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Abstract

Intrinsic contributions to the anomalous Hall conductivity in multiband chiral
superconductors

by Mathew DENYS

The anomalous Hall conductivity is a material property that can quantify time-reversal symmetry
breaking in bulk materials. It is closely related to the polar Kerr effect, which is used as an
experimental probe of such states, including in unconventional superconductors such as SryRuOy,
and UPt3. In such materials there is controversy as to the origin of the effect: is it due to an extrinsic
mechanism such as scattering, or is the underlying mechanism intrinsic to the clean superconductor.
Previous work in single-band models has indicated that an intrinsic contribution to the anomalous
Hall conductivity is vanishing, and much of the theoretical literature has focussed on extrinsic
contributions. However, recent work has shown that an intrinsic contribution is possible in multi-
band superconductors. This thesis builds on previous work to develop an understanding as
to the general conditions under which a two-band Hamiltonian will exhibit an anomalous Hall
conductivity. Our results can be applied to explain experiments in order to gain insight into the
pairing states of various unconventional superconductors. Substantial attention is paid towards

strontium ruthenate as an illustrative model.
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Chapter 1

Introduction

1.1 A brief overview of superconductivity

The phenomenon of superconductivity was first observed in 1911 by Heike Kamerlingh Onnes
when he found that the electrical resistance of a sample of mercury abruptly dropped to zero when
cooled below 4.2K [1]. In the following decades the same behaviour was observed in a variety
of other materials [2], and in 1933 Meissner and Ochsenfeld [3] discovered that superconducting
samples of tin and lead expel magnetic fields. These two phenomena, vanishing electrical resistance
and the expulsion of magnetic fields, are the defining characteristics of a superconducting state.

The microscopic origin of superconductivity remained a mystery for a long time, although
a number of early phenomenological theories were put forward. The most successful of these
were those constructed by Ginzburg and Landau [4] regarding the condensation energy of the
superconducting state transition, and by London and London [5] regarding the expulsion of
magnetic fields. The Ginzburg-Landau theory is still used as the basis of phenomenological
descriptions of superconductivity to this day, in cases when a microscopic theory is impractical.
In 1956 Leon Cooper published a seminal paper outlining a mechanism by which electrons in a
crystal lattice could bind together into energetically favoured pairs [6]. This laid the road to a
comprehensive microscopic theory known as BCS theory [7, 8], named after its creators, Bardeen,
Cooper, and Schrieffer.

1.1.1 BCS theory

BCS theory applies to systems with a Fermi sea of weakly-interacting electrons in their normal
state. Cooper showed that interactions between electrons and phononic excitations of the lattice
could result in an attractive electron—electron interaction, as long as both electrons are within some
particular energy of the Fermi surface [6]. While an attractive interaction in three dimensions
does not lead to a bound state in general [9], the presence of a Fermi sea can be shown to imply
that, no matter how small the attractive interaction, any electrons outside the occupied Fermi
sea will pair together into stable bound states. These are referred to as Cooper pairs, and under
the electron—-phonon mechanism of BCS theory the most energetically favoured pairs are formed
from electrons of opposite momentum and spin. Cooper pairs are bosons, so the ground state of a
superconductor is one in which each pair is in the same lowest-energy state. This phenomenon is
analogous to Bose-Einstein condensation, and results in a highly correlated system [9].

The formation of Cooper pairs destabilises the Fermi surface and results in an energy gap
separating the paired states from those corresponding to free electrons, such that a finite amount
of energy is required to break apart a Cooper pair. This is exemplified in Figure 1.1 A, where a
single electronic energy band is present in the normal state because spin states are degenerate in
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no interband gap

(A) Single band (B) Intraband pairing () Intra- and interband pairing

FIGURE 1.1: The normal state and superconducting state band structures of three one-dimensional toy models.
Solid [dashed] red and blue lines indicate the normal state dispersion of electrons [holes]. Solid grey lines
indicate quasiparticle dispersions in the superconducting state.

the absence of a magnetic field. In the superconducting state the excitations of the system are no
longer electrons themselves, but rather quasiparticles composed of a superposition of electrons and
their antiparticles, holes [9]. The superconducting dispersion arises from the hybridisation of the
normal state electron and hole dispersions.

Due to the highly correlated nature of the BCS ground state, breaking one pair disturbs all other
Cooper pairs, and therefore requires a significantly greater amount of energy than the binding
energy of a single Cooper pair. For this reason it is the opening of the band gap that stabilises
the superconducting state. In the presence of an electric field Cooper pairs may pick up a finite
centre-of-mass momentum. They will no longer occupy their true ground state, but the system is
still highly coherent. As the motion of one electron is correlated to the motion of all other paired
electrons, it cannot easily be scattered into a different momentum state without a significant energy
cost. This explains why electrical resistance drops to zero in the superconducting state.

1.1.2 Unconventional superconductivity

For many of the earliest discovered superconducting materials BCS theory provided accurate
predictions, and seemed to be shaping up as a universally applicable theory. Significant deviations
were first observed in the heavy fermion compounds [10, 11], which exhibited superconductivity
despite localised magnetic moments that BCS theory predicted to be detrimental. In the 1980s
superconductivity was observed in the “cuprates”[12, 13], a series of compounds sharing a copper-
oxide structure. Some cuprates have critical temperatures on the order of 100K, much larger
than was thought possible at the time, and are hence referred to as “high-1.” superconductors.
Collectively, superconducting materials that do not obey BCS theory are said to be unconventional
[14]. Other classes of unconventional superconductors include the heavy fermion superconductors
[15, 16], the iron pnictides [17, 18], and the organic superconductors [19].

The microscopic origin of unconventional superconductivity remains an unsolved problem,
but there has been success in explaining their behaviour using a classification scheme based on
the different ways that electrons can bind into Cooper pairs. As electrons are fermions, one of
the fundamental properties of Cooper pairs is that they must be antisymmetric under exchange of
their constituent electrons. In conventional BCS theory the phonon mediated interaction leads to
pairing states with an s-wave momentum dependence, which is symmetric under particle exchange

[9]. For this reason, the two electrons must be paired in the spin-singlet configuration |1}) — [} 1),
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such that the overall momentum-spin state is antisymmetric under particle exchange. Unconven-
tional superconductors tend to arises from alternative pairing mechanisms, and as a result may
permit the formation of Cooper pairs with different momentum dependences. Higher angular
momentum pairing states (p-, d-, f-wave etc.) may be favoured so as to minimise the close-range
Coulomb repulsion between electrons, and have been proposed to exist in various unconventional
superconductors. For example, the cuprates are believed to be d-wave [20], and the heavy fermion
superconductor UPt3 is thought to have an f-wave state [21, 22].

If momentum and spin are the only degrees of freedom required to describe the Cooper pairs,
fermionic antisymmetry requires that even-momentum states (s-, d-wave etc.) must be spin-
singlet, while odd-momentum states (p-, f-wave etc.) must be spin-triplet (corresponding to the
[T1), [T4) + [41), and ||{) states [23]). However, the electrons in some materials may be further
differentiated by a third degree of freedom, such as the atomic orbital from which they originate
[24-26], or a sublattice, layer, or valley degree of freedom [27-30]. For simplicity, I will always
refer to this degree of freedom as an orbital one. In these systems the fermionic antisymmetry of
the pairing state may be associated with the orbital degree of freedom, allowing for exotic pairing
states. For example, a spin-triplet, s-wave state is allowed, as long as the orbital degree of freedom
is antisymmetric with respect to particle exchange.

Unlike spin, orbital degrees of freedom tend to have non-degenerate states, leading to multiple
energy bands. Further, the spin and orbital degrees of freedom are not typically good quantum
numbers, which is to say that energy band eigenstates are a mixture of multiple orbital-spin states.
The resulting Cooper pairs can be classified as being “intraband” or “interband”, depending
on which bands the electrons involved originate from. Intraband pairing is like conventional
superconductivity in the sense that it opens band gaps across the Fermi surface, as shown for
a two-band toy model in Figure 1.1 B. Interband pairing opens band gaps away from the Fermi
surface, as shown in Figure 1.1 C. While the gap opened by intraband pairing is vital for stabilising
the superconducting state, interband pairing is generally detrimental [31, 32].

1.2 Time-reversal symmetry

Symmetries play a major role in solid state physics, and in understanding unconventional supercon-
ductors in particular because a precise classification of the Cooper pairs is based on the symmetries
that are broken by the superconducting state. These are typically crystal symmetries such as spatial
inversion or rotation about a given axis, but states which break time-reversal symmetry are also
possible. It could be argued that a more appropriate name here would be “motion-reversal”, but at
its core time-reversal is defined by its action of t — —¢. Time-reversal is antiunitary in nature, so is
implemented in quantum theory by the operator ® = UK, where Ur is a unitary operator, and
K is the complex conjugation operator [33]. If time is reversed particles will move in the opposite
direction, and will hence have opposite momentum. Similarly, spin states are reversed, so we have

© k) = |-k), o =N, Ol)=-11, (1.1)

where the factor of —1 in the last equation is due to the general result that ® = —1 for systems
of half-integer spin [33] (a general system must have ®* = +1 as two successive applications of

time-reversal will return us to the same physical state).
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1.2.1 Time-reversal symmetry breaking and the polar Kerr effect

An operator O is said to be symmetric under time-reversal if @0@~! = O, which is equivalent
to saying that ® and O commute. A physical system is symmetric under time-reversal if its
Hamiltonian commutes with ®. Equivalently, it breaks time-reversal symmetry if

OHO! £ H. (1.2)

This phenomenon is usually associated with magnetism, due to the action of time-reversal on spin
states as given in (1.1). A magnetised system has a preferred spin direction, which is reversed
under time-reversal.

Conventional (s-wave, spin-singlet) superconductors are inherently time-reversal symmetric
because s-wave functions are even under the reversal of momentum, and (1.1) shows that the
singlet state |1, 1) — |, T) is symmetric under time-reversal. Unconventional superconductors, on
the other hand, can form pairing states that break time-reversal symmetry [34]. Unfortunately, the
experimental detection of time-reversal symmetry breaking (TRSB) in superconducting materials is
complicated by the expulsion of magnetic fields mentioned in Section 1.1. Any intrinsic magnetic
moment associated with the pairing state is screened such that the magnetic field is vanishing
throughout the sample [35]. Although this screening is reduced at surfaces and defects, the
measurable magnetic moment is weak, so we must resort to indirect probes [35, 36]. Muon spin
relaxation has been developed as an experimental probe of the local magnetic environment of a
material [37], and has detected TRSB in various superconductors [38, 39]. However, it is not always
clear if the resulting signal is a bulk property or a localised effect about a defect. For this reason, it
is desirable to have multiple complimentary experimental probes sensitive to TRSB. The detection
of any magneto-optical effect, i.e. one arising from the interactions between photons and the spins
of electrons, is an unambiguous indicator of TRSB in bulk materials [40]. The polar Kerr effect' is one
such magneto-optical effect in which linearly-polarised, normally-incident light reflected from a
TRSB material is elliptically polarised, and rotated by the Kerr angle [40, 41]

o — —Im{w}, 13)
NpNg —1

where NJ and Ny are the complex indices of refraction of left- and right-circularly polarised light

respectively. We see that a circularly birefringent material, i.e. one with N; # Ny, is required

to exhibit a non-zero Kerr angle, although it should be noted that (1.3) is in fact only valid if the

difference between Nj and Ny is small. This circular birefringence is a result of TRSB [40]. In the

context of superconductors we can use physically motivated approximations in the optical regime

to write [41, 42]
47T oy
Ok = —1 _— 14
K= m{ﬁ(ﬁz—l)}' (14

where w is the frequency of the incident light, o is the antisymmetric part of the conductivity
tensor (referred to as the Hall conductivity, and discussed in detail below), and i is the complex
refractive index of the material in the absence of any magneto-optical effect (i.e. the part of that
does not contribute to the birefringence). The frequency dependence of the refractive index can lead
to significant modulation of the Kerr angle, but (1.4) shows that the polar Kerr effect is observed if
and only if the Hall conductivity is non-zero.

IMore specifically this should be referred to as the magneto-optic polar Kerr effect so as not to be confused with the
electro-optic Kerr effect, a non-linear optical effect in which an electric field affects the refractive index of a material.
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1.2.2 Anomalous Hall conductivity

The current, J, in a material is related to the electric field, E, via |; = O’ijEj, where o is the con-
ductivity tensor, and the Einstein summation convention applies to all repeated indices in this
thesis. The off-diagonal elements of the conductivity can be written in terms of a symmetric and an
antisymmetric tensor. The antisymmetric part is referred to as the Hall conductivity. In the context of
an electromagnetic field propagating along the z axis, the electric field is restricted to the xy-plane,

and we write
Oxy — Oyx
—

It is common to see 0y referred to as the Hall conductivity in the literature, although this is only

oy = (1.5)

consistent with (1.5) in the case that the conductivity tensor has no symmetric part. There are
various underlying mechanisms that could lead to oy, # oy, all of which require TRSB. For
example, an applied magnetic field in the z direction can break time-reversal symmetry by lifting
the degeneracy between spin-up and spin-down states. However, superconductors expel magnetic
fields, so we are interested in the anomalous Hall conductivity, i.e. that which arises in the absence
of an applied magnetic field.

In general, the Hall conductivity is dependent on both the frequency of the incident light and its
wavevector, g. The well known Hall effect [43] arises from the Hall conductivity intheg — 0, w — 0
limit. For normally incident light the wavevector within the xy-plane is essentially zero, so we
take the g — 0 limit in all calculations in this thesis. This is not entirely accurate as any finite-size
incident beam will have an in-plane wavevector, but corrections due to this have been found to
be negligible [42, 44]. Throughout this thesis we will also work in the “linear response regime”,
which is discussed in more detail in Chapter 5. This is equivalent to only considering single-particle
contributions to the Hall conductivity. Higher order “vertex corrections” can contribute, but the
energy scales involved are irrelevant to experimental endeavours [42].

While the breaking of time-reversal symmetry is a necessary condition for oy # 0, it is not
sufficient. For example, the (§ = 0) external electric field only couples to the centre-of-mass
momentum of Cooper pairs [26, 42], so if the TRSB is located in the relative momentum of the paired
electrons there must be some mechanism by which this is coupled to the centre-of-mass coordinate.
In a clean single-band superconductor these two coordinates are independent due to Galilean
invariance [42]. In order to communicate TRSB in the pairing to the centre-of-mass coordinate,
breaking of translation symmetry is required. This can be achieved by introducing impurities to
the crystal lattice, and the resulting scattering can lead to an anomalous Hall conductivity via well
understood mechanisms [34, 45-48]. Alternatively, in multiband superconductors, the relative
and centre-of-mass coordinates are coupled [26], so it is feasible that a mechanism intrinsic to the
clean superconductor can lead to an anomalous Hall conductivity [22, 26, 49-52]. In contrast to
the impurity scattering mechanism, intrinsic contributions to the Hall conductivity are relatively
poorly understood. It was recently proposed that an intrinsic contribution was dependent on the
possibility of constructing a “time-reversal-odd bilinear” from the pairing potential, which was
shown to neatly explain the Hall conductivity in a simple model of the honeycomb lattice [27].
The aim of this thesis is to generalise this result, so as to provide a better understanding as to the
necessary conditions for an anomalous Hall conductivity in an arbitrary system. I take this general
approach with the understanding that any specific results will depend on the details of a given
system, such as the orbitals involved in the pairing. This inherently comes with many options, so I
choose to also focus on a specific system, strontium ruthenate.
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FIGURE 1.2: The Fermi surface of strontium ruthenate consists of three bands, with only minor dispersion in
the out-of-plane axis. (A) has out-of-plane dispersion exaggerated fifteen-fold. Reproduced from [35] and [55].

1.3 Strontium ruthenate?

Strontium ruthenate, Sr,RuQy, is a crystalline solid forming a tetragonal lattice belonging to the
Dy, point symmetry group. It forms the same layered “perovskite” structure found in the undoped
form of Lay_,Ba,CuOy, a high-T, cuprate, which originally inspired investigation of strontium
ruthenate as a superconductor. The normal state of strontium ruthenate behaves like a strongly
two-dimensional Fermi liquid below 50 K [35, 53]; conductivity within the RuO; layers is of three
orders of magnitude greater than the out-of-plane conductivity [53]. Three energy bands cross
the Fermi energy, all of which derive from the Ru 4d orbitals. The “” band arises primarily from
dyy orbitals, while the “a” and “B” bands arise from hybridisation of dy, and d,.. Due to the
highly two-dimensional nature of the normal state, these bands have very little dispersion in the
out-of-plane axis, and form three nearly-cylindrical sheets [35, 54-56], as shown in Figure 1.2.

The superconducting transition in clean samples of strontium ruthenate occurs around 1.5K
[57], as shown in Figure 1.3. The exact critical temperature is strongly sensitive to the presence of
impurities [58, 59], which is a strong indication that the superconductivity is unconventional [60].
The mechanism underlying Cooper pairing is thought to involve magnetic fluctuations, although
phonon interactions may play a role [35, 61-63]. The superconducting state exhibits the same two-
dimensional behaviour as the normal state, in the sense that the supercurrent is largely restricted
to the RuO, plane. Ultrasonic probes of the strain tensor [64, 65] and tunnelling experiments
[66] indicate that the superconducting state has two components. Multi-component states lend
themselves to chiral pairing states, in which the relative phase between the two components winds
as k is moved about a closed path across the Fermi surface. Chiral pairing states are TRSB, and
indeed evidence from both muon spin relaxation [38] and polar Kerr experiments [40, 57] indicate
that the superconducting state in strontium ruthenate breaks time-reversal. The TRSB coincides
with the superconducting transition, as shown in Figure 1.3, and is observed in ultra-clean samples,
indicating that it is likely to be intrinsic to the superconducting state, rather than the material or
impurities respectively. This experimental evidence that strontium ruthenate exhibits an intrinsic
anomalous Hall conductivity is backed up by theoretical work [26, 49, 50] and is the reason

strontium ruthenate was chosen as an illustrative model for this thesis.

2For more discussions regarding strontium ruthenate, the interested reader is referred to the following highly informative
review articles: “The superconductivty of Sr,RuQOy and the physics of spin-triplet pairing” by Mackenzie and Maeno [35],
and “Chiral superconductors” by Kallin and Berlinsky [42].



1.4. Outline 7

-6
R, (10°0)

o 05 1 15 2 25 3
Temperature (K)

FIGURE 1.3: The conductivity (solid line) and Kerr angle (dashed line) of strontium ruthenate. We see that a
non-zero Hall conductivity coincides with the superconducting transition. Reproduced from [57].

1.3.1 An ill-fated model

When I began work on this project the consensus in the literature was that the pairing in strontium
ruthenate was likely to be a spin-triplet chiral p-wave state on the « and  bands [35, 67]. Specifically,
it has been proposed that strontium ruthenate exhibits a “ky + ik,” pairing state, where k, and k;
refer to the two p-wave components, and the chirality arises from the relative phase between these.
This relative phase leads to a phase winding of £27r about the Fermi surface, and breaks time-
reversal symmetry in the relative coordinate. In Chapter 3 I construct a model p-wave Hamiltonian
using the Ru d,; and d; orbitals. I restrict this model to two spatial dimensions, to reflect the
highly two-dimensional nature of the pairing in strontium ruthenate. This is a simplified model as,
for example, it completely neglects the dy orbital, but the hope was that it would be sophisticated
enough to capture the important and relevant behaviour.

One of the core pieces of evidence for this pairing state was measurements of the spin suscepti-
bility of the superconducting state, which indicated spin-triplet pairing [68-70]. However, recent
work revisiting these measurements [71, 72] has cast serious doubt on the proposal of p-wave
pairing in strontium ruthenate. Apart from having a massive impact in the community, this is
unfortunate for us as it implies that our model is not physically justified. However, as strontium
ruthenate was only chosen as an illustrative model, the core results of this thesis should apply

broadly to more general systems anyway.

1.4 OQOutline

We begin in the next chapter with a general discussion of the mean-field theory of superconductivity.
This includes a formal definition of the pairing potential, which describes the pairing state, and
is directly related to the superconducting band gap. I take Section 2.2 to understand how the
Hamiltonian transforms under point symmetry operations and time-reversal within the Bogoliubov
de Gennes formalism. Chapter 3 focusses on constructing our model of strontium ruthenate, and
Chapter 4 examines the stability of the various resulting pairing terms.

In Chapter 5 I derive some general results pertaining to the anomalous Hall conductivity. In
particular, I derive a rather general formula in terms of bilinear products of the pairing potential.
This applies within the high-frequency, small-gap limit, although I discuss its applicability away
from this case. Calculations of the Hall conductivity within our model of strontium ruthenate are

performed in Chapter 6, including application of the results of Chapter 5.






Chapter 2

Mean-field theory of superconductivity

In this chapter we begin our investigation by constructing a general superconducting Hamiltonian.
Nothing in this chapter is particularly specific to strontium ruthenate. Once we have constructed
the Hamiltonian I will dedicate some time to understanding its behaviour under various symmetry
operations. These results are well known, and will be used in the next chapter in order to classify
the terms that appear in our model of strontium ruthenate.

2.1 The superconducting Hamiltonian

We begin by writing the general Hamiltonian H = Hg + Hint, where [23, 73]

At A
Ho = ZHO,k/alﬂlz Ay Ve s (2.1)
k
11 ~t PS PN ~
Hint = N Z Vi g iy i34 A jeoy Uy Ak g UK 0y s (2.2)
kK’

ﬁ:-r and aj are electronic creation and annihilation operators, N is the number of lattice points, the
momentum summation covers the first Brillouin zone, and the Einstein summation convention
applies to the « indices, which encapsulate the spin and any additional degrees of freedom. H is a
single-particle “normal state” Hamiltonian, which can be derived from a tight-binding model in
real-space. On the other hand, the interaction Hamiltonian is a two-particle operator. It describes
the scattering of two opposite-momentum electrons (a Cooper pair) via the interaction potential,
V, the details of which depend on the specific pairing mechanism. The factor of one half at the
front of Hint is to avoid double counting due to the indistinguishably of electrons, so the % Y in
(2.2) should be interpreted as summing over half the Brillouin zone, rather than multiplying each
eigenenergy by half.

The BCS Hamiltonian can be obtained as a limiting case of H by removing the additional
degrees of freedom such that «; encapsulate only spin, requiring the the spin indices in (2.1)
to be the same, and taking a1, a4 =1 and ap, a3 =/ in (2.2). Additionally, BCS theory assumes
the interaction potential is momentum-independent within a fixed energy of the Fermi surface
(determined by the Debye frequency, a property of the crystal lattice), and vanishing outside
this cutoff. In unconventional superconductivity there is much more freedom in the form of the
interaction potential. In particular, the pairing mechanism does not necessarily have an energy
cutoff, so we allow V to be non-zero across the entire Brillouin zone. However, there are still some

physical results that place restrictions on its form. First of all, requiring H be Hermitian implies that

_ *
Vk,k’,awz,wm - Vk’,k,a4a3,a2a1 ’ (2'3)
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which can be seen by taking the conjugate transpose of (2.2), then exchanging a1 <+ a4, a2 <> a3, and
k < k'. Additionally, the creation and annihilation operators obey the fermionic anticommutation
relations {4;,4;} = {ﬁ:f,ﬁ}} = 0. These imply that

Vk,k/,uclzxz,zx3tx4 = _V—k,k’,azal,a3a4 = _Vk,—k/,vclvcz,a4oc3r (2'4)

which is seen from (2.2) by exchanging {—k, a1} <> {k,ax} and {—k', a3} <> {k’, a4} respectively.

2.1.1 The mean-field approximation

As it stands, this Hamiltonian is difficult to solve, in the sense of calculating eigenstates and
eigenvalues. For this reason the standard approach is to perform a mean-field decoupling of the
interaction term, which is achieved by writing

At ot At st &
a*kﬂclakaz = <a7k061ak0(2> + 5’ (25)

ﬁk’pgﬁfk/m; = <ﬁk’a3ﬁfk’1x4> +é€, (26)

where (-) denotes a thermal average. The expectation values in (2.5) and (2.6) are called anomalous
averages because they would be vanishing when taken with respect to a state with a definite
number of electrons. As a highly coherent system, the superconducting state can be written as the
superposition of states with different numbers of Cooper pairs, so we can expect the anomalous
averages to be non-vanishing. The “fluctuation operators”, § and €, describe how the operator
products on the LHS of (2.5) and (2.6) differ from their corresponding anomalous averages. Together,
(2.5) and (2.6) can be used to write the operator product in (2.2) as

01 e Wb Bas Bty = (A7 e A Aty A ay) + (Ao Bkray )0 + (81 oy 8F, Ve + 58
_l’_

~ <a—ka1d£zx2> (Akrasd—kray) + (ks ey )0

where we have used the mean-field approximation by assuming that the fluctuations about the mean-
field are small, and hence the § & product can be safely ignored. While the mean-field approximation
often over-estimates the critical temperature and other details of the transition, it tends to describe
the electronic states in the superconducting phase well. We do not know how to deal with the
fluctuation operators, but we can invert (2.5) and (2.6) to obtain 5= ﬁik alﬁi o~ (ﬁik alﬁz th>’ and
similarly for €, which gives

AT AT oA ~ _/at At A ~ A A AT AT AT At ~ A
aiklxlﬂkazﬂk/a?’afk/a‘l — <a7le] aka2> ﬂk!a?’afk/aél + <ak/a3a7kllx4> a*klxlakﬁéz - <617klxl aka2> <ﬂk/a3ﬂ7k/a4 > .
Substituting this expression into (2.2), we define the mean-field interaction Hamiltonian as

11
MF __ At At A N
Hine = N Z Vie a0 304 <<a—k0¢1aktxz> Ok a3 —Kny
kK

P At At At At N s s
+ (Oray 8 kiay) O ey Ok — (O ey Oy <ak/a3a_k/,x4>). (2.7)

The pairing potential: One of the core features of the mean-field theory of superconductivity is
the pairing potential, which is essentially the expectation value of the annihilation of a Cooper pair,
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and is defined component-wise as [23]
1 PO
Ak,z'j = = N Z Vk,k’,ji,a3a4 <ak’zx3a—k’a4>' (2-8)
kl

The pairing potential can have an overall phase, but this can never be experimentally observed, so
we have freedom over the overall phase of Ay when describing measurable phenomena such as the
Hall conductivity. Additionally, in order to satisfy the fermionic exchange antisymmetry, (2.4), the
pairing potential must satisfy

Aij = =D _gji- (2.9)

2.1.2 The Bogoliubov de Gennes Hamiltonian

If we take the complex conjugate of (2.8), apply (2.3), and relabel indices, we obtain
* 1 At At
Ak,ij = _N ZVk’,k,ﬂ(lﬂ(z/ij<a7k/0é1ak,0(2>' (210)
kl

Substituting (2.8) and (2.10) into the mean-field interaction Hamiltonian (2.7), making use of (2.9),
taking k — —k in the first two terms, and relabelling indices to be consistent, we find

1

MF _ oA . At At At At
Hint ) ; (Ak,oczoqa—kﬂl]akkz + Ak,txltxzakala—kaz + Ak,azal <a—ko¢1 aka2>) . (2.11)

We can also play some tricks on the form of the normal state Hamiltonian. We begin by using the
anticommutation property {af,4;} = d;; to write

1 A A A~ A
Ho =5 Y Hokoaya (a,tmakaz + Gagay — aka2a£a1> , (2.12)
k

where % Yk is to be interpreted as a sum over half the first Brillouin zone, just as in Hjn¢. Then, by

taking k — —k in the last term and applying fermionic anticommutation, we obtain

1 S PN ~ At
HO =3 Z (HO,k,alazakal Ay — HO,*k,ﬂtlﬂ(gukaQa—kal + HO,koclal) . (2'13)

2 k
At this point, keeping track of the indices will be getting under any sane reader’s skin, so it is
the perfect time to introduce some convenient notation. In order to do this, note that the last
term in each of (2.11) and (2.13) corresponds to a constant energy offset, so do not contribute to
the dynamics of the system. It is conventional to neglect them, and to redefine the mean-field

Hamiltonian as

1 At R R R R At
HYE = 2 Z (HO,k,ocmz”ltalakvcz — Ho,— ko, 8- kay aikaz + Alt,txzoqa*k“lak“z + Akz“l“za’tﬂélaik“z)'
k
(2.14)
It is rather straightforward to verify that (2.14) can be written as
1
HMEF — 5 Y YEH Yy, (2.15)
k

where

Hy = <H°"‘ Bk > (2.16)

t T
Ak _HO,fk
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is the Bogoliubov de Gennes (BdG) Hamiltonian, and

T
Y= (a a at at (2.17)
k kayq N ke, —kay e ke .

is the Nambu spinor. Physically, the first n terms in ¥} correspond to the annihilation of electrons,
while the last n correspond to the annihilation of holes. The block diagonal elements of Hy, describe
single-electron and single-hole dynamics respectively.

If desired, we could diagonalise Hy in order to solve for its eigenstates and eigenvalues. I
will not go to the trouble of doing this analytically here, although it is done numerically for some
specific models in later chapters. Instead, to exemplify some core results, I will briefly limit the
discussion to BCS theory, in which case we have [9]

BCS _ (At 4 Ck A ﬁkT
748 _(am a,ki) <A* _§k>< ) (2.18)

At
ate,

where ¢, = €x — H, €x is the normal state dispersion, y is the chemical potential, and A is a

momentum-independent pairing potential. This can be diagonalised to give

Ex O 7
BCS _ ([« . k Kt
H ™ = (viT 'Yfki) ( 0 Ek> (?* u), (2.19)

where 4 and 4 correspond to the creation and annihilation of particle-hole quasiparticles with

Ex =1\/& + AP (2.20)

We see that, no matter the value of §y, there will always be a band gap of 2|A| about E = i, as was

energies determined by

shown in Figure 1.1 A. Note that the phase of the pairing potential does not enter this expression.
In this context the pairing potential is usually referred to as the “gap function”, or just “the gap”. I
will use these terms somewhat interchangeably throughout this thesis. Further, (2.19) indicates that
the many-particle Hamiltonian #H has been reduced to a single-particle Hamiltonian, which was
achieved by the mean-field approximation.

Both of these results can be generalised away from BCS theory and applied to (2.15). From this
point on we deal exclusively with the single-particle problem by working with Hy and A rather
than HMF. Tt is important to note that Hy and A are not operators in Fock space as H is, but rather
matrices of (momentum-dependent) c-numbers; (2.15) is just a convenient shorthand for (2.14), and
the matrix notation used here should not be mistaken as representing many-particle operators.

2.2 Point groups and irreducible representations

At this point I will take a lengthy aside to discuss point symmetries. The concepts introduced
here will be used extensively in Chapter 3 in particular, as a means of classifying terms in the
BdG Hamiltonian. A symmetry operation is any operation that leaves a given object or system un-
changed. We restrict ourselves to spatial symmetries: those which affect the position or orientation
of a system in space. Further, we restrict ourselves to point symmetry operations, which leave at least
one coordinate fixed. These include rotations, reflections, inversion, and rotoinversions. All point
symmetry operations can be implemented in quantum theory by unitary operators.

A point group is a mathematical group (satisfying the axioms of Closure, Associativity, Identity,
and Inverse), the elements of which are point symmetry operations. In crystallography the set
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of relevant point groups is restricted by the condition that they leave an entire periodic lattice
invariant. There are a theoretically infinite number of point groups in three dimensions, but only 32
such crystallographic point groups [74]. To take a concrete example, which will be used extensively
in this thesis due to its application to strontium ruthenate, consider the Dy, point group which
contains the following set of symmetry operations:

{E,ZC4,Cz,Cé,ZCé’,I,ZS;},U'h,ZU'U,ZO'd}, (2.21)

which can be combined via the operation of composition. E is the identity, 2Cy are clockwise and
counter-clockwise % rotations about the z axis, C; is a 7t rotation about the z axis, 2C£ are 7t rotations
about the x and y axes, 2CJ are 7 rotations about the x = y and x = —y axes, Z is inversion, 2S5
are rotoinversions constructed from the 2C4 rotations, oy, is reflection in the z = 0 plane, 20, are
reflections in the x = 0 and y = 0 planes, and 20, are reflections in the x = y and x = —y planes.

Each symmetry in Dy, can be constructed via the composition of three generating symmetries.
The canonical choices are Cy4, C}, and Z (it does not matter which of the C4 and C} operations are
chosen; we take Cy4 to be counter-clockwise, and Cé to be about the x axis), although there are other
possibilities such as {S4, Z, 0, }. We say that a crystal lattice “belongs to Dy;,” if it is invariant under
each of the symmetry operations listed in (2.21), although it is sufficient to show that its unit cell is
invariant under just the generating symmetries. This is the case for strontium ruthenate [35].

Given a group G, we say that the set of functions (or matrices, or whatever object you want to
deal with) {¢;} forms a basis of an irreducible representation (irrep) of G if the application of any
g € G to ¢;, denoted g : ¢;, can be written as a linear combination of the elements of {;} [23]. For
example, the Cartesian functions {x,y} form the basis of an irreducible representation of Dy, since
the generating symmetries of Dy, act on these spatial coordinates as

Ciix=y, Chiy— 1,
Cix=ux, Ch:y=—y,
IT:x=—x, :y=—y.

In the {x, y} basis we can represent these symmetry operations as unitary matrices. For example,

C4i<o 1)/ C§£<1 o)/ Ii<—1 0>‘
10 0 -1 0 -1

The character of this irrep under each of these generating symmetries is defined as the trace of the
respective matrix, i.e.

() R () B e B

These characters uniquely determine the irreducible representation to which {x, y} form a basis
of. If we instead used the basis {x + y, x — y} for example, we would still find v¢, = 0, ve, =0,
and vz = —2, and any other set of functions with the same set of characters belongs to the same
irrep. We label this irrep in particular as E,. Table 2.1 lists all the irreducible representations of
Dy, along with their character under each symmetry operation in Dyj,. This is referred to as the
character table of Dyj,. The character of a given irrep under the identity operation E de facto tells us
the dimension of the irrep, i.e. how many basis elements it has. We see that Dy, has only one- and

two-dimensional irreps. When dealing with one-dimensional irreps the character simply tells us if
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Irrep | E 2C4 Cp 2C, 2C) I 254 20, 205 oy
Alg 1 1 1 1 1 1 1 1 1 1
Ay |1 1 1 -1 -1 1 1 1 -1 -1
By 1 -1 1 1 -1 1 -1 1 1 -1
Bpe |1 41 1 4 1 1 4 1 a4 1
E, |2 0 2 0 0 2 0 2 0 0
Ay |11 1 1 1 a4 a4 a a4
Ay |1 1 1 1 1 1 -1 -1 1 1
B1y 1 -1 1 1 -1 -1 1 -1 -1 1
By, |1 1 1 1 1 -1 1 -1 1 -
E, 2 0o -2 0 0o -2 0 2 0 0

TABLE 2.1: The Dy, character table. Highlighted columns correspond to canonical generating symmetries, as
discussed in the text.

the basis function is even or odd under the given symmetry operation. The meaning behind the
labels for the irreps is ultimately unimportant for our purposes, although it is useful to note that g
and u subscripts refer to the German words “gerade” and “ungerade”, which translate to “even”
and “odd”. These refer to the character of the basis elements under inversion. Table 2.2 lists some
possible bases for various Dy, irreps. Different bases are appropriate in for different applications; I
have presented some simple possibilities chosen from Cartesian products and sinusoidal functions.

2.2.1 Transformation of Hy and A under symmetry operations

With that crash course in symmetry operations and irreducible representations under our belt, we
can apply these ideas to superconductivity. When dealing with the BdG Hamiltonian, a sensible
question to ask is how do point symmetry operations act on Hy and A? Answering this question will
allow us to examine how Hj and A behave under these symmetries within our model of strontium
ruthenate in Chapter 3. Let us begin with the behaviour of HMF under some point symmetry

operation &, which acts on the creation and annihilation operators in ¥, to give
1
SHMES! = 5 Y SY;ST Hy S¥ ST (2.22)
k

In order to understand how the spinor Yy transforms under S, let us first consider how a single
creation operator is transformed. We approach this by considering the action of S on an electronic
state. For simplicity, we will temporarily ignore the “additional” degrees of freedom. These can

Irrep || s p d f Sinusoidal
A || 1 x> +y?+22 Cos X + cosy
Ang
By x? —y? Cos X — cosy
Byg xy sin x siny
Eg {xz,yz}

Ay
Apy z z3 sinz
By xyz
Bau 2(x? — y?)

Ey {x,y} {sinx,siny}

TABLE 2.2: The symmetries of select Cartesian products and sinusoidal functions in Dyj;. The Cartesian
products are differentiated by the angular momentum of their corresponding spherical harmonics.
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easily be reintroduced at the end as a generalisation of the result we will obtain, but for now we
take spin to be the only internal degree of freedom. As an example we can write, quite generally,
the action of S on a spin up state as

S|k, 1) =cip |S: k1) +cxqp [Si k),

where the ¢ coefficients are c-numbers, and S : k denotes the transformation of the wavevector
k under S. To proceed, we write |k,a) = @} [0), where |0) is the vacuum state, which will be
unaffected by S:

Safy [0) = cipr 544 10) + Capy d5g) 10),
o ot ot
S S8 10) = <Ck,TT Ag.gr + Cipl ”s:u) 0),

A o1 At At
St S~ |0) = (Ck,TT Ag.jr + Crpl “s:u) 0).
From this we can conclude that the creation operator ﬁzT is transformed by S as
SﬁltTS = ﬁ:rs:kT + it dTS:ky (2.23)
and, because S is unitary, we also see how the corresponding annihilation operator transforms:
SﬁkTS_l = C’t/TT ds.xt + C;;,N 45k (2.24)

By generalising (2.23) and (2.24) to the corresponding results for spin-down operators, we find that
the action of S on ¥ is given by

LAZT C’t/TT Clt,N 0 0 ﬁS:kT ﬁS:kT

s a 51— kit Chy O 0 sk, | _ (Us O As:k|
&1 "o o 5| N0 Us) |45 |
1 Ckt Ckpl f:—kT S :rS:—kT
a 0 0 e ckil/) \Asiky skl

where Ug is a matrix which describes how the spin degree of freedom changes under S, while
the effect of S on the momentum dependence is being implemented explicitly. Us can easily be
generalised to include additional degrees of freedom. Returning to the transformation of HMF, we

find that we can now write (2.22) as

41 ut o Hy i Iy Us 0
SHMES-1 = ~y gt 7S 0 Y. 2.25
2; Sk\o uf)\at -HL ,)\0o uz) °* (229)

We now play a bit of a trick: instead of associating the Ug terms with the ¥ spinors, we associate
them with the BAG Hamiltonian, such that we can isolate how Hj transforms under S. If we also

relabel the momentum index under the sum as k — S~! : k, we have

1 ut o H, o1 Ac 1. Us 0

MF -1 __ + S 0,S—1:k S—L:k S

SHMES _52 Y . f? T . Y (2.26)
. 0 Uul AL Hy g1y 0 U
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which is to say that S acting on H can be effectively described by

Ho k 8, USH, g1 Us, (2.27)
Ak S UfAg 1, U3 (2.28)

It is worth noting that the wavevector k = (ky, ky, k) transforms just as the Cartesian coordinates
(x,y,z) under point symmetries. In Chapter 3 we will spend some time determining the form of
the Ug matrices within our model of strontium ruthenate, so that we can apply (2.27) and (2.28).

The time-reversal operation

The discussion so far has revolved around a general point symmetry operator S. It is worth briefly
discussing how the result differs for time-reversal. The crucial difference is that time-reversal is
antiunitary. Referring to the discussion in Section 1.2, we remember that it is implemented by
® = UK, where Ur is unitary, and K is the complex conjugation operator. The presence of K
slightly alters the form of (2.27) and (2.28) to give

Hox 2 ULH;_Ur = ULH,Ur, (2.29)
A S Ut Uz, (2.30)
where I have used ® : k = —k from (1.1), and the fact that Hy is real-valued. Just as for point

symmetries, Ut is a unitary matrix.

The transformed pairing potential

Examination of (2.27) and (2.28) show that there is a difference between how Hy and A transform un-
der point symmetry operations. For this reason it is convenient to define Ay, a slightly transformed
version of the pairing potential:

A = AU — Ay = AcUr. (2.31)
This transforms under a point symmetry operation in the same way as Hy:
~ S .
Ak — USAS*I:kUS' (232)

Proof: We begin with the fact that time-reversal commutes with rotations and inversion [75], and
therefore with all point symmetry operations, i.e. S® = ©S (as reflections can be constructed from
a 7t rotation plus inversion). From (2.27) and (2.29) we have

SO
Hoj == USUTH} ¢ 1, UrUs, (2.33)
Hox 2% UBUTH] 51 UsUr. (2.34)

Setting these equal to each other, we conclude that

Urls = u; Ur — UTLI; = UgUr. (2.35)
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Now let us substitute A = AUt into (2.28):
AUy S5 UfAg 1 Upls = UtAg 1, UsUy. (2.36)

Finally, using Ut 5 Ur (which can be seen by setting A = 1 in the above equation), we reach
(2.32) as a conclusion. Note that this result hinges upon the fact that the time-reversal operator is
antiunitary, unlike the point symmetry operations, which is why Ur plays a special role in (2.31).

From its definition we see that the transformed pairing potential has a close connection to the
operation of time-reversal. This will be examined in more detail in Section 3.2.1, once the form of
Ut has been discussed. For now I note that in the BCS Hamiltonian (2.18) we have A = 1, which
physically implies that the pairing involves time-reversed states. As we will see in Section 3.2.1,
this condition can be relaxed for more general pairing states.
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Chapter 3

Modelling strontium ruthenate

In Chapter 2 we constructed the Bogoliubov de Gennes Hamiltonian, (2.15), for a general supercon-
ducting system involving an arbitrary number of internal degrees of freedom. We introduced the
matrices Hy and A, which describe the normal state and superconducting state respectively, and
showed how to act on them with point symmetries and time-reversal. In this chapter we take these
results and apply them to modelling strontium ruthenate, which involves restricting ourselves to
two internal degrees of freedom: the spin state of the electrons, and the orbital from which they
originate. As discussed in Chapter 1, it is thought that Cooper pairing in strontium ruthenate arises
primarily from electrons from the ruthenium dy; and dy; orbitals, so these are the only orbitals
included in our model. In this case the Nambu spinor can be written as

T
— (A P A A At At At At
‘Pk = (akxT aka/ akyT akw akaT akai afkyT afkyi) , (3.1)

where an x (y) index corresponds to dy; (dyz). Hp and A are now 4 x 4 matrices. It is convenient to

decompose them in terms of Pauli matrices in orbital and spin space, 77, and o respectively:

Ho = hyup Na @ 0, (3.2)

Ag

Ak,aﬁ N & 0. (3.3)

In conjunction with the 2 x 2 identity matrix, op = 1,, the Pauli matrices form a spanning basis of
the 2 x 2 matrices, so we have lost no generality.

I begin in Section 3.1 by determining the forms of Us within our model, for each of the Dy,
generating symmetries. The same is done for Ut in Section 3.2. These results will allow us to
explicitly implement (2.27)—(2.30). In Section 3.3 we apply some physical restrictions, as well as
assumptions specific to our model, in order to restrict the terms that appear in (3.2) and (3.3), and
specify forms for the momentum-dependent coefficients /iy o5 and Ay 4. I finish in Section 3.4 with
a discussion of the TRSB chiral pairing states that will be used later in this thesis. The analysis
employed in this chapter is rather standard, so the results are not particularly novel, but should

provide a robust understanding of the resulting model of strontium ruthenate.

3.1 Point symmetries

We can understand how the orbital & spin matrices in (3.2) and (3.3) are affected by the Dy, point
symmetry operations by determining which irreducible representation they belong to. In order to
achieve this we will use our physical understanding of the spin and orbital degrees of freedom to
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Spin Pauli matrix Cy:0; v, Ch o Ve, T:0; vr || Irrep
0o ) +1 o) +1 0o +1 Alg

03 03 +1 —03 —1 03 +1 Azg

{1, 0} {oo,—n} 0| {o, -} 0| {o,;m} 2| Eg

TABLE 3.1: The symmetry classification of the spin Pauli matrices in Dyj,. The irreducible representations are
determined from Table 2.1.

determine the irreps to which each of 77, and 0 matrices belong to respectively. These can then be
combined using a “direct product table”. The behaviour of spin-% under point symmetries is well
known, so we will begin by considering the spin degree of freedom.

3.1.1 Determining the spin irreps

In order to determine which irrep each of the spin Pauli matrices belongs to, we must know the
form of Ués], the spin part of Us, for each of the Dy, generating symmetries, C4, C}, and Z. In the
basis defined by {1, |} these are known to be [76]

i /4
5] (e 0
UC4 - ( 0 e—i?‘[/4> 4 (34)
S 0 —i .
U[Cé] = (i 01> = —ioy, (3.5)
s 1 0
uld = (0 1) — 0. (3.6)

Of these results I note in particular that (3.6) implies that neither |1) nor ||) is affected by inversion:

0 )-)
w3 -

We can now use (2.27), and equivalently (2.32), in order to determine how each of the spin Pauli
matrices in Hy and A transform under the Dy, generating symmetries. As an example, consider
how o3 transforms under Cy:

—in/4 in/4
[s)t 5] (e i 0 1 0 e 0 (1 0\
uC4 U3UC4 - ( 0 oiT/4 0 -1 0 e—in/d)] T\ -1/ s (39)

This is to say that o3 has a character of +1 under C4. As a second example, consider the action of oy
under the same C4 rotation:

—im/4 irt/4 ;
[s]t 5] (e 0 0 1\ ;/s(e 0 (0 =i\
U, mile, = < 0 i) \1 o e 0o i) =i o)< 0. (3.10)

We see that 03 is transformed into oq. It is neither symmetric nor antisymmetric under C4, but
instead ¢y and o form the basis of a two-dimensional irrep.

This process can be repeated for each generating symmetry acting on each spin Pauli matrix,
and the results are collated in Table 3.1. The irreducible representation to which each term belongs
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dxz dyz

FIGURE 3.1: Visualisations of the d.; and dy; orbitals, which are involved in the pairing in our model.
is determined by comparing the characters in Table 3.1 to the Dy; character table, Table 2.1.

3.1.2 Determining the orbital irreps

When it comes to characterising the orbital Pauli matrices, we follow the same process as was just
applied to the spin degree of freedom. However, the Uéo] matrices are not well known, and must
instead be determined specifically for the orbitals included in our model. As shown in Section
2.2.1, the form of Ug arises from how the single-electron states behave under the point symmetry S.
So we can determine the elements of, say, U[CZ] by acting on each of the d.; and dy; orbital states
with C4. These orbitals are shown diagrammatically in Figure 3.1. As spherical harmonics they are

written in terms of Cartesian coordinates as

15 Xz
o=V a2 G0
15 yz
— . 12
dyz 4t x2 +y? 4 22 (12

It is fairly straightforward to use the diagrams in Figure 3.1 to determine how these orbitals
transform under the generating symmetries. For example, C4, a quarter rotation about the z axis,
will take dy; — dy; and dy; — —dx.. This can be verified by acting C4 on the Cartesian coordinates
that appear in (3.11) and (3.12). Under C4 we have x = v,y — —x,and z — z, so

Cy 15 yz B
de =\ e~ G (3.13)
1 —
dyz C_4> 75 - = —dyz, (3.14)

47 (x2 + Y2 +22)

in agreement to what we concluded already. Repeating this analysis for the other two generating

symmetries, we find

C4 ‘dxz> = |dyz>r Cé |dxz> = - ‘dxz>/ I|dxz> = |dxz>/

/ (3.15)
Caldyz) = —|dxz), Caldyz) = |dyz), T|dyz) = |dyz).

We see that these two orbitals form the basis of a two-dimensional irrep, and comparison with
Table 2.1 tells us that this is Eg, as both orbitals are symmetric under inversion. Using the results of
Section 2.2.1, we can use (3.15) to determine the forms of the Ug matrices. Referring back to 2.2.1,

we see that the coefficients given to us by (3.15) technically correspond to Ui[;o]*, but since they are
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Orbital Pauli matrix || C4: 175 ve, | Cj ve, | i vp || Trrep
1o o +1 o +1 | no +1] Agg
12 o A1 - =1 2 +1 | Az
13 -3 —1 o +1 | w3 +1 | Big
n -m 1| —m 1] m  +1] By

TABLE 3.2: The symmetry classification of the orbital Pauli matrices in Dyy,. The irreducible representations
are determined from Table 2.1.

all real-valued this is not a problem. We have

o (0 1} .

UC4 = (_1 0> =11, (3.16)
o) _ (1 0 _

LICé = (0 1) =13, (3.17)
o) _ (-1 0 _

u.’ = = —1p. 3.18
I ( 0 _1> o (3.18)

We can now use these matrices to act on each of the orbital Pauli matrices with each of the
generating symmetries via the matrix multiplication ug"“mug"] ,just as we did for spin. The results
are summarised in Table 3.2, along with the irreducible representation to which each orbital Pauli
matrix must therefore belong to.

3.1.3 Orbital ® spin matrices

Having classified which irreducible representation each of the spin and orbital Pauli matrices
belong to, we are now interested in the classification of each orbital ® spin matrix as a whole. As an
example of how to “combine” functions from different irreps, let us take x> — 2 € By gand 2 € Ay,
(refer to Table 2.2). We can determine the irrep to which their product, (x> — y?)z3, belongs by

applying the Dy, generating symmetries directly to this function, i.e.

Ci (P =) = (F — (~0P)2 = (2~ )7, (3.19)
Gt (2 =) = (2 = (—y)?)(-2)° = —(* = ))2, (3:20)
I:(x? =) = (-2 = ()} (=2’ = (" = y*)Z, (3.21)
which tells us that it has the characters v¢, = v¢; = vz = —1. Referencing Table 2.1 tells us that

(x? — y?)z3 therefore belongs to By,. It turns out that this is true of any product of a function from
Byg with a function from Aj,. We write

Blg ® Ay = A2y ® Blg = Byy.

The results of taking the product of functions belonging to any two irreps are tabulated in a direct
product table, which is given for Dy, in Table 3.3. The product of two functions belonging to 1D
irreps is a single function belonging to a 1D irrep. The product of a function from a 1D irrep with
each of the basis functions belonging to a 2D irrep results in two functions that form the basis of a
2D irrep. Combining functions from two 2D irreps produces four functions belonging to 1D irreps,
although if we take the four possible products between the basis functions of each irrep we will
not necessarily end up with four functions that each belong to a 1D irrep. We may be required to
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Dy | A1y Ape  Big By Eg A A By By E,
Arg | A1y Ape  Big  Bog E, Ay Azy By B Ey

AZg Alg BZg Blg Eg A A By By, Ey

Blg Alg A2g Eg By By A A Ey

By Arg Eq By By Aw  Aw Ey

Eg Alg/ A2g/ Blg/ BZg Ey Ey Ey E, Alu/ Ao, B1u, Boy
A1y Alg A2g Blg B2g Eg
Apy A1y Bye By Eg

By Alg A2g Eg

By, Alg Eg

Ey A1g, Asg, Big, Bog

TABLE 3.3: The direct product table for combining functions from different irreducible representations in Dyj,.

take linear combinations in order to find resulting functions that have a definite character under
each of the generating symmetries. The direct product table tells us which irreps each of these four
functions will belong to, but not necessarily which belongs to which. We usually write, for example,
Eg ® E, = A1, D Az, @ By, & Byy,.

Returning to the orbital ® spin matrices, it is a rather straightforward process to determine
which irreps they belong to. For example, we already know from Tables 3.1 and 3.2 that 03 € Aa,
and 771 € Bpyg. We can then read off Table 3.3 that 771 ® 03 belongs to Byg. As a slightly more
complicated example, we know that 179 € Ay, while {02,072} € E,. Table 3.3 then tells us that the
terms resulting from their products, 170 ® 01 and 179 ® 07, form a basis of an E, irrep. Repeating this
for each possible combination of orbital and spin, I summarise the results in Table 3.4. These apply
to the orbital @ spin parts of the terms that appear in both Hy x and Ay.

3.2 Time-reversal

We now have forms for Us = Uéo] ® Ugs] for each of the Dy, generating symmetries. At this point it
makes sense to also examine the form of Ur, the unitary matrix associated with time-reversal. We
begin by examining the effect of time-reversal on spin states. From (1.1) we have @ |1) = | ), and

Orbital ® spin matrix | Irrep.
1o ® 0o Arg

2 @ 03 Agg

1o ® 03 Apg

112 @ 09 Apg

113 ® 09 By

1 ® o3 Big

13 ® 03 Byg

1 ®0p Byg

{no®@ a1, 1o ® 0} E¢

{meo, peaon} Eg

(@01, 13 @ 0} E,

{n®o, m e} E,

TABLE 3.4: The Dy, irreducible representations to which the orbital ® spin matrices belong, as determined
using Tables 3.1, 3.2, and 3.3.
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® 1)) = —|1). So with respect to the {1, |} basis we have

o 1\ |
ul = (_1 0) — ioy. (3.22)

The orbital part of Ut is even easier to determine, because the d,, and d,; orbitals given in (3.11)
and (3.12) are real-valued functions of spatial coordinates, which are unaffected by time-reversal.

In the {dy;,d,. } basis we must therefore have

10
U? e (0 1) =10, (3.23)

although it is worth noting that this conclusion would not necessarily hold in a different basis. For
example, in the {d; + idyz, dyz — idyz} basis the complex conjugation of time-reversal would lead
to nontrivial behaviour. Putting (3.22) and (3.23) together we obtain

Ur =1 ®ioy, (3.24)

which is unitary, real-valued, and obeys
uz = -1, (3.25)
which is the result of @ = —1 (refer to Section 1.2). Technically (3.25) should read UrUT = —1, as
®0 |[y) = OUr [p)" = UrUyt [p) = —[y) (3.26)

for an arbitrary single-particle state |¢), but this is unimportant because Ur is real-valued. In fact,
with the spin part of U7 fixed, this condition actually requires that Ur as a whole is real-valued,
and therefore (3.25) holds for any two-orbital spin—% system. Finally, it is worth noting that (3.25) in
conjunction with the unitary nature of Ur implies that

Ur = —Uut, (3.27)

which can be seen by multiplying both sides of (3.25) with U*.

3.2.1 Implications for A

At this point we could in theory use (2.29) and (2.30) to characterise how each orbital ® spin part of
Hp and A transforms under time-reversal, although this would not provide us many useful insights.

Instead, now that we have a form of Ur, we can restate (2.30) as
A 2 URA* Ur = —UtATUT,
where the second step utilised (2.9). Substituting in A = AUy from (2.31) gives us
AUy & —ub(Acup)tur = —(ubh)2Atuy = Atur,

where we used (3.25) in the final step. Finally, noting that Ut 5, Ut (which can be seen by setting

A = 1 above), we can conclude that
A S AL (3.28)
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A similar argument also shows that
AL 2 A, (3.29)

We introduced A in Section 2.2.1 because it transformed under point symmetry operations in a
more convenient way than A. However, we now see that it also has the convenient property that A
and At are time-reversed counterparts. This useful result underscores the physical motivation for
introducing A in the first place, and will play a crucial role in Chapter 5.

3.3 Restrictions to the model

In Chapter 2 we derived the general form of the Bogoliubov de Gennes Hamiltonian under the usual
mean-field assumption. Now that we understand how the point symmetries and time-reversal
act in our model of strontium ruthenate, I will enforce some physical constraints on H which will
restrict the allowed forms of Hy and A. In particular I will enforce that

1. H is Hermitian,

2. ‘H obeys the fermionic exchange antisymmetry,

3. Hp has the full symmetry of the lattice (in particular, it is symmetric under spatial inversion),
4. Hy is symmetric under time-reversal, and

5. The dispersion is constant in the z direction, so we can restrict our analysis to the xy-plane.

The first two of these must be obeyed, while the last three are assumptions. It is generally safe to
assume that the normal state of a crystalline solid will satisfy both the third and fourth assumptions,
essentially by definition of the “normal state”. The physical motivation for the final assumption
was discussed in Chapter 1.

3.3.1 General form of H

Let us first consider the allowed form of Hy under these restrictions. We begin by enforcing the
first requirement, which tells us H' = H = H! = H;. Examination of (2.16) shows us that this
in turn requires Hy j to be Hermitian. This is particularly easy to enforce when using (3.2), as the
Pauli matrices themselves are Hermitian and linearly independent, so

Hg,k = HO,k — hz,aﬁ Ny & op = hk,ﬂcﬁ Hy & og- (330)

We can hence conclude that the hy 4 coefficients are real-valued.

The second requirement does not affect Hy, as the matrix elements of Hy only appear in front of
single-particle terms in H, so we can move on to requirement three, that the normal state Hamiltonian
has the full symmetry of the lattice. This is to say that Hy should be invariant under each of the
Dy, point symmetries, which broadly implies that each term in (3.2) must independently belong to
Ay,. Specifically, we require Hg to be symmetric under inversion. From (3.6) and (3.18) we know
that inversion acts trivially on the orbital and spin degrees of freedom in our model, i.e. Uj = 14,
so (2.27) can be written as

Hox & Ho, . (3.31)
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Enforcing Hy as given by (3.2) to be symmetric under inversion simply requires the hy o5 coefficients
to be even functions of momentum:

HO,k = HO,—k — hk,aﬁ = h—k,txﬂ' (3.32)

Using (2.29) we can write requirement four as Hy j = U}Ha‘ _xUr, where we have Ur = 179 ® i
from (3.24). When applying this to (3.2), we find

th,lxﬁ Mo @ 0g = th,ﬂéﬁ 1’];< & (0’7_0';0'2), (3.33)
ap «p

where I have also enforced hy 45 € R and hg 45 = h_g o from the previous arguments. On an initial
examination this may appear unhelpful, as the equality only holds when we sum over all possible
terms. However, we can simplify the problem at hand by tabulating the values of 7; and UQUE o3 for
each value of « and f respectively:

« 0 1 2 3 B0 1 2 3

Ta Mo M —N2 13 0500 0y —01  —0p  —03

This tells us that 7, = 14, and 020302 = F0p, and hence each term in the sum on the right hand
side of (3.33) is equal to the corresponding term on the left hand side up to a factor of —1. As
the Pauli matrices are linearly independent, we can therefore consider each term independently.
Further, we see that there are only six permitted terms that satisfy (3.33), namely {70, 71,773} ® 09

and 17, ® {01, 02, 03}. In summary, the general form of Hy under these conditions is
Hy = hgo 1o ® 0p + h1o M ®op+ h3g 13 ®0p + hyy My ®oy + hyo My ®o0p + hos 12 ® 03, (3.34)

where each of the /1, coefficients is an even function of momentum, and each term belongs to Ay,.
Table 3.4 can be used to tell us which irrep each of the orbital ® spin matrices in (3.34) belongs to.
The direct product table, Table 3.3, tells us that the corresponding momentum-dependent coefficient
must belong to the same irrep such that the product of the “momentum” and the “orbital & spin”
terms belongs to Ay, i.e.

Hp term Momentum irrep | Orbital @ spin irrep
hi00 110 ® 00 Alg Alg
hi01 11 @ 00 Bag Bag
hi03 113 @ 00 Byg Big
{hio1 12 @ 01, Mg o 112 @ 02} Eq E¢
hi3 112 ® 03 Arg Alg

where the Eg terms are combined in such a way as to produce two overall Ajq terms.

We are now at a point where we can enforce assumption five, which restricts our model to two
spatial dimensions, the xy-plane. By doing this we will be able to eliminate some of the terms from
(3.34) by considering the 0, mirror symmetry, which corresponds to reflection in the xy-plane. We
focus on the behaviour of the momentum dependent coefficients, hy 45 under o, so make use of

o+ (ke ky kz) = (kx, ky, —kz). (3.35)

Table 2.1 tells us that each of the 1D irreps has a character of +1 under 0y, and therefore we have
hoo, (ke ky k) = H00, (ke ky,—k2), @nd similarly for hoy, hos, and hp3. This places no restriction on the
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form of these coefficients in the xy-plane. However, let us now consider the Eg irrep, which has a
character of —2 under o3,. This is to say that

hzl,(kx,ky,kz) = _hzl,(kx,ky,sz)/ (3.36)

and similarly for hy. For k; = 0, this tells us that

o1, (ke ey 0) = —H21, (K ) 0) (3.37)

which requires ip; = 0 on the xy-plane. The same conclusion can be drawn for hp,. Since we are
explicitly restricting our model to only this plane, we must exclude these terms from our model
entirely. The final form of Hy involves just four terms:

Ho g = hio0 10 @ 00 + hipz 172 @ 03 + hyzo 173 @ 00 + by 10 111 @ 00, (3.38)
(S S S S S W S N e
A Ay A A Big Byg Bag Bog

which can be shown to have the eigenvalues

Ers = higo = \/h;23 I g+ 1. (3.39)

These correspond to four possible eigenstates of Hy, which implies that Hy has a two-fold degeneracy
at each value of k. The reason for this is addressed in Section 4.1, and is closely related to the
spin-degeneracy discussed in Section 1.1.1.

Specific forms of the coefficients

All we know about the h,4 coefficients that appear in (3.38) is which irreducible representation they
belong to. To give them specific forms, Taylor and Kallin [26] use a simple tight binding model
to give hog + h3p = —2t, cosky — p, hog — h3p = —2t, cosk, — pu, and hyg = 2t. sinky sink,, where
ta, tp, te > 0 are hopping parameters. Assuming the simplest case in which spin-orbital coupling,
described by hy3, is isotropic, we obtain

hi00 = —t1(cos(ky) + cos(ky)) — u, (3.40)
hios = A, (3.41)
hi 30 = —ta(cos(ky) — cos(ky)), (3.42)
hi 10 = 2tz sin(ky) sin(ky ), (3.43)

where t, = (t1 +12)/2, t, = (t —t2)/2, tc = t3, and A is a constant. Although momentum
dependent spin-orbital coupling is possible, it is likely to be very small in strontium ruthenate [77].
It is fairly straightforward to verify that each of these expressions belongs to the correct irreducible
representation (refer to Table 2.2). I choose the energy scale to be used throughout this thesis to
be defined by t; = 1. Local density approximation analyses of the band structure of strontium
ruthenate indicate that y =~ t1, t3 =~ 0.1f1 [78], and A =~ 0.25¢; [79]. Taylor and Kallin take t, = 1,
but I choose t, = 0.8t; to better match experimental results by comparing the Fermi surface as
calculated from our model to that measured in [55] (refer to Figure 1.2 B).

A “spaghetti plot” of the normal state band structure, and the normal state Fermi surface,
as calculated with from (3.39) using (3.40)—(3.43), are presented in Figure 3.2. The two doubly-
degenerate energy bands correspond to the « and 8 bands discussed in Section 1.2.2. The Fermi
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(A) Band structure (inset: high symmetry points in the first Brillouin (B) Fermi surface
zone)

FIGURE 3.2: The normal state energy spectrum of strontium ruthenate within our model. (A) is a “spaghatti
plot” showing the dispersion of the two doubly-degenerate bands between specific high symmetry points (see
inset), while (B) shows the orbital character of the bands at the Fermi surface.

surface in Figure 3.2 B is exact for our model, but corresponds to a 2D slice of the true Fermi surface
in three dimensions (refer to Figure 1.2). The « and 8 bands arise from the hybridisation of the d,
and dy; orbitals, as indicated by the colour scheme in Figure 3.2 B. As mentioned above, I adjusted
the value of t; to achieve agreement with Figure 1.2 B regarding the shape of the  sheet.

3.3.2 General form of A

We now turn to the pairing potential, and see what we can determine about its form by enforcing
the five assumptions from above. As has already been shown, enforcing the first requirement
reduces to H,t = Hj, which places no restriction on the form of A as the pairing part of the BdG
Hamiltonian is Hermitian by construction. The second requirement is that H is antisymmetric

under particle exchange, which was enforced in (2.9), but is restated in matrix form here:
_ _AT
A, = —AZ,. (3.44)
Quite generally, this tells us that the terms that compose A must be of the form

odd k dependence ® orbital-spin matrix that is even under transposition, or (3.45)

even k dependence ® orbital-spin matrix that is odd under transposition.

Using the Pauli matrix decomposition, (3.3), we note that each of the Pauli matrices are even under

transposition, with the exception of 03, which is odd, so (3.45) can be written

odd k dependence @ {{n0, 71,13} ® {00,01,03}, 12 @ 02}, or

(3.46)
even k dependence ® {{1o, 11,13} ®@ 02, 112 ® {09, 01,03} }.
Finally, when written in terms of A, as defined in (2.31), (3.46) becomes
odd k dependence ® {{10, 11,113} ® {01, 02,03}, 12 @ 0, }, or (3.47)

even k dependence @ {{1o, 11,13} @ 00, 12 ® {01, 02,03} }.
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Unlike the normal state, the superconducting state is allowed to break time-reversal and crystal
symmetries such as inversion, so when it comes to the form of A we have no need to enforce the
third and fourth assumptions from above. However, A can still be written as a linear combination
of individual terms belonging to irreducible representations of Dyj. At this point there is a lot
of freedom as to the form of the momentum dependent coefficients, Ay 5. In fact, there are an
unlimited number of possibilities, so I approach this by choosing some simple forms for Ay 4.
When an even function of momentum is needed I take the trivial case A kap = 1, which is s-wave
and belongs to Ajg. When an odd function of momentum is needed I take Ay 45 to be a linear
combination of sin kya and sin k,a, which are p-wave, and form the basis of an E,, irrep. I choose
{sinkya,sink,a} rather than, say, {kx, k,} so that the resulting states will be regularised to a square
lattice with lattice constant a. A square lattice is appropriate when considering the projection of
a tetragonal crystal into two dimensions. For simplicity I will set 2 = 1, essentially defining a
length scale to be used throughout this thesis. These p-wave functions are justified in the context
of constructing a chiral p-wave model of strontium ruthenate, although, as discussed in Section
1.3.1, there is recent experimental evidence against such a pairing state. This is not too much of an
issue since the model we are constructing was only ever meant to be illustrative, and also justifies
keeping the s-wave terms for now. Referring back to (3.47), we see that the form of the terms
composing A are restricted to

{sinky,sink, } @ {{no, 71,113} ® 00, 112 ® {01, 02,03} }, or

(3.48)
1 & {{170/ 171/ 773} & {U]/UZI 03}/ 772 (9 UO}'

In order to determine the resulting irrep of each term we can use the direct product table. This is
rather easy for most terms in (3.48) for which we are taking the product between two 1D irreps,
or a 2D irrep and a 1D irrep. For example, Table 3.4 tells us that 173 ® 0p belongs to Byg, and hence
1 ® 173 ® 0p does as well. Things becomes more complicated when we want to combine two 2D
irreps, i.e. the E;, momentum irrep {sinkya, sink,a} with one of the E, orbital ® spin matrices. As
an example, let us consider {sinky,sink,} ® {17 ® 01, 170 @ 02 }. Table 3.3 tells us

E,® Eg = A1y © A2y & By, © Boy, (3.49)

which is to say that we should expect four resulting terms, and that their irreps will be A1, Ay, B1y,
and By, Let us naively guess that the four terms will be sinky 1779 ® 07, sinky 179 ® 02, sinky, 179 ® 07,
and sin ky, 770 ® 2. Unfortunately (3.49) does not tell us which of these terms belongs to which irrep,
so we must consider the behaviour of each resulting term under the generating symmetries:

A term Cy C} z
sinky 7o ® 01 sinky 170 ® 02 sinky o ® 07 —sinky 179 ® 0y
sinky 7o ® 03 | —sink, 7o ® 01 —sinky o ® o —sinky 170 ® 01
Sil’lky Mo ® 04 —sink, Mo ® 02 —Sil’lky Mo ® 0y —Sil’lky o ® 01
sinky 170 ® 02 sinky 170 ® 01 sinky o ® op  —sinky 19 ® 01

At first glance there seems to be a problem here: we cannot assign a character to any of the
terms under the C4 and C} symmetries. However, we have just been a bit narrow-minded: rather
than dealing with the four terms presented here, we must instead consider linear combinations.
By eye-balling the transformations under the generating symmetries we can determine that the
following terms have definite characters under each of the generating symmetries, and hence we
can determine which irrep they belong to:
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A term Irrep || Momentum | Orbital Spin
1o ® 0 Arg s-wave (e) e singlet (o)
M2 ® 03 Axg s-wave (e) 0 triplet (e)
13 ® 0 Byg s-wave (e) e singlet (o)
71 ® 0y Byg s-wave (e) e singlet (o)
{m@o,m o0} E, s-wave (e) o triplet (e)
sinky 73 ® 01 —sinky 13 @03 | Ay p-wave (0) e triplet (e)
sinky 171 ® 03 + sinky 171 ® 07 A1y p-wave (0) e triplet (e)
sinky 170 @ 01 +sinky, o ® 02 | A1y p-wave (0) e triplet (e)
sinky 73 ® 0 + sinky, 173 ® 0 Ay p-wave (0) e triplet (e)
sinky 71 ® o1 —sinky 11 @0y | Ay p-wave (0) e triplet (e)
sinky 170 ® 0 — sinky 170 ® 07 Ay p-wave (0) e triplet (e)
sinky 173 ® 01 + sinky 173 ® 02 B1y p-wave (0) e triplet (e)
sinky 111 ® 03 —sinky 171 ® 07 B1y p-wave (0) e triplet (e)
sinky 170 ® 01 — sinky 70 ® 02 By p-wave (0) e triplet (e)
sinky 73 ® 03 — sinky 173 ® 0 By, p-wave (0) e triplet (e)
sinky 171 ® 01 + sinky 171 ® 02 By, p-wave (0) e triplet (e)
sinky 170 ® 03 + sinky 170 ® 07 By, p-wave (0) e triplet (e)
{sinky 170 ® 03, sinky 7o ® 03} | Ey p-wave (o) e triplet (e)
{sinky m ® 03, sinky, 71 ® 03} | Ey p-wave (o) e triplet (e)
{sinky 112 ® 00, sinky 17, ® 0} E, p-wave (0) 0 singlet (0)
{sinky 113 ® 03, sink, 733 ® 03} | Ey p-wave (0) e triplet (e)

TABLE 3.5: Once we have restricted the form of the momentum-dependent coefficients, there are 26 pairing
terms in our model. These are listed, along with the irreducible representation to which they belong, and the
exchange symmetry of their momentum, orbital, and spin states.

A term ve, Vg, i | lrrep

sinky 170 ® 01 + sinky 170 ® 02 1 1 -1 Ay,
sinky 170 ® 02 +sinky o ®oy | =1 =1 =1 | By,
sinky 170 ® 01 —sinky o @ o | —1 1 -1 By,

sinky g ® 0y — sinky 1o ® 01 1 -1 =1\ Ay

This process must be repeated for each combination of momentum and matrix terms in (3.48). The
resulting terms, and the irreps they belong to, are presented in Table 3.5. For each term I have also
stated whether the orbital degree of freedom is even or odd under particle exchange (implemented
by matrix transposition), and whether it is spin-singlet or spin-triplet (which correspond to the spin
degree of freedom being odd or even under particle exchange respectively). Note that the s-wave
spin-triplet and p-wave spin-singlet states can only exist because the orbital degree is odd under
particle exchange.

Finally, we want to restrict this model to two spatial dimensions. The momentum dependence
of the even-parity terms was chosen to be 1, which belongs to Ay,. Table 2.1 tells us that Aq¢ terms
have a character of +1 under the oy, reflection, which is unsurprising. Similarly, the odd-parity
terms have E, momentum dependence, and therefore a character of +2 under ¢3,. For this reason,

unlike Hy, we are unable to eliminate any terms from Table 3.5.

3.4 Chiral pairing states

In this thesis I am ultimately interested in superconducting states with a non-zero anomalous Hall
conductivity, which requires TRSB. As shown in Section 2.2.1, time-reversal is broken if A # At
One might think that any of the states listed in Table 3.5 could be TRSB if they had a complex-valued
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amplitude, such as A= Aotjp @ g where Ay € C. However, as discussed in Section 2.1.1, we can
always choose a gauge such that A is real-valued, so this is not the case.

A chiral pairing state is one in which the phase of the pairing potential winds as k moves about
some axis on the Fermi surface of the underlying material [42]. For example, the state

A = Ny(sinky +isinky)no @ 03, (3.50)

constructed as a complex superposition of terms from the first E,, irrep in Table 3.5 undergoes
a phase winding of 27t as we move in a loop about z axis. It breaks time-reversal symmetry no
matter the phase of A, since At = Aj(sinky; — isinky)no @ 03. Before we continue, it is worth
considering why a superconductor would even be chiral in the first place. Ultimately this comes
down to a question of energy minimisation. The free energy of a superconducting state is given
by Ginzburg-Landau theory, and is generically dependent on ~ |Aj |2, averaged over the Fermi
Surface [42]. This is why the opening of a band gap is essential for stabilising the superconducting
state, as discussed in Section 1.1.1. Unconventional superconductors tend to develop momentum-
dependent “nodes” in the gap. As an example, consider the fist Ay, state in Table 3.5, which
vanishes at k = 0, (0, ), (77,0), and (7, 7r). These are called point nodes. Nodal structure in the
pairing potential is generally bad for superconductivity as it reduces the average gap magnitude.
However, if two pairing states, say Aj and A, happen to be degenerate it is possible to form the
pairing state aA; + bA; as a linear superposition. Without going into the details, Ginzburg-Landau
theory tells us that the free energy is always minimised by taking (a,b) to have one of the following
forms [23]: (Ag,0), (0,A0), (Ao, £Ap), or (Ag, £iAg), which limits the possible relative phase and
magnitude of the two terms. The last of these, corresponding to a chiral state, maximises the gap
magnitude over the Brillouin zone, and so will often be preferred from an energy minimisation
point of view. A more precise analysis as to the preferred pairing state requires the microscopic
details of a given system, but I am only trying to motivate why a chiral state might be favoured, as
we already know they occur in strontium ruthenate (refer to Section 1.3).

3.4.1 Chiral states within 2D irreps

The easiest way to find degenerate pairing potentials is if they belong to the same two-dimensional
irrep: if the symmetries of the crystal allow two states to be transformed into each other they must
have the same energy. Further, a chiral state is the most natural way for a two-dimensional irrep to
break time-reversal. As an example, consider the first of the E, irreps from Table 3.5. A pairing
state belonging to this irrep can be written completely generally as

A = Aoy sinkyijg ® 03 4 Ay sinkyijo ® 03, (3.51)

where Ag and Ag are complex numbers. Currently there is complete freedom over the phase
and magnitude of both Ag, and Ag,, but the Ginzburg-Landau argument from above reduces
the possibilities. In particular, I choose the (Aqx, Agy) = (Ao, £iAg) chiral state. The + cases are
degenerate, so I choose the + case, and we end up with (3.50). The other choice corresponds to the
opposite chirality, which is to say the phase winds in the opposite direction. In terms of the polar
Kerr effect the only difference would be that the reflected light would be rotated in the opposite
direction. The exact same argument applies to pairing states constructed from all four of the E,
irreps. We can write a general E,, pairing state as

A = D110 © 03 + A 11171 @ 03 + A oatja @ 09 + Ag 31773 © 03, (3.52)
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where
Ako1 = Do (sinky +isinky), (3.53)
A1 = Ao (sinky +isinky), (3.54)
Ak = Do (sinky +isinky), (3.55)
Ay31 = Dog1(sinky —isinky). (3.56)

Note that once I chose the sinky + isink, form for Agy, the chirality of the other three terms was
fixed by requiring that all four terms transform in exactly the same way under the Dy, symmetries.
The chirality of A g1 and Ay »; is opposite that of Ay 17 and Aj 31. There is still freedom over the
relative magnitude and phase of all four terms, although this will be addressed in Chapter 6.

As well as the E,, irreps, Table 3.5 also includes one Eg irrep. Although it has trivial momentum
dependence in the orbital-spin basis, it may have some explicit nontrivial momentum dependence

when projected into a different basis. For this reason, a pairing state of the form

A=A (772 ®Rop+im ® 0'2) (3.57)

can be chiral. This state will be readdressed in the next chapter.

3.4.2 Chiral superpositions of 1D irreps

Although superconducting states belonging to the same multi-dimensional irrep are required to be
degenerate, it is possible that any two states happen to be close enough in energy to form a chiral
state [36]. These mixed-irrep states tend to be more likely in systems with some externally tunable
parameter that affects the relative energy of the respective pairing states, and have been proposed
in materials such as UTe; [80, 81], U;_,ThyBey3 [82], and even strontium ruthenate [83, 84]. It is
conceivable that the pairing state in strontium ruthenate is formed as a chiral superposition of say
the first Ay, and the first A,, terms in Table 3.5, i.e.

Ay = (sinky +isinky )3 ® 07 + (isinkx — sinky, )y ® 0. (3.58)

States of this form will be revisited in Chapter 6. Pairing states involving terms from, say, two
different Ay, irreps are also plausible, but would not be chiral, so are irrelevant for our purposes.

Summary

This chapter has developed a simple two-orbital model of superconductivity in strontium ruthenate
by utilising physical arguments to determine which terms can appear in the Hy and A matrices.
Simple, physically motivated momentum dependences were chosen for each term. By restricting
the model to two dimensions we found four terms to be permitted in the normal state, along with
26 pairing terms. The possibility of chiral pairing states was examined due to their relevance to the
anomalous Hall effect, and these will be further considered in the following chapters.
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Chapter 4

Stability of the superconducting state

So far we have constructed a simple two-orbital model of superconductivity in strontium ruthenate,
which includes the 26 pairing terms listed in Table 3.5. A general pairing state within this model
could involve an arbitrary superposition of these terms, although experimental and theoretical
results have motivated us to only consider chiral pairing states, which can be constructed as a
complex superposition of two terms. However, an arbitrary chiral state will not necessarily exhibit
an anomalous Hall conductivity, or even form a stable pairing state. The conditions that lead to
a non-zero Hall conductivity are considered in the next chapter, while the stability of the various
terms in Table 3.5 are the focus of this chapter.

Referring to Figure 1.1, and the related discussion in Section 1.1.2, we recall that a band gap
can be opened either at the Fermi surface, corresponding to the pairing of electrons from the same
normal state energy band, or away from the Fermi surface, corresponding to the pairing of electrons
from different bands. The resulting pairing is said to be intra- or interband respectively, and a
general superconducting state can involve both. Within the “weak-coupling” approximation, the
opening of a band gap across the Fermi surface is essential for stabilising the superconducting state
[32, 73] as it leads to a finite energy gap between the occupied and unoccupied states. A weak-
coupling approach is justified in the case that the pairing potential is of a much smaller energy scale
that the normal state parameters, or equivalently, when the critical temperature is much smaller
than the Fermi temperature, which is the case for strontium ruthenate (kpT; ~ 1.2 x 10~%eV [57]
and er ~ 0.4eV [26, 78]). A superconducting state with less intraband pairing will have a lower
critical temperature, and ultimately the absence of intraband pairing implies that there will not be
a transition to a superconducting state at all. On the other hand, interband pairing is generally
considered to be detrimental to the formation of a superconducting state as it competes with the
intraband pairing [31, 32].

In this section I will examine the presence of intra- and interband pairing in the terms included
in our model. Unfortunately, the orbital-spin basis used to construct these terms does not directly
provide us with information as to which energy band the paired electrons originate from, so
we must consider the “pseudospin-band” basis, which is introduced in Section 4.1. The explicit
transformation from a orbital-spin basis to the pseudospin-band basis can get complicated. Rather
than working through these calculation, I will instead use the concept of superconducting fitness to
examine the stability of the pairing terms in our model. This approach is introduced in Section 4.2,
and allows us to gain insight into the intra- and interband nature of the pairing, all while working
in the orbital-spin basis. While the superconducting fitness is a well understood, albeit relatively
recent concept, the calculations and analysis in Section 4.2.1 are specific to our model and have not

been performed before.
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4.1 The pseudospin-band basis

Our model of strontium ruthenate involves three degrees of freedom: momentum, spin, and orbital.
Each of the internal degrees of freedom have two possible values, so there must be four distinct
eigenstates at each value of k. In general, each of these eigenstates can have a different energy,
but when it comes to the normal state we are subject to Kramer’s theorem, which states that
time-reversal symmetric systems with half-integer spin have doubly-degenerate eigenstates [33].
Specifically, the eigenstate |¢) is degenerate with its time-reversed counterpart © |¢). This can be

shown by writing the single-particle normal state eigenstates as |k, s, 1), i.e.
Hy|k,s,n) = Exsy |k, 5,1), 4.1)

where, despite suggestive notation, we do not currently know how to interpret the s and » labels.
As H is symmetric under time-reversal, we have ®©Hy = Hy®, and hence

HyO |k,s,n) = ©Hy |k,s,n) = OFEg, |k,s,n) = Exs,© |k, s,n), 4.2)

where the last step is allowed because energy eigenvalues are real-valued. This says that the state
|k, s, n) is degenerate with the state © |k, s, ). Bear in mind that ® |k) = |—k), so we have not yet
unveiled a degeneracy at each value of k, but we can go a step further because the normal state is
also symmetric under spatial inversion. We therefore have

HyZO® |k,s,n) = IOHy |k,s,n) = Exs, 2O |k,s,n), 4.3)
which is to say that |k, s, n) is degenerate with ZO |k, s, n). Noting that
T0k) = Z|—k) = |K), (@9)

we can conclude that the states |s,n) and ZO |s,n) are degenerate at each value of k. In other
words, the |k, s, n) eigenstates form two doubly-degenerate energy bands. This argument is entirely
general, in the sense that it does not depend on how the orbital or spin degrees of freedom transform
under inversion or time-reversal. I choose to let 1 label the energy band, which will be unaffected by
both time-reversal and inversion. In the case of two energy bands, as we have here, it is convenient
to write |n) = |£), referring to the upper and lower bands given by (3.39). I refer to s as the
pseudospin, because it is possible to choose a basis such that it transforms as spin does under both

inversion and time-reversal' [86, 87], i.e.

Z\|k,s,n) =|—k,s,n), (4.5)
®|k,s,n) =s|—k,—s,n), (4.6)

where s = =+ labels the two possible pseudospin states.

4.1.1 The gamma matrices and the flattened Hamiltonian

For the following discussion it will be convenient to introduce a set of five gamma matrices, {7'},
which are defined in Table 4.1 in terms of the orbital ® spin matrices that appear in (3.34), and

satisfy the following properties:

IThis is true when the pseudospin is defined as a linear combination of the orbital and spin degrees of freedom, as is the
case here. Other usages of the term “pseudospin” do not satisfy this criteria. See, for example, Ref. [85].
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Orbital ® spin matrix ~Gamma matrix

1o & 0 P
11 & 0o 7!
13 & 0o 7
12 & 01 7
12 & 03 vt
12 & 03 v
112 ® 07 ity
m® o i2y?
m® o i2yt
m Qo3 ity
13 ® 01 i3yl
o ® 02 iy
13 @ 07 ity!
1o ® 03 ity
13 ® 03 iyt
1o ® 0y iy?

TABLE 4.1: The definition of the gamma matrices used in this thesis (first six rows), along with expressions for
the orbital ® spin matrices that do not appear in Hy in terms of these gamma matrices (last ten rows).

1. (')t = 9/, i.e. they are Hermitian,
2. (v')2 =199 and
3. iyl = —vlqi fori # j.
The last two of these properties further imply that
4. [y',4/] = 0fori = jand 29'9/ fori # j, and
5 {79} = 27051']'/ where ;; is the Kronecker delta.

By design, Hy, as given by (3.34), can be written as a linear combination of all five gamma matrices,
along with 7 = 1:
5
Hox =) cku?", (4.7)
n=0
where ¢, are real-valued even functions of momentum. We identify ¢y = hgo, c1 = h1o, c2 = h3o,
c3 = hy1, c4 = hp, and c5 = hp3. In fact, any two-orbital system that is symmetric under both
inversion and time-reversal can be written in terms of a set of gamma matrices that satisfy these
properties, although the specific matrices will depend on the details of the system. To understand
why this is the case, note that (3.34) was derived in the case that U; = 170 ® 0p and Ut = 10 ® ioy,
which also happen to describe how the pseudospin-band eigenstates transform in (4.5) and (4.6).
This is to say that Hy can be written as (4.7) in the pseudospin-band basis for any two-orbital system
with inversion and time-reversal symmetry. When transformed back to the orbital-spin basis the
specific form of the gamma matrices may change (although not in our case), but they must still
satisfy the properties outlined above.
For future reference it is convenient to define the “flattened” normal state Hamiltonian:

- Hok — cko?’ &
T e D LAED 438)
|Ck| n=1 ’Ck‘ n=1
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where ¢ = (cq, 2,3, ¢4, ¢5) is a vector of the momentum-dependent coefficients, and ¢, i are the

corresponding unit vectors, such that
5
Y . =1 (4.9)
n=1

Notationally, I will tend to drop the explicit k index from the ¢, ;. coefficients. Using the properties

of the gamma matrices outlined above, we see that Hy satisfies

A = °. (4.10)

Further, from (3.39), the eigenvalues of Hy are given by Ex. = ¢ = |c|, and therefore the flattened
Hamiltonian satisfies the eponymous property that

Ho |k,s, £) = £ k,s, +), @.11)

where |+) indicates the band degree of freedom. Finally, (4.11) can be used to show that Hy can be
interpreted in terms of the projection operator onto the |+) band:

(4.12)

Once restricted to two spatial dimensions, we set c3 = c4 = 0 so as to obtain (3.38), in which case it

is to be understood that ¢; = ¢;/ 4/ C% + C% + cé

4.2 The superconducting fitness functions

In the pseudospin-band basis the pairing potential is written in the general form
A AV
A = ( kA+  Blk+ ) ) (4.13)

where Ay = (£] A|£’) are 2 x 2 matrices in pseudospin space. The overall strength of the pairing
can be quantified by adding together ’Aij |2 for each element of A, i.e.

Te{AAT}y = Te{Aa AL +A AL A At +A At ), (4.14)
where A, = (£ A]|£)" = (/| AT |£), s0

Te{A AL =Y (s, 2[A]s, ) (s, | AT |s, &)

s,s/

= Z <S| PiAPi/ |SI> <S,| Pi/A-rPi ‘S>

s,s!

=Y (s| P+APLPLA Py |s) = Te{PLAPLPLATPLY}.
S

Considering the intra- and interband contributions to (4.14) separately, we can write

Te{A AL L +A__AT ) = Te{PLAPLPLATPL + P_AP_P_AP_}, (4.15)
Tr{A+- AL+ A AT} =Te{PAP_P_AYPL + P_APL P ATP_}. (4.16)
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Focussing on just the intraband pairing for now, we can use the cyclic nature of the trace and the
fact that P;P; = P; to write (4.15) as

Tr{As AL, +A__AT _} = Tr{PLAPL AT+ P_AP_ATY.

Substituting in (4.12) and (2.31) yields

1 . - ~ I . -
Te{A ALy +A- AT} = 2 T {(7" + Fo)AUr (7" + Fo)UFA" + (7" — Fo) AU (7° — Fo)UFA"}
1 - . - s
= 5 Tr{(2" + Ho)A(7" + Fo)A" + (v° — Ho)A(7” — Ho)AT}
1 O .
=1 Tr{2H,AH,A" +2AATY,
where the second step used (2.29), and the fact that Hy is symmetric under time-reversal. One may
note that (2.29) tells us that Hy actually transforms under time-reversal as @Ho,k@)’l = U}Ha‘,_ Ur,
but (3.27) tells us that Uy = —U}, so they can be interchanged to give @Ho,k@’1 = UTHg,_kU%, as

is used here. By exploiting the cyclic nature of the trace, and (4.10), it is fairly straightforward to

show that this can be written as
1 Y -
Te{A 8Ly +A--A" ) = 2 Te{|[Ho, 4]+ %1, (4.17)

where [-, -4 = {-, -} is the anticommutator. An analogous derivation can be used to show that the
strength of the interband pairing is quantified by

1 U
Tr{Ape Ay +A_AT ) = 2 Tr{|[o, A]- %}, (4.18)
where [-, -] = [-, -] is the commutator. Motivated by (4.17) and (4.18), I identify the superconducting
fitness functions [32]
Fik = [Hox k)=, (4.19)

which quantify the presence of intra- and interband pairing respectively. From (4.14) we see that
they satisfy
Te{|Fy |} + Te{|F_|*} = 4 Tr{AA"} = 4 Tr{AAT}, (4.20)

where the second step used (2.31), and the unitary nature of Ur. This result emphasises the fact that
the presence of interband pairing competes with intraband pairing, and is therefore detrimental to
the formation of a stable superconducting state in the weak-coupling regime.

Although I have motivated their introduction via the pairing strength Tr{AA"}, the fitness
functions also explicitly control the formation of the superconducting instability in a single pairing
channel via their presence in the “linearised gap equation” [31, 32]. In terms of our model, each row
in Table 3.5 corresponds to a different pairing “channel”. For convenience, these are reproduced in
Table 4.2, along with each channel expressed in terms of the gamma matrices. In this chapter I will
calculate Tr{|F |2} for each term in Table 3.5, which can be spilt into three “cases”:

1. A=Ay,
2. A= Apy, and
3. A= Ao(ay'y) £ byinb),

where A is some complex amplitude (not explicitly shown in Table 4.2), i # j # k € [1,5], and
a,b € R. Any expressions in Table 4.2 that do not match one of these four cases exactly can easily
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Case A term Irrep
1 1o © 00 0 Arg
2 ® 03 7 Arg

2 113 @ 00 7 Big
11 @ 0 7' Bag

{m @0, @0} {73 74} Eq

sin ky ;73®c71—sinky N3 ® 0oy | —isinky 'y 'y —l—zsmky 'yl 4 Aqy
sinky 111 ® 03 + sinky 171 @ 07 isinky 'y 'y +isinky, Y293 | Ay
sinky 19 ® 01 +sinky 7o ® 0 | —isinky 'y —i—zsmky Pyd | Ay
sinky 73 ® 02 +sinky 73 ® 01 | —isinky 'y 'y —isinky Y3 | A
sinky 771 ® 01 — sinky 171 ® 02 isink, 'y 'y —isink, Y| A
sinky 179 ® 02 — sinky 179 ® 01 isink, 'y 'y +isinky, Y2 | A
sinky 73 ® 01 +sinky 73 ® 0 | —isinky 'y 'y —isink, Y 9% | By

3 | sinky i @ op —sink, 11 @0y | isinky 'y 7 —isink, v*y® | By
sinky 170 ® 01 —sinky 7o ® 0» | —isinky 'y 7 fzsmky v¥9° | By
sinky 73 ® 0 — sinky 73 ® 07 | —isink; 'y *t+isink, v!9® | By
sinky 1 ® 01 + sin ky 11 @ 0 isink, 'Y ’Y +isin ky ')’2')’4 Bay,
sinky 1o ® 02 + sink, 170 ® oy isinky y*y° —isin ky ’Y4 > | B

{sinky,sinky} 1o ® 03 —i{sinky,sink,} ot Ey

{sinky,sinky} 11 ® 03 i{sinky, sink, } 2P Ey

{sinky, sin ky} 12 ® 09 i{sinky, sin ky} yla2 E,

{sinky,sink,} 113 ® 03 —i{sinky, sink, } Ala5 E,

TABLE 4.2: When written in terms of the gamma matrices, the pairing terms listed in Table 3.5 can be split into
three cases: the trivial even-parity state, the nontrivial even-parity states, and the odd-parity states.

be transformed such that they do by adding some overall phase to Ag with no loss of generality.
Without going into the details, I also note that in the context of the linearised gap equation, the

application of F_  is restricted by the requirement that
Tr{H(AAT + ATA)} = 0. (4.21)

Before we calculate the fitness functions we must first verify that (4.21) holds for each case con-
sidered. Given that the eigenvalues of Hy are given by (4.11) to be &1, we see that one way that
this will be satisfied is if AAT o 4°. Remembering that the gamma matrices are Hermitian, and
Yyt = 49, it is trivial to show that AAT = |Ao |2’yo for the first two cases. For the third we have

= [8of*(av'y/ £ by'7¥) (ay/y' £ byFey)
= [8of*(a®7° £ aby'yinky £ aby'y iy i+b27°)
(
(

) ) 0 (4.22)
= |80} (a?7" £ aby vk’ F aby'ynfy 4+ 1740)
= Ao (@ +17)7",
where we used 79/ = —9/v!. We can conclude that this requirement is satisfied by all pairing

potentials in Table 4.2. This is not to say that linear combinations of these terms will necessarily
satisfy AAT « 90, but our goal is to understand the stability of the different channels individually.

4.2.1 Calculation of fitness functions

We can now proceed with the calculation of the fitness functions for each of the three cases outlined
above, in order to learn about the nature of intra- and interband pairing in each of the pairing
channels listed in Table 4.2. The results will be summarised in Table 4.4 at the end of this chapter.
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Case one: A = Ay

We begin by considering the trivial pairing state A = Ayy". The interband fitness function is given
by (4.19) to be F_ ; = [Hy, A]. Taking Hy as given in (4.8), we have

5
F- =AY éu[v",7° =0, (4.23)
n=1

because the commutator of any matrix with the identity must be zero. We therefore trivially have
Tr{|F_|*} = 0, and can use (4.20) to write

Te{|F, |} = 4 Tr{AAT} = 4Tr{|Ao[*y°} = 16|A¢?, (4.24)

where we used the form of AAT identified above.

These results imply that this pairing channel is “completely fit”, in the sense that the pairing is
entirely intraband. This is unsurprising because (2.31) tells us that A x 4 = A o« Uy, which is
to say that this channel only pairs time-reversed states. Due to the Kramer’s degeneracy discussed
above, these must belong to the same band. Further, the intraband fitness, (4.24), is dependent on
only the amplitude of A, meaning that it is isotropic and has no nodes. This means that, in addition
to belonging to a 1D irrep, this pairing channel is unlikely to form part of a chiral pairing state in

order to minimise its free energy. In terms of the polar Kerr effect, we can essentially ignore it.

Case two: A = Agy!

We now calculate F, for the case that A = Aofyi, where i € [1,5], which corresponds to the five

nontrivial even-parity terms in Table 4.2. Using { 'yi, 'yj } = 270(5,7, we have
5 .
Fr=00 Y en{7" 7'} =20087°, (4.25)
n=1
and therefore
Te{|Fo|*} = Tr{4|Ao[*¢?°} = 16]A¢ 2. (4.26)

Using (4.20), and remembering that AAT = |Ag|*?, we then have

Te{|F_|*} = 16|Ao|* — 16]|Ag|¢? = 16]A0|* Y_ &2, (4.27)
n#i

where the last step used (4.9).

These results tell us that, in general, these pairing channels have some level of “unfitness”, in
the sense that they can have interband pairing. The actual details depend on the interplay between
the normal state and the pairing potential: the value of i is determined by the pairing channel
while the form of the ¢, coefficients is dependent on the normal state. For example, the Agy® and
Aoy* pairing states belonging to the Eg irrep have no intraband pairing, since c3 = ¢4 = 0 in the
two-dimensional form of Hy, so (4.26) is vanishing. For this reason, I will ignore these terms from
our model as the Fermi surface does not destabilise under a weak-coupling instability.

The remaining even-parity pairing channels have both intra- and interband pairing. As an
example, consider the A = Agy° pairing channel. The intraband fitness is given by (4.26) to be
dependent on ¢2 = hZ,. Taking the form of hy3 from (3.41), we see that the intraband fitness is
isotropic. Conversely, the interband fitness is given by (4.27) to be dependent on ¢ + ¢ = h%, + h3,.
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Function Nodes in first Brillouin zone
sin® ky ky=nm Fig. 4.1A
sin® k, ky =nm Fig. 4.1B

sin? ky + sin? ka k = (nmt,mmn) Fig. 41¢C
h3, ~ sin® ky sin® k, ky =nm,ork, =nn Fig. 41D
h3, ~ (cosky — cosky)? ky = %ky Fig. 4.1E

h%3 = A2 none -

h;o + h§0 k=0,0ork=(m,m) Fig 41F

hgo + h%3 none -

h3, + hy, none -

TABLE 4.3: The zeros (nodes) within the first Brillouin zone of various functions that appear in the supercon-
ducting fitness expressions (refer to Table 4.4). These are used to determine the nodal structure of the intra-
and interband pairing for each pairing channel, and are shown visually in Figure 4.1.

From (3.42) and (3.43) we see that this goes as t(cosky — cos ky)2 + 2t3sin? ky sin® ky, which is
rather nontrivial. In particular, Table 4.3 tells us that it has nodes at k = 0 and k = (7, 7),
which is to say that the pairing is purely intraband at these points. There may also be additional
“accidental nodes” if specific values of t, and t3 lead to t;(cos ky — cos ky)2 = —2t3sink2 sin kﬁ at
some momentum points.

The corresponding results for all the pairing channels are summarised in Table 4.4, which
is accompanied by Figure 4.1 to provide a visualisation of the nodal structure of various terms.
Note in particular that the Agyz ® 0y and Apyy; ® 0y pairing states have nontrivial intraband nodal
structure. For example, the 173 ® 0p channel has vanishing intraband pairing along the ky = +k;
lines in momentum space. It is quite plausible that, provided they were brought close enough in
energy, these states could form a chiral state of the form Ag(173 ® 0p % i1 ® 0p), so as to maximise

the intraband gap magnitude.

Case three: A = Ag(ay'y/ + by'yk)

The third and final case, A = Ag(ay’y/ + by'+*) fori # j # k € [1,5] and a,b € R, is the most
complicated we have to consider, and includes all the odd-parity pairing channels. Using the
identity [A, BC] = {A, B}C — B{A, C}, we can calculate the intraband fitness to be

Fo=tL6 (aly" 7'y/) + Bl ')
=M ) e (0" v = ar ("2} + b{y" 2 I — by {r" Y ) (4.28)
=2Ag (aéi'yf — aé]-'yi + beiyk — bék'f) ,
where we used {7/, 7/} = 2(51-]-70. Continuing with the calculation, we can write Tr{|F_|*} as
4|Ag|? Tr{ (a(?i'yj - aéj’yi + bejyk — bék'yi) (a*c}’yj - a*éj'yi +b*eiyk — b*ék'yi> } (4.29)
The argument of the trace in this expression can be expanded into 16 terms:

22,0 2aa joi a2 ik iaa Qi Daa i i 22 0 14 ik aa 0
a°Ciy  —a ey +abliy) v —ablicyy o —atieiy'y + attiy” —abeieiy'y" + abéiery

+ab6,2'yl"yj—ab€iéﬂk'yi + bzélzfyo—bzf,f/\q/"'yf—ab@kéi'yj'yj + abékéj’yo7[726/\,61-7’7)//" + bzc%'yo, (4.30)
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1] ||
| kx kx % %
[ J (]
(a) (D) (E) (F)
FIGURE 4.1: The zeros (nodes) in the first Brillouin zone of various functions listed in Table 4.3.
many of which cancel out because Yyl = —qlyl fori # j. These have been colour coded, leaving
us with only the terms proportional to
Te{|F_|*} = 4|Ao)? Tr{ (a2@$ + a2 + P+ P+ 2ab6]-ék> 70}
= 16]A0[* (a6 + 0262 + 126 + 626} + 2abce.) (4.31)
= 16/A|? ([a2 +b%)& + [ac; + bék]z) .
In order to determine Tr{|F; |2} we use (4.20) and (4.22) to obtain
Tr{|E+|?} = 16|03 (a% + b?) — 16|Ag|? ([a2 +021E? + [a¢; + bak]2) )
) (4.32)
=16|Ag|" [ a® Y &n+b7 Y & —2abejéy | -
n#i,j n#i,k

These results apply to the odd-parity pairing channels, and the specific forms of Tr{|F+ |2},
along with the resulting intra- and interband nodal structure for each channel, are shown in Table
4.4. We see that all of these states have momentum-dependent intraband nodes. It is quite plausible
that any of these channels will form chiral states so as to minimise their free energy, either within a

2D irrep, or as the superposition of terms from two 1D irreps.

Summary

Of all the terms in Table 4.4, it is only the E, channels that we can ignore due to the lack of intraband
pairing, although in the context of chiral pairing states we will also ignore the two Ay, pairing
channels due to the isotropic nature of their intraband pairing. This leaves us with 22 possible
pairing terms in our model of strontium ruthenate: those belonging to the Byg, Bog, A1y, A2y, By,
By, and E,, irreps. Among other results, the role of interband pairing is considered in more detail

in the next chapter, specifically in Section 5.3.2, and we will return to this model in Chapter 6.
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A term 7 Irrep : Te{|F.|*}/16]Ao)? 7 Intraband nodes : Te{|F_|*}/16|Ao|? 7 Interband nodes
1o ® 0 Axq 1 no nodes 0 no pairing
12 Q03 Alg 7, no nodes W2, + 13, k=0or (+m, £m)
113 ® 09 Big 73, kx = tky me + Ro no nodes
7 ® 0g Bog 72, ky=nmork, =nn g, + 13, no nodes
{m o, @n} 0 no pairing 1 no nodes
sinky 173 ® 01 — sinky, 73 ® 02 (sin? ky + sin? Jvaww +h3,) = (nm, mm) (sin? ky + m5 k vmm =nmork, =nm
sinky 111 ® 09 + sink, 71 ® 0y (sin® ky + sin® ky ) (A3, + h2,) = (nm, mn) (sin® ky + m_: 2k vmW k = (nm, mm)
sinky 170 ® 01 + sinky, 770 ® 02 (sin? ky + sin? »i%wo +h2,) = (nm, mm) (sin? ky + sin® k vmm k = (nm, mm)
sinky 713 ® 03 +sinky 13 ® 01 | Az || (sin?ky + sin? ky) (35 + 13,) k = (nm,mm) (sin® ky + mSN k VR ky =nmork, =nn
sinky 111 ® 01 —sink, 111 ® 02 | Ay || (sinky 4 sin? @Xme + ROV k = (nm, mm) (sin? ky + sin® k vmW k = (nm, mm)
sinky 70 ® 0o —sinky 7o ® 01 | Az || (sin®ky +sin®ky ) (i3, + 13,) k = (nm,mm) (sin® ky + mBN k vmW k = (nm, mm)
sinky 713 ® 01 + sink, 73 ® 02 | Byy || (sin?ky 4 sin? @XmWw +h3,) k= (nm,mm) (sin? ky + sin k vmw ky =nmork, =nn
sinky 11 ® 0» —sinky 71 ® 01 | Byy || (sin®ky +sin® k) (h3; + 13)) k = (nm,mm) (sin® ky +sin? k vmW k = (nm,mm)
sinky 170 ® 07 —sinky, 170 ® 02 | Byy || (sin?ky + sin®ky) (R, + ROV k = (nm,mm) (sin? ky + sin N@vmm k = (nm,mm)
sinky 73 ® 05 —sink, 73 ® 01 | Bay || (sin®ky +sin®ky) (h3; + 13,) k = (nm,mm) (sin ky + sin k, ) 2, ky =nmork, =nn
sinky 111 ® 01 +sink, 111 ® 02 | Byy || (sinky + sin? Jv%wu + ROV k= (nm,mm) (sin® ky + sin N@vmw k = (nm,mm)
sinky 70 ® 02 +sink, 7o ® 01 | Bay || (sin®ky +sin?ky ) (A, + 12)) k = (nm,mm) (sin® ky + sin ky ) /13, k = (nmt,mm)
{sinky, sinky} 7o ® 03 E, {sin? ky, sin’ ky} {kx = nm,ky = nm} 0 no pairing
{sinky, sinky} 71 ® 03 E, {sin® ky, sin? »imm ky = nmorky, = mm {sin® ky, sin? »i%m h3) | {ky =nm, ky = nm}
{sinky, sinky} 17 ® 0 E, Am_sw ky, sin? N@; {kx = nm,ky = nm} ,ﬂm_sm ky,sin? @w@ w o) | {kx = nm, ky = nm}
{sinky, sinky} 173 ® 03 E, {sin? ky, sin’ N@; {ky = £ky or nm,ky = tky or nr} || {sinky, sin »&,9 h%)) | {kx = nm,k, =nn}

TABLE 4.4: The intra- and interband pairing structure of each pairing channel included in our model of strontium ruthenate. The intra- and interband pairing is quantified by the
Tr{|F+ _Nv functions, as determined in the text. The nodal structure is inferred using Table 4.3, and can be visualised with the help of Figure 4.1.



43

Chapter 5

Anomalous Hall conductivity

The preceding chapters have been spent constructing a model of superconductivity in strontium
ruthenate. This will be put aside for now, so that we can consider the Hall conductivity in a general
system, but we will return to our model in Chapter 6, where we apply the results obtained here.

As discussed in Section 1.2, the polar Kerr effect can be used as an experimental probe for
time-reversal symmetry breaking in bulk superconductors. The anomalous Hall conductivity
of the superconductor in question plays a central role in determining the respective Kerr angle.
However, the presence of a non-zero anomalous Hall conductivity requires further conditions in
addition to the breaking of time-reversal symmetry. My aim in this chapter is to further understand
the conditions required for a two-band superconductor to exhibit a non-zero anomalous Hall
conductivity due to intrinsic mechanisms.

In Section 5.1 I perform an exact calculation of the Hall conductivity in the linear response
regime, while Section 5.2 focusses on an approximate result that applies in the high-frequency,
small-gap limit. This approximation encapsulates many of the details of the exact result, while
simplifying the calculations. It is also directly applicable to some experimental endeavours. I take
advantage of this result in Section 5.3 to derive a necessary condition for a non-vanishing Hall
conductivity which applies to a rather general set of models. The work presented in Section 5.3 is
new, and comprises some of the core results of this thesis.

5.1 Exact calculation of the Hall conductivity

As discussed in Section 1.2.2, the Hall conductivity is defined as the antisymmetric part of the

conductivity tensor,
_ Oxy(w) — oyx(w)
= 5 )

Calculation of the conductivity tensor for an arbitrary applied field is difficult, so the usual approach

(5.1)

oy (w)

is to consider the linear response regime, in which the applied electric field has a small enough
magnitude such that the current is directly proportional to its intensity. The name given to the set
of correlation functions that describe linear responses are Kubo formulas, and the Kubo formula for

electrical conductivity can be shown to be given by [88]
i noq”
vij(w) = = mijlw) + ="=d; |, (5.2)

where 77;; is the correlator between the i and j components of the current, n1, g, and m are the number

density, charge, and mass of the charge carriers, and J;; is the Kronecker delta. By convention, all
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frequencies are in units of z. We see that the Hall conductivity can be written as

011() = 5= [y (@) ~ tye(c0)] 53)

which is particularly convenient because correlation functions are well understood in many-body
physics. In this section we will use these well known results to derive a form of the Hall conductivity
in terms of Green'’s functions, which can be calculated directly from the BAG Hamiltonian, making
the resulting expression useful for both analytical and numerical calculations. We approach this via
the Matsubara formalism, in which the Matsubara current-current correlator is given by [88]

B )
nij(iwn) = / dt elw"TTCl‘]‘(T), (5.4)
0
where w;, = 2nmt/ B is a bosonic Matsubara frequency, T is imaginary time,

75(1) = = (T (D) F0)), 65)

is the imaginary-time current-current correlator, N is the number of lattice points, 7; is the
imaginary-time-ordering operator, and J; is the i component of the current operator. At the end of
our calculation we can determine the real-frequency correlator, 71;j(w), via analytic continuation of
the Matsubara frequencies, i.e. [89]

Tt (w) = iwnlii;nJriO* ni]-(iwn), (5.6)

where 07 is a positive infinitesimal.

The current operator: The current operator can be written as

0Ho

ok’

Jj = i[”j/HO] =e
! j

(5.7)
where r is the position operator, and only the noninteracting normal state Hamiltonian is present
because the interaction Hamiltonian (which gives rise to the superconducting potential in the mean-
field approximation) commutes with r. Substituting in Hg as given by (2.13) (with the constant
term dropped), we can write this as

e aHO,k,alaz JEN aHO,—k,lele N A
\71- = E ; (akiak"‘lak“Z - Tuikala*kﬂq 7 (58)

where the # and a; indices run over the four possible orbital ® spin states. As usual, repeated
indices are summed over. Defining the “electron” and “hole” velocity matrices respectively as

. 9Hp x
el __ 'y
v = ok, (5.9)
and
. oHT
o = -0k (5.10)

ok;
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we can write
_ ei PS RPN hi ~ At
\7i - E Z (vk,ﬂtlﬂtzaka] akﬂtz + vk,alaza*kala*kl’@) : (511)
k

It may appear odd that we differentiate between electron and hole contributions in the context of
Ho, but ultimately this result will be applied to a superconducting state.

The imaginary-time correlation function: Substituting the current operator as given by (5.11)

into (5.5), we write the imaginary-time current-current correlator as
e? . 4 R
() = =0 2 (Ohaans P o (Tt (D) ka0, (0) 10 (0)
kK

i hj A A ~ ~
0 0P 1 Tl (D D), (0)F40,(0))

b0V Te k(D) (1), (0)10(0))

L A ) ) )
e P T k(D ()03, (007 05 (0))) . (512)

When faced with expectation values of multiple creation and annihilation operators, the usual
approach in the context of a single-particle Hamiltonian is to apply Wick’s theorem [88, 90] in order
to express them in terms of products of expectation values of pairs of operators. As an example, the
first term in (5.12) can be written as

4N Z kalagvk’ B1B2 (<7-Tﬁza1('r)ﬁkaz('r)><7-Tﬁ;’ﬁ1(0)ﬁk/ﬁz(0)>

+makaz(rmm(o»<mzfﬁl<o>azal<r>> — (Tetka 7)1, (0) (Tetp,(0)6L, (7)) (5.13)

The other three terms in (5.12) can be written as analogous expressions, but for now I will focus on
simplifying this term. Note that both operators in the expectation values in the first term of (5.13)

have the same imaginary-time argument, so we can drop the imaginary-time-ordering in order to

2 .
e ei At A ej At A
AN (k Z)k1111’62<ak0¢1ak"‘2 > <§0k/,ﬁlﬁ2<ak’ﬁ1ak'52> :

Now let us consider the vk w12 (a} «, ke, ) term. The following argument would also apply to the

obtain

other bracket. Note from (2.1) that H( contains terms of the form HO,k,lezxz‘jz al’jkzxz- From the
discussion in Section 2.2.1, we see that <ﬁ£ al‘ikaz> must have the same parity as Hyy 4,4, At the
same time, v}, is defined in (5.9) in terms of a momentum derivative of Hy x, so will have parity
opposite that of H j 4,4, For this reason, no matter the parity of the Hy i 4,,, the vil e <a,t ” Akn,)
term will be odd under inversion, and will therefore vanish under the sum over momentum. This
is easiest to see when inversion acts trivially on the internal degrees of freedom (as is the case in
our model of strontium ruthenate), because inversion simplifies to k — —k in this case. However,
the same argument applies even if inversion does affect the orbital degree of freedom, as we still
sum over all a1 and a; values. This result allows us to drop the first term from (5.13).

We can further simplify (5.13) by noting that there are strict restrictions on the momentum
values that lead to non-zero expectation values. Terms like 4} o, Ak'a, Only appear in (2.1) when
k = K/, so we can conclude that (4} oy (T)Akia, (T')) = O unless k = k'. Similarly, (2.2) tells us that
<aka1<T)ak’zx2(T/)> = (Akuy (T)gra, (T ’)) = O unless k = —k’. Applying these results allows us to
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write (5.13) as a sum over only a single momentum value:

2
e i ej ~ ~ A A
519 = =57 2 Bt Tl 0) (Tt 5, 0 7))

0 0,y el D) (0) T 0Vt (7)) ). (5.14)

The other three terms in (5.12) can be simplified in much the same way, and resulting the expression
for the imaginary-time current-current correlator is

2 , ; . . A A
00) = i 2 (B 150 T 5 008 ()

— 08 sy ¥, o (Tl )L, (0)) (et (0)aE, (7))
08 a0 ? e o Te b D)8 (0)) (Tt (0), (7))

— U P o Telka( D)y (0)) (Tedt! 5, (0)aE, (7))
0 02T g (Tel D)k 0)) (et g (0) gy (7))
— O s Py (Te o D)k () Tetip(0)A_y (7))
O g s (Tt (D)L (0)) (Tl (00 (7))

— Oy Py (Te8 ke D)8k, () (Ted 5 (0) k(7)) (5.15)

From (5.9) and (5.10) we see that vk . —v¥
term in (5.15) as

P . This allows us to write, for example, the first

v;ci,oclocz velk,ﬁlﬁz <7Tfﬁ£a1(ﬂr)ﬁikﬁl(0) > <7}ﬁ,k‘52(0)ﬁka2(’()>
0 0 g (Tt (D) 5 (0)) (Ted_ i (0)a(T)).
Close examination shows us that this is equal to the fourth term in (5.15). In fact, we also find that

the second term is equal to the third, the fifth is equal to the eighth, and the sixth is equal to the
seventh. Putting these together yields

2
e A ~ A
(0 = 35 L (0% 01020 o (Tt T, (0)) Tettp, (0)f (1))
0 0¥, Ttk D)k (0)) (Tt 5, (0)h (7))
+ 0 00V Telt k(D) 5, (0))(Teip (00 ey (7))
+ UZfalazvk B1B2 <7Tfa ka (T)ﬁ*k/ﬁ(o» <7Tfﬁikﬁ2(0)ﬁfkuq(r)>> : (5‘16)
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If we pay careful attention to the indices, we see that each term in (5.16) is suggestive of a trace. It
is not difficult to verify that we can write

2 ) )
7y (7) = 5 L (Te{ol (A (o 7 Ol (T4 0¥ (7))

+ Te{of (T3 (1) ¥4 (0) o} (T ¥ (0¥ (7)) }
+ Te{ o (T (D) ¥ (0) o (T3 (0) ¥ (1) |
+ T o (T ¥ (0)o (T L)) (1) }), (5.17)

where the “electron” and “hole” spinors are given by

T
LR (T N (5.18)

and
v = (af At At it ) 5.19
k= (”kaT O kx] Pyt ”fkﬂ) (5.19)

T
respectively. Finally, by noting that the full Nambu spinor, (3.1), can be written as ¥, = (‘i";{ ‘I’Z) ,
it is again straightforward to verify that we can write
o(t) = & Y Tr % 0 (T¥(T)¥}(0)) v 0 (THc(0)¥E(T)) (5.20)
2N & 0 off Tk k 0 vzj Tk k .
2 ‘ .
=N ;Tr{vigk(f)vigk(—ﬂ}/ (5.21)

where we have defined the full velocity matrix as

: v 0
_ [ Y%
vl = (0 vﬁl) ) (5.22)

and have introduced the imaginary-time Nambu Green'’s function [89]

Gt — ) = — (T¥u(m) ¥ (n)), (5.29)

which is an 8 x 8 matrix.

The Matsubara correlation function: Substituting (5.21) into (5.4) yields the following form of
the Matsubara current-current correlator:

2 B . . .
T (iwy) = ;—N ;/0 drt e'nT Tr{v}cgk(T)vigk(—T)}. (5.24)

Our final stage of working will be undertaken with the aim of expressing this conveniently in terms
of Matsubara Green’s functions, Gy ;;, , which will get rid of the integral in (5.24). To proceed, we
require the following identity [88]:

Gr(1) = % Y Grivne ™7, (5.25)

=~
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where vy, = (2m + 1) 71/ B is a fermionic Matsubara frequency, corresponding to the single-particle

excitations described by the BAG Hamiltonian. This gives us
i (iwn) = L Y 1 Z/ﬁ dt eln® Tr{v};gk e T Gy ei””lT} (5.26)
1 - SV AVm °
] 2N T /32 =Jo 1 k
e* 1 i i P i(wn—vj+vm)T
~OoN Zﬁ ZTY{ngk,ivlvigk,z‘vm}/o dt ettt (5.27)
k I,m
where the integral in (5.27) is given by

B .
| T = By (5.28)

Substituting this result back into (5.27) yields

2

. e 1 : i
i (iwn) = N ). B ZTr{v;ggk,iwwrivmv]kgk,ivm } (5.29)
X m

The Hall conductivity: The real-frequency current-current correlator, 77;;(w), can be calculated
from (5.29) via the analytic continuation (5.6). The Hall conductivity is then given by (5.3) to be
ie?

_ : 1 x Y Y . x .
OH (w) - ANw iw,,ilgliw ; ,B ;Tr{ [vkgk,zwnﬂvm Uk vkgk,zw,1+zvmvk] gk,zum } (5~30)

The only assumption explicitly used in deriving this result was that the normal state has definite
parity, although we must remember that the Kubo formula used as a starting point only applies
in the linear response regime. This expression differs by a factor of one half compared to that
used elsewhere in the literature [22, 26]. This is not an inconsistency, but arises because the BdG
Hamiltonian in those works can be block-diagonalised into two sectors, each of which contribute
equally to the trace in (5.30). Other authors choose to express (5.30) in terms of just one of these
sectors, whereas I write it in terms of the full Nambu Green'’s function so that our results will apply
generally, even when the Hamiltonian cannot be block-diagonalised in such a way.

5.2 High-frequency, small-gap approximation

We will return to (5.30) in Chapter 6, but for now we turn our attention to an approximate form of
the Hall conductivity in the high-frequency, small-gap limit. The physical relevance of this limit is
discussed below. In general, the Green’s function that appears in (5.30) can be related to the Green’s
function of the normal state by Dyson’s equation

G = Go + GoHAG, (5.31)

where Gy is the Nambu Green’s function corresponding to the normal state (i.e. just the block

0 A
Hy = (N 0) (5.32)

diagonal parts of G), and
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is the pairing part of the BAG Hamiltonian. The small-gap limit can be taken by expanding (5.31)

up to second order in Hy, i.e.
G =~ Go + GoHaGo + GoHaGoHA G0, (5.33)

which is equivalent to dropping all terms higher than second order in the gap magnitude (although
it does not necessarily mean that all second-order terms are kept). Similarly, we can take the
high-frequency limit by dropping all the remaining terms with a frequency dependence of lower
order than w 2. This process is performed by Brydon et al. in [27], where they obtain the following

approximation for the Matsubara current-current correlator in the high-frequency, small-gap limit:

2
2iwy,

. 1 1

Ty (iwn) = No3 ZTI‘{ (U3vk — 010%) Go kv Ha kG0 kv Ha kG0 vy } (5.34)
v B

Technically, this expression differs by a factor of one half from that of Brydon et al., for the same

reason as for (5.30). Within this limit we also find 71y, (iw,) = —7myx(iwy), so (5.3) yields the

following expression for the Hall conductivity

-2
iec 1 1
o (w) =~ AN ; B ;Tr{ (vpvy — 03 0%) Go kv Ha k Go vy HA kG0 K it } (5.35)

where the {0 part of the analytic continuation has been dropped because it will never contribute
unless w = 0, which falls outside the high-frequency limit.

The remainder of this section is dedicated to gaining a better understanding of the velocity term
and the Green'’s function that appear in (5.35). This involves introducing some assumptions, so the
results we obtain will not be completely general, although they will still apply to a large class of
systems, including our model of strontium ruthenate.

The velocity term: To begin, it is notationally convenient to define the following “wedge product”:

[a Ab] = a*b¥ — a¥b*. (5.36)
In particular, we have
[v5 Avg] = oo — o o (5.37)
and
[ZJZ A Uﬁ] = Uﬁ" U},zy — U},zy U}léx . (5.38)

We can see how these two expressions are related by noting that
OHy 4 OHy . OHj , 9H;
oky Oky ok, Oke
T T T T
—uT oH, 0Hy,  9Hg, 0H U
P\ 0ke ok, Ok, Ok ) !

7 (aHO,k Hox  9Hox 0Hox
ok, ok  okx ok

[ Aot =

T
) uy = -uj [v5 Avltuy, (5.39)
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where we assumed that Hy is symmetric under inversion, and therefore UITHOT U= HOT _j» Which

can be seen by taking the transpose of (2.27). We can therefore write
ey ey
oiol oot — vi¥vy — v v§F ) 0 \ _ (o Ao 0 (5.40)
Kok TkTk 0 vﬁkay — vkyvﬁx 0 —llIT[vfc A vi]TU}‘

which will make working with (5.35) easier.

The Green’s function: The normal state Green'’s function can be written in Nambu space as [89]

-1
e 0 H, 0
Go kivy = (go’l(‘)’w’" gl ) = livmﬂg - < g’k ur >] , (5.41)
0,k icwn —Hok

where Gg ., and gg k,iv,, are the “electron” and “hole” parts of the Green’s function respectively.
A block diagonal matrix can be inverted block by block, so these are decoupled, and we can write

G6 kv, = Livmla — Hoi) ™, (5.42)
Got vy = [ivmnlla + Hg ] 7. (5.43)

An alternative way of writing (5.42) is as a sum over projection operators:

P, k,s,n) (k,s,n
Gt = Lo = 0 | /! |, (544)

sn Wm — Ek,s,ﬂ sn Wm— Ek,S,n

where I have labelled the eigenstates of Hj; with momentum, pseudospin, and band indices, as
outlined in Section 4.1. Assuming that we can write Hy j as in (4.7), the pseudospin degeneracy of
the normal state means that there are only two energy bands, and we can write [32]

,Pk,s,f 1+ HO,k 1-— HO,k

Pk +
Gokivey =27 — T 7 == + 57 , 5.45
Ok ivm ; iy — Exy v — Ex— 2(ivyy — Egy ) 2(ivm — Ex_) (545

where E is the energy of the “upper” band, E_ is the energy of the “lower” band, Hy is defined in
(4.8), and the projection operators have been given by (4.12). We can rearrange (5.45) slightly in
order to decompose G ;, in terms of Hj and the identity matrix as follows:

Gokivn = [(ivm —Er) N1+ HO,k)} + % [(ivm — Ep) M1 — HO,k)}

NI = N[ —

. . . . 1r,. . . 1] A
[(wm — Egs) 1+ (ivm — Ex_) 1} 1+ [(wm B ) — (iv — E_) 1} Fox.
By generalising this result, we can also show that the hole-type Green’s function is given by

g 1+Hj L—H
0,k,iviy — Z(il/m + Ek+) 2(ivm + Ek_)

1r,. _ . _ 1r,. _ . 1] 7
=5 [(zvm+Ek+) 1—0—(1vm+Ek_) 1}]14—5 {(lvm—i—Ek_) 1—(zvm—|—Ek_) 1} HOT’_k.

For convenience, we will abbreviate these expressions by writing

Go kv, = Ueml + biemHo ke (5.46)
g(})l,k,il/m = Ckml + dk,mH({_k/ (5.47)
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where
17 o T
Uem = 5 _(zvm —Ex+) 4 (ivm — Ex-) | (5.48)
b = 5 (v — Ei )™ — (i — B, )] (5.49)
Chm = % (v + E) ™ (ivm + B )] (5.50)
i = % (v + B )™ = (ivm + B, )7 (5.51)

5.3 Time-reversal-odd bilinears

As discussed in Chapter 1, a necessary condition for a non-zero Hall conductivity is broken time-
reversal symmetry. In fact, the whole reason we are interested in the Hall conductivity is in the
context of detecting TRSB via the polar Kerr effect. However, in addition to TRSB, there are
additional conditions that must be met in order for a given system to exhibit a non-zero Hall
conductivity, and identifying these in various models has been the focus of much theoretical work
[22, 26, 27, 49, 50, 91]. For example, in chiral superconductors time-reversal is broken in the
relative momentum coordinate of the Cooper pair, so it is necessary for this to be coupled to the
experimentally accessible centre-of-mass momentum in order for an intrinsic Hall conductivity to
be present. This is achieved, for example, in multiband superconductors (refer to the discussion in
Section 1.2.2), which we are considering here. As an additional example, Taylor and Kallin have
used a multiband model of strontium ruthenate to show that a further necessary condition is the
presence of interband pairing [26]. The exact assumptions under which these various results apply
is not always clear, especially when they are derived for a specific model. For this reason, there is
still some debate over precisely which conditions are required.

When examining the anomalous Hall conductivity on a simplified model of the Honeycomb
lattice, Brydon et al. argued for the introduction of some time-reversal symmetry breaking combi-
nation of products of Ay and Af [27]. As well as necessarily breaking time-reversal, the resulting
bilinear would be independent of the overall phase of A, which is not experimentally observable.
The simplest such bilinear is Akﬁi, and as noted in Section 3.2, Ay and A{ are time-reversed coun-
terparts. For this reason, Brydon et al. motivated the following time-reversal-odd bilinear (TROB)
[271:

AAL — ALA, (5.52)

which selects just the time-reversal-odd part of A;A}. The TROB defined in (5.52) is not necessarily
unique; any function of the form Ay fx A, where f is time-reversal symmetric, would also be odd
under time-reversal and independent of the overall phase of A. In this section I follow this line of
reasoning by further investigating the role of TROBs in determining the presence of a non-vanishing
intrinsic Hall conductivity more generally.

I will deal with the high-frequency, small-gap approximation introduced in the previous section,
as this leads to more analytically tractable expressions to work with. At the end I will discuss the
applicability of my result away from this limit. To begin, substituting (5.32), (5.40), and (5.41) into
(5.35), we find the Hall conductivity in this limit can be written as

ie? 1 1 .
(W) & 5y ;B ;Tr{[v"’/\ v°] GE A GE AT GE — UT v A ) TUS GE AT GE A g’g}, (5.53)
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where I have dropped explicit momentum and frequency indices for convenience. The main part of
this expression is the trace, which can be written as

Tr{[ve/\ ] G¢ AUy Gl ULA? gg} - Tr{UIT[ve/\ o) Tu; Gl urAt gg AUt gg},

where I have used A = AUy from (2.31), and Ut = —U} from (3.27). By inserting LI} Ur =1 and
taking advantage of the cyclic nature of the trace, we can write this as

Tr{ [0°A0°] GE A UrGhul A gg} - Tr{u;u{[m ) Turur utglhur AT g8 A u;gguT} .

(%) (t)
This expression can be simplified in two useful ways:

1. Firstly, inversion commutes with time-reversal, so we can use (2.35) to write
utuf [0 A o) Turur = ufut[v® A o®)Turly.

We then have

oHT. oHT, oHT, oHT
u‘i‘u‘[’ ve/\ ve Tu u, = U‘}'u‘f 0,k 0,k _ 0,k 0,k u
1 T[ ] TUI 1T aky akx akx aky TUJ

OH;, OH;, OH, 9H;
_ it 0k “ox  9Hox 9ok
= UT( ok, Oky Ok aky> Tt

where Hl = H; arises from the fact that Hy is Hermitian. We recognise U}H , Ur from
(2.29) as the result of applying time-reversal to Hy _g. Assuming Hj is symmetric under
time-reversal, we see that

o0Hy _x0Hy_x 0Hy_x 0Hy_
U}LU}[UEAUE]TUTUI:U;< 0,—k 9110,—k 0,—k 9Hp, k) u,.

oky k.  Oky Ok,

Similarly, we recognise U} Hy _xU; from (2.27) as the result of applying inversion to Hy .
Assuming Hy is symmetric under inversion we can conclude that

= —[v°AV°]. (5.54)

9Hyx 9Hox  9Hox OH
u}u}[veAvf]TuTu,:< ok 9Hok  9Hok o,k)

ok, ok, ok, 0k,
2. Secondly, using G/! as defined in (5.47), we have
U}QS’UT = U;(Ck,mﬂ + dk,mHOTﬁk)UT = Cie,mll + dk,mU}HOT,?kUT,

where we can again use (2.29), the assumption that the normal state is symmetric under
time-reversal, and the Hermiticity of Hy to conclude that

USGIUT = cgpnl + di p Fo g (5.55)
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Using these results we can write

(%) = Tr{ [0°A 0] (al + bHg ) A (c1 + dHy ) AT (al + bHy ) } (5.56)

(t) = — Tr{ [0°A 0] (L + dHyy) AT (al + bHyy) A (cl + dH, k)} (5.57)

where I have dropped the explicit indices on the 4, b, ¢, and d coefficients for convenience. The
advantage these expressions have over the trace in (5.53) is that both (*) and (1) are now expressed
in terms of [v°A v°] and Hy, rather than mixing in [0°A v¢]T and I:IOT, _x as well. By decomposing
these expression further, we obtain

() = achr{[ve/\ ve]AAJr} +a2dTr{ VAV’ AHOkAJr}
+b2cTr{[ A o] ”O,kM*HO,k} + bZdTr{ AV HOkAHOkA*HOk}
+abcTr{[ A o] RAT ~0rk} +ader{ A ] AHOkA+H0k}
+abcTr{[v A ~0,k55+} —i—ader{ v A 0] Ho xAHo x AJF},

and

(1) = —ac® Tr{[v“/\ v“]ﬁ*ﬁ} — bc? Tr{ v’ N\ V°] A*HOkA}

—ad? Tr{[v Avf]Ho,kA*AHO,k} ~ bd? Tr{ 0° A %) Ho kAt Ho A }
—achr{[v"’/\ v"]NAI:IO,k} - bchr{ v° A 0°] A+H0kAHOk}
—acd Tr{[ve/\ ve]HolkAJrA} — bed Tr{[v AT ]HO,kA*HO,kA}.

Now, these two expressions are very similar, but differ in two crucial ways. Firstly, the order of A
and At are reversed, which is promisingly reminiscent of the TROB defined in (5.52). Secondly, a
and c are swapped, and b and d are swapped. Examination of (5.48)—(5.51) show us thata — —c
and b — —d when v, — —vy, so let us consider the sum over m that appears in (5.53). As an
example, the first term from each of (x) and (1) contribute

Za%qcmTr{[ v°]AA }—I—Zamc Tr{[v/\ ]A’ﬁ}

tothe Y, Tr{---} = Y,[(%) — (1)] part of (5.53). Since the sum over m runs from —oo to co we can
take v — —vy, in the second term and it will not affect our result. This gives us

¥ akon Tr{ [0 A o) (AAY - A%A)

which is promising as it contains the TROB defined in (5.52). If we repeat this process for the second

term in each of (x) and () we obtain the following contribution:
Y addm Tr{ [0°A o] (AH)AT — ATHyA) }, (5.58)
m

where Hj is assumed to be evaluated at momentum k for the rest of this chapter. This expression

does not contain the TROB defined in (5.52), but note that AHyAt — AtHyA is still a time-reversal-
odd bilinear. If we repeat this process for all the terms in (*) and (+) we obtain the resulting
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expression for the Hall conductivity:

(W)~ 52N L /13 L), (5.59)

where

(1) = a?c Tr{[v’ A v°] TROBy } + a?d Tr{[0° A v’] TROB, }
+ b?c Tr{ Ho[v° A v*]Hy TROB; } + b2d Tr{ Hy[v° A v°] Hy TROB, }
+ abc Tr{{Hy, [¢v°A v°]} TROB; } + abd Tr{{Hy, [v° A v°]} TROB,}, (5.60)

and

TROB; = AAT — A4, (5.61)
TROB, = AHyAT — ATHyA. (5.62)

This result is exact in the high-frequency, small-gap limit, in the sense that (5.59) is equal to (5.35),
which shows that these TROBs play a central role in determining the Hall conductivity. However,
the main advantage of this result is not that we have restated (5.35), but rather that the TROBs
themselves provide a quick test as to whether a given model of a superconductor might have a
non-vanishing intrinsic Hall conductivity. If both TROBs are vanishing there will be no intrinsic
Hall conductivity, so the existence of TROB; # 0 or TROB, # 0 is a necessary condition for a
non-zero intrinsic Hall conductivity. This is a useful result because these TROBs are straightforward
to calculate, which means that this requirement is easy to test for. On the other hand, it is important
to note that this requirement is not a sufficient condition for a non-zero intrinsic Hall conductivity as
it is possible for (5.59) to be vanishing even if one of the TROBs is non-zero, although this outcome
probably requires fine-tuning.

Another useful feature of these TROBs is that the requirement for at least one of them to be
non-zero implies not only that time-reversal is broken, but also that the TRSB can be communicated
to the centre-of-mass coordinate. This can be seen by noting that in a single-band system both A
and Hj are written as the linear combination of Pauli matrices, in which case TROB; = TROB, = 0.
This is to say that the TROBs require a multiband system in order to be non-vanishing, in which
case we already know that the relative and centre-of-mass momentum coordinates are coupled.
This means that our new condition for a non-vanishing Hall conductivity is at least as specific as
these two conditions combined. On the other hand, it is not obvious if a non-vanishing TROB also
implies the presence of interband pairing, in alignment with the condition identified in [26]. An in
depth discussion about the relationship between these two conditions is presented in Section 5.3.2.

It may appear as though there is some kind of imbalance between electrons and holes in (5.59).
Specifically, v appears while v does not, and the a and b coefficients occur more often than ¢ and
d. This imbalance is not actually an issue, and can be easily explained. First of all, v° appears
exclusively because (5.39) was used to write [0 A 9"] in terms of [v° A v°]. We could equally easily
have chosen to invert this in order to write (5.59) exclusively in terms of ol Similarly, the over-
emphasis of 4 and b arises from taking v, — —vy, in the (1) terms when summing over m. If we
had instead chosen to take v, — —vy, in the (%) terms, ¢ and d would be emphasised instead.
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5.3.1 Applicability of the TROB result

There are a few results that were assumed in the derivation that yielded (5.59) and the results
pertaining to the TROBs that come along with it. All of these apply to our model of strontium
ruthenate, but it is worth explicitly stating them, and discussing how generally they apply. To begin,
it goes without saying that (5.59) only applies to systems that can be described by the mean-field
superconducting Hamiltonian introduced in Section 2.1, and which have two internal degrees
of freedom, each with two possible states. We have also used the fact that the Hamiltonian is
Hermitian and obeys the fermionic exchange antisymmetry, and that time-reversal obeys @* = —1,
each of which are physically required to be true. When it comes to calculating the Hall conductivity
we have imposed the following assumptions:

1. The intensity of the incoming light is restricted to the linear response regime. This assumption was
introduced right from the beginning, when we wrote the Hall conductivity in terms of the
current-current correlator in (5.2). As was noted in Section 1.2, this regime is applicable to
experiments [42], and, in any case, can be obtained by reducing the intensity of the beam.

2. Measurements are taken in the high-frequency, small-gap limit. This limit was introduced in Section
5.2, and applies to all results since. The “high-frequency” aspect is valid in the context of
many experimental endeavours, and specifically to strontium ruthenate, as we will see in
the next chapter. In any case, it can be obtained by using higher frequency light. The “small-
gap” aspect can be obtained by taking measurements very close to the critical temperature,
although it is unclear in general what range of temperatures it is valid over. The TROBs
themselves still have some utility away from these limits, which is discussed in detail below.

3. The normal state is symmetric under time-reversal. This assumption was used explicitly to obtain
(5.39), (5.54), and (5.55), and implicitly when we used the pseudospin degeneracy to write
the Green’s function as (5.45). As has been discussed previously, it is almost universally true
that the normal state will be time-reversal symmetric. If the normal state were not symmetric
under time-reversal, we might expect an anomalous Hall conductivity above the critical
temperature. This could occur if the normal state was ferromagnetic for example, but this

falls outside the scope of H as defined as a single-particle operator in (2.1).

4. The normal state has an inversion centre, and is symmetric under inversion. Similarly to the
previous assumption, these are used explicitly to obtain (5.39) and (5.54), and implicitly in
(5.45). These assumptions are somewhat restrictive because there are many superconducting
systems which do not have an inversion centre, such as LaNiCp [92]. Our results do not apply
to such systems. However, in crystal lattices that do have an inversion centre, the “normal
state” does tend to be symmetric under inversion.

Application away from the high-frequency, small-gap limit

Although (5.59) only applies in the high-frequency, small-gap limit, the TROBs still have some
utility away from this regime. To understand why, we begin by recalling that the small-gap limit
is taken by dropping all terms that are of higher order than ~ \A\z. If we moved away from this
limit (by decreasing the temperature), we would be required to include higher order terms in (5.33),
although it would will leave the small-gap contribution unaffected. Although not impossible, it is
unlikely that higher-order corrections would cancel out the small-gap contribution. For this reason,
we can say that if either TROB is non-vanishing there will probably by a non-zero intrinsic Hall
conductivity, even away from the small-gap limit. Unfortunately, the converse statement is not
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true: if both TROBs are vanishing we cannot necessarily say that this implies a vanishing Hall
conductivity away from the small-gap limit.

When we move away from the high-frequency limit a similar argument applies. If either TROB
is non-zero it is likely that there will be a non-vanishing Hall conductivity, even away from the high-
frequency limit, because it is unlikely that corrections to (5.59) will cancel out the high-frequency
contribution. Further, unlike the small-gap approximation, the converse statement also holds: if
both TROBs are vanishing there is probably no Hall conductivity at any frequency. To understand
why this is the case we require the following two results [93, 94]:

Ot high-w (@) < ([Tx, Tyl) (5.63)
and
|~ wimion()}do o (7, 7)) (5.64)
From these we can conclude that
Thipigh-o(@) [ wlm{on(w)} do. (5.65)

It is unlikely that this integral over all frequencies will vanish unless the Hall conductivity is
vanishing at all frequencies. If both TROBs are vanishing then we know that the Hall conductivity
is equal to zero at high frequencies, and is therefore probably vanishing at all frequencies.

None of the arguments put forward in this section have been water-tight as they have all
relied on balances of likelihoods. The key point is that just because (5.59) only applies in the high-
frequency, small-gap limit does not mean that the TROBs I have identified have no use applicability
outside of this regime.

5.3.2 Contribution from intraband pairing

As mentioned in Section 5.3, one of the necessary conditions for a non-zero Hall conductivity
identified by Taylor and Kallin was the presence of interband pairing. This is a bit of a cause for
concern because there is nothing in (5.59) that seems to indicate that intraband pairing does not
contribute to the Hall conductivity. This apparent contradiction can be understood by realising that,
while (5.59) applies rather generally, the results of Taylor and Kallin are specific to a certain model,
which just so happens to be restricted in such a way that intraband pairing does not contribute to
the intrinsic Hall conductivity. If we include just the E,, pairing potentials from Table 4.2, the model
of strontium ruthenate introduced in Chapters 2 and 3 of this thesis turns out to be a generalised
version of Taylor and Kallin’s (the model in [26] takes hp3 = 0 and Ayp = 0). In this section I will
show why intraband pairing does not contribute within the E, pairing states in our model, which
will by extension explain Taylor and Kallin’s result.

I begin by explicitly writing the traces in (5.59) in terms of the eigenstates of the normal state
Hamiltonian. As discussed in Section 4.1, these are |k, s, =), where + indicates the two possible

energy bands, and s is pseudospin. As an example, let us consider the first term in (5.59):

Tr{[v°Av°] TROB;} = ) _ (0, | [v°A v°] TROB |0, £), (5.66)
(==

where the momentum degree of freedom is not included in the trace as the momentum states are
explicitly summed over in (5.59). At a given k point, the identity is 1 = }; ; |s, &) (s, |, which
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can be inserted to obtain

Tr{[t°A 0] TROB1} =} ) (s, £| [v°A0°]
S,i S/,:t/

s',£") (s, £'| TROB [s, %) . (5.67)

As a second example, we can apply the same process to the second term in (5.59) in order to obtain

Tr{Ho[v°Av°]Hy TROB 1 } = } | Y (s, £| Ho[v° A 0] Hy
s+ S/,i/

', £") (s, £'| TROBy [s,£).  (5.68)

This expression differs from (5.67) by the presence of Hy. Applying (4.11) we have

Tr{Ho[v°Av°]Hy TROB } =} Y £ 4 (s, %] [0°A0°]
s+ S’,i’

s, £") (s, £'| TROBy |s, £).  (5.69)

Applying the same process to each term in (5.59), we obtain the following result:

(:l:) = 2 Z |:112C TrLii/ +abc Trl’ii/ :t'abc Trlli_i/ + :l:/ sz TrLii/
S,:l: S/,i/
+a2dTry 4 4/ abd Try oy +'abd Try 4 o+ &/ b2d Try } (5.70)

where I have introduced the shorthand notation

Tri,ii/ = <S,i’ ['Ue/\ 'Ue}

s',£") (s, /| TROB; |s, &), (5.71)

which has allowed us to express (5.70) rather compactly. We can explicitly carry out the sum over

the band index in order to write

(:l:) = Z [LZZC(Tr1,++ + TI'L_;,__ + Tl'1,_+ + TI'L__) + azd(Tr2,++ + Tr2,+, + TI‘z,fJr + Trz,,,)

s,8'
+abe(Try 44 +Try - —Try 4 —Try ) +abd(Trp 44 +Tro - —Trp 4 —Trp )
+abe(Try 4y —Try - +Try 4 —Try ) +abd(Trp 4y —Tro - +Trp 4 —Trp )

Fb2c(Try sy —Try 4 —Tryy +Try )+ b2d(Trp oy —Tro o —Tro 4 + Trz,__)} . (5.72)

Regrouping these terms in a convenient manner yields

(1) = Z [(u +b)%cTry 4 +(a® —b?)c(Tryy— +Try,_ )+ (a—b)*cTry,_

5,8/

4 (a+b)2dTry 4+ +(a® —b))d(Try, +Try )+ (a—b)2dTrp } . (5.73)
At this point we refer to (5.48)—(5.51) in order to write
a=g%+g°, b=g%—4g%, c=g" +4, d=g" — g, (5.74)

where

1 1 1 1

h
- , B — 5.75
2ivy — Epg Skm+ = 5 iV + Ep (575

e —
Skm,+ —
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although I will drop the explicit momentum and frequency indices for convenience. Substituting
these into (5.73) yields

(1) =4 ) (857 (gh +g%) Trr o +(8%)7(8h — %) Tro g4
s,s!

+(858°)(8h + 81 ) (Try, o +Try,— ) + (85:8°) (8% — ") (Tro— + Ty 4)
+ (g (g 48 T +(8)%(8h —¢) Trp -] (576)

This change in notation is useful because the £ index on the g coefficients in each term indicates
which band the Green’s functions that appear in that term belong to. Terms involving only ¢ and
¢, oronly ¢° and g, can only involve intraband pairing, while any expression that involves a
mixture of g and g_ terms must involve interband pairing. We can immediately see that Tr; ; _
and Tr; _ always correspond to interband pairing, while the Tr; ; ; and Tr; __ terms can involve
intraband contributions. The purely intraband part of (5.76) is therefore given by

(Fintra = 41 [ (8528 (Try o+ Tra i) 4 (8°)%" (Try -~ Ty, ) (5.77)
=4) Y (8% )8k (Trype £ Trp i) (5.78)
s,s! +

So far this derivation has been general to systems subject to the assumptions outlined in Section
5.3.1. We know that, in general, pseudospin is a degree of freedom that transforms in the same way
as spin under inversion and time-reversal, and it turns out that within our model, i.e. with Hj as
given by (3.38), the pseudospin is actually just the spin, so the eigenstates of Hy are |k, o, ). To see
why this is the case, note that (3.38) is purely diagonal in spin. It therefore commutes with the spin
operator S; = 179 ® 03, and we can conclude that they share a common set of eigenstates, i.e. the
spin states |0). I will now show that in this case the intraband contribution to the Hall conductivity
is vanishing (at least in the high-frequency, small-gap limit). To approach this, let us see how we
can simplify the

Trjpre = Y (0, %] [0°A %] |07, £) {0/, | TROB; |0, £) (5.79)
o0
terms that appear in (5.78). (5.79) consists of four terms (one for each value of ¢ and ¢”), but we
note that since Hy is diagonal in spin, so too is [¢v°A v¢]. This implies that the spin off-diagonal
terms must vanish, and hence we have

Trj o =) _ (0, %[ [v°A?°] |0, £) (0, | TROB; |0, £), (5.80)

o

and therefore

Try+q £ Tro et = Y (0, %] [0°A0%] |0, £) (o, | TROB; £ TROB, |0, £) . (5.81)

g

To understand why the intraband contribution vanishes, it will suffice to show that
(0, £| TROB; & TROB; |, £) (5.82)

is equal to zero. Of course, this is not the only way the intraband contribution could vanish (for
example, we could conceive of a situation where contributions from both spins were required in
order for (5.81) to vanish), but we can see that if (5.82) vanishes, then so too must (5.78). In order to
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achieve this we use the defining TROB expressions (5.61) and (5.62) to write
TROB, £ TROB, = A(1 + Hy)AT — At(1+ Hp)A =2 (APiN - A*Pi/&) . (5.83)

where we have used the band projection operators as defined in (4.12). When substituted into
(5.82), we obtain
2 (0, £| [AmA* - A*Piﬁ} o, &) .

Inserting the identity in the form 1 = Y, (|0, +) (o, +| + |0, —) (0, —|), we can write
22 [<O’,:|:‘ [APi lo’, +) (¢, +] AT —AtPy o', +) (¢, +| A} o, £)
U—/
+ (0, £| [APs |o', ) o, — | BY = AP |0/, +) (', +| B lo, %) |.

By acting the projection operators on their neighbouring kets, we see that the first line vanishes
when |+) — |—), while the second line vanishes when |+) — |+), so in either case we have

4y [(o, £ B0, %) (0!, #] Ao, 4) — (0, | BT |/, %) (o, £] B o %) .
0—/

In general this could be non-zero, but we can see that it vanishes in particular if A is diagonal
in spin. In conclusion, there is no intraband contribution to the Hall conductivity when both Hy
and A are diagonal in spin, as is the case for pairing within the E,, irreps in Table 4.2. Of course,
this is not to say that this is the only case in which intraband pairing will not contribute, but it
explains the conclusions of Taylor and Kallin. It is worth noting that this result could not be derived
from the TROBs alone, but instead required the full expression for the Hall conductivity in the
high-frequency, small-gap limit, (5.59).

Summary

The main result of this chapter was the identification of the two time-reversal-odd bilinears, (5.61)
and (5.62), and their relationship to the presence of an intrinsic anomalous Hall conductivity in a
given model. A necessary condition for a non-vanishing Hall conductivity in the high-frequency,
small-gap limit is that these two TROBs are non-zero. Away from the high-frequency, small-
gap limit this necessary condition no longer holds, as correction terms may contribute to the
Hall conductivity even if (5.59) is vanishing. However, we can still say that if both TROBs are
non-vanishing there will probably be a non-zero Hall conductivity at any given frequency and
temperature. In the next chapter I will apply these results to our model of strontium ruthenate.
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Chapter 6

Hall conductivity in strontium ruthenate

In Chapters 2—4 we constructed a simple model of superconductivity in strontium ruthenate,
eventually restricting ourselves to 22 pairing channels: those belonging to the Byg, Bog, A1y, Az,
B1y, By, and E,; irreps listed in Table 4.2. This model was put aside in Chapter 5, so as to consider
the Hall conductivity in a general class of systems. In this chapter we return to our model in order
to consider the Hall conductivity in strontium ruthenate in particular. The focus of this chapter
will be on pairing terms belonging to the E,, irreps. I did also consider the superposition of pairing
potentials from different one-dimensional irreps, but I was unable to stabilise these within our
model. This is discussed in more detail in Section 6.2.2.

A summary of the model containing just the E,, channels is provided in Section 6.1. In particular,
I present the two TROBs introduced in Chapter 5, and use these to gain insight into which states
might exhibit a non-zero Hall conductivity. I motivate two specific models, which will be examined
in detail in this chapter. In Section 6.2 I calculate the amplitudes of the pairing potentials as a
function of temperature, by minimising the free energy of each model. These are then used in
Section 6.3 to calculate the Hall conductivity as a function of temperature and frequency within
each model. Both the exact and the high-frequency, small-gap results of Chapter 5 are examined,

and, in addition, I introduce a form of the Hall conductivity in the high-frequency limit alone.

6.1 E, pairing states

As mentioned above, I choose to limit the pairing in our model to the E,, terms from Table 4.2. The
justification for this choice is that it is natural for pairing terms from the same multi-dimensional
irrep to form chiral states, whereas the superposition of terms from different irreps requires fine-
tuning (refer to Section 3.4). A general superconducting state consisting of these terms has

Ho x = hi00m0 @ 00 + hy 23172 @ 03 + hy 30113 @ 09 + hg 10171 @ 00, (6.1)
Ak = D170 @ 03 + D 1111 @ 03 4 Agoify @ 00 + Ag 31773 © 03, (6.2)

where the hy - coefficients are given by (3.40)-(3.43) to be

hioo = —ti(cos(ky) 4+ cos(ky)) — u, (6.3)
hk,23 = A, (6.4)
hi 30 = —ta(cos(ky) — cos(ky)), (6.5)

hi 10 = 2tz sin(ky) sin(ky ), (6.6)
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with #; defining the energy scale, such that we can take tp = 0.8t1, t3 = 0.1¢1, y = t1, and A = 0.4¢1.
The chiral Ay, coefficients are given in (3.53)—(3.56) as

A1 = Dopr(sinky +isinky), (6.7)
Ag11 = Do (sinky +isinky), (6.8)
A2z = Do (sinky +isinky), (6.9)
A1 = Dosi(sinkyx —isinky), (6.10)

where the amplitudes Ag, are complex numbers.

6.1.1 Spin sectors

Having restricted ourselves to these pairing terms, it turns out that we can write our Hamiltonian
in a convenient way that will save us some computational effort below. Because Hy and A are
purely diagonal in spin (and therefore A is purely off-diagonal), we are able to decompose (2.15) in
terms of two smaller spinors:

Lyttt o L yoglt gt
H=H+H =3 ;‘Pk H ¥+ 5 ;‘Yk HY;, (6.11)
where
1 A N ~t ~t T
¥l= (e gt @' dy) (6.12)
and
4 A A ~t ~t T
Tk = (akxi “kyi “—kxT u*kyT) . (613)

We see that ‘I’£ corresponds to only spin-up electrons (and spin-down holes), while the converse is
true for ‘-I"i We have effectively decoupled the two spin species in the Hamiltonian. Neither HII
nor H,t are true BdG Hamiltonians because, rather than obeying (2.16), they each have the form

H A
0k o, (6.14)
A —Ho -k
with
Hg,k = hy 0o + hi,10m1 + hk 2312 + i 30773, (6.15)
A;t = DAk0110 + Bk1171 + Dotz + Dr 113, (6.16)
in the spin-up sector, and
Hé,k = hx,0010 + hk,10M1 — hk2312 + hi 3073, (6.17)
Ai = Bk0110 + Bk,1171 — Dotz + D113, (6.18)

in the spin-down sector. The difference between the two sectors is the sign of the hp3 and Ay terms.
If these terms were excluded from our model, the BAG Hamiltonian would be independent of spin.



6.1. E, pairing states 63

The utility of this decomposition can be seen by writing

t 1 .
1 Hy, . ARy Agjr
W =33 (ahy k) ( (- ) ( ! (6.19)
x f At
2 VKT Arii —Hokii) \A-kj
1 4 -
1 (A+ R Howji  Biji Akjt
=52 ﬂ—ku) ( % i At , (6.20)
2% d Ai,*ji _Hé,k,ji 2 kjL

where we have used Hy _; = Hyx, and the second line is achieved by noting that Hg and AV are
related to their spin-up counterparts via matrix transposition. Applying the fermionic anticommu-
tation relations, we obtain

\ dx At 1
1 —HY, .. —A7. a HY, .. 0
Hi=3L l (it 214y ( Vi ¢k'l]> ( k”) +Tr< P ) (6.21)
k —Dri Hogij) \8-kj 0 —Hgy i

where the trace term is obviously vanishing. Taking k — —k under the summation, while noting
that Hy _x = Hpx and A_j = —Ay, we have

4 I ~t
1 —H i Ak g ar,.
HY =2 (o afy) ( e N i (6.22)
2% " Ak,ij HO,k,z'j agj|
Finally, we can reorder the spinors to find that the Hamiltonian is the same in each spin sector:
| { P
1 H s A - ay il
MY =23 (ot 4k ( Ol K ) <A+ ) =1 (6.23)
2 ( li ) Agii —Hokii) \@kjr

This result can be substituted into (6.11) to show that that the mean-field Hamiltonian can be
written entirely in terms of one sector, i.e.

MF _ Yyttt Yyl gl
HY = ;‘I’k HY, = ;‘I’k HY;. (6.24)

This is particularly convenient for numerical calculations as it means we can deal with 4 x 4
matrices, rather than the full 8 x 8 BdG Hamiltonian. This decomposition is the same as that
mentioned briefly at the end of Section 5.1, and, as mentioned there, each spin sector contributes
equally to the Hall conductivity. The assumptions behind it (i.e. that Hy and A are diagonal in spin)
are the same as those that predicated the discussion in Section 5.3.2, which showed that interband
pairing is required within this model.

6.1.2 Insights from the TROBs

Using Hy and A as given by (6.1) and (6.2), the TROBs, (5.61) and (5.62), can be calculated to be

TROB; = 4Im{A31A§2}171 ® 03 + 4Im{A11A§1}172 ® 0p + 4Im{A22AT1}113 ® 03, (6.25)



64 Chapter 6. Hall conductivity in strontium ruthenate

and

TROB, = 4(f10 Im{Ap A% } + fizo Im{A11A%,} + fios Im{A31 A, } )10 © 03
+ 4(h3o Im{Aq1 Ay} + Fis Im{Ag1 Al })im ® 03+ 4(1o Im{ A1 A%y } + Fiao Im{A11A%, } )2 @ 0
+4(7o3 I {Ag1 A1 } + frp Im{ A2 AF } )3 @ 03, (6.26)

where I have dropped the explicit momentum indices from the A ,, and flk,qa terms for conve-
nience. We note that the momentum dependence of each term in TROB; and TROB; is real-valued,
implying that the TRSB arises from the orbital-spin structure of each term. We can understand
the terms that appear by noting that 79 ® 03, 771 ® 03, and #3 ® 03 break time-reversal because
they correspond to a spin polarisation (which might be orbitally dependent). Meanwhile, the
eigenstates of 7, are the definite-angular-momentum states d,; £ idyz, so we can understand the
12 ® 0y term as an analogous orbital angular-momentum polarisation. (6.25) and (6.26) could now
be used to calculate the Hall conductivity in the high-frequency, small-gap limit using (5.59), but
the resulting expression is prohibitively complicated. I will instead take the time to exemplify how
these TROBs on their own can be used to gain insight into the necessary conditions for a non-zero
Hall conductivity within this model.

The most important take away is that each term in TROB; and TROB; involves two pairing
channels. This means that a pairing potential involving just one of the chiral E, pairing channels is
not sufficient to lead to a non-zero Hall conductivity. On the other hand, it might be possible to
obtain a non-zero Hall conductivity if we include just two of the four channels in our model. It is
also worth noting that, except in very particular cases, if TROB; is nonzero, so too will TROB; be.
The converse statement does not apply. In Chapter 4 we found that the orbitally trivial channel,
Ag1, involves purely intraband pairing (refer to Table 4.4). At the same time, we showed in Section
5.3.2 that a necessary condition for the Hall conductivity, within the E, pairing states considered
here, is the presence of interband pairing. While TROB; is independent of Agj, this channel does
appear in TROB;, indicating that it can contribute to the Hall conductivity. This is not an issue
because it always appears along with one of the orbitally nontrival pairing channels, which each
involve some degree of interband pairing.

6.1.3 Pairing potential ansatz

Rather than providing an exhaustive analysis of the Hall conductivity within this model, using
the pairing potential given by (6.2), I will instead focus on two specific sub-models. In each case I
choose to include just two terms in the pairing potential, as this is the minimum number required
to obtain non-vanishing TROBs. For the first model I include just Ay, and Ajzj, in which case the
pairing potential is given by

Ak = Do1(sinky +isinky)1o ® o1 + Ag31(sinky — isink, )3 ® o1, (6.27)

where A1, Ap31 € C. We have the freedom to choose the overall phase of the pairing potential,
soItake Agg; € R™. Further, by a similar argument as that used in Section 3.4, the lowest-order
Ginzburg-Landau expansion can be used to show that the free energy of the superconducting
state will be minimised by taking Ag3; € R [36]. The magnitude of the pairing in each channel
remains free, but we have been able to restrict the relative phase between the channels such that
(6.27) only involves two free parameters. I will refer to (6.27) as the triplet-triplet model because

each channel involved describes purely spin-triplet pairing. Additionally, this model corresponds
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to purely intraorbital pairing, as both 7y and 73 are diagonal. The pairing of electrons from the
dy orbital is of the form (Ag o1 + Aggz1) sinky + i(Agg1 — A1) sinky, which is predominantly
dependent on sinky for Ag3; > 0. Similarly, the d, pairing is predominantly ~ sink,. The
physical motivation behind this choice arises from a simple model of strontium ruthenate with one-
dimensional bands corresponding to each orbital [95], which can essentially be obtained by ignoring
the band hybridisation present in Figure 3.2 B. In this model, the d,; band is one-dimensional (in
the x direction) so we would expect pairing in this band to only depend on the x component of
momentum. Similarly, the d,; band would be expected to only have k, dependence, which would
essentially be the case in this model when Ago; ~ Ag3;. This model is also that considered by
Taylor and Kallin [26].
Our second case, which I will dub the singlet-triplet model, is given by

A = Nooa(sinky +isinky )2 ® 0 + Ag31(sinky — isink, )3 ® oy, (6.28)

where I take Ag2; € RT and Ags; € R by the same arguments as above. Unlike the triplet-triplet
model, there is no specific physical motivation behind this choice. I include it here because it
involves an odd-momentum spin-singlet term, which means it is a case in which the orbital degree
of freedom needs to be taken into account in order for fermionic antisymmetry to be obeyed.
Even among such unconventional states more attention has been focussed on even-momentum
spin-triplet states [77, 96, 97] like the A1, and Eq terms in Table 4.4 (I have argued that they can be
excluded from our two-orbital model, but analogous terms can be included in three-orbital models).
I choose this model involving Ay, out of curiosity regarding its exotic pairing structure.

The band structure for each of these models is presented in Figure 6.1. In these plots the
magnitude of the pairing in each channel has been chosen so as to be large enough to emphasise the
opening of band gaps, and is not physically realistic. Both intra- and interband gaps can be seen,
the magnitudes of which are highly dependent on the model. For example, the triplet-triplet model
opens a large intraband and a small interband gap between the X and M points, while the opposite
is true in the singlet-triplet model. While the intra- and interband pairing present in each of these
models can be determined using the superconducting fitness, the connection to nodal structures
presented in Table 4.4 is not particular clear, due to the presence of two pairing channels here.

Within the triplet-triplet model the pairing in each spin sector, as given by (6.16) and (6.18),
is the same, which is to say that it is independent of the spin. For this reason, the pseudospin
degeneracy is not lifted in the superconducting state, as evidenced by the presence of just four
energy bands in Figure 6.1 A. One outcome of this is that the eigenvalues within each spin sector
have the form

E; ={Ey,Ey,E3 = —E1,E4 = —Ey}, (6.29)

analogous to those of a 4 x 4 BAG Hamiltonian. This is not the case in the singlet-triplet model,
due to the sign change of the Ay, term between (6.16) and (6.18). Although the eigenvalues of the
overall BAG Hamiltonian still come in £ pairs, this is not true within each spin sector. The resulting
lifting of the pseudospin degeneracy is observed between the M and I' points.

6.2 Pairing potential amplitudes

We would now like to proceed with calculating the Hall conductivity within the triplet-triplet and
singlet-triplet models. In Section 3.3.1 we identified some reasonable values for parameters which
can be used to construct Hy, but we do not currently have values for the pairing amplitudes Ag 1,
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(A) triplet-triplet model (B) singlet-triplet model

FIGURE 6.1: The band structure between high symmetry points in both the triplet-triplet and singlet-triplet

models. Solid grey lines indicate the energy spectrum of the superconducting state, while solid (dashed) red

and blue lines indicate the normal state electronic (particle-hole reversed) dispersion of each band. For the
purposes of visualisation the gap amplitude was taken to be Ay/t; = 0.15 in each channel.

Ao 31, and Ag 2. One approach would be to simply choose physically reasonable values for each
of these amplitudes which we would then feed into the calculation of the Hall conductivity for
each model. However, I choose instead to self-consistently determine the pairing amplitudes by
minimising the free energy of the system while treating the amplitudes as variational parameters.
As we will see, this approach still requires us to choose somewhat arbitrary values associated with
the interaction potential, but it has the advantage that we will be able to extract the temperature
dependence of the gap amplitudes, and ultimately the Hall conductivity.

6.2.1 Minimising the free energy

In the absence of an external magnetic field it is most appropriate to consider the Helmholtz free

energy of the superconducting state. This can be calculated from the partition function

z=Y e b, (6.30)
j

where €; is the energy of the jM many-particle state of the full system. Working in the mean-field
regime, the Hamiltonian is given by (2.15) to be

1 ~
HMF — 5 Y WEHE, = ) YIH Y, (6.31)
k k

where fjk refers to a sum over one half of the Brillouin zone, as discussed at the start of Chapter 2.
One may think that the energies of the system will therefore be

€ = Z Y EkatMkact s

k oL

where Ey,. = =*Ei, are the eigenvalues of the BAG Hamiltonian, Hj (the * arises from the
reflection of the energy bands for the hole states), and 7y, ; is the occupancy of the {k,«, +}
single-particle state in the j many-particle state of the full system. However, this is not quite
correct: when we were constructing the mean-field Hamiltonian in Sections 2.1.1 and 2.1.2 we
dropped two “constant” terms, one from Hg, and the other from Hint. For our purposes at the time
it was justified to neglect both of these terms as they only contribute to an overall shift in the energy
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of the system. But we now wish to compare the free energy of different pairing states, so we must
reintroduce the term we dropped from H;. We still exclude the term we dropped from H, as it
remains unchanged between different superconducting states. The correct form of €; is therefore

€ =Y ) FEgnps,;— K, (6.32)
k at
where K is given in (2.7) to be
11 A~ At A A
K= EN ka, Vk,k’,rxlaz,ocgoc4 <a—ka1ak0¢2> <ak1a3a_k/a4). (633)

We can conclude that the correct form of the partition function is therefore

7 = eﬁKHH Y e TPEa s, — eﬁKH [T(1 + eFEre), (6.34)
k k o=+

ot i

where we used the fact that the occupancy of a given single-particle fermionic state can be either
zero or one, and I:[ refers to a product across half the Brillouin zone. We can use

2
In(1 + e¥,BEku = (1 -+ eiﬁEle)(l + eﬁEka — efﬁEka/z -+ elgEkzx/z
[Im(1ee) = ( )= ( )
in order to write the Helmholtz free energy as

_ _ 1g “BEw/2 o JBEm/2\2|
F_ﬁlnz_ﬁ;;ln[(e PEia/2 4 oPEk )] K (6.35)

= —EZZm [2cosh(BEk, /2)] — K. (6.36)
S
Finally, we can use Y = % Yk in order to write

F—-1 Y In [2cosh(BEk,/2)] — K. (6.37)
k,o

Evaluating the constant term

In principle, a microscopic theory of the pairing in strontium ruthenate could be used to calculate
K from (6.33), but is well beyond the scope of this thesis. Instead, I adopt a phenomenological
interaction potential which describes pairing within each channel, as well as between channels.

Allowing for an arbitrary number of channels, we write

Vk,k’,alaz,ayq = 2 Aw’fv,k,rxlaczfjl,k/,awy (6.38)

v

where A, is the interaction strength for the process that destroys a Cooper pair in the v/ channel
and creates one in the v channel. This interaction is attractive for A, < 0, and must satisfy

Ay = A%,

v'v

(6.39)
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so that the Hamiltonian is Hermitian. The f terms are matrices which describe the momentum,

orbital, and spin dependence of each channel. Fermionic antisymmetry, (2.4), requires that

fv,k,zx] xy — _fv,—k,ocz,le . (6-40)

We can substitute (6.38) into (2.8) in order to write the pairing potential as
M = 3 Ao Y b ki (6.41)
which can easily be deconstructed into a pairing potential per channel:
Bukij = = Z Ayt Z A [ 07 g0 K ) fo i (6.42)

Seeing as f, x,j; describes the momentum, orbital, and spin dependence of the pairing potential in
the v channel, the amplitude of the pairing potential in this channel is

1 . 5
AO,V = — N Z /\1/1/’ ;<ak/a3f,flrvlra4a3a_k/a4 > . (643)
V, /
It will be useful to note that we can write the complex conjugate of Ay, as

~t
AS,V = Z /\vv/ Z —k’a4fk’,v’,0¢40¢3ak’a3>

_N 2/)\;// Z/:(ﬁtk’alfk’,v/,alazaz/az>- (6.44)
v k

In addition to the pairing potential, I also define the following term:

Ay

AV = _ﬁ <ﬁka3flj,v’,a4a3ﬁ*ka4>l (645)
k

along with its complex conjugate

Ay
V - ﬁ 2 —k(xlfkl/ alﬂlzak(x2> (646)
k

where I have denoted A, = Ay, and (6.39) implies that A} = A,. While A, has specifically been
defined to be similar to A, it is not the amplitude of a pairing potential, but it will play an
important role when it comes to numerically minimising the free energy.

We now have all the ingredients required to write K in a convenient form. If we substitute (6.38)
into (6.33) we obtain

ZAVV, 2 a ktx]fkl/l%lt%zaklxz> <ﬁkla3flj’,1/’,a4a3ﬁ*k/1)c4>' (647)

1/ v/ k,k
Further substituting in A, and A}, we can write

N Ayt
K E—_ 14%
2 VZV AuAy

AFA,, (6.48)

which is significantly easier to deal with than (6.33). In order to use (6.48) when minimising the
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free energy with respect to the pairing amplitudes we need to be able to express A, in terms of A ,/,
which can be done by comparing (6.43) and (6.45). If there is only one pairing channel, the two
expressions are equivalent. In the case of two pairing channels, as is the case in the models we are
dealing with, we have

Az

A
Zp,, Mg = My + 21, (6.49)

Apg1 = A
0,1 1+ 1y A

and K is given by

K=

N (M 18,2
> +

A AFA Ay A AS
+ 128182 + 218182 ]
A Ay MAg A1Az

We can then write the free energy as

J— Y In[2cosh(BEk./2)] —
ko

(6.50)

N (M | [nf N Aabid, N Ag1bihs
2\ A A2 A1Ag MAy )7
It is possible to generalise these results to larger numbers of pairing channels, but this would serve
no purpose for us here.

6.2.2 Numerical results

We can use (6.50) in conjunction with (6.49) to minimise the free energy with respect to Ag ;1 and Ag»
in our models of strontium ruthenate. There are a few details to keep in mind when performing
these numerical calculations, which are discussed in Appendix A.1. In the absence of a microscopic
theory, we must still choose reasonable values for the interaction strengths. Rather than aiming
for quantitative predictions, I choose these so as to demonstrate some representative cases. The
only physical consideration behind our choices is that the resulting gap magnitudes and critical
temperatures should be of roughly the correct order of magnitude.

Triplet-triplet model: For the triplet-triplet model I choose two sets of interaction strengths:

1. A1/t = —0.2,A31/t1 = —0.265, Ap131/t1 = 0.03, resulting in the coexistence of gaps of a
similar magnitude in each channel, as shown in Figure 6.2 A. These parameters were fine-
tuned so as to exhibit the non-monotonic temperature dependence of the gaps present in this
plot: below kgT/t; ~ 0.01 there is competition between the channels resulting in a reduction
in |Ag 31| The inter-channel interaction strength is taken to be real-valued for simplicity. It is
also taken to be repulsive, which explains the competition between the two channels.

2. Ap1/ty = —0.2,A31/t; = —0.06, Ap1,31/t1 = 0.03, corresponding to much weaker pairing in
one channel compared to the other (and a correspondingly smaller gap magnitude). The
resulting gap magnitudes are shown in Figure 6.2 B. Similar sets of interaction strengths were
examined, none of which exhibited the non-monotonic behaviour of Figure 6.2 A. Presumably
this is because the A3y channel is too weak to compete with the Ag; channel. The inter-channel
interaction strength is taken to be the same as above.

A more comprehensive survey of the interaction strengths is always possible, but I focus on these
two representative cases. In both cases the critical temperature of the two-channel chiral state
occurs around kgT/t; = 1.3 x 1072, Noting that experimental results indicate t; ~ 0.4eV [78],
this corresponds to T, ~ 60K, significantly larger than experimentally measured values around
1.5K [57]. This might appear worrying at first glance, but note that with these parameters we still
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(A) Ap1/ty = —0.2,A31 /t; = —0.265, Ag1 31/t = 0.03 (B) Ag1/t1 = —0.2,A31/t; = —0.06, Ap1,31/t1 = 0.03

FIGURE 6.2: Pairing potential amplitudes as a function of temperature in the triplet-triplet model. Solid lines
indicate the full state, while dashed lines indicate the amplitude in the presence of only one pairing channel.
Calculated using N = 500 x 500 lattice points and 200 temperature values.

have Ay, < t1, placing us well within the weak-coupling regime. Further decreasing the critical
temperature (and the gap magnitudes along with it) to be more physical would not qualitatively
change our results, while coming with significant numerical costs (refer to the discussion in
Appendix A.3).

The dashed lines in Figure 6.2 show the “independent” gap amplitudes, i.e. those in the case
that only one channel is present. For the second set of parameters, the Az; channel interaction
is too weak for its critical temperature to be visible on the scale used in the plot. In all cases
the independent amplitudes exhibit the typical \/1 — T/T, behaviour below T,. For both sets of
parameters the critical temperature of the triplet-triplet model is lower than that of the Ag; channel
on its own, implying that the triplet-triplet pairing state (6.27) is unlikely to be realised. However,
this is dependent on the specific interaction strengths chosen, and should not be taken as a general
conclusion regarding the triplet-triplet model.

Note that we have Ag3; < 0 for both sets of interaction strengths. This contradicts the justifi-
cation for the triplet-triplet model outlined in Section 6.1.3. While this means that our interaction
strengths are physically dubious, we are only going for qualitative results anyway, so it should not
present much of an issue. We will see below that the frequency-dependence of the Hall conductivity
does not qualitatively depend on the magnitude or temperature dependence of the gaps.

Singlet-triplet model: For the singlet-triplet model I have chosen to deal with just a single set of
interaction strengths: Aypp = —0.45/¢1, A31 = —0.25/¢1, Ag1 31 = 0.01/t;. These were selected such
that the two channels had similar gap magnitudes, as shown in Figure 6.3. They were fine-tuned
such that the critical temperature was similar to those in the triplet-triplet models above. A range
of inter-channel interaction strengths was surveyed, with no non-monotonic behaviour observed.

Chiral superposition of 1D irreps: As noted in Section 3.4.2, it is possible to form a chiral state
from the complex superposition of two pairing potentials, each belonging to a different one-
dimensional irrep. In addition to the triplet-triplet and singlet-triplet models considered so far, I
also attempted to construct states of the following forms: Ay, +iAyy, By, + By, and Byg + iBag.
These have been notably absent from the discussion so far because, when numerically minimising
the free energy for these states, I was unable to find any set of interaction strengths such that a
coexistence between two such channels was stable. The energetically favoured state only ever

involved the opening of a gap in a single channel. This is not a general result, and must be
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FIGURE 6.3: Pairing potential amplitudes as a function of temperature in the singlet-triplet model, with

the interactions strengths Ay = —0.45,A3; = —0.25 and Ag; 37 = 0.01. Solid lines indicate the full state,

while dashed lines indicate the amplitude in the presence of only one pairing channel. Calculated using
N = 500 x 500 lattice points and 200 temperature values.

somewhat related to the details of this specific model. I did not have time to examine this further,
but it is an interesting observation in itself, especially in light of recent proposals of such a state in

strontium ruthenate [83, 84].

6.3 Hall conductivity

6.3.1 Exact result

Now that we have calculated the amplitudes of the pairing potentials, they can be used to numeri-
cally construct the BAG Hamiltonian, and in turn to calculate the Hall conductivity using (5.30),

which is reproduced here for convenience:

)
_ e « 1 xo Y e ] o
op(w) = ANW iw, l:g}&-iO* ; B ;Tr{ {ngk,zwnﬁvm Uk — 09k iy +iv Uk} Ok ivm }

It would be possible to calculate the Matsubara Green’s functions directly using (5.41), but this
would leave us with the problem of how to numerically perform the Matsubara summation and the
analytic continuation in (5.30). Instead, we need to do a bit more analytic work in order to write the
Hall conductivity in a form that can be calculated numerically. We begin by using (5.44) to write

the Matsubara Green’s functions as

ko, +) (ko +
o, = ¥l ) 0 2|

, (6.51)
xt  Wm— Egax

where Ey,1+ = £Ej,, and a enumerates the four particle-like eigenstates of Hy. We can then write

. » vl \ktxi)(ktxﬂvj |k, o/, +") (k, o/, +/|

v}(gk,iwnﬂvmvigk,wm: Z k (f‘ ’ ‘ s & - k / ’ - 0,
! iwy + iV — Exat) (iVm — Egarar)
4,4

) (6.52)

and therefore

. . (k, o, | v |k, o, ') (k, o, | 0, |k, a, &)
T {0f G+ Pk Thivn | = 3 . : .65

o (i]/m — Ek“i)(iwn + iUm — Eka’i’)
+,4'
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where we have used (k,a, +|k, o', +') = 6,,,0, 1. Substituting this result into (5.30) yields

ie? 1 1
oy(w) = lim - - - -
H(w) 4Nw ; 5 om0+ B ; (iVm — Eka ) (iwn + Vi — Egqrqr)
44

X ((k,zx,:l:|vi

ko, +") (k,a', £'| v% |k, a, +) — (k,a, =+| vz

ko, +") (k,a', £'| vf \k,zx,j:>)

7

where we have conveniently been able to pull out the iv,, dependence into a single term. Using
(|Olp)* = (p|OT|p), we note that the second line can be written as

2iIm{<k, a, | vy

ko, £") (k,a', +'| Z)Z |k, a, j:)}
because the velocity matrices are Hermitian. Carrying out the Matsubara summation yields

2
e
on(w) = 4Nw ; 5

+,+'

tanh(%) - tanh(%i’ﬁ)
[ Exat — Exwar +w +1i0%

X Im{(k,tx,:l:|vi

ko, ') (k,a!, /| o) |k, zx,:l:)} . (6:54)

which is suitable for numerical calculations because Ej,+ and |k, «, =) can be easily calculated by
numerical diagonalisation of the BAG Hamiltonian. The infinitesimal must be approximated by a
“small” float. I take this to be 0t = 1073, the validity of which is addressed in Section 6.3.4. Further
analytic calculations with (6.54) are essentially impossible due to the complexity of the expression.
Numerical calculations of (6.54) as a function of frequency and temperature in both the triplet-
triplet and singlet-triplet models are presented in Section 6.3.4, but before we continue it is worth
noting an important analytic result that can be ascertained from (6.54). In particular, consider the

1 Epyt — Egwo +w 0t

Egat — Exgror + @ +107  (Eggs — Eggrar + )24+ (01)2  (Eggt — Egwar +w)? + (07)?2

part, for which we have

1 0t—=0 1
Eer:t — Eka’i’ 4+ w + i0+ Ekod: — Eka’i’ 4+ w

- iﬂ&(Ekai — Eppryr + (U) (6.55)

The imaginary part of the Hall conductivity is determined by this delta function, i.e. there are
only contributions at the frequency w from terms in the sum for which w = Ey,/4s — Egs+. This
turns out to imply that the imaginary part of the Hall conductivity will vanish below some finite
frequency. To see why, I note first that

1. If Egy+ = Epyp then the tanh terms in (6.54) cancel, so there is no contribution to the
imaginary part of the Hall conductivity at exactly zero frequency.

We could, however, still imagine the energy difference between two bands approaching zero,
allowing for contributions to the imaginary part of the Hall conductivity at arbitrarily small
frequencies. For example, if we refer to Figure 6.1 B, there are momentum values between the M
and I' points in which the spin degeneracy between two bands is lifted, but only by a very small
amount. However, it turns out that
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2. The {«, +;a, F} contributions vanish because the velocity matrix is block-diagonal in particle-
hole space, and hence («, =| v* |a, F) = 0in (6.54).

3. The contribution from the {k, a,a’,+, 4} term cancels with the {—k,a’,a, —, —} term even

;. hi i . . .y
for a # &/, since Uy, = Uk apny” and the velocity matrices are Hermitian.

Together these mean that contributions to (6.54) must involve an electron-like band and a different
hole-like band, i.e. only {«, £; o/, F} contributions are permitted, for « # «'. The corresponding
energy bands are separated from each other by a finite energy gap, so we can conclude that the
imaginary part of the Hall conductivity will vanish below some finite frequency. The energy
separation between these bands is determined by the normal state parameters, so we expect this
“cutoff frequency” to be on the order of fiw ~ t;.

6.3.2 High-frequency, small-gap limit

In addition to this exact result, we can use (5.59) to evaluate the Hall conductivity in the high-
frequency, small-gap limit for both the triplet-triplet and singlet-triplet models. The details of the
calculations are not particularly enlightening, but are easily performed using software packages
such as Mathematica.

Triplet-triplet model: By taking v, = vg?) = 0 (as hp3 is constant in our model), we can evaluate
(5.59) with the triplet-triplet pairing potential, (6.27), in order to obtain

162 1 ad 1
)3

I N Zhlo v10 A\ U30] Irn{A(nAal}!3 (EL 1 2)(E2 +12) (6.56)
m=—oo — m

oH(w) ~
where E are the normal state eigenenergies. Only TROB, contributes to this expression because
the triplet-triplet model involves Ay (refer to the discussion is Section 6.1.2). Performing the

Matsubara summation yields

E_B Eip

U’H(w) ~ ﬁ N Zhlo[vlo A 030] Im{A31A3l} E (E%r — E%) (657)

Singlet-triplet model: Similarly, in the singlet-triplet model we have
o1y (w) ~ 128621 2;1 Tohas[010 A v30] Tm{ Ay gy } - i iy (6.58)

H 001110/123(V10 /\ V30 22831 B, (E2 V22 (EE 402 )2 .
where the Matsubara summation can be carried out in order to obtain
16e 1
op(w) = ZhOOhIOhZB [010 A v30] Im{AZ,Az1 }

 Exsech 2(5B) [(F2 — E2)E_B + (E% +3E2) sinh(E_B)] — {E; ¢ E_} 659

EyE_(E2 —E2)3

There are contributions from both TROBs to this expression.
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6.3.3 High-frequency approximation

In addition to the high-frequency, small-gap limit considered by the TROB result, we will briefly
consider the Hall conductivity in the high-frequency limit alone. This has the well known form [93]

op(w) ~ ﬁ ([T Ty (6.60)

where, unlike the calculation of the current-current correlator (5.5), the two current operators are
evaluated at the same imaginary-time. The expectation value is taken with respect to the eigenstates
of the BdG Hamiltonian, in contrast to the eigenstates of Hj used in the high-frequency, small-gap
limit. In order to calculate (6.60) we must first calculate the commutator between J, and J,. The

most convenient way to approach this is to rewrite (5.11) as
5= § T Hlehr = e D] 661

where v}; is defined in terms of (5.9) and (5.10) in (5.22), the Nambu spinor ¥y is given in (3.1), and
the spin-up and spin-down spinors are given in (6.12) and (6.13) respectively. We have been able to
write this in terms of a single spin sector be exploiting (6.24). We want to calculate

(Te T =Y [xy;wm,quv;m} . (6.62)
kK

It can be shown that, for Hy as given in (6.1), we can write

+ + + "
(T, Tyl = —2¢* Y {[v10 A 030] (T£,1T£,2 - ‘{’;2‘1’21 + 1{}2’3111;4 - T£,41F£,3)
3

+ilosg A oos] (P W, + ¥ELYE | +YARYL + YL YL)
. t t t t
+ilogs Av1o) (¥ Why — Yo Wh, + Y ¥l — YY)} (6.63)

where Y7 ; is the ith component of ¥{. The derivation of (6.63) is rather involved, so I will not
present it here. However, it can be verified to be the same as the result presented in Appendix C of
[22] by making the‘following notational substitutions: dy, &y = oo Ok, 8k = v, Ok, Re{er} = vl
and Jy, Im{er} = vh3. As hy3 is constant in our model, we can set v3; = vgrj = 0, and write

[T, Ty = —2¢%Y {[o10 A v30] (‘I’,trl‘I’;z —¥ILYL L+ ‘f,tf;f; P SR FN) (6.64)
k

We can then use the fermionic anticommutation relations and the fact that v;, = —v_j to show that
Tyt _gltel Lttt _yhtyl _wltyl _gltyl L gltyl gty
Vi ¥ro = Yio¥ir + ¥ia¥ea = Yia¥us = Y Yo — Yo ¥+ ¥is¥is — Yia¥is

and therefore we can write (6.64) as

+ + + +
(T2, Tyl = =€ Y {[v10 A vso] (FL ¥k r — U105 + VWL, — ¥LL WL,
k

Wyl wltwl L gltgl  wltel
+ ¥ Yeo = Yo ¥i, + ¥ ¥is — Fia¥is)}t (665
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As an aside, I note that this can be written as

[T, Ty) = =€ Y 010 A 030] ¥ (0 ® 172 ® 00) ¥, (6.66)
k

which implies that the orbital angular-momentum polarisation matrix, 77, ® 0y, mentioned in the
context of the TROBs in Section 6.1.2, is critical when it comes to generating an anomalous Hall
conductivity in the high-frequency limit of our model. This result is unsurprising because we
have set the vp3 velocity terms to be vanishing in our model, which means that the only nontrivial
components of the velocity matrix, and therefore the current operator, are proportional to 1 and 73
(i.e. v10 and v3p). In turn, the only way that these can be combined nontrivially in the commutator
considered here is as an 77, term. Due to the small value of the momentum-dependent spin-orbit
coupling in strontium ruthenate [77], it is fairly safe to extend this argument to strontium ruthenate
in general, even outside of our model.
When it comes to calculating <[jx, jy]> we can set T = 0 in (5.23) and (5.25) to show that

1
(Yhi¥h,j) = —(¥ie;¥h,) = B Y G, i (6.67)
m
for i # j. This is true in general, and applies to each spin sector independently, so we have
1
(1)) = = L g Llow Avso) (G = Gy + Gio = Goa+ 9 = G + i = Ga)r - (668)
k m

where I have dropped the explicit momentum and frequency indices from the Green’s functions for

convenience. In practice we can calculate
1
([T, Ty)) — Y 5 Y [010 A 030} (Gay — Gl + Ghs — Gi) + {hos — —haz, Ay — —Dn0},  (6.69)
k m

seeing as the spin sectors differ only by the sign of hp3 and Aj,. We substitute (6.69) into (6.60) in
order to determine the high-frequency approximation of the Hall conductivity.

Triplet-triplet model: When we evaluate (6.69) for the triplet-triplet model we obtain

16e ho[v10 A v30] Im{AG; Az }
- - - , 6.70
Nw? Z Z (v — E1) (v, — E2) (v, — E3) (iviy — Ey) (6.70)

where {E;} are the four eigenvalues of H,I These are too complicated to present here, but I note
that H,% has the same set of eigenvalues, as discussed in Section 6.1.3. Carrying out the Matsubara

summation yields

tanh(%)
o[v10 A v30] Im{Aj; Azt } Z Y E-E) | (6.71)
k i=1j#i ]

This is a particularly nice result because the core part of its similarity to the high-frequency, small-
gap approximation (6.57). The only difference between the two expressions is the eigenvalues
that appear: if we take E; — E4, Ep =+ —E, E3 — E_,and E; — —E_, we exactly replicate the
high-frequency, small-gap approximation. The physical motivation behind this set of substitutions

can be understood by the following argument: as noted in Section 6.1.3, the eigenvalues of each
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spin sector in the triplet-triplet model take the form {E;, E, E3 = —Ej1, Es = —E}. If the pairing
potential is set to zero within these eigenvalues, they must take the form {+E,, £E_}, where E+
are the eigenvalues of Hy. This seems to indicate that, at least in this case, the small-gap limit can
be applied to the high-frequency limit by setting A, — 0 in each of the (time-reversal symmetric)
eigenenergies, while leaving the TRSB contribution from the gaps unchanged.

Singlet-triplet pairing: Evaluating (6.69) for the singlet-triplet model yields

—128¢2 1  hooh1ohaz[v1g A v39] Im{ A%, Asq }v2
o)~ o L L 2L

v B ITi (i — Ei)

) (6.72)

where {E;} are now the eight eigenvalues of the full BdAG Hamiltonian. Unlike the triplet-triplet
model, the eigenvalues of the spin-up Hamiltonian are not the same as those of the spin-down
Hamiltonian. Just as for the triplet-triplet case, we note that the core part of this result is the same as
in the high-frequency, small-gap limit. It is only the dependence on the eigenvalues that is different
because they are dependent on the gaps. Unfortunately, (6.72) was not evaluated numerically
because the Matsubara summation is not analytically tractable, and we did not have sufficient time

to implement the otherwise necessary numerical evaluation.

6.3.4 Numerical results

We now turn to numerically calculating the Hall conductivity, using (5.30) as well as the approximate
results (6.57), (6.59), and (6.71). All three of the sets of interaction strengths introduced in Section
6.2.2 are considered here: two corresponding to the triplet-triplet model, and one to the singlet-
triplet model.

Triplet-triplet model: Figure 6.4 shows the Hall conductivity as a function of both frequency and
temperature for the triplet-triplet model with the first set of interaction strengths, corresponding to
the pairing potential amplitudes shown in Figure 6.2 A. As noted in Section 6.3.1, the imaginary
part of the Hall conductivity vanishes below some finite frequency. The frequency at which this
occurs is fiw = t1/2, in accordance with the prediction that it be determined by the normal state
parameters. Close examination of the plots actually indicates small but non-zero values of the
imaginary Hall conductivity about zero frequency. This is a numerical artefact which arises from
taking a finite value of 07 for these calculations. This also explains the spike in the imaginary Hall
conductivity at fiw = t; /2, which is most obvious in Figure 6.4 A. A smaller numerical value of
0" would be preferable, but would come at significant numerical costs. As we are not aiming for
quantitative results, this choice suffices.

The temperatures at which Figures 6.4 A—6.4 C are calculated at are chosen to coincide with
qualitatively different gaps (with respect to the competition between the two channels exhibited
in Figure 6.2 A). Qualitatively, the frequency dependence of the Hall conductivity at all three
temperatures is very similar, indicating that competition between the gaps has little affect on the
frequency response of the Hall conductivity. This is not necessarily a general result that would
apply to other models. Conversely, the magnitude of the Hall response has a strong temperature
dependence, as shown in Figures 6.4 D—-6.4 F. In all three of these plots the magnitude of the Hall
response appears to follow the temperature dependence of the gaps from Figure 6.2 A, which is
consistent with the Hall conductivity scaling with Ag 014 3; in (6.57) and (6.71).

The approximate results show good agreement with the exact result above fiw/t; =~ 1, which
essentially defines the region in which the high-frequency approximation is valid. They do not
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FIGURE 6.4: The Hall conductivity as a function of frequency (A—C) and temperature (D-F) in the triplet-triplet
model using the first set of interaction strengths (Ag1/t; = —0.2,A31/t; = —0.265, Ap1,31/t1 = 0.03). The
real (imaginary) part of the exact result is shown as a solid blue (red) line, while the high-frequency and
high-frequency, small-gap approximations are shown as dashed and dotted lines respectively. Calculated
using N = 5000 x 5000 lattice points, the numerical approximation 0t =0.001 for a positive infinitesimal, 300
frequency values, and 200 temperature values respectively.
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match at all in Figure 6.4 D, which is unsurprising as this is calculated at fiw/t; = 0.6. The high-
frequency, small-gap approximation generally matches the high-frequency approximation well,
although it diverges at small temperatures. This can be understood by inspection of (6.57) and
(6.71). In the high-frequency limit (6.71) involves the eigenenergies of the spin-up sector, E;. These
exhibit a gap about E = 0. Meanwhile, the normal state eigenenergies E; and E_, which have
no such band gap, appear in (6.57). Let us consider what occurs at momentum values in which
E_ — 0in the tanh(E_ /2T) part of (6.57):

tanh(E_ /2T) E_—0 1

_ (6.73)
E_(E2 —E?) 2TE%

As T becomes small this diverges, leading to an overestimation of the Hall conductivity at small tem-
peratures in the high-frequency, small-gap limit. The same argument applies to the tanh(E; /2T)
term in the E; — 0 limit. Understandably, quantitative agreement between the approximate and
exact results is strongest at the highest frequency considered here, in Figure 6.4 F.

Taking t; ~ 0.4 eV [78], the frequency iw/t; = 2 used in 6.4 E corresponds to that used by Xia et
al. when measuring the polar Kerr effect in strontium ruthenate [57]. At least within this model, the
high-frequency, small-gap limit is experimentally appropriate, except at the lowest temperatures. I
do not want to over emphasise the importance of this point however, because this model was never
intended for quantitative predictions.

For comparison, Figure 6.5 shows the Hall conductivity in the triplet-triplet model as a function
of frequency and of temperature for the alternative set of interaction strengths. We see no qual-
itative differences in this case, except that the temperature dependence shown in Figure 6.5B is
monotonically increasing because it follows the pairing potential amplitudes shown in Figure 6.2 B

Singlet-triplet pairing model: Figures 6.6 A and 6.6 B show the Hall conductivity of the singlet-
triplet model as a function of frequency on two different energy scales. The conductivity is large
within a narrow range of frequencies compared to the triplet-triplet case. In Figure 6.6 A the high-
frequency limit, (6.59), appears to be vanishing, although Figure 6.6 B shows that it is fact just very
small, and in strong agreement with (6.54) above fiw/t; =~ 5.5. This is an important qualitative
difference between this model and the triplet-triplet model, and goes to show that the experimental
applicability of the approximate results are highly dependent on the details of the system. As noted
in Section 6.3.3, I was unable to write the high-frequency approximation in a form that leant itself
to numerical calculations, so it cannot be shown here for comparison.

The Hall conductivity is shown as a function of temperature in 6.6 C. The exact result behaves
as expected. The frequency used for these calculations is fiw/t; = 7, which falls in the high-
frequency regime, as indicated by 6.6 B. Even here the high-frequency, small-gap approximation is
in quantitative agreement for only a small range of temperatures. It rapidly diverges as we move

away from the critical temperature.

Summary

In this chapter we used the TROBs identified in Chapter 5 in order to construct two specific
models of strontium ruthenate that might exhibit a non-vanishing Hall conductivity. This was
subsequently calculated exactly, and in the high-frequency, and high-frequency, small-gap limits.
These approximate calculations gave qualitatively (and sometimes even quantitatively) accurate

results within their respective limits.
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Chapter 7

Conclusions and outlook

In this thesis I have considered intrinsic contributions to the anomalous Hall conductivity of
two-band superconductors in the linear-response regime. In particular, I considered the role of
time-reversal-odd bilinear functions of the pairing potential, and identified two such TROBs which
play a central role in determining the intrinsic anomalous Hall conductivity in the high-frequency,
small-gap limit. Although the concept of a TROB was introduced in a previous work [27], I
have generalised its applicability and clarified its role in the anomalous Hall conductivity. The
importance of these TROBs is not that they can be used to explicitly calculate the Hall conductivity,
but rather that they provide a necessary condition for a non-vanishing Hall conductivity. At least one
of the TROBs must be non-vanishing in order for a given system to exhibit intrinsic contributions
to the anomalous Hall conductivity in the high-frequency, small-gap limit. Because these TROBs
are straightforward to calculate, they provide an easy mechanism to test whether a given model
might exhibit a Hall conductivity, which is useful when it comes to developing theoretical models
to explain observations of the polar Kerr effect in materials of interest. As an illustrative example, I
constructed a two-orbital model of strontium ruthenate, and utilised the TROBs to constrain the
pairing states to be consistent with an anomalous Hall conductivity.

Although the TROBs only act as a necessary condition for an anomalous Hall conductivity in
the high-frequency, small-gap limit, they are informative even outside of this regime. The high-
frequency, small-gap approximation of the Hall conductivity is obtained by neglecting certain terms,
and it is unlikely for these to exactly cancel with the terms that are kept. If the Hall conductivity is
non-zero in the high-frequency, small-gap limit, it is probably also non-vanishing in general. This is
somewhat exemplified in Chapter 6, where both of the models considered have a non-zero Hall
conductivity in general. It is a useful result because the relevance of the high-frequency, small-
gap limit to experimental endeavours is dependent on the details of the system in question. For
example, the high-frequency approximation is valid at frequencies used in previous experiments
[57], but this is not the case for the singlet-triplet model. If both TROBs are vanishing on the
other hand, we cannot make claims about the Hall conductivity in general, because higher order
corrections to (5.59) could conceivably contribute (although they would be expected to be on the
order of ~ |A |4, so should be much smaller). This is an unfortunate restriction on the applicability
of my result, especially because the temperature range over which the small-gap approximation
is valid is unclear in general. For example, the validity of the small-gap approximation is quite
good at all but the lowest temperatures in the triplet-triplet model, but only for a small range of
temperatures is the singlet-triplet model. A generalisation away from the small-gap limit would
be desirable, and is plausibly within reach. I note that there is a close connection between the
high-frequency and the high-frequency, small-gap forms of the Hall conductivity in our model of
strontium ruthenate, so it is plausible that the same TROBs provide a necessary condition for the
Hall conductivity in the high-frequency limit alone. Of course, a complete generalisation away from
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even the high-frequency limit would be preferred, but the feasibility of this is questionable due to
the analytic work that would be involved: despite our simple model including just four terms in
each of the normal state and pairing potential, analytical calculations of the exact anomalous Hall
conductivity were basically impossible. This is a testament to the highly nontrivial nature of the
anomalous Hall conductivity.

A perhaps more attainable goal would be the generalisation of my result to systems that do not
have a centre of inversion, or to multiband superconductors with more than two energy bands.
This would significantly broaden the class of systems to which the resulting argument would apply,
such as the noncentrosymmetric superconductor LaNiC, [92], or a more realistic three-band model
of strontium ruthenate [97]. It is unclear exactly how much additional work would be required
to approach these generalisations because the assumptions we would be required to drop were
fairly central to my derivation. Future work could also investigate the relationship between the
TROBs and other necessary conditions for a Hall conductivity identified in specific models, or
try to identify further physical conditions from them. For example, we know that the TROBs
encapsulate both the condition that time-reversal symmetry is broken and that it is communicated
to the centre-of-mass coordinate, but further physically meaningful conditions may be able to be
extracted in the context of a given system. On the other hand, the requirement of interband pairing
identified by Taylor and Kallin [91] could not be related to the TROBs alone, but required the full
form of (5.59). Finally, it is worth emphasising that I have solely considered contributions to the
Hall conductivity from intrinsic mechanisms. There has been much theoretical work providing
insight into the mechanisms which can lead to a Hall conductivity via impurity scattering [34,
45-48]. It would be interesting to study these extrinsic contributions in a system where we also

have the intrinsic Hall conductivity studied here.
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Appendix A

Numerical considerations

This appendix deals with the issues that arise when actually performing the numerical calcula-
tions presented in Chapter 6. Sections A.1 and A.2 deal with how to simplify and speed up the
calculations, while A.3 deals with the accuracy of the results.

A1 Minimising the free energy

In Chapter 6 we determined (6.50) as the free energy of a superconducting state with two pairing
channels. In order to determine the amplitude of each pairing channel, to be used in the calculation
of the Hall conductivity, we had to minimise (6.50) with respect to these amplitudes. In this section
I will outline how I approached this numerically, as there are a number of results that can be used

to simplify the calculation.

Momentum summation: First of all, let us address which values of k = (ky, k) are to be used in
the summation, which should cover all the points in the first Brillouin zone. For a two-dimensional
square lattice with Nj;; = N x N sites' and lattice constant a, the periodic boundary conditions
kyNa = 1and kyNa = 1 require that

- 2n, — N
(kx;ky) — ((zanaN)Tf,( nyNa )ﬂ) , 0< iy, Ty <N-1. (Al)

These points are shown in Figure A.1 A for N = 10. One of the easiest ways to speed up the
calculation is by decreasing the number of momentum points we sum over. By transforming the
coordinates given in (A.1) to

— 2n, — N+1
(ks k) = (2 Nt D (2, — Nt >”>, 0<mum <N-1, (A2

as shown in Figure A.1 B, we can then exploit the symmetries of Dy, in order to sum over only the
shaded region shown in Figure A.1 C, which is only one eighth of the Brillouin zone?. (A.2) can be

motivated by noting that
i 2 N—=oco dkx dky
N2 . 2rt/a2m/a’

IThroughout this thesis N has referred to the total number of lattice points, but for the purposes of this appendix it refers
to the number of lattice points per dimension.

2The transformation from (A.1) to (A.2) is not actually necessary to take advantage of the symmetries of the lattice, as
long as the k points situated on the edge of the Brillouin zone are correctly accounted for. (A.2) is more convenient when it
comes to dealing with these edge points, but if I was to perform these calculations again, I would directly sum over one
eighth of the points shown in Figure A.1 A.
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FIGURE A.1: Restricting the momentum values we sum over in the first Brillouin zone.

for k given by either (A.1) or (A.2), so for sufficiently large N the difference between these sums
should vanish. We can therefore replace the ) , in (6.50) with 8 Z;C, . Where E;wx is understood
to refer to a sum over k values in the shaded region of A.1 C. Note that contributions to the free
energy from momentum points on the diagonal edge of the shaded region must be multiplied by
one half to avoid double-counting.

Splitting the Hamiltonian into sectors: Aside from the sum over momentum, one of the slowest
steps in the numerical calculation of (6.50) is the determination of the eigenvalues and eigenvectors
of the 8 x 8 matrix Hy. Within the triplet-triplet model this step can be sped up by splitting the
Hamiltonian H into the two spin sectors discussed in Section 6.1.1. From (6.24), we can write

1
MF __ + _ IR TERVl
HY = 5 ;‘Pka‘Pk = ;‘Pk H,¥;, (A.3)

where H,I is a 4 X 4 matrix, and ‘I’£ is a 4 x 1 spinor. Because the eigenvalues of H,I come in =+ pairs
(refer to Section 6.1.3), we are able to replace the eigenvalues in (6.50) with those of HT, as long
as we remember to multiply the result by two in order to account for the fact that we no longer
have a factor of one half out the front in (A.3). Of course, this only applies to the summation term
in (6.50), as K is in addition to (2.15). Unfortunately, when it comes to the singlet-triplet model the
eigenvalues within a single spin sector do not come in =+ pairs, so we cannot make use of this result
because (6.50) was derived assuming this was the case.

The logarithm: As part of determining (6.50), the computer will have to calculate cosh(BEg,/2),

which could cause issues for Ey, > kpT, because cosh grows exponentially. It is safer to use
In [2cosh(BEk,/2)] = In {e’sEk“/z (1 + e*/SEk“)} = % +1In {1 + e*/gEkﬂ} .

Intensive free energy: The free energy, F, is an extensive quantity, which is to say that it will
increase with the number of lattice points, Nj,;. It is more convenient to consider the specific free
energy, f = F/ Ny, which is an intensive quantity.

Pairing potential ansatz: In Section 6.1.3 we used a free energy argument in order to restrict
the relative phase between the pairing channels. This considerably speeds up the numerical

minimisation routine as it is being performed with respect to two parameters rather than four.
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Interaction strengths: The interaction strengths, A,,/, are generally allowed to be complex-valued,
although subject to A,,» = A7, (see (6.39)), which requires A,, = Ay to be real-valued. In all the
calculations I have additionally taken A,/ to be real, which gives A,,,; = A,s,,.

Final expression: In summary, we can express the free energy in the triplet-triplet model as

8 2 _ 1(82 1 A
f=-3L o |:Eko¢ + Eln(l te ﬁEka)} -3 (Ai + )Ti + Alljz(Amz + A1A2)> . (A9
r

where Ey, are understood to be the two positive eigenvalues of the 4 x 4 matrix H,I and ) refers
to a sum over one eighth of the first Brillouin zone, as shown in Figure A.1 C. When it comes to the
singlet-triplet model we must associate an additional factor of one half with the first term in (A.4),
and understand E, to be the four positive eigenvalues of the 8 x 8 matrix Hy. This is the expression
that I minimise numerically with respect to the amplitudes of the two pairing channels. While it
would be fairly straightforward to express (A.4) directly in terms of Ap; and Agp using (6.49), it is
easier to instead minimise (A.4) in terms of the variational parameters A; and A, and calculate Ay ;
and Agp at the end. When taking this approach we must express Ey, in terms of A; and A, rather
than directly in terms of Ag; and Agp, in order to be consistent. The minimisation is performed
using a Nelder-Mead method, implemented in the Optim. j1 package for Julia. Examples of the
code used to calculate and minimise the free energy can be found in Appendices B.1 and B.2.

A.2 Calculating the Hall conductivity

The efficiency of the code when it comes to calculating the Hall conductivity can be improved in
much the same ways as for the free energy. We can reduce the number of momentum values we
need to sum over by exploiting the lattice symmetries in order to sum over only one eighth of the
Brillouin zone. For both the triplet-triplet and the singlet-triplet models we can replace the BAG
Hamiltonian with H,I by exploiting (A.3). The resulting expression is a modified version of (6.54):

op(w) =

202 ., tanh(%) _ tanh(%)
~iNw ko [

Ekzx — Ektx/ +w +1i0t

ko) (ko| v} |k a) — (k,a| 0]

x ((k,tx|v’,§ k) (k| of |k,a>)], (A5)

where Ey, and |k, «) are understood to be the eigenvalues and eigenstates of the 4 x 4 matrix
H,t, and ¥ refers to a sum over one eighth of the first Brillouin zone, as shown in Figure A.1 C.
The momentum sum speed up can also be applied to the approximate results, (6.57), (6.59), and
(6.71). An example of the code used to calculate both the exact and approximate forms of the Hall
conductivity can be found in Appendix B.3.

A.3 Numerical accuracy

When performing numerical calculations there are a number of errors which we would like to
minimise. One source of error is that approximations must be made, such as being unable to take
07 to be truly infinitesimal (see discussion in Chapter 6), and being unable to take N to be infinite.

Another source of error is introduced in the optimisation step used to minimise the free energy.
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FIGURE A.2: The convergence of the pairing potential amplitudes with respect to N. The triplet-triplet pairing
model discussed in Chapter 6 was used, taking kgT/#; = 0.01, hiw/t; = 0.6, and 0" = 0.001.

Numerical optimisation routines must decide on an some “convergence criterion”. The pairing
potentials that minimise the free energy can never be determined with absolute precision by a
numerical algorithm. Instead, we must verify that the convergence criterion is small enough such

that the error is negligible for our purposes.

Convergence with respect to N: In order to test for convergence, I calculated both the pairing
potentials and the Hall conductivity using a range of values of N. For these calculations I used the
triplet-triplet model with the first set of interaction strengths, and took kT /t; = 0.01, icw /t; = 0.6,
and 07 = 0.001. For the pairing potentials I varied N between 50 and 1000. The results are
shown in Figure A.2 A. For each value of N I plot the disparity between the calculation with that
value of N from that calculated with N = 1000. This is not to presuppose that the N = 1000
calculation is correct, but allows us to see how this disparity decreases as N is increased. For the
Hall conductivity I took N from 100 to 7500. The results are shown in A.2B. Again, I plot the
disparity of each calculation with respect to the N = 7500 calculation.

We observe that the pairing potentials are well converged by N = 400, and after N = 500 there
is negligible improvement. Figure 6.2 indicates that the pairing amplitudes are on the order of 1072,
which means that by N = 500 the error is well less than one in one hundred. The Hall conductivity
does not converge as fast, although by N = 5000 the disparity is on the order of 10~°. Figure 6.4
indicates that the Hall conductivity is on the order of 10~*atkgT/t; = 0.01 and fiw/t; = 0.6, which
means that the error is also on the order of one in one hundred. For this reason, despite Figure A.2 B
indicating that the Hall conductivity has not converged as far as it could have by N = 5000, I made
the decision that this would be sufficient for our purposes. The error should not be enough to mask
any qualitative features, although it probably explains the numerical artefacts at high frequencies
in Figure 6.6 B for example.

It is worth noting that, for both the pairing amplitudes and the Hall conductivity calculations,
the convergence with respect to N is dependent on the gap magnitudes. Smaller gap magnitudes
require a larger value of N (i.e. a finer momentum resolution) to reach convergence. This is because
of the Ey, eigenvalues, which appear in both (A.4) and (A.5). Convergence is reached when the
energy difference between neighbouring momentum points is negligible compared to the gap
magnitudes, which requires a finer resolution when these magnitudes are smaller. As noted in
Chapter 6, the gap magnitudes used there correspond to a critical temperature approximately forty
times larger than the experimentally observed value. If I had aimed for a more physical value
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FIGURE A.3: The convergence of the pairing potential amplitudes with respect to the tolerance of the Nelder—
Mead algorithm. The triplet-triplet pairing model discussed in Chapter 6 was used, taking kgT/t; = 0.01.

(by reducing the interaction strengths) the corresponding gap magnitudes would then require
a much finer momentum resolution. As noted in the text, the values I did use were still in the
weak-coupling regime, so I did not feel that it was necessary to go to this additional effort.

Convergence criterion in the optimisation routine: The Nelder-Mead algorithm performs nu-
merical optimisation of multi-dimensional functions using simplex optimisation. I will not go into
the specifics of the convergence criterion it implements, although it can be found in the original
paper [98]. The Optim. j1 package alters the convergence criterion directly by setting the “toler-
ance”, which is taken to be 1078 by default. In order to see if this was sufficient I calculated the
pairing potentials (again, for the triplet-triplet model with the first set of interaction strengths, and
kgT/t; = 0.01) for a range of tolerances between 10~ and 10~1°. Figure A.3 plots the disparity of
each calculation with respect to the tol. = 10! calculation. We see that significant improvements
can be made by decreasing the tolerance from 10~8. By tol. = 10~!2 the result is essentially unaf-
fected by any further decrease. For this reason I set the tolerance to be 10~'2 in my calculations.
I could have probably justified a larger tolerance, but each order of magnitude came with only a
small increase in calculation time.
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Appendix B

Code samples

This appendix provides examples of the code used for the numerical calculations in Chapter 6.
Where the code is specific to an individual model the triplet-triplet model outlined in Section 6.1 is
used. The code is written entirely in Julia, using the LinearAlgebra. j1 and Optim. j1 packages.

B.1 Calculating the free energy

The following function was used to convert between Ag 1, Agp and Ay, Ay(refer to Section 6.2).

Aconversion(A0) = [AO[1] + AO[21*A[31/A[2]1, AO[2] + AO[11*A[3]1/A[1]]

When it came to calculating the free energy, the single-particle Hamiltonian was constructed
in the spin-up sector and used to calculate the relevant eigenvalues. The form of the free energy as
implemented in this code differs slightly from (6.50). See Appendix A.1 for an explanation of some
of the techniques implemented here to speed up the calculation.

function f(AO0)
fsum = 0.0;
for nx in N/2:N-1, ny in N/2:nx
#calculate momentum values
kx = (2*nx-N+1)*pi/N
ky = (2*ny-N+1)*pi/N

#don't double count diagonals of the B zone

BZdiagonal = (nx == ny 7 0.5 : 1.0)

#construct normal state Hamiltonian
h00 = -tl1*(cos(kx)+cos(ky)) - u;
h10 =2#t3*(sin(kx)*sin(ky));

h30 = -t2*(cos(kx)-cos(ky));

h23 = soc

#construct pairing potential
AO01 = Aconversion(AO0) [1]*(sin(kx)+im*sin(ky)) ;
A31 = Aconversion(A0) [2]*(sin(kx)-im*sin(ky)) ;

#explicitly construct one sector of HBAG
Hbdg = [h00+h30 h10-im*h23 A01+A31 0;
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h10+im*h23 h00-h30 0 A01-A31;
conj(A01)+conj(A31) 0 -h00-h30 -h10+im*h23;
0 conj(A01)-conj(A31) -h10-im*h23 -h00+h30]

#calculate eigenvalues of HBdG

evals = eigvals (Hbdg)

#sum over positive e-values (* is taken into account in the formula)
for a4 in 3:4
fsum += (evals[al+(2/B)*log(l+exp(-B*evals[al)))*BZdiagonal
end
end
return -8/(N~2)*fsum - 0.5%(A0[1]1~2/A[1] + A0[2]~2/A[2] + A[31/
< (A[11*A[2])*2+xA0[1]1*A0[2])

end

Note: the t1, t2, t3, and soc parameters are defined in global scope; soc is referred to as A in this thesis.

B.2 Minimising the free energy

The default Nelder-Mead algorithm as implemented by Optim. j1 was used to minimise the free
energy with respect to the pairing potential amplitudes. As discussed in Appendix A.3, the default
tolerance was not found to be sufficient.

Aoptim(AOinit,tol) = optimize(f,AOinit,Optim.0Options(g_tol=tol)) .minimizer

Note: the tol parameter is defined in global scope to be 10e-12, as discussed in Appendix A.3.

The following code was used to calculate the pairing potentials as a function of temperature.
The initial guess supplied to the optimisation algorithm was updated at each temperature. For this
I supplied the “optimised” values from the previous temperature plus some noise. Updating the
initial guess meant the optimisation could be more efficient, while the noise reduced the chance of
getting stuck in a local minimum.

function Tsweep(T1,T2,NT,tol)
Trange = range(T2,stop=T1,length=NT) #runs from high to low temperature
AOinit = [0.0,0.0] #initial guess (is updated for each temperature)
AQoptims = zeros(NT,2)

for (i,T) in enumerate(Trange)
global B = 1.0/T #global scope such that it can be accessed by f in optimize()
AOoptims[i,:] = Aconversion(Aoptim(AOinit,tol))
AOinit = AOQoptims[i,:] .*(0.9.+rand(2)./10) #update initial guess (with noise)
end
return Trange, AOoptims

end
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B.3 Calculating the Hall conductivity

The following code sample shows how the Hall conductivity was calculated as a function of
frequency, via explicit construction of the single-particle Hamiltonian in the spin-up sector. The
approximate results are also calculated. As for the free energy, the form of the Hall conductivity
implemented here differs slightly from (6.54). See Appendix A.2 for an explanation as to why.
Analogous code was used to calculate the Hall conductivity as a function of temperature, but is not
included here.

function cHw(;Nmax::Int, temp::Float64, wmax::Int, deltaomega::Float64, zeroplus::
~Float64)
hall = zeros(wmax) .+ 0im #the exact result
approxhall = zeros(wmax) #the high-w approximation

approx2hall = zeros(wmax) #the high-w, small-A approximation
temp = 1/

for nx in Nmax/2:Nmax-1
for ny in Nmax/2:nx #sum over one eighth of B zone
kx = (2*nx-Nmax+1)*pi/Nmax

ky = (2*ny-Nmax+1)*pi/Nmax

#don't double count diagonals of the B zone

BZdiagonal = (nx == ny 7 0.5 : 1.0)

#construct normal state Hamiltonian
h00 = -tl*(cos(kx)+cos(ky)) - u;
h10 =2*t3*(sin(kx)*sin(ky));

h30 = -t2*(cos(kx)-cos(ky));

h23 = soc

#calculate eigenvalues of normal state Hamiltonian
Ea = h00+sqrt(h10~2+h30~2+h23"2)
Eb = h00-sqrt(h10°2+h3072+h23"°2)

#construct pairing potential
A01 = AO0[1]*(sin(kx)+im*sin(ky));
A31 = A0[2]*(sin(kx)-im*sin(ky));

#explicitly construct one sector of HBAG

Hbdg = [h00+h30 h10-im*h23 A01+A31 0;
h10+im*h23 h00-h30 0 A01-A31;
conj(A01)+conj(A31) 0 -h00-h30 -h10+im*h23;
0 conj(A01)-conj(A31) -h10-im*h23 -h00+h30]

#calculate eigenvectors and values of HBdG
evecs = eigvecs(Hbdg)

evals = eigvals(Hbdg)

#construct velocity terms (vx5 and vy5 = 0)
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v00x = til*sin(kx);

v00y = tixsin(ky);

v10x =2*t3*cos(kx)*sin(ky) ;

v10y =2*t3*sin(kx)*cos(ky) ;

v30x = t2*sin(kx);

v30y = -t2*sin(ky);

Vx = v0O0x*kron(c0,00) + v10x*kron(c0,01) + v30x*kron(c0,03) #in one sector
Vy = vOOy*kron(c0,00) + v1Oy*kron(c0,01) + v30y*kron(c0,03)

Threads.Qthreads for iw in 1:wmax
w = iw*deltaomega + im*zeroplus

for hi in 1:4, hj in 1:4
hall[iw] += (dot(evecs[:,hi],Vx*evecs[:,hj])*dot(evecs[:,hj],Vy*evecs[:
<,hi]) - dot(evecs[:,hi],Vy*evecs[:,hj])*dot(evecs[:,hj],Vx*evecs[:,hi])) *,
< (tanh(evals[hi]/(2*temp)) - tanh(evals[hjl/(2*temp)))/(real(w)*(evals[hi] - evals[hjl,
—+ w)) * BZdiagonal
end #end hi, hj sum

approxhall[iw] += h10#*(v10x*v30y-v10y*v30x)*imag(conj(A01)*A31) *,
~ (tanh(evals[1]/(2*temp))/
—((evals[1]-evals[2])*(evals[1]-evals[3])*(evals[1]-evals[4])) + tanh(evals[2]/
—(2+temp) )/ ((evals[2] -evals[1])* (evals[2]-evals[3])*(evals[2] -evals[4])) +,
~tanh(evals[3]/(2*temp))/((evals[3]-evals[1])*(evals[3]-evals[2])*(evals[3]-evals[4])),
<+ tanh(evals[4]/(2*temp))/
—((evals[4]-evals[1])*(evals[4]-evals[2])*(evals[4]-evals[3])))* BZdiagonal / real(w)"2

approx2hall[iw] +=
~h10* (v10x*v30y-v10y*v30x) *imag(conj (A01) *A31) * (Ea*tanh (Eb/ (2*temp) ) -Eb*tanh (Ea/
—(2+temp) )) / (Ea*Eb#* (Ea~2-Eb~2) *real (w) ~2) * BZdiagonal;

end #end w loop
end #end ny sum

end #end nx sum

return 8*2+hall/(8*im*Nmax~2), #exact result (x8 for k sum, x2 for one sector)
8*approxhall*(-8)/Nmax~2, #high-w approximation (x8 for k sum)
8*approx2hall*8/Nmax~2, #high-w, small-A approximation (x8 for k sum)
(1:wmax) *deltaomega #the vector of frequencies

end

Note: the vector of optimised pairing potentials A0 is defined in global scope. Additionally, the ¢0, c'1,

and 03 variables used in the definition of Vx and Vy are the relevant Pauli matrices.
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