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Abstract

The formation of exotic orders in the vicinity of magnetic quantum critical points
is a promising research field. Particularly motivating is the discovery of high tem-
perature superconductors with novel ordering symmetries. In this thesis we extend
the fermionic quantum order by disorder approach to analyse phase formation in

the vicinity of antiferromagnetic and spin-triplet nematic quantum critical points.

We first investigate a fundamental model for itinerant antiferromagnetism. Already
at mean field level this model exhibits exciting behaviour. Nesting and van-Hove
physics drive incommensurate order and a discontinuous transition to the antifer-
romagnetic phase. These phenomena can be related to the Fulde-Ferrell-Larkin-
Ovchinnikov state of superconductivity. Additional phenomena are driven by fluc-
tuations. Applying the fermionic order by disorder approach we discover a multitude
of phases. In addition to the antiferromagnetic order we consider d-wave supercon-
ductivity and d-wave bond density wave order. Finally, we analyse mode-mode
coupling between all pairs of these three orders. The resulting phase diagram is in
qualitative agreement with experimental findings in cuprate superconductors and

offers an alternative perspective to the standard theoretical approaches.

In the absence of an antiferromagnetic quantum critical point we instead consider su-
perconducting order driven by ferromagnetic spin fluctuations. We analyse a model
for spin-triplet nematic order and investigate its susceptibility to the formation of
spatially modulated nematic order, fluctuation driven p-wave superconductivity and
composite pair density wave order. Here, the presence of spin-triplet nematic order

enhances the superconducting transition temperature dramatically.
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Units and conventions

Momenta and wavevectors are scaled by the lattice constant, a, so that
ak — k.

We adopt Planck units, which set the reduced Planck constant and Boltzmann
constant to unity:

Integrals over momentum space will often be written as sums. For example in 2

spatial dimension in the presence of a lattice we write the integral over the first

Brillouin zone as: 1 = -
_ dk, | dk,.
Z (2m)? / . /7r Y
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Chapter 1

Introduction

1.1  Motwation and background

1.1.1 Superconductivity

In 1911 Heike Kamerlingh Onnes discovered, that upon cooling mercury below 4.2
Kelvin the electric conductivity suddenly dropped to values smaller than he was able
to experimentally measure. First termed supraconductivity, Onnes and others went
on to demonstrate this phenomenon in a range of materials with ever increasing
transition temperatures. However, after years of search, an upper limit seemed to
emerge. This was supported by the theoretical models of the time. In particular,
Bardeen, Cooper and Schrieffer developed a microscopic model for superconduct-
ing pairing due to the interaction of the electrons with vibrational modes of the
ion lattice [1,2]. This electron-phonon interaction leads to an attraction between
electrons, which in response form bound states. These, so called, Cooper-pairs are
bosonic states, which condense into a superconducting ground state with an en-
ergy bandgap. The limited strength of the electron-phonon interaction restricts the
superconducting transition temperature to about 40 Kelvin [3]. For decades, this
held true. Then, in 1986 Bednorz and Miiller discovered superconductivity in a new
type of ceramic compound, LaBaCuO [4]. Only one year later Wu et.al. analysed
YBaCuO with the remarkable transition temperature of 93 Kelvin [5].

15
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A whole new class of superconductors had been discovered: the cuprates, charac-
terised by thin stacks of copper-oxide planes separated by insulating layers of varying
composition (see Figure 1.1). To date the record critical temperature at ambient

pressure is about 135 Kelvin in an ordered superstructure of Hg-Ba-Ca-Cu-O [6].

HgBa,Cu0,.; YBa,CuOg.; La,,SrCu0, TI,Ba,CuO4,;
(Hg1201) (YBCO) (LSCO) (TI2201)

Figure 1.1: Crystal structure of a few cuprates and the copper-oxide plane.
A shows the perovskite structure of a few cuprate superconductors. B displays the
copper-oxide plane. Additionally, B highlights the copper d,2_,2-orbital and oxygen
P2 and py-orbital believed to be responsible for the copper oxide plain’s conductivity
upon doping. Figure from [7].

These remarkably high transition temperatures are well above the theoretical limit
for phonon mediated pairing. A new model was needed. The task was complicated
by the complexity of the generic phase diagram of the cuprates and the exotic
nature of the phases involved, see Figure 1.2. In 1987 Anderson proposed, that the
superconducting pairing is driven by electronic and magnetic correlations originating
in the antiferromagnetic insulting state of the parent compounds [8]. This opened up
a new avenue of theoretical attack; the idea that high temperature superconductivity
in cuprates is a result of strong quantum fluctuations in the vicinity of a putative

quantum critical point.

1.1.2 Quantum criticality

Classical phase transition are governed by the interplay of thermal fluctuations and
interactions. This behaviour is usually well described in Fermi liquid theory. Here,
the effect of interactions is accounted for by a renormalisation of the dynamical

properties of the electrons, such as their mass. The resultant quasiparticles are then
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o
= . i strange metal
Sle
o =
o0 T
E £ pseudo-gap s
metal
superconductivity
QCP
@ .
doping

Figure 1.2: Generic temperature-doping phase diagram of the underdoped
cuprate superconductors. At zero doping the parent compounds are antiferro-
magnetic Mott insulators (red) [9]. Upon doping the mysterious pseudo-gap [9, 10]
phase develops below T*. A superconducting dome is centred around optimal dop-
ing, covering a putative quantum critical point (QCP). In the limit of high doping
the system turns into a conventional metallic Fermi liquid (yellow). Above the su-
perconducting dome non-Fermi liquid behaviour is observed, dubbed strange metal.
Other phases present in the cuprates, such as charge order [11,12] or the spin glass
phase [13], are not shown in this sketch. Figure from [14].

treated as a non-interacting gas of particles. This description fails if a continuous
transition is tuned to absolute zero. Here the magnitude of thermal fluctuations
vanishes and quantum fluctuations due to Heisenberg’s uncertainty principle be-
come strongest. The zero temperature transition is called a quantum critical point.
The proliferation of quantum fluctuations in the vicinity of quantum critical points

changes the physics dramatically and invalidates the Fermi liquid approach.

Figure 1.3 displays a typical quantum critical phase diagram. Here, the electron’s
behavioural change is observed in measurements of the electric conductivity as a
function of temperature. While Fermi liquid theory predicts a quadratic temperature

dependence, the quantum critical regime often displays a linear relationship [15].

The first attempt at a description of magnetic quantum critical points was presented
by Hertz [17] and extended by Millis [18]. Their work applies to systems, where the
continuous magnetic transition extends all the way to zero temperature. This theory
explains the universal scaling behaviour in the vicinity of naked quantum critical
points. However, even in seemingly ideal candidates of naked quantum criticality, for
example CeCusg9Aug; [19,20] or YbRh,Sis [16] (see Figure 1.3), additional physical
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0.3

Figure 1.3: Non-Fermi-liquid behaviour in the vicinity of quantum criti-
cality. Temperature-magnetic field phase diagram of YbRhySi,. Upon application
of a magnetic field the antiferromagnetic (AF) transition temperature is suppressed
to zero Kelvin. Above this quantum critical point a non-Fermi-liquid (NFL) arises.
This is characterised by a linear temperature dependence of the electric conductiv-
ity, p. Increasing the magnetic field further, the system transitions to a common
paramagnetic Fermi liquid (FL). The antiferromagnetic and paramagnetic regions
show the conventional quadratic temperature dependence of the resistivity of Fermi
liquids. Figure from [16].

mechanisms must be accounted for.

In many experimental systems the direct observation of quantum critical points is
difficult. As the supposed quantum critical point is approached, the transition turns
discontinuous or new phases appear, either of which hide the quantum critical point.
In fact, the emergence of exotic phases in the vicinity of quantum critical points has
been observed in a number of material classes - notably non-BCS superconductivity
in the cuprate [8] and pnictide compounds [21,22]. The apparent universality of
this phenomenon lead to the belief that the emergence of novel and exotic phases is

directly related to the existence of the quantum critical point.

Hertz-Millis theory fails to explain these phenomena. It turns out additional aspects
have to be taken into account. In Hertz-Millis theory only the lowest order correc-
tion from the coupling of electrons to the bosonic fields associated to the magnetic
order are accounted for. In three spatial dimension this ansatz is valid. The lowest
order vertex correction is marginal, while higher order terms are negligible. In two
dimensions all higher order vertex corrections are marginal and their sum leads to

a change in the universal scaling behaviour [23-25]. Of course, taking account of
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an infinite number of terms is non-trivial and thus the need for novel theoretical

approaches was born.

1.1.3 Fermionic quantum order by disorder

One recent approach to quantum criticality is fermionic quantum order-by-disorder.
It simplifies the problem by including an infinite number of terms in the familiar
second order perturbative approach. The term order by disorder was first coined by
Villain in the context of degenerate spin states [26]. Zero temperature degeneracies
in the mean field ground state of frustrated spin systems may be lifted by ther-
mal fluctuations at finite temperature. This is due to a difference in the available
phase space for such fluctuations. Thus, the thermal fluctuations entropically pick
a particular order from the otherwise disordered ground state. Fermionic quantum
order by disorder generalises this concept; the presence of an order may also enhance
the available phase space for quantum fluctuations. If the entropy associated with
these fluctuations is large enough, new phases may be stabilised even if they are not

favoured at the classical level.

Fermionic quantum order by disorder has previously been applied to itinerant fer-
romagnets in two and three spatial dimensions [27-31]. In these studies quantum
fluctuations drive the formation of a variety of exotic phases, such as spiral ferro-

magnets, spin nematics and p-wave superconductivity.

In this thesis we apply the fermionic quantum order by disorder approach to the
quantum critical itinerant antiferromagnet. One of the most fundamental models

for itinerant antiferromagnetism is the Hubbard model.

1.1.4 Hubbard model

Within months of the discovery of high temperature superconductivity in the cuprates,
Anderson proposed that their essential physics is captured by the Hubbard model [8].
The Hubbard model is one of the seemingly simplest models of correlated electrons
in condensed matter physics. The model itself was independently introduced by
Anderson [32], Hubbard [33], Kanamori [34] and Gutzwiller [35]. It reduces the
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energetics of particles on a lattice to two principal components: inter-site hopping

and on-site interaction.

Figure 1.4: Depiction of the Hubbard model on a square lattice. Dou-
ble occupation of lattice sites costs energy g and hopping to nearest neighbours is
associated with an energy gain of t.

In certain materials electrons are so tightly bound to their respective atom that
we may no longer assume them to form a gas of free electron within the solid.
Instead, we replace this assumption by a picture, in which the electrons occupy
discrete lattice sites. Their only mode of translation is the hopping or tunneling from
one lattice site to the next. In its simplest formulation the Hubbard model allows
only for the hopping between nearest neighbours. On a two dimensional square
lattice this means only vertical and horizontal hops of a single lattice constant are
admissible. Extensions to this simplest model may be made by inclusion of next-

nearest neighbour or further hopping.

The second component of the Hubbard model is an approximate inclusion of the
Coulomb repulsion between electrons. In principle, a faithful representation of the
physics of solids would include the interactions of any one particle with every other
one. However, the presence of positive atomic Ions screens the long range Coulomb
interaction between electrons. Therefore, the Hubbard model only considers inter-
actions between electron on the same lattice site. The inclusion of electron-electron
repulsion in the model was a step forward from the non-interacting band theories

at the time.

A well known consequence of the inclusion of electron-electron interaction is the Mott
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insulating phase [9]. In the limit of strong interaction and one electron per site or
half filling, the energetic cost of double occupation of any site becomes too large.
Since there is exactly one electron per site, none of them can hop onto any other site
without encountering another electron. Thus hopping is suppressed entirely and the
system becomes insulating. This is in contrast to the predictions of conventional
band theories, which expect any system with a finite density of states at the Fermi

surface to be conducting.

In summary, the Hubbard model consists of two distinct terms: inter-site hopping
and intra-site repulsion. The electrons may gain kinetic energy by hopping, but are
punished for sitting on a lattice site occupied by another. This seemingly simple com-
petition allows the Hubbard model to describe phenomena, such as metal-insulator

transitions or the physics of cold-atom experiments.

1.2  Essential concepts

In this section we will explain and define some of the fundamental concepts used
in the following chapters. First, we formally introduce key characteristics of the
Hubbard model near half filling: nesting and van-Hove singularities. Secondly, we
will introduce phase transitions and their description within the Ginzburg-Landau

phenomenology.

1.2.1 Fermi surface nesting

A Fermi surface is nested if it possesses extended regions, that may be shifted onto
one another by a single vector. This vector is called the nesting vector. Since it
connects regions of the Fermi surface its start and end point are at the same energy.
Consequently, in nested dispersions there exists large phase space for low energy
excitation at the nesting vector Q. This greatly enhances the system’s susceptibility

to the formation of order at this particular wave vector.

A common example of a nested Fermi surface is the half-filled Hubbard model with
nearest neighbour hopping only. Its Fermi surface forms a diamond with perfectly

parallel sections, see Figure 1.5. This makes it highly susceptible to the formation
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of order at the nesting vector such as spin density waves.

T
s
2
x 0
=
2

-JT 1L N
[ pis
T . . T
Kx

Figure 1.5: Nesting of the Fermi surface of the half filled Hubbard model.
The vector Q = (, 7) nests large regions of this diamond shaped Fermi surface.

Points on the Fermi surface that are mapped to one another by a commensurate

wave vector are referred to as hot-spots.

An order is said to be commensurate if its period of spatial modulation is a rational
multiple of the lattice constant of the underlying crystal structure. In case of antifer-
romagnetic order with Q = (m,7), the extrema of magnetisation lie precisely on the
lattice points, thus it is commensurate. Conversely the period of spatial modulation
of an incommensurate order is an irrational multiple of the lattice constant. Figure
1.6 illustrates both commensurate and incommensurate antiferromagnetic order in

one spatial dimension.

1.2.2 Van Hove singularities

An additional feature, that enhances a system’s susceptibility to phase formation,
is a large density of states at the Fermi surface. The density of states of a system
describes the number of available distinct quantum states as a function of energy.
Thus, a large density of states in the vicinity of the Fermi surface enhances the

available phase space for low energy excitations.
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Figure 1.6: Sketch of (in)commensurate antiferromagnetic order. Commen-
surate order is sketched in red. Here A.,,, the wavelength of spatial modulation of
magnetisation, M, is a rational multiple of the lattice spacing (orange dots). The
incommensurate modulation (blue) has a scale Aj,com that is not a rational multiple
of the lattice constant.

The density of states is a functional of gradient of the dispersion relation of the

system. In particular,

dS.
ple) = gé(e—ek) x el (1.1)

where the integral is taken over the surface of constant energy e. From (1.1) we
conclude that the density of states may be singular at any saddle point of the
dispersion. The precise form of these singularities depends on the dimensionality of
the system and the nature of the saddle point. These non-analyticities in the density
of states are named after Léon Van Hove, who first analysed their occurrence in

phonon dispersions in 1953 [36].

1.2.3 Phase transitions

The phase of a system is its macroscopic state, in which its properties are uniform
over length scales much larger than the system’s microscopic components. The most
familiar example are the three principal phases of water: gas, liquid and solid. The

particular phase of a system at any time is a function of thermodynamic variables,
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such as temperature, pressure or magnetic field.

Changing these variables across certain critical values forces the system to drastically
change its macroscopic state; it undergoes a phase transition. The parameter space
occupied by any particular phase may be plotted in a phase diagram, where different
phases are separated by phase transition lines. Figure 1.7 illustrates these ideas for

the three principle phase of water.

o
273.16 647 T[K)

Figure 1.7: Pressure-temperature phase diagram of water. The solid black
lines denote discontinuous first order transitions between the three principle phases.
Here the mass-density changes abruptly. Above the critical point (red) the liquid-gas
transition becomes a continuous second order transition. Figure from [37]

Physically, phases may be understood as the state of the system that minimise
its Helmholtz free energy. The later governs the balance between minimising the
system’s energy, while maximising its entropy. The free energy takes the familiar

form
F=F-TS. (1.2)

Conceptually, we may view the entropic term as arising from random thermal fluctu-
ations, which classically work towards breaking apart ordered phases and restoring

broken symmetries. Their counterpart are interactions between the system’s micro-
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scopic components. They try to form ordered states and break symmetries of the

non-interacting model.

The degree to which a system has departed from the symmetric phase is often
described by an order parameter. For example, at sufficiently low temperatures
Nickel or Iron become ferromagnetic. Their electronic spins align, breaking the
discrete rotational symmetry of the material. The magnetisation of the material

may be used as the order parameter, as it increases dramatically as order is formed.

Since the thermodynamic parameters control the phase of a system, so do they con-
trol its macroscopic properties. In fact, the material’s properties may be expressed
as derivatives of the free energy with respect to particular macroscopic variables. We
may divide phase transitions into two categories by the behaviour of these derivatives

as a function of the external parameter.

A first order transition exhibits a discontinuous change in the first derivative of the
free energy with respect to a thermodynamic variable. Consequently, first order
transitions require a finite amount of latent heat. In a real material this may result
in a spatially piecewise transition, as finite thermal conductivity limits the amount
of heat available to different parts of the system. This piecewise process is evident
in the melting of water. As water melts, its density increases step-like. Density is
the first derivative of the free energy with respect to the chemical potential. Hence,

this is an example of a first order transition.

Continuous or second order transitions are continuous in the first derivative of the
free energy. Instead, they exhibits a discontinuous change or singularity in second
or higher order derivative of the free energy with respect to a thermodynamic vari-
able. This is evident in a divergent susceptibility. Since the transition is continuous
the whole material may transition as one. Thus, the correlation length, which is
the characteristic length scale at which observables co-vary, diverges at the tran-
sition. In case of a second order magnetic transition, the magnetisation increases
continuously from zero as a function of an applied field. However, the magnetic
susceptibility is divergent at the transition point. Magnetisation and magnetic sus-
ceptibility are the first and second derivative of the free energy with respect an

applied field respectively.
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1.2.4 Ginzburg-Landau expansion

In order to determine the positions of phase transitions within a parameter space,
we will employ Ginzburg-Landau expansions. Originally a phenomenological ansatz
to study continuous phase transitions into superconducting states [38], it was soon
extended, basing phenomenological parameters on microscopic derivation [39]. The

underlying concept is as follows:

In continuous transitions, the order parameter is a continuous function of thermody-
namic variables. In the symmetric phase the order parameter is zero, while crossing

through the transition, its value increases continuously.

By choosing a point in parameter space inside the symmetry-broken phase, but
sufficiently close to the transition, the order parameter may be tuned to be arbitrarily
small compared to any intrinsic scale of the model. We can then expand the free
energy in powers of the order parameter and analyse the behaviour of these Landau

expansion coefficients.

Let us examine the general form of a Landau expansion in the case of ferromag-

netism. The free energy to sixth order in magnetisation is
F =aM?+ BM* +yM°®, (1.3)

where we have ignored symmetry breaking effects, like an external magnetic field,
—hM. The possible shapes of this free energy as a function of o and [ are displayed
in Figure 1.8. The highest order term of a Landau expansion, here ~, has to be

positive to ensure a finite order parameter.

The left hand side of Figure 1.8 demonstrates the condition for a continuous tran-
sition, & = 0. As the quadratic coefficient turns negative, two minima at finite

magnetisation develop and the system spontaneously forms magnetic order.

Close to the tricritical point Landau expansions may be employed to describe first
order transitions as well. The tricritical point is the position in parameter space at
which a continuous transition turns discontinuous. At the tricritical point both the
quadratic and quartic Landau coefficient are zero, a = f = 0. Along the first order

line a sufficiently negative quartic term overcomes the positive quadratic coefficient.
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Figure 1.8: Shapes of free energy as a function of the Landau expansion
coefficients o and . A second order transition occurs when « turns negative
(bold black line). Assuming a positive sixth order Landau term, ~y, a first order
transition takes place when the forth order term £ becomes sufficiently negative
(bold red line).

In particular, when 8 < 0 and 32 = 4a. This parabola is depicted in the first
quadrant of Figure 1.8. Note how at the transition point local minima at finite

magnetisation become degenerate with the non-magnetic minimum in the center.

Away from the tricritical point the analysis of first order transitions by a finite order
Landau expansion fails. This is the result of a shrinking radius of convergence of
the Landau expansion as thermal fluctuations become weaker at lower temperatures.
At sufficiently low temperatures the free energy may display non-analyticities as a

function of the order parameter.

In the presence of several different phases the expansion may be extended to include
additional order parameters as well as the phase competition or support between
them. The same principle of minimising the free energy in order to find the state of

the system applies to such a multi-dimensional generalisation of the above example.
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1.3  OQutline of thesis

The remainder of this thesis is split into three parts.

In part II we analyse the mean field theory of antiferromagnetism in the Hubbard
model close to half filling. Here, we already discover a surprisingly rich phase dia-

gram including an incommensurate phase and a first order transition.

In part IIT we investigate the effect of quantum fluctuations in the vicinity of the
antiferromagnetic quantum critical point. We start by formally introducing the
fermionic quantum order by disorder approach. Next we apply this formalism to
expand on the mean field phase diagram of the antiferromagnet. Having calculated
the antiferromagnetic phase diagram, the next step is the inclusion of new phases.
In particular, we analyse the formation of a d-wave bond density wave and d-wave
superconductivity. Additionally, we consider the interaction of both of these phases

with each other and antiferromagnetism.

In part IV we consider p-wave superconductivity in a model for a spin-triplet ne-
matic. This work follows very closely the fermionic quantum order by disorder

analysis in the previous chapters and earlier work on ferromagnetism [29, 30].

We conclude with a discussion of the order by disorder formalism in general and its
application to the antiferromagnetic and nematic order in particular. We finish by

proposing several avenues for future work.
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Chapter 2

Mean field theory of the

antiferromagnet

2.1 Introduction

In this chapter we will analyse the mean field free energy of antiferromagnetism in
the Hubbard model. We start off by formally defining the Hubbard model and anti-
ferromagnetic order. Then we derive formal expressions for the model’s Helmholtz

free energy and its Ginzburg-Landau expansion.

Following work by Rice [40], we develop a heuristic picture of antiferromagnetic
phase transitions. This predicts the main features of the phase diagram and guides

our subsequent numerical and analytical approach.

The commonly assumed phase diagram consists of a single continuous transition
to commensurate order down to zero temperature [41-43] . Surprisingly, even in
mean field theory we find additional features. At low temperatures, the second
order line becomes reentrant and the model supports a region of incommensurate
antiferromagnetism as well as a first order transition. This is analog to the physics
of LOFF states as will be explored in detail below.

