasize
the differing consequences of intraband and interband scattering processes and discuss the relationship
between time-reversal symmetry (TRS)-breaking impurities and pair-breaking scattering processes.

2.2.1 Classification of scattering processes in a two-band model

A single nonmagnetic impurity basically acts as an additional local potential for the conduction elec-
trons. Consequently, we can account for disorder in the two-band model of FeSCs by adding a potential
term

N
Flaw =33 [ drar'if ,(r) [; wr (r — Ray ' — Ri) |y, () (2.7)

AN o

to the clean Hamiltonian Ho + Hin (introduced in Egs. (2.1) and (2.3)), generated by randomly dis-
tributed impurities of a certain strength. Here, A € {1,2} is a band index, meaning that, in momentum
representation, states from band 1 are close to 0 and states from band 2 are close to Q. wuyy is the
corresponding matrix element of the perturbation due to a single impurity at R = 0. This idea and its
implications for single-band s-wave superconductors have been discussed in Sec. 1.3.2 and the technical
details of the generalization to multi-band materials are presented in Apps. B.1.1 and B.1.2.

For Gaussian disorder, which we will consider in the remainder, the crucial information about disorder
is encoded in the disorder correlator I'y x/ \,x, (ry, 71575, 75) as long as disorder-averaged quantities
are concerned.! Scattering processes in a two-band model can thus be characterized by the respective

'For the connection of the disorder correlators to the impurity potentials, we refer to (B.8).
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Figure 2.2: Non-spin-magnetic scattering processes in the two-band model of iron-based super-
conductors. Momentum conservation allows for the intraband scattering process depicted in (a)
as well as several interband scattering processes. The latter can be categorized into processes that
contribute to (b) the self energy, (c) SC vertices, or (d) magnetic properties.

scattering rates

DX N AN, = TimpUx M Ua, N, (2.8)
provided that the momentum dependence is sufficiently weak, cf. App. B.1.2. Quasi-momentum conser-
vation imposes restrictions on the possible combinations of band indices, and the scattering processes
allowed within the two-band model of the iron-based superconductors are summarized in Fig. 2.2. These
scattering processes can be classified into intraband scattering and interband scattering processes, where
the latter are responsible for qualitatively new effects in multi-band materials as compared to single-
band superconductors.

Intraband scattering The intraband scattering process within band A is depicted in Fig. 2.2 (a) and
can be characterized by the scattering rate

Fx:=Txn- (2.9)
We emphasize that, in general, the intraband scattering rates within the two bands,

Ty = Nimp U112 (2.10a)

and I'g = nimp\UQQ\Q, (2.10b)

can be different (I'y # I's) because the momentum states in the two bands may have different structure
and thus may be scattered differently by impurities. We further note that such nonmagnetic intraband
scattering processes are pair-breaking neither for conventional nor for unconventional superconductivity
as also results explicitly from our calculations discussed in Sec. 2.3.

Interband scattering The various types of interband scattering processes are depicted in Figs. 2.2 (b),
2.2(c), and 2.2(d). The process depicted in Fig. 2.2 (b) affects the quasiparticle self-energy part, see
App. C.2 for details. The respective correlator is a real number, I'y5 5\ = Nimp|ty3]? € R, and we term
it the interband scattering rate

Ty = T1991 = 2119 = Nimplu12|?, (2.11)

as it will contribute to the disorder-averaged electron propagator in self-consistent Born approximation

(SCBA)

1
GA7k<Vn) = : : (2.12)
in — ek + 25 sg0(vn)
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via the full elastic scattering time 7 for quasiparticles in band A,
T\ = [QWpF(F,\—FFlQ)]il , (213)

where pp is the total DOS per band at the Fermi level.
On the contrary, the correlator associated with the scattering process shown in Fig. 2.2 (¢) in general
comes with a phase,

Tysan = Nimp(Upz)? = Nimpluyg € (2.14)

where ¢y # 0 (modulo 27) if Imu,y # 0. This process describes the scattering of a pair of momentum
states in one band into a pair of momentum states in the other band which is possible since 2Q is a
reciprocal lattice vector in the FeSCs.? Since [yx a5l = Tyxxa and Tig12 = T3 51, we introduce the
phase ¢ as

F12712 = I‘12ei¢ . (215)

Note that this phase is defined relative to a similar phase of the BCS coupling matrix element Vk)‘,j,
contained in Eq. (2.3), which couples pairs of momentum states in different bands. Thus, it seems likely
that the interplay of the scattering process in Fig. 2.2 (c¢) and the SC coupling affects the supercon-
ducting properties of the system. The fact that ¢ must be understood as a relative phase will become
more evident in our discussion in Sec. 2.3.3.

Finally, the process in Fig. 2.2 (d) affects neither the quasiparticle self-energy part nor the super-
conducting properties but can be important, e. g., for the magnetic properties of the material. In our
discussion in Chap. 4, however, this process will not be of importance.

2.2.2 The role of time-reversal symmetry

The robustness of different superconducting pairing states against certain types of disorder can be
inferred from a symmetry analysis [86, 87], and it turns out that for s7+ and s™= superconductors,
the behavior of the disorder Hamiltonian under time reversal is crucial [87]. Namely, the following
generalizations of the Anderson theorem for the two-band model at particle-hole symmetry have been
deduced from symmetry in Ref. 87:

o The s* pairing state is protected against any form of time-reversal-symmetric scattering, i.e.,
against nonmagnetic impurities. This means, the Anderson theorem can be generalized straight-
forwardly to the case of a two-band superconductor.

o The sT~ pairing state is protected against

— purely band-diagonal time-reversal-symmetric scattering, i.e., against nonmagnetic intra-
band scattering,

— as well as purely band-off-diagonal time-reversal-antisymmetric scattering, i. e., against mag-
netic interband scattering.

In materials where 2Q is not a vector of the reciprocal lattice, such Umklapp scattering processes are suppressed
along with electron—electron pair hopping interactions. Examples include the quasi-one-dimensional conductors of the
Bechgaard salt family [132] and two-dimensional models for rare-earth or actinide heavy-fermion compounds [133].

3By looking at the spectrum of the mean-field Hamiltonian in the presence of a given disorder realization, it can be
shown that the gap is not reduced in the presence of disorder with certain symmetries.
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The explicit derivation of T, is summarized in App. C, and it turns out that the phase in the interband
scattering correlator I'yx 55 as introduced in Eq. (2.15) can be directly related to pair breaking. Hence
in this section, we elucidate the role of time-reversal symmetry (TRS) in the context of disorder in
iron-based superconductors and its relation to such a nontrivial phase ¢.

Since I'12 12 = 26" (u12)?, in order to have a nontrivial phase in the impurity line, we need

U1 = Z eiRS"Qulg(Rs, Rs/> = u§1 (2.16)

s,s’

to have a nonzero imaginary part. Here, u,y denotes the matrix element of a single impurity at R = 0
in momentum space, assuming that it depends only weakly on momentum. Then, u,5(Rs, Ry ) is the
respective matrix element in real space and we label lattice sites by s and s’ here. Since 2Q is a
reciprocal lattice vector, and thus exp(—iR - Q) = *1 for any lattice vector R, this requirement can
only be met if the matrix element

urs (Ra, Ry) = / dr (¢, () Up_ok, () (2.17)

itself has a nonzero imaginary part. Here, 80)1\%5 (r) denotes the Wannier function of band A centered
around site R;. The Wannier functions in band space are related to the tight-binding wave functions
in orbital space by an orthogonal, i.e., real, transformation matrix, since the dispersion in band space
is symmetric. Furthermore, in the FeSCs, electrons from d orbitals [45, 116, 134] are forming the
superconducting condensate. Since the wavefunctions of electrons from d orbitals can be chosen real, a
possible imaginary part of u,5(Rs, Ry) must be due to the phases in the impurity Hamiltonian His.

In the absence of spin-orbit coupling, the Hamiltonian can be split into an orbital part and a spin
part, Up—o = A;:{QO ® U;%’;no. We consider the transformation properties under time reversal, described
by the anti-unitary operator

6 = (T @ TP, (2.18)
where K denotes complex conjugation and T is a unitary operator. For spin—%, the spin part Jepin
is given by the Pauli matrix i692, and in real space, the orbital part Jorb corresponds to the identity,
7'orb _ ﬂorb_

Let us consider the most generic TRS impurity Hamiltonian, meaning that Up—o = OUgr—O® L.
If Ug_o is invariant under time reversal, the matrix element u,5(Rs, Ry ) is invariant as well. If we
restrict ourselves to non-spin-magnetic disorder, i.e., scattering processes that are insensitive to spin
(U;g;r}) X 09), then the spin part is also invariant under time reversal. As a consequence, the orbital
part of the Hamiltonian is real, yielding u,5y € R. In conclusion, impurities that are invariant under
time-reversal and insensitive to spin are not able to generate nontrivial phases in the scattering matrix
elements. Consequently, no such nontrivial phase can arise in I'y5 5 either.

Furthermore, as long as we assume impurity scattering to be insensitive to the conduction electrons’
spin, TRS breaking can only be due to orbital magnetism. Therefore, a possible nontrivial phase in the
pair-hopping interband scattering process can only be due to orbital-magnetic impurities in the two-
band model of the FeSCs. This concept will be picked up in Sec. 2.3.2 where we discuss an example of
orbital-magnetic impurities in the context of FeSCs.

2.3 The effect of weak disorder in iron-based superconductors

In order to tune the properties of FeSCs, these materials are doped, see also Sec. 2.2. Theoretically,
doping can be included in the model of FeSC introduced in Sec. 2.1.2 by a modification of band structure
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parameters such as a shift of the chemical potential and the ellipticity of the electron pockets as well as
by including scattering of the conduction electrons off impurities. Indeed, it has been shown that both
aspects of doping can account for the experimentally observed phase diagram of FeSC [66, 69]. The
question, however, which of these points of view is the more appropriate one is not settled yet, though
studies indicate that effects beyond mere carrier doping are important |77-80].

Disorder can also be introduced deliberately by irradiation with electrons, neutrons, and protons,
for instance, and diminished again by annealing. Such studies complement those where doping is used
to control material properties since they allow to control the amount of disorder without substantial
changes of the band structure. Hence they provide a useful tool to assess which effects of doping are
primarily due to impurity scattering.

For lack of a smoking gun experiment for the pairing state of the FeSCs, various indirect clues for
or against certain scenarios have been collected. Among these, the relation between the transition
temperature and the scattering rate has been used as a tool [101-107] to discriminate between pairing
states. In this section, we reassess the ramifications of impurity scattering for different pairing states
while neglecting other effects of doping by considering the model at particle-hole symmetry, as already
indicated in Sec. 2.1.2. We start with a summary of the classic results from Anderson and Abrikosov
and Gor’kov, on which the above-mentioned studies are based, before discussing the implication of
phase competition in the FeSCs for disorder effects and their interpretation. We concentrate on the
st and s~ pairing states since they are among the most widely discussed candidates and cannot be
told apart by experiments relying on the symmetry of the order parameter.

2.3.1 Weak disorder and the pairing symmetry of iron-based superconductors

Here, we consider the effect of weak disorder on the transition temperature T, towards s™— SC which
at present seems to be the most likely scenario for the pairing state of FeSCs. Before discussing
the implications of orbital-magnetic impurities in a multi-band superconductor, we briefly review the
expected dependence of T, on scattering due to nonmagnetic as well as spin-magnetic impurities in
s~ superconductors. We contrast the respective results to those obtained for the s™' pairing state
since the behavior of T, in the presence of nonmagnetic disorder has been brought forward as an
argument for both s™~ [101, 107] and st superconductivity [103, 104, 106] to be realized in FeSCs.

Results for s+ pairing The transition temperature T, of conventional BCS superconductors is not
notably affected by the presence of nonmagnetic impurities [10-12], implying that single-band s-wave
SC is not destroyed by nonmagnetic scattering. This is usually referred to as the Anderson theorem in
literature. The extension of BCS theory to multi-band systems [135, 136] has been achieved soon after
the formulation of the single-band case. Also in the presence of interband scattering, the Anderson
theorem can be adopted for the s™ pairing state, i.e., nonmagnetic impurities do not suppress the
SC transition temperature T, of the s™ pairing state either [137-139]. In contrast, if the impurities
are magnetic, the transition temperature of the s™ state is suppressed by disorder according to the
Abrikosov-Gor’kov (AG) law [88, 137, 139, 140| as stated in Eq. (1.7), where both intraband and
interband scattering contribute to the suppression.

Results for s™~ pairing In the case of the s™~ pairing state and other more complex pairing states,
the presence of nonmagnetic impurities is sufficient to reduce T, in an AG-like fashion [137-139, 141] as
long as these impurities cause interband scattering. Since in the absence of interband scattering, s™*
and sT~ pairing states are affected by disorder in the exact same manner, magnetic intraband scattering
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must be pair breaking for s™~ SC as well. Magnetic disorder with a pure interband component however
does not affect T, [128, 137, 140] in the s™~ pairing state, meaning that the roles of magnetic and
nonmagnetic impurities for pair breaking due to interband scattering are reversed by the sign reversal
of the order parameter when considering s™~ instead of s™". This can be generalized even further to an
analogue of the Anderson theorem for the s™~ superconductor as derived by Ref. 87: The s~ state is
stable against time-reversal-symmetric intraband disorder and time-reversal-antisymmetric interband
disorder. We emphasize that this conclusion holds irrespective of whether the TRS breaking of the
interband scattering occurs due to spin or orbital magnetism which will be utilized further in our
discussion of Sec. 2.3.2.

Disorder and the pairing state Nonmagnetic impurities can only destroy the s™— state, whereas
spin-magnetic interband scattering is pair breaking for the s™' state while leaving the s™— state
unharmed. Hence experiments relating the superconducting transition temperature 7t to disorder have
been utilized to draw conclusions about the pairing state [101-107, 142]. In those studies, the amount of
impurities is either controlled by irradiation and annealing of the samples, or by the dopant content x.

All studies report a suppression of T, with increasing scattering rate obtained from transport mea-
surements, however, since the suppression is weaker than the typical AG-type suppression, the con-
clusions drawn from these measurements differ: While some groups (Refs. 101 and 107, for instance)
consider the evident suppression as a perfect agreement with the s™~ suggestion, others (such as
Refs. 103, 104 and 106) argue that the relatively weak suppression rather points towards a conven-
tional pairing state.

One explanation for this contradiction might be that intraband and interband scattering are not
equally strong in the FeSCs, and transport properties are mainly determined by intraband scattering
whereas the suppression of 7. is due to interband scattering. Moreover, we will argue in Secs. 2.3.2
and 2.3.3 that the interpretation of such experiments might be even more hindered in the case of
materials with competing states of order.

Further generalizations Finally, the clarity of the above-discussed results originates from the ide-
alized superconducting state we were considering. In particular, the exact protection of SC against
disorder of a certain type only applies to pure s™ and s™~ superconductors, where either A1 = Ay
or Ay = —As holds, respectively. This assumption can be relaxed by allowing for a mismatch in the
DOS of the two bands. Such a DOS mismatch provides an additional source of pair breaking [131],
resulting in a suppression of T, in s™~ superconductors even in the absence of interband scattering.
Moreover, the derivation of the above generalizations of the Anderson theorem uses the Born approx-
imation, i.e., applies to the limit of sufficiently weak disorder. However, investigations of the unitary
limit [128, 140, 143], i.e., of strong impurities, even find that both st+ and s*= SC are protected
against nonmagnetic as well as magnetic disorder.

Furthermore, many of the above studies allude to disorder effects beyond T, suppression with the
typical AG law. For example, after the initial drop of Tt reflecting pair breaking, nonmagnetic disorder
can induce an st~ — sT1 transition [127, 129] since interband scattering tends to adjust the order
parameter on both Fermi surface (FS) pockets to the same value. Vice versa, magnetic disorder can
possibly induce a transition from s™F to sT~ [128]. Such effects naturally result in a 7T, suppression
that is not of AG-type. Adding to this, correlations [144] and the presence of competing phases such
as the spin-density wave (SDW) state in the FeSCs also contribute to deviations from the standard
AG law for Tt suppression. The latter might even lead to an increase of Tt [13] owing to a weakening
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of the phase competition in the underdoped regime of the FeSCs since the SDW state is affected more
strongly by impurities than SC.

2.3.2 Orbital-magnetic impurities from nucleation of competing order

Competing states of order are a characteristic of FeSCs, and model calculations [41-43] even suggest
the proximity to charge-density wave (CDW) formation — throwing in another possible competitor for
SC and SDW order. Even though the formation of CDW order has not been observed in experiment
yet, considering this possible ordered state in the context of disordered materials is worthwhile: Since
the presence of an impurity locally changes the environment for electrons in the crystal, a competing
state of order could become locally favorable. Indeed, the nucleation of SDW around a single impurity
has been demonstrated theoretically [145-148]. Analogously, the nucleation of CDW order around
impurities is a conceivable scenario for the FeSCs which shall be discussed further in the remainder of
this chapter.

Phase competition The renormalization group analysis [41] of the two-band model for iron-based
superconductors at particle-hole symmetry revealed the existence of a fixed point, where the Hamil-
tonian exhibits an SO(6) symmetry and three different states of order compete [41-43]. For repulsive
interband pair hopping, these states are

o spin-density wave (SDW) order with a real order parameter (three components)

M = Z <1/}I7k70'0-0-0—/w27k70l + w;7k70'0-0—0-/w17k70/> ’ (2.19)
k,o,0’
e s~ superconductivity (SC) with order parameter (two components)

_ ot ot ot ot
A= Z <¢1,k,¢wl,—k,¢ - wQ,k,T¢2,—k,¢> ; (2.20)
A

« and charge-density wave with an imaginary order parameter (iCDW) (one component)

P= iz <¢I,k,aw2,k,o - w;k,awl,k,a> . (2.21)

k,o

At this fixed point, the free energy F is a function of the combined order parameter, F = F(|M|? +
|A2+p|?). FeSCs are only close to this SO(6)-symmetric fixed point, and the SDW or SC instabilities
occur first. This explains why iCDW order has not been observed in any FeSC so far, although being
close in energy. It is, however, a conceivable scenario that such order could nucleate around impurities
in these materials, similar to SDW order [147, 148], even if the bulk is still in the superconducting
state. Such iCDW-type impurities break time-reversal symmetry and thereby would be associated with
orbital magnetism. Note that p is an Ising order parameter, and hence can nucleate with either sign
around a given impurity site.
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iCDW impurities We consider iCDW impurities as an example to demonstrate the emergence of a
nontrivial phase in the impurity line in FeSC. Such an impurity at site R; is described by

. U, (O-(R . . . .
URPY =i S @B [ (R4 Ry o(Ri+ R) = 0, (Ri+ R)by (R + Ry, (222)

8,0

and therefore, each impurity breaks time-reversal symmetry. Here, Uy is proportional to the iCDW
order parameter p and an appropriate electron—electron interaction matrix element. Furthermore, each
impurity is associated with an orbital loop current, which can be described by an Ising order parameter.
Hence the sign of Uy might be different for impurities at different sites whereas the impurity line would
remain unaffected since it only depends on the square of the order parameter,

iCDW . TT2 i(k,—k}+Q)-Rs+i(ky—Kky+Q)-Ry siCDW
Fl(/\lkl)()\’lk:/l),()\ZkQ)(/\’zk’Q) = —nimpUg Zel( 1~k Q) Ro ik, —ka Q) 6l>\1>\’1,/\2/\’2 . (2.23)

8,8’

Also, the crystal momentum is conserved as (2m)? 8(k, + ko — k) — kb + K) is implied in each scattering
process. For details of the derivation, we refer to App. B.2. For the interband scattering process
corresponding to the exchange of two electrons between the bands, characterized by Fl/\C;\D;;\/ , it holds
that 61/\(:1\]3/—\\7/\\7 = —1. The interband scattering process F&%Dg from which a phase in the impurity line
might arise is associated with 61/\(%\]3/\\75\\[ = +1 and corresponds to a Cooper pair being scattered to the
other band. Note that other scattering processes cannot be generated by pure iCDW impurities since
SR —0 =56

Finally, the impurity lines for the respective interband scattering processes can be evaluated as-
suming a lattice possessing certain symmetries and a finite range of the impurities. For short-ranged
iCDW impurities, the sums over lattice sites could be restricted to nearest neighbors, for instance.
It turns out that, as long as inversion symmetry is present in the crystal, the imaginary part of the

impurity line FIS%N is zero. Still, a nontrivial phase of ¢ = m is possible even in the case of an

inversion-symmetric lattice since a global prefactor of —1 in the impurity line Fllg?gv would correspond
to a phase of ¢ = 7. Indeed, assuming an inversion-symmetric lattice and short-ranged impurities that

only affect neighboring sites results in
503 = —nimpUs Nix = € impUF N (2.24)

where Nyn is the number of nearest-neighbor sites and again, we neglected the weak momentum
dependence resulting in an impurity line that only depends on band indices. When, additionally, the
lattice breaks inversion symmetry, even arbitrary phases are conceivable. This also leads to suppression
of T, but with a different functional behavior, which will also be part of the discussion in the next
chapter.

2.3.3 Effect of orbital-magnetic impurities on the transition temperature

In the previous section, we justified the importance of orbital-magnetic impurities for the FeSCs by
considering the nucleation of competing iCDW order around nonmagnetic impurities, manifesting itself
in a phase ¢ = 7 in the pair-hopping interband scattering process (2.15). To keep the discussion as
general as possible, we revert to the effect of generic orbital-magnetic impurities here, characterized by
an arbitrary phase but insensitive to the electrons’ spin.
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Figure 2.3: Self-consistent Born approximation in the two-band model of iron-based supercon-
ductors. Here, both intraband and interband scattering renormalize the quadratic coefficients a
associated with the diagrams depicted in (a). The structure of (b) self energy and (c) vertex
corrections is however of the same form as in single-band superconductors, cf. Fig. 1.7.

We counsider the minimal model for superconductivity in the FeSCs, which is the two-band model
with one hole band and one electron band as introduced in Egs. (2.1) and (2.3). Depending on whether
the interaction leading to superconductivity is attractive or repulsive, the resulting pairing state is
either the conventional s*+ state or the unconventional s™~ state, respectively, which are known to
react differently to the presence of impurities. The derivation of the free energy

f(A, A) = CL++|A+|2 + CL__|A_|2 + (I+_A+A_ + CL_+A_A+ (225)

in the presence of weak disorder is presented in App. C, where we employ the self-consistent Born
approximation (SCBA) to derive analytic expressions for the quadratic coefficients a in the presence
of disorder. The SCBA is valid as long as the mean-free path l,,g, satisfies kplyg > 1 and hence
single-particle interference effects are subleading. This means that diagrams with crossed impurity
lines can be neglected since they are suppressed by a factor 1/(kplmgp). The diagrammatic elements of
our approach are depicted in Fig. 2.3 and technical details concerning the application of our formalism
to FeSCs can be found in App. C.3. It turns out that, since the intraband scattering processes in our
model preserve TRS, only interband scattering can cause pair breaking. In principle, our results allow to
determine the transition temperature as a function of interband scattering rate I'15 for arbitrary phases
¢ numerically, but it is most instructive to highlight three important limits for which analytic solutions
can be obtained: nonmagnetic impurities (¢ = 0) as a reference, orbital-magnetic impurities with ¢ = 7
such as the example of iCDW impurities presented in the previous section, and the intermediate case
¢ = %. Our results for both the st and the s™~ pairing state are summarized in Fig. 2.4 and discussed
in detail in the remainder of this section.

¢ = 0 Let us first note here that our results for a dirty superconductor with truly nonmagnetic im-
purities (¢ = 0) are consistent with previous works. In particular, the limit I';2 = 0 recovers the results
obtained in the clean case. In the case of an attractive interaction (Vsc < 0), s superconductivity
occurs at a transition temperature T, which is unaffected by the presence of weak disorder,

_ 2Ae7

1
Tc(rlg) = Tc70 = e [Vscler | (226)
™

This result is consistent with the extension of the usual Anderson theorem for BCS superconductivity
to the two-band case.

For repulsive interaction (Vo > 0), we find a transition towards the (unconventional) s™~ pairing
state at a critical temperature which is affected by the presence of nonmagnetic impurities: The tran-
sition temperature is suppressed with increasing interband scattering rate, and s superconductivity
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Figure 2.4: Suppression of the transition temperature due to interband scattering. We show the
transition temperature 7; as a function of interband scattering rate I';5 for the examples discussed
in the text: The fate of the SC state due to (a) attractive and (b) repulsive interaction in the
presence of impurities leading to interband scattering with phases ¢ = 0 (green dotted line), ¢ = 5
(red lines), and ¢ = 7w (blue dashed line). The transition temperature is measured in terms of the
transition temperature of a clean system 7T, and the scattering rate is expressed in terms of the
critical scattering rate I'c. For ¢ = 7, the transition temperature depends on the dimensionless

coupling constant, and we plotted our results for pp|Vsc| € {0.1,0.2,0.3,0.4} here.

even vanishes completely at the critical scattering rate

_ TC,O
© derpp

(2.27)

The functional behavior of T, on the interband scattering rate I'12 corresponds to the functional behavior
originally only associated with paramagnetic impurities by Abrikosov and Gor’kov [88]. In particular,
in the regime of small interband scattering rate, the T suppression is linear,

2

T T
Te(T12) = Tep — —prli2 for pE- 12

1. 2.28

In order to get a qualitative understanding, we can employ the same type of visualization in real space
that we already discussed in Sec. 1.3.2 for the BCS case, cf. Fig. 1.6. For the effect of nonmagnetic
impurities in s™t superconductors, we refer to Fig. 2.5(a): Impurity scattering can result in inter-
band scattering processes which convey a time-reversed pair of electrons from one band to another,
cf. Fig. 2.2 (c), however, phase coherence is not destroyed by this process. Analogously, in Fig. 2.5 (c),
we illustrate the results for the s™ pairing state in real space. The sign reversal of the order pa-
rameter, A1 = —Asy, can also be expressed as a relative phase m of the order parameter in different
bands. This means that, effectively, the SC interaction matrix element accumulates a random phase
factor (a multiple of 7) which destroys superconductivity if the mean-free path becomes smaller than
the superconducting coherence length, see also our discussion in the subsequent paragraph.

¢ = m For a phase ¢ = m, we find the reversed situation. Then, impurities are pair breaking for
conventional sTT superconductors with the same AG-type suppression of T, that we found for the
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Figure 2.5: Visualization of the generalized Anderson theorem and pair breaking in a two-band
model. In analogy to Fig. 1.6, we show a real-space illustration of two electrons on time-reversed
paths, scattered off impurities. We indicate different bands by different colors and concentrate on
the interband scattering process characterized by I'y5 ,5x € C in our comparison of the effect of
nonmagnetic (¢ = 0) and orbital-magnetic (¢ = m) impurities. The first row shows the effect on
the s™ pairing state whereas the second row illustrates the situation for s*— superconductivity.

st~ state in the presence of nonmagnetic impurities. Even more interestingly, there exists an analog of
the Anderson theorem for s superconductivity. More specifically, s™~ superconductivity is protected
against impurities with purely time-reversal-symmetric intraband scattering and purely time-reversal-
antisymmetric interband scattering as revealed by the symmetry analysis of Ref. 87 and confirmed by
our explicit calculation of T;.. Let us note that one example for orbital-magnetic impurities with a phase
¢ = 7 is the scenario previously discussed in Sec. 2.3.2: originally nonmagnetic impurities around which
the iCDW state discussed in Refs. 41-43 condenses.

Since the phase ¢ in the impurity line I'j2 12 as introduced in Eq. (2.15) is only defined relative to a
similar phase in the BCS coupling matrix element V,jk)‘, in Eq. (2.3), these results can also be understood
in terms of a redefinition of the electron operators in order to absorb the phase of the impurity line of
the respective interband scattering process,

R R p oA
¢1,k,a — ¢i,k7g =e'2 wl,k,a ,

’ g i (2.29)
¢2,k,a — wQ,k,a = wl’w :

This leaves the intraband scattering processes (associated with I'; and I'y) as well as the interband scat-
tering process entering the self energy (characterized by T’ AR y) unaffected, but entails a simultaneous
rescaling of the BCS coupling matrix element, which had been chosen real in Eq. (2.4),

VoV =e V. (2.30)

In the case of ¢ = , such a redefinition corresponds to V' — V/ = —V | and thus an attractive interaction
under this transformation becomes effectively repulsive, and vice versa. From this consideration, it is
obvious that for ¢ = 7, an Anderson theorem for the s~ pairing state is to be expected, as well as a
suppression of the transition temperature of the s™" pairing state with AG law.
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An illustration of our results for ¢ = 7 can be found in Figs. 2.5 (b) and 2.5 (d). The relative phase
¢ = 7 in the interband scattering process of a Cooper pair off an impurity considered here leads to
pair breaking?* for sT* for the same reason as nonmagnetic impurities destroy st~ superconductivity.
However, in the latter case, the phase ¢ was due to the relative sign. In the case of orbital-magnetic
interband scattering, the sign reversal of the order parameter and the phase of m conveyed by the
impurity scattering process combine to a trivial phase of 27 associated with each interband scattering
process, leading to the protection of s™~ against orbital-magnetic impurities of this type.

b = % In the case of ¢ = 7, we find that the transition temperature is suppressed in the same
fashion for attractive and repulsive interaction. For small scattering rates, the transition temperature
is suppressed linearly as in the AG case, however, with the slope doubled. Furthermore, neither for
attractive, nor for repulsive interaction, a critical scattering rate at which superconductivity vanishes

exists, but the transition temperature is suppressed as

2 ppl r
T.. _LPF212 prli2 <1,

LU ’ T
. ST, o 2.31
C( 2) QATe’Ye PE Ve (T'12) , % > 1, ( )

where Ve (T'12) = pr|V|? 1n(27rp21“12)' Furthermore, the pairing state in case of such an intermediate

phase ¢ is a superposition of sT and s*.

Implications for the pairing state In conclusion, in the presence of impurities associated with orbital
magnetism, pair breaking due to interband scattering does not only occur in unconventional supercon-
ductors. It is a rather generic result of the accumulation of a random phase in the course of successive
interband scattering events of pairs of electrons related by time-reversal on orbital-magnetic impurities.
Furthermore, the robustness of 7T, against impurities does not necessarily imply conventional super-
conductivity since there is an analog of the Anderson theorem for s™~. It holds for impurities with a
purely time-reversal-symmetric intraband component and a purely time-reversal-antisymmetric inter-
band component, and one example would be the effectively orbital-magnetic impurities that arise from
nucleation of iCDW order around nonmagnetic impurities — a conceivable scenario for FeSCs where
iCDW is a hidden state of order competing with superconductivity.

Let us furthermore note that the symmetry analysis of Ref. 87 finds that also SDW order is stable
against such iCDW impurities, for instance, but prone to intraband scattering breaking particle-hole
symmetry. Hence, SDW order is affected more severely by impurity scattering than s™— superconduc-
tivity, meaning that in a coexistence state of SDW and superconductivity 7. may even increase with
adding impurities, as demonstrated in Refs. 13 and 102.

Therefore, we find that conclusions concerning the pairing state of the FeSC are hard to draw based
solely on the suppression of the transition temperature T; in the presence of disorder. Even if the exact
nature of the impurities and their surroundings were known, the interpretation might be clouded by
the effects of phase competition.

“This is consistent with previous results for spin-magnetic impurities but, in contrast, the orbital-magnetic impurities
described here only affect interband scattering processes whereas pair breaking due to spin-magnetic impurities is
associated with the intraband scattering processes as well.
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2.4 Summary of Chapter 2

In this chapter, we considered a minimal model for superconductivity in the iron-based superconductors
- stated in Egs. (2.1), (2.3), and (2.4) — that can be used to study two of the most widely discussed
candidates for the pairing state in these materials: conventional s™* superconductivity and the uncon-
ventional extended sT~ SC state. Since these two possibilities cannot be told apart by experimental
probes relying on the symmetry of the order parameter, other tools are needed to uncover the pairing
state of the FeSCs.

One example is the response of the superconducting state to nonmagnetic disorder: As known from
previous work, the transition temperature T, of an sT" superconductors is expected to remain robust in
the presence of nonmagnetic impurities (in line with the Anderson theorem), whereas the unconventional
st~ state is expected to be destroyed already by nonmagnetic interband scattering, reflected in a
AG-like suppression of T, with increasing interband scattering rate. Consequently, comparison of the
experimentally determined transition temperatures with measurements of the Hall coefficient (or simply
with dopant concentration) in various materials has been used to draw conclusions about the pairing
state [101-107]. Here, we point out two main problems with this approach:

« Intraband and interband scattering are not equally strong in the iron-based systems, hence trans-
port measurements (determined by the much stronger intraband scattering rate) might overesti-
mate the scattering rate I' contributing to pair breaking.

e Phase competition is an important characteristic of FeSCs and potentially leads to nucleation
of competing orders in the close vicinity of nonmagnetic impurities. This might well render
originally nonmagnetic impurities effectively magnetic, requiring caution in the interpretation of
experimental data.

Theoretically, the relation T¢(T") has been well established for both pairing states discussed here in
the presence of nonmagnetic and spin-magnetic impurities [88, 137-141]. What this thesis adds to
the discussion is the consideration of orbital-magnetic impurities which are insensitive to spin, however
might break time-reversal symmetry because the pair-hopping interband scattering process (Fig. 2.2 (c))
could be associated with a phase ¢. Furthermore, we present a concrete example how such a phase
could be realized in the context of iron-based superconductors, where iCDW order is a competing
state of order. Nucleation of this order around nonmagnetic impurities would then give rise to a
phase ¢ = w. Our results, presented in Fig. 2.4, however, are more general and could further be
generalized to arbitrary phases. Let us briefly summarize our findings here. Firstly, ¢ = 0 recovers the
results previously obtained in the context of nonmagnetic disorder. Secondly, iICDW impurities (¢ = 7)
change the role of impurities for the two pairing states under consideration (compared to nonmagnetic
disorder):

o Orbital-magnetic impurities with ¢ = 7 act as pair breakers for s superconductivity, resulting
in the well-known AG law.

o The s*~ pairing state is robust against such impurities which is a manifestation of the generalized
Anderson theorem described in Ref. 87.

Thirdly, arbitrary orbital-magnetic phases lead to a superposition of the two pairing states under
consideration here, and are expected to always suppress the transition temperature.

35







Chapter 3

Partial protection against disorder from
spin-orbit locking in LaAlO3/SrTiO;

Superconductivity in the heterointerface of LaAlO3 deposited on a (001)-oriented SrTiO3 substrate
emerges at the interface between two nonmagnetic insulators. Two major mechanisms for carrier dop-
ing into the interface (as a prerequisite for interface superconductivity) have been identified: The polar
discontinuity as a direct result of the differently charged layers of the material, and oxygen vacancies
created during the deposition process. The latter is of particular interest in view of a possibly uncon-
ventional pairing state that has been suggested as one of the candidates for superconductivity in the
LaAlO3/SrTiO3 interface since, usually, unconventional superconducting states are already suppressed
by nonmagnetic impurities and thus only expected in sufficiently clean systems. In particular, in the
LaAlO3/SrTiOg3 interface, the coherence length and the mean-free path are estimated to be of the
same order. On the other hand, spin-orbit locking can provide [149] a mechanism for protection of
unconventional superconductivity against disorder. Therefore, it is imperative for an understanding of
superconductivity in LaAlO3/SrTiO3 to take all characteristics — the multi-orbital nature as well as
anisotropic effective masses and spin-orbit coupling — into account.

The first part of this chapter provides some details on the microscopic model for LaAlO3/SrTiO3 in-
terfaces and the patch approximation as introduced in Ref. 48. One immediate consequence of this
model and the resulting nondegenerate and anisotropic nature of the Fermi surface of LaAlO3/SrTiO3
is a reduction of phase space for certain scattering processes. Hence in the remainder, we extend this
model to disordered systems and assess the effect of weak magnetic and nonmagnetic impurities on the
transition temperature in both conventional and unconventional candidates for the pairing state.

This chapter is based on a joint project with Mathias S. Scheurer and Joérg Schmalian, which has
been published in Ref. 150. It has also been partially included in Ref. 151, where Mathias presented
his contribution to the project.

3.1 Model for the LaAlO3/SrTiO5 interface

The electron gas that forms at the heterointerface of crystalline LaAlO3 (LAO) on SrTiOs (STO)
may undergo a superconducting transition. While the emergence of an electron gas of highly mobile
carriers at the interface of two insulators seems to be well understood in terms of the polar scenario
in combination with oxygen vacancies, the nature of the superconducting state remains an unsolved
problem up to now — as it is also the case with many other newly discovered superconductors. Depending
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on the pairing mechanism, both conventional s** and unconventional st~ superconductivity' are
conceivable [48]. More complicated pairing states such as the finite-momentum Fulde-Ferrell-Larkin-
Ovchinnikov state, discussed as a competing state for ferromagnetic order, e. g., in Ref. 152, result only
as subleading instabilities from the above-mentioned effective low-energy approach.

The st state arises from conventional electron-phonon pairing, i.e., an attractive interaction,
whereas unconventional s™~ superconductivity arises when Coulomb repulsion is dominant. Even
though electron-phonon coupling is important in LAO/STO [153], a recent study found the effective
interaction to be repulsive for all frequencies [154]|. This strengthens the possibility of unconventional
superconductivity in LAO/STO while still allowing for a conventional state owing to the strong fre-
quency dependence of the interaction kernel.

In this section, we briefly summarize the ingredients for the effective low-energy model as suggested
for the 2D electron liquid in the LAO/STO interface by Ref. 48, supplemented by nonmagnetic or
magnetic impurities. Furthermore, we introduce the patch approximation [48] of the Fermi surface
(FS) which we will employ for our consideration of disorder effects. The derivation of the disorder
vertex in patch approximation combines knowledge about the form of the FS and the eigenstates of the
electrons with that about the nature of the impurities present in the material. Yet, the result for the
superconducting transition temperature 7. will be independent of these microscopic details and solely
depend on the pairing state and on whether the disorder is symmetric or antisymmetric with respect
to time reversal, as further discussed in Sec. 3.2.

3.1.1 Effective low-energy theory for clean LaAlO3/SrTiO3

This section gives an overview of the effective low-energy model for the 2D electron liquid in the
LAO/STO interface suggested by Scheurer and Schmalian in Ref. 48. As discussed in Sec. 1.2.2, the
model of the LAO/STO interface devised to study superconductivity and magnetic instabilities is
focused on the 3d,. and 3d,, states of titanium. The noninteracting part of the Hamiltonian,

Ho =YWl i (h(K)) s Car e (3.1)
k

consists of two parts, h(k) = hm(k) + hso(k). Here, @Lk and 12)067k denote creation and annihilation
operators for quasiparticle states characterized by crystal momentum k and the index a comprising
orbital and spin.

The dispersion is characterized by a large mass anisotropy [155] resulting from the different overlap
of the two orbitals in  and y direction,

k% k2

Aok Skik

hm(k) — 2my 2my, H 2 1k22 ® og, (32)
Ok1kz 2nih + 27;211 —H

where the orbital mixing term ¢ is due to interorbital second-nearest-neighbor hopping, and by o; we
denote Pauli matrices in spin space.

The second crucial ingredient of the model is spin-orbit coupling. The most general expression up
to linear order in k which is consistent with time-reversal symmetry and the Cy, point group of the

In the st (s*7) superconducting state, the order parameter has the same (opposite) sign on the two Fermi-surface
sheets, in complete analogy to the notation for iron-based superconductors.
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[Reprinted figure with permission from M. S. Scheurer, M. Hoyer, and J. Schmalian,
Phys. Rev. B 92, 014518 (2015), cf. Ref. 150. Copyright 2015 by the American Physical Society.]

Figure 3.1: Fermi surface of LaAlO3/SrTiO3s. The form of the outer and inner Fermi surface
(obtained from the model (3.1) using realistic values of the parameters as deduced in Ref. 150) are
shown in (a) and (b), respectively. Red arrows indicate the spin polarization and the background
color corresponds to the respective orbital character. Within the patches indicated in green, the
wave functions are approximately constant, allowing to use a ‘patch approximation’ of the Fermi
surface. The corresponding notation that we use throughout the remainder of this chapter is
introduced in (c).

system reads as
1
hso(k) = 557’203 + armo(k102 — kao1) + aa7i (k101 — k2o2) + az73(k102 + keo1), (3.3)

where we adopted the notation of Ref. 150, i.e., a; and (8 are real constants and by 7; we denote Pauli
matrices in orbital space. The spin orbit-coupling term breaks inversion symmetry, and furthermore
lifts the degeneracy of the F'S with respect to spin. The corresponding dispersion is shown in Fig. 1.5 (b)
and the resulting F'S sheets are depicted in Fig. 3.1 (a) and 3.1 (b), emphasizing the striking anisotropy
of orbital and spin textures. Furthermore, the approximately nested parts of the F'S are highlighted in
green.

The renormalization group analysis of Ref. 48 revealed two superconducting instabilities of the above
model: The conventional s™" pairing state with the same sign of the order parameter on both sheets
of the FS, and the unconventional s pairing state with opposite signs of the order parameter on
the two FS sheets. Furthermore, pair hopping? between the approximately nested patches of different
bands has been identified as the relevant interaction channel for the formation of superconductivity, and
depending on the respective coupling constant, either the conventional or the unconventional pairing
state will be favored. Interestingly, the nature of the superconducting instability is intimately linked to
its topological properties [48]: the conventional state is topologically trivial and adiabatically connected
to the BCS superconductor whereas the unconventional state is topologically nontrivial. This opens

2The pair hopping term describes the annihilation of a state and its time-reversed partner in band ), and the creation of
another such Kramers pair in the other band X. For a detailed discussion of other interaction terms that are allowed
in the model and their implications for the interplay of the superconducting instabilities we are concerned with in this
thesis and the magnetic instabilities also resulting from the model, we refer to Refs. 48 and 151.
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new possibilities to study the pairing state in the LAO/STO interface, though will not be discussed
further here since the focus of this thesis lies on disorder effects.

3.1.2 Disorder in the LaAlO;/SrTiO; interface

As in every real material, imperfections of the crystal structure might be present in the interface and
thus influence its properties. Oxygen vacancies created in the deposition process are of particular
interest for LAO/STO interfaces, but also other vacancies or other types of impurities are likely to be
present and should be considered in the context of unconventional superconductivity. Here, we discuss
both nonmagnetic and magnetic impurities and start from the most general quadratic Hamiltonian
describing static quenched disorder,

Hais = / dr dr Pf (1) Waar (v, 7)), (r') . (3.4)

As discussed in Sec. 1.3.2, we are primarily interested in disorder-averaged quantities. Again, we assume
Gaussian disorder in our calculations. The crucial information about disorder is then encoded in the
disorder correlator

Falaﬁ,agaé (71 T/13 T2 T/2) = <Wa1a’1 (71, 7“/1)‘/‘/0420/2 (72, T,2)>dis : (3.5)
It corresponds to the bare disorder vertex function in the diagrammatic technique discussed for the
calculation of T; in a two-band model in App. C. For simplicity, we assume homogeneous, spatially
local disorder governed by 6-correlated statistics, resulting in

Fala’l,aza’z(rlv YT, Th) = Lo o a0l 8(ry = 71) 8(ry — 75) 8(ry —73), (3.6)

where the disorder averaging procedure restores translation invariance. Hence the disorder-induced
effective action resulting from the replica approach will conserve crystal momentum.

Furthermore, we assume that the correlator has the full point symmetry of the clean system, i.e., the
point symmetries of the system are preserved on average. Regardless, a given disorder configuration
is not necessarily consistent with the point group of the system since each single impurity may locally
break certain point symmetries. This is discussed in detail in Refs. 150 and 151, and illustrated in
Fig. 3.2. For example, an oxygen vacancy at position 3 locally breaks all point symmetries of the
lattice except for one mirror symmetry (with respect to the yz plane), and analogously, for a vacancy
at position 3’, only the mirror symmetry with respect to the xz plane remains intact. The requirement
that the full C4, point symmetry be preserved on average means that vacancies at positions 3 and 3/
are included with equal probability.

The crucial criterion which determines the influence of a certain term in the disorder vertex on the
transition temperature of the LAO/STO interface turns out to be the transformation behavior of the
respective term under time reversal © = TK. Here, K denotes complex conjugation, and the unitary
transformation 7T is given by T = irgoy in the basis chosen here. Hence, we distinguish between time-
reversal symmetric and time-reversal antisymmetric disorder realizations in the remainder, which we
interchangeably refer to by ‘nonmagnetic’ and ‘magnetic’ disorder, respectively.

The corresponding constraints for the correlator have been used in Refs. 150 and 151 to construct
the most general time-reversal symmetric and time-reversal antisymmetric disorder vertices for the
LAO/STO interface, which we utilize in Sec. 3.2 to assess the effect of nonmagnetic and magnetic
disorder on the two pairing states suggested for LAO/STO.

40




3.1 Model for the LaAlO3/SrTiOg interface

[Reprinted figure with permission from M. S. Scheurer, M. Hoyer, and J. Schmalian,
Phys. Rev. B 92, 014518 (2015), cf. Ref. 150. Copyright 2015 by the American Physical Society.]

Figure 3.2: Impurities in LaAlO3/SrTiO3s. Different impurity positions break different point
symmetries, as illustrated here in a close-up view of the conducting STO region of the interface.

3.1.3 Patch approximation

Huge parts of the Fermi surface can be approximated by introducing 16 patches in the form of straight
lines as indicated in Figs. 3.1 (a) and 3.1 (b) — this is the heart of the patch approximation as introduced
by Ref. 48 and adopted for the disordered interface in Ref. 150. Here, it is convenient to switch to the
band basis where the normal-state Hamiltonian (3.1) is diagonal. Owing to the strong anisotropy and
spin-orbit coupling, these patches are strongly polarized with respect to spin and orbital character.
Accordingly, the wave functions are approximately constant within each patch. This can be utilized
to reduce the interacting Hamiltonian in the presence of disorder to a simplistic form within the patch
approximation.

In the remainder, we denote the respective patches by the multi-index 7 = (\, j,7n). Here, A € {1,2}
refers to the two sheets of the FS, n € {+,—} specifies whether k1 + ko > 0 or k; + k2 < 0, and
j € {1,...,4} labels the four distinct patches of a FS sheet in each half space, as introduced in
Fig. 3.1 (c). These patches are, in groups of four, approximately parallel, hence nested, and thus host
the electronic states that are essential for superconducting pairing and magnetic ordering. The above
choice of notation will prove very convenient in the context of superconductivity, since the states
7= (\J,+) and 7k = (A, 7, —) are Kramers partners, i.e., related by time reversal. Furthermore, in
the remainder, momentum k will be measured from the center of the respective patch and cut off in a
way that prevents overlap of the patches.?

Within the patch approximation, the fermionic degrees of freedom are characterized by constant
spin and orbital polarization in each patch (according to Fig. 3.1 (a) and 3.1 (b)), implying that the

3In the explicit calculation of the diagrams according to App. C, the momentum component perpendicular to the FS
is restricted by the energetic cut-off A, whereas the integration over momentum components parallel to the FS is
absorbed by introducing a constant density of states at the Fermi level in each patch, p-.
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scattering vertices

T 7
PA _ I
= )
— | <
T2 T2

reduce to simple analytic expressions within the patch approximation as briefly summarized in App. C.4.
Details on the calculation of the elements of the tensor I'PA, and in particular on the phase convention
used for the eigenstates, can be found in Ref. 150. Let us only note here that scattering processes
between certain patches are forbidden as a result of the orbital and spin polarization, i. e., the respective
elements of the disorder correlator tensor in patch approximation vanish exactly. Furthermore, in the
effective action induced by disorder, this vertex is complemented by the constraint that total momentum
is conserved.

Moreover, the disorder vertex enters only in two distinct combinations of patch indices in the cal-
culation of the free energy close to the phase transition, meaning that the calculation of diagrams
contributing to 7T can be conveniently formulated in terms of a matrix approach as outlined in App. C.
This reduces the complexity of the problem considerably, since only the 16 x 16 matrices summarizing
the processes entering the self energy in self-consistent Born approximation (SCBA)

T,k 7' K

— | <
. TPA  _ I
STT’ = FTT’,T”T = I (38)
— | -
T K T,k
and the corresponding corrections
T,k Tk
._ TPA — I
VTT/ .— FTT’,TKT{( = | (39)

v —k T, -k
to the superconducting vertex at zero total momentum have to be calculated rather than the full
tensor FEAT, - With its 16* index combinations. Note that the structure of these scattering vertices
17107272
automatically guarantees momentum conservation in the diagrams contributing to 7, meaning that
the momentum summation within the patches is not constrained further.

3.2 The effect of weak disorder in the LaAlO3/SrTiO; interface

The pair-hopping interaction, formulated in the patch approximation introduced in the previous section
and using the notation and phase convention of Ref. 150 as summarized in App. B.3, is given by

4
~ B A_}. A,i_ ~ A
%int - VSC Z Z |:f(17j7+)7kf(17j7_)7_kf(27j/7_)7_k/f(27j,7+)7kl + H €]~ (310)
53" =1 kK’
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It leads to conventional st superconductivity if the interaction Vsc is attractive (Vso < 0), while in the
case of repulsive pair hopping (Vs¢ > 0), unconventional st~ superconductivity develops. In the clean
system, the transition temperature coincides with the result obtained for the usual BCS superconductor

)
208~ TiEe (3.11)

TC,O =
T
in case of both conventional and unconventional superconductivity.

In this section, we finally discuss the implications of nonmagnetic and magnetic disorder for the
superconducting transition temperature 7T, of the two candidate pairing states for the LAO/STO in-
terface. The logic and formalism is in complete analogy with Chap. 2, but the focus here is a different
one. As outlined in App. C, the transition temperature is found from the quadratic coefficients of the
disorder-averaged Ginzburg-Landau expansion by demanding that the corresponding eigenvalue change
sign. In the calculation of the coefficients, we exploit that the scattering rates between different patches
are constant and hence the momentum integrals decouple. Specifics on how the formalism is tailored
to the LAO/STO interface are summarized in App. C.4.

3.2.1 Nonmagnetic impurities

We start with the discussion of nonmagnetic disorder. The most general disorder vertex that is sym-
metric under time reversal has been derived in Refs. 150 and 151:

ol apal, = Y, (1000)a,ar (T000) agay + Vi, (7203) 0, ar (T203) a0
111

A
+ [(7000)0410/1 (7203)ayot, + (7203) a0, (7_00-0)0420/2}

+ 781 (7300) 0, 0 (T300) ayaty, + VB2 (T100) a0, (T100) e

(3.12)

YE
+t5 [(7—201)&1&’1 (7201) aya, + (72020, (7202)%42} :

It consists of various contributions corresponding to different spin and orbital character of the underlying
disorder configuration,* characterized by six independent coupling constants 71141 , ’ygl , ’Y,ILH, YBy,VBss VE €
R. These coupling constants are proportional to the density of impurities, however, also depend on the
microscopic nature of the impurities considered since they are proportional to the square of the matrix
element of a single impurity as discussed in Sec. 1.3.2.

The analysis of the effect of each of these terms on the transition temperature of LAO/STO within
the above-discussed patch approximation however reveals that the different contributions enter the

calculation only as the sum
I'= 7%1 + %1411 +9B, + VB, +VE, (3.13)

which is a measure of the scattering strength of the disorder configuration as a whole, implying that
the transition temperature does not depend on specifics of the impurity scattering other than the
transformation behavior of the disorder under time reversal. Note that the term associated with %ILE
does not contribute to pair breaking within the patch approximation since the strong spin and orbital
polarization prevents contributions from this term to enter the vertices S and V.

Our results for the transition temperature in the presence of nonmagnetic disorder are summarized
in Fig. 3.3 (a) and details concerning the derivation are presented in App. C. Attractive interaction

(Vsc < 0) leads to conventional st superconductivity as in the clean case, and we find that T, remains
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Figure 3.3: Pair breaking in LaAlO3/SrTiO3. We show the critical temperature T, for s™ and
st~ superconductivity as a function of scattering rate I'c due to (a) nonmagnetic and (b) magnetic
impurities. Here, Tt o refers to the SC transition temperature of the clean system, and I'c o is the
critical scattering rate of the reference model described in the text after Eq. (3.16).

robust in the presence of nonmagnetic impurities: T¢(I") = Tt o. This is consistent with the Anderson
theorem [10-12] and its generalization to the s™ pairing state, as previously discussed in the context
of iron-based superconductors in Sec. 2.3.3.

Repulsive interaction (Vso > 0) again results in the unconventional s*~ pairing state which is already
vulnerable to nonmagnetic scattering. For the relation between the transition temperature T, and the
scattering rate I', we recover the usual Abrikosov-Gor’kov (AG) behavior [88] originally found for the
suppression of T, due to spin-magnetic impurities in single-band s-wave superconductors,

Teo 1 1 T/I. 1
1 ~ | = -+ — — -, 3.14
" ( T. > Yo (2 T T T, ) Y0 \3 (3.14)
where 1) denotes the digamma function and + is the Euler-Mascheroni constant. For convenience, we
measure scattering rates in units of

T
Io=—22 (3.15)
eV pp
where pp denotes the total density of states (DOS) at the Fermi level per FS sheet. The quantity T'.
plays the role of a critical scattering rate at which s™~ superconductivity in LAO/STO is fully destroyed
by nonmagnetic disorder, since I' = I'. implies T, = 0. Remarkably, the critical scattering rate I'¢ is by

a factor of 4 higher than the critical scattering rate

TCO
Teo= : 3.16
c,0 467p]§‘ ( )

of a reference model of fermions with the same band structure but without any spin and orbital degrees
of freedom, corresponding to S, = I' for all patches. As already insinuated in the beginning of this
chapter, this enhancement of the critical scattering rate is an immediate consequence of the orbital and
spin polarization of the FS patches which reduces the available phase space for scattering: States from
patch (1,1, 4), for instance, can only be scattered into states in patches (1,2,+), (2,1,—), and (2,2, —)

“The meaning of each of these terms along with examples for a microscopic realization is discussed in Refs. 150 and 151.
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(1,1,+) (1,1,+)

(a) T000p (nonmagnetic disorder) (b) 7901 (magnetic disorder)

Figure 3.4: Visualization of the relative protection against disorder. Owing to the spin and
orbital polarization of the Fermi surface, certain scattering processes are suppressed, depending
on the structure of the respective impurities in spin and orbital space. We show the allowed
scattering processes for electrons starting in patch (1,1,+) for two examples: (a) nonmagnetic
potential impurities (79o¢) and (b) in-plane magnetic impurities (79o1). The regions shaded in
blue mark the final states of compatible orbital polarization for electrons starting in patch (1,1, +)
under scattering by these two types of impurities. The arrows indicate the spin polarization of the
respective FS patches and their color is chosen analogously: For each type of disorder, we show
accessible patches in blue while the others are marked in red.

by the spin-trivial s-wave impurities (790() associated with fyﬁh because these impurities affect neither
spin nor orbital character of the scattered quasiparticles. We visualize the allowed scattering processes
for this example in Fig. 3.4 (a). Analogous restrictions hold for the other patches and contributions to
the disorder vertex. Accordingly, the suppression rate of T, in the limit of I'/T'c — 0,

2 Ieo
2 T,

T(I') =Teo — prl (3.17)
is by the same factor smaller than in the reference model. Spin-orbit locking as a mechanism of
protection against disorder is not exclusive to superconductivity in the LAO/STO interface. Ref. 149
provides an example for a system where spin-orbit coupling can even rule out all pair-breaking scattering
processes.

Finally, the different roles of intraband and interband scattering processes for nonmagnetic and
magnetic disorder can be investigated by artificially discriminating intraband (A = X') and interband
(X # X)) scattering processes by rescaling

XintraS()\ : )()\/ -/ /) s )\ = )\/,
Sy 1Aty —> JoM J75M 3.18a
AgmA3'r') {XinterS(/\,jm)(/\’,j’,n’) ; AFEN, ( )

Xintrav()\ ) (N5 A= )‘/>
Vis - s s JmNg'n 3.18b
CWENICOVIRTS: {XinterV(A,j,n)(N,j’,n’) , ANEN. ( )

Then, the above-discussed results correspond to the limit Xintra = Xinter = 1. Furthermore, in the
absence of interband scattering (Xinter = 0), the s™™ and s™~ pairing states are indistinguishable and
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thus both should be protected against nonmagnetic impurities. Indeed, we find from the rescaling
procedure that, as expected, only interband scattering processes are pair breaking for the s™~ pairing
state and are responsible for the well-known AG suppression of the transition temperature.

3.2.2 Magnetic impurities

Magnetic impurities are of particular interest in LAO/STO because superconductivity occurs in the
proximity of a magnetic instability. Indeed, numerical calculations [156, 157| suggest that oxygen
vacancies could lead to the formation of magnetic moments.

For the derivation of the most general disorder vertex being antisymmetric under time reversal, we
refer to Refs. 150 and 151 once more, where also the meaning of each term and suggestions for micro-
scopic realizations are discussed. The resulting vertex consists of a part due to impurities with in-plane
magnetic moments, and another part due to impurities with magnetic moments aligned perpendicular
to the plane. There are three independent contributions to the former,

I
g
F‘L"la/l:O‘QO/Q - 7E [(Tgal)ala& (7—001)0420/2 + (7_002)0410/1 (7—002)0120/2:|
5
+ o [(Tlo'l)ala’l (T101) ayay, T (T102) 0, (7'10'2)(12&/2} (3.19)

11T
gl
+ % |:(T3Ul)alo/1 (T301)agot, + (T302) a0 (7302)%(1'2} :

and the five independent contributions to the latter are given by

1
Fala’l,azo/z = ’71142 (7-00-3)0410/1 (7003)a2a/2 + ’Y,Ié{g (7_20-0)0410/1 (TQUO)aQa/Q
11T

A
+ 50 {(T2Uo)a1a'1 (T003) ayasy, + (ToUs)alag(ngo)%a'J

+ 7B (T103) 0,04 (T103) 0y, + VB2 (7303 )0, 0, (T303) a0 »

(3.20)

where all couplings « are real numbers. Again, the analysis of these contributions reveals that they
enter the disorder-averaged free energy only as the sum

L =9 +7E + 75 +7a, + 74, T VB + 782 5 (3.21)
making our results independent of microscopic details of the disorder realization such as the weight of
the different terms. In particular, both types of magnetic impurities — those with magnetic moments
lying within the plane as well as those with magnetic moments aligned perpendicular to the plane —

contribute to T, suppression in the same way. Only the term associated with ’ygg does not result in

pair breaking since, in analogy to ﬁﬂ for nonmagnetic disorder, it does not contribute to the vertices S
and V. Let us furthermore note that the disorder vertex as stated in Eqgs. (3.19) and (3.20) also contains
terms which would classify as ‘orbital magnetic’ since they are associated with og. Hence, in its most
general form, the vertex is not restricted to spin-magnetic disorder.

In the presence of magnetic disorder, both the conventional s pairing state (arising from attractive
pair hopping V' < 0) and the unconventional s™~ pairing state (associated with V' > 0) are affected
by scattering as represented in Fig. 3.3 (b). However, as in the case of nonmagnetic impurities, the
phase space for certain scattering processes is strongly reduced as a consequence of the spin and orbital
polarization of the Fermi surface, and hence not all scattering processes contribute, as illustrated in
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Fig. 3.4 (b). The transition temperature is again suppressed according to the AG law as formulated in
Eq. (3.14), where the critical scattering rate for magnetic disorder in LAO/STO is given by I'c = 2I'¢ o
in case of sT superconductivity, and by I'c = 4'c o for s™~ superconductivity. Hence, s™~ supercon-
ductivity is, by a factor 2, more robust against magnetic disorder than s** superconductivity which
can be understood by analyzing the roles of intraband and interband scattering processes for the two
pairing states according to the rescaling procedure (3.18). It turns out that conventional s super-
conductivity is affected by both intra- and interband scattering whereas s™— superconductivity is only
suppressed by the intraband scattering processes arising from magnetic impurities. This is in line with
our results for the iron-based superconductors discussed in Sec. 2.3 and Ref. 87, where an analog of
the Anderson theorem is discussed for the s™~ pairing state in the presence of magnetic interband
scattering.

3.3 Summary of Chapter 3

Here, we considered the model proposed for the LAO/STO interface in Ref. 48 in the presence of
disorder. In particular, we compared the robustness of both candidate pairing states proposed for
LAO/STO by Ref. 48: conventional s™+ superconductivity and unconventional s™~ superconductivity.
A striking characteristic of the system is the strongly anisotropic Fermi surface which results from
anisotropic masses as well as strong spin-orbit coupling. It can be modeled by introducing 16 patches
which are assumed to be fully polarized with respect to spin and orbital character (Fig. 3.1).

In our consideration, we allowed for the most general type of disorder — which might even locally break
point symmetries as long as they are preserved ‘on average’. The most general form of the disorder
vertex consistent with the symmetries of the system has been deduced in Ref. 150 for impurities being
either symmetric or antisymmetric w.r.t. time reversal. Even though the respective vertices include
several terms associated with different types of impurities, all terms that are symmetric (antisymmetric)
w.T.t. time reversal contribute in the same manner to the nonmagnetic (magnetic) scattering rates
ultimately resulting in pair breaking. Furthermore, the scattering rates between different FS patches
are constant within the patch approximation, and owing to the polarization of the Fermi surface, many
scattering processes are strongly suppressed. Based on these assumptions, we analyzed the effect of
disorder on the SC transition temperature in LAO/STO, and our findings are:

o Not surprisingly, nonmagnetic impurities are only pair breaking for s™ superconductivity, fol-
lowing the usual AG suppression of T, whereas the Anderson theorem for the s™* pairing state
can be adopted for the LAO/STO interface.

o While magnetic impurities suppress both s™ and s™~ according to the AG law, the unconven-
tional pairing state is found to be more robust — with a critical scattering rate twice as large as
for the conventional one.

Therefore, the possibility of an unconventional superconducting state for LAO/STO is not per se ruled
out by the presence of disorder in the heterointerface since the strong orbital and spin polarization
of the Fermi surface in fact leads to a relative protection of superconductivity. In particular, in the
presence of magnetic impurities, the unconventional s™~ state is more robust than the conventional
one, going back to the fact that only intraband scattering is pair breaking for the former, whereas the
latter is affected by both intraband and interband scattering here.
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Chapter 4

Disorder-promoted tetragonal magnetic
order in iron-based superconductors

In the iron-based superconductors, superconductivity emerges close to a magnetically ordered state,
which has been identified to be of stripe type in most of these compounds. This type of magnetic order-
ing further implies a structural phase transition reducing the symmetry of the lattice from tetragonal
to orthorhombic. However, more recently, another type of magnetic order preserving the tetragonal
symmetry of the lattice has been reported in a certain doping regime for several hole-doped compounds.
Experimentally, this state has been uniquely identified as a charge-spin density wave whereas theoret-
ical models quite generically predict either stripe-magnetic order or yet another type of tetragonal
magnetic order. It is therefore desirable to find extensions to the respective effective low-energy models
which naturally account for the observed charge-spin density wave, and as we show here, the inclusion
of disorder effects constitutes one possibility.

We commence this chapter with a discussion of the characteristic stripe-ordered magnetic phase,
followed by a summary of other possible ground states for the free energy compatible with the symmetry
of the system. We introduce a minimal model to study magnetic order in iron-based superconductors
and in particular comment on the implications of an incipient hole band as well as impurity scattering.
As a result, we can extract a phase diagram of magnetic ground states from the interplay of disorder
effects and band structure parameters, which indeed shows that charge-spin density wave is favored by
disorder close to particle-hole symmetry.

This chapter is based on my work in collaboration with Rafael M. Fernandes, Alex Levchenko, and
Jorg Schmalian, which has been published in Ref. 158.

4.1 Magnetic order in iron-based superconductors

The most general expansion of the free energy in terms of the magnetic order parameters M and M
close to T' = Ty that is compatible with the tetragonal lattice symmetry of the iron-based supercon-
ductors (FeSCs) is given by [159-161]
U

F(M1,Ms) = a(M? + M3) + S (M3 + M3)? = $(M} = M3)* + 20(M, - M) (4.1)
The sign change of the quadratic coefficient a determines the transition temperature Tx. This is
in complete analogy to the Ginzburg-Landau expansion of the free energy in terms of the supercon-
ducting order parameter A close to T = T, which we employed in Chaps. 2 and 3. As discussed in
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4 Disorder-promoted tetragonal magnetic order in iron-based superconductors

order parameter orientation parameter regime

single-Q  stripe magnetism M;=00r My=0 g > max(0, —w)
charge-spin density wave M = +M> w <0
double-Q spin-vortex crystal M, 1 M, g < max(0, —w) w >0

Table 4.1: The three possible magnetic ground states which minimize the Ginzburg-Landau free
energy (4.1), and their characteristics.
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Figure 4.1: Magnetic phase diagram of the Ginzburg-Landau free energy. We show the magneti-
cally ordered states minimizing the free energy (4.1), depending on the nematic coupling g and the
planar coupling w.

Refs. 13, 70, and 162, for instance, disorder of course also suppresses the magnetic transition tempera-
ture. Here, however, we are concerned with the nature of the magnetic ground state which depends on
the relative orientation of the two order parameters M1 and Mo, which is determined by the quartic
part of the free energy: Depending on the coefficients u, g, and w, the free energy is minimized by one
of the three magnetic ground states summarized in Tab. 4.1, provided that v > max(0, g, —w). The
corresponding phase diagram for the coefficients is shown in Fig. 4.1. We term ¢ the ‘nematic cou-
pling’, since it favors the stripe-ordered state, whereas the ‘planar coupling’” w determines the relative
orientation of M1 and My, and thereby distinguishes between charge-spin density wave (CSDW) or-
der and spin-vortex crystal (SVC) order. These three possibilities for magnetic order are depicted in
Figs. 4.2 and 4.4 and will be discussed in more detail in the context of iron-based superconductors in
Secs. 4.1.1 and 4.1.2. Furthermore, the quartic coefficients in the Ginzburg-Landau expansion can be
derived from a microscopic model which will be the subject of Sec. 4.2. However, let us note here
that our discussion concentrates on the regime T ~ Ty, since further away from the magnetic phase
transition, higher-order terms that favor the stripe-magnetic state might become relevant.!

'Indeed, the experimentally observed re-entrance of the Ci-magnetic phase upon lowering the temperature can be
explained in terms of a Ginzburg-Landau expansion of the clean three-band model if sixth-order terms are taken into
account [163].
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Figure 4.2: llustration of the stripe-magnetic state in the iron-based superconductors. We show
the top view of the two different patterns on the lattice in the FeAs-type planes, originating from
the two possibilities for the ordering vector Q.

4.1.1 Stripe-magnetic order and the structural transition

It is experimentally well established that most of the compounds of the FeSC family exhibit magnetic
stripe order with the spins on the iron sites lying in the planes and being aligned ferromagnetically
along one crystallographic axis and antiferromagnetically along the other. In particular, the undoped
compounds exhibit this type of magnetic order, but stripe magnetism persists up to higher doping and
even coexists with superconductivity in many compounds. The scenario of a stripe-ordered Co-magnetic
phase as the magnetic ground state of FeSCs is further supported by itinerant as well as by localized
theoretical approaches to magnetism.

Single-Q spin-density wave order The above-described stripe order corresponds to either M = 0
or M5 = 0 in the Ginzburg-Landau expansion of the free energy (4.1). Correspondingly, the stripe-type
modulation

M@ (4.2)

in real space is characterized by a single ordering vector @ in momentum space, hence this is termed
a single-Q spin-density wave (SDW). In the context of FeSCs, there are two possibilities for the order-
ing vector, Q@ = (m,0) or Q = (0,7). The resulting stripe-magnetic states are illustrated in Fig. 4.2.
Therefore, in addition to the continuous O(3) spin-rotational symmetry broken in the magnetically
ordered state, this stripe-magnetic state also breaks a Zs Ising-like symmetry, meaning that the sym-
metry between a and b lattice directions is broken. The spin-rotational symmetry breaking happens
at the Néel temperature TN whereas the additional Zo-symmetry breaking can occur at transition
temperatures Ty > Tn. Moreover, the latter entails a structural transition from tetragonal (Cy) to
orthorhombic (Cs) lattice symmetry.

Nematic order Interestingly, if the two transitions are split (T3 > Ty ), this allows for an intermedi-
ate phase with broken Zy symmetry but no magnetic long-range order. This intermediate phase has
been dubbed nematic order [164, 165] — in analogy with the preferred direction existing in the nematic
phase of liquid crystals. The nematic state in the FeSCs attracted attention since its origin is possibly
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[Reprinted figure with permission from R. M. Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, and J. Schmalian,
Phys. Rev. B 85, 024534 (2012), cf. Ref. 159. Copyright 2012 by the American Physical Society.]

Figure 4.3: Splitting between nematic and magnetic transition. The phase diagram presented
in (a) shows regions of simultaneous (I) and split (IT and IIT) first-order (second-order) nematic
and magnetic transitions for a system of dimensionality d = 2.5, indicated by dashed (solid) lines.
Here, 7y is, up to a constant, equal to the quadratic term a(T" — T o) of the respective Ginzburg-
Landau expansion. The corresponding splitting of the transition temperatures as a function of the
inverse dimensionless nematic coupling constant « = u/g is shown in (b).

of electronic nature and not driven by the lattice degrees of freedom as in ordinary structural transi-
tions: Electronic properties exhibit anisotropies in the nematic state which are much larger than the
orthorhombic distortion of the lattice would suggest. Most noteworthy in this context is the resistivity
anisotropy [166, 167] which is associated with a susceptibility diverging close to the nematic transi-
tion [168]. However, at the structural phase transition, three types of order develop simultaneously —
the structural distortion along with orbital order and spin order — and the appropriate order parameter,
i.e., which of these fluctuations drive the nematic instability, remains yet to be determined. A review
on the nematic state with a special focus on its origin can be found in Ref. 39. Furthermore, the origin
of nematicity in the FeSCs is also linked to superconductivity: If the nematic instability is driven by
orbital (i.e., charge) fluctuations, the conventional st superconducting state is expected, whereas the
spin-nematic scenario favors st~ or d-wave superconductivity. Consequently, uncovering the origin of
the nematic phase may also elucidate the mechanism for superconductivity.

Another interesting aspect is the character of the nematic and magnetic transitions which could
each be first-order or second-order, also implying the possibility of tricritical points. In Fig. 4.3 (a), we
show an exemplary phase diagram of nematic and magnetic transitions resulting from the theoretical
analysis of Ref. 159. The resulting splitting AT = Ty — Ty between the two transitions is controlled
by the inverse dimensionless nematic coupling constant u/g and the dimensionality d of the system.
In particular, for 2 < d < 3, the two transitions turn out to be simultaneous and first order for
(u/g) < (u/g)Cl =1/(3—d). For (u/g)e; < (u/g) < (u/g)ec,, the transitions are split and one of
them remains first-order whereas the other transition is second-order. In this regime, an increase in
u/g results in an enhanced splitting AT. On the other hand, deep in the regime of two split second-
order phase transitions, (u/g) > (u/g)c2 = (6 —d) /(6 — 2d), increasing the ratio u/g reduces the
splitting AT. In Fig. 4.3(b), these results are shown for a system of dimensionality d = 2.5, i.e.,
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4.1 Magnetic order in iron-based superconductors

a system mimicking a strongly anisotropic three-dimensional system as it seems appropriate for the
description of FeSCs. As many properties of the FeSCs, this splitting, and thereby the stabilization of
an intermediate nematic phase, depends on disorder [162, 169, 170]. We will briefly comment on our
results in this context in Sec. 4.3.1. However, before investigating the influence of disorder, we discuss
further candidates for the magnetic ground state in FeSCs.

4.1.2 Tetragonal magnetic phases

In addition to the orthorhombic stripe-magnetic phase that extends over a wide range of doping in
the majority of the FeSCs, also a tetragonal magnetic phase has been discovered in a small tem-
perature and doping regime in various hole-doped compounds, including Ba(Fe;_,Mn,)sAsy [171],
Baj_,Na,FegAso [172, 173], Ba;_,K,FeaAsy [174-177], and Sry_,K,FesAsy [178]. This suggests that
also Cy-magnetic phases might be a general feature in the phase diagram of hole-doped FeSCs [179)].

Double-Q spin-density wave order In contrast to the stripe-magnetically ordered phase, no struc-
tural distortion has been found in this newly discovered magnetic phase from X-ray diffraction, implying
that it preserves the tetragonal symmetry of the paramagnetic phase. The magnetic Bragg peaks of the
Cy-magnetic phases occur at the same momenta Q; = (7,0) and Q4 = (0,7) as in the stripe-ordered
state. Consequently, such a state can be understood as the superposition of two single-Q stripe-magnetic
states,

M@ 4 Moel@2m (4.3)

hence termed a double-QQ SDW. Depending on the relative orientation of the two order parameters M
and M o, the properties of the resulting state are different. The two additional tetragonal ground states
that minimize the free energy (4.1) are summarized in Tab. 4.1 and illustrated in Fig. 4.4.

The charge-spin density wave that arises from aligning M| and M either parallel or antiparallel,
M, = £Ms, is shown in Fig. 4.4 (a). It results in a nonuniform magnetization with vanishing average
magnetic moment at even lattice sites and staggered-like order at odd lattice sites, or vice versa. This
magnetic state is accompanied by charge-density wave order since it couples to a modulation of the
density [161]: The charge couples to the square of the magnetization, thus magnetic sites acquire a
charge that is different from nonmagnetic sites. If, on the other hand, M and M4 are orthogonal,
M 1 My, the resulting spin-vortez crystal is characterized by a noncollinear magnetization pattern
that is illustrated in Fig. 4.4 (b).

Furthermore, as in the case of stripe antiferromagnetism, which is preceded by nematic order, these
two double-@ magnetic states can in principle be melted in two stages, passing through an intermediate
state of vestigial charge or chiral order [161].

Experimental characterization Experimentally, a reorientation of the spins has been found from
neutron diffraction [180], implying that the magnetic moments within the Cj-magnetic phase are ori-
ented parallel to the c-axis, i.e., perpendicular to the FeAs planes. In order to further characterize the
nature of the tetragonal magnetic phase, local probes are best suited. In particular, ®"Fe-Massbauer
spectroscopy on Sri_;NazFeaAsy [178] and muon spin rotation on Baj_,K;FeaAsy [181] concordantly
found that the magnetic moment vanishes at every second lattice site while it is doubled at the others.
Furthermore, the data is also consistent with the spin reorientation.

Therefore, these experiments uniquely identify the Cy-magnetic phase as a realization of the charge-
spin density wave depicted in Fig. 4.4 (a). Within the free-energy expansion (4.1), a negative planar
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4 Disorder-promoted tetragonal magnetic order in iron-based superconductors

(b) spin-vortex crystal

(a) charge-spin density wave

Figure 4.4: Tllustration of the two double-Q magnetic states. We present the double-Q (a) charge-
spin density wave order and (b) spin-vortex crystal order in the upper panels as a superposition of
two single-Q stripe-magnetic states (lower panels).

coupling w < 0 is a necessary condition for CSDW. Therefore, it is important to elucidate theoretically
which generic features of low-energy models yield w < 0 (and g < |w|).

Theoretical perspective The existence of double-@Q magnetic states as additional ground states for
the FeSCs has also been established by different theoretical approaches based on itinerant models [43,
159, 163, 182-187|, all of which suggest the two double-Q ground states visualized in Fig. 4.4 in addition
to the single-@Q stripe-magnetic order (Fig. 4.2). Localized approaches based on the Ji-J, Heisenberg
model, on the other hand, favor the single-Q stripe-ordered state [164, 165, 188-190].

Focusing on the three-band itinerant low-energy model previously employed in the literature [159,
179, 183|, one finds a band-structure-driven transition, since the single-Q state is favored near perfect
nesting, whereas the double-@Q state is expected away from perfect nesting. This transition from single-
Q to double-Q coincides with a decrease of the magnitude of the nematic coupling constant g [163],
indicating that the overall weakening of magnetic order allows for the formation of the Cy phase.
However, this same model generically leaves the noncollinear SVC and the nonuniform CSDW order
degenerate since w = 0 due to phase space restrictions, as explained in Sec. 4.2.2.

Extensions of this model tend to favor the spin-vortex crystal — in disagreement with the recent
experiments. This is, for instance, obtained by including residual electronic interactions [179, 183] or,
as we will show in Sec. 4.2.3, an incipient fourth pocket. We note that although Ref. 160 proposes
that the proximity to a Néel-like state can favor CSDW order, this scenario is only applicable to
Ba(Fe,_,Mn,)2Ass, since the compound BaMnyAsy displays Néel order — which is not the case for
Baj_,Na,FesAsy or Baj_, K, FesAsy. Note also that Ref. 191 showed that the spin-orbit coupling
leads to anisotropic quadratic terms in the free energy (4.1) that favor the CSDW order, even though
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4.2 Minimal three-band model

w = (0. This however only works near the magnetic transition, since at low temperatures the quartic
terms (or possibly even higher-order terms) are the ones that determine the ground state.

4.2 Minimal three-band model

As in our discussion of superconductivity, we aim to understand the interplay of magnetic order and
superconductivity by means of a minimal model in band basis. To account for the double-Q states as
well as for stripe order, we have to consider the two nesting vectors Q@ = (7, 0) and Qo = (0, 7). Thus
the minimal model to consider magnetic order in FeSCs includes two (elliptical) electron pockets at the
X and Y points in addition to the hole pocket at the I' point. However, in order to keep our discussion
clear, we already include the second hole pocket at the M point from the beginning, but in a way that
allows us to easily discard this pocket when discussing only the minimal three-band model.

4.2.1 Four-band model of iron-based superconductors

We consider a multi-band model [159, 183] for FeSCs, consisting of two circular hole pockets centered at
the I and M points of the 1-Fe Brillouin zone, respectively, and two elliptical electron pockets centered
at X and Y. The corresponding Fermi surface is depicted in Fig. 1.4 (a). The pocket at the M point
however is not a generic feature of this class of materials, since it exists only in some of the iron-based
compounds. Moreover, even in the compounds in which the pocket at the M point exists, this band is
not guaranteed to cross the Fermi level for all values of k,. Furthermore, our analysis in Sec. 4.2.3 will
show that the presence of such an incipient hole pocket at the M point cannot explain the formation
of a charge-spin density wave and hence can be neglected in the remainder of this chapter.

Four-band model The noninteracting part of the model is described by the Hamiltonian

Ho= D exktll oo lrne (4.4)
A\ k,o

where the fact that the bands are centered around different momenta is reflected in the band index A €
{h1,hy,e1,e2}. In the following, the hole bands are labeled interchangeably by h; = hr and hy = hyy,
and the electron bands by e; = ex and es = ey. Thus, @;ko creates an electron in band A with
spin ¢ and crystal momentum k. The respective dispersions near the Fermi energy can, for simplicity,
be parametrized by

Ehl,k = —¢k, (4.5&)
€e1,k = €k — Oy + Oy cOs(20) | (4.5b)
€enk = €k — Oy — Oy cOS(20) , (4.5¢)
€hok = —E€k — EM, (4.5(1)

close to the parameter regime of perfectly nested electron and hole bands. The respective band structure

is shown in Fig. 1.4 (b). Perfect nesting corresponds to Ey; = 0, = 6, = 0 and leads to a degeneracy of
all three magnetic ground states in the clean limit, as we will see later. Here, we introduced e = % —€0

and 6 = arctan(ka/k1). Note that changes of §,, involve changes of the chemical potential, and can
therefore be associated with doping. On the other hand, d,,, is a measure of the ellipticity of the electron

bands. The top of the hole band at the M point is lower in energy than the top of the hole band at the
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4 Disorder-promoted tetragonal magnetic order in iron-based superconductors

I" point, i.e. Ejs > 0, such that it is not guaranteed to cross the Fermi surface even if it does exist. In
the limit Fj; — oo, the incipient band is pushed far below the Fermi level where it cannot contribute
to any observables, meaning that we effectively recover the minimal three-band model.

Magnetic order The four-band model of the iron-based superconductors as introduced above allows
for eleven fermionic interactions connecting the different pockets of the Fermi surface, as discussed in
Ref. 192. These interactions can be decomposed into different density-wave and pairing channels. Since
in this chapter, we are only concerned with magnetic ordering in these systems, we restrict ourselves
to the contributions in the SDW channel,

2
A Vspw & &
Hint = ——5 > 8ig-Siq; (4.6a)
=1 q

where Sl,q = Z Z (wﬂl,k,aao,o’wel,lﬁrq,a’ + wlz,kz,oa’a,o’whz,kJrq,U’ + H. C‘) (46b)

k o0’
and 527q = Z Z (w£17k700070/w627k+q70/ + ¢ll,k7aad,alwh2,k+q,0/ —+ H C.) (46C)

k o,0’

are associated with the two nesting vectors Q; = (m,0) and Q4 = (0, 7), respectively. Here, Vspw > 0
denotes the attractive coupling in the SDW channel and o = (01, 02, 03) denotes the vector of spin-space
Pauli matrices.

This interaction can be decoupled by means of a Hubbard-Stratonovich transformation upon which
two magnetic order parameters M; and M arise, which are associated with the two ordering vec-
tors @, and @, respectively. Their coupling to the electronic degrees of freedom on mean-field level
is given by

MY () ) ot )
Hing == <¢h17k,00070'¢617k,0’ + weQ,k,oUU,Cf’wh%k,o" + H. C-) - My

k o0’

_ Z Z (wll,k,00070/we27k:0, + wlz,k,aao',o"whhk,gl + H. C.) . M2 .

k o,0'

(4.7)

For details on the Hubbard-Stratonovich decoupling and the further derivation of the Ginzburg-Landau
expansion, we refer to App. D.2: Following the usual procedure, in the vicinity of the magnetic phase
transition, we integrate out the electronic degrees of freedom and derive the free energy expansion of
the system

F(My, Ma) =Y ail M + ) uif| M| M|* + 2w(My - M2)?, (4.8)

7 2,J

where the coefficients a;, u;;, and w can be calculated from the microscopic model introduced above.
Due to the rotational symmetry connecting the electron bands, it holds that a := a1 = ag, u11 = wuag,
and w12 = ug1. The free energy (4.8) can thus be brought to the form of Eq. (4.1) using

U= U2 + u11 and g = uiz — U1l . (4.9)

The transition temperature Ty is determined by the quadratic coefficient of the free energy. In principle,
we expect a kink in the transition temperature, reflecting the tricritical point associated with the
Cy <» Cy transition. Furthermore, disorder is also expected to suppress the transition temperature [70].
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4.2 Minimal three-band model

Here, however, we focus on the nature of the magnetic ground state, which is solely determined by the
interplay of the quartic coefficients g and w in the expansion (4.1) provided that u > max(0, g, —w).
Therefore, we will not discuss the quadratic coefficients further here.

4.2.2 Results of the minimal model

We start our considerations with the clean three-band model, i.e., disregarding the second hole pocket
at the M point which is not present in all FeSC compounds. The coefficients in the expansion of the
free energy (4.1), previously defined in Ref. 159, are given by

a; = 4VSDW + Q/th k Vn)Gel,k(Vn)a (4.10&)

v= 5 /k Ghr,k(yn)[GeLk(yn) + Gez,k(yn)]Q ) (410b)
1

9= =5 [ GhoallGor k(01) = Ger)?, (4.100)

w=0. (4.10d)

For convenience, we write u and g in the symmetrized form, namely u = %(uu + w12 + ugy + uge) and

— —%(un —u12 — ug1 +ugg). Furthermore, we abbreviated fk: =Ty, [ (2‘17’“)2 ... and the fermionic

Green’s function is defined as Gy x(vn) = [ivh — exp + 5 sgn(yn)]_1

Chap. 2, cf. Eq. (2.12) .

At perfect nesting, where 0, = 0, = 0, the nematic coupling constant g vanishes since Ge, g(vn) =
Gle, k(Vn). Therefore, in the clean system at particle-hole symmetry, all three candidates for the mag-
netic ground state are degenerate, cf. Fig. 4.1. The dispersion (4.5) readily implies that finite ellipticity
Oom # 01s crucial in order to obtain a finite nematic coupling g, i. e., to lift the degeneracy of stripe mag-
netism and tetragonal magnetism if w = 0. The finite chemical potential J,, # 0 partially accounts for
the presence of impurities by including doping effects. However, neither effect renders the coefficient w
finite.

in analogy to our notation in

Degeneracy of the tetragonal states The planar coupling w vanishes in the clean model as a
consequence of the trace in spin space [191|. This is illustrated in Fig. 4.5 (a), where we show the
most generic quartic diagram before performing the spin trace. The disconnected propagators indicate
that, depending on the model, such a diagram could be decorated by further diagrammatical elements
originating, for instance, from additional interactions or impurity scattering. The corresponding quartic
diagram, after performing the spin trace, results in a contribution proportional to

tr { Z M UlM(])O']M(k)O'kM/(\?O'l} Z M( )M ])M )M>(\l4) tr(oioj0507)
.5,k i,9,k,1

= 2[(M), - M) (Mo, - My,) = (Miy, - M) (M, - M) + (M, - My)(Moy, - Moy)| s (411)

where we used the identity tr(cyojor0;) = 2(8:5 Ok — dik 051 + 841 85). Within the minimal model,
introduced in Egs. (4.4) and (4.6), and with the additional simplification of neglecting the pocket at
the M point, the absence of scattering as well as interactions between the electron bands requires that
either A\ = Ay and A3 = Mg, or \; = A\g and Ay = A3 holds, as can be seen from Fig. 4.5 (a). Both
conditions result in tr[(My, - o) (M, -0)(M ), - 0)(M,, -o)] = 2|M ), |*|M ),|* and thus imply w = 0
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(a) generic quartic diagram (b) w in a four-band model

Figure 4.5: Quartic diagrams in the absence of disorder. (a) Sketch of a generic quartic diagram
before performing the spin trace: Fach vertex couples the hole band to one of the electron bands,
and the dashed lines indicate that scattering or additional interactions could alter the diagram.
(b) The additional contribution from taking the incipient hole pocket at M into account indeed
renders the planar coupling w finite.

in the clean case. On the contrary, the inclusion of interband scattering or interactions between the
two electron pockets at @ and Q4 allows for contributions where A\ = A3 and A2 = A4, rendering w
finite since tr[(My, - 0) (M, - 0)(M ), - 0)(My, - 0)] = 2[2(My, - M),)? — |M,,|*|M,,|?].

The main advantage of the minimal three-band model in this context is that it allows for a well-
defined perturbative expansion near the perfect-nesting limit (6, = d,, = 0) and the clean limit, since
in this case ¢ = w = 0, and the degeneracy of the magnetic ground state is maximal (i.e. the stripe-
magnetic, CSDW, and SVC phases are all degenerate). Therefore, one can assess qualitatively how
different types of perturbations favor distinct ground states.

4.2.3 Incipient hole pocket

The inclusion of an incipient hole pocket at M = (m,7) as anticipated in Eqs. (4.4) and (4.5d) also
allows for contributions that render w finite. The contribution to the planar coupling w that survives
the spin trace as a consequence of the presence of the second hole pocket is depicted diagrammatically
in Fig. 4.5(b). We consider the simplest case where 6, = 0, = 0, i.e., perfect nesting of the hole
band at the I' point and the two electron bands, since this already yields a finite value for the planar
coupling,

w=4 /k Gaso (V) Gingy 1o (V) o s (V) Gl o)

7PFC(3)

= 4.12
" 2B wT[%( A T) %( 47rT)} iﬁi . EysT. W1

Here 1,,(z) is the n™ derivative of the digamma function, ¢(2) is the Riemann zeta function, and we
assumed the density of states at the Fermi level to be given by the same constant pp in all bands. The
diagrams can be evaluated in full analogy to the case of superconductivity, see Apps. C and D.2 for
details.

From Eq. (4.12), we find indeed that the degeneracy of the two double-Q magnetically ordered states
is lifted since w # 0. Close to particle-hole symmetry, the planar coupling w is even of the same order
as the other quartic couplings. Furthermore, the coefficient w vanishes in the limit Fj; — oo. That
is, if the pocket at M is shifted to energies far below the Fermi level, we reproduce the results of the
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4.3 Impurity scattering in the three-band model of iron-based superconductors

previously discussed three-band model, which is the relevant limit for many of the FeSC compounds.
However, the planar coupling remains positive for all values of Ej;, and therefore, the inclusion of the
second hole pocket can only account for the formation of an SVC phase, but not for the experimentally
observed CSDW order. Since it is not a generic feature of the FeSC family and its inclusion is not
able to explain why the nonuniform CSDW state is favored over the noncollinear SVC state in the
hole-doped compounds, we discard the second hole pocket at the M in our further discussion.

Let us further mention that a positive planar coupling w > 0 has also been obtained in previous
studies of other extensions of the clean three-band model such as the perturbative inclusion of additional
interactions [179, 183]. This suggests a different route is needed in order to explain the formation of
the collinear CSDW state within the low-energy model. Consequently, in the remainder of this chapter,
we investigate the effect of disorder on the magnetic ground state.

4.3 Impurity scattering in the three-band model of iron-based
superconductors

In the remainder, we investigate the impact of disorder that is induced by doping the FeSC compounds,
and concentrate on effects beyond mere changes of the band structure. For instance, charged potential
impurities can locally stabilize charge-spin density wave order [182, 187], thus suggesting that the
inclusion of disorder for the itinerant electrons participating in the formation of the magnetically ordered
state is an important ingredient for the investigation of the CSDW state. In analogy to our analysis of
disorder effects on the superconducting state in previous chapters, we consider an arbitrary realization
of nonmagnetic impurities. Thus we add the term

Hais = DD Ol Wi k)Y o (4.13)

AN kK O

to the Hamiltonian. The only difference to our discussion of disorder in iron-based superconductors in
Sec. 2.2 is the additional band that increases the number of allowed scattering processes. In particular,
the three-band model entails an interband scattering process between electron pockets.

As usual, we are not interested in quantities that depend on the microscopic disorder realization,
but rather in self-averaged physical observables. Therefore, we are interested in disorder-averaged
quantities. In the case of Gaussian disorder, all information about the impurities is encoded in the
correlation function

Ak, Nk,
— | <
|
|

— | —
Novky N, kh

_ _ 2
= <W()\lkl)(A’lk’l)W(A2k2)()\’2k’2)>dis =Dy (2m)7 8(ky + kg — k) — k) + K),  (4.14)

which constitutes a measure of impurity strength and is proportional to the scattering rate I' character-
izing the respective scattering processes. These scattering rates depend on the impurity concentration
as well as on the strength of the disorder potential itself. In Eq. (4.14), we concentrated on the sim-
plest type of impurities and assumed the disorder to be sufficiently smooth on the individual sheets
of the Fermi surface such that the momentum dependence of the scattering rates can be neglected for
momenta from the same pocket of the Fermi surface. Note that in a multi-band model, the effect of
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impurity scattering can have subtle consequences [87] which we avoid here by requiring that all scat-
tering processes be characterized by real numbers, I'y NN, € R, i.e., the impurities do not break
time-reversal invariance locally.

Furthermore, we assume the impurity potential to be sufficiently weak such that single-particle inter-
ference effects can be neglected. Then it is justified to work within self-consistent Born approximation
(SCBA) when calculating the self energy and vertex corrections, since diagrams with crossed impurity
lines are suppressed by the small factor 1/kplysp, where [y, is the mean-free path and kg is the Fermi
momentum.

In the remainder, we assume that both electron bands are affected by impurities in the same way,
and thus the respective scattering rates are equal — consistent with the tetragonal symmetry of the
system. Scattering within one band or between two bands is then characterized by four, in principle
different, constant scattering rates:

[intra — intraband scattering within the hole band, (4.15a)
[rintra — intraband scattering within one of the electron bands, (4.15b)
riner =Ty interband scattering between hole band and one of the electron bands, (4.15¢)
[inter and interband scattering between the two electron bands. (4.15d)

In Eq. (4.15), we also related these scattering rates to those introduced earlier in the context of the
two-band model, cf. Egs. (2.10) and (2.11), to point out the connection to our discussion of supercon-
ductivity in the presence of disorder in Chap. 2. The novel feature of the three-band model in terms
of scattering is the presence of a scattering process (4.15d) between the two electron pockets at X and
Y, which leads to additional, structurally nonequivalent diagrams as compared to those resulting from
a two-band model.

Hierarchy of scattering rates In multi-band systems, the interplay of a multitude of different intra-
band and interband scattering processes can affect physical properties. Fortunately, in the iron-based
systems, experiments as well as ab-initio calculations reveal that not all of them are equally impor-
tant |79, 80, 101, 103, 105, 193-195|. This permits us to devise models of impurity scattering that
concentrate on the dominant scattering processes [70] relevant for the calculation of the quantities of
interest. Such a simplification allows us to draw conclusions about the dominant effects that are to be
expected due to impurity scattering, but of course limits exact quantitative predictions.

For many aspects, it is sufficient to discriminate between intraband and interband scattering pro-
cesses, and thus it is important to note that interband scattering (which for example causes pair breaking
in the sT~ superconducting state as discussed in Sec. 2.3.3) is much weaker than the dominant intra-
band scattering process affecting transport properties [101, 103, 105]. Furthermore, as demonstrated
by transport measurements [193, 194|, scanning tunneling microscopy [195], and first-principles den-
sity functional theory calculations |79, 80|, the intraband scattering rate in the hole band exceeds the
intraband scattering rate in the electron bands. For these reasons, we consider the following hierarchy
of scattering rates in the remainder of this chapter:

Finter IwierE%r7 Fintra < Filntra ) (416)

e—e ?

Let us however note that '™ will also be important in our discussion of magnetic order, since it
leads to structurally new contributions to the planar coupling, as discussed in Sec. 4.3.2, whereas the

respective contributions to the other couplings are subleading.
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Figure 4.6: Leading-order contributions to the quartic coefficients. Double lines indicate that
the respective propagators acquire a finite lifetime due to impurity scattering whereas single lines
are used for propagators in bands that, within our model, are not affected by impurity scattering.
Additional scattering processes in (b) and (c¢) are indicated by a dashed line corresponding to the
scattering rates M@ and M respectively. ggl) and 91(2) (1 € {1,2}) are the contributions to g
(as well as to u) in the presence of intraband scattering in the hole band which is the dominant
scattering mechanism in FeSCs. to is the contribution to w, which is finite owing to interband

scattering between the two electron bands.

4.3.1 Nematic coupling

We first analyze how disorder affects g, since it is the coupling constant which determines whether
the system condenses into a single-Q or double-Q state. While g = 0 at perfect nesting, the nematic
coupling constant takes a finite value within the three-band model as a consequence of the ellipticity of
the electron bands; although orbital dressing effects can make it nonzero even at perfect nesting [196].
We focus on the contribution from the dominant scattering rate I'"®  see the hierarchy of scattering
rates in Eq. (4.16). Near perfect nesting, we can expand in the band structure parameters accounting
for ellipticity of the electron bands d,, < 27T and the shift in energy d,, < 27T, which results in

i 2 intra
prom, ( 1 pplp® ) 0 ( 1 prly )
_ 2 _ N (b N | 4.17
9= T 1536miT" [w‘* > T 5222 Ve 3 T (4.17)

(1)

)

(2)

)

, are depicted
in Figs. 4.6 (a) and 4.6 (b), respectively. In our calculation of the coefficient, we used that ggz) - 952) o

% cos(260) = 0. Further details on our calculation can be found in App. D.2.

In the clean limit, where I‘Lntra =0, g x 62, changes sign from positive to negative for sufficiently
large ,,/(27T'), as shown in Fig. 4.7 (a) and in agreement with previous results [179]. This describes the
transition from a single-@Q to a double-Q magnetic ground state as the carrier concentration increases.
We note that the resulting coefficient is dependent on 5/3 rather than on J,, thus yielding the same
results for electron and hole doping. However, a more realistic band structure indeed results in an
electron-hole asymmetry of the coupling constant g, see Ref. 197, in accordance with experiments
where the C4-magnetic phase has only been observed for hole-doped compounds so far.

The resulting coupling constant g as a function of the scattering rate Fih“tra, plotted for different
values of detuning 0, and ellipticity 6,,, is shown in Fig. 4.7 (a). In the particle-hole symmetric case,
g = 0 as a consequence of 9, = 0, regardless of whether the system is in the clean or dirty limit.
Interestingly, if ¢ is finite in the clean limit, the addition of disorder suppresses g and can even induce

The respective diagrammatic contributions to the nematic coupling constant, g: ’ and g
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Figure 4.7: Quartic couplings in the presence of disorder. We show (a) the nematic and (b) the
planar coupling as a function of the intraband scattering rate in the hole band, F}lntra, and in the
presence of weak scattering between the two electron pockets. For these plots, we set I'hter —
0.1Tntra  We chose d,/(2nT) = 4,,/(27T) = 0.2 (blue, dotted line) as an example of small
ellipticity and detuning which guarantees w < 0 and g > 0, and 9,,/(27T) = 0,,/(2nT) = 0.35
(green, dashed line) as an example where disorder can tune g and w to be either positive or negative.
The red line represents the result at particle-hole symmetry, 6,,/(27T) = 0,,/(27T) = 0.

a sign-change. Therefore, the transition from a single-@Q to a double-@ state can be controlled not only
by carrier concentration, but also by the disorder potential.

Even when the suppression of g by disorder does not induce a sign-change, it has interesting con-
sequences for the phase diagram. In particular, as shown in Ref. 159, the splitting AT = Ty — Iy
between the nematic/structural and the magnetic transitions is controlled by the inverse dimensionless
nematic coupling constant u/g, see Fig. 4.3 (b) for the result in a 2.5-dimensional system. To compute
the dimensionless parameter u/g, we compute u using the same assumptions as in the calculation of g,
resulting in

intra intra intra
U= — 822[1?2( prLy )-i- Pl ¢3<1+7PFF}1 )]
2T 4T 12T 2 4T

T 2 I‘intra 1 T
768 4T4 Vs ( p4FT >[352 + Ol + 307207975 15 (5 ZFT )[10‘52 =

in accordance with previous work [70]. Furthermore, we used that u; = ugy and w12 = ug; holds for
the quartic coefficients in the expansion (4.8) also in the presence of disorder.

Near particle-hole symmetry, where 6,/(27T) and 6,,/(27T) are sufficiently small, and the magnetic
ground state is the stripe one, g/u decreases monotonically with increasing scattering rate as shown in
Fig. 4.8 (a). Thus, if the system initially is near the regime of first-order simultaneous transitions, as it
is the case in undoped BaFeyAso, the addition of disorder is expected to cause (or enhance) a splitting
between the magnetic transition and the structural transition. This agrees with recent experiments in
BaFegAsy, which observed enhanced splitting of the transitions upon electron irradiation [170]. This
result is also consistent with the theoretical finding of Ref. 162 that disorder stabilizes the nematic
phase. We note, however, that the dependence of the ratio g/u on disorder is nonuniversal, as illustrated
in Figs. 4.8 (b) and 4.8 (¢). In particular, farther away from particle-hole symmetry, the dependence of
g/u on disorder is no longer monotonic: g/u first increases with increasing scattering rate, and above
a critical value starts decreasing again.

(4.18)
+
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Figure 4.8: Dependence of the dimensionless nematic coupling constant g/u on disorder. (a) Close
to particle-hole symmetry, the ratio g/u decreases monotonically with increasing scattering rate.
(b) and (¢) With increasing distance to particle-hole symmetry, an initial increase of the dimen-
sionless nematic coupling constant is found for small scattering rates, but for stronger disorder,
g/u decreases again.

4.3.2 Planar coupling

Having established that the nematic coupling g can become either positive or negative in both clean and
dirty systems, we now analyze the planar coupling w associated with the angle between the two order
parameters M1 and M. Hence, a finite planar coupling lifts the degeneracy of the two tetragonal
magnetic states — charge-spin density wave and spin-vortex crystal.

As discussed in Sec. 4.2.2 and illustrated in Fig. 4.5 (a), the planar coupling vanishes exactly in the
clean three-band model. Following the analysis of the generic fourth-order diagram after performing
the spin trace in Eq. (4.11), the only scattering processes that gives rise to a nonzero contribution to w
is the one that couples the electron pocket at @, and the electron pocket at @5, characterized by the
scattering rate T, For the sake of clarity, we neglect all other interband scattering processes, since
they only give subleading contributions to the planar coupling, i.e., w = 0 always as long as TP = (),
Then, in the presence of the dominant scattering process, intraband scattering in the hole band and,
additionally, interband scattering between the electron bands, we find

AT O Ty 1024 1 e TN

T 96m2T3 [‘Z’?’ (5 * AT ) ©320m272 7P (5 * AT )} ;o (419)
with the same assumptions made as in the calculation of the coefficients ¢ and u. In particular, we
expanded for small ellipticity ,, < 277 and small detuning d,, < 271" to obtain the above expression.
The respective diagram, denoted by t, is depicted in Fig. 4.6 (c). Note that contributions with more
than one scattering process between electron bands vanish upon momentum integration and thus the
above result already includes contributions up to infinite order in I'n*r.

We show the coefficient w as a function of the scattering rate for different values of detuning ¢,, and
ellipticity d,, in Fig. 4.7(b). In the absence of impurity scattering, we recover w = 0 irrespective of
the value of the band structure parameters. At particle-hole symmetry, 6,, = 6,, = 0, disorder leads to
w < 0, thus naturally favoring the formation of a charge-spin density wave (illustrated in Fig. 4.4 (a))
as long as g < |w|. In contrast, finite detuning and ellipticity yield a contribution of opposite sign and
thus, depending on the scattering rate and the distance from particle-hole symmetry, w can be either
positive or negative, allowing for both proposed double-Q states - CSDW and SVC.?

Let us note that these conclusions holds also in the presence of magnetic impurities. In this case, however, the global
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Phys. Rev. B 93, 144414 (2016), cf. Ref. 158. Copyright 2016 by the American Physical Society.|

Figure 4.9: Evolution of the magnetic phase diagram with disorder. We show the phase diagram
(in terms of band structure parameters) of the possible magnetic ground states of the three-band
model upon increasing scattering rate. Here, we used '™ = O.lI’Lntra, and the phase diagrams are
obtained close to perfect nesting where 6, < 27T and d,, < 27T. The regime of single-Q stripe
order is shown in green, the double-@Q spin-vortex crystal order is indicated by blue, and the yellow
region represents the double-Q charge-spin density wave state. In the clean regime, shown in (a),
SVC and CSDW order are degenerate and we indicated this region with w = 0 in red. The crosses
mark the points in the phase diagram at which we plotted g and w as a function of scattering rate
in Figs. 4.7 (a) and 4.7 (b), respectively.

4.3.3 Magnetic phase diagram in the presence of disorder

The magnetic phase diagram is governed by the interplay of nematic and planar couplings, g and w,
respectively. If g > max(0, —w), stripe-magnetic order with either M1 = 0 or My = 0 is favored,
as it has been observed in many compounds of the iron pnictide and iron chalcogenide families. If
g < max(0, —w), a double-Q state with |[M1| = |M32| minimizes the free energy, and the sign of w
determines whether M1 | M (spin-vortex crystal, for w > 0) or M1 = +My (charge-spin density
wave, for w < 0) is more favorable. So far, only the CSDW state has been observed experimentally [178,
180, 181], in contrast to theoretical models [179, 183, 189].

Our investigation of impurity scattering, in contrast, provides a natural explanation for the formation
of CSDW order in doped FeSCs. Since the three-band model under consideration yields w = 0 in the
absence of impurity scattering, we concentrated on the interband scattering process between the two
electron bands that can render w finite. In addition, we included intraband scattering within the hole
band into our calculation, since it is the dominant impurity scattering process in FeSCs. We find w < 0
at particle-hole symmetry, suggesting that disorder can promote charge-spin density wave order. The
CSDW state even persists to finite ellipticity 6,, and detuning J,,, however, sufficiently large ellipticity
and detuning in combination with impurity scattering also allow for w > 0, i. e., the formation of a spin-
vortex crystal. Our findings are visualized in the phase diagrams depicted in Fig. 4.9, where we show the

prefactor and the total scattering rate are altered as compared to the case of nonmagnetic impurities, since for magnetic
impurities, the evaluation of the trace tr[UinUkUlUij] allows for additional contributions including other interband
scattering processes between the electron pockets at the X point and the Y point.
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magnetic ground states that are favored in different regimes of detuning ¢, and ellipticity 6,,. Close to
particle-hole symmetry (0, = ¢, = 0), disorder favors the double-Q charge-spin density wave state over
the single-Q stripe-magnetic SDW order, as obvious from Fig. 4.9 (b). Increasing disorder, measured
in terms of the intraband scattering rate Fih“tra in the hole band, even increases the parameter regime
in which CSDW order is expected to occur, as shown in Fig. 4.9 (c).

Previously, controlled disorder has been proposed as a way to tune the properties of the supercon-
ducting state in the iron-based materials |14, 15]. Analogously, our findings provide a promising control
knob to tune their magnetic ground state as well. In particular, addition of impurities via electron ir-
radiation in hole-doped compounds near the composition where the single-Q to double-QQ magnetic
transition is observed could stabilize a Cy-magnetic phase as the leading instability of the system —
currently, the C4-magnetic phase has been mostly observed inside the Co-magnetic phase boundary.
Similarly, removal of impurities via annealing in samples that display the double-@Q magnetic order
could change the nature of the C4 phase from charge-spin density wave to spin-vortex crystal.

4.4 Summary of Chapter 4

In this chapter, we discussed possible magnetic ground states for iron-based superconductors, starting
from the minimal three-band model introduced in Eqs. (4.4) and (4.6). This allows for the stripe-
magnetic state observed in most of the FeSC compounds in the underdoped regime, as well as for two
different magnetically ordered states which preserve the tetragonal symmetry of the high-temperature
state: spin-vortex crystal and charge-spin density wave order. The latter has been found in a certain
regime of the phase diagram of several hole-doped compounds, yet does not arise naturally from effec-
tive low-energy models and their extensions discussed to date. Consequently, our focus here was on
extensions to the three-band model which could render the CSDW state favorable.

e We included an incipient hole pocket at the M point and found that it does lift the degeneracy
of CSDW and SVC, however, also favors the latter and thus cannot explain the experimental
findings.

e Furthermore, we considered the effect of weak disorder, concentrating on the dominant scatter-
ing process (intraband scattering in the hole band), complemented by an interband scattering
process between the two electron pockets at X and Y which is responsible for an additional
contribution (cf. Fig. 4.6 (¢)) to the free energy that naturally favors CSDW order.

Besides, our analysis of the interplay of disorder and band structure parameters (summarized in the
phase diagrams in Fig. 4.9) revealed that the weakly disordered three-band model in fact allows for all
three magnetic ground states considered in this chapter — opening the interesting possibility to tune
the magnetic ground state of iron-based superconductors with controlled disorder, i.e., by irradiation
or annealing.
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Chapter 5

Gaussian fluctuation corrections to
mean-field theories

Mean-field theories have proven incredibly useful in reducing complex many-body problems to simpler
effective models: The effect of interactions between particles on an individual particle is simulated
by the coupling to a ‘mean field’ resulting from this interaction. In previous chapters, we greatly
benefited from this tool when studying quite diverse types of order in different materials. However, the
applicability of such theories relies strongly on the existence and stability of the respective mean field.
If, for example, fluctuations around the mean-field value lead to sizable corrections to the gap equation,
the mean-field assumption is unjustified. The analysis of Kos, Millis, and Larkin [100] in the context
of superconductivity revealed an interesting technical aspect: the cancellation of amplitude and phase
fluctuations is crucial in ensuring the validity of BCS theory.

Hence, we start this chapter with a review of fluctuation corrections to the BCS mean-field gap
equation and briefly comment on generalizations. The main part of this chapter is dedicated to the
analysis of the corresponding fluctuation corrections in the context of commensurate density-wave
instabilities arising from nesting of the Fermi surface where longitudinal and transversal fluctuations
of the mean field do not necessarily cancel.

This chapter is based on a joint project with Sonja Fischer, Matthias Hecker, and Jérg Schmalian,
which originated from Sonja’s Master’s thesis (Ref. 198) and will be published in Ref. 199. Here, my
additional work in this context is presented, which is to be published in Ref. 200.

5.1 Fluctuation corrections to the mean-field gap equation

Taking up our discussion of fluctuations as a detrimental factor for superconducting order started in
Sec. 1.3.3, we concentrate on the effect of quantum fluctuations on the gap equation deep inside the
ordered regime (at 7' = 0) here. The role of fluctuation corrections to the mean-field gap for various
types of order, mostly motivated by superconductivity and magnetic order arising from models used to
study the cuprate high-T;. superconductors, has been approached from different perspectives [100, 201-
206]. Most of these studies came to the conclusion that, even though they tend to reduce the gap,
fluctuation corrections are controlled by a small parameter and hence mean-field theory should apply.

Here, we review the logic used by Kos, Millis, and Larkin [100] when assessing the role of fluctu-
ation corrections in the context of BCS theory and upon neglecting long-range Coulomb interaction.
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Throughout this section, we will use the notation introduced in the context of superconductivity, how-
ever, the logic applies to other mean-field theories as well:

The description in terms of a mean-field theory relies on the existence of a stable minimum
of the free energy characterized by an order parameter whose value is determined by the gap
equation. Let us assume mean-field theory to be valid and calculate fluctuation corrections
to the gap equation. Only if we self-consistently find them to be negligible, the mean-field
assumption was justified.

Within the field-integral formalism introduced in Sec. 1.1.2 and App. A in the context of superconduc-
tivity, the fluctuations are readily included by considering small deviations from the saddle point, i.e.,
the mean field configuration Agy. The action can then be expanded in terms of these fluctuations. If we
restrict ourselves to leading order — Gaussian fluctuations — the field integral for the fluctuation part can
be performed straightforwardly, which results in an additional contribution FEg,c to the ground-state
energy,

1 QUFA
—In (

E(Ag) = Enir(Ag) + Eauet (Ao) = Eo + Vpp A2
(Ao) = Emr(Ao) + Euct(Ao) = Eo + Vpr O[PFVSC A

) +0W)] + Ene(d0),  (5:1)
where Fj is the ground-state energy of the normal state, V' denotes the volume of the system, pr is the
density of states (DOS) at the Fermi level, Vgc denotes the coupling constant, and vpA is the energy
cutoff (which corresponds to the Debye energy in the context of BCS superconductivity). Depending
on the sign of the fluctuation contribution, this could either enhance or reduce the ground-state energy
further.

The consequences for the justification of mean-field theory are best checked self-consistently. We
assume that the new superconducting ground state, which minimizes the energy in the absence of
fluctuations, is characterized by a static and homogeneous order parameter Ag > 0. As discussed in
App. A.2 for the superconductor, its value is fixed by the gap equation

1 2uFA
O = — ln 5 5.2
prVsc ( Ag ) (5.2)

which is derived from minimizing the ground state energy, or, equivalently, from the saddle-point
condition for the action, see App. A.2. Hence the mean-field value of the gap is given by Ag =
2upA exp(—1/prVsc). Taking fluctuations around the mean-field value of the gap into account amounts
to additional contributions to the ground state energy, and minimization with respect to Ag results in
a new condition for the ground state,’

QUFA> 1 dBguet(Ao)

0=2A,V —In (= !
’ pF{pFVsc ( Aoy Vpr  dAd

(5.3)

However, as long as fluctuation corrections amount only to contributions of O(1) or smaller in the gap
equation, they are negligible and the new ground state remains stable against fluctuations since it is
indeed justified to characterize the superconducting ground state by the mean-field value Ag. If; on
the other hand, terms of the same order as the mean-field contributions (i.e., O(1/prVsc)) occur in
the gap equation as a result of taking fluctuations into account, the value of the gap is considerably

!Note that we use -3 ... = QAoﬁ ... here. This is a convenient choice here, and furthermore, the fluctuation
0

di,
correction to the energy does not contain terms of linear order in Ag.
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altered by the presence of fluctuations. This means that the assumption of a static and homogeneous
gap cannot reveal the dominant contribution to the energy, and hence the mean-field approximation is
not justified in this case.

In order to assess the role of fluctuation corrections qualitatively, let us assume that they indeed give
rise to a contribution of order O(1/ppVsc). Hence, we write

1 dEﬂuct (AO) C

- = where ceR and c¢#0. 5.4
Vor  dA2 pPrVsc 7 (5:4)
Then, Eq. (5.3) results in
~ _ _1+4c
Ag = 2upAe rrVsc | (55)

meaning that negative fluctuation contributions further enhance the gap as compared to its mean-field
value, whereas positive fluctuation contributions result in a reduction. Hence, in the latter case, we can
conclude that fluctuations weaken the ordered state. However, in both cases, fluctuation corrections of
order O(1/prVsc) or the logarithmically divergent term in Eq. (5.1) imply that the respective mean-
field theory cannot capture all relevant contributions, and a homogeneous and static mean-field was
not a good assumption to start with.

5.2 Superconductivity

Probably the best example for the value of results obtained from a mean-field approach is provided by
the BCS theory of superconductivity. In Sec. 5.1, we reviewed one approach that could be used to assess
the importance of fluctuation corrections in the context of a given mean-field theory, and commented
on how large fluctuation corrections can call the mean-field approximation into question. The analysis
of fluctuations on Gaussian level in the context of BCS theory was provided by Kos, Millis, and
Larkin [100], who arrived at the result that indeed, fluctuation corrections are negligible, and mean-field
theory is justified. Strikingly, their conclusion is based on a cancellation of large terms originating from
phase and amplitude fluctuations which would, if taken separately, each lead to fluctuation corrections
that would call the mean-field results into question. In this section, we briefly review the approach
of Kos, Millis, and Larkin with a focus on this peculiar cancellation, also drawing on findings from
Ref. 198, and slightly generalize their result. In Sec. 5.3, the same logic will be applied to mean-field
theories for density-wave instabilities, where we will also build on the results presented here in the
context of superconductivity.

5.2.1 Fluctuation corrections to the BCS mean-field gap

Building on App. A, where we summarize the derivation of the BCS mean-field theory as a saddle-point
approximation to the field integral, it is straightforward to include fluctuations up to Gaussian order
around the mean-field value of the order parameter Ag. The latter can be chosen real, Ay € R, and
following the notation of Ref. 100, we introduce deviations from the mean-field value as

A(r,7) = Ao +n(r,7) (5.6)

where n € C. We denote real and imaginary part of the fluctuations as 7; and 79, respectively. These
can approximately be identified with amplitude and phase fluctuations and will be referred to as such
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Figure 5.1: Amplitude and phase fluctuations of the order parameter for superconductivity. Fluc-
tuations of the phase are indicated in blue and their location in the minimum of the ‘Mexican hat’
potential emphasizes the role of the collective phase mode as the Goldstone boson of the theory.
The amplitude fluctuations are labeled in green and the corresponding collective mode is massive.

interchangeably in the remainder.? This is illustrated in Fig. 5.1, which shows the ‘Mexican hat’ form
of the free energy in the SC state. In Matsubara frequency and momentum space, this amounts to

Aq = A0 5O,q +771,q + i772,q 5 (57)
where we comprised incoming momentum and frequency into one variable as (q,wy) = ¢, and 7; 4 are

complex numbers satisfying 7; ; = 7;, —q owing to n;(r,7) € R.

Fluctuations in the field integral Going back to the effective action Ser(A,A) = Vg fq 1A% —
Trin G~ ! introduced in Eq. (1.4), we separate the mean-field contribution to the action from the fluc-
tuation part by rewriting

gk_klx = gl\_/I‘IF,k Ourr +Hp_pr s (5.8a)
where gl\_/Ile, =110 + Ao — €T3 (5.8b)
and  Hg g =M g—p'T1 — N2 k—k'T2 - (5.8¢c)

As usual, this allows for a convenient expansion of the Trln-term in the action, here in terms of
fluctuations of the order parameter, see App. A.3 for more details. We restrict ourselves to quadratic
order and note that terms linear in phase and amplitude fluctuations vanish as a result of the saddle-
point condition dS/dA|a=a, = 0. The remaining field integral over fluctuations is a Gaussian integral,
which can be evaluated straightforwardly as

Z — o~ SuF /Dn e_% J,n Pty _ o~ (SmF+Suct) ’ (5.9)
where we introduced the inverse fluctuation propagator ’Dq_1 with matrix elements

(Dy )i = —

¢ Jij = Veo 8y +(—1)" /ktr(gMF;kgTigMF;k+gTj)v (5.10)

2 Admittedly, it would seem more appropriate to use polar coordinates here, however, the corresponding Jacobian renders
the evaluation of the resulting field integral an intricate problem. Hence the representation introduced in Eq. (5.7) is
better suited for our calculations.
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where i,j € {1,2} refer to amplitude and phase sector. The Gaussian fluctuation correction to the
action is thus given by Sguct(Ao) = fq In det(’D;l), and we need to evaluate

d -1
Sl _ | axg 4Py ) (5.1
q

dA2 det(D, )

in order to judge the importance of fluctuations in the context of the BCS mean-field theory, as outlined
in Sec. 5.1.> The technical challenge lies in the evaluation of the integral (5.11) which includes the
whole Matsubara axis and momenta up to the energy cutoff vpA. This implies that an expansion of the
fluctuation propagator for small incoming frequency and momentum is not sufficient in the context of
fluctuation corrections, which renders the angular integration impractical even at T'= 0. Fortunately,
the integrals depend on external frequency and momentum only via the combination

w \2 vpq cos 6 ) 2
= — _— 5.12
" \/(mo) +( 27, /) (5.12)
where 6 is the angle between internal and external momenta k and g. Therefore, we can resort to the

two regimes of r < 1 and r > 1, where approximate analytical expressions can be obtained for the
inverse fluctuation propagator.

Evaluation of the fluctuation propagator Using the explicit form of the fermionic mean-field matrix
Green’s function (5.8b), the inverse fluctuation propagator (5.10) is readily stated in the form

(Dil 2 513 +(_1)i+j / (il/+7’0 +e413 — AoTl)Ti(iV_To +e_13 — AoTl)Tj (5.13)

o )i = g b i 2+ + A2 + &2 + A)

where we adopted the notation of Ref. 100, v4 = v+ % and e+ = g1 4. To make this expression more
informative, let us introduce normal and anomalous contributions to the fermionic matrix Green’s
function,

Ao
v24el + AR

iVn + €k

- and =
V2 + ei + A% T

Ik = (5.14)
respectively. In the normal state, where Ay = 0, the former reduces to the usual form of the free electron
propagator, whereas the latter vanishes. Furthermore, in the analysis of the fluctuation propagator,
we assume particle-hole symmetry, i.e., we evaluate the integrals assuming a constant DOS at the
Fermi level. This assumption immediately implies that (Dq_l)lz = (Dq_l)m = 0, and hence phase and
amplitude fluctuations decouple. For more details on the evaluation of the integrals and a summary of
the results in the two regimes, we refer to App. E. The inverse propagators of amplitude and phase
fluctuations can be expressed as

9 .
-1 .
(Dq )ii = @ + 2Hf11 — (—1)Z2H3, (5.15)
in terms of the normal and anomalous contributions
N 1
I =-3 /k(gk+qg—k +gr—q9—r) and  TI = /kfk—f—qf—k:- (5.16)

®Note that in Sec. 5.1, we considered the ground-state energy E which at T = 0 corresponds to the free energy readily
obtained from the action in Eq. (5.9), and hence we will use both interchangeably here.
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5 Gaussian fluctuation corrections to mean-field theories

Obviously, amplitude and phase fluctuations differ only in the sign with which the anomalous contri-
bution enters. Let us note here that this sign originates from the trace of Pauli matrices in Eq. (5.13)
and therefore is inevitably linked to the structure of Eq. (5.8).

Finally, the fluctuation corrections to the gap equation amount to

dr - die dirg — dIIg
dSiuet (Do) _ / aap "aay /M (5.17)
dA2 P e VT N VT A R V7 1T .

Vsc

and the remaining task is the evaluation of the integrand in the regimes r» < 1 and r > 1, and the
subsequent integration over external frequency and momentum.

Regime r < 1 The structure of the fluctuation propagator in the regime of w? + (vpqcosf)? <
(2A¢)? determines the nature of the long-wavelength collective modes of the neutral superfluid. Indeed,
as demonstrated by Ref. 207, analytic continuation of the results presented here for the fluctuation
propagator in the regime of 7 < 1 recovers well-known results [208, 209]: the energy gap of 2A¢ for
the massive amplitude mode, as well as the dispersion w = vpq/ V/d of the phase mode, which is the
Goldstone mode of the model.

Furthermore, the analysis of Refs. 100 and 198 shows that fluctuation corrections to the mean-field
gap equation originating from the regime r < 1 are associated with the small factor Ag/vpA, but
already the individual contributions of amplitude and phase fluctuations are negligible.

Regime r > 1 In the opposite regime w? + (vpqcosf)? > (2A¢)?, the justification for a mean-field
treatment is only provided by the cancellation of two individually large contributions stemming from
amplitude and phase fluctuations. The mathematical reason as revealed by Ref. 100 is that, to leading
order, the two eigenvalues of the inverse fluctuation propagator have the same absolute value, but
opposite signs. Furthermore, the analysis of Ref. 198 finds that the divergent contributions originate
from the regime where vpq > w.

In addition, our notation in Eqs. (5.15) and (5.17) clarifies that the cancellation effect is only due to
the anomalous part. Reverting to our definition of normal and anomalous contributions, cf. Eq. (5.16),
we find that the anomalous contribution in the denominator of Eq. (5.17) vanishes in the limit Ay — 0.
The derivative of the anomalous part, on the other hand, diverges in this regime, leading to large
fluctuation corrections associated with each amplitude and phase fluctuations. However, the different
sign of the anomalous part (5.15) which originates from the Pauli-matrix trace ensures the cancellation
of the divergent terms. Overall, the resulting fluctuation corrections to the BCS gap equation are
negligible, justifying the mean-field approach in this context.

5.2.2 Generalizations

The observation that fluctuation corrections to the BCS mean-field gap equations are small owing to
the peculiar cancellation of individually large terms from amplitude and phase fluctuations opens up
further questions. Unfortunately, the most obvious and interesting ones — whether it is possible to
observe direct consequences of amplitude and phase fluctuations separately in experiment, and what
the underlying reason for the cancellation is — remain unsolved so far. Nevertheless, we can comment
on two other interesting aspects here.
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5.2 Superconductivity

Fluctuation corrections in charged superconductors In charged superconductors, the long-range
Coulomb interaction shifts the phase mode to the plasma frequency w, > 2Ag [210] whereas the
amplitude mode remains unchanged. (This is the condensed-matter analogue of the famous ‘Higgs
mechanism’ in particle physics.) This might pose a challenge for the cancellation effect providing the
justification for a mean-field approach to superconductivity, since a naive guess suggests that fluctuation
corrections due to amplitude and phase should be affected differently by the presence of the Coulomb
interaction. The thorough analysis of Ref. 198 however shows that this conjecture is only partly true.
The derivation can be performed in complete analogy with the case of a neutral superfluid as sketched
in the previous section. Including the plasmon mode arising from the long-range Coulomb interaction
using the same assumptions as in Sec. 5.2.1 results in a block-diagonal form of the fluctuation propagator

(D1 0
D, = 0 (Dg )22 (Dg')2s (5.18)
0 —(D; )23 (D 1)33

since the plasmon couples only to the phase mode, and the amplitude—phase subspace remains unaf-
fected by the presence of long-range Coulomb interaction.

In the regime r < 1, the phase mode indeed couples to the plasmon mode arising from the long-range
Coulomb interaction, and the corresponding matrix elements (D, D)og # 0 are even of the same order as
the other matrix elements. As a result, the fluctuation corrections to the gap equation from this regime
are indeed changed by the presence of long-range Coulomb interaction, however, remain negligible as
long as Ag < E¢ < Er holds, where E¢ is the Coulomb energy at the Fermi momentum.

As the amplitude—phase subspace is not altered by inclusion of the plasmon mode, the cancellation
of large terms originating from amplitude and phase fluctuations persists in charged superconduc-
tors. However, as the Coulomb interaction is momentum-dependent, we have to differentiate between
vpqcosf < w and vpqcosf > w in order to assess the role of the plasmon in the regime r > 1. For
large frequencies, an additional cancellation between the plasmon term and its coupling to the phase
mode ensures the smallness of fluctuation corrections. For large momenta, the fluctuation corrections
are negligible as well, but here as a result of a vanishing coupling of the plasmon to the phase mode.
This implies that, astonishingly, the Higgs mechanism is not effective in this regime.

In conclusion, contrary to naive expectations, fluctuation corrections to the mean-field gap equation
are negligible for charged superconductors as well, though for different reasons in the three different
regimes.

Fluctuation corrections for anisotropic pairing Another interesting aspect is the generalization
to superconductivity arising from an interaction which is anisotropic in momentum space. Probably
the most obvious and best-studied example is d-wave superconductivity as found in the cuprate high-
T, superconductors. In real space, the d-wave state can be described by an order parameter that lives
on the bonds of a square lattice, and hence is associated with two amplitude modes and two phase
modes [211]. The latter two, however, are not equivalent, since one is the Goldstone mode whereas the
other constitutes a relative phase between x and y bonds.

Still, in momentum representation, the structure of the action in Nambu space is the same as for the
constant interaction leading to BCS theory: The inverse Green’s function in Nambu space is given by

_ iy —er) Ok Ap_prpa(E5E)
g1 —  (vn =) A 2 /) 5.19
wk (Ak'—wd(kgk) (ivn + ex) Oprr (5.19)
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5 Gaussian fluctuation corrections to mean-field theories

see App. A4 for more details. Therefore, we can conclude already at this level that the structure of
the fluctuation propagators should be the same as in the context of BCS theory, and therefore, the
anomalous part enters again with opposite signs for amplitude and phase modes. The only difference
to Eq. (5.8) is in fact the appearance of a form factor, pq(k) = cos k1 — cos ke in our example of d-wave
superconductivity. This form factor of course modifies the results of the integrals contributing to the
gap equation as well as the fluctuation propagators. However, it is evident from the limit Ag — 0
(which corresponds to the regime r > 1) that the anomalous contribution still vanishes whereas its
derivative w.r.t. AZ yields a divergent contribution to the numerator of the fluctuation corrections
to the gap equation, suggesting that, again, the fluctuation corrections are negligible only owing to a
cancellation of the contributions from amplitude and phase modes, however a proper analysis requires
evaluation of these integrals.

Let us furthermore note that, due to Hermiticity of the Hamiltonian, the most general Nambu Green’s
function for a superconducting system is of the same structure,

1 . X .
G = Wi Ok To — € Okt T3 + App Ty + Apir T— = vy, 7o — €73 + A iy Tt — Do i T2, (5.20)

where 74 = %(Tl +ir) and Ay gy and Ag e denote real and imaginary part of the order parameter,
respectively. In conclusion, as long as we allow for both amplitude and phase fluctuations, the conclu-
sions from Sec. 5.2.1 should not change. As a result, we expect the stability of mean-field theory for
superconductivity even in a more general context.

5.3 Density-wave instabilities

Another type of long-known and well-studied emerging order are (commensurate) density-wave insta-
bilities, already discussed in the context of iron-based superconductors in previous sections. However,
charge-density waves (CDWs) [212]| and spin-density waves (SDWs) [213] manifested as periodic spatial
modulations of the electrons’ charge and spin, respectively, are much more general. They generically
result from a (partial) nesting of the Fermi surface, i. e., the fact that large parts of the Fermi surface
are connected by the nesting vector Q. As such, they occur most naturally in one-dimensional models,
but indeed have been observed in many anisotropic low-dimensional systems as well. Furthermore,
unconventional superconductivity often arises in the vicinity of an SDW phase (for example in the
iron-based superconductors) or CDW order (as in the cuprate superconductors).

From a theoretical point of view, mean-field theories have often proven useful to describe CDW
and SDW order. They can be derived in full analogy to BCS theory as outlined in App. A — by
decoupling the interaction either in the charge channel or in the spin channel. The resulting CDW state
is characterized by a scalar order parameter p € R, whereas SDW order is associated with M € R3.
Recalling the fact that fluctuation corrections in the context of BCS theory were only small because
divergent terms stemming from amplitude and phase fluctuations occurred with opposite sign and
hence canceled, it is interesting to consider fluctuation corrections to the mean-field theories for CDW
and SDW order for the following reason. In case of CDW order, there is only a single fluctuating
mode which renders a cancellation impossible. The order parameter of an SDW state, on the other
hand, allows for longitudinal and transverse fluctuations which could at least partially cancel. Hence
in this section, we apply the framework outlined for the BCS mean-field theory of superconductivity in
Sec. 5.2.1 and App. A to density-wave instabilities due to nesting.

For the sake of simplicity, we adopt the notation of the two-band model of iron-based superconductors
once more, which provides an excellent example of a system with nested parts of the Fermi surface.
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5.3 Density-wave instabilities

The resulting mean-field theory and the discussion of fluctuation corrections does however not rely on
any details specific to the iron-based superconductors.* As discussed in previous chapters, the simplest
model of these materials consists of one hole pocket at the I' point and one electron pocket shifted by
a vector @, which at particle-hole symmetry results in two perfectly nested Fermi surface pockets, as
reflected in the nesting condition

€k = —E€k+Q > (5.21)

Or €\ k = —€j k using the band index A and its ‘opposite’ A. As discussed in Sec. 2.1.2, the corresponding
two-band model is the minimal model to study superconductivity in these materials. It is, however,
not sufficient for a thorough discussion of the more complicated magnetic ground state in the iron-
based superconductors (cf. the discussion of the structural phase transition and tetragonal magnetism
in Chap. 4). Nevertheless, it provides a simple model for studying density-wave instabilities and their
interplay with superconductivity, see for example the analysis of Ref. 41.

5.3.1 Charge-density wave order

We start with the consideration of fluctuation corrections in the context of a nesting-induced charge-
density instability with momentum Q. Details of our derivation can be found in App. D.1.1. In addition
to the usual noninteracting action So = > , >, fk @A,k,g(—iun +exk)UA ko, We consider an interaction
in the charge channel

Sin‘c = -

Vepw " " " 7
Z (¢1,k,ow2,k+q,a + ¢2,k,owl,k+q,o)(wl,k’,a’d]?,k’—q,a’ + wZ,k’,a’wl,k’—q,a’) . (522)
o O'/ k]

2 kg

Here, 1 1, denote fermionic fields characterized by band index A, crystal momentum k, Matsubara
frequency v,, and spin o, consistent with the notation used in previous chapters. If the coupling
Vopw > 0 is attractive, this interaction can lead to the formation of CDW order characterized by
the real scalar order parameter p(r) € R. In momentum representation, this amounts to the finite
expectation value

Pq = Z/k <7/_)1,k:,a¢2,k+q,a + ?/_)27197g¢1,k+q70> . (5.23)

Let us note here that there is a second possibility for charge-density wave formation, namely if we
consider not the sum but the difference ) fk(TZJLk’UwQ’k_‘_q’g — 7/;2,k,0w1,k+q,a) in Eq. (5.22). This
instability, termed charge-density wave with an imaginary order parameter (iICDW), is discussed in
App. D.1.1 as well. However, for the sake of clarity, we will not elaborate on this possibility here, since
the structure of the fluctuation corrections turns out to be the same in both cases.

Mean-field theory The mean-field theory of charge-density wave order due to nesting is then stated
by the action
2
Sﬁ%w(po) P TrIn[—(iv,70 + po71 — €kT3)], (5.24)
2Vepw

where pg denotes the mean-field value of the CDW order parameter, and 7; are Pauli matrices in band
space. This action is of the same structure as the BCS mean-field action (cf. Egs. (A.12) and (5.8b)),
yet differs in that the order parameter is a real number, and hence only the amplitude of the CDW order

“The only assumption that we make is in fact that the couplings can be assumed to be only weakly momentum-dependent
insofar as they depend only on band indices but not on small deviations from I' or Q.
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parameter fluctuates. The expansion in terms of the mean-field order parameter up to second order

yields
g
2 Ae_QﬂF‘}CDw (5.25)

Topw =

as the temperature at which the transition towards CDW order occurs. Finally, the mean-field gap
equation for the CDW state at T' = 0, deep in the ordered regime, amounts to

1 QT}FA
0= ~ ppln ( ) , 5.26
2Vepw P Po (5.26)

which is again of the same structure as the BCS result.

Fluctuation corrections Having established the mean-field theory for CDW order, we turn to the
evaluation of fluctuation corrections up to Gaussian order. We split the order parameter into its mean-
field value and the fluctuation part according to

Pq = po+oq- (5.27)

The contribution to the action from Gaussian fluctuations then amounts to Sf(fulzyv =3 f In(D CDW q
where the fluctuation propagator for the fluctuations around the CDW mean-field conﬁguratlon is given
by
1
—1

Dcepw.y = Vonw + 21T, + 2117 (5.28)
where of course the normal and anomalous contribution Iy and IIj (as defined in Eqs. (E.1) and (E.2),
or Eq. (5.16)) have to be understood as functions of the CDW order parameter here. Therefore, as
conjectured, we find that the fluctuation contributions to the ground state energy and thus the mean-
field gap equation are not negligible, since

- dimy i dng
Ssfiim) 17wt 529
dpo 2 2VCDW + Hn + Ha

has the same form as the contribution from amplitude fluctuations in BCS theory, where the divergent
nature ~ In(vpA/Ap) of this integral in the regime of large momenta, \/w? + (vpqcosf)? > 24, and
vpq > w, was observed by Refs. 100 and 198.

In conclusion, the mean-field theory for the charge-density wave instability as presented above is
not justified since fluctuation corrections alter the gap equation drastically and as a result, fluctuation
corrections lead to a decrease of the gap compared to the mean-field value.

5.3.2 Spin-density wave order

We continue our discussion of density-wave instabilities due to nesting by considering the following
interaction in the spin-channel,

VSDW -
Sint Z Z wl,k’,al 0'0'1021/}2,k+q,02 + wQ,k’,O’l 00102w1,k+q,02)

017020' o' kk'q

: (wl,k’/,a’l 00/10/217[}2,]6/711,0'5 =+ @Z)Q,k’,ai o-o'lale k'—q,0} ) 3 (530)
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where o = (01, 02,03) denotes the vector of spin Pauli matrices and therefore Eq. (5.30) corresponds
to a model of Heisenberg spins. In Sec. 5.3.3, we will discuss our findings also in the context of lower-
dimensional spin models. Furthermore, we note that the analogous decoupling in the flavor channel of
an SU(N)-invariant action leads to essentially the same conclusions, where the N2 — 1 generators A\’ of
SU(N) supersede the Pauli matrices generating SU(2).

If the interaction in Eq. (5.30) is attractive (Vspw > 0), this opens up the possibility of SDW for-
mation characterized by the order parameter M (r) € R3, or

M(] == Z/k <&1,k570'10-0'10'2w27k'+q,0'2 + 1/_}2,k,010-0102w17k+q70'2> (531)

in momentum representation. Again, we note the possibility of a second SDW instability here: If
we consider the difference Y- [ (V15,01 F 01002 k4,00 — V2,k,01 T o100W1 4q,05) instead of the sum in
Eq. (5.30), this results in an SDW state with purely imaginary order parameter. Here, we only discuss
the SDW state with real order parameter since the results for both types of SDW instabilities turn out
to be the same, see App. D.1.2 where more details are provided.

Mean-field theory Again, we start from the mean-field theory for SDW order in this model, as

obtained from a saddle-point approximation to the field integral. We can choose the coordinate system

such that the mean-field value of the order parameter is aligned with the z-axis, i.e., My = Mye,,

resulting in

_ Mg
2Vspw

SE/[]%W(M()) — Tr ln[—(il/n(fng + M003’7'1 - EkJQT3)] s (5.32)

where again, 7; denote Pauli matrices in band space whereas o; are the Pauli matrices in spin space.’
Again, we can obtain the SDW transition temperature

Y
270 v (5.33)

Tspw =

from an expansion of the action up to quadratic order, and the mean-field gap equation determining
the nontrivial solution at T" = 0 assumes BCS form as well:

1 UFA
0= — 2l (—) . 5.34
Wapw PF 1N M, ( )

Fluctuation corrections The fluctuation corrections to the above-presented mean-field theory of
SDW order can be obtained from splitting the order parameter into its mean-field part and a fluctuating
contribution as

M, = Moe, +m,. (5.35)

Owing to the vectorial nature of the order parameter, we can identify one mode fluctuating longitudinal
to the mean-field order parameter (corresponding to amplitude fluctuations in the BCS theory), and
two fluctuating modes transverse to the mean-field order parameter. The latter are the two Goldstone
modes of the system, corresponding to fluctuations of the phase of the order parameter in the context

5If we started with an SU(N)-invariant interaction, the N? — 1 generators \* of SU(N) would appear here instead of
the three Pauli matrices. Let us note further that our conclusions can be generalized straightforwardly to such an
interaction in the flavor channel of the corresponding N-component Grassmann fields.
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of superconductivity. Our detailed analysis presented in App. D.1.2 reveals that the three fluctuating
modes do not couple to each other, and the two transverse modes are equivalent, leading to

1 1
-1 Veow - Hq 1 0 1 0
SDW;q — 0 Vspw + Hq ) 0 ! : (536)
0 0 Viow T I

This structure of the inverse matrix fluctuations propagator is in fact quite general and also occurs in
other O(ds) models. Furthermore, the inverse fluctuation propagators of longitudinal and transverse
modes differ only in how the anomalous part II§ (cf. Eq. (E.2), but as a function of My here) enters,

I, = 4IT) — 4I13, (5.37)
I = 4113 + 4172 (5.38)

Building on our discussion of Sec. 5.2.1, we can investigate the contribution to the zero-temperature
gap equation in two regimes of the quantity r = \/w? + (vpqcos)2/2Mj,

dng dily
dSier (M) _ 1 / g, dMg | dShe it (5.39)
dM? 2Jo | vy 07 Ao gm] dAME [ dME s,

The latter (r > 1) is the regime that potentially leads to a divergent contribution. Using the results
summarized in App. E.2, we can identify the leading terms to numerator and denominator, and we find
that

dII2

dSEOW 12Dy
Y ~—o [ 5 <o, (5.40)

0 >1 9 4Vspw + q

In contrast to amplitude and phase fluctuation corrections to the BCS mean-field gap equation, longi-
tudinal and transverse fluctuations only partially cancel here, and the (negative) contribution of one
transverse mode survives, resulting in a nonnegligible correction that enhances the gap compared to
its mean-field value, cf. Sec. 5.1. Nevertheless, it renders the mean-field theory as presented in the
beginning of this section unjustified.

5.3.3 Generalization to lower spin dimensionality

Our discussion of mean-field theories for spin-density wave instabilities in the previous section concen-
trated on the interaction (5.30) of Heisenberg spins, i.e., an O(3) model. Here, we generalize our results
to models of lower spin dimensionality ds: Considering Eq. (5.30) for spins oriented in the xy plane cor-
responds to the XY model, and restricting the spins to one spatial dimension leads to an Ising model.
The matrix fluctuation propagator (5.36) is readily generalized to these O(ds) models with dg < 3.
Since the order parameter is M (r) € R%, fluctuations around the mean-field value can be categorized
into one longitudinal mode and dy — 1 transverse modes.
Consequently, the Gaussian fluctuation corrections to the mean-field action amount to

1 1 ds—1 1
SSDW (.- M, :/m[( +HL> ( +HH>}, 5.41
et (03 Mo) 2 J, Vspw e Vspw 1 (5.41)
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spin dimensionality fluctuation corrections

Heisenberg model (ds = 3) increase the gap compared to its mean-field value
XY model (ds = 2) are negligible

Ising model (ds =1) decrease the gap compared to its mean-field value

Table 5.1: Gaussian fluctuation corrections in O(ds) models. Except for the XY model, we find a
diverging contribution from the regime of large momenta, and depending on the spin dimensionality,
fluctuations either increase or decrease the gap value.

implying that the potentially divergent contributions to the gap equation from the regime of large
momenta, \/w? + (vpqcosf)? > 2My and vpq > w, only cancel for ds = 2,

drra
SV ()| 1 / (e~ 1)~ Vnrk (5.42)
dMg r>1 q 4V81Dw + Hfll

In all other cases, large corrections call the mean-field approach into question. However, depending
on the spin dimensionality dg, they can either increase or decrease the gap compared to its mean-field
value. Our findings are summarized in Tab. 5.1.

XY model For XY spins, fluctuation corrections to the SDW mean-field gap are negligible since
contributions due to longitudinal and transverse fluctuations cancel exactly, making the mean-field
analysis of the problem controlled. This observation is consistent with the results obtained in the
context of BCS theory [100], which is reasonable since SO(2) and U(1) are isomorphic.

Ising model In the context of the Ising model, fluctuation corrections amount to a large contribution
~ In(vpA/My) to the gap equation, decreasing the gap compared to its mean-field value. This is in line
with our findings for charge-density wave order, where longitudinal fluctuations also suppress the gap.

5.3.4 Comparison to a renormalization group analysis

Our analysis of fluctuation corrections shows that the above-described mean-field theories for CDW
and SDW instabilities are not justified, although they often provide an adequate phenomenological
description of the respective ordered states. However, by construction, we restrict our consideration
to the instability in a certain channel, neglecting logarithmically diverging susceptibilities in other
channels. As discussed in previous chapters, the presence of competing phases of order is a characteristic
of systems like the iron-based superconductors.

An alternative approach, which is suited to consider several competing instabilities on equal footing,
is a renormalization group (RG) analysis of the coupling constants. The RG analysis of the model of
two perfectly nested electron and hole Fermi surface (FS) pockets that we considered in Secs. D.1.1
and D.1.2 was performed by Ref. 41 to one-loop level. For a brief summary of their results and the
connection to our work, see App. D.1.3. Taking into account all couplings and their mutual influence
shows that not necessarily the channel with the largest bare interaction is the instability with highest
transition temperature, since the couplings in all channels flow under renormalization.
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Figure 5.2: Manifestation of channel interference effects in the RG analysis. The plots show the
RG flows of exemplary effective couplings (measured in units of u°) as a function of L = u® In(W/E)
for fixed bare values.

In the model of two perfectly nested electron and hole FS pockets analyzed by Ref. 41, the full
interactions I' in density-wave and pairing channels® are determined by the interplay of five coupling
constants u;, see App. D for details. Up to a factor 2, the bare interactions F?SDW and F?CDW in
the density-wave channels correspond to the coupling constants in our discussion of the respective
mean-field theories (Vepw and Vspw) in Secs. 5.3.1 and 5.3.2, respectively. They can be related to the
coupling constants u; by

FrSDW =uj +us, FjCDW = U1 +uz — ATD , (5.43&)
Iispw = u1 — us, Liepw = ug — us — 2ug, (5.43b)

and as expected, channel interference occurs quite naturally: The flow of the coupling constants u; is
given in Eq. (D.66) and implies that

d

a(ul F uz — 2U2) = (U1 T uz — 2U2)2 F 2U3(U1 + ug — U4) , (5.44&)
d
E(UI + U3) = (u1 + ’u,3)2 + QU3(’U,1 —Uu2 — U4) y (5.44b)

where the derivatives are with respect to ¢t = In(W/FE) with the bandwidth W and the running energy
scale E. If the second term in Eqs. (5.44a) and (5.44b) were not present, the solution would be
I'(t) = To/(1 — tIy). Then the divergence at t. would mark the energy scale at which the transition
to the ordered state occurs. However, the fact that all other couplings contribute to the flow of
the interactions in the density-wave channels as well means that each density-wave instability is also
influenced by the flow of couplings in other channels — the other density-wave channels as well as
superconductivity. Depending on the structure of these terms, channel interference might then change
the energy scale at which the divergence in the respective channel occurs. However, already within
the two-band model, the effect of a specific channel on another channel is not obvious and further
complicated by the intricate dependence on bare couplings.

To illustrate interference effects in a certain channel, let us consider a fixed value of the bare inter-
action in the respective channel and examine how the flow of this interaction changes for different bare

5Note that, in consistency with the notation in Ref. 41, T' refers to the interaction here, while in all other chapters, it
denotes the scattering rate.
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values of the original couplings u;. In Fig. 5.2, we show exemplary RG flows for the two density-wave
instabilities favored by repulsive pair hopping u > 0 — rfSDW and iCDW - starting from the bare
couplings used in Ref. 41. Most importantly, the relation between the ratio of u! and ug and the
SDW instability is nonuniversal, as apparent from Fig. 5.2 (a). The same is true when considering the
CDW at fixed u9, which results in qualitatively the same flows. On the other hand, when keeping u{
fixed, increasing u) and ug (while F?CDW = const.) implies that the energy scale at which the instability
occurs decreases, as illustrated in Fig. 5.2 (b). In conclusion, we find that — depending on bare parame-
ters — channel interference effects can be both advantageous and detrimental to charge and spin-density
wave order, whereas the effect of fluctuation corrections (discussed in Secs. 5.3.1 and 5.3.2) does not
depend on bare couplings.

5.4 Summary of Chapter 5

This chapter is devoted to a careful analysis of fluctuation contributions to various mean-field theories
in order to assess their justification. We use the approach put forward by Kos, Millis and Larkin in the
context of neutral superconductors: Assuming the validity of the mean-field approximation, we include
fluctuations up to Gaussian order and calculate the corresponding corrections to the gap equation
self-consistently.

In the context of superconductivity, we can infer that potentially large contributions stemming from
amplitude and phase fluctuations cancel generically, since the relative sign associated with the anoma-
lous part of the corresponding fluctuation propagators is deeply rooted in the Nambu-space structure of
the action, cf. Egs. (5.8) and (5.19). In conclusion, the result of Kos, Millis, and Larkin that mean-field
theory is indeed justified, is quite generic in the context of superconductivity.

This is different for commensurate density-wave instabilities resulting from nesting of the Fermi
surface: Only for the spin-density wave state arising from interacting XY spins, we recover the exact
cancellation of longitudinal and transverse fluctuation contributions. In contrast, for charge-density
wave order as well as for spin-density wave order of Heisenberg or Ising spins, sizable corrections to
the gap equation arise from Gaussian fluctuations, as demonstrated by this thesis. Consequently, the
respective mean-field theories are not controlled.
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The main part of this thesis presents various interesting aspects of disorder in two systems probably
hosting unconventional superconductivity: iron-based superconductors and the LaAlO3/SrTiOs inter-
face. Ultimately, we aim at a deeper understanding of the ordered phases that can potentially form in
such systems, as well as their mutual interplay. As doping is used to manipulate the properties of these
materials, disorder is intrinsic, however could also be introduced deliberately by irradiation to use it as
an additional tuning parameter for these systems.

Iron-based superconductors In Chaps. 2 and 4, we discuss several implications of disorder for the
iron-based superconductors (FeSCs). These materials attracted attention due to their relatively high
transition temperatures despite the fact that they contain iron, as well as their complex phase diagram
(including magnetic order) and the vast number of compounds available to study this class of materials.
An introduction summarizing common properties of most FeSCs, and the ingredients for minimal models
to study them, is provided in Sec. 1.2.1. Here, we want to highlight two aspects that result from our
investigation of weak disorder in these materials.

Firstly, in Chap. 2, we complemented the discussion of the robustness of unconventional and conven-
tional candidate pairing states for superconductivity in FeSCs [88, 128, 137-141] by the investigation of
orbital-magnetic impurities. Such orbital-magnetic impurities break time-reversal symmetry, however,
do not interact with the spin of the scattered electrons. While these are generally pair breaking for
superconductivity, we found one important exception: If such orbital-magnetic impurities arise from
charge-density waves with an imaginary order parameter (iICDWs), nucleated around originally non-
magnetic impurities, the unconventional s*~ pairing state suggested for FeSCs is not affected. This
is indeed a conceivable scenario for iron-based superconductors, where iCDW order and spin-density
wave order compete with unconventional superconductivity [41]. Furthermore, this can be understood
in terms of a generalization of the Anderson theorem, as presented in Ref. 87.

Naturally, this calls for a further investigation of the proposed iCDW impurities and their role in
FeSCs. One important task in this direction would be the calculation of experimental signatures of such
impurities in local probes that could be used to detect them. Subsequently, it would be interesting to
systematically study nonmagnetic disorder, preferably introduced by, e. g., electron irradiation, rather
than as an immanent consequence of doping. Furthermore, even though our discussion of orbital-
magnetic impurities has been tailored to FeSCs, our results apply in a broader sense. On this note, it
would be interesting to investigate which other systems lead to analogous interband scattering processes,
characterized by a nontrivial phase, as they would also be expected to give rigse to a generalized Anderson
theorem for unconventional superconductivity.

Secondly, in Chap. 4, we demonstrated that the magnetic ground state of iron-based superconductors
can be tuned not only by basic band structure parameters, but also by disorder. In particular, our
detailed analysis shows that in addition to the stripe-ordered magnetic state, which has been observed
in many compounds in the underdoped regime, also magnetically ordered states that preserve the
tetragonal lattice symmetry arise naturally from weakly disordered effective models. These have been
discovered more recently in various hole-doped compounds [171-178| and were uniquely characterized
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as a charge-spin density wave state [178, 180, 181|. Even more importantly, our analysis shows that
disorder lifts the degeneracy between the two possible tetragonal magnetic states — spin-vortex crystal
(SVC) and charge-spin density wave (CSDW) — and even promotes the formation of CSDW order in a
growing regime of band structure parameters close to the limit of perfectly nested Fermi surface pockets.
Thereby, we provide a possible explanation for why the CSDW order seems generically favored over
SVC order in FeSCs — a question that previously lacked a theoretical description universally applicable
to all compounds in which the alternative magnetic ground state was observed.

To further scrutinize our conclusions, successional studies of the predicted disorder-controlled tran-
sitions — either between stripe-magnetic order and tetragonal magnetism, or between the two different
tetragonal magnetically ordered states — are desirable. In this context, numerical studies could prove
useful to single out candidate materials for a subsequent experimental analysis using controlled disorder
via irradiation and annealing. Another interesting aspect is the possibility of phase coexistence. For
example, theoretical studies have shown that s™~ superconductivity can coexist with single-Q magnetic
order, whereas s™1 superconductivity and stripe-magnetism mutually exclude each other |68, 70]. Fur-
thermore, the interplay of superconductivity and tetragonal as well as stripe-magnetic order has been
investigated in Ref. 163. It would therefore be interesting to combine these ideas and check whether
analogous constraints apply to the tetragonal magnetic states in the presence of disorder as well and if
they have implications for possible superconducting pairing states.

LaAlO3/SrTiO; interface Chap. 3 concentrates on potentially unconventional superconductivity in
the LaAlO3/SrTiOg3 interface. Such oxide heterostructures are promising materials for application since
their (super)conducting properties can be tuned not only by material parameters such as composition,
but also by application of electric fields. However, the nature of the superconducting pairing state still
requires excessive research. So far, two candidates for the pairing state have been put forward [48]:
a conventional superconducting state and, as an exciting alternative, an unconventional topologically
nontrivial state. The realization of the latter, however, is particularly challenged by the fact that the su-
perconducting coherence length and the mean-free path are of the same order in LaAlO3/SrTiO3, which
calls for a thorough investigation of the effect of disorder in these materials. This thesis contributes an
analysis of the two suggested pairing states with regard to their robustness against disorder.

We find that the strongly polarized nature of the Fermi surface provides an effective protection mech-
anism against impurity scattering, as the phase space for certain scattering processes becomes strongly
suppressed. Most interestingly, the unconventional pairing state is more robust against magnetic dis-
order than the conventional one, however, no analogue of the Anderson theorem is found here. The
underlying physical reason for the relative protection is the combination of anisotropic masses and
spin-orbit coupling. In conclusion, the presence of disorder resulting in mean-free paths of the same
order as the superconducting coherence length does not rule out unconventional superconductivity in
the LaAlO3/SrTiOg interface.

On the technical side, we introduced a formalism to investigate pair breaking that could readily be
applied to other systems for which a corresponding patch approximation of the Fermi surface can be
found. Hence, it would certainly be interesting to explore the possibility of such protection mechanisms
also for other materials possibly hosting unconventional superconductivity, since a similar mechanism
involving spin-orbit coupling has previously been found for odd-parity superconductivity [149].

Fluctuation corrections The last part of this thesis is concerned with the consequences of quantum
fluctuations for mean-field theories. The description of ordered states by mean-field theories relies on
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the assumption that the low-energy physics can be fully captured by an effective mean field. This
could also serve as an order parameter within a Ginzburg-Landau approach, which proved very useful
in the phenomenological description of different types of ordered states. However, this approach relies
on the assumption that fluctuations around the mean-field value can be neglected as they do not lead
to sizable corrections to observables calculated from mean-field theory. Of course, close to the classical
phase transition, thermal fluctuations become important and drive the phase transition. Here, in
contrast, we concentrate on corrections at zero temperature, deep in the ordered phase, where thermal
fluctuation corrections are negligible.

One interesting approach to assess the role of quantum fluctuation corrections was put forward
by Ref. 100 in the context of superconductivity. It is based on corrections to the BCS mean-field gap
equation resulting from the inclusion of fluctuations up to Gaussian order. The anomalous contribution,
which is nonzero only in the the ordered phase, in principle gives rise to logarithmically divergent
contributions that would significantly alter the gap equation. In the case of superconductivity, however,
the applicability of mean-field theory is ensured by canceling contributions due to fluctuations of both
amplitude and phase of the order parameter.

In Chap. 5, we employ this approach to mean-field theories for commensurate charge-density wave
(CDW) order and spin-density wave (SDW) order generically arising from nesting of the Fermi surface.
As CDW order is described by a scalar order parameter and the number of spatial components for
the SDW order parameter depends on spin dimensionality, one might suspect that the cancellation
observed in the context of BCS theory does not generally translate to mean-field theories for density-
wave instabilities. Indeed, we show here that the fluctuation corrections to the gap equation turn out
to be negligible only for XY spins. As a result, the mean-field theories for commensurate density-wave
order are strictly spoken not justified.

Nevertheless, mean-field theories are regularly used for a phenomenological description of density-
wave order in itinerant electron systems with a nested Fermi surface. One example are the FeSCs, which
have also been discussed in this thesis. Since the crucial contribution to quantum fluctuation corrections
is due to the anomalous part, these are expected to be less relevant at finite temperature. An extension
of our calculation to finite temperature could be a first step towards a better understanding of the
validity of mean-field theory with respect to fluctuations. This is an issue that certainly calls for further
investigation and constitutes ongoing work. In our comparison to a renormalization group analysis of
the two-band model with perfectly nested Fermi surface pockets, we could observe interference effects
due to potential instabilities in other channels. However, there are no clear trends in whether these
promote density-wave instabilities or are detrimental. Additionally, as the origin of potentially large
corrections from anomalous terms arises from the regime of large momenta (corresponding to length
scales smaller than the coherence length), it would be interesting to pinpoint why, and whether this is
reflected in experimental observables. A related question concerns the actual reason for the cancellation
effect observed in superconductors that might further help in interpreting our results in the context of
density-wave order.

In conclusion, not only can some of the ordered phases observed in unconventional superconducting
materials be astonishingly robust against disorder, but the presence of impurities could even promote
new types of order. This is of particular interest for unconventional superconducting states which
are naively expected to be more vulnerable to impurity scattering and hence less likely to appear
in disordered systems than conventional superconductivity. Furthermore, the aspects highlighted in
this thesis are all related to interband scattering processes and hence characteristic for multi-band
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materials. Finally, this thesis can by no means provide an exhaustive analysis of disorder effects
in unconventional superconductors. It rather advocates the huge potential of systematic studies of
controlled disorder in such systems: By combining general trends obtained from minimal models (such
as the present work) with quantitative predictions from numerical calculations, promising compounds
for experimental studies could be identified in order to get a deeper insight in these complex materials.
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Appendix A

Field theory for the neutral superconductor

This appendix introduces the formalism used throughout this thesis and, in particular, complements
our presentation of Secs. 1.1.2 and 5.2. We use the field-integral formalism to derive BCS mean-field
theory from the saddle-point condition and consider fluctuations around this saddle point. More details
on the field-integral formalism for superconductors can be found in modern textbooks on condensed
matter theory such as Ref. 85.

We start from the path integral for the partition function Z = fD[l/_J,Tﬂ exp[—S(¢, )] in terms
of the fermionic fields ¥. For a neutral superconductor, i.e., in the absence of long-range Coulomb
interaction, the action is given by & = Sy + Sint, where the noninteracting part is given by

so) =3 [ ar [, (0~ 5V Yo (A1a)

- Z /k 77Zkﬂ(_iyn + Ek)wk,a ) (Alb)

where for convenience, we conflate fermionic Matsubara frequencies v, = (2n + 1)7T and momenta
into k := (iv,, k) and abbreviate [, ...=T3% [ (Q%Tk;d .... Furthermore, the quasi-particle energy ey,
is measured from the chemical potential. The attractive (Vsc < 0) quartic interaction leading to

superconductivity is given by

_ B _ _
Sint (Y, ) = VSC/O dT/d’l“LﬁT(T,T)wi(T,T)LZQ(’I‘,T)wT(T‘,T) (A.2a)

= Vsc » Uk A — ket q Ok g 0 1 » (A.2b)
K q

and is considered to be local and instantaneous.

A.1 Effective action

We use the standard procedure and decouple the quartic interaction by introducing an auxiliary bosonic
field via a Hubbard-Stratonovich transformation. In the case of superconductivity, we use the identity
[ dz dz exp(—zazx + bz + bz) = %exp(ba‘lb), which holds for € C and positive a € R, to rewrite

oS0 (B )+ S (B _ / DIA, A] e-S@HAA) (A.3)
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where we abbreviated

B8
S A8) = Su(i0) + [ ar [ar | ia)?
A, (e 7Y 7) — A, )y () ﬂ} (A 4a)

+/q {V ’\A JP—A /¢k+qT¢ k) — A /w mwmm} (A.4b)

The resulting expression for the action is bilinear in the fermionic fields and can be restated in matrix
form as

_ _ _ 1 _
&%%AAF$WWM+/Mf+/ (=G ) Wi (A.5)
Vscl Jq k!

where we introduced the spinors

\I/k = (&k»T w,k7¢> and \I/k = (f_ﬁ;l) (Aﬁ)

in Nambu space together with the corresponding inverse matrix Green’s function

1 [(Gow(wn) " S AV
G = ( Apr_y, —(Go—k(—vn)) 51@/«) ' (A7)

Here, we introduced Go.x(vn) = (ivn — k)1, which is the Green’s function of noninteracting electrons.
For a quadratic dispersion, we can use that e = e_g, implying Go.—k(—vpn) = Gok(—vn).

The fermionic integral is now of Gaussian form and can thus be performed straightforwardly. Hence
we can express the partition function in terms of the auxiliary fields A as

Z= /DAA/D\II\II ~S(TvAL) /DAA ~vsar1Aal’ /D o™ e TREGLIT (A g)
ALA)

/DAA sl Jy Bl ICOTH /DAA&< (A.9)

where we used the relation Indet(—G~!) = trln(—G~!) and defined the trace Tr as a trace in both
momentum and Nambu space. In the last step, we introduced the effective action in terms of the
bosonic fields A,

1
Set(A, A) = Ve /|Aq\2 — Trln(—-G ). (A.10)

A.2 Mean-field theory

The dominant contribution to the field integral stems from the saddle point, where the action has an
extremum,
dSeg _ 0 and dSSﬂ‘
dA dA
Such a saddle-point approximation to the field integral results in a mean-field theory where the value
of A at the saddle point corresponds to the mean-field value of the order parameter which we assume

=0. (A.11)
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to be static and homogeneous here. We denote the mean-field value of the order parameter by Ag, and
furthermore assume that Ag € R. The mean-field action then reads

1

Smr(Ap) = Vaal ‘

— Trin(—Gyp) (A.12)

and hence the difference in free energy between the ordered state and the high-temperature ground
state in mean-field theory can be expressed as

F—Fo=—-Tn (Zi) ~ —T In e [SMr(B0)=Sur(20=0)] — T8\ 1(Ag) — TS\r(Ag = 0). (A.13)
0

Ginzburg-Landau expansion We could further split the mean-field matrix Green’s function into the
bare part and a contribution due to the interaction,

gﬂﬁv;kk/ = Opp <(G0;k(gn))_l —(Go;k(z—Vn))1> + Spper (AOO A@o) (A.14)
=8 Gyt + S U (A.15)

This allows for an expansion of the TrIn-term according to
Trin(—=Gyr) = Trin(—=Gy ') + Trin(1 + Gol) (A.16)
=Trin(-G;') — %Tr(gougou) - %TY(QOUQOUQQUQOU) +0(AY), (A.17)

where we already exploited that terms of odd order in Ag vanish. Furthermore, this expansion is based
on the smallness of Ay and thus works best close to the phase transition where the order parameter
is small. For our discussion in the main text of this thesis, it is sufficient to keep terms up to quartic
order,

Smr(Ag) = Smr(Ap =0) + A2+ = Tl"(gougou) + - 1 Tr(gougougougou) (A.18)

\Vsc|

although in principle, higher-order terms could be included easily at this step. Hence, the corresponding
expansion of the free energy in terms of the mean-field gap A takes the form of Eq. (1.1),

F=F+T AO + - Tr(gougd/{) + - Tr(gol/lgougougoU) (A.19)

\V |
which makes the connection to the Ginzburg-Landau theory of Sec. 1.1.1 obvious. Furthermore, the
explicit evaluation of the traces allows to determine the quadratic and quartic coefficients of this
expansion from the microscopic model (A.1) and (A.2). For the quadratic coefficient, the evaluation of
the trace leads to

o(T)A2 = 20 —I—lTr(QZ/lQZ/{) [ ! +/ ! A2 (A.20)
Vs 0v¥0 Vac| (ivn — ex) (ivn +e8) ) 70 '

This integral is divergent, but since the effective interaction within BCS theory vanishes above the
Debye frequency, we may introduce a momentum cut-off A here. Since frequency and momentum
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appear on an equal footing, the momentum cut-off could also be transformed into a cut-off for the
Matsubara frequencies as

1 TPF 2 TPF 2
T E =T E ——arctan( ) E A21
/kek—i—zﬂ 'OF/ €2+V,QL - |Un| |Vn] |1/n]7rA—|—\yn[ ( )

2Ae”
= pr ln( — ) (A.22)
ﬂ'pp ee 1
\z/n|<A Yn [vm|<A e n

which we will use in the remainder. The BCS transition temperature T g is determined by the condition
a(Tep) = 0, resulting in

Y
2Ae o PrVacl . (A.24)

TC,O =
Furthermore, the evaluation of the quartic term results in the expression

1 7¢(3)pr 4
Al = A}
2(ip, + )20 87272

1
b = 5 Tr(GoUGolGuldGold) = /k T (A.25)

Gap equation In addition, we can easily obtain a self-consistent equation for the mean-field value of
the order parameter from the field integral approach. We start from the saddle-point condition (A.11)
in terms of the mean-field order parameter,

dSmr d 1 / 1 1 1
0= _ [ A2 — [ mdet | } —2A [ —/ ] A.26
dAg  dAg L|Vic| k (ZGatrie) “UVee| — JevZ+e2 + A2 (4.26)
implying that the nontrivial solution Ag # 0 can be obtained from solving the gap equation
1 / 1
= ) A27
Vool ~ b v et 83 420
Assuming a constant DOS pr at the Fermi level, the momentum integration can be replaced by an
energy integration as [ % ... = pr [ de.... Furthermore, at zero temperature, the Matsubara sum
reduces to a frequency integration, T') ... = f > d" .. Introducing the energy cut-off vpA, these
two integrals can be straightforwardly evaluated
2upA
— = de I (Z52) A28
|VSC| - /—vFA / o V2—|—52+A2 - R Ay ( )
resulting in a mean-field gap value of
1
Aog(T = 0) = 2vpAe rrlvscl . (A.29)

A.3 Gaussian fluctuations around the saddle-point configuration

Let us now introduce fluctuations around the mean-field value as A(r,7) = Ag + n1(r, 7) + in2(r, 1),
where the real part n; and the imaginary part 72 can be identified with phase and amplitude fluctuations.
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The inverse matrix Green’s function can be split into the mean-field contribution and the fluctuation
part according to G~! = gl\_ﬁ; + H, or explicitly as

~1 (Gok(vn)) ™! Sppr Ap_p
, = [ _ A.30
Gk ( Apr_g, —(Goe(—vn)) ! Sppr ( )
(Goge(vn)) 1 AV 0 M k—k' + 102 k—k
— ) _ 6 ;4 _ L ’ ? A31
( Ay —(Goe(—vn)) ! H Mk —k — 102,k —k 0 ( )
= (ivp10 + AoT1 — €T3) Sk +11 k! TL — M2 ik T2 (A.32)

where we exploited that 7;(r,7) € R, implying 7;, = 7;,—4. As usual, this allows for a convenient
expansion of the TrIn-term in the effective action,

Trin(=G ') = Trin[—(Gyp + H)] = TrIn[~ Gy (1 + Gur H)]
1
= Trin(—Gyp) + Tr(GurH) — 3 Tr(Gur HGur H) + O(n?) (A.33)

up to Gaussian order. Then, the partition function also separates into a mean-field part and the
fluctuation contribution as

Z= /D[A,A] e TVl Ja |8l +TrIn(=G7) (A.34)
~ /D[ﬁ 7l e—chl[Angon J, Reng+[, Ing[21+Tr In(—G 1)+ Tr(Gur H) — 5 Tr(Gur HGnw H) (A.35)
— o~ SuF /D[T], 7]] e_@ fq I7q|2— 2 Tr(Gnr HOnp H) (A.36)

where the last line follows from the fact that contributions linear in 1 and % vanish as a consequence
of the saddle point condition
dS

ds L — (A.37)
A=pg=A dA

da n=0=17
Using H = 111 —n272, we can write the remaining field integral over fluctuations as a Gaussian integral

which can be readily evaluated, leading to an additional contribution Sgyet to the action coming from
Gaussian fluctuations,

e—SﬂuCt(AO) _ /D[ﬁ, ,,7] e*m fq |77q|27% Tr(GmrHGMr H) (A.38)

— /'DM 77] e_iwslc\ fq > |77i,q|2_% S tEIOMPF R (M1 ot TL =2 o1t T2) Gt (M1 2 -6 TL— T2 7 — . T2)] (A 39)
) .

_1 o | =2 5. _1)it+g . . .
Z/D[ﬁ, 77]8 zfqzmqu[\vscﬂw +(=1) fktr(gMF;qu%T'bgMF;k—%TJ) Nj,—q

(A.40)
. /Dn o2 Jo Mol iwgrt+2Ma)n g (A1)
_ e_% J, lndet(%ﬂ-l-ﬂ'[q) 7 (A.42)
where we defined n, = (11,4,72,4) and introduced the polarization matrix I, as
(_1)i+j
(I, = [ G gmGuamag7)- (A.43)
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The relative sign of the anomalous part in amplitude and phase fluctuation contributions follows in-
evitably from the Pauli matrix structure of the polarization matrix which is due to the fact that SC fluc-
tuations are off-diagonal in Nambu space. The fluctuation correction to the action could alternatively
be stated as

1 1
Stuet(Ag) = 3 / Indet(D, ') = 5 Tr In(D, ), (A.44)
q
where we introduced the inverse fluctuation propagator
2
D' = ——1+2I1,. A 45
q ‘VSC| q ( )

For further details on the evaluation of the corresponding fluctuation corrections, we refer to Sec. 5.2.1
and App. E.

A.4 Generalization to anisotropic superconductors

Let us now generalize the results for fluctuation corrections to the BCS mean-field gap equation to the
case of superconductivity due to an anisotropic pairing interaction Vj,s. The structure of the inverse
Green’s function matrix in Nambu space is again given by

1 . X .
Gt = Wn Opkr To — €1 Opt T3 + Appr Ty + D T— = iy To — €73 + Ay Tt — Do ppr T2, (A.46)

where we defined 7 = %(ﬁ +im). Alternatively, we could use Ay g and Ag gy, which denote real

and imaginary part of the order parameter, respectively. Using the same notation as in the previous

section, we separate mean-field propagator and fluctuation part as

—iv, Ty — RT3 + Ay 1 — Ao pTo
Vi + ek + Al

OMF = and H =kt — M2,0k T2 - (A.A47)

Again, we introduce amplitude and phase fluctuations of the order parameter by writing |Agw|?> =
|Ak|? 8kkr +|m1kar|? + |m2.kr 2. As in the analysis of fluctuations in neutral superconductors, we can
consider fluctuations up to Gaussian order, leaving us with

(_1)i+j

1
3 Tr(GurHGurH) = 5 / ik tr(OMF LT OME R T5) 15,6k » (A.48)
— J i
Z7] ’

:(ﬁkk’)ij

where, again, we introduce the polarization bubble II. The resulting integrals have the same structure
as those obtained in the context of BCS theory (see App. E),

- vV 4 g€’ AJAL — Ay AL . .

~ / / A A/ _A A/ ~ ~

My = — WN;;E = / SR e (A.49b)

) I [ AJAL 4 AGA -

Iy = UgNNé;V +/ : NN L=, (A.49¢)

—_—

—0

. vel —ev/ ALAL + Ay, .

flo = — [+ [ S = (A190)
—0
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where we introduced N = v? +¢2 + |A.|?. Here, however, also the off-diagonal matrix elements contain
anomalous contributions. In order to judge the importance of fluctuation corrections, we need to
evaluate the determinant of the inverse fluctuation propagator,

det D! = (| vt iy +ﬁa1) <\vsc\ I f[fﬂ) TPeq]ee (A.50)
- <\Vslc! 1) (lelcl FI) - (T g ) (A51)

which is of the same structure as before, only the numerator of the anomalous term is more complicated.
However, the second line makes obvious that the eigenvalues are of structure

1 - —— ——
ot 1" + /I [+ [eefTez (A.52)

already implying the cancellation.

Application to d-wave superconductivity In order to be more specific, let us consider the case of
d-wave superconductivity here. We assume the momentum-dependent coupling to be separable and
normalized, e. g., Vi = Vscpa(k)pa(k') and Y, ¢3(k) = 1. Furthermore, for d-wave pairing we could
choose ¢4(k) = cos k) — cos ky. The appropriate quartic interaction term in the action hence reads

Sint = Vs /’ﬁk/’q Pa(k)a(K )y 4 pp g ¥ i WYpria 4 (A.53)

The Hubbard-Stratonovich decoupling can be performed in complete analogy to the case of s-wave
BCS superconductivity discussed previously. The crucial difference is the form factor p4(k) that is now
associated with the order parameter (and hence the fluctuations). We obtain

- vy, —ex) S Ap_wipa(EEE)
gt — [ Uvn = ek) Bk Dioipa(™5 A.54
kk (Ak/kw(kék) (ivn + ek) O (4.54)

such that we can introduce mean-field part and fluctuations as
QMIF;k = inTo — kT3 + Aapa(k)T1 (A.55)

and  Hpp = wd(’“z’“') (M- T1 — M2 k—k'T2) - (A.56)

Finally, the polarization bubble is introduced as

1 -
5 Tr(Gymr sk Hir Gur g Hirk) = Z /m',q(Hq)z‘jUj,—q (A.57a)
ij 4
= (=)™ [
where  (Ilg)yj = —— A pa(k) tr[Gvr ks 2 TiGvr - g 75 - (A.57b)

This is of the same structure in Nambu space as the BCS result. Consequently, potentially large
contributions always come with opposite signs.
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Appendix B

Disorder in multi-band systems

This appendix provides technical details on the inclusion of disorder in a multi-band system, mainly
focusing on the generalization of the disorder correlator introduced for single-band superconductors
in Eq. (1.15) in Sec. 1.3.2. Thereby, this appendix provides details on our discussion of Chaps. 2, 3,
and 4. Specifics on our discussion in the context of iCDW impurities in iron-based superconductors
are provided in Sec. B.2 whereas details on the disorder correlator within the patch approximation
of LaAlO3/SrTiOs can be found in Sec. B.3. The notation used throughout this appendix has been
introduced in App. A and the main text.

B.1 Generalization of the disorder correlator

This section provides various generalizations of quantities introduced in Sec. 1.3.2 to more complicated
systems. For instance, impurities could have a magnetic moment that interacts with the scattered
electrons, or the fermionic states could be characterized by further quantum numbers such as their
orbital character. Furthermore, scattering effects could be spatially extended, i.e., nonlocal. In its
most general form, the quadratic Hamiltonian for impurity scattering in real space reads as

Faw = 30 [ Ghor W (1) (), (B.1)

a,a’ 0,07

where o denotes spin and we use a multi-index « to comprise all further quantum numbers into one
additional index for fermionic creation and annihilation operators ¢}, (r) and Va0 (T).

B.1.1 Multi-orbital and multi-band systems

Diagonalization of the quadratic part of a clean system with additional orbital degrees of freedom leads
to a band-basis formulation where electronic states are characterized by an additional band index .
We consider non-spin-magnetic disorder here, and thus, for the sake of clarity, suppress the spin indices
in the remainder. To keep the discussion as general as possible, we proceed using the multi-index «
which could refer to orbitals and bands as well as to patches of the Fermi surface as introduced in
Sec. 3.1.3. Again, for simplicity, we restrict our discussion to spatially local, uncorrelated Gaussian
disorder,

e =3 [ G4 Waar ) (B.2)

a,a!
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B Disorder in multi-band systems

and

Falo/l,ozzo/2 (7'1? TQ) = <Wa1a’1 (Tl)Wazo/Q (T2)> = Fozlo/l,ozgo/2 (rl; 7‘1) 6(T1 - T2) ) (B'S)

where the last equality reflects the assumption of uncorrelated disorder. If the disorder is furthermore
homogeneous® but the potential depends on further degrees of freedom of the scattered electrons, we can
introduce several constant scattering rates I'y o1 a,a; labeled by the respective quantum numbers ;.
For example, if the Fermi surface can be partitioned into several patches such that scattering processes
within and between such patches can be characterized by constant scattering rates, these scattering
rates are solely characterized by the respective patch indices.

dis

Another important example arises when we allow for a variation of the potential on length scales
< 1/kp, inflicting a weak momentum dependence on the correlator. In the case of a disconnected
Fermi surface where the individual pockets of the Fermi surface are small and separated by a large
momentum |@Q| > kp this implies that the correlator in momentum space can be characterized by band
indices only? and small deviations of the momentum from the I' point and @ can be neglected,

Ak Nk,
—_— | —_—
|
|

— |
Mg, kg Aa, kK

= T 00 k) VRO kg) ) = D xiagn (21) 8Ky + Ky — Ky — Ky + K) (B.4)

where K is a vector from the reciprocal lattice. The conservation of quasi-momentum also imposes
restrictions on the possible combinations of band indices, see Fig. 2.2 for a summary of allowed scat-
tering processes in the two-band model of the iron-based superconductors. Since they differ in their
effect on, e. g., superconductivity, we categorize scattering processes into intraband scattering processes,
characterized by the respective intraband scattering rate

Iy =T (B.5)

and several types of interband scattering processes. We refer to Sec. 2.2.1 and App. C.2 for a discussion
of the effect of these scattering processes on the superconducting transition temperature 7.

B.1.2 Spatially extended effects

Let us now revoke the assumption of spatially local disorder and consider
Hais =Y / dr dr' )l (1) Wagr (v, 7)) (7) (B.6a)
~ N A~
= Z/dr dr’ 1 (r) [Zuaa/(r — R, 7" — R) | Y (r) (B.6b)
a,o! i=1

instead. In order to consider extended effects around each impurity, the latter formulation in terms
of the individual impurity potentials u(r, ') is a better starting point since it allows to express the

'The disorder is homogeneous in the sense that Wao/ (1) = Waa Zf\;l d(r — R;) where R; are the positions of N
randomly distributed impurities.
2This simplification is, for example, applicable to the family of iron-based superconductors.
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B.2 Application: iCDW impurities in iron-based superconductors

correlator in terms of the individual impurity potentials,

N
Falaﬁ,a2a2(rlvrlvr2vr2 <ZUO¢ 061’ - Rivr,l Zuazaz - ijTJZ - Rj)> (B7)
J=1 dis
N
Z < Uq 0‘1 - R;, rll - Ri)uOéQO/Q (TQ - R;, T/Q - RZ)>d
i—1 1S
+;< vy = Rith = Ri)ug,oy(ry— Rpmy —Ry)) . (B)
i#]

where the first term contains all contributions from two scattering events at the same impurity whereas
the second term contains only contributions from unrelated scattering events off different impurities.
The latter contribution can be absorbed into a shift of the chemical potential, and we end up with the
following generalization of the disorder correlator in momentum space

N
_ i(k,—k"+ko—kb) R;
Lok} (@) k) (agka) (ah k) = Z<e( kR “(a1k1><a’1ka>u(azkg)(ag%)>dis (B.9)
=1

= Nimpl(a, k) (o k) Uayky)(agky) (2T) (k) + Ky — K — Ky + K),  (B.10)

implying that the impurity line can be expressed in terms of the matrix elements u(qg)qx) of the
contribution of a single impurity at R = 0.

B.2 Application: iCDW impurities in iron-based superconductors

This section provides details for the discussion of scattering on a specific type of orbital-magnetic impu-
rities, resulting from nucleation of iCDW order around nonmagnetic impurities in FeSCs, as discussed
in Sec. 2.3.2.

In momentum space, the matrix element of an iCDW impurity at R = 0 is given by

I&E)(WA%’) 1Uo Z ol(k—K+Q)-R: (831 82 — Bx2831) - (B.11)

Hence the impurity line amounts to

ricowW (k) = ~MimpUg Y el T QAT Ry IR (B.12)

(Alkl)(A/lkll)7(>\2k2) 1Al’
s,s’
where momentum conservation following from (27)28(k; + ky — k) — kb + K) is implied and we
introduced

~1 for)\l_)\’yé)\z_

iCDW
% o,y = (82,1832 = 82,283 1) (00,1002 = Bx,00x1) = { +1 for Ay =X # Xy =X, (B.13)
0 otherwise.
Therefore, only the interband scattering processes FI)\C/\D)\VX and Fl/\(iDX are associated with finite scattering

rates.
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B Disorder in multi-band systems

We are primarily interested in the phase of I'1212 = I'12¢'?, but start by noting that the imaginary
part of the impurity line of any scattering process generated by an iCDW impurity vanishes generically
in a lattice preserving inversion symmetry since

o 2 <iCDW i(ky — K, +Q)-Rs+i(ky—k)+Q)-R,/
I L5 k) (k) (ko) (Mgh) = ~TimpUg 83 X, v, T [Ze t 2 ]
5,8’
= —NimpU§ 51}513%2/\'2 Zsin ((kl — Kk +Q) R+ (ky — k) +Q) - Rs’)
8,8’
=0 (B.14)

due to the antisymmetry of the sine function.

Keeping in mind that a global prefactor of —1 corresponds to a phase of ¢ = 7, we evaluate the
impurity line I'12 12 for an inversion-symmetric lattice as it is appropriate for the FeSCs. As discussed
in App. B.1.1, the momentum dependence within the bands can be neglected. Finally, by assuming
that the impurity effects can be restricted to nearest neighbors, we obtain

2 <iCDW
12,12 = —NimpUp 813,12 Z 1 Z 1
sENNRp—o $'€éNNgr_g
2 n72 2872 i
= —nimpUy NN = nimpUg Nane'™ (B.15)

where we denote the number of nearest neighbors by Nnn.

B.3 Application: patch approximation for LAO/STO

In this section, we briefly comment on how the patch approximation for the Fermi surface of the
LAQO/STO interface [48] can be exploited to study impurity scattering in these systems. A detailed
presentation can be found in our original publication [150], and here we briefly summarize the main
results.
Ref. 150 identified two symmetry constraints for the disorder correlator. Firstly, the disorder corre-
lator should transform trivially under each operation g of the point group, implying the constraint
T, ot oo = (Ro(@)aran (R (@)aseTh a1 .50 (R1D)ager R Dage s (B.16)

2

where Ry (g) is the representation of g on wave functions. Secondly, the transformation behavior with
respect to time reversal © = TK is of interest since magnetic and nonmagnetic disorder is expected to
have different effects. Nonmagnetic (i.e., symmetric w.r.t. time reversal, ¢ = 1) and magnetic (i.e.,

antisymmetric w.r. t. time reversal, ¢ = —1) disorder realizations are characterized by the condition
/ o - / —1 -
Fala/l’a2a2/—0'7—0110111—‘&/15[170[20/2(7’ )alla/l' (Bl?)

In Ref. 150, these symmetry constraints were used to construct the most general disorder vertex for
nonmagnetic and magnetic impurities, respectively. For that purpose, the expansion

Fala’l,aQa'Q = Z CMM’ (wu)aloc’l (wu’)aQO/Q (B18)
o

in terms of Hermitian matrices {w,} was considered, where the expansion coefficients C' are real and
symmetric, C = C* = CT as a consequence of the Hermiticity of each disorder realization W. A
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B.3 Application: patch approximation for LAO/STO

convenient choice for the set of Hermitian matrices that forms the basis are the tensor products of
Pauli matrices o; and 7; (i € {0,1,2,3}) in spin and orbital space, respectively. This results in the
expressions (3.12) as well as (3.19) and (3.20) for the most general disorder vertices for nonmagnetic
and magnetic impurities, respectively.

In order to express these disorder correlators in the patch approximation, we use the four eigen-
states ¢q k of the noninteracting part of the Hamiltonian h(k) and introduce the operators

Yok = (Ppr)afoe  and 9= Fl (650 (B.19)

After transforming the disorder correlator to the new basis, we can exploit the patch approximation:
As the wave functions ¢,k are approximately constant in the respective patches of the Fermi surface
introduced in Fig. 3.1 (c), we assume perfect spin and orbital polarization of each patch and make the
substitution ¢n k — ¢(x ) and fmk — f()\7m)7k. Here, X labels the two sheets of the Fermi surface,
Jj €{1,2,3,4} refers to the patches of the Fermi surface, and n € {+, —} specifies whether k; + ko > 0
or k1 + ko < 0, respectively. Note that, from now on, whenever referring to the patch notation, we
denote the momentum deviation from the center of the respective patch by k rather than the absolute
momentum. Using the multi-index notation 7 = (A, j, n), the disorder correlator in patch approximation
is finally given by

PP = Cuw (8], w0, ) (B w0 bry) (B.20)

o

(The approprlate phase convention for the eigenstates that reproduces the results from Ref. 48 is
@qb( Njm) = NP j,—n)-) This results in the tensor I'PA with 16* index combinations. Fortunately, for
the calculatlon of the transition temperature, only certain combinations are important, which can be
summarized into matrices S and V as introduced in Egs. (3.8) and (3.9), respectively. In Sec. C.4, we
provide two examples of such matrices in patch approximation.

99







Appendix C

Pair breaking in multi-orbital
superconductors

Here, we present details on the calculation of the superconducting transition temperature T.. Thereby,
this appendix complements our discussion of the robustness of s™" and s™~ pairing states in the context
of iron-based superconductors (Chap. 2) and the LaAlO3/SrTiO3 interface (Chap. 3). We start with a
discussion of the clean two-band model and then introduce disorder as described in App. B. Details on
the application of the matrix formalism presented here can be found in Sec. C.3, while the application
to the LaAlO3/SrTiOs3 interface is summarized in Sec. C.4.

C.1 Two-band model

We consider a two-band model in the following, where A\ € {1,2} labels the two bands. We assume
superconductivity to result from interband pair hopping, described by the quartic interaction

Sint = Vsc Z /
itk

Here, we artificially split (each pocket of) the Fermi surface into two half spaces, labeled by the branch
index n = + (n = —) for states with k1 + ko > 0 (k1 + k2 < 0) in the case of a quasi-2D Fermi surface.
Furthermore, we could introduce several patches of the Fermi surface and label them with j € {1,...,p}.
This partitioning of the Fermi surface is done such that all states within one patch are characterized
by the same orbital and spin quantum numbers. Furthermore, the states represented by the fermionic
fields 9 j + (k) and 1y ; —(—Fk) should be related by time reversal, that is, they are characterized by
opposite spin. For LAO/STO, the respective partitioning is shown in Fig. 3.1 (c).

In the case of materials like the iron-based superconductors, where the Fermi surface is degenerate
w.r.t. spin, we artificially split the Fermi surface in two parts, labeled by an additional index v. Each of
these parts is assigned a spin quantum number such that again, (\, v, j,+) and (\, v, j, —) are connected
by time reversal. In the end, this would amount to a factor 2 which would be compensated by the
a redefinition of the DOS. Hence, to simplify notation, we may omit the additional index v in the
remainder.

We introduce spinors in branch space as

Toik) = (Drgr k) dryo(-0)  and 0L, = (vage(k) vay (-R)  (C2)

(0154 (01 (—R)n g (K ooy s (W) + G . (€

epj,k’er/
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C Pair breaking in multi-orbital superconductors

in order to rewrite the interaction part of the action as

mt VSC Z /

er, (BT 0) x (3, ()i ay (1) + G| . (©3)

Here, 7o is a Pauli matrix in branch space and the factor % stems from antisymmetrization. We further
introduce the fields

_ 12 Uy ;(k)(i72) W% ;(k)  and by = 52/,@.\Iji’j(k)(_iﬁ)%’j(k) (C.4)

kEP;
- - 0 1 b
Sint = Vac <b1 b2> (1 0) (é) : (C.5)

Since the coupling matrix is not positive definite (for neither Vsc > 0 nor Vgc < 0), we need to
diagonalize the interaction part of the action before performing the decoupling for different channels
separately. This can be done by introducing the fields

and rewrite

\}i(blibg) and by — —(blibg) (C.6)

by =

g

resulting in

Sint = Vso(b+by —b-b_). (C.7)
Finally, this can be decoupled by the following Hubbard-Stratonovich transformations:
elVaclbebe — /D[Ai,Ai} efwlc"AilzﬁiAijLAibi, (C.8)
b 3 — o ib iA
o—Vsolbrbe _ /D[Ai, Ay]e Tl A [*+ibs Ak +iAabe (C.9)

Attractive interaction Let us first assume an attractive interaction Vo < 0 and perform the decou-
pling,

e Sint — /'D[A+ Al e*@\A-s-|2+%(51+52)A++%A+(b1+b2)
x /D[A_,A_]e_Wslc|A|2+\}§(b1_b2)A+\/i§A(b1_b2). (C.10)

Then, the interaction together with the usual noninteracting part Sp (as stated in Eq. (A.1)) can be
brought to the form

($0+Smt) /DA A \Vsc\(lAHQHA )~ 255 kaP KEP Y= gJJl’kk’)\yjl’k/ (C 11)

by introducing the Nambu spinors

- - wT

Uy = (Trg(k) W0 Toyk) WE;()  and W= (€.12)
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C.1 Two-band model

Furthermore, the inverse Nambu Green’s function is introduced as

gj_glf,k,k/ =8, Sk (Gy ' +U)jp (C.13a)
G(ﬁ,j(k) 0 0 0
1 0 —Goq (k) 0 0
ith  Gy' =3 0 1
0 0 0 —G; (k)
A NALHIA
g . (i72) >+12 0 0
1| (—ifp)2tias 0 0 0
md  u= | oaal |- (case)
2 0 0 2 . (i72) =5
0 0 (—ifp) S5 0

Here, the noninteracting Green’s functions G, i ](k) should be understood as matrices in n-space,

[Ga;i,j(k)]nn’ = Sy G&i,j,n(nk) = Oy (Mivn — € jimke)-

Repulsive interaction Analogously, we consider repulsive interaction by assuming Vgc > 0. Then
the factor i is associated with A, rather than with A_. Therefore, the treatment of repulsive interaction
only differs in the expression that we obtain for I/ here,

A NIALHA
_()A . (i) +j§ 0 0
1| (—if) S 0 0 0
U=- . V2 . . RN (C.14)
iAL—A v
0 0 (i) = 0

Effective action As a next step, we integrate out the fermions. Then, the partition function can be
expressed as

z_ /D[z/?,w] o (S0+Sint) _ /D[A’ A] o™ g 18+ HA- )+ Trin(-g~1) (C.15)
= ZO/D[A,A] e Sen(BA) (C.16)

In the last line, we introduced the partition function Zjy of a noninteracting system as
2y = ¢Trin(=G5 ") (C.17)

by using In(—G~!) = In(—=G; ' (1 + Golf)). Furthermore, we introduced the effective action as

. 1

Ser[A, A] = Tacl (AL 2+ [A_*) — Trin(1 + Gold) (C.18)
1 1

~ Tedl (JALP + AP + 5 Tr(GoltGold) . (C.19)
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C Pair breaking in multi-orbital superconductors

Since the transition temperature can be obtained from the quadratic coefficient of a Ginzburg-Landau
: . 2 . .

expansion, we already expanded the In-term according to In(1 + z) = 2 — %~ + O(z®) in the last line.

(Note that Tr(Golf) vanishes.) Using the above definitions, the trace can be evaluated straightforwardly

(QOUQOZ/{) = sgn VSC Z/k > trn Gg 1](k‘)(ifg)GQ;l’j(k)(—ifg)

+ Gz, (k) i72) Gowa () (i) | (| A+ 2 = 1A )
_Ej: /k Lt [ ot (k) 392) Gt ) (i)~

— G () (i72) G (k) (—i72)| (181 A~ +14,A ) (C-20)

— sgn Vs [df) +d| (18412 = 1A-P) =i, — d%,| (Bsa-+AAL). (C21)

The factor % from |A[?/(v/2)? is canceled by the factor 2 resulting from the 4 x 4 matrix structure
here. Furthermore, another factor % from %Tr will be canceled when evaluating tr,. In the last line,
we summarized the prefactors into the expressions dyy, which have a straightforward interpretation in
terms of diagrams, cf. Fig. 2.3 (a). In calculating these expressions, we use that Gy, ;(k) is diagonal in
n-space, [Goxj (k)] = Suy Goonjn(nk) = Sy (Nive, — €xjmak) ", and furthermore

a  n 0, =7
(1T2)7777/(_1T2)77/77 = {1’ Z _ Z/} = 6777]’ . (C22)

We now assume that € j, nk = €5k and furthermore ) j x = € j,—x which allows us to evaluate the
integrals as

o0

1
—22 Gonger (WG () = 23T 3 oy [ dens L (o)

keP; j=1 n=—-o0 TN _U/n A

—zzm[wo( +omr) v (5)] (©21)

where the factor 2 is a result of tr,. Here, in evaluating the momentum integral, we assumed a constant
DOS py ; at the Fermi level in each patch. Furthermore, we introduced the cut-off A which is assumed to
be universal on the F'S. In the remainder, we assume particle-hole symmetry and therefore set py ; = %F
assuming a total DOS of pr per band. Finally, this results in

1 A 2AeY
0 _ 40 _ - ~
BT = 1) =200 [y (5 + 5o ) v (5) | m2mem (B2). (o)
The effective action up to quadratic order can hence be recast as
A A (A A ap(T) ar(T)) [Ay
SeplA, A] = <A+ A_> <a+ 0 o ) la ) (C.26)

implying that the sign of the eigenvalues of this quadratic form determines whether the respective
eigenmode condenses. The coefficients a in this expansion can be expressed in terms of the diagrams d
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C.2 Pair breaking in the two-band model

as
2 1 o o 2 2Ae"
ar+(T) = Vadl + 5 sen Vsc [du(T) + dQQ(T)} = ol + 2sgn(Vsc)pr In < — ) , (C.27a)
21 o o 2 2AeY
a__(T) = Vadl 5 s Vsc [dn(T) +d22(T)} =~ Vool 2sgn(Vsc)pr ln< — ) , (C.27b)
i
a4 (T) = a—y(T) = =3 [}y (T) = d%(T)]| = 0. (C.27¢)

SC transition If the interaction is attractive (Vgc < 0), the coefficient a__ > 0 remains positive for
all temperatures T'. Therefore, the sign-changing s-wave (associated with the order parameter A_,
meaning that Ay = —As) will never condense. Vice versa, for a repulsive interaction (Vo > 0),
the conventional s pairing state associated with A, (i.e., A; = Ay) can never lower the energy.
The respective other mode condenses at Tt o which is determined by the sign change of the respective
coefficients, leading to the BCS expression

B 2Ae” 1

T.o e [Vscler (C.28)

)

™

C.2 Pair breaking in the two-band model

As a next step, we consider the effect of impurities on the quadratic coefficients in order to assess
the role of disorder for the two different pairing states introduced in Sec. C.1. To this end, we add
quenched disorder as introduced in Eqgs. (1.11) and (B.2) to the action in terms of Nambu spinors given
in Eq. (C.11) as

Wi ket g b 0 Wi kes2,jt k! 0
wols 0 Wik k! 0 W k2 k' (C.29)
2 noYn! WZJ,k;l,j’,k, 0 W27j7k§27j/7k/ 0
0 ~Wa ki1 ke 0 —Waj k2.

This means, instead of %Tr(gougou ), we have to calculate

1

<2ﬁ [(Qo‘l +W)U(Gy +W)—1u}>d. : (C.30)
18

Performing the disorder average leaves us with expressions that depend on disorder only via the disorder

correlator T', ool = <I/Ifalo/1 Wa2a/2> as introduced in Eq. (B.3). The resulting contributions to

11 dis
the effective action that survive disorder averaging can be summarized into self energy and vertex

corrections.

Self energy and vertex corrections in self-consistent Born approximation The contributions
that can be summarized into self-energy contributions come from

L Odim) g ) gy dom) = SQgm V) = (C.31)

— |
K .k
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C Pair breaking in multi-orbital superconductors

whereas the vertex corrections are associated with

.k K
— | <

Loumovam camova) = Voum.oam = 1 (C32)

s

Here, we used the multi-index notation 7 = (), 4,7) and denoted the corresponding Kramers part-

ner by 7k = (A, 7,7). This is also discussed in Sec. 2.2.1 for the two-band model of FeSCs, and

in Secs. 3.1.2 and 3.1.3 for the LAO/STO interface. In the evaluation of the quadratic coefficients

in the presence of disorder, we use the same assumptions as in our discussion of the clean model in

Sec. C.1. In the presence of disorder, the Green’s functions of the noninteracting problem are modified
by a finite self energy 3 ;,(nk), resulting in

1
Nivn — Exjmmk — S5 (Nk) .

Gjm(nk) = (C.33)

Employing the self-consistent Born approximation (SCBA) here, we find that the self energy is given
by

E)\7‘77n(77k) = _17T Sgn(nl/n) Z pA/’j/S(Avjvn)v()‘/J/777/) : (C34)
At

Correspondingly, in SCBA, i.e., upon neglecting the crossed contributions suppressed by 1/(kplnp),
vertex corrections can be summarized into a ‘Cooperon ladder’ (see Fig. 2.3 (c) for a diagrammatical
representation) of all allowed scattering processes of Kramers partners, where the respective scattering
processes are summarized in V.

Since we assumed I\, 5, 01}, (Az,jo.m2,),(Asjsms ), (Masjasna) b0 0nly weakly depend on momentum (i.e., only
reflected in band and patch indices), all momentum integrals decouple and it is useful to define

ngn(Vn) = Gaj(k,vn) G (K, vn) (C.35)
k

1 1
J

J Niv, — Exj — Ek,j,n(nk) Nivy, Exj — 2)\7]'777(77]{3)

_ TPF
plval + 75 300 i [Souim. v gy + S gt

(C.37)

At this point, we note that upon setting S,.» = 0, we indeed recover the expression calculated for the
corresponding clean model:

S = ZTZ cxjm(Vn) = 2pF In (if;j) . (C.38)
Jm n

Matrix formalism for the calculation of the coefficients Going back to Eq. (C.30), we can derive
the coefficients a (as defined in Eq. (C.27)) in terms of the diagrams d which correspond to the quartic
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C.2 Pair breaking in the two-band model

coefficients coupling to the order parameter in the two bands, A; and As. As a result, we get

0y s (T) = |V2 + L e Ve (11 (T) + dos(T) + dio(T) + oy (T)] (C.39)
scl 2

0—(T) = i — 5 880 Ve [0 (T) + daa(T) = dia(T) = dar(T)]. (C.30D)
sl 2

a4 (T) = =5 [din(T) = dao(T) + dus(T) — don(T)] (C.39¢)

o\ (T) = _% [0 (T) — doa(T) — dio(T) + dn ()] (C.39q)

Her.e, as a consequence of jche.mterband scattermg process F(Mm)(/\’J’m’),(A_7j,ﬁ)(/\_’,j’7ﬁ’)7 also bz.md—
offdiagonal diagrams can arise in the presence of disorder. The corresponding diagrams are given

by
A N
dan (T) = (C.40)

— 6)\/\/ TZC)\JW l/n —l— TZZ Znﬁ C >\J77) Vn V(A,jﬂ?)()\’,j’,n’)c()\’,j’,n’)(Vn)

nogn g

+ Z Z Z Z 7]77 C(Avjvn) Vn V(Avjvn)(k/lvj”ﬂ]”)C(A”JNJIN) (Vn)V(AIIJ‘N’”N)(A/7j/7n/)C(A/7j/777/)

1 51

noogn NG i
+..., (C.41)

where we used that
(—i70) g (i72) iy = 11 - (C.42)

As a next step, we introduce the nested matrices V and C as

V= (V(M,n)(k’,j’,n’)) and €= <5M’ 8jjt Sy Cz\,j,n(Vn)) (C.43)

to conveniently calculate the diagrams within a matrix formalism. Then, the expressions for the
diagrams can be stated as

(T Tzzzmy [Z (@Y mc} (C.44)
no g i =0 Agm)(N5"5m")
-1
_TZZZW [(]1 V) C](mm( e (C.45)

nogn g,

where the matrix C depends implicitly on temperature via the Matsubara frequency v,. Within this
formalism, the calculation of the diagrams reduces to the evaluation of integrals that can be performed
straightforwardly since the momentum integrals decouple. Apart from that, only multiplication and
inversion of (4p) x (4p) matrices is required. Consequently, the transition temperature can be calculated
rather straightforwardly within this approach, although the numerical costs increase with the number
of patches. The main task is the appropriate partitioning of the Fermi surface and the calculation of
the corresponding scattering rates between different patches.
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C Pair breaking in multi-orbital superconductors

C.3 Application: iron-based superconductors

A straightforward calculation of the diagrams d can be found in Ref. 87. Here, we derive these results
using the matrix formalism presented in Sec. C.2. In the iron-based superconductors, there is no need
to introduce patches. Furthermore, for non-spin-magnetic scattering, S vy = Oy Sy vy and
Vo) = S Vi) (v holds, together with

TPF

= , C.46
|Vn’+7TpF(F,\+F12) ( )

C(A\m) (vn) = ea(vn)

where pr is the DOS at the Fermi level per band. Therefore, we introduce the 2 x 2 matrices
. C1 (Vn) 0 . Pl F126i¢
C= < 0 cz(un)> and V= (Flgei¢ Ty . (C.47)
With these definitions, the diagrams reduce to

dw(T) =T [(11 - cvrlc] " (C.48)

Furthermore, as a consequence of particle-hole symmetry, it holds that di; = doo and dio = dor™.
Finally, the resulting expressions for the diagrams are given by

& 1n (27/:;7> for pple < T,
%: In (ﬁ) for pFF12 >T,

dn(T) = Pl

5 (C.49a)

AZe? 1 prl12
1 _ - P12
. (HT?) Yo (2 Ly i
m2ppl12T

pF i m2pplio f r T
_ PF i 1 prlio Y| 5 €5 or prlle < T,
di2(T) = ~-e [wo <2 + = ) — <2 =\ et (%) for peli > T. (C.49b)

C.4 Application: LAO/STO interface

Here, we make use of the patch approximation for the Fermi surface of the LAO/STO interface, that
is, we introduce patches of the Fermi surface as explained in Chap. 3. In our calculation, we assume
the DOS at the Fermi level to have the same constant value within all of the patches, p; = £, which
corresponds to a total DOS pg per band. The patch approximation results in the two 16 x 16 matrices S
and V. In Sec. B.3, we explained how the corresponding scattering rates entering the self energy and
vertex corrections can be obtained using the patch approximation. Let us give the results for two
exemplary terms here to illustrate how we obtained the results for the transition temperature for
superconductivity in LAO/STO that are discussed in Chap. 3.

Nonmagnetic impurities The most general expression for the disorder correlator that is consistent
with time-reversal symmetry is provided by Eq. (3.12). Here we exemplarily consider nonmagnetic
disorder consistent with the full point group symmetry of the clean system mog, where o; and 7; denote
Pauli matrices in spin and orbital space, respectively. The resulting matrix S entering the self energy
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is given by
1010 0101
0101 1010
1010 0101
0101 1010
1010 0101
0101 1010
1010 0101
I 0101 1010
S=%00 1 01 1010 ’ (€.50)
1010 0101
0101 1010
1010 0101
0101 1010
1010 0101
0101 1010
1010 0101

where all entries not stated explicitly are zero, and thus were omitted for the sake of clarity. Further-
more, from the scattering rates appearing in the vertex corrections, we can build the matrix

1 0 1 0 0 -1 0 -1
0 1 0 1 10 -1 0
1 0 1 0 0 -1 0 -1
o 1 0 1 1 0 -1 0
1 0 1 0 0 -1 0 -1
0 1 o0 1 1 0 -1 0
1 0 1 0 0 -1 0 -1
I 0 1 0 1 1 0 -1 0
V=900 .1 o . 1 0 1 0 (C.51)
1 0 -1 0 0 1 o0 1
0 -1 0 -1 1 0 1 0
1 0 -1 0 0 1 0 1
0 -1 0 -1 1 0 1 0
1 0 -1 0 0 1 0 1
0 -1 0 -1 1 0 1 0
1 0 -1 0 0 1 0 1

Using the matrix formalism presented in Sec. C.2, the expressions for the diagrams and hence the
quadratic coefficients are readily obtained. The treatment of the other contributions to the nonmagnetic
impurity vertex is analogous, and in the end, we obtain

0 0) =)= 25 o () v (£) v (- Y] (o
Ao (T) = dor () = 25 [ (5 + 2oy s (2)]. (C.52b)

Here, we introduced the total scattering rate I' due to nonmagnetic impurities, and we artificially
discriminated intraband and interband scattering rates as introduced in Eq. (3.18) in order to separate
the two contributions.

Magnetic impurities In addition, we considered magnetic impurities. The most general expressions
for the disorder correlator resulting from magnetic order is given by Egs. (3.19) and Eq. (3.20). Here,
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C Pair breaking in multi-orbital superconductors

we use in-plane magnetic impurities associated with mgo; as an example. It results in the two matrices

0101 1010
1010 0101
010 1 1010
1010 0101
10 1 101
0101 1010
1010 0101
I 010 1 1010
S=E|1 o 1 0 0101 (C.53)
010 1 1010
1010 0101
010 1 1010
0101 1010
1010 010 1
010 1 1010
1010 0101
and
0 1 0 1 10 -1 0
1 0 1 0 0 -1 0 -1
0 1 0 1 10 -1 0
1 0 1 0 0 -1 0 -1
10 -1 0 0 1 0 1
0 -1 0 -1 1 0 1 0
1 0 -1 0 0 1 0 1
I 0 -1 0 -1 1 0 1 0
V=%, ¢ 1 o 0o 1 0 1 (C.54)
0 -1 0 -1 1 0 1 0
10 -1 0 0 1 0 1
0 -1 0 -1 1 0 1 0
0 1 0 1 1 0 -1 0
1 0 1 0 0 -1 0 -1
0 1 0 1 1 0 -1 0
1 0 1 0 0 -1 0 -1

In this case, the evaluation of the diagrams results in
PF A 1 PFXintral 1 pF(Xintra + Xinter)r
() = () = 22 o (2 gy (L4 XDy (1 ). ©s5
n(T) = dn(T) = 5 |2 (57 = o (3 + 7 Yozt AT (C.55a)

dia(T) = doy(T) = %F [% (% i %) — g (% . PF(Xintrz; Xinter)r)} ‘ (C.55b)
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Appendix D

Density-wave instabilities

This appendix contains additional information for our discussion of density-wave instabilities in Secs. 5.3.1
and 5.3.2. Furthermore, we provide a brief derivation of the mean-field theory for the double-Q spin-
density wave order discussed in Chap. 4.

We start with the usual noninteracting part

SO = Z/ 'Jja,o(_iyn + 5k:)¢oc,a7 (Dl)

where « is a multi-index comprising momentum and Matsubara frequency as well as others such as
band indices, except for spin which is denoted o and shall be treated separately in the remainder. In
addition, we consider a general SU(2)-invariant quartic interaction

1 _ _
Sint = 5 Z/ ) Wal,01)(ag,0'2),(043,03)(044,0'4)1/}(11701wa2,02wa3,03wa4,04 6(0(1 + a2 —az — 044) . (DQ)
{o;} 1

Due to the anticommutation property of the fermionic operators, the interaction is antisymmetric under
exchange of incoming as well as outgoing indices,

V(al,Ul)(042,02),(a3,03)(044,04) = _V(al,01)(042,02),(014,04)(013,03) = _‘/(02,02)(041,01),(a3,03)(a4,04) . (D.3)

Such an interaction can be decomposed into charge and spin channel using

_ 1/¢ch sp
Viar,01)(02,09),(as03) (aa,04) = Vanan,asas 90104 90205 +Varas as04F 0104 - Tozos - (D.4)

Here o = (01,02, 03), and 0; denotes the Pauli matrices, which are the three generators of SU(2). Let
us note here that the generalization to an SU(N)-invariant interaction is straightforward and involves
the N2 — 1 generators of SU(N), denoted by A!, instead of the Pauli matrices o;. The decoupling
procedure outlined in App. A.1 can now be performed in the charge channel or in the spin channel,
potentially leading to CDW order or SDW order, respectively.

Using the identity

0-0'10'4 . 0-0'20'3 = 2 6010'3 60204 - 60104 6020'3 ) (D5)

the decomposition could alternatively be done in singlet and triplet channel [214],

_ /A S
‘/(01170'1)(06270'2),(0430'3)(01470'4) = Valaz,a3a410102,0304 + Va1a27a3a4T0102,03U4 ) (D-G)
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D Density-wave instabilities

where I gy,0504 = 85104 0903 + 00103 Oouoy 18 symmetric and T4, 6y,0500 = 0104 05003 — Oo103 Oonoy 18
antisymmetric w.r.t. interchanging spin indices. Correspondingly, V2 (VS) are antisymmetric (sym-
metric) w.r. t. the exchange of incoming and outgoing indices. This representation is better suited for
an RG approach and connected to the decomposition in charge and spin channels by

1 1
Ve = S3VA V), Ve = o (VA -VP), (D.7a)

1 1
VA= (v v, VS = SV —3v). (D.7b)

D.1 Two-band model of nested Fermi surface pockets

Let us now turn to a nested two-band model, for example the one developed for iron-based super-
conductors, and consider mean-field theories and fluctuation corrections for the different density-wave
instabilities resulting from nesting. In the remainder, we assume the interactions to depend on momenta

only via the band indices A;, that is V()q,ku,01)(>\2,kz,02),(>\3,k3,03)()\4,k4,04) — V()\l’01)(A2702)7(A3103)(>\4704).

The RG analysis at tree-level shows that only five independent coupling constants survive: ‘/1%,217
‘/'152721, Vls1,227 Vls1,117 and ‘/'252722. Here, we start from the interactions in the charge and spin channel,
and the connection to the couplings used in the RG approach is given in Sec. D.1.3.

D.1.1 Charge-density wave order

The interaction in the charge channel can be written in terms of fermionic operators in the two nested
parts of the Fermi surface labeled by A\ € {1,2} as

ch § : 7 7 Vitae Viaha\ (V1 oo p—gor
Sint = <w1,k,o¢2,k+q,o ¢2,k,0¢1,k+q,o) Vch’ VCH Q,Z_) ’ /7 o ’ ) ’ NE (DS)
o0 kK q 12,12 11,22 2,k" o' Y1k —q,0

where we used the above definitions of the couplings and their symmetry w.r.t. interchanging indices.
Diagonalizing the matrix reveals two possibilities for a charge-density wave,

1 1
Sih == [ beaVioowbey+ ;[ bogVieowd- -y, (D.9)
q q

where we introduced the fields
b:l:,q = Z/ (Qz)l,k,alﬁlk—%q,o + 772)2,k:,cr¢1,k—|—q,cr) (DlO)
= Jk

and the couplings
Vicow = _(V1C£22 + Vlczkflz) and Vicow = V1C1}f22 - V102h,12 (D.11)

in the two CDW channels. Since by, = +bs _, it holds that by (r,7) € R and b := ib_(r,7) € R.
Therefore, the first term can be decoupled by a real scalar field p4(r,7) € R whereas for the second
term, we introduce an effective field p_(r,7) :=ip_(r,7) € R.
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D.1 Two-band model of nested Fermi surface pockets

Effective action Let us assume Vicpw > 0 and Vicpw > 0 such that the interaction can be decoupled
by

°h 1 1ryp - b
e St — @2 fq bi.qVicowbs, —gt+3 fq b—.qVicowb—,—q (D12)
1 1 1l 1 = -~ 7
— /po+ e 2 fq P+.,q vrCDWP+,—q+fq P+.ab+,—q /Dﬁ e 2 fq P=aViopw P—,—q+fq p—.qb—,—q . (D.13)

Let us note here, that in case of a repulsive interaction Vopw < 0, we need to introduce a factor i for
convergence exp[—3 J,balVepwlb—q] = [ Dp exp[—3by|Vepw | tb—g + i [, Pqb—q]. This would result in
an additional minus sign associated with the respective term in the quadratic coefficient, meaning that
this mode could not condense since the quadratic coefficient does not change sign. If, on the other
hand, Vepw > 0, we can proceed by integrating out the fermions as

/'D['L;, ¢] e—(So-&-Sfrf‘t) — /DP+D,5_ e*%fq[er,qurClDWP+,fq+ﬁf,q7vicgw p—,—ql

_ _ T _ o1
X /D[w, 1!}] e ZU’G’ fk_’k/ \Ilkwa'( gCDW;(k,o’)(k’,gl))\Ilk/,o" , (D14)
where we introduced the spinors
\Ilk’,O' = (1][_)1,]4;70_ ’1[)27]970_) and \Ijk/,al = ¢1,k",o” <D15)
¢2,k’,a’
and the corresponding matrix Green’s function
—1 (ivn —€k) Oprr Py + 1P g

o — S0 i~ . ’ D.16
gCDW§(kZ70)(k‘ o) g (p—i—,k—k’/ — 10— kK (lljn + 6’6) 6k‘k’ ( )
= Ogo (1070 Okkr —EkT3 Opkr +P4 h—k/T1L — P k' T2) - (D.17)
Furthermore, we used the nesting condition to introduce e := €1 = —e2%. The corresponding

mean-field action is given by

2 ~2
- P p- -
SV (. 5y = ——+ —Trin(—Ggh), D.18
ME (045 P—) Weenw  2Viepw (—=Gur) ( )
where
gl\_/&; =1ivpTo —ERT3 + P+T1 — P—T2 . (D.lg)

=Gt =U

Note that we omit the index 0 that denotes the mean-field value of the order parameter in the main
text throughout this appendix for the sake of readability.

Transition temperature The corresponding transition temperatures for the two instabilities can be
obtained from the quadratic coefficient in an expansion in terms of the order parameter, cf. the discus-
sion of superconductivity in App. C:

2 ~2
5 5 p i 1
SV (o) = ST (o1 = 0,5 = 0) = (oPr— 4 /=) 4+ - Te(GolGol) (D.20)
2Viecow  2Vicow 2
1 1 2 1 / 1 5
o [ )i (- [ o
(oo~ hzra)? * e~ L a)? (B-21)
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D Density-wave instabilities

Therefore, the transition temperature towards the formation of CDW order is given by

2e7A 1
e 2¢,rVeDW

Tcpw = , (D.22)
and either rCDW or iCDW condenses, depending on which coupling is stronger.'

Mean-field gap equation Furthermore, the respective mean-field gap equation (determining the
value of either py or p_) can be obtained from the saddle-point condition as

0=

d SCDW d ,02
dp OTP[QVCDW
T=0 1
=0, [
p 2Vepw

~ Trln(~Gyh)| = 2] (D.23)

2Vepw B /I; 1/7% -l-é“i + p?
2upA
. m( ”;“ )] : (D.24)

which corresponds to the BCS gap equation when identifying g = 2Vopw, see App. A.2 for details.

Fluctuations Let us now consider the fluctuation corrections to each of these instabilities. The matrix
Green’s functions can be split into mean-field and fluctuation part according to

gr_chw;(k,a)(k/,a/) = Ok’ Ogo/ (WWnTo + P41 — €1,6T3) + 8007 O4 k-1 T1 5 (D.25)
gi_C%)W;(k,o)(k’,o“) = Ok’ Ogo (IWnTo — p—T2 — 51,k7—3) — 50! O kiK' T2 - (D.26)

The fluctuation corrections to the CDW mean-field action are hence given by

1 -1 1 -1
o (SR +SHt ) = = ShF" /DQ ¢ 2 Ja2Pcowial—a — ¢=SNF" o2 JoM(Popwie) (D.27)

where the respective propagators are given by

Dl tr(GrePW rebw + 201" + 2112, D.28

rCDW;q — V CDW / gMF ik+ T1 gMF k-1 ) = Vicbw q q ( )
— iCDW iCDW n a

chqu ViCDW + /ktr(gMF;k+‘2’T2gMF o ”2) — + 2101, + 210, (D.29)

where of course normal and anomalous contribution have to be understood as functions of the respective
order parameter p; or p_ here. Therefore, as conjectured, we find that the fluctuation corrections

dsg?t 1 gy

lead to sizable fluctuation corrections to the ground state energy and thereby alter the mean-field gap
equation for both rCDW and iCDW order. Furthermore, in both cases, these corrections are positive,
thus reducing the size of the gap as compared to its mean-field value, as discussed in Sec. 5.1. This is
indeed consistent with the contribution of the amplitude mode in a neutral superfluid.

'From Eq. (D.20), it is obvious that for repulsive Vepw < 0, the respective mode would not condense: The factor
of i that would be needed for convergence means that we would need to consider Tr[Go(if)Go(iU)] = — Tr[GoldGold]
instead, implying that the quadratic coefficient does not change sign.
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D.1 Two-band model of nested Fermi surface pockets

D.1.2 Spin-density wave order

The decoupling in the spin channel can be performed as a multi-dimensional analogy to the case of
CDW order. We write the interaction in the spin channel as

=X ¥

!/
01,020 O’ kK q

(Vn 22 VlSQpl2> (151 K 0/10-01gzw2 k! q,02> (D.31)

Vizie Vites ) \Yowo 10 oot V1 ke —q,0

/l/]l,k,a'l 0.0'1 o2 w2,k+q,02 1/;2,’670'1 0.0'1 o2 wl,k-ﬁ-q,dg )

where again, we used symmetry properties of the couplings to simplify the expression. Diagonalization
of the matrix leads to two possibilities for SDW instabilities,

Siae = —;/qur,quSow+7—q + % /qb—gViSow—,—m (D.32)
where we introduced the fields
big= Z/k (?El,k,aaaa/%,mq,o’ + &Q,k,aaao’wl,k—&-q,a’) : (D.33)
o
and the couplings
Visow = —(ViToo + Viz1a)  and  Vispw = ViTs — Vio 1o (D.34)

in the two SDW channels. It holds that by, = +by _, and hence by(r,7) € R and b_(r,7) :=
ib_(r,7) € R3, meaning that the first term can be decoupled by introducing M (r,7) € R3 and the
second by introducing M _(r,7) :=iM _(r,7) € R3.

Effective action Again, we assume both Vispw > 0 and Vispw > 0 to be attractive, such that we
can decouple the interaction term by a Hubbard-Stratonovich transformation as

Lo ~
o=SE _ o3 Jy braVispwbi, g3 [ b VisDwb- (D.35)
1 1
- /DM+ e 2 Ja M+,qu+,fq+qu+,qb+,fq
~ _1 \/ 1 \/ \/ I
X/DMe 3 o MoV Momatfg Moab—a (D.36)

where, again, we note that a repulsive coupling would still allow to perform a decoupling, however,
the associated mode never condenses since it leads to an increase of the ground state energy at all
temperatures. As usual, we can integrate out the fermions using

~ _1 1 \/ _ 1 x
/Dd) Yle (St — /DM+DM_6 2 JoM+.q Vespw M+-at M-y M-, ]

X /Dwﬂﬁ] o Tt S Uro (“Gsniy oy i or) Uit 0! (D.37)
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with spinors

\leﬂ_ = (1;1,]6,0' 1;2,](3,0‘) and \I/k’,o’ = /ll)lyk/70'/ (D38)
Yo,k o
and the corresponding matrix Green’s function
gfl — (IVn - Ek:) 6k~k’ 600” M—l—,k—k’ " Og0 + iM—,k—k’ *Ogo! (D 39)
SDW;(k,o)(k',0") M—I—,k—k’ COgol — iM—,k—k’ o (iVn + Ek) Ork 85 ‘

= 13,(00) 00/ T0 Okk' —Ek(00) 00/ T3 Okt +M 4 jtt - TggrTL — M j_r - T2, (D.40)

where, again, we exploited the nesting condition €1y = —e2 . We can choose the coordinate system
such that the mean-field order parameters are aligned with the z-axis, M| = M e, and M_ = M_e,,
simplifying the mean-field part to

gi{% = iVp00Ty — ERO0TS +M+037'1 — M_JgTQ . (D.41)

:gal =U
Ultimately, this results in the mean-field action

M2 M2 .
= —Trin(—Gy ) - D.42
2Vispw  2Vispw (=Gnir) ( )

SE/II%W(M-‘M M )

Transition temperature Again, we can expand the mean-field part of the action to quadratic order

in My and M_,
SDW y SDW - M? M? 1
Sy (Mg, M) = Sy (My = 0, M- = 0) = + 5 Tr(GoldGold) (D.43)
2Vispw  2Vispw 2

_( 1 2/ 1 )M2—|—( 1 2/ 1
~ \2Vispw rV2ter) T 2Vispw K V2t ef

and the sign change of the quadratic coefficient determines the respective transition temperatures

)ME : (D.44)

”
2 Aef VoW | (D.45)

Tspw =

Again, the mode for which the coupling Vgpw is larger is the one that condenses first.
Mean-field gap equation The mean-field gap equation obtained from the saddle-point equation is
given by

oSSR 4o
dM — dM L2Vspw

1 1
— G-y = — e
TrIn( gMF)} 2M{2 2 2/k 2 5% 2} ) (D.46)

which takes the form of the BCS gap equation for ¢ = 4Vgpw. At T = 0, it reduces to

—2ppln (QZ’\ZA) (D.47)

for the nontrivial solution.
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Fluctuations In order to study Gaussian fluctuation corrections to either the rSDW or the iSDW
mean-field gap, we split the respective Green’s function into mean-field and fluctuation part once more,

g&%w;(k,o)(k’,o’) = 8k [1¥n(00) 5070 — €k(00) 00/ T3 + M1(03) 00/ T1] + Myt * O50rT1 (D.48)

giglli)W;(k’,U)(k’,U’) = dpp [iVn(UO)JU’TO - 8k:( )00’7-3 - M, (0-3)00’7_2] - 'rh—,k’—k/ 050/ T2 - (D49)
Furthermore, we note that (my)s is the fluctuating mode longitudinal to the respective mean-field order
parameter, whereas the other two modes, (myg)1 and (my)2, are transverse modes.

The fluctuation corrections to the SDW mean-field action are given by

1 -1
e*(SEI%WJrSﬂsEXV) — e*SE/I]%W /Dm e 2 JamaPspy,qM—a _ e SS{%WG_* Jy 1nd6t(DSDW " ) (D.50)

The corresponding propagator is now of matrix form with elements

- 1 v r

ooy = 7o B+ [ GO 4 (i) G (o5, 051)
— 1 i 1

(DISDW q) = Visbw Oy "‘/ [QNSIR\;CVJF%(UJQ)QQE k—i<‘7]7'2)] (D.52)

The three fluctuating modes, two transverse and one longitudinal, do not couple to each other since
the respective traces vanish exactly. The other traces of interest amount to

2 for i=j€{0,1},
trimmiim] =4 -2 for i=je€{2,3}, (D.53)
0 otherwise ,

2 for i=j7€{0,2},

tr[rimeriTe) = ¢ —2 for i=j € {1,3}, (D.54)
0 otherwise ,
2 for i=7,
trloooiooa;] = {0 otherwisé, (D-55)
2 for i=je{0,3},
trlogoijosz0;) = ¢ =2 for i=je€ {1,2}, (D.56)

0 otherwise .

Eq. (D.56) implies that the fluctuation propagators of the two transverse modes are equal and differ
from the propagator of the longitudinal fluctuations only in the anomalous part. As a result, the inverse
fluctuation propagators can be expressed in terms of

1T, = 41T, — 411 (D.57)
and  TI = 4112 + 4113, (D.58)

where again, normal and anomalous contribution have to be understood as functions of the respective
order parameter M, or M_ here. Finally, the fluctuation propagator for fluctuations around both the
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rSDW mean-field configuration and the iSDW mean-field configuration takes the same form,

VrSDW + HL 0 0
Dr_SlDW;q = 0 VrSlDW + Hé 0 ’ (D-59)
0 0 )
ViS}DW + HqL 0 0
Disbwiy = 0 ety 0 - (D.60)
0 Vispw + HH

The above form makes the connection to phase and amplitude fluctuations in a neutral superconductor
as discussed in Secs. 5.2.1 and A.3 obvious: Longitudinal fluctuations correspond to amplitude fluctu-
ations, whereas transverse fluctuations can be identified with fluctuations of the phase. Finally, the
additional contribution to the action from Gaussian fluctuations reads

1 1
SEPW — /1 det /1 IT+)? 11! D.61
fluct 2 . n e( SDWq) 2 . n[(VSDW + q) (VSDW + q>]7 ( )
resulting in

dHL I

dSpoy 1 ﬁ ik
W2 3 2 +HL + : ik (D.62)

q VSDW Vapw T tla

We know from our discussion of fluctuation corrections to BCS theory, that divergences arise in the
regime 2M < \/w? + (vpqcos0)?2, where we can use 4V51Dw + 115 > I3 and dII2/dM? > dII} /dM? to
make the result more transparent. The corresponding fluctuation corrections to the gap equation then
amounts to

dSSDW 1 2 -1
i ——2/( e <0, (D.63)

4VSDW + Hn
where the factor (2 — 1) is due to the contributions from the two transverse and the one longitudinal
mode which differ in the sign of the anomalous part. In conclusion, the contributions from Gaussian
fluctuations to the SDW mean-field gap cannot be neglected, but in contrast to the case of CDW order,
the correction is negative. Therefore, the fluctuation-corrected value of the gap is larger than its
mean-field value.

D.1.3 RG analysis

Here, we briefly summarize the notation and the results of the one-loop RG analysis presented in
Ref. 41 for the two-band model of iron-based superconductors at perfect nesting. The five couplings
which survive at tree level, Vf;m, V182,217 V181722a V1S1,11a and VQSZQQ, are connected to the notation of
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D.1 Two-band model of nested Fermi surface pockets

Ref. 41 by
% = ‘/182,21 + ‘/1[3,21 ) (D.64a)
% = V1S2,21 - V1A2,21 ) (D~64b)
% = V181,22 ) (D.64c)
% — Vi, (D.64d)
% — 1/232722 _ (D.64e)

Here, the couplings U; flow, and their bare values are denoted by Ui(o).

charge and spin channel can be expressed as

The respective couplings in

Vighe = —1(U1 = 2U3), Vib, =101, (D.65a)
Vigy = 1(2U1 — Us), Viby = —100, (D.65b)
Vitas = 1Us, ViPoy = —1Us, (D.65¢)
Vlclh,ll = %Uzi’ Vfﬁn = —iU4, (D.65d)
Viyas = 3Us VaPoy = —1Us5. (D.65¢)

For perfectly nested bands, Ref. 41 estimated for the bare couplings that the following relations are
satisfied in the two-band model of FeSCs: Ul(o) = UAEO) = US(O) > 0 and UQ(O) = §0)7 and furthermore,

Ul(o) > U3(0). Furthermore, it is convenient to introduce dimensionless coupling constants by u; := prU;.
As the two intraband coupling constants u4 and us are equivalent and not of interest for density-wave
order, we consider uy = us in the remainder. (Moreover, the pure st+ and s™~ SC states in FeSCs
also require uy = us.)

RG equations We considered the generalization of the RG analysis presented in Ref. 41 to the case of
N-component spinors and the corresponding SU(V)-invariant interaction. This results in the following
flow equations for the coupling constants:

du1
T ui +uj, (D.66a)
% = up(2uy — Nug) — (N — 2)ul, (D.66b)
% = 2u3[2u; — (N — D)ug — g, (D.66¢)
dU4

These equations reveal that for N = 2 (as well as for N = 1), certain terms vanish, however, channel
interference is present for arbitrary N in this model.

In Ref. 41, the flow of the coupling constants (as determined by Eq. (D.66)) is analyzed. They
find that repulsive interband pair hopping (u} > 0) leads to competing rSDW, iCDW, and s*~ SC
instabilities, whereas attractive interband pair hopping (ug < 0) leads to competing rCDW, iSDW, and
st+ SC instabilities.
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D.2 Tetragonal magnetic order

In this section, we briefly comment how the decoupling in the spin channel as performed in Sec. D.1.2
can be generalized to a four-band model with two nesting vectors Q; = (7,0) and Q4 = (0, 7). We
start from the quartic interaction in the spin channel which may be written in the form

2
_ V-« A o
St 0) = 205" [ 8181, (D.67)
i=1"49
where we introduced the abbreviations

Sl,q = Z/ <77Zhr,k,aaaa’wex,k‘+q,a’ + &ey,k,aaoa’¢hM,k+q,a’ + G. C~) (D68&)

o0’ k
and S’qu = Z/ (&hnk,aaaa/@bey,lﬂrq,a’ + &ex,k,aaaa’th,k+q,o’ +G. C-) . (D68b)

o0’ k

Here, S’m contains only certain combinations of operators connected by the nesting vector Q,. Then,
in complete analogy, we may decouple the two contributions associated with @, and Q4 by introducing
the two independent order parameters M, and Mo, respectively. Thereby, we can write

/DW Y] g™ (FortSims) — /DM1 DM, e_m YiJyMigMi—q
X /DWM/J] o Lo S Vo (=G0 o) 1) ¥t o7 (D.69)
Here, we introduced the spinors

\T’k,a=<1/;hr,k,a Vex ko Vey ko ZEhM,k,a) (D.70)

in band space (in contrast to superconductivity, where we need Nambu spinors). Here, for the sake of
readability, we only state the mean-field version of the matrix Green’s function, which reads

(iVn - 8hp,k) dsq M- 0,0 M - 054 0
gl\—/[%‘k ot = ﬁl *Ogo’ (iyn - Eex,k:) 600’ ) 0 M2 *Ogo! (D?l)
B 2 Ogg! 0 (U/n - Eey,k> dsq M- 044
0 M2 *Ogg! Ml *Ogg! (iyn - EhM,lc) 600”

The dispersions €y j are given in Eq. (4.5) of the main text. Perfect nesting in the four-band model
is equivalent to the condition e = —enp kb = €y b = €ey,k = —Ehyy k- Lherefore, the matrix Green’s
function in a model of nested FS pockets assumes the same form as the Nambu Green’s function in the
case of superconductivity, however, for a physically different reason.

Coefficients of the clean four-band model Following the usual procedure, we may integrate out
fermions and expand in the order parameters, which immediately results in an expansion of type (4.8),

F(My, Ma) =Y ai| M + ) uij| M| M;|* + 2w(M; - M)*. (D.72)
7 %,
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In the absence of impurities, the coefficients of the four-band model are given by

= e + 2 [ (G )G l0) + G )G ) (D.73a)
wi = [ (GRoan) G2 40) + G al0)GE,, (). (D.730)
wir =1 = [ [(Gr ) + Gy 00)) e l0) Gy 1) (D.73¢)
(G2 kvn) + G2, () ) G (V) Gy (V) = 2Ging (V) Gy () G (V) Gy v) ]

w=4 /k G o (V)G b () G (V) Gy () (D.73d)

Upon neglecting the second hole pocket at the M point, i. e., considering Fpy — oo (implying G, k(vn) =
0), we recover the results of the three-band model as summarized in Eq. (4.10) and previously derived
in Ref. 159, for instance.

Coefficients of the disordered three-band model Disorder can be considered in analogy to su-
perconductivity, as described in Apps. B and C, see also Eq. (C.30). Within the three-band model of
FeSCs introduced in Sec. 4.2, this results in the following expressions for the coefficients:

9= 9;1) - ggl) + 952) - 9(12) (D.74)
T dk 9 2
- _5 En:/ (27r)2 Ghr,k(yn) (Gex,k(yn) - Gey,k(Vn)>
in raT dk 2 2
o th 5 ; [/ (277)2 Ghr,k(yn) (Geka(yn) - Gey,k(Vn))] s (D.75)
u=gl" +oi" + g + " (D.76)

= 3 2 [ Gy o) (Gl + o li)

in raT dk 2
V| [ Gz Ghesn) (G st + Guy () | (0.77)
_ _ inter dk G a a 2
w = 21 = 2I' % Zn: { W hek(Vn)Gex k(Vn) eY’k(yn):| . (D.78)
In evaluating the momentum integrals, we use f % ce = PR ffooo de OQW % .... Furthermore, close

to the limit of perfect nesting, we may expand in the small parameters ¢6,,/(27T") and 6,,/(27T"), which
finally results in the expressions presented and discussed in Chap. 4.
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Appendix E

Calculation of fluctuation corrections

When evaluating fluctuations corrections to mean-field theories, one frequently encounters the following
types of integrals in the inverse fluctuation propagators:

Viv_ +eqe_

I .= — , E.1
= / AR . (=D
vFA AQ
Il := / / 2 2 : 2 2 27 (E.2)
vpA V++E++AO][V_+€_+AU]

vpA ivye_ —iv_e
as well as e i . E3
- /UFA I+ A T A (E:3)

Here, we adopted the notation of Ref. 100 and introduced v+ = v 4+ % and e4 = Eptg =€ + vpd cosh,
where 6 is the angle between internal and external momenta k and g and we linearized the disper-
sion around the Fermi surface. In the remainder, we will work at particle-hole symmetry and hence
assume a constant density of states p(¢) = pp at the Fermi level, which immediately implies that
the integral (E.3) vanishes. The remaining two integrals correspond to the normal and anomalous
contributions as introduced in Sec. 5.2.1.

Since the fluctuation propagators have to be integrated over all frequencies and momenta up to the
cutoff in the evaluation of fluctuation corrections to the mean-field gap equation, a small-g expansion
is not sufficient. However, the angular integration cannot be performed for arbitrary frequency and
momentum. Fortunately, it turns out that the above integrals only depend on frequency and momentum
via the combination

w? + (vpqcos 6)?
2/
This allows us to consider the limits r < 1 and r > 1 separately, and find analytic expressions at least
in these two limits.

In the remainder of this appendix, we exemplarily demonstrate that the anomalous part II7 only

depends on r, and subsequently summarize the results of the integrals previously obtained in the two
regimes 7 < 1 and r > 1 by Refs. 100 and 198.
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E Calculation of fluctuation corrections

E.1 Evaluation of the integrals

We use the anomalous contribution 1Ij that we introduced in our discussion of Gaussian fluctuation
corrections to zero-temperature mean-field gap equations in Chap. 5 as an example on how to rewrite
such integrals using Feynman’s method [215]. That is, we exploit the identity

% - ﬁ (clt B ) b—a / /01 l[az + b(zi —2)|? (E-5)

in order to rewrite the denominator such that it contains only a single factor. For more details, we
refer to Refs. 100 and 198, where these integrals have been evaluated previously. We start from

A2
2 = — d E.6
e pF/OO 27T/UFA EKl/-f—%)2+(€+UF%COSG)2+A3H(V—%)2+(€—UF%COSG)2+A(2]] (E6)

=€4 =V_ =€—

v 1 A2
- e de [ d
pF/ QW/UFA 8/0 Z[(ui+ei+Ag)z+(u Y& 1A (1-2)2

UFA 1 A2
. de / d E.7
’ / /vFA 0 [(Vi—l/z+ 51 2 Ve 42+ + A2 (ET)
—— \_,_/
=2vw =2evpq cosf

As a next step, we complete the square in the denominator,

A2
H3=PF/ / de/ 4 et 2, Grgesd?
oo 2 Jupn S0 12+ 20(22 — 1) + €2 4 25(22 — 1) WAL 4wl [WRICST) | AZ]2

v ! A
= PF % de dz o - w2 2 (vpq cos 0)2 ) 212
—0 —upA 0 2+ + (11— (22— 1)%) + 57— (1 - (22 — 1)?) + A{]

v A2
= — d d 0 ES
pF/_om/_vFA /0 TP HE 4 02(z— 22) + (vrqeos0)2(z — 2%) + A2 (E8)

where we introduced 7 = v+ (22—1)% and € = e+ (22— 1)L§°se. Finally, we can rewrite the integrals
in terms of & and 7,

© Jqu vFA vp A+ (22— 1)”Fqcos <A
/ / ﬁ/ du/ £ 1S / / (E.9)
—o0 27 —vpA vpA+(22—1) quCOSQ —vpA

which results in the expression

I /°° dﬁ/ d~/1d A5 (E.10)
= - (3 z . .
1) 2m Joen o TP E (@ (rgeos0)2)(z — 22) + AP

Therefore, in the limit w < vpA and ¢ < A, the integral I depends on ¢ and w only via the combination
w? + (vpqcos #)?, suggesting to introduce the quantity
Vw? + (vpq cos 0)2

= : E.11
r A (E.11)

Therefore, for convenience, we may evaluate the energy and frequency integral at ¢ = 0 (implying
w = 2Apr). For further evaluation of the frequency integral, we refer to the discussion in the appendix
of Ref. 216, or to Refs. 100 and 198.
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E.2 Summary of the results

For completeness, we summarize the results of the integrals Il and II§ as well as their derivatives
w.r.t. the order parameter in the two limits » < 1 and r > 1. For a derivation, we refer to
Refs. 100 and 198, where also the analytical expressions before performing the angular integration
(which cannot be done for arbitrary values of r) can be found. In Ref. 100, these integrals appear as
prefactors in an expansion of the polarization bubble in terms of Pauli matrices as

Hq:HOT0+H17'1—|—H27’2+H373=H2]l—|—ﬂ37’3, (E12)

where the last equality reflects that II; = 0 = Il5 holds at particle-hole symmetry.

Regime » < 1 In the limit \/w? + (vpgcosf)? < 2Ag, the normal and anomalous contribution to
the fluctuation propagator are given by

1 pr 2 / 2 dily — pp
- e === — —_— = =, E.13
a_ PR 1 2 dlly — pp 9
“q—z‘gpF/Q“ Az ~3a2 )y (E-13b)

where fQ ... denotes the remaining angular integration over 6. Here, we also stated next-to-leading
order corrections for IIj and II} since the leading-order term cancels in (D;l)gg. The results for the
leading-order terms in the inverse fluctuation propagator are hence given by

- d - PF
(Dq 1)11 = PF, W(Dq 1)11 = W’ (E14a)

0 0

- d - PF
D, 1)gg = 2 (D V)9 = E.14b
(D, )22 PF/QT ; dA(Q)( . )22 242 ( )

Finally, the fluctuations corrections stemming from the regime of small momenta and frequencies are
finite and in fact small by a factor (Ag/vpA)?4=! [100, 198].

Regime r > 1 On the other hand, for 2A¢ < \/w? + (vpgcos@)? (but of course w < vpA and
q < M), the expressions reduce to

Al pp [ 1

1
—+1II = 1 —2 =" = E.15
g T PF/QI””’ dAZ  4A3 Jo 2’ (1 150)
o PF Inr dITg _ PF / (21117" B i) (E.15b)
T2 Jo r2’ dAZ  4A3 Jo \ r? r2/)’ '
Hence in this regime, it holds that
! + II; > 112 d aly < il (E.16)
- an — L —, :
g q 4 dAZ T dAZ
and the corresponding expressions for the inverse fluctuation propagators are
_ d _ PR Inr
DNy = 1 — D, = [ E.17
( q )11 pF/Q nr, dA(Q)( q )11 2A(2) 0 7’2 5 ( a)
_ d _ PR / 1 Inr
D)y = 1 (D )y = L2 (7_7) E.17b
( q )22 pF/Q nr, dA(2)< q )22 2A(2) Q 7"2 712 ( )
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E Calculation of fluctuation corrections

In conclusion, the fluctuation corrections stemming from this regime are also small, but only because
the divergent terms from amplitude and phase fluctuations in the numerator cancel. (Each correction
taken separately is actually ~ In(vpA/Ag) [100].) Furthermore, the analysis of Ref. 198 showed that
the large contributions originate from the regime vpq > w.
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Notation

In the following, we briefly summarize some conventions regarding the notation used throughout this
thesis.

We set kg = 1 and h = 1, where kg denotes the Boltzmann constant and & denotes the reduced
Planck constant.

We use the compact notation k := (iv,, k) and ¢ := (iwy, q) for fermionic and bosonic states,
respectively. Here, v, = (2n 4 1)nT is a fermionic Matsubara frequency whereas w,, = 2n7T is a
bosonic Matsubara frequency.

B = 1/T denotes the inverse temperature of the system.

Furthermore, we abbreviate Matsubara summation and momentum integration as
/ dk:
where in evaluating the diagrams, we often assume a constant density of states at the Fermi level

and use
27 de
(27[_ = PF de PN

Lastly, at T'= 0, the Matsubara summation can be substltuted by a frequency integration

o) © q
TZ E/—oozz

n=—oo

n=—oo

We use the Pauli matrices in their usual definition, together with the identity matrix o9 = 1a:

(10 (o1 (o i (1 0
90=1o 1) *=l10) 27\i of 7 lo -1)-

Throughout this thesis, Pauli matrices o; refer to spin whereas we use the notation 7; for Pauli
matrices in band space, orbital space, etc.

Whenever working with indices that label two different discrete values (for example the band
index A € {1,2} in the two-band model), we use A to denote the ‘opposite’ of \.

In the patch approximation introduced in Chap. 3, we introduce the multi-index 7 = (A, 7,7) and
its Kramers partner 7x = (A, 7,7).

In the context of fluctuation corrections at 7" = 0, we introduced the quantities

-JG&) ()

_ w _ _ q
as well as vy = v+ 3 and ex = Eprd = € £ vpg cost.
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Notation

Furthermore, we compiled an overview of the notation used throughout this thesis which, however,

makes no claim to be complete:

—
(¢}

288w 2 oo

2Z222EE

dimensionality of the system

spin dimensionality

real space coordinate

crystal momenta

spin

band index

fermionic annihilation (creation) operator

dispersion (measured from the chemical potential u)

inverse fermionic matrix propagator

inverse fluctuation propagator

density of states at the Fermi level

Fermi momentum

Fermi velocity

Fermi energy

cut-off

Coulomb energy at the Fermi momentum

plasma frequency

order parameter for SC order

(amplitude fluctuations n; and phase fluctuations 79)

order parameter for SDW order

(fluctuations m: 1 longitudinal component, ds — 1 transverse components)
order parameter for CDW order

(fluctuations p)

transition temperatures for SC, SDW order, and structural transition
(Tt,0 denotes the SC transition temperature of the clean system)
disorder average

impurity concentration

mean free path

localization length

scattering rate (a measure of disorder strength)

critical scattering rate (at which superconductivity is destroyed by impurities)
phase in the interband scattering matrix element, cf. Eq. (2.15)
quadratic coefficient in Ginzburg-Landau expansion

quartic coefficient in Ginzburg-Landau expansion

nematic coupling constant in Ginzburg-Landau expansion
planar coupling constant in Ginzburg-Landau expansion
Fuler-Mascheroni constant

n™ derivative of the digamma function

Riemann zeta function

unitary group

special unitary group

orthogonal group

special orthogonal group
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