30
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2.2 The model

In this section we will derive formal expressions for the Helmholtz free energy of the

antiferromagnetic state in the Hubbard model and its Landau expansion coefficients.

2.2.1 Hubbard Hamiltonian

In the preceding chapter we gave an intuitive picture of the Hubbard model. (See
Figure 1.4)

Let us now define it formally. The Hubbard Hamiltonian takes the form;

H Hubbard = —t Z (Cii,acrj,a + Cij7o-cri,a) +g Z CL,TCH:TCL,WH:M (2.1)
(i,9),0 i
kix;gtjc interaction

where we have identified the kinetic and interaction part of the Hamiltonian. Angled
brackets, (7, ), denote summation over nearest neighbours only and ¢t and g are the

tunneling rate and on-site interaction, respectively.

This is the textbook form of the Hubbard model. It considers only the most dom-
inant hopping term. Thereby we keep the dispersion as simple as possible. Addi-
tionally, it allows for the clear differentiation of phenomena driven by nesting and
van-Hove physics, from those driven by the details of the band-structure of the

cuprates, for instance the presence of hot-spots.

Fourier transforming the kinetic contribution, we obtain

Hrubbard = Z EkCLUCk,o +9g Z CL7TCri,¢CIi7¢Cri,¢a (2.2)

k,o 7

where e, = —2t (cos k, + cosk,) is the tight binding dispersion. This is plotted in
Figure 2.1.
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(a) The blue contour is the Fermi
surface for the half filled band. The
orange contour is representative of
Fermi surfaces close to half filling.

Figure 2.1: Contour and 3D plots of the tight binding dispersion.

(b) The contours are identical to the
contour plot on the left. Note the
saddle points at the corners of the
half-filling contour line.

Properties of the tight binding dispersion

We would like to derive the model’s phase diagram close to half filling. Hence, the

features of the dispersion in this range of parameters are of particular interest.

At precisely half filling, the Fermi surface of the tight binding dispersion forms a

diamond shape. Translated by a vector Q = (, 7), the Fermi surface nests perfectly

with itself and is hence highly susceptible to ordering at that scale, due the large

phase space for zero energy excitations at that wave length. In addition, saddle

points at half filling lead to a logarithmic van-Hove singularity in the density of

states. In particular, the density of states takes the form

ple) =

1
0
272t

2(5(6 — €x)

2K (1— (%)?)

el

le|
— A t
At el <2,

where K (z) is the complete elliptic integral of the first kind.

(2.3)
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Slightly away from half filling, nesting and van-Hove singularity play an important
role. The divergent phase space at half filling may still be accessed by finite tem-
perature fluctuations or the formation of incommensurate phases. The latter will

be explored further in Sections 2.3 and 2.5.

2.2.2 The order parameter

On a lattice commensurate antiferromagnetism is an order in which any two neigh-
bouring magnetic moments align anti-parallel. For electrons on a two dimensional
square lattice, the spins of any two electrons on neighbouring sites point in opposite
directions - up and down for instance. This is distinct from stripe order, where any
one row of spins is aligned ferromagnetically, but spins on neighbouring rows are
aligned anti-parallel. Formally, we define the magnetisation of the two sublattices

of up and down spins as
M = ZO’<C:{7GC¢7U> cos(Q.r;), (2.6)

where 0 = £1 labels the two spin species and we defined Q as the wavevector over

which the spin orientation changes.

In the limit of half filling and strong coupling, the Hubbard model may be de-
scribed by a Heisenberg Hamiltonian. Antiferromagnetism is not an eigenstate of
the Heisenberg Hamiltonian, due to its intrinsic quantum fluctuation in the presence
of antiferromagnetic order. In contrast, ferromagnetic order does not exhibit these
fluctuations due to Pauli exclusion and hence is an eigenstate of the Heisenberg

Hamiltonian.

2.2.3 Mean field ansatz

Interacting many body systems are hard to solve in general. Mean field theory is an
ansatz to reduce the complexity of many body problems. It simplifies the Hamilto-
nian by treating interactions on average. This reduces the many body Hamiltonian
to a one body Hamiltonian and a self-consistency relation. In effect it reduces

the Hamiltonian with non-quadratic terms to a Hamiltonian only containing terms
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quadratic in the electron field operators. Here, the electrons interact with the mean
field, which encodes the average effect of all other particles. Deviations away from

the mean field are assumed to be small.

In order to begin a mean field analysis one first has to guess an appropriate mean

field. Assuming antiferromagnetic order, we define the mean field as

Nig) = g + oM cos(Q.r;), (2.7)

where n denotes the average number of electrons per site and M and Q are the

amplitude and wavevector of the antiferromagnetic order.

Adding and subtracting the mean field, we may rewrite the interaction contribution
of the Hubbard model as

nigniy = (g — Qg + (i) (nay — (ag + (uy)
= i) + iy Qg — (g iy, (2.8)

where we expanded to leading order in deviations from the mean field, (n;, — (2:.0))-

The Hamiltonian may now be written as

H— ,LLN - kank,a + g Z (ni,a<ni,a> - @iﬂéﬂ) ) (29)
k,o 1,0

where & = €x — p. Next, we insert our mean field assumption from equation (2.7).

Fourier transforming we arrive at

T
1 ‘o Q. . gM Cr_Q, M?
”H—MN=§Z A (kMz e +92 . (2.10)
Kk g §k+%

Ck+%,a
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2.2.4 Diagonalisation

The Hamiltonian in equation (2.10) may be diagonalised by a rotation of the basis

o e o
Yk, _ uUkx Vg k-2, ’ (2.11)
Tk, —Uk Uk Ck+%a

states,

with

Ue = 5 1+ - (2.12)
\/(ek_% — ek+%)2 + (29 M)
1 €,.Q —€.Q
2= 5|1 e } (2.13)
\/(Ek—% - €k+g)2 + (29 M)
The Hamiltonian in terms of the rotated basis takes the form
t M
H—puN = ; S Moo Mo T 95 (2.14)
The dispersion in the presence of antiferromagnetism is
1 2 2072
Sko = 5 <€k—% + 6k+% + U\/<€k—% — 6k+%) +4g°M ) — L. (2.15)

With exception of Sections 2.3 and 2.5, this thesis will assume commensurate anti-
ferromagnetism with Q = (7, 7). It is instructive to highlight the effect of commen-
surate ordering at this point. Recall, the tight binding dispersion, €, = —2¢t(cos k, +
cos k), then

2 V Q= (dir, +jm) & i,j €N, (2.16)

This reduces the dispersion in Equation (2.15) to

Seo = 00/ + g2 M? — p. (2.17)
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Figure 2.2: Cross section of the dispersion in the presence of antiferromag-
netic order. The antiferromagnetic wavevector was chosen as Q = (m, 7).

A cross section of the dispersion in the presence of commensurate antiferromagnetic
order is plotted in Figure 2.2. Note how the size of the gap changes the size of the
Fermi sea. In particular, when the gap is larger than the chemical potential, the
lower band is completely filled and the Fermi surface disappears. The significance

of this will be explored at a later stage.

2.2.5 Free energy

At mean field level the Helmholtz free energy is defined as:
1
Fo= —gleZ, (2.18)

where Z is the partition function of non-interacting Fermions in the grand canonical

ensemble, given by:

Z = ) (eMemy) (2.19)

n

= Tr(e PV 4 1), (2.20)
Combining (2.18) and (2.20) we find
F = ——Trlog (e PH=1\) 4 1) (2.21)

= —= ) log (e o) 1) (2.22)
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Having derived the formal expression, we may now write down the mean field free

energy of the Hubbard model in the presence of antiferromagnetic order:

2

— _TZk)g( - 41 >+g]\24 , (2.23)

where x, is the dispersion in the presence of antiferromagnetism, Equation (2.15).

2.2.6 Landau expansion

Next, we derive formal expressions for the mean field Landau coefficients. In the
present case, we may simplify the calculation significantly. Instead of expanding in
the order parameter M, we expand in M?2:

1 oO"F

= G| (2.24)

oy 1 OF
(0% =
o2n! OM2n

with
F =Y oM = oM’ + BM* + yM° + O(M®). (2.25)
n=1

We have introduced the usual notational convention for the first three coefficients.

Calculating the derivatives we find

a=g Z QQ gk(gHQ) +7 (2.26)
3 3
[ f(fk,g) - f<§k+9> f’(fk,Q + f,(karQ)
_ 4 o 2 2 2 2
- Z e —dar + 26 g — bura)? (2.27)
[ f(&e_e) = f(&epa)  [(§ea) + ['(Epe)  ["(Gea) — [ (§r0)
_ 6 2 27 2 2 2
T zk: _2 (C-g = &eig)® (Ck-@ = &ei)* - 66 a —&a)® |’
(2.28)

where the Fermi distribution function is defined as f(z) = (e*/7 4+ 1)~}

The complexity of terms grows from order to order. In particular, note the increasing

order of derivatives of Fermi functions. Their highly oscillatory behaviour at small
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temperatures (7' < |u|) is further amplified by higher and higher order denominators.

This is suggestive of non-analytic behaviour below the tricritical point.

Assuming commensurate order and using the discrete translational antisymmetry of

the dispersion, we may simplify these expressions. In general, we obtain

1 @ O\ ofla—p) —fl—ac—p) g
(2n) _ Sy v 2 9
«Q ‘Q:(w,ﬂ) ol Xk: (2€k 8ek) (9 e + 5 ) (2.29)

2.3 Heunristic picture

Having derived formal expressions, we would now like to calculate the phase diagram.

In this section, we will discuss a heuristic picture of the mean field theory of the
antiferromagnet. This will serve to develop some physical intuition as well as a guide

to the analytical and numerical analysis.

2.3.1 Antiferromagnetic order

The simplest case to consider is a second order transition to commensurate order.

Here, the Fermi surface close to half filling takes the form plotted in Figure 2.3.

=

kx

Figure 2.3: Fermi surface in the presence of commensurate antiferromag-
netic order. The original Fermi surface is red, while the shifted Fermi surface is
depicted in orange. The blue contour is the half filling Fermi surface serving as a
guide to the eye.
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For high temperatures (7" > |u|) the phase transition behaves as expected. The
canonical picture here is of competition between thermal fluctuations and the electron-
electron interactions. The transition temperature increases monotonically with the

interaction strength.

In this temperature range the occupation of states in momentum space is not cut off
sharply at the Fermi energy. Instead, thermal fluctuations allow partial occupation
above the Fermi surface at a distance proportional to temperature. Therefore, we
may picture the Fermi surface as a band of finite width % (See Figure 2.4). This
relaxes the geometric requirements for nesting, so the original and shifted Fermi

surface in Figure 2.3 may be considered well nested for 7' > |u|.

JT

Figure 2.4: Sketch of the Fermi surface at finite temperature. The zero
temperature Fermi surface is in red, while the thermal widening is depicted in light
red. The blue line is the half filling Fermi surface for orientation.

For temperatures below this threshold the quality of nesting diminishes with de-
creasing temperature. Hence, the transition line becomes reentrant, in the sense
that smaller temperatures require stronger interactions for the transition to occur.
The reduction in nesting may also be viewed as a shrinking of the available phase

space for a given value of the electron-electron interaction.

To avoid this reentrance of the second order transition, we consider incommensurate
wave vectors. Incommensurate order allows for nesting even for vanishingly small
temperatures. In general we may write our new ordering vector as Q = (7, ) +0Q,
where [0Q| ~ ﬁ The broken circular symmetry of the Fermi surface suggests two

independent directions of §Q. Without loss of generality we consider (1,1) and (1, 0).
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Other symmetry related directions of §Q, such as (—1,1) or (0,1), are equivalent
choices. Figure 2.5 displays both possibilities. Figure 2.5 indicates a larger degree

of nesting for an incommensurate wave vector Q = (m — §Q, 7).

x
-7 0 T 27T
Kx
(a) Fermi surface in the pres- (b) Fermi surface in the pres-
ence of incommensurate antiferro- ence of incommensurate antiferro-
magnetic order with wave vector magnetic order with wave vector
Q=(r—-6Q, ). Q=(7—6Q, 7—4Q).

Figure 2.5: Plots of the shifted Fermi surfaces for incommensurate antifer-
romagnetic order. The red contour is the original Fermi surface. The black and
dotted contour is the Fermi surface shifted by Q = (7, 7). The orange contour is
the Fermi surface shifted by an incommensurate wave vector. The blue contour is
the Fermi surface at half filling serving as a guide to the eye.

Up to this point we have been thinking about the change in Fermi surface in the
presence of antiferromagnetic order with regards to a second order transition. We
found that the geometry of the system suggests different ordering vectors depending
upon the relative size of temperature and chemical potential. Assuming a second or-
der transition implied that we could take magnetisation to be much smaller than the
Fermi energy, |gM| < |u|. Hence, effects due to the size of the finite magnetisation

could be ignored.

However, from Figure 2.2 it is clear, that an increase in magnetisation enlarges the
Fermi sea. In fact, for magnetisation larger than the Fermi energy, |[gM| > |ul,
the gap pushes through the Fermi level and the original and shifted Fermi surface
join at the half filling line. Hence, for sufficiently large magnetisation the nesting
behaves identical to the Hubbard model at half filling. The enhanced phase space

at half filling due to perfect nesting and the logarithmic van-Hove singularity makes
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the system highly susceptible to ordering at commensurate wave vectors. We may
therefore envisage a first order transition towards magnetisations larger than the

chemical potential.

2.3.2 Rice’s LOFF analogy

The predictions gathered from the heuristics above may be reinforced by examin-
ing the phase diagram of superconductivity. In 1970 Maurice Rice showed, that
antiferromagnetism and superconductivity map to one another by a particle-hole
transformation of one spin [40]. Particle-hole pairs forming the antiferromagnet are

mapped to Cooper pairs of particles that form the superconductivity.

In the antiferromagnet the nested Fermi surfaces are those of particles and holes,
whose relative size is determined by the chemical potential. In the superconductor
the paired Fermi surfaces are those of spin up and down particles, whose relative

size may be changed by applying an external magnetic field.

spin up particles spin down particles

particles

(a) Fermi surface of particle and (b) Fermi surface of spin up and
holes in the tight binding model be- down particles in an external mag-
low half filling. netic field.

Figure 2.6: Sketch of the nested Fermi surfaces of the incommensurate an-
tiferromagnet and LOFF superconductor. The 2 Fermi surfaces are coloured
in Red and Blue. The dashed contours are the shifted Fermi surfaces in case of
commensurate and BCS order, respectively.

Lastly incommensurate antiferromagnetism is mapped onto superconductivity with

non-zero pairing momentum - the LOFF state [44-46].
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The behaviour of the antiferromagnet close to half filling is therefore mirrored by a
superconductor in an external magnetic or spin exchange field, the later being the
starting point of both Larkin and Ovchinnikov, and Fulde and Ferrell. In this model
one finds similar features predicted by the heuristic picture above: A reentrant
second order transition to ordinary BCS superconductivity, which is preempted by
both a first order transition to zero momentum pairing as well as a second order
transition to the LOFF phase.

T

Fermi
Liquid

Homogeneous
Superconductivity

u

Figure 2.7: Sketch of doping-temperature phase diagram of the LOFF
phase. The second order transition from the Fermi liquid to homogeneous su-
perconductivity (black line) is reentrant. Below the tricritical temperature (red
dot) the transition turns first order. Here, the reentrance becomes preemted by a
transition to the LOFF state (red region). Figure adapted from [46]

However, the LOFF model further exhibits a first order transition to the LOFF phase
which preempts the second order transition to the same. The LOFF phase diagram
is sketched in Figure 2.7. The discrepancy between LOFF and incommensurate an-
tiferromagnetism can be explained by considering the different model’s dispersions.
The LOFF model uses simple spherical free electron Fermi surfaces for both spins,
whose geometry is fundamentally independent of the size of the superconducting
gap. In contrast, the tight binding dispersion’s geometry changes drastically when
one introduces a gap larger than the chemical potential. This is a result of intro-
ducing a lattice into the model. Hence, in the present system Rice’s analogy is only

reliable for a sufficiently small order parameter.
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Antiferromagnet | Superconductor

Order parameter CLTCkJ’_Q’ 1 CLTCT_k L

Control of relative size | chemical potential | external magnetic field
of paired Fermi surfaces
Deviation in pairing incommensurate LOFF state
momentum leads to antiferromagnet

Table 2.1: Summary of the mapping between antiferromagnetism and su-
perconductivity

2.4 Commensurate second order phase transition

2.4.1 Overview

In this section we calculate the second order phase transition line from paramag-
netic to commensurate antiferromagnetic order. For temperatures greater than the
chemical potential we expect the classical monotonic increase of the transition tem-
perature with interaction strength. For temperatures lower than the Fermi energy,

nesting is reduced (see Figure 2.3) and we predict a reentrance.

The onset of a second order phase transition is marked by the continuous appear-
ance of a finite order parameter. The Landau-Ginzburg formalism expresses this as
a sign change of the lowest order expansion coefficient « (see Figure 2.8) The ob-
jective of this section is to find the zeros of «, as a function of interaction strength
and temperature. We will start by performing a numerical analysis, which will be

confirmed by analytical tools in the appropriate limits.

2.4.2 Numerical approach

The condition for second order transitions, o = 0, gives us an expression for the

interaction strength as a function of temperature and chemical potential:

g=— (Z f(ek - M) _ka<_€k - :u)) ) (230)




Chapter 2. Mean field theory of the antiferromagnet 44

F

Figure 2.8: Sketch of the Free energy as a function of magnetisation for
different signs of a. The red line represents the second order phase transition
point between the symmetric phase in black and the broken symmetry phase in
blue.

The numerical approach consists of evaluating the integral for « for a fixed chemical

potential, |u| < ¢, and varying temperature. The result is displayed in Figure 2.9.

T

Ml

PM

0.5}

=

0.18 0.2 g

Figure 2.9: Second order transition line of commensurate antiferromag-
netic order in the Hubbard model close to half filling. The green area (AF)
denotes the commensurate antiferromagnetic phase. PM denotes the paramagnetic
phase. Reentrance appears at T~ |u|/2.

As expected, we find a reentrant second order transition to commensurate antifer-

romagnetism.

In the limits of temperature being much smaller or larger than the chemical potential,

we may confirm these findings analytically.



Chapter 2. Mean field theory of the antiferromagnet 45

2.4.3 Analytic approach
Analytical solutions for the location of the commensurate second order transition

may be formed in two limits: temperatures smaller or larger than the chemical

potential.

High temperature limit

In the limit of high temperatures we may expand the Fermi distributions functions

in orders of % Then the quadratic coefficient is given by

a =0 = QZZf(‘Ek_:U’);ka(_ek_:u) _|_g (231)
k

Q

L g
—g*y —+Z. 2.32
Solving for the interaction we obtain

g = (2.33)

T
3
This is in good agreement with the numerical result. For temperatures larger than
the Fermi energy the numerical phase transition line approaches the analytical result
asymptotically. This approach may be extended to higher orders. However, the
reentrant behaviour of the second order phase transition can not be analysed with

this expansion, since its temperature is outside the radius of convergence.

Low temperature limit

In the limit of small temperature we may perform a Sommerfeld expansion. To

quadratic order in temperature a Sommerfeld expansion takes the form

*  H(e P 2
/_OO ea<ef>>+ pde = /_Oo H(e)de + T°H'(p) + O(T"). (2.34)
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Expressing the quadratic coefficient a as an energy integral by introduction of the

density of states we obtain
fle=p) g
a = ¢° E p(e)% +3 (2.35)

Here, we identify H(e) = @, so that the Sommerfeld expansion of a becomes
w 2 /
a=g* (/ @de 7l (_p(/;) AL (#))> + 7. (2.36)
4 € 6 \ n 7 2

The integration is cut of by the electron bandwidth below and by the Fermi energy

above. Solving a = 0 for g we find

1
2 ([, Ahde =% () — )

Evaluating the integral and derivatives with the approximate, logarithmic density

g (2.37)

of states, equation (2.5), we arrive at

1

- . (2.38)
p(n)(— log(Ld) + 12 %)

g:

where we have omitted subleading contributions.

This confirms the reentrant behaviour found through numerical means as seen in
Figure 2.10. As for the high temperature limit, a finite number of higher order terms
is not sufficient to reproduce the phase transition line in the vicinity of intermediate
temperature (7' =~ u/2). This area is beyond the radius of convergence. Higher

order terms merely exhibit more and more extreme behaviour in this region.

2.5 Incommensurate second order phase transition

2.5.1 Turning the heuristic picture into a calculation

In Section 2.3 we discussed how the reentrance of the commensurate second order

transition may be preempted by incommensurate antiferromagnetic order. This may
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Figure 2.10: Mean field second order transition line to commensurate an-
tiferromagnetism including its Sommerfeld approximation. The exact nu-
merics are depicted as the black line, while the Sommerfeld approximation is red.

occur because a change in wavevector improves nesting at temperatures lower than
the chemical potential. Below, we will analyse the precise form of this incommen-

surate antiferromagnetic order and calculate its phase transition line.

We will start by analysing the second order Landau coefficient as a function of
antiferromagnetic ordering wave vector Q. This will give us insight into the preferred
direction of 6Q = Q — (m, 7).

Having thus reduced the dimensionality of the parameter space, we continue by

calculating the phase transition line of the incommensurate antiferromagnet.

2.5.2 Direction of /Q

In order to determine the preferred direction of §Q we calculate and plot the Lind-
hard functions as a function of antiferromagnetic wave vector. The Lindhard func-

tion takes the form:

~—

Q

f(fk_ - f(§k+8)
X(Quw=0)=)" e o

- §k+%

(2.39)

k—

Ns)

This is nothing other than the integral in the second order Landau coefficient in

equation (2.26). Physically it measures the susceptibility of electrons to particle-
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hole excitations of energy w and momentum Q.

The result of the numerical integration, close to half filling and temperature much
lower than the chemical potential, T" < |u| < t , is displayed in Figure 2.11.

Close inspection reveals, that the preferred direction of the incommensurate phase

is 6Q = 6Q(1,0).
=\ o

N |

[3)
x

Figure 2.11: Contour and 3D plots of the Lindhardt function of antiferro-
magnetism in the Hubbard model. Identical shading was used for both Plots.
See also [47,48].

Figure 2.13 shows the shifted Fermi surface for such a wave vector. Note, that the
direction of dQ is independent of temperature or chemical potential, since neither
change the band symmetry. They do however change the length of Q. In particular

we find that for temperatures much smaller than the Fermi energy
6Q| ~ L, (2.40)
(%

where vp = 2v/2t is the Fermi velocity at k = (3, %)- The accuracy of this relation-

ship close to half filling is demonstrated in Figure 2.12.

This is consistent with neutron scattering data collected from LSCO [49-51] and
YBCO [52] samples. In both these compounds the incommensurability is a linear
function of doping. Further the preferred direction of /Q in these samples is iden-
tical to the one determined here. However, in LSCO the orientation only agrees for
superconducting samples, while at lower doping the incommensurate vector compo-

nent re-orientates by 7 /4. Thus the form of the antiferromagnetic wave vector seems
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Figure 2.12: Incommensurability, /Q, as a function of the chemical poten-
tial. In blue is the numerical result of maximising the Lindhardt-function. The
black dashed line is [0Q] =~ ﬁw. Temperature was choosen much smaller than the
chemical potential, T = 0.01|u|

intimately related to the occurrence of superconductivity. Figure 2.14 summarises

this experimental data.

The method of measuring the antiferromagnetic ordering wavevector employed by
[49-52] is neutron scattering. Neutrons posses zero charge and due to their spin
a small magnetic moment. Thus neutrons only interact with the atomic nuclei of
samples via the short-ranged strong force and with magnetic moments via a dipole
interaction. This makes neutrons only weakly interacting and therefore ideal candi-
dates to probe the bulk properties of samples and samples inside an experimental
casing as required for cryogenics or application of pressure. However, this weak
interaction necessitate large single crystal samples and does not allow for powder
diffraction experiments. Due to their interaction with the atomic nuclei, neutrons
are used to probe the lattice structure and its excitations - phonons. The spin of
the neutrons interacts with unpaired electrons and thus neutrons are employed to

probe the magnetic structure and magnetic excitations of samples.

Since, the cross-section of the neutron-magnetic scattering is comparable to the
neutron-nuclear scattering cross-section, the scattering of neutrons off magnetic
structure provides sufficiently strong signals in the diffraction pattern. This diffrac-
tion pattern is governed by Bragg’s law, highly repetitive structures result in bright
Bragg diffraction peaks. To distinguish between features in the diffraction pattern
caused by nuclear or magnetic scattering, one may first analyse the crystal struc-
ture in the absence of magnetic order, for instance at sufficiently high temperature.
Subsequently, one can cool the sample and measure any changes in the diffraction

pattern due to the formation of order. The diffraction pattern is a map of the sam-
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Figure 2.13: Fermi surface in the presence of incommensurate antiferro-
magnetism. The wave vector is of the form Q = (7 4+ dQ, 7). The red contour is
the original Fermi surface. The orange and black dotted contour are the incommen-
surately and commensurately shifter Fermi surfaces respectively. The blue contour
is the half filling diamond for reference.

ple’s crystal and magnetic phase structure and thus allows for direct measurement

of the magnetic ordering wavevector.

2.5.3 Phase diagram of the incommensurate antiferromag-

net

Above, we demonstrated the preferred direction of the incommensurate component,
0Q), of the antiferromagnetic order. Our next task is to determine its length. Earlier,
we argued that nesting of the commensurate order is improved by an increase in
temperature. Hence the degree to which the system prefers incommensurate order
should decrease as temperature rises. Therefore, we hypothesised, that /Q tends to

zero as temperature approaches the Fermi energy.

Our task in this section is to determine the ordering wave vector as a function of

temperature and from that calculate the incommensurate phase transition line.

In general this may be done by expanding a in dQ and solving the simultaneous
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Figure 2.14: Incommensurability of the antiferromagnetic wave vector as a
function of hole-doping in cuprates. In case of LSCO, the direction of incom-
mensurability changes with the onset of superconductivity around z = 0.05. Panel
(a) and (b) adapted from [52] and [50] respectively.

equations

a= oap+ a0Q?+ g 0Q* + gdQC +.. =0 (2.41)
Dsqev = 2000Q + 4040Q3% + 6060Q° +..  =0. (2.42)

However, even knowing the preferred direction of 6Q, the form of these expansion

coefficients is sufficiently non-trivial to prevent an accurate analytical solution.

Instead, we determine the preferred 6Q as function of temperature numerically. That
is to say, we perform numerical integration and find the maxima of the Lindhardt
function. The result is plotted in Figure 2.15. As expected, dQ tends to zero as

temperature approaches the Fermi energy.

Surprisingly, 0Q does not increase monotonically as temperature tends towards zero.
This can be understood by examining the degree of nesting at a smaller scale than

the Brillouin zone as displayed in Figure 2.16.

Figure 2.16a sketches the optimal nesting for intermediate temperatures (7" ~ .2|ul).

In this regime we may consider the Fermi surface as a band of finite width 7". Hence,
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Figure 2.15: Incommensurability, 6Q, as a function of temperature. Note
that the incommensurability is not growing monotonically as temperature is lowered.

the best nesting is achieved by crossing the two Fermi surfaces. This weighted

overlap of Fermi surfaces results in maximal incommensurability around 7" = .17|p.

As temperature approaches zero this is no longer the optimal manner to nest. Nest-
ing would only be achieved at the two crossing points as the width of the Fermi
surface is proportional to temperature. Instead, optimal nesting is achieved by the
two Fermi surface touching. To achieve this 6Q has to shrink slightly as tempera-
ture tends towards zero. Figure 2.16b sketches the optimal nesting in the limit of

temperatures approaching zero.

Having determined the optimal ordering wave vector as a function of temperature
we may now calculate the phase transition line to incommensurate antiferromagnetic

order.

This is done by numerical evaluation of

f(ek_% —p) = f(ek-i,-% - ﬂ)) - 7 (2.43)

k k-9 7 %+¢

for general temperature and with the optimal ordering wave vector determined at

that temperature.

The resulting phase diagram is plotted in Figure 2.17. As expected, the re-entrance
of the commensurate antiferromagnet is preempted by the incommensurate order.
Note, that the ordering wave vector inside the area of incommensurate antiferro-

magnetism (shown in orange) is not a constant. The antiferromagnetic wave vector
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(a) Sketch of optimal nesting at inter-
mediate temperatures (T ~ .2|u|). This
scenario allows for large regions of nest-
ing for intermediate temperatures, while
for T ~ 0 this geometry only nests at the
two crossing points.
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(b) Sketch of optimal nesting as temper-
ature approaches zero (T'<.1|u|). This
scenario allows for Fermi surface nest-
ing along a section of finite length for
T<.1|u|. At intermediate temperatures
this geometry has reduced nesting away

93

from middle of the Fermi surface sides.

Figure 2.16: Detail of the Fermi surface around k = (7, 7) in the presence

of incommensurate antiferromagnetism of wave vector Q = (7 + 0Q, 7).
The red contour is the original Fermi surface. The black solid and dotted contours
are the incommensurately and commensurately shifted Fermi surfaces respectively.
The blue contour is the half filling “diamond” for reference.

is a function of temperature as displayed in Figure 2.15. The interaction strength,
g, does not change the incommensurability. Hence, away from the tricritical point
the ordering wave vector changes discontinuously between the commensurate and

incommensurate phase regions.

2.6  First order transition

2.6.1 Introduction

The last aspect of the mean-field antiferromagnetic phase diagram we would like to
explore is the possibility of a first order transition. This is again motivated by Rice’s

analogy between antiferromagnetism and superconductivity.

In the case of superconductivity, one may calculate a first order transition line
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Figure 2.17: Second order transition lines to antiferromagnetic order in
the Hubbard model close to half filling. The two coloured regions are com-
mensurate order in green and incommensurate order in orange.

to the homogeneous phase. The later is ultimately preempted by considering the
incommensurate or LOFF phase. The transition to the LOFF phase is found to be
first order, too. Hence, we would like to investigate the existence of a first order

transition in the antiferromagnet.

A first order transition consists of a discontinuous jump in the order parameter from
zero to a finite value. A quadratic Landau expansion is insufficient to capture this
behaviour. Instead, we must expand to sixth order and track the behaviour of the
fourth order term, /5 in relation to the other two (see Figure 1.8). To be exact we

aim to find the line of temperature and interaction on which

5% = dary. (2.44)

2.6.2 Tricritical temperature

The first step in analysing the possibility of a first order transition is to determine

the existence of a tricritical temperature. That is the temperature at which

gk %)_f(fk+2) ( )+f/( ) B
= Z{ 6o Gal " 2oe el }‘0' 24

The point at which this line crosses the second order transition, o = 0, is the

tricritical point. In Figure 2.19 the tricritical point is depicted as a red dot.
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Figure 2.18: Cross section of the dispersion in the presence of antiferro-
magnetic order with g|M| > |u|. The antiferromagnetic wavevector was chosen

as Q = (m, 7).
2.6.3 Non-analytic behaviour of free energy

It turns out that further analysis of the Landau expansion is not feasible. Below the
tricritical point the wild behaviour of the fourth and higher order coefficients makes
even their numerical evaluation difficult. This is symptomatic of the non-analytic

behaviour of the free energy as temperature approaches zero.

Numerical evaluation of the free energy as a function of magnetisation exposes the
origin of the Landau expansion’s downfall. For temperatures much smaller than the
Fermi energy, the systems exhibits a first order transition to values of magnetisation
larger than the chemical potential, g|M| > |u|. Hence, the chemical potential now
lives inside the gap, see Figure 2.18. This is in contrast to the usual scenario of

small magnetisation, g|M| < |ul|, displayed in Figure 2.2.

Since the Fermi energy is the intrinsic scale of the model, the antiferromagnetic
order parameter can no longer be considered small and a Landau expansion is not

an appropriate tool to study the first order transition.

Additionally, since the Fermi energy is situated inside the gap, the band structure
for large magnetisation is equivalent to the Hubbard model at half filling in the
presence of antiferromagnetic order. Hence, the Fermi surface is perfectly square

and deviations away from commensurate ordering are disfavoured.

This behaviour is in contrast to the LOFF phase. In the LOFF model the system

transitions to finite momentum superconductivity via a first order transition. The
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opening of a gap does not change the fundamental geometry of its spherical disper-
sion. Hence for sufficiently low temperatures the LOFF model prefers ordering at

finite momentum regardless of the size of its ordering parameter.

2.6.4 Numerical approach

We may investigate the position of the first order line by numerical means. For
fixed chemical potential, and varying temperature and interaction, we find the global
minimum of the free energy with respect to magnetisation. The first order transition
is then identified as the line at which magnetisation jumps to a finite value. The

resulting phase diagram is plotted in Figures 2.19 and 2.20.

0.5F
AF Q*(rt,17)

0.18 0.2 0.22 g

Figure 2.19: Mean field phase diagram of antiferromagnetism in the Hub-
bard model close to half filling. The two coloured regions are commensurate
order in green and incommensurate order in orange. The solid and dashed lines de-
pict actual and avoided transition lines. The black and blue lines are second order
transitions to commensurate and incommensurate order respectively. The red line is
the first order transition and the red dot shows the position of the tricritical point.

As predicted, the first order transition preempts the second order transition to

incommensurate antiferromagnetism in general.

Surprisingly, for sufficiently small temperatures there remains a small patch of in-
commensurate order. Here, the strength of magnetisation is small compared to the
chemical potential. The transition between commensurate and incommensurate or-
der is a first order metamagnetic transition. The value of magnetisation jumps to
values larger than the Fermi energy and the ordering wave vector changes discon-

tinuously to Q = (m, 7).
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Figure 2.20: Mean field phase diagram of antiferromagnetism in the Hub-
bard model close to half filling. The two coloured regions are commensurate
order in green and incommensurate order in orange. The black and blue lines are
second order transitions to commensurate and incommensurate order respectively.
The red line is the first order transition and the red dot shows the position of the
tricritical point.

The free energy gained inside the remaining incommensurate pocket is very small
compared to the commensurate region. so it is extremely fragile. However, in-
commensurate antiferromagnetic order has been proposed in numerous numerical
studies [53-55]. Furthermore, there is evidence for incommensurate antiferrogmag-
netism in the cuprates, notably in LSCO [49-51,56,57] and YBCO [52,58, 59].

2.7  Summary

In this chapter we formally introduced, calculated and analysed the mean field
Helmholtz free energy of the Hubbard model in the presence of antiferromagnetic
order. We developed a heuristic picture of the model, that explains and predicts the
main features of the phase diagram. The latter was determined through analytical

and numerical methods, confirming the heuristic predictions in general.

The mean field phase diagram of antiferromagnetism in the Hubbard model was
found to be surprisingly rich. Although much of this detail is in the literature,
it is often overlooked and assumed the transition will be continuously second or-
der. Instead, the second order transition to commensurate order is reentrant and

preempted by incommensurate order as well as a first order transition.
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To our surprise, a pocket of incommensurate order survives at low temperatures.
This is consistent with the theoretical literature and in fact reproduces experimental

phenomena in the cuprate superconductors.

Our next step is to include the effects of quantum fluctuations and new phases
such as bond density waves and superconductivity. These will be the topics of the

following chapters.
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Chapter 3

Fermionic quantum

order-by-disorder: Formalism

In this chapter we introduce the fermionic quantum order by disorder formalism.
We start by illustrating the physics with the help of classical analogies and a simple
quantum mechanical example. Then, we explicitly derive the fermionic quantum
order-by-disorder formalism from second order perturbation theory, as well as field

theoretically, and highlight some properties of the expressions.

3.1 Concept

Order-by-disorder describes phenomena in which fluctuations stabilise particular
states of a system. This is a familiar mechanism in classical physics. Noise stabilises
acrobats on a tight ropes and the ground state in rubber bands is selected entrop-
ically by thermal fluctuations. In the Casimir effect, a change in the boundary
conditions, imposed by the parallel plates, alters the allowed spectrum of fluctu-
ations, which self-consistently drives the two plates towards each other. Further-
more, order-by-disorder is a familiar concept in high energy physics. The Coleman-
Weinberg mechanism describes spontaneous symmetry breaking due to low-energy

fluctuations coupling to the order parameter [60].

In condensed matter theory, order-by-disorder is best know in frustrated magnets

60
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[61-64]. Here, the degeneracy of ground states may be lifted by taking into account
differences in the spin-wave excitation spectrum. It was in this context, that Villain
coined the term order-by-disorder [26]. Albeit in this context it refers to effects

driven by thermal fluctuations.

3.1.1 A simple Quantum illustration

The possibly simplest example of fluctuations lifting a classically degenerate ground
state is the two-site half filled Hubbard model, see Figure 3.1. In the limit of strong
on-site repulsion double occupation of a site is energetically disfavoured. Hence, the
classical ground state consists of one spin on either site. Since there is no inter-site

interaction, the relative orientation of the two spins leads to a degeneracy.

Fluctuations, in the form of virtual hopping, lift this degeneracy. In case of ferromag-
netic ordering, virtual hops are forbidden by the Fermi exclusion principle, Figure
3.1a. However, in case of antiferromagnetic ordering, spin fluctuations are allowed,
Figure 3.1b. These virtual hops lower the free energy of the antiferromagnetic state

and break the degeneracy.

This simple example contains all the physical ingredients of the more complicated
models studied in this thesis. Namely, the determination of the fluctuation spectrum

through Pauli blocking by the ground state Fermi surface.

(a) Virtual hopping is forbidden by (b) Virtual hopping lowering the
Fermi exclusion in ferromagnetically free energy in antiferromagnetically
aligned spins. aligned spins.

Figure 3.1: Virtual hopping of spins between two sites.

In addition to lifting degeneracies, fluctuations may also drive new types of order.
Quantum order-by-disorder is an intuitive formalism describing this effect. The

presence of particular novel orders changes the shape of the Fermi surface. This in
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turn modifies the available phase space for fluctuations, which may self-consistently
lower the free energy of the new order. Especially in the vicinity of putative quantum
critical points, these fluctuations can be strong enough to drive the system towards

novel phases, even if they are not supported in mean field theory.

In fermionic quantum order-by-disorder, the underlying statistic are fermionic. This
is in contrast to the conventional order-by-disorder formalism, which analyses bosonic
excitations. Hence, the Pauli exclusion principle plays a central role in the fermionic

quantum order-by-disorder formalism.

Quantum order-by-disorder expands around the saddle point in the presence of fluc-
tuation driven orders. Thus perturbative corrections due to the interaction are taken
into account self-consistently. The broken symmetry phases may in principle change
the shape of the Fermi surface, which in turn changes the spectrum of fluctuations,

this is automatically taken into account by the self-consistent treatment.

These effects may be treated in a slightly different but equivalent formalism by
self-consistent renormalisation starting in the symmetric phase. Here the renormali-
sation flows towards a fixed point whose Fermi surface shape has changed as a result
of perturbative corrections due to the interaction. Neumayr and Metzner perform
such renormalisation calculations for an itinerant antiferromagnet and found that it
leads to Fermi surface deformations which break the underlying lattice symmetry.
Further, they found lower superconducting transition temperatures as compared to
similar calculations, which neglect self-consistent Fermi surface deformations [65].
Thus, a complete treatment of itinerant antiferromagnetism and the related super-

conducting and charge orders should treat the interaction self-consistently.

3.2 Formal deriwvation of the fermionic quantum order-

by-disorder corrections to the free energy

Having introduced a physical framework, we now derive fermionic quantum order-
by-disorder from self-consistent second order perturbation theory. The derivation
is followed by an analysis of the underlying fluctuations. Finally, we present an

equivalent field theoretical approach.
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3.2.1 Self-consistent perturbative corrections to the free en-

ergy

We calculate the corrections to the free energy self-consistently in the presence of

the novel order.

The first order perturbative correction to the free energy is zero. The second order

perturbative correction to the free energy is given by

)

SF — Z (T Hint|m) (m|Hine|T) (3.1)

€T — €m
where |T') is a thermal state and |m) is a virtual intermediate state.

The interaction Hamiltonian is taken to be the on-site interaction

’

Hint = g Z CL1,¢0L2,¢Ck3,TCk4,¢a (3:2)
ki.ky

where the ’ over the sum sign indicates momentum conservation. In this case k; +

ko = ks + ky.

Non-zero terms are given by

M) = ) i 1k, LGl 11 0)- (3.3)

ki ¢k47
D

Which leads to

|0<k T7k2¢ Hzn k3 Tak4¢02

Fﬂuct = 92 Z . T J t’T 1 > | s (34)
k1 #ky, i + ko 7 ks T Cky
koks

where |k3 1, k4 |)o are the two-particle bare electron states. We may write equiva-

lently

/ Al A
o Z <Ck1,TCk2,¢Ck3,TCk4,¢|m><m‘0p1,¢cp2,¢0p3ﬁ6p4,¢>
fluct = ET + 6i — GT — ei
ki..kq, ki ko k3 ky
pl"r'ﬁp47

+ cc.. (3.5)
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Expressing the expectation value in terms of Fermi distribution functions we find

' Tl _ gl
5 o 3 Fefll = )0~ f) 56

1) N ’
ki..ko €k, + ks Eks €k,

where the four Fermi function term

fie Fieo Fe i

Z R S (3.7)
ki..ko €k, + ko ~ Cky — Cky

because it is odd under exchange of dummy momentum labels, (ki, ko) — (ks, ky).

Additionally, the two Fermi function term,

: Jie T
_ 9,2 17 ko
0F o0 = 292T+¢_T_w (3.8)
ki..ko K, €k, ks €k,
is divergent. Hence, we include a renormalisation of the states to avoid this unphys-

ical divergence:

0<p Ta q \L |Hint|k Ta 1 \L)O

+ - 4 =
€ € €y — €q

Kt1L) = ktllo+ >

p#k,q#l

pTale (3.9

where |k 1,1 ]) is the two-particle state corrected to first order in the interaction
g. With this identification, we must also make a corresponding alteration to the

matrix element g,

!/
1
Oy ey — 9 — 297 — —. (3.10)
o 1§M6i1+6k2_6i3_6k4

The remaining contribution to the free energy is

/

T oot 4
5F = 2° Z Tfklsz(fk3+fk4) ' (3.11)

N g
ki.ko €k, + ko €k3 €k,

This perturbative correction is evaluated self-consistently in the presence of a new
order. The dispersions inside the Fermi functions are the mean-field dispersions

in the presence of this order. Since second order corrections are always negative,
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particular orders may enhance the phase space for these fluctuations and thus are

self-consistently stabilised by these fluctuations.

Orders, such as superconductivity or bond density wave order, change the form of
the original interaction vertex. This change leads to an additional modification of
the fluctuation spectrum, which in turn may lower the free energy. Formally, this
generates additional terms in equation (3.11). Chapters 5 and 6 will explore this

scenario in greater detail.

3.2.2 Fluctuation corrections in terms of particle-hole den-

sity of states

We now introduce a reformulation of the second order perturbative correction to the
free energy derived in the previous section. We express the fluctuation correction
in terms of particle-hole densities of states. This allows for an intuitive physical

interpretation of the expressions and simplifies their evaluation.

Inspecting equation (3.6) we note that the fluctuations form pairs of particle-hole
pairs of spin up and down. The integral in (3.6) effectively counts these pairs weighed

by the inverse of their energy.

Starting with equation (3.11) we may write

SF =2 Y (Z‘“ fi fdte = ey + ) T bl — el +ef)

€1 -+ €9
€1,62,ks

Do fio ficSlez = g + ) Yoo fisSler — 6, + EL)) L (3.12)

61+€2

where we identified

1
5 T = 25(62 — etz + ei4)5(61 — 6111 + eﬁg)

(3.13)
GL + Eltz kT iy

€1+ €

€1,€2
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Shifting momentum labels such that

k3 — q= k, — k3 (314)
ki — ki + % (3.15)
ky — ki + %7 (3.16)

we may write the fluctuation corrections as

Ap?(e1,9)p (€2, —q)
OF =2g° ’ ’ 3.17
9 Z €1 +€2 ? ( )
El,El,q,O’
with

Ap?(e,q) = Y flable—ef a+ep a) (3.18)

k
Plea) = > afladle— o+ q). (3.19)

k

The difference between these two expression is the particle-hole density of states:

ponle.a) = Ap’(e,q) — p7(€,q) (3.20)
- fo: % fk+ )d(e €i+g+€i_%)- (3.21)

Properties of the particle-hole density of states

In order to understand the particle-hole density of states it is instructive to remind

ourselves of the single-particle density of states,
> o(e— ex). (3.22)
Kk

This expression measures the available phase space for particles within an infinites-
imal band of energy e 4+ de. Hence, the single particle density of states is largest

wherever the slope of the dispersion is smallest, see Figure 3.2. This may also be
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concluded from an expansion of the density of states to leading order in momentum:

P(local = Z d(e — k.(Vkex)) (3.23)
k
1
- S (3.24)
skz(;) Vi

that is the average of NTIEH over the surface Sk(€) at constant energy e.

€k

ok ok

Figure 3.2: Single-particle momentum states within an energy interval Je
for two different dispersions. This plot demonstrates, that the number of single-
particle momentum states, dk, in an energy interval de is inversely proportional to
the slope of the dispersion.

The particle-hole density of states at energy ¢ and momentum q is given by
plea) = D fla(l—fa)dle—ef a+ef a) (3.25)
Kk

This expression describes the available phase space for particle-hole excitations.
These excitations consist of taking an electron from inside the Fermi sea at energy
€x—9 and putting it outside the Fermi sea into a state of energy €9 (This is
equivalent to creating a hole at energy €k—9 and simultaneously creating an electron
at energy €y a .) The distance between the old and the new state in momentum space
is q, while their energy difference is € = €49 — €9 See Figure 3.3. Hence, we may
state more specifically: the particle-hole density of states measures the available
phase space for particle-hole excitations of energy ¢ and momentum q within an

infinitesimal band of energy Je.

In parallel to the analysis of the single-particle density of states, we may construct

a local approximation to the particle-hole density of states assuming small particle-
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Figure 3.3: Sketch of a particle hole excitation. The large green area depicts
the Fermi sea. Sketched is the excitation of an electron at energy €x—g to a state at
a distance q and energy €xr9-

hole momentum:

pon(€: Dloeal = > 0(e — a.(Vicew)) (3.26)
k
= Z §(e — q.kViey) (3.27)
k
1
= Z — (3.28)
&0 la.kViex

where we again average over the surface Si(€) at energy e.

From equation (3.28) we conclude, that the particle-hold density of states is maximal
for dispersions with minimal curvature and small particle-hole momenta. Further,
we obtain from equation (3.26), that the maximal particle hole energy for a given
momentum is determined by the largest slope in the direction of q within the sup-

port.

Hence, the particle-hole density of states is inversely proportional to both the cur-
vature of the dispersion as well as the length of the particle-hole momentum. These

effects are plotted in Figures 3.4a and 3.4b, respectively.

As noted in equation (3.17), some of the later algebra is simplified by identifying
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i

ol

(b) Particle-hole states in an energy
interval for different particle-hole
momenta q. The number of states, dk,
is inversely proportional to the length of
the particle-hole momentum q.

k

(a) Particle-hole states in an energy
interval Jde for different curvatures
of the dispersion. All four particle-
hole momenta q are of equal length. The
number of states, dk, is inversely propor-
tional to the curvature of the dispersion.

Figure 3.4: Particle-hole states in an energy interval for different curva-
tures of the dispersion and particle-hole momenta. The energy intervals de
is identical within Figure 3.4a and 3.4b. The particle-hole momenta q of the excita-
tions with energy zero and de are pairwise equal in length and direction. They are
merely shifted in k-space with respect to one another.

the modified particle-hole density of states p and Ap:
ple.a) = D fo(g-g—pm)dle— el a+e ) (3.29)
k

Ap(e,q)” = Z flegmg —m)f(egpa —m)ole— e g +eg_g),  (3.30)
Kk
such that

ppr(€:a) = p7(e,a) — Ap(e, q). (3.31)

Ap? (e, q) may be though of as a measure for the number of vectors of length and di-
rection equal to q, that fit into the Fermi sea. This can be seen easily by considering
the product of two Fermi functions inside its integrand. In order to get a non-zero
contribution to Ap(e, q), both the start and end point of the vector q, at €x—9
and €t 9, have to lie within the Fermi sea. Hence, we conclude that particle-hole

momenta around q = 0 result in the largest Ap(e, q).

p°(e,q) on the other hand only contains one Fermi function shifted by 3. Hence,



Chapter 3. Fermionic quantum order-by-disorder: Formalism 70

its support as a function of particle-hole momentum does not change in size, but is

merely shifted in momentum space.

Finally, in the limit of g — 0 we note that p7(¢,q) — Ap(e, q).

3.2.3 Field-theoretical derivation of fluctuation corrections

Finally, we would like to derive the self-consistent second order perturbative correc-

tion to the free energy from a quantum field theory ansatz.

We start by decoupling the interaction in charge and spin channels. The static
component is included in the definition of the propagator, so that we expand around
the ordered phase. We integrate out fermions and finite frequency spin and charge

fluctuations, while keeping the leading order in the interaction.

The fermionic partition function and action are give by:
z = [D@w)eo, (3.32)
B - _
Sth.w) = [ dr [ a4 [0+ 1@, (3.3)
0

where 1) = (14, ¢, ) are fermionic fields and H is the Hubbard Hamiltonian containing

the contact interaction term

B _ _
Hint :g/o dT/drS’gZ)T(r,T)@/JT(I‘,T)Q/Q(I‘,T)’l/)i(l‘,T). (3.34)

In order to diagonalise the Hamiltonian, we perform a Hubbard-Stratonovich de-

coupling in spin ¢ and charge p channel, which are defined as

p(r,T) = ——@/)(I‘,T)@/)(I‘,T) (335)
o(r,7) = =Y(r,7)o(r,7), (3.36)

where o denotes the set of Pauli matrices. For instance, if one only decoupled in
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the charge channel, the Hubbard-Stratonovich transformation is:
eIPrordLPy /D(p)e—gp%rgmbw, (3.37)

as may be confirmed by Gaussian integration over the charge field, p.

The partition function and action may now be written as

z = [D@.0.0.pe 0o, (3.38)
Sk, v, ¢, 0] = /dfdr?’ [0 (G +9(p—0.9)v+9(¢*—p°)], (3.39)

where G, ! is the bare electron Green’s function. We separate spin and charge into

zero and finite-frequency components:

p = potp (3.40)
¢ = M+¢ (3.41)

M and py are the static background orders, while ¢ and p are fluctuations around

the static order.

Work by Conduit et al. [66], and Chubukov and Maslov [67] has shown that contri-
butions from charge fluctuations have to be taken into account. This is in contrast
to earlier work on quantum phase transitions by Hertz [17] and Millis [18], who only

decoupled in the spin channel [41,68].

In the grand canonical ensemble we absorb py into the chemical potential. The

action becomes
Sl 1, 0,0 = /der?’ [15 (Q(?l +9(p— U-&)) b+ g(M? + ¢ — )| (3.42)

where we identified the propagator in the presence of the order as G;1 = G;'—go. M.
This amounts to self-consistent perturbation theory around a saddle point in the
presence of order. This effectively sums a set of diagrams, that would have to be

computed explicitly if one expanded around a saddle point in the symmetric phase.

Now we would like to integrate out the fermions. There are two integrands to be
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considered: the Green’s function, G;!, and the fluctuation fields, g(p — U.gg). The
former follows the usual Gaussian integration over the Grassmann fields. The later
term is more interesting. It describes the interaction between electrons and fluctu-
ations. This contribution to the action may be Fourier transformed to momentum

space. It reads

Sint[l/_}7 ¢7 ¢7 IO] =4 Z '(Z(k7 w) <ﬁ(q7 wq) - U&(q, Wq)) ¢<k + q,w + w(Z)? (343)

w,wq
k,q

where w, and w are bosonic and fermionic Matsubara frequencies respectively.

After integration over the fermion fields, this term corresponds to fermion bubble-
diagrams. The two principle possibilities are spin-symmetric and spin-anti-symmetric.
These are the longitudinal and transverse fluctuations, respectively. The relevant

diagrams are

k,v
ﬁ - 'ng)z ﬁ - ng)z
k+q,v
and
k,v
r— s + 10,
k+q,—v

where v labels spin.

Treating S;,; as a perturbation to the remaining action we may expand the partition
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function. The lowest order non-zero contribution is

(e Siml ) — <lSmt [&,1, 6, p]). (3.44)
=0 3 6,090, (c+ ) (4la) ~ o6(@) (5(=a) ~ oé(-a)
- (3.45)

The propagators themselves are functions of the static order and the interaction.

The quadratic contribution in equation (3.45) corresponds to diagrams of the form
p,—v

>

QEI + ivggy ng - iUQ;y

<>

k+q,—v
The action may now be written as

5, 0] = /der (log (G, ) + gM?)
Z )5 —q 0 N g2 H++ + H** H++ _ H** ﬁ
¢, 0 g 2 \ I — I+ I+ 4 11 ¢-
Z o g 0\, ¢ (41 0 o
by 0 g 2 0 I 4+ I+ oy )’
(3.46)
where we shortened notation by defining
1177 (q, wy) Z Go(k,w)Gs(k + q,w + w,). (3.47)

Finally, we are in position to perform the integration over the finite frequency fluc-

tuation fields. After expanding the logarithms to leading order the action takes the
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form

S = g/dr3M2 +Tr(G, ") + Tr (gt~ + II7F) — g°(ITTT I + I 117 Y)) .
(3.48)

Diagrammatically the integration over the fluctuations corresponds to contracting

the bosonic lines in the above diagram. Thus, we find

k+q,1

>

k, T

Finally we may write the free energy as

F = -Tlog2Z, (3.49)
such that
_ g2 _ _
F =9 / dr*M? — Trlog G, ' + Tr(gll°° + 3HWHW)
FMF ‘;}CH
g’ 5
— 5 Tlee e, (3.50)
———
0F L

where we have identified the mean field free energy, Fr, and the longitudinal and

transverse fluctuation contribution, 6. and 6.F,, respectively.

The expression above was derived by decoupling in both the charge and spin channel.
Their zero frequency component is included in the definition of the propagator. This
means we are expanding self-consistently in the presence of finite static order. The
finite frequency components of these charge and spin fluctuations are integrated out

after the integration of fermions.

The trace in equation (3.50) contains a Matsubara sum. Evaluating this sum re-
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produces the free energy in terms of Fermi distribution functions, expressed in

equation(3.11).

3.3 Summary

In this chapter we introduced the fermionic quantum order-by-disorder formalism.
We first illustrated the concept with the help of a simple toy model and then formally
derived it in two equivalent ways. The main idea of this ansatz is a self-consistent
expansion around a saddle point inside the broken-symmetry phase. This choice of
saddle point is equivalent to the resummation of an infinite set of diagrams. Further-
more, the formulation in terms of particle-hole density of states allows for a direct
physical interpretation as well as easier evaluation compared to the diagrammatic
alternative. [27,28,30].

In the following chapters we will apply the fermionic quantum order-by-disorder ap-
proach to extend the mean field phase diagram of the antiferromagnet. We start by
including fluctuation corrections to the antiferromagnet itself. Later, we investigate
d-wave bond density and d-wave superconducting order as well as the intertwining

of pairs of these phases with each other and the antiferromagnetic background.



Chapter 4

Fermionic quantum order by
disorder: Explicit calculation in

the antiferromagnet

We now wish to evaluate the fluctuation corrections to the free energy of the an-
tiferromagnet. In Chapter 3 we derived the formal expression for the fluctuation
corrections in terms of particle-hole density of states. We then introduced the gen-
eral properties of these particle-hole densities to give an intuitive picture of their
characteristics. Here we start off by applying these findings specifically to the Hub-
bard model. This will guide the subsequent explicit calculation of the fluctuation

corrections to the antiferromagnet.

Ultimately, this calculation is not as straightforward as in the case of ferromagnetism
[30]. We restrict our analysis to commensurate antiferromagnetism, leaving aside the
possibility of incommensurate antiferromagnetic order, and consider only the lowest
order in magnetisation. The antiferromagnetic fluctuation corrections shift the mean
field phase transitions to smaller interactions, but do not change the topology of the
phase diagram. Orders that change the interaction vertex exhibit more dramatic
fluctuation corrections. This will be explored in Chapters 5 and 6, which investigate

superconductivity and bond density wave order.

76
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4.1 Analysis of the fluctuation corrections in the antifer-

romagnet

In this section we analyse the fluctuation corrections to the free energy of antiferro-
magnetism in the Hubbard model. The goal is to develop an appropriate approxi-
mation scheme to allow their explicit evaluation. We start by developing a physical
picture of the dominant contribution. The analytical predictions are then verified

by numerical means.

4.1.1 Heuristic analysis

The perturbative correction to the free energy in terms of particle-hole densities is

given by

Ap?(e1,q)p7 (€2, —q)

_ 2 ) 5

SF =20 3 q 4 . (4.1)
€1,€1,9,0

From this expression, we conclude that it is dominated by particle hole excitations

near zero energy, such that e; + e, = 0.

Therefore, we would like to find particle-hole momenta for which the particle-hole
density of states is largest at zero energy. The results of chapter 3 suggest, that the
dominant contribution comes from particle-hole momenta near q = 0. Further, we

should find, that their largest support is in regions of vanishing curvature.

In the tight-binding dispersion k = (7, %) and the three symmetry related points

exhibit zero curvature regardless of direction. Hence, we expect the dominant contri-
bution to particle-hole excitations to arise in their vicinity. The slope at k = (3, 3)
will determine the principal energy associated with a particle-hole excitation of a
particular momentum. Hence, we can identify the direction of the particle-hole mo-
menta that correspond to zero-energy peaks in the density of states. That is, for
k = (3, %), zero energy excitations are only possible if the particle-hole momentum
is parallel to (1,—1) or (—1,1).

We are assuming, that the dominant contribution to the free energy comes from
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static or zero-frequency fluctuations, thus we restrict ourselves to the zero energy
component of the particle-hole densities of states. A treatment of both, the full
momentum space dependence and finite frequency components is beyond the scope

of the current work.

4.1.2 Numerical analysis

Our physical intuition is confirmed by numerical evaluation of the particle-hole den-

sity of states as a function of the length and direction of particle-hole momenta.
Ap(e,q) = Z f(ek—% - M)f(€k+g — p)o(e — fx+g t Ek—g) (4.2)
K

ple,q) = Z fle-g — p)o(e — exig + ec-g) (4.3)

In order to perform the numerical integration of the particle-hole density of states we
first integrate analytically over the delta function. The remaining one dimensional
integral is then performed numerically in Mathematica. The results are plotted in

Figure 4.1.

q) (€, q) q) A€, ) qy (€, q)

€ € €

L Tq“ -1 =q./qy ) \‘q;/q’n’ 1 VEq) -1 1 Veq)
(a) q |l (=1,1) (b) ql (=0.5,1) () all (0,1)

Figure 4.1: p(e,q) as a function of particle-hole energy for different direc-
tions of particle-hole momenta. Note the position of the peaks as a function
of the direction of the particle-hole momentum. The direction is indicated in the
plot’s insets with respect to the first Brillouin zone of the tight binding dispersion.

The three plots in Figure 4.1 are evaluated at the same temperature and chemical
potential, such that 7' < |u| < t, and with the same length of the particle-hole

momentum; they differ only in the chosen direction of q.

The most striking feature of these plots are the peaks. Their location in energy is

determined by the direction of q. The largest contribution to zero energy particle-
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hole excitations come from momenta parallel to (k;, k,) = (—1,1) and symmetry

related directions.

The height of these peaks as well as the rest of the particle-hole density of states is
inversely proportional to the length of q. This follows exactly from the analysis in
Section 3.2.2. The height of the peaks is also determined by the smallest curvature
accessible to the particle-hole excitations within their support. Zero curvature is
found exactly at half filling, leading to logarithmically divergent particle-hole density
of states. Below half filling, the logarithmic peaks in the particle-hole density of

states are cut off by the chemical potential.

The width of p scales with the length of one the component of q. In Figure 4.1 this
component is parallel to (k;, k,) = (—1,1). The width of the particle hole density
of states is proportional to the maximal slope within its support. Hence, below half

filling the width is slightly less than its maximal possible value, vy = Vk€k|k:(g,g).

In fact, we may identify k = (7, 7) as a point of zero curvature independent of the
direction of q, too. Thus, k = (5, %) will lead to a logarithmic divergence of the
particle-hole density of states at half filling. It can therefore be thought of as the

particle-hole analog of saddle points in the single-particle density of states.

This is of particular importance close to half filling. For sufficiently small chemical
potential one may approximate the single-particle density of states by expanding

around a saddle point. A similar approximation of the particle-hole density of states

™ T

is given by an expansion around k = (7, 7). We will investigate this idea in detail

in Section 4.2.1.

So far we have confirmed that the dominant contribution to zero-energy particle-hole
excitations comes from particle-hole pairs with momenta near q = 0. Furthermore
we confirmed that the zero-energy particle hole excitations are strongest, when the

particle-hole momentum lies parallel to (k,, k) = (—1,1).

Next, we analyse the support of the particle-hole excitations in the Brillouin zone.
We plot particle-hole energy contours for different direction of particle-hole momen-

tum, see Figure 4.2. The contours are the zeros of the delta function in the definition
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TT
a7

(¢)a|l (6,1), where 0 < 6 < 1 (d) ql (0,1)

Figure 4.2: Particle-hole energy contours in the tight binding dispersion
for different directions of the particle-hole momentum. The green line is the
zero energy contour. The red and blue line are the maximal negative and positive
energy contour, respectively. The light red and light blue lines are halfway between
zero and maximal energy. The black lines are a contour plot of the tight binding
dispersion for reference (See Figure 2.1 for a 3D plot). The arrows in the center
indicate the direction of the particle-hole momentum chosen for each plot.



Chapter 4. Fermionic quantum order by disorder: Explicit calculation in
the antiferromagnet 81

of the particle-hole density of states, equation (4.3),

€= €ra — € 9. (4.4)

The contribution to the particle-hole density of states is not homogeneous along

these contours, but inversely proportional to the local curvature.

Figure 4.2a and 4.2b are of particular interest. Here the particle-hole momentum
is (almost) parallel to (k;, k,) = (—1,1), where the dominant contribution to zero-
energy particle-hole excitations is found. The zero-energy contours themselves run

in close proximity to k = (£7,£7%) in both of these figures.

Similarly Figure 4.2d explains, why q || (0,1) and symmetry related directions
correspond to peaks at extremal energies in the particle-hole density of states. In
this scenario the zero-energy contour lies along a path of strong curvature, while
the contours for minimal and maximal energy cross the zero curvature points at

k = (£%,£%) and k = (£5,F73).

This further substantiates the claim, that an expansion around these points captures

the dominant contribution to particle-hole excitations close to half filling.

4.2 Calculation of fluctuation corrections

In the previous section we developed an understanding of the particle-hole density of
states and determined their dominant contribution to the fluctuation correction to
the free energy. Now we derive an analytical expression for the particle-hole density

of states and from this calculate the leading fluctuation corrections.

4.2.1 Analytic particle hole density of states of the antifer-

romagnet

The leading contribution to the fluctuation correction to the free energy stems from
zero-energy particle-hole excitations. These in turn are dominated by particle-hole

pairs with momenta that are near ¢ = 0 and parallel to the (1,1) or symmetry
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Figure 4.3: Plot of the area of integration and rotated coordinates. The
green area denotes the are of integration, which is approximated in the calculation of
the particle-hole density of states. The black arrows indicate the origin and direction
of the rotated coordinate system k = (k, k).

related directions. Further, we found that the areas close to the zero curvature points
at k = (£%,£%) and k = (£3,F7) lead to logarithmic peaks in the particle-hole
density of states. Finally we know that for sufficiently small particle-hole momenta

ple,q) ~ Ap(e, q).

We will now derive an analytic expression for the particle-hole density of states at

zero temperature by expanding to leading order in k and q around k = (3, 7).

We first introduce a 7/4 rotated coordinate system (kj, k) = \/ii(ky — Ky, ky + kz),
illustrated in Figure 4.3.

In the shifted and rotates coordinates the tight-binding dispersion becomes

]C2
€k =~ UFI{J_< —le), (45)

where vy = 24/2t is the local Fermi velocity.

Using the Fermi functions at zero temperature to change the limits of integration
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Ap(e, q) takes the form

Ap(e,q) = Z flea —p)flers —p)o(e — ey a + e g) (4.6)

le‘u_\
: k
- dk” / . dk, 6 <e —up (qL = k;L%)> C(AT)
V2 I

Figure 4.3 depicts the range of integration.

The leading contribution near zero-energy particle-hole excitations stems from |q, | <
|q|- Hence, there is an equal contribution to the particle-hole density near k =
(=%, —7%), which is included by a factor of two. The other two quadrant only con-
tribute in the limit of |¢, | ~ |¢;|. This sub-leading contribution to the zero-energy

excitations may be neglected.

Next we integrate over k; using the delta function and find

1 [v2 dk) s ve 4L o lq. | /1
Mofea) = %5 [ g (T -2t (L 1l g
w2 )= vrlkygl \v2 kja vr 2 kg

(4.8)

2

The resultant step functions may be rearranged to limit the range of integration of

k). Keeping only contributions close to k) = 0 we arrive at

Ap(E, q) = 0 —k” -2

S T W P

Q q

2 Ve dk‘” i_QJ_ 0( 4\/___QJ_
(4.9)

Keeping the leading contribution to this expression requires both step functions to

lie within the range of integration. We perform the final integration to yield:

2\/§<M QJ_)
g o
T Vg 2

A Y Ik T | DT

V2. g (% + %)

—2

vpm?|q|

Ap(e,q) =
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Now we rearrange the step function to give limits on the particle-hole energy:

22 (a4 c oo anr (A9
4 <UF+2>) {Q(UF 4L 2\/§<UF+2))
(hon25C)
F F

te— —e} (4.11)

-2

A - -
p(€,q) -

log

These step functions form two top-hats, that are constant approximations to the
logarithmic peaks seen in Figure 4.1. Their behaviour mirrors that of the numerical
peaks. Their position in energy is given by € = +vpq, and their height scales as

1/qy. This is in good agreement with the numerical evaluation.

Low energy particle-hole excitations result in the dominant contributions to the
fluctuation corrections. Hence, we only consider the two peaks in the vicinity of

zero energy. This simplifies our expressions further:

0 (—6 —VpqL — Q||27TW <M - UF%))
o (e —vpqL — q% = UF%D (4.12)

The condition, that the peaks overlap around zero energy, is simply a constraint on

2v2 p

T vp

Ap(e,q) = w;—% log

the direction of q. In particular,

q1

m(# - UF?) (4.13)

0 > wrq+q

|
< ,
|C]L| 2\/§UF|QH|

where close to half filling |u] < vp. As expected this constrains q to lie approxi-

(4.14)

mately parallel to the Fermi surface.

4.2.2 Antiferromagnetic fluctuation corrections

Having derived an analytical approximation to the particle-hole density of states

we now calculate the leading contribution to the fluctuation correction to the free
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energy. The later is calculated from

pler, a)Ap(er, —q)
oF = 4.15
7y P (4.15)
q;€1/2
_ Z P €1,9 Ap €,q ) (4 16)
€1 —|—€2 ’ .
q,€1/2

where we used the time-reversal symmetry of Ap(e, q). Additionally, we use p(e, q) ~
Ap(e, q) for sufficiently small particle-hole momenta. We insert the analytic expres-
sion for the particle-hole densities, equation (4.12), and perform the energy integrals.
The limits on these integrals are given by the step-functions in the expressions for the
particle-hole densities. After integration and neglecting sub-leading contributions
we arrive at

_ 22 8q1 log? 2v2pu
vrm3V/2|q|

TR

20pqL + g
log | 1— — Vel .
Vr3 541491

(4.17)

Next, we integrate over q,, where we use the fact that the dominant particle-hole

momenta lie near parallel to the Fermi surface, such that |¢, | < 2\7}%|q”|. Then
F

Z g 1 log (%)

+ 4.18
Wy (4@_1)2 1)

Finally we integrate over ¢ for ¢y < 1. The result of this last integral is just a
number that is roughly %‘. Hence we arrive at the final expression for the fluctuation

correction to the free energy:

4\/_u

U

Q,U
oF = — lo
8\/—7Tg

(4.19)

4.2.3 Fluctuation corrections to the Landau coefficients

The goal of this chapter is to calculate perturbative corrections to the mean field

phase diagram of the antiferromagnet. Therefore, we must calculate the above ex-
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pressions self-consistently, using the dispersion in the presence of antiferromagnetic
order and subsequently expand in powers of the order parameter. A simpler ap-
proach is to consider the effect of finite magnetisation on the Fermi surface. As
noticed in chapter 2, finite magnetisation effectively shifts the chemical potential
towards half filling by opening a gap. Hence, instead of expanding in the magnetic

order parameter, we expand appropriately in the chemical potential.

The dispersion in the presence of antiferromagnetic order is given by

& =on/ 6+ g?M? — p. (4.20)

Expanding a general function f(&7) in powers of the antiferromagnetic order takes

the form:

2

Oz (&) |armo = f—kaekf@k). (4.21)

At zero temperature all physical processes are constraint to the Fermi surface. Then,
any function of the dispersion is evaluated at the chemical potential. Furthermore,
the magnetic order parameter always appears in conjunction with the chemical po-

tential. Thus we approximate:

g2
Oz = 0. (4.22)
7

Now we are equipped to evaluate the perturbative correction to the Landau coeffi-

cients of antiferromagnetic order. Taking derivatives of equation (4.19) we find

Aflyct — 8M25f (423)
4 44/2

ST V2 (4.24)
U%4\/§7r TUR

In chapter 2 we analysed the mean field Landau expansion of the antiferromagnet.
We found that an evaluation of the Landau coefficients was only feasible to quadratic
order. Higher order terms were increasingly hard to evaluate, which suggests non-
analytic behaviour of the free energy below the tricritical point. Furthermore, the
minimum of the free energy with respect to magnetisation was found at values too

large to allow expansion. The fluctuation corrections to quartic or higher order



Chapter 4. Fermionic quantum order by disorder: Explicit calculation in
the antiferromagnet 87

Landau coefficients are meaningless without the supporting mean field expansion.

4.3 Phase diagram

We are now in a position to analyse the effect of fluctuation corrections on the phase
diagram and in particular the second order transition to commensurate antiferro-
magnetism. The quadratic Landau coefficient may be written as the sum of mean

field and fluctuation correction coefficient

F = aM?+0(M*) (4.25)
= (amr + Qfruct) M? + O(M*Y). (4.26)

Thus, we may compute the fluctuation corrected second order phase transition line
to commensurate antiferromagnetism by finding the zeros of aprp 4+ 1ue. The result
is plotted in Figure 4.4. Since oy, is negative, the fluctuations self-consistently

increase the transition temperature to commensurate antiferromagnetic order.

| bl
0.18 0.2 0.22 g

Figure 4.4: Fluctuation corrected second order phase transition to com-
mensurate antiferromagnetism. The dashed blue line is the mean field second
order transition. The black line is the fluctuation corrected second order transition.
The Green area denotes the region of commensurate antiferromagnetic order.

The calculation of the fluctuation corrections to the antiferromagnet was done at
zero temperature. However, with increasing temperature the relative importance of
quantum fluctuations diminishes, so the observed shift of the second order transition
line should be less pronounced as temperature increases. This may in fact weaken or

even destroy the reentrant behaviour of the second order transition. That would be
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in line with the simple physical picture of phase transitions; increasing temperature
and thereby the strength of thermal fluctuations, usually drives the system towards
the disordered state.

Further, we expect the first order line to shift in a similar manner to the second
order line and thereby preserve the overall topology of the phase diagram. In Figure

4.5 we have added a hand-drawn first order line as a guide to the eye.

0.18 0.2 0.22 g

Figure 4.5: Sketch of the fluctuation corrected phase diagram of commen-
surate antiferromagnetic order. The dashed blue line is the mean field second
order transition. The black line is the fluctuation corrected second order transition.
Below the tricritical point (red) the second order line is preempted by a sketched
first order transition. The dashed black line denotes the preempted second order
transition. The green area denotes the region of commensurate antiferromagnetic
order.

The calculation of the fluctuation corrections to the antiferromagnet was further
limited to commensurate order. Further research is required to determine the fate

of incommensurate order in this model.

Finally, we would like to comment on the fate of Fermi liquid physics in the vicinity
of the antiferromagnetic quantum critical point. In the limit of small interaction,
far away from the phase transition, the system is conventionally assumed to be-
have analogous to a free electron gas, whose dynamical properties are renormalised
by the effects of interactions - a Fermi liquid. Thus the Fermi liquid is adiabati-
cally connected to the non-interacting Fermi gas. This physics breaks down in the
immediate vicinity of quantum critical points due to the proliferation of quantum
fluctuations. Here, collective excitations replace the single particle excitations. This
fundamental change in the character of excitations breaks the adiabatic connection

to the non-interacting model. Fermi liquid physics is often assumed to reemerge
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inside the broken symmetry phase. However, Vekhter and Chubukov demonstrate
that even inside the symmetry broken region of the itinerant antiferromagnet Fermi
liquid theory may be invalid [69]. Their analysis involves a calculation of frequency
dependent fluctuations inside the ordered phase. They find that low frequency, large
wave-vector, overdamped fluctuations give rise to non-Fermi liquid behaviour insider
the antiferromagnetically ordered phase. This thesis is self-consistently calculated
in the static limit. Thus the investigation of such dynamic effects is beyond the

scope of the current work yet presents an exciting direction for future calculations.

4.4 Summary

In this chapter we analysed and calculated the particle-hole density of states in
the Hubbard model. We then derived analytical corrections to the mean field free
energy of commensurate antiferromagnetic order and demonstrated their effect on

the mean field phase diagram.

This analysis was limited to corrections to the commensurate second order transition.
The effects of fluctuations on the first order line as well as incommensurate order

were discussed.

Next, we will incorporate bond density wave and d-wave superconducting order into

the formalism and compute a more complete phase diagram.



Chapter 5

Quantum order-by-disorder of the
anti-ferromagnet: bond density

wave instability

In this chapter we will analyse how the presence of a d-wave bond density wave
order affects the free energy of the antiferromagnet. The starting point will be a
variational ansatz to the mean field theory of the bond density wave. We then
calculate the bond density wave order’s effect on the anti-ferromagnetic fluctuations

and its interaction with the antiferromagnetic order.

5.1 Mean field theory of the bond density wave

5.1.1 Hamiltonian

Consider the following Hamiltonian:

H—pN = &eci,lio+ Y Vallqh Comaitiran (5.1)
k,o k.p,a
kinetic interaction

90
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where £ = e, — pu and we make the usual identifications; the first term is the kinetic

contribution Hj;, and the second term is the interaction Hamiltonian ;.

Our task is to construct the free energy of this Hamiltonian in the presence of d-wave

bond density wave order.

5.1.2 The order parameter

We define the d-wave bond density wave order parameter as

Dy = 6y Z(CL 9 CptQ0 T c.c.), (5.2)

-3,
p?o-

with Ox = cos(k,) — cos(k,) encoding the d-wave symmetry and Q being the wave

vector of the bond density modulation.

In contrast to a conventional charge density wave, the bond density wave does

not change the charge density on each lattice site. Instead, a bond density wave

modulates the charge density in between lattice sites, on the bonds between them.

This modulation has a length scale set by the wave vector Q. In addition, the bond

order considered here is modulated by a d-wave symmetry factor 0y = cos(k,) —

cos(ky). As a result, the order is symmetric under rotation by 7 and time reversal,
T

and antisymmetric under rotation by 7, thus breaking the discrete 7 rotational

symmetry of the lattice.

5.1.3 Variational ansatz

The bond density wave is included in the Hamiltonian by a variational ansatz. We

add and subtract a term,

_9 t Dy
Hoar = 5 Z (chk—&-%,ack_%va + chk_%p-ck'f‘%,o') ) (53)
k,o
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to the Hamiltonian, where D is the complex conjugate of D. The Hamiltonian now

reads

H — ,U/N = :}{kzn + va‘ \_Hvar + Hzné (54)

diagonalise perturbation

The first two terms will be diagonalised and the second two terms are treated a per-
turbative correction. Including the positive contribution in the kinetic Hamiltonian,

we may write
t T
1 ‘s Q o 5 Q , ng Crt Q 4
Hkin—"%var = _Z 11-(4‘27 k+72, k+3, ‘ (55)
2 k,o k—Q & ng ék,%ya Ckf%,a

The introduction of variational terms is similar to the counter-terms used by Neu-
mayr and Metzner in their self-consistent renormalisation treatment of the interac-
tion in the two dimensional Hubbard model [65]. This highlights the equivalence
of the self-consistent treatment of interaction effects on the dispersion and the self-
consistent treatment of perturbative corrections via the quantum order-by-disorder
approach. D-wave superconducting order will be included into the model in the

same way in Chapter 6.

5.1.4 Diagonalisation

A simple rotation of basis vectors, coupling pairs of operators shifted by Q relative

to each other, will diagonalise this expression.

“%t+Q0 | _ Uk Uk Nt Q0 (5.6)
o * * ) :
-2 5 —Ux Uy -2,
where to quadratic order in D,

2N

9| D |? gDx
and vg &~

3 _—
€ Q — € Q € Q — € Q
( k-3 k+?) k-3 k+3

(5.7)

In order to transform an operator of the form ck,, one may shift the above trans-

formation matrix by —1—% or —% Since the system is symmetric under the exchange
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Q — —Q, we use a linear superposition of both shifted transformations:

(ko = §(uk+%o¢k + U;_%Oék — v;+%ak+Q + vk_%ak_Q) (5.8)
1
T _ T T T * T
o = §(ui+%ak T U2 = Va0 q —i—vk_%&k_Q). (5.9)

The diagonalised kinetic Hamiltonian takes the form

Hkin + Hvar = Z ék,ank,aa (510)
k,o
where
1 2 2 2
Seo =5 (Gea +aua+oy/loce —aeaP 4D ) —u (G11)

is the dispersion in the presence of bond density wave order.

5.1.5 Free energy

Having diagonalised the non-interacting part of the Hamiltonian we now construct

the free energy. The partition function is given by

7 = Tre % (5.12)
_ TI' e—B(HMn-‘r'Huar—Hvar"!‘Hint) (5 13)
— Tl" e—B(Hkin"FHva'f)<€_ﬁ(_H’Uar+Hi"t)>’ (514)

where (...) indicate the thermal expectation taken over the normal modes of Hy;, +

Hoar. Using ' = —T'log Z, we obtain the mean field contribution to the free energy

ko
Fur =T log (1 + e—'ﬂ . (5.15)
k,o

)

Corrections to this are given by

—Tlog(e P Hvart i)y o (W + Hina)- (5.16)
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This second contribution is calculated by rotating it into the diagonal basis of Hy;,, +
Hoar and keeping terms to order D?. After collecting terms and simplifying, the first

term of this contribution to the free energy takes the form of a susceptibility.

F(D) = Fur — (Hoar) + (Hint) (5.17)
fk - fk+

_fko
:—TZIOg(1+e T >—g2Z\Dk|2E—
k,o k,o

+ (Hint).  (5.18)

k— €t

NIsEuINs)
v [vjo

Note that the D?-contribution of the mean field term is of the same form as the
variational contribution up to multiplicative factors. It is important to keep these
second order contributions to the free energy in order to capture the effects that we

seek.

An important consequence of the transformation used to diagonalise the combination
of kinetic and variational Hamiltonian, H;,+Hovar, is that the form of the interaction
vertex changes. This will be fully accounted for in the calculation of the interaction
term’s contribution to the free energy. Its origin has physical significance - the bare
interaction does not have any weight in the bond density wave channel. This shows
up in the Hubbard-Stratonovich decoupling of the interaction used in the analysis of
the antiferromagnet; for the bond density wave, this decoupling leads to an unstable
expansion. In other words the field integral after Hubbard-Stratonovich decoupling
is not convergent due to the wrong sign of the Gaussian weight. Interactions that

support pairing in the bond density channel are only generated by fluctuations.

In the following section will calculate this fluctuation contribution to the free energy

to second order in the bond density wave order parameter.

5.2 Fluctuation corrections to the antiferromagnet in the
presence of bond density wave order
5.2.1 Overview of calculation

In the preceding section, we derived the mean field free energy of bond density

order in our model. As expected, we showed that bond density wave order is not
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supported in mean field theory. In this section we will derive corrections to the free

energy from self-consistent second order perturbation theory.

The principal idea is that an order, even if not supported in mean field theory, may
be self consistently stabilised by low energy fluctuations. That is to say, the presence
of an order may enhance the available state space for fluctuations and these in turn

lower the free energy.

We will derive corrections to the free energy of the Hubbard model in the presence of
bond density wave order. These will show whether fluctuations can self consistently
stabilise bond density wave order in the model. Furthermore, we will investigate how
the antiferromagnetic and bond density wave order interact. For this purpose we
will treat the bond density wave order as a weak perturbation in the background of
antiferromagnetic order and neglect the effect of the presence of bond density wave
order on the antiferromagnetic fluctuations. However, the antiferromagnetic order
will change the Fermi surface shape and so influences the bond density fluctuations.
Therefore we will be able to conclude whether the presence of antiferromagnetism

supports or hinders the formation of bond density waves.

In the following we give a short outline of the main steps of the derivation. It should
serve as an overview before the messy detail of the calculation and as a summary

for later reference.

The second order change in the free energy, which we will refer to as fluctuation

corrections, is given by

T
C C C C m)(m|c C C C
<Hznt> Fﬁuct — g Z kot ool ilis k47T| >< ‘ P11 P2.d psy p4’T> 4+ c.c. (519)

— e
ok, Ekl Ekg 6k3 6k4
pl IJ4

Following on from Section 5.1, the expectations must be calculated in the diagonal
basis of Hyin + Hoar. The first step will be to rotate the creation and annihilation
operators to this basis. Correct momentum matching of pairs of transformed op-
erators ensures only non-zero expectations. These expectations are then expressed
in terms of Fermi distribution functions of electrons and holes. Finally, we collect

terms and simplify the expressions as much as possible.

Since the rotation of operators into the new basis generates a large number of terms,
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we would like to keep notation as clean as possible. Conveniently there are symme-
tries, that we may exploit to identify a smaller set of independent terms. Firstly, we
note that the bond density wave order as defined above is independent of the sign of
its wave vector Q. Secondly, the order is symmetric under spin flips. Hence, the free
energy of bond density wave order is likewise unaltered under those transformations.
We should therefore be able to identify pairs of terms, that correspond to either of

these two transformations, and simplify appropriately.
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5.2.2 Fluctuation corrections to the antiferromagnet in the

presence of bond density wave order

The result of replacing all of the field operators in equation 5.19 by their form in

the diagonal basis is:

Ffluct(-D) = 92 Z

k,p,a

T T Tt
|2 <ak+q,TOép*q,iapviakﬁakﬁap,iap—(Liak+q7T>
T 4 T i3
€k+q T €p—aq ~ €k T €p

. v

A. regular contribution

|“k+q+% |2|up—q+% B |up+% ° |uk+%

2

klf,p;q/
7p 7q
(al ol ap ol ol o g )
v v k+a+Q1%p-a P Mt M 1 Mp | M —a LK+ QT
kbat 3 W+ g €£+ + e —ei—eﬁ
a T ‘pa
T T T
\ (Ot 10 Op Ok QAN 1 Q1 Oy | O/ —a! L O 4 1)
T U9V T L T L
2 — —
2 €ktq T €p—q — €k — €p
(al ol ap o ol al, g gt
+ v o k+q+Q, 1" p—q, P+ Hk+Q 1 4P/ | D' —q L K +q 1
k+q+23 k+2 T L+ A
€ktq T €p—q — €k — €p
T T T T
. <O‘/k+q,TO‘/p7q,¢O‘/p7iak»Tak’—Q,Tap’,iap/—q/JO‘/k/'i‘q/—Q7T>
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vF av k+q,1%p—q, ) “PAUKFQ YK 1P | PP —d K A - Q1
- Q Uy /_Q
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B. transformed pairs of spin-up operators

[+1Q——-Qf} +{te1})
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i T i T
Lo Q" <O‘k+q+Q,Tap—q,io‘p+Q,lO‘k,TO‘k/,Tap',¢ap’—q’,iak’+q’7T>
ktat3 o3 elT(Jrq + Et—q —d —e

(5.20)

T T 1 T
<ak+q+Q,Tapfq,‘l,apviakfrak’,Tap’—Q,¢ap/—ql,iak'-‘v-q’,T)

*
— U v
kta+g p-2 €1T<+q + Ei—q - 611 - 5%)
i i Pt
+ VgV (Ot q4Q.1 Y- O Vit Ot O, OV~ + QU O+ 1)
kta+3 p'—a'+3 1 Tl
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ktq T €p—a "k~ P
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C. transformed pairs of operator with one spin-up and down each

+1Q——-QJ) (5.21)
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The first line, A, consists of the regular, unrotated fluctuation contribution or second
order perturbative correction to the free energy. Here, momentum matching is trivial
and has been performed already to shorten the expression. The following six lines,
B, are rotations of momentum-paired spin-up electrons and holes. Hence, there is a
symmetric contribution from spin-down pairs, which is trivially found by switching
the spin labels on theses 6 terms. The final terms, C, are all remaining pairs with

one spin-up and one spin-down operator.

g% Dy |?

For ease of reading, any factors of uy = \/ 1— e g have been set to 1 in
k

T
9Dy

Q~¢.Q
k-3 Tkt 3

the anomalous terms. Their D? contribution stems from factors of v, = .

One may express these contributions in terms of diagrams as well. Below, we draw
three examples - one for each of the first lines of the three blocks of terms identified

above.

A. Regular term:

9/ 1 i Pt
9 {0 q 1V O Ok A O 1O, | O, | O 1)

(X -

k+q1t k+q,T
B. First term of rotated pairs of spin-up electron and hole:

2 * T T T T
T Vet a+ 2V qr+ 2 (Mt Qi p—a L 0P O e 1Ot | O~ L O/ +QuT)

g

k1

p. p—al p-d.l

I _ /
k+q+Q,1 K+q+Q1 Dyrqsg K.
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C. First term of rotated pairs of spin-up and spin-down field operator:

42 * T T T T
9 Vktq+$V -2 (et Q10— QuL WPt Qe e 1 O O/~ L U+ 1)
p.l Dyparg pP—q+Q.} p-d.} Pl
_ < > (5.24)
k1 b k+q-Q1  K+d,t K1

k+qf%

Next we explicitly calculate the expectation in the diagonal basis. Non-zero con-
tributions are formed by matching creation and annihilation operators of identical
momentum and spin, which yield Fermi distribution functions, <QL,UOék,a> = fZ.
Diagrams of the form shown above are helpful in determining which pairings are

non-zero. After carrying out all of these contractions, we obtain

ffluct - 29 Z

k,p,q
AN AS S A5 T AN

2 2 2 2
V| "+ |v._aql"+ |V Q"+ v, _,_Q )
<| k—3 | | P—5 | | k+q—3 | | LA | €£+q €p—q — Ech - E%’

s

A. regular contribution

I _ (1 —
+QZQ Z { [| k+q+|2fk+q+pr q(l f )(1 fk)

N
6k+<:1+€p a f — ©p
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2fk+qf q(l_fix _fk+Q)
k+q+ep q— €k — €p
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B. rotated pairs of spin-up operator
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C. rotated pairs of operator with
one spin-up and down each

—U,_ QU
k-3

(5.25)

It is helpful at this point to step back for a moment and look at where all these terms

came from. This morass of terms is given by all possible contractions of vertices

formed by the rotation of operators. Again, we would like to show a few examples

corresponding to the first term of each block of terms.
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A. Regular term:

Pl p-a) p-ql P k+q1

( )- @ 52

k.1 k+at k+at kot k1

B. First term of rotated pairs of spin-up electron and hole:

p.l p—al p-d.l

k1 Dyiqe9 k+q+Q,1 K+dq+Q. 1 D, L

Wiq'+ G

C. First term of rotated pairs of spin-up and spin-down field operator:

p.} Doarg pP-q+Q.l p-d.l Pl Diia-g
kT D k+q-Q7 K +dq.1 K.t

k+q-g

We may further simplify the fluctuation corrections by collecting terms and shifting

momentum labels where appropriate:

-Ffluct<D> =

) ! !
g * T T 1 1 fp—q (1 - fp)
kaq{ [({Uk+q_‘§ <fk+q—Q - fk+q> -2 <fk - fk—Q) 61T<+q + Ef)—q _ i _ 6%)
Tl ? v
bl Terafoma (1=f5) + (1_fk+q) <1_fp—<1> Ts
-HUkJr%l (fk_fk+Q) 61 —|—6‘L —61—6%) +{TH¢}
+q P—a

\ T
* T T 1 1 fpfq + fk+q
+vi,a (= flia) vg (fia— 1Y)
k+2 \/k k+Q ) “p—3 \/pP—Q P E£+q+6\lli;*q_€/l[;_€%)
togt ' L fva =13
* q
Tt Q (fk—fk+Q) Up-aq+2 (fp—q+Q_fP*q> T T S I (@~ @]
€ktq T €p—q — €k — €p
(5.29)
Now we insert the definitions of the off diagonal rotation elements, v, = —2Dk

€k —€k+Q
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and use the Q — —Q symmetry;
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kY- arq T2 g~ pgrq 61T<+q + ff)—q - 61 — &

Using the standard form of antiferromagnetic susceptibility X AF, superconducting
susceptibility Xsc and self-energy 3

foa— 13
Xir(@ e —yg) = Y 52— (5.31)
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we can rewrite equation (5.30) as
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The last term requires further manipulation before one may identify its character.

The diagrams corresponding to the spin susceptibility and electron self-energy are

given by
P—q
k+q,1 k+q 1T _k+q,1 k+q,1
1 0 0 _ —
XAF(q7 Ek_ek—i-q) = — M7
k, 1 k, T k1 k.1
p,{
(5.35)
P—q
P} P4 p.l P4
N T
Xse(p+k e +6) = = e )
Kkt k,t kT k1
k+q,?
(5.36)
q
=0 e
ra N\ ki kT
ka) = = N = o1
p,{
(5.37)

The self-energy-like term may be integrated by parts while assuming a constant

density of states at the Fermi energy. This allows us to rewrite this term with an
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energy derivative on the self-energy factor as follows:

]:fluct(D> -
4
9 D fk+q Q fk+q fk Q fk i
vy Dyiq-9 Dy q X3 (a, e —e T EING
4 k,q ({ ka3 €k+qa-Q~ €fk+q 2 €k—Q €k AF( k k+q) { }
QkZ % €k — €k+Q P— (gep Q_E SC(p+ 7€k+€p)
g fk fk+Q
o 2k
; Z({ e R0, S0k 6 4 (1)
k
1 a8 1
g - fk fk+Q fp—q T fp—q—i—Q ff|>’ - fk—l—q
Y D k+9 Dy gr9 T T 1 (5.38)
2 k,p,q 2 €x — €k4Q *fpq T paqtQ € gt € g~ €6 —6p

The diagrams corresponding to these fluctuation corrections to the free energy are

0 T
4 - Jrrqoq—/ A )
9 ‘kt+a-Q Jk+q k-Q k. 0
Zk,q Dk-&-q—% €k+q—Q€k+q Dk—g €k—Q—€k XAF(q’ Ek €k+q)

(5.39)

(5.40)
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2 D ot fea v
9 Zk| k+%| 2 ( a€k>

(Ek—€k+Q)
D

D

k+Q

k+Q

(5.41)

T_ T + 4 LT
g Z D Q fk*fk+QD Q fo-a=fp-atq fp—firq
2 kp.d Tkt ex—exiq P—At 3 €p—q—¢p-a+Q EL_q—l—ef,,q—elt—le,
Dk+%

k+Q,1

Dp*qu%
In fact, using these diagrams makes it easier to identify a re-labeling of momenta.
In the final diagram above we may rename dummy momentum labels such that

k+Q

(5.42)

Dk+q+%

Tt ! ! Lt
_ 4 fu=fxiq fira " firarq  fo—fpq
=3 Zk,p,q k+% €k —€k+Q k+q+% €k4+q—€k+q+Q €£7q+61ﬁ+q_62_6§ : (543)
A further simplification follows from the identification

) T i g*q — s

Xar(Q 6 =€) = Z 7 T (5.44)

T
> €kiq T €p—q €k — €

Using the above definition, we write the formal expression of the free energy of the
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bond density wave as

F(D) = Fur+ Fliua =

3 ,07“‘ fk—g - fk Q
~73 I (a*"T +1) + Y D P
k k k-9 — 1 Q
Nea 0 2 2
4 T _
g Y fk+q Q fk+q fk*Q fk W T T
44 = -D D, q Xar(q, € —€
{ 1 E 9% g @ flra F T e e VAFID T v
1 1
9 fk+ Q fk+ fk—Q — fx
Z — Dy o XfF(qa 611 - €t+q)

— k—
3 k+q-Q ~ fk+q ? k—Q — €k

k,q
_ 4 1
g—Z Q—fk fap  Joa”le Xse(p+k e + )
4 o e —eiq P Epoq — 6p

@

fT — h
~0* D Dy g3 ké’ekE(kxk)}HTHi}. (5.45)

+32 €k—-Q — €k

Note, that the term including the superconducting susceptibility x?c is sub-leading
compared to the terms that feature antiferromagnetic susceptibilities - x| andy ™.
In fact Xyc is suppressed exponentially for finite momentum and hence the integra-
tion over this momentum results in a negligible contribution [70]. We will therefore

neglect this term.

5.2.3 Regularising the interaction

The Hamiltonian, equation (5.1), harbours an unphysical, singular contribution to
the free energy. This is revealed by following the usual renormalisation procedure
of writing the free energy in terms of physically observable renormalised quantities.
We carry out this renormalisation to first order by making the following shift in the

definition of the two particle eigenstates [27]:

0<p T?q \L ’Hint‘k Ta 1 i/>0

+ S S
€ T 6 — € q

k1)) = khlho+ Y. p1.q ), (5.46)

p#k,q#l
where |k 1,1 |)¢ labels the bare two-particle electron state, and |k 1,1 ) the
two-particle state corrected to first order in the interaction g. e are taken self-

consistently to be the mean-field electron dispersions and H™ represents the inter-
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action Hamiltonian. With this identification, we must also make a corresponding

alteration to the matrix element g,

Jike = 9 — 29° - —. (5.47)
o 1;M€k1+6k2_6;3_6k4

This leads to a corresponding correction to the free energy

C C C C
0 Ffuct = QQeff Z to o ol k27¢z ; (5.48)

+ _
ki..ky E1<1 + 6k2 ks €k,

Following the variational Ansatz, we may then calculate an additional |D|? con-
tribution to the free energy by transforming the operators in equation (5.48) to
the diagonal basis. This is done analogously to the derivation of the fluctuation

corrections to the free energy above;

— Iy
OF(D) =2¢" Y 4Dy alf 2= P+ 1l (549)
k.p.q <ek e£+Q> €kip T 601 S fq

As expected, these terms give an additional contribution to the wavefunction renor-
malization - the shift to the effective coupling g.ss is simply a wavefunction regu-

larization. We include the regularisation by redefining the self energy, ¥ — 7.

The resulting free energy, upon which we will base our subsequent calculations, is

given by

F(D) = -TY In (e—g"’%“ + 1) + P D

X%F (q7 EE - 6£+q)

+{9_42 E fk+q Q fk+qD flIfQ_fII

k+q-9 k—
% traQ — kra X T Q- ok

\ 1
9 Z fk+qQ fk+qD ka*Q_fk 0 T )

k— Xar(ds € — 6,
keta—§ €k+q-Q — €k+q 2 €k_Q — €k 4

€k—Q —

-9 Z |Dk+f|2fk : fka 2 (k, 6k)} + {14} (5.50)
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5.3 Saddle point equation of bond density wave order

We may now find the formal expression of the Eliashberg-equation. From the free
energy of the bond density wave - equation (5.50) - we set 8Dk+ oF (D) =0 and
2

rearrange to find the saddle point equation;

3 2 fk+ fk+ +Q
Dipa (14 (k) = ° Y ~Diyqra | T2 (a o — ely)
a €k+q k+q+Q

fk+q fk+q+Q ™

+ R (a6 — 6 g) | (5.51)
6k-i-q_ek-i-q—i-Q

5.4 FEvaluation of the free energy of bond density wave

order

Having derived the formal expression of the free energy of bond density wave order,

we now would like to evaluate these integrals.

5.4.1 Overview of the calculation

Before diving into the detail of the integration we would like to discuss the assump-
tions and approximations used repeatedly to simplify our task. They amount to

assuming that all relevant physics happens near to the Fermi surface.

We are interested in the low temperature phase diagram of the Hubbard model close
to half filling. We therefore assume that temperature is lower than the chemical
potential, which in turn is smaller than the band width: 7' < |u| < ¢.

Additionally, we note that the mean field free energy and fluctuation corrections

share common factors of the form

K~ Hiq

5.52
&g (5.52)

These terms correspond to the susceptibility to bond density wave order. They
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are dominated by a bond density wave vector of Q = (m,7) - identical to the
antiferromagnet. Since ej, () = — €k We may simplify these terms to:

K= fea _ Al —p)—f-q—n) (5.53)

&p — 5k+Q 2eg

fle—pw-f(-e-p
2€

—p(€)

U —u
These factors are dominated by peaks at e = £u, whose width is set by tempera-
ture. In the limit of ;1 — 0 these peaks merge and the susceptibility to d-wave bond
density order is the same as that to d-wave superconductivity. This was first pointed
out by Sachdev and Metlitski [71]. For temperatures larger than the Fermi energy
these two peaks merge into a single peak situated at half filling. However, for finite
chemical potential and temperature smaller than this energy scale, the peaks are
distinct and may be used to constrict the integrations to the vicinity of the Fermi
surface. Hence, we may treat such factors as weighted delta functions, while keeping

in mind that their neglected temperature dependence might be of use in cutting off

divergences;
o ro Siles| — 4t
fi = fesa (sl u)/ O] (5.54)
gk - £k+Q P(N) p+T €
such that
fk fk+Q

s(egl - mytos (1) | (5.59

& - &q

where we inserted the density of states, p(e) = WQ - log ( )

For convenience we split the free energy into various parts that we calculate sep-
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arately. The free energy as derived in Sections 5.1 and 5.2 separated into parts

18

f(D) = Fur _’_istﬁF + (5.7;&;1: + 5./—"24, (5_56)
-Ff‘lju:t
with
fk Q — fk+8
Farr =T 1n< HE— )+ D pE Tk
MF Z g Z| | € o - k+%
fk+ fk fk— _fk
st . =9 a-Q Jkta py Q ol oot
i { le+a-3 €krq-Q—€icrq %Ek—Q_Ek Xir (@ 4 ira)

>
+ {T<—>¢} )
2P

oaa— ey fio
+{m¢})
2 2fk k-Q Jk fk /
070 = =" || IPsg P omd - 0uE ke o+ {1} ) (5.57)
k

We will first analyse the mean field and then the fluctuation contribution, which in

turn will be treated term by term.

5.4.2 FEvaluation of mean field contribution

The simplest term is the mean field free energy contribution,

;h

ko1
Fur(D) = —TZln (6_% + 1) +922 | Dy|?
k,o

Q
2 (5.58)
k,o €k %

To quadratic order, using Dy = D6y, this takes the form

Jeea = fria
OppFur(D)lp—o = —* Y | =22 (5.59)
k,o



Chapter 5. Quantum order-by-disorder of the anti-ferromagnet: bond
density wave instability 112

In the limit of Q — (m,7) and using the Fermi functions to restrict the range of

integration over energy we find

2

O Fuur(D) = ~ (6ot~ Ty1og (LT (5.60)

At

where ((A%)) denotes the angular average around the Fermi surface of the d-wave

factor squared.

This Landau coefficient is positive. Therefore we may conclude, that there is no

mean field drive to a second order transition to bond density wave order.

5.4.3 Evaluation of the fluctuation contribution

Next, we will calculate the various fluctuation terms one by one.

Evaluation of the 5}"XL¢F term

Let us start with the susceptibility like terms, in particular with the T term:

T T
g I =N »
5‘7:XLTF - Z Dk+q—7 e — ¢ i k-3 p— Xar(a Ek €k+q>g5 N
k,q k+a-Q k+q k-Q k

where

ﬁ—ﬁq
T 4
+€k+q—ek—ep

NPCREANEDS e (5.62)
P

Setting Q = (m, ), we use the bond density susceptibility factors to simplify this
expression. Their delta-function-like nature places certain constraints onto the fre-

quency and momentum of XLTF. We note that they set e£ =+ and ei tq = tHand

hence EIT( g = j:ei. This therefore, restricts the supported momentum of X;TF. In

particular, they allow q to be either zero or (7, 7) (or any symmetry related choice)

T

and 611 — €)1 q 18 limited to zero or +2pu.

Numerical analysis of XTATF shows that it is largest in the vicinity of q = (7, 7) and
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S— +q = £2p. Combining these observations we may write
57 11 = LDt - TPog (L) (o2, .09
Xar 2 4t AT R EED '
where we have used Dy (r,r) = —Dyx. The antiferromagnetic susceptibility may be

evaluated close to its most divergent contribution;

Y e (5.64)
_ " =T
= (569
= %p(u T)log (i) (5.66)

Hence the x/ term of the bond density wave fluctuation corrections takes the form:

4
_ 9 2 3 T2 =T Z
5 51, = S (D)ol — 7)o (—4t jog (5.67)
Evaluation of the /F 1+, term
XAF
Next, let us examine the y;, -term.
1
9 fk fk+Q fk+q_fk+q+Q 1l i
OF 11 = D = 2T=D —_ == 5.68
X:&LF Z k+9Q 36— €kt Q k+q+ 5 ltq—CkiqiQ XAF(q7 € 6k—‘,—q) ( )
where
fi—toq
Xie(a, 6 — 6pq) = Z — (5.69)

o +ek+q—ek—ep

Bond density wave order preserves spin rotation symmetry. Since in the absence of

spin symmetry breaking ek = ek, the 6. F b term is equal to 6.F N
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Evaluation of the §Fy term

Lastly let us evaluate the self-energy-like term,

T
0Fy = 92 Z <{|Dk+?|2ma€kz(ku 6k)} + {TH\L}> ) (570)
k

€k — €k+Q
where
feralo-a (1= f) + (1= fieq) (1= foma) fi
Ska) = ¢y ¢< fq> E 2 " ()
p.a €ktq T €p—q "€k T €p
Using the result of a calculation by Abanov et al [41] we write
39° ,0
(K, ) = %‘i%k, (5.72)

where the susceptibility takes the usual form in the limit of Q — (7, 7) and small

temperatures. So that

Qo = 3 s s eff‘(;‘:‘ ) (5.73)
) ;ﬂek—u) SO 5o
_ %p(u ~T)log (%) | (5.75)
Hence,
o7 = (Dot - 10g? (LT) (5.76)

In summary, contributions to the free energy due to fluctuations are negative at
this level. This is in contrast to the mean field results, which disfavour symmetry
breaking. Thus, fluctuations support the formation of d-wave bond density order.
Moreover, 5‘FX1TF and (5}"X1¢F are divergent as temperature approaches zero. Hence, at
sufficiently low temperatures fluctuations self-consistently drive the system towards

formation of bond density wave order.
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5.5 Interplay of bond density wave and antiferromag-

netism

Having calculated the free energy of bond density wave order, we now would like to
analyse its interaction with a static antiferromagnetic background. The magnitude
of the bond density wave order parameter is taken to be much smaller than that
of the antiferromagnetic order. Hence, the bond density wave is treated as a small
perturbation, whose back action onto the antiferromagnetic fluctuations may be

neglected.

We formally expand the free energy to order D*M?. The sign of this expansion
coefficient determines whether antiferromagnetic order supports or hinders the for-

mation of bond density wave order.

5.5.1 Overview of calculation

As in the previous section we use the principle, that all physics happens around the
Fermi surface. This restricts the supported momentum space and thereby simplifies

the integrations.

Assuming a static background order allows us to simply replace all dispersions in the
expression of the bond density wave’s free energy by the dispersion in the presence

of commensurate antiferromagnetism:

& =o\e&+g*M> —p (5.77)

In principle we may also consider incommensurate antiferromagnetism interacting
with bond density wave order. Previous studies of incommensurate antiferromag-
netism interacting with charge or superconducting order are rare and suggest coex-
istence, but with negligible effects on the superconducting or charge order due to
the weakness of the incommensurate antiferromagnetic order [55]. Unfortunately
the analysis of incommensurate antiferromagnetic order does not allow for the same
symmetry related simplifications, making its treatment considerably harder. To the

best knowledge of the author, an analysis of leading order perturbative corrections
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to the free energy in the simultaneous presence of incommensurate antiferromag-
netic order and superconducting or charge order in the Hubbard model has not

been performed to date.

As in the previous section we split the free energy of bond density wave order into
similar parts and evaluate them separately. We will first analyse the mean field and

then the fluctuation contribution, which in turn will be treated term by term.

5.5.2 Expanding the mean field free energy in orders of

magnetisation

The mean field free energy of bond density wave up to order D? takes the form

(o
Q

Je o =1}
Fur(D :——Z‘ Dy : : (5.78)
“k—

Q
2 k+5

Choosing a bond density ordering wave vector of Q = (m,7) and introducing the

antiferromagnetic order we arrive at

2 2 2 2 2 2
g €e + *M? —p) — f(—o/& + ¢°M* — )
Z|Dk| < < (

20’\/612{ + g2 M?

The sum over o simply introduces a factor of 2, since the expression is symmetric

Fur(D, M) 5.79)

in this band label. Next, we expand in magnetisation:

B D Mo =o' Y 0y {0 i)
k €

f/(ek _:u) +f/(_ek _:u)} (580)

2
dey.
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Integrating by parts in the limit of zero temperature and neglecting the sub-leading

term arising from the action of the derivative on the density of states, we arrive at:

s Fup(D. M- = —g* DA )
- gy [ G (5.8
__gpp—=T)
= T<(\Dk\ ) (5.83)

5.5.3 Expanding the fluctuation corrections in orders of

magnetisation

The expansion of the fluctuation corrections to the free energy in powers of the

antiferromagnetic background order will be split into its individual terms.

Expansion of the 5]:x1f term in M?
F

Let us start with the y!/,-term,

g fk+ Q fk+ fk Q fk
OF w1 = ZDk+q—7 z 4= qD ~Q% T XAF(qvek 6k+q>g5 84)

X
A ka T
where
1
fi - fp q
Xp (@ e — e g) = Z . (5.85)
D at ek+q € — €p

As discussed in the previous section we take the limit of Q — (m,7) and use the

bond density susceptibility factors to simplify the expression. That is to say, we

keep the leading contribution, q = (7, ) and elt — GL +q = 2pt- Finally, we introduce
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the antiferromagnetic order parameter:

4 2
_ 9 2 2 =T
075 00) = StUDPotn -~ 10x (V3T
3 f(=Veg +9°M? —p) = [(/eg + g°M* — p) (5.56)
S €2+ g*M?* + 2p
Expanding this expression, we arrive at:
aMQéFX,TLXTF (M)|M:0
4 2
_ 9 2 2 =T
= Dot - 710 (M)
3 (Lo fraoi=fon)} e
A(ep + pep A(ep + p)2ep

p

The next step is to integrate by parts and use the Fermi functions to restrict the

range of integration.
Onr2 5‘7:X£TF (M) | =0

- §—2<<|Dk12>>p<u—T>21og(%) / d% (5.59)

We have elected to keep some temperature dependence to cut off divergences. Lastly,

we perform the integration and arrive at:

_ ey =T (=TI (T
On0 g, (WD)larma = = 35 (1Dt (M) o (1) 639)

Expansion of the 5.7-"X1¢ term in M?
F

Next, let us examine the y!}-term,

XAF

g* D flI_flLrQ f]i—i— _fli’-i- +Q 1l T
5F v =L 5D, gl ap Tk T e g (590
2 kzq: KP3 ee—errq TR ipq—eriqrq < Kt
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where

—fi
Xiw(a €l — 6g) = Z i (5.91)

o +€k+q €x — €p

In the limit of Q — (m, ) the bond density wave susceptibility factors only support

a few momenta and frequenmes of X F(q, 511 eﬁ +q). In particular, these are q = 0

or q = (m,7) and €, — etJrq =0 or e — ehq = *4. One might guess that this
terms behaves identically to XQTF. However, note that the difference in spin labels
introduces relative minus signs in the presence of antiferromagnetic order. In fact
the leading contribution of X}F in the presence of antiferromagnetic order stems

from q = 0, such that

XAF(O w M) XTIF((Waﬂ-)awaM> (592)

and hence,
5]—"X£¢F( ) = 5]:><QTF(M) (5.93)
aMQéI_.X}F( )|M:O = 3M25./TXL¢F(M)|M:0 (5.94)

Expansion of the Fy term in M?>

Lastly, we would like to expand the self-energy term,

_ 4 2f11—Q B flI /
0Fs=g"> Dy oP =20, 5 (kex) o + {121} ] - (5.95)
k

€k—-Q — €k

From Abanov et al [41] we know the form of the self-energy,

E,<k, Ek) = %(io)q{ (596)
so that,
95 (k, ) = 2XQ0) (5.97)

Amp
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In the same limits as taken previously x(Q, 0) — 5p(u—T) log (:%T) We conclude
that the self-energy is independent of magnetisation and therefore all dependence

on magnetisation comes from the bond density susceptibility factor.

_ 13x(Q.0) S (JET PN — ) — f(—/E T P — pi)
dFs(M) =g W;’DH \/W

(5.98)
Expanding in magnetisation to leading order we arrive at:

10020 Fss(M) | pr=0 =
r 3x(Q, 0) S Du? {f’(ek—MHf’(—ek—M) flac—p)—f(—e—p) }

81

2 B 3
" €k €k

(5.99)

Introducing the density of states and integrating by parts;

2 _
On20 Fs (M) | =0 = o 3ol T)l <|M .

o M o (M) () 5100
In principle we may also consider mode-mode coupling between incommensurate
antiferromagnetism and bond density wave order. However, the analysis of incom-
mensurate antiferromagnetism in Chapter 2 showed that incommensurate order is
very weak and thus its effect on the bond density wave order should be insignificant.
Moreover, calculations involving incommensurate order do not allow for the same

symmetry related simplifications, making its inclusion highly non-trivial.

5.6 Phase diagram

In the previous sections we evaluated the fluctuation corrected free energy of bond
density wave order in the Hubbard model. Further, we analysed the leading terms
in the interaction of the bond density wave with commensurate antiferromagnetism.
Now we will use the derived expressions to extend the phase diagram of the antifer-

romagnet.
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The free energy of the bond density wave takes the general form
FD) = (a+BM?) D (5.101)

where a and [ are the sum of the previously derived contributions to the free energy
in the absence and presence of commensurate antiferromagnetic order, respectively.
In particular, « is the sum of equations (5.60), 2x(5.67) and (5.76), while /3 is the
sum of equations (5.83), 2x(5.89) and (5.100).

The second order transition is found by determining the zeros of this quadratic
coefficient of the bond density order parameter. In the absence of antiferromagnetic
order (M=0) the transition temperature as a function of interaction strength takes

the familiar form of a BCS-like exponential:

1—g*p(u—T)

T. = 4t exp T
fMu—ﬂ”%(%r)

(5.102)

The resulting phase diagram is plotted in Figure 5.1.

The position of the antiferromagnetic transition line is shifted relative to Figure 4.5.
This difference is a result of the discrepancy between the real density of states of the
tight binding dispersion and its logarithmic approximation. The transition to bond
density wave order was derived assuming a logarithmic density of states. Hence, in
order to ensure consistency, the antiferromagnetic transition in Figure 5.1 has been
computed using the same logarithmic density of states. The first order transition to
antiferromagnetic order as well as the incommensurate region were included by hand
in order to retain the topology of the antiferromagnetic phase transitions. Hence,
there is ambiguity in the exact position of these phase transition lines and the phase

diagrams should be viewed as a qualitative summary of the results.

In the presence of commensurate antiferromagnetic order the analysis is less straight
forward. The M?2D? coefficient is positive in general. Thus, the two phases compete.
From the investigation of antiferromagnetic order, we may numerically determine
the magnetisation as a function of interaction strength and temperature. Then, we
may evaluate o + SM? for any point in the phase diagram and determine whether

bond density wave order is present.
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Figure 5.1: Phase diagram of bond density wave order and antiferromag-
netism. The orders in this diagram are commensurate antiferromagnetism (com.
AF), bond density wave (BDW) and the paramagnetic phase (PM). Additionally,
bond density wave order coexists with incommensurate antiferromagnetism (incom.
AF) in orange region, respectively. As a guide to the eye we have we left the pre-
empted second order transition into the commensurate antiferromagnet as dotted
line inside the commensurate phase.

Magnetisation and interaction strength in the relevant region of the phase diagram
are large. Hence, the two phases only coexist in a small region of the phase diagram.
This is consistent with our heuristic picture of the antiferromagnet. For large mag-
netisation the Fermi surface is completely gapped. In that case there is no phase
space for the formation of bond density wave order. This may also be viewed as the

onset of Mott insulator physics.

This is in contrast to incommensurate order. Here, the gap is small and the Fermi
surface persists. In fact the incommensurate order parameter is so small, that we
may neglect its interaction with other orders and propose their coexistence. The

resulting phase diagram is plotted in Figure 5.1.

In the analysis of the antiferromagnetic phase we found, that for sufficiently low
temperatures below the tricritical point the Landau expansion in magnetisation fails,
due to non-analyticities in the free energy (section 2.6.3). Hence, the treatment of
the mode-mode coupling between antiferromagnetic and bond density wave order

should be extended to higher order in magnetisation to ensure a fully consistent
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[ BDW
I BDW & incom. AF
l BDW & com. AF

[#]

0.15 0.18 R

Figure 5.2: Phase diagram of bond density wave order and antiferromag-
netism. The orders in this diagram are commensurate antiferromagnetism (com.
AF), bond density wave (BDW) and the paramagnetic phase (PM). Additionally,
bond density wave order coexists with commensurate (com. AF) and incommensu-
rate antiferromagnetism (incom. AF) in the dark blue and orange region, respec-
tively. As a guide to the eye we have we left the preempted second order transi-
tion into the commensurate antiferromagnet as dotted line inside the commensurate
phase.

treatment below the tri-critical point or deep within the antiferromagnetic phase

region. That is wherever magnetisation is comparable to the intrinsic scale of the

model, .

5.7 Variational ansatz vs Legendre transformation

As an alternative to the above analysis one may also use a Legendre transformation
to investigate bond density wave order. The approaches are equivalent as we now

demonstrate.

5.7.1 Variational ansatz

First we present the variational approach, after which we show the Legendre trans-

formation.
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Starting with the Hubbard model:

H—pN = (= Wine+9 > fetiny, (5.103)
k,o r
Hiin Hins

where we have identified the kinetic and interaction contribution, we add and sub-

tract a term

_9 i M, o
Hvar = 5 <chk+%,ack*%:ﬂ + chk—%,ngJr%,U) , (5104)
k,o
such that
H—pN = Hiin + Hoar — Hoar + Hing - (5.105)
diag;galise pertu;gation

The first two terms will be treated as the original Hamiltonian and diagonalized.

The remaining terms are treated as a perturbation to this Hamiltonian.

We may now construct the Helmholtz free energy and expand it in powers of the

order parameter to form a Landau-Ginzburg expansion. This takes the general form

F(IDP*) = a|D]* + B|D[* +~IDI° = (Hyar) (5.106)

where the thermal expectation (...) is taken over the diagonal basis of the original

Hamiltonian.

5.7.2 Legendre transformation

Next, let us examine the Legendre transformation.

We start with the same Hamiltonian as for the variational ansatz:

H—pN = (= )i +9 D> fephiny . (5.107)

k,o r
g vl N o

~~ v
Hkin Hint




Chapter 5. Quantum order-by-disorder of the anti-ferromagnet: bond
density wave instability 125

Introducing a field jx conjugate to the bond density wave order,

_9 L | = 1
Hieg = ; (chk%,ock—%a + jkck_%ch%g) , (5.108)
such that
H—pN = Hpn +Hieg+  Hig - (5.109)
— ~~~
diagonalise perturbation

The first two terms will be treated as the original Hamiltonian and will be diago-

nalised. The remaining term will be treated as a perturbation.

Again we may now construct the free energy and expand it in powers of the conjugate
field. By construction the Landau-Ginzburg coefficients will be the same as for the

variational ansatz.
L(I5%) = alil* + Blj[* +~15]° (5.110)

The last step is to perform the Legendre transformation,

F(IDP*) =T(5(D)*) = 4(D)D — §(D)D, (5.111)

where
j(D)=8pF(D|*) and  j(D)=38pF(D|*) (5.112)
D(G)=ar(jP) and  DG) = T(lj). (5.113)

To leading order these reduce to

j(D)xD and j(D)x D (5.114)
D(j) x (e}, q g, and D(j)o<<cj{7%ack+%a>. (5.115)

Including the above into equation (5.111) and rescaling D appropriately we arrive

at

[Ss)

g_
FUDP) = alDP + 8D +91DF D] g eg,)— IDid, a0 g.)

F(IDP*) = alDPP+ B|ID[* +7ID[° = (Huar)- (5.116)
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Which to leading order is the same Helmholtz free energy as the from the variational

ansatz.

5.8  Summary

In this chapter we analysed bond density wave order in the Hubbard model. We
began by deriving the fluctuation corrected free energy of the bond density wave
and its intertwining with antiferromagnetism. From there we constructed the joined
phase diagram. Even though bond density wave oder is not supported in mean field
theory, fluctuation self-consistently stabilise the phase. This leads to a region of
bond density wave order in the vicinity of the antiferromagnetic quantum critical
point. Additionally, we found phase competition between spin and charge order.
The later results in a drop of the bond density transition temperature inside the

antiferromagnetic phase.

We finished this chapter by demonstrating the equivalence of the variational and

Legendre transformation ansatz in the context of bond density wave order.



Chapter 6

Quantum order-by-disorder of the
antiferromagnet: d-wave

superconducting instability

In this chapter we include leading order effects of the presence of d-wave supercon-
ducting order in the free energy of the antiferromagnet. d-wave superconductivity
is introduced to the mean field theory via a variational ansatz. As expected super-
conducting order is not supported at mean field level, so we calculate the effect of
superconducting order on the anti-ferromagnetic fluctuations. Finally we consider
the intertwining of d-wave superconducting order and background antiferromagnetic

order.

Much of this calculation is very similar to the calculation of the d-wave bond density
wave order’s free energy presented in the previous chapter. Hence, details of the
derivations present in the last chapter are often omitted in the treatment of the
d-wave superconductivity below. To allow for easier comparison and clarity, despite

the lack of detail, this chapter is arranged in the same format as the previous one.

127
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6.1 Mean field theory of the d-wave superconductor

6.1.1 Hamiltonian

Consider the following Hamiltonian

H— /JN = Zﬁkchck,U + Z VqCTk,TCTp7¢CP—q7¢Ck+q7T7 (61)
k,o k,p,q
kinetic interaction

where & = ex — p and the kinetic, Hy;y,, and interaction, H;,,, part of the Hamilto-

nian have been identified.

Our task is to construct the free energy of this Hamiltonian in the presence of d-wave

superconducting order.

6.1.2 The order parameter

We define the d-wave superconducting order as

Ak = Qk Z CL7O'CT—k,—O" (62)

k,o
with 6k = cos(k,) — cos(k,) encoding the d-wave symmetry.

D-wave superconductivity is symmetric under time reversal Ay = A_y and anti-
symmetric under rotations of 7. Furthermore d-wave superconductivity as defined
above is antisymmetric under spin character switching. This can be concluded from
drawing the form of the gap for up and down electrons and considering how k maps

to —k in this picture.
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6.1.3 Variational ansatz

We include superconducting order by adding and subtracting a variational term,

%var = Z (AkCT—k,TCL¢ + Akckyic_kT) s (63)
k
to the Hamiltonian. Such that

H— ,UN - z{k’zn + Hvaa\_Hvar + Han (64)

diagonalise perturbation

The first two terms will be diagonalised and the remaining terms will be treated

perturbatively.

We may now formally derive the order’s symmetry under spin flip. We split the
variational term in the above Hamiltonian in two by switching momentum label

k < —k:

1

Hopar = 5 Z (AkCJr_kﬁCLi -+ A*kCLTCT—ki + Aka7¢C,k’T + A,kC,k&Ck’T) . (65)
k

Exchanging the operators of the last two terms, which introduces minus signs, we

arrive at:

1

Hvar = 5 Z (Akcik,TCL,l — Akcik,icir(ﬁ + Akck,J,C—k,T — Akck7¢0_k’¢> . (66)
k

From the line above we can conclude that the d-wave gap is odd under spin character

switching.

6.1.4 Diagonalisation

We will now derive the diagonal Hamiltonian in the presence of d-wave supercon-

ductivity with help of an appropriate Bogoliubov transformation.
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Adding the positive contribution to the kinetic Hamiltonian, we write:

Hiin + Hoar = Z kaLUCk,o + Z <Ak0ik,¢CL¢ + Akck,w_m-) (6.7)
k,o k

Which, after expanding the expressions for all spin, may be written in matrix form;

T
1 f A ko
Hkin + 7-[var = 3 Z Cikﬂ 6}‘ 7k CT . )
2 k Ck,—o UAk _fk ck,—a
where the spin label is
c=+lor 1/} (6.8)
This Hamiltonian may be diagonalised by a Bogoliubov transformation of the form
C_ko u* —ov* Ok o
ko ov U Y,

where the matrix elements are

W) = ; (1 v <—>ﬁ>
o~ 1-— ‘i“ﬁ‘?, U & 5—&‘: (6.10)
The diagonalised kinetic Hamiltonian takes the form
Hein + Hoar = Z k.o Mk, (6.11)
k.o
where the dispersion in the presence of superconducting order is given by
ko = 0/ (6 — 11)% + | Ak |2 (6.12)

The structure of the order parameter determines the form of the transformation. The
bond density wave is a simple momentum translation and hence the diagonalisation
only alters the momentum of the rotated operators. The superconductor on the other

hand requires a Bogoliubov transformation, which not only changes the momentum,
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but also the particle and spin character of the transformed operators. This can also
be viewed as a reflection of their inherent symmetries. The bond density wave is
spin symmetric, while the superconductor is particle-hole and time reversal invariant.

The transformation have to obey these same symmetries.

6.1.5 Free energy

Having diagonalised the Hamiltonian the mean field free energy is given by
k.o
Fur =T log (1 + e—‘ﬂ . (6.13)
k,o

Corrections to this are given by
_Tlog<e*5(*7‘[var+7{int)> ~ <_H’UCLT _|_ HZH,t) (614)

After applying the Bogoliubov transformation, Equation 6.9, this terms gives an
additional contribution. We keep the leading, quadratic correction to the free en-
ergy of d-wave superconductivity. (H,q-) now takes the form of a superconducting

susceptibility. We obtain

F(A) = Fur — (Hoar) + Hine) (6.15)

2 — 1
= T In(e /"4 1) = > |A) fkgk + (Hins).  (6.16)
k,o k

The A%-term of the mean field and variational contribution have the same form up

to multiplicative factors.

The Bogoliubov transformation, Equation 6.9, changes the form of the interaction
vertex. This in turn affects the free energy contribution of the interaction term,
which is accounted for in the analysis of the fluctuation corrections. As for the
d-wave bond density wave, the bare interaction has no weight in the d-wave super-
conducting channel. Fluctuation contributions to the free energy that drive super-

conducting order are calculated in the following section.
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6.2 Fluctuation corrections to the antiferromagnet in the

presence of d-wave superconductivity

6.2.1 Overview of calculation

As in the previous section the following treatment of d-wave superconducting order
is very similar to that in the chapter on d-wave bond density wave order, Chapter 5.
We will derive corrections to the mean field free energy from self-consistent second
order perturbation theory. We will demonstrate, that d-wave superconductivity is
self-consistently stabilised by fluctuations. Moreover, we will treat superconduct-
ing order as a weak perturbation to the background antiferromagnetic phase and
thereby determine whether the presence of antiferromagnetic order drives or sup-
presses fluctuations, which support the formation of Cooper pairs. As for the bond
density wave the antiferromagnetic background order is assumed to be unaffected

by the presence of superconductivity.

The second order change in the free energy is given by

:
C C C C m){mic C C C
(Hint) = Fiinet = ¢° Z .1 O st 1) 1, 1 ) +ee (6.17)

— et —
ki, Ekl + €, — €y T iy
pl P47

The expectations, (..), are calculated in the diagonal basis of Hyi, + Hoar by ap-
plication of the Bogoliubov transformation, Equation 6.9, onto the creation and
annihilation operators. Non-zero expectations are formed by matching momenta
between creation and annihilation operators and thus forming number operators,
which are expressed as Fermi distribution functions. Finally, we collect terms and

simplify the expressions as much as possible.

As in the calculation of the fluctuation corrections due to bond density wave order,

the transformation of operators creates a large number of terms.

In contrast to the rotation of operators performed for the bond density wave, the
Bogoliubov transformation not only changes the momentum of the operators, but
also their particle and spin character. That is to say it transforms electrons into

holes, spin up operators into spin down operators and vice versa. This is founded
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in the very definition of the order parameter. As a consequence the pairing of
operators in case of the bond density wave is simpler, only the momentum matching
is non-trivial. In case of the superconductor, all three quantum numbers have to be

considered carefully.
6.2.2 Fluctuation corrections to the antiferromagnet in the
presence of d-wave superconducting order

The result of transforming the operators in Equation (6.17) into their form in the

diagonal basis is:

fﬂuct<A> =
T T oot
6% 8% 8% 8 (6% (8% Np_— (0%
3 oot P 01 s O et e O aiOita)
K €krq T €p—a ~ €k — €

A. regular contribution

T T T T
(O kg0 g Op L O 10— O 1O )
+¢° Z Vk+qUks P qiT qi P fi L4 oce

1
Kpa €ktq + €p—q — €k — €p
k/ I3/ q/

) f f f
2 o (Ot @—p+a O, et Ve g M/ Oy 1O 1)
+g E Up—qUp 7 T T T + c.c.
k,p.q €k+q T €p—q ~ & ~ €p
k'.p’.q’

T T T T
(8% 8% (e 8] (8] O_p 1 20y | Ve
3 (Ot q 10— g, Ol 10k A M 4 1 Ol 1 Olp | e 1)
+92 U;Up/—q/ t+at"p—a " —pt +a’,t C.C.

) 4 R
kp.q €k+q T €p—a — €k — P
k',p’.d
(ozT ol apial, ool Qpr Qs 1)
2 X k+q,1 % p—q ) P4k, | K —d' L Cp g 4P TR T
+g E UV’ 4 c.C.
e + € —e — e
k,p.q k+q P—q k p

K'.p’.d’

B. pairs of H;,; perturbed to linear order in A
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T T T T
—g° Z UktqUs <Oz_k—olviO‘pwaO‘fp,TO‘vaO‘k’Jrq’,TO‘p’—q’,iozlo’viozk’vT>
a“p

c.c.
T Tt 1
k,p,q €k+q T €p—q — €k — P
kK'.p'.q
(o, .« ap ol ol of Qpr | Qe 1)
2 « \ Ykt q P —p+a,tOp LYk | Yk g/ P p =g L PP L KT
—gq g Up—qUk T T c.c.

R
k,p,q €k+q T €p—q — €k — €p

kl p/ q/
<C¥T O{T AN | X A0 ! — O{T O(T Q! >
— g 2 : Vur st ktatTpal Pk T K g [P g/ | T —p p T T + ce
T e, —e — e -
k+q P—q k P

klf,p/,q/
7p ’q

T ] T T
(Mt q 1 Vg, P L Ve 1 Vo g p O 1 O L Vg )
_92 Z Vgl Vi +at7p-al +a'.T 4 + cc.
e —e —e
k+q P—q k P

k,p,q
. Kpd |
C. pairs of the regular H;,; contracted with H,,; quadratic in A

(6.18)

The first and simplest term, the regular contribution A, is identical in form to the
bond density wave calculation. Here, momentum matching is trivial and has been

performed already to shorten the expression.

The additional terms are of a different structure compared to the bond density wave.
The first set of anomalous terms, B, is created by perturbing both copies of H;,; to
linear order in the superconducting gap. The second set, C, is created by perturbing

one H;,; to quadratic order in the gap while keeping the second H;,; unperturbed.

For ease of reading, factors of uy = /1 — % have been set to 1 in the anomalous
k
terms. Their D? contribution stems from factors of v = %.

One may express these contributions in terms of diagrams as well. Below, we draw
three examples - one for each of the first lines of the three blocks of terms identified

above.
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A. Regular term:

2/t ] T T
IV 10— q Ol Ve 1O 1O | O | Qletq, 1)

:< >< >< > (6.19)

k+q,T k+q,1

B. First term of the contribution from vertices linear in A

2 1 T T T
g vk-ﬁ-q”lt’ <a—k—q7iapfq,iapviakﬁak’#»q’,Tap’fq’,J,aP/aiafk’,J)

p. P—ql Pl p—d.l
_ < o > (6.20)
kT Akiq ~k-aql K| Aw K+q,t

C. First term of the contribution from a regular vertex contracted with one quadratic
in A

2 T T T T
~9 Ve qUp{Oi—q.i O g O p 1O g O, O/ 4 R )

P—al Pl p-d.l
= > (6.21)
k1 Akiq ~k—q,l K, 1 K +d,1

Next, we must allow for the various non-zero expectations by identifying pairs of
Fermi operators with matching quantum numbers. In the regular term (A.) and
the last four terms (C.) there is only one way of matching terms. In the remaining
four cases (B.) there are two ways each to match momenta and form non-zero
expectations. The diagrams shown above are helpful in determining which pairings

are non-zero.
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F ﬂuct(A) -
T T Tt
2 2 20 120, 12 <O‘k+q,Tap—q,iapviakﬁakﬁapviO‘P*qviakﬂlv?)
g |uk+ql[tp-ql"up|"|u| + cc
T 1) i
k,p,q €k+q + €p—q — kx — ©p
A. regular contribution
T T T
9 (e ql0p_ q¢O‘p,¢0‘k,T0‘k 1% 1 O¥p—q, ¥ q,J,>
+g Z |Uk+Q| ET +E —ET _€¢ + c.c
k,p.a k+q pP—q k p
oot
LY ol (g p+q¢04p,¢04k 11 VP prgiMctat)
g P el + € —el — e o
k,p.q k+q pP—q k p
T T T
s Z v |2 O‘k+q 1% —q,.Y—p, TO‘k 10 4 Q—p,tQp— alQktaqt) 4 e
p T T 4 T
k,p,q €k+q+€P—q_€k_€P
T T T
+g Z " |2 O‘k+q,Tap q, Op L k¢04 k,| O 4 Op— alOkiqt) e
) 1) 4 T
k,p,q €k+q+€p*q_ek_ep
) . {aacqual g opiaial il ap g ral )
+ g Z Vgt q¥ ’ : ’ : + c.c.
Farp el + € — e — €
k,p.aq k+q p—q k p
2 « <041T<+q TO‘*erq,TO‘p,iO‘k,TO‘L—q TOCL ¢0‘1T< 10ktq,t)
+g Z Up_qUk 5] iy R + c.c.
k,p.q k+q p—q k p
2 . <041T<+q TO‘I)—q iO‘T—p TO‘k,TO‘ITc +Metq, 1 0p—q. O—p.t)
9" D Vgl T +oec
k,p.q k+q p—q k p
T T T
O‘k+q,¢ap alOp &k | Xp—q,lCp | O—k 10%iqt)
—l—g Z ‘p-a” e e o —€ —e€ *oee
k,p,q k+q pP—q k p
B. pairs of H;,; perturbed to linear order in A
T T ToT
2 Z o <a*k*q,iOép—q,¢a—p,Tak7TOék,TOé—k—q,¢aP*q,ia*Pfr> 4 ocec
g kta®p el —|—6¢ S — o
k,p.q k+q pP—q k p
T T T T
(Mg 1@ pratapial k,¢0‘—p+q,TO‘p Lk | Qg 1)
- g Z Up qvkuk T T »L + C.C.

k,p,q €k+q+€p—q_€k_€p

T T T
O‘k+q,TO‘p a, ¢O‘p7¢ak 10p—q, | Xp | Yy TO‘k+q7T>
—g E p qV 5 T T + c.c.

k,p,q €k+q + epfq - Ek - €p

T T T T
) (et q 10— q O Ok 1O 1 Okt g 1 Op—q, L O, | )
—g E Vit qVp 5 7 + c.c., (6.22)
k,p,a ktq T €pa =k~ P

J/

C. pairs of the regular H;,; contracted with H,,; quadratic in A
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where we have used uy = u_y and v, = v_g. Since the matrix elements, u, and vy,
are functions of the superconducting order parameter their symmetry is determined

by the d-wave form factors, which are time-reversal symmetric.

Next, we explicitly evaluate the expectation over the Bogoliubov operators by form-
ing Fermi distribution functions,(al _ay,) = f¢. Furthermore, we substitute for u

and v, keeping terms to order |A|?>. The results of these contractions is

]:ﬂuct(A) =

| Ayl Ap—ql’ A2 A2 )
-2 + + +
! kzp:q ( €k+q + 5£k—q)2 (g—q + gip+q)2 (5;, + ﬁ )2 (511 + ffk)Z
fk-i—q,Tfp q,i( fp,i)(l - fk,T)
T T +

N €k+q+epq—ek—ep )
A. regular contribution
+ 2 Z Awia? (= fxgq)fo-ard = fo)(d = ficr)
1
k,p,q §k+q + ffqu)2 61I;Jrq + Et*q - 6£ - E\IL)
+ 29 Z |Ap—q|2 fk+q7T(1 - f—p+q,T)(1 - fp7¢)(1 - fk,T)
1
k,p, q + §,p+q)2 6£+q + E\IL)*Q - Ei - €I¢>
+2 2 Z |Ap|2 fk+q,Tfp—q7¢f—p,T(1 - fkﬁ)
g (§T+§¢ 2 e e —e e
k,p,q \SP - k+q pP—q k p
+9 Z k 2 fk+q,Tfp—q7¢(1 - fp7¢>f—k,¢
g Ty O It
kpq §k+§ k) €kiq T €p—a — €k — P
A A 1— g (1 — 1—
T P R 17 kTq,Ufp fw( wa)E fir) Lo
k,p,q 5k+q T éh—k—q &+ &5 €ktq T €p—q ~ €k ~ P
A 1—f_ 1— 1—
+ 92 Z ¢ k¢ fk+q,T( - f p+qf)( Tfp,i)g fk,T> + coc.
kqup q+€p+q§k+€ €k+q T €p—q — €k — €p
+ 92 Z Ak+q Ap fk+q,Tfp—q,¢f—p,T<1 - fk,T) + co.
kp,q glt—l—q + ﬁk—q ng) + gip Equ + %—q - EE - 5%)
+g Z Ay fk+q7Tfp—q,¢(1 — fp,i)f—kJ + coc
k,p, q + SJ’ p+q é“k + é’i 61T<+q + et*q - 61 - EJI;’

J/

B. pairs of H;,; perturbed to linear order in A
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2 Z AkJrq Ap (1 — ffqu,i)fpfq,iffpﬁ(l - fk,T) + cc
9 1 ! T o4 1 S ) ©
k,p,q SkJrq + gfqu &+ & €ktq T €p—q ~ €k ~ €p
A 1— 7 1— _
o 92 Z ¢ k¢ karq,T(T f qu,T)( - fpj)f k.4 + c.c.
kpqu quéﬂerqfk+5 ktq T €p-a = &k P
A _q (1 — 1—
L2y Lea ke fk+q,TTfp q’¢(¢ fmT)( ifk,T) L oce
kpqu 01+fp+01£k+f €k+q T €p—a — €k — P
A A _q (1 — 1—
g Z k+q p fk+q,Tfp q7¢( fp,i)( fk7T) + coc. (6.23)

(R T T T 1
k,p.q §k+q T a& T8 €ktq T €p-a ~ €k ~€p

J/

C. pairs of the regular H;,; contracted with H;,; quadratic in A

These terms are given by all possible contractions of vertices formed from the Bo-
goliubov transformation of the original creation and annihilation operators. Again

we draw Feynman diagrams for each of the first terms in each block of terms.

A. Regular term:

P-q.l p-ql k+qT

>< >< 021

k+q,t k+q,T
B. Next let us take a look at the diagrams Correspondlng to the first term of the
contribution with both vertices linear in A. These terms can be contracted in two
ways each. We can either form a susceptibility or self-energy like term (first and

second diagram in (6.25) respectlvely

>§

Aierq k—ql K|

(6.25)

Akiq

C. Finally, we draw the diagram for the first term of the contribution from a regular

vertex contracted with one quadratic in A. Here, there is only one possible pairing
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of operators forming susceptibility terms:

-p, T Ap p—al Pl p-d.l
< > = (6.26)
k1 Akiq ~k-q,l Kt K+d,t Aktq

We may further simplify the fluctuation corrections by shifting momentum labels

and collecting terms:

}—ﬂuct(A) =
29> Z |Ak’2 —fe = F [f#’(l — f11+q)<1 — fé—q) +(1- fﬁ)flquf;i)—q]

(Exr + & x,1)? €+ ep — equ e

k,p,q q

pt T &pt)? e+ ep — €£+q — € q

_ _ t1 1
+29° ) 1A, |2£ . f) [fk(l o) (= foca) 4 (1= ) sl “1]

k,p,q

S R e A SVIDT [y A gl
+Q2ZAk+q fk+q f k qA f P fp fp q( fk) : + coc.

p
k.p.q (St + E-k—ql) (§-pt +&pd) €£+q + Et—q - 61 — €p

' 1
A 1‘ﬂm—ﬁﬂA1—ﬁ—hc fra(l = £)
+g Z P—9q k T 1 T T 4+ c.c..
(E-prat +&p-at) (et +Eul) 6 g+ q— €l — b

k,p,q
(6.27)
After shifting momentum labels in the complex conjugate terms:
Friuet(A) =
K (&t + &ky)? el +ep — eLLq - eﬁ,q
L S Jo-a— fi
+g Ay : : - . + 1ol |-
kzp:q q Sk—&-q,T + g—k—q,i) i (f—p,T + €p7$) 6£+q+6f),q—6£—61¢)

(6.28)

Using the standard form of the antiferromagnetic susceptibility, x™, and electron
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self-energy, >,

T 1 + fi—q B flI
Xhr(a 6 —ehig) = D~ - — (6.29)

k fk—q 1T €ptq €k —€p
A S fk+q><1 foca) T(A=1) Flafo—q
Ska) = ¢y =F 7 1
pa ek+6p—ek+q €p

, (6.30)

—-q

we can rewrite Equation (6.28) as

Friuet(A) =

- Z | Ay ( ekm) (1 — fu— ffk> STk, &) + 2H(k, e

tg ZA p+q f*p qu_fip_fI%[XN(qu_ET )"‘THQ
p+q §p+q,T + 5—p q,i) (g—p,T + fpvi) AFYRTP pid '

(6.31)

The diagrams corresponding to the spin susceptibility and electron self-energy are

given by
qu‘T
pt+al pt+al p+aq,l p+a,l
XAF(q7 t+q) — — >AA«V««ZI«WA< ,
p,T p,T p,T p,T
k|
6 32
(6.33)

The self-energy-like term may be integrated by parts assuming a constant density
of states at the Fermi energy. This allows us to rewrite this term with an energy
derivative on the self-energy factor. Including the mean field contribution we may

write the formal expression of the free energy of d-wave superconductivity in the
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Hubbard model as

F(A)

-FMF+Ffluct:
_ 2fik —1
—T§ :1 ST 1) = AP
n(e + ) e | k| o

1
+Z |Ak|2 5 f;) [0.57(k, ex) + 0.2k, €]
: —f —[roan 1= 11— 1
2 A p+q P qA p P
" Z P (§p+q,T + Efpfq,i) ° (élp,T + gp,i)

p.q

[X}F(qv Eli) - EIH—q) + XfF(qa EI, - €i+q)} . (6.34)

6.2.3 Regularising the interaction

Exactly as for Chapters 4 and 5 the Hamiltonian, Equation (6.1), contains an un-

physical, singular contribution to the free energy. The regularisation of the inter-

action to avoid this singularity follows the exact same steps as in Section 5.2.3 by

including the first order shift into the definition of the momentum eigenstates.

6.3 Saddle point equation for d-wave superconducting or-

der

We may now find the formal expression of the Eliashberg-equation. From the free

energy of d-wave superconductivity - Equation (6.34) - we set 0a, F(A) = 0 and

rearrange to find the saddle point equation;

92 Zq Ak‘f‘q

T 4
frgl g1

Ak (1 + 2 (8€kE/T(k, Ek) + 8€k2’¢(k, Ek)))

e, (X”(Ob ehia — &) + XA g — eI,)) . (6.35)
a’S-k-q
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6.4 FEwvaluation of the free energy of d-wave superconduct-

ing order

Having derived the formal expression for the free energy of d-wave superconductivity,

we now would like to evaluate these integrals.

6.4.1 Overview of the calculation

The assumptions and approximations used here are very similar to those in the
treatment of the bond density wave in Section 5.4.1. We are interested in the low
temperature behaviour of the model close to half filling - temperature is chosen
lower than the chemical potential, which in turn is smaller than the band width:
T < |p| <t

The common factors in the mean field free energy and fluctuation corrections take

the form:

fl;r—i_fik_l

6.36
g+ (6.3

These terms correspond to the susceptibility to superconducting order. In the ab-
sence of antiferromagnetic order the dispersion is spin and and time reversal sym-

metric and we may simplify these terms to:

f11+fik—1 - 2fk_1_2f(6k—u)—1
dre. T 24 2a—p) (6.37)
2f(e-p) -1
—pP\E
2(e - p)
. ge
H -y

The susceptibility factors are dominated by peaks in the vicinity of € = u, whose
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width is set by temperature. The secondary peak at ¢ = 0 is sub-leading and
vanishes in the limit of 7" — 0. The height of the peak at € = p is cut off by finite
temperature. In particular, for temperatures smaller than the chemical potential,

we may treat these factors as weighted delta functions.

T \ 4t
+ -1 0(ex — —
&+ &y pl)  Jugr 20— p)
such that
-1 1 T
==~ —f(ex —p)log | — ||, (6.39)
G+&h, 2 |l
where we inserted the approximate density of states p(e) = #%t log (%)

Significantly, the superconducting susceptibility is equal to the susceptibility to bond
density wave order in the limit of half filling. Then, both of these susceptibilities
are peaked at ;= 0 and diverge identically. Formally, the two susceptibilities take

the form

Superconductivity:

Ysc = ; f(Ek - /;)Ek__félzek + /L) p—=0 ; f(ek) ;61]:(_61(). (640)

Bond density wave:

XBDW = Z flae—p) = flacq—p p—0 )/ Z f(ew) ;1{<_6k>’ (6.41)
" T €

)
€k — €k+Q Q—(m
where we have used that ex,q = —ex in the limit of Q — (m, 7).

Additionally, this similarity between the two orders can be seen in the definitions
of their pairings. Since the model is particle-hole symmetric at half filling, the
order parameters of these two phases may be mapped to one another by a particle
hole transformation. Thus in the limit of half filling bond density wave order and

superconductivity become degenerate as noted by Metlitski and Sachdev [71].

This particle-hole symmetry is broken in the presence of a finite chemical poten-
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tial. In the case of bond density wave order, the finite chemical potential cuts off
the divergent susceptibility. However, for superconductivity the finite chemical po-
tential is not able to cut off this divergence. Instead, finite temperature controls
the logarithmic singularity. Thus, at low temperatures, the model is always more

susceptible to forming superconductivity than bond density wave order.

For convenience we split the free energy into various parts that we calculate sepa-
rately. The free energy as derived in Sections 6.1 and 6.2 separated into its parts

18

F(A) = Fur + 5FXT4i + 0.Fs, (6.42)
—_—
ffluct
with
-FMF = —TZ ln (€_§k’a/T + 1) — Z |Ak|2£ (643)
— ” 13"

1_fg+q_fip—q 1_fip_fé
(§p+qﬁ + f—p—q,i) P (f—pﬁ + gp,i)
L—fi = [h
(et +Exl)

(5]-"XL¢F = 2¢° Z Apiq i (a, €, — €I>+q> (6.44)

P.q

0Fs =2 |Axf 9.2 (K, ex). (6.45)
k

We will first analyse the mean field contributions and then the fluctuation contri-

butions, which in turn will treated term by term.

6.4.2 FEvaluation of mean field contribution

The simplest term is the mean field contribution,

Fur(A) = —TZln (e‘gk’”/T + 1) — Z |Ak|22fk£_ ! (6.46)
Ko Kk k

To quadratic order, using Ay = Afy and & = o+/(ex — 1) + |Ax[?, this takes the

form

2fi — 1
28k

OapFur(A)azo = =) |6 (6.47)
k
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This is same as the superconducting susceptibility that was evaluated previously in
(6.39), such that

O Fuur(Blsa = ~5U6olitog () (6.49

where (|0k|?)) denotes the angular average over the Fermi surface of the d-wave

factor squared.

This Landau coefficient is positive, so we conclude, that there is no mean field drive

to a second order transition to d-wave superconductivity.

6.4.3 Evaluation of fluctuation contribution

Next, we will calculate the fluctuation terms.

Evaluation of the 6.7+

Let us start with the y™ term:

L T e e L I
Xir(a e — €hiq), (6.49)
(€prat +E-p-al) P (E—pr+&py) AF P~ ®ptq

6FXT,L - 292 Z Ap_;’_q
p,a

where the pairing function is

fia— I

1 ) _ -

Xhr(a 6 —ehig) = D+ e (6.50)
k ‘k—q T €prq — & — P

The presence of two superconducting susceptibility factors allows for significant sim-

plifications:

2
g T\ %
5-7'—)(“ = ? E p(M)Q 10g2 (m) Aer(115(€er(1 - U)Apé(ep - N)XTL&F(% 6%, - 61T)+q)‘

P.q

(6.51)

These superconducting susceptibilities are only strictly delta-functions at zero tem-

perature, at finite temperature they are peaks of a finite width given by temperature.
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We note these peaks are situated along the Fermi surface e, = ;1 and a Fermi surface
shifted by momentum q, that is €514 = p©. Hence, the product of susceptibilities
only has non-vanishing support if €, = €,44. The trivial case is q = 0. However, this
corresponds to a minimum in the pairing function and is therefore not the dominant
contribution to superconducting pairing. Instead we may consider the case of non-
zero q, corresponding to fluctuations that nest the Fermi surface, i.e. q = (7, 7).

The pairing function then becomes:

S B T (6.:52)

For temperatures lower than the Fermi energy, this may be approximated as

p—

T
e P T
Grlmmo2w = [ e =2 10g (m) (6.53)
t

Combining the above result with the weight of the superconducting susceptibility

and we arrive at:

2

T = TP o (1) (6.54)
The above analysis is only an approximation to the superconducting pairing function
and product of susceptibilities. In principle the strongest spin fluctuations could be
found at an incommensurate wave vector, leading to hot spots of superconducting
susceptibility at particular parts of the Fermi surface. This is similar to the incom-
mensurate antiferromagnetic pairing discussed in Chapter 2. Treatment of these
incommensurate contributions to the superconducting pairing fluctuations is highly

non-trivial.

Evaluation of the Fsx term

Lastly, let us evaluate the self-energy-like term,

6Fs = QZ\AkFﬂ&ET(k, ex), (6.55)
. (St +E-xt)
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where

f;i)(l - flqu)(l - frﬁfq) + (1 - fé))flqufé*q

Ska) = g° ) (6.56)
P.q 611; + Eilg) - €I<+q - Et*q
Using the results of Abanov et al [41] ,
39°x(Q.0)
ik = —F 6.57
( ) €k> 471_” €k, ( )

where the susceptibility, x(Q,0), takes the usual form in the limit of Q — (7, 7)

and small temperatures. So that

o - et
S flew—p) ;ef(_Ek — 1) (6.59)
_ _%p(ﬂ) log (%) | (6.60)

Inserting into the expression for the self energy contribution to the free energy,
Equation 6.55, we obtain
3g° L T
075 = St og (1) 1o () (6.61)

87 4t |1l

6.5 Interplay of d-wave superconductivity and antiferro-

magnetism

In this section we would like to extend our analysis to the behaviour of d-wave su-
perconductivity in an antiferromagnetic background. As in the case of bond density
order we derive additional terms in the Landau expansion of the free energy to order
A2M?. These will give us insight to whether antiferromagnetism supports or hinders
the formation of d-wave superconductivity. The antiferromagnetic order is assumed
to be static and superconductivity is treated as a perturbation to this static back-
ground. Therefore we assume the superconducting gap to be much smaller than the

amplitude of the background magnetic order.
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6.5.1 Overview of calculation

As in the previous section we use the principle, that all physics happens around the
Fermi surface. This restricts the supported momentum space and thereby simplify-

ing the integrations.

Assuming static background order allows us to simply replace all dispersions in
the expression of the d-wave superconducting free energy by the dispersion in the

presence of antiferromagnetism:

& =o€+ > M? — pu (6.62)

As before, we split the free energy of superconducting order into mean field and
fluctuation parts and evaluate them separately. We will first analyse the mean field

and then the fluctuation contribution, which we will treat term by term.

6.5.2 Expanding the mean field free energy in orders of

magnetisation

The mean field free energy in the presence of d-wave superconductivity, to leading

order in Ay, is

Far(A =—Z|A|2fk+f— | (6.63)

fk

In the presence of background, commensurate antiferromagnetic order this become

21 2 M2 — —\JeEErag2M2—) — 1
Kk 24
Expanding to quadratic order in magnetisation:
2 Fur (B, M) =0 = Zg | A" ——. (6.65)

2/L€k
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Next we introduce the density of states and use the derivative of the Fermi function

as a delta function to perform the integration:

_ a0 97p(1)
Ove Frr (A, M)y = —{({|Ak] >)2—M2. (6.66)

6.5.3 Expanding the fluctuation corrections in orders of

magnetisation
The fluctuation correction to the free energy of d-wave superconductivity only has

two principal terms - the self-energy and susceptibility term. Let us start with the

latter.

Expansion of the 6‘7:x} term in M?
F
The 5.7-;& term takes the form:
F

l_fg+q_f£p—q 1_fjp_fr¢> T 1 0
Xar(d, 6 = €piq), (6.67)
fp—l—q,T + g—p—%i i g—pﬁ + fp,i AF P Pt

0y = 29° Z Apiq

p.q

with

Xj} (q E‘L - ET ) == E ll{,_q II (6 68)
F 9 p+q .
P k Et—q €I)+q Ech 6%’

In the presence of commensurate antiferromagnetism the dispersion takes the form:

= —p=oy/d+ g2 M- p, (6.69)

so that €] = —¢,7 and the superconducting susceptibility factors become:

1—fl—f 11—t
iﬁfiﬂip: J}pr' (070

The leading contribution to the A2M? coefficient comes from the M?2-derivatives of

XT4¢F~ The M? derivatives on the superconducting susceptibility factors only con-
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tribute a multiplicative numerical factor.

As for the previous cases, the superconducting susceptibility factors constrain the
allowed energies and momentum of X%F and lead to factors of p(u). Since physics

is dominated by processes at the Fermi surface, we may write

1—fl—f,

R P~ 6(ep £ 1) (6.71)
P

Therefore, ¢, = £p and €prq = %, which leads to q = 0 or q = (7w, 7). The
dominant contribution to XI{LF in the presence of antiferromagnetism arrives from

€p + €prq = 214 and q = 0. Then

f(=+/€t + > M?) — f( /€ + g*M?)
O0F 11 = 2(IA1? 2 )
B = 3Pt 3 H V0 (6.7

Expanding to leading order in M and keeping only the most divergent contribution

we arrive at

iFilio = g8 0 [ a0 oy
3

poo(T
$(185 )52 log(w)‘ (6.74)

Expansion of the §Fy term in M?

Lastly, let us evaluate the self-energy-like term,

I
Fs = 2) |A) 0.2 (k 6.75
> R B i a (6.75)
As for the bond density wave, Section 5.5.3, the derivative of the self energy,
O 2 (k, €x), does not contribute to order M 2. Hence, the only contribution stems

from the M? derivative of the superconducting susceptibility factor. We obtain:

3¢ p(p)? Jul
aMz&Fz‘M:Q = 87T/,Lg <‘Ap‘ >10g At (676)
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6.6 Phase diagram

Now we are in position to add superconductivity to the phase diagram. First we
solve for the second order transition to d-wave superconducting order in the ab-
sence of antiferromagnetic order. Then, we will include terms to order M?|A|* and

investigate their effect.

To locate the second order transition to superconductivity we solve
a‘A|2]‘.(A)|A:0 == 0, (677)

for temperature as a function of interaction strength. Where F(A) is the sum of
mean field and fluctuation contributions evaluated in Section 6.4. In particular,
we collect the contribution from the mean field, Equation (6.48), pairing function,

Equation (6.54) and self-energy, Equation (6.61).

The transition temperature takes the form of a BCS exponential:

g ogn

g*p(n)? (07%)

1 — g23p(w)log(n/4t)
o (L2

The resulting phase transition line is plotted in Figure 6.1.

Next, we include the effect of commensurate antiferromagnetism on the supercon-
ducting transition. Hence, we collect the relevant terms from mean field theory and
fluctuations from Section 6.5. The free energy to leading order in superconducting

gap and magnetisation takes the general form
F(A, M) = (a+ BM?) A% (6.79)

where a and 3 are the contribution in the absence and presence of antiferromag-
netism, respectively. In particular, 5 is the sum of contributions from mean field

(6.66), pairing function (6.74) and self-energy (6.76) in the presence of magnetism.

a, 8 and M are functions of temperature 7" and interaction strength g. The precise
dependence of M on these parameters is determined numerically from the mean field

analysis in Chapter 2.
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Figure 6.1: Phase diagram of superconducting order and antiferromag-
netism. The orders in this diagram are commensurate antiferromagnetism (AF),
superconductivity (SC) and the paramagnetic phase (PM). Additionally, supercon-
ductivity is shown coexisting with incommensurate antiferromagnetism in the small
orange region.

Calculating the superconducting phase transition line inside the commensurate mag-

netic order we obtain the phase diagram in Figure 6.2.

As for the bond density wave, all transition lines were calculated consistently with
the help of the logarithmic approximation to the density of states. Perturbative
corrections to the first order transition line and incommensurate antiferromagnetism
are beyond the scope of the present work. The first order transition to commensurate
antiferromagnetism and the region of incommensurate order were shifted by hand
to match the topology of the phase diagram calculated in Chapter 2. Thus there
is some ambiguity in the exact position of these transition lines. Hence, the phase
diagrams should be viewed as a qualitative summary of the connectivity of phases,

rather than a quantitative prediction of the boundary locations for real systems.

The coupling of commensurate antiferromagnetism and superconducting order leads
to phase competition. Inside the antiferromagnetic phase the superconducting tran-

sition temperature drops dramatically. In this region the Fermi surface becomes
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Figure 6.2: Phase diagram of superconducting order and antiferromag-
netism. The orders in this diagram are commensurate antiferromagnetism (AF),
superconductivity (SC) and the paramagnetic phase (PM). Additionally, supercon-
ductivity is shown coexisting with commensurate and incommensurate antiferro-
magnetism in the blue and orange region, respectively.

completely gapped by the presence of strong antiferromagnetic order. Thus, there is
no phase space for fluctuations, which would drive superconductivity. Higher order
terms in magnetisation probably suppress superconducting order inside the antifer-
romagnetic phase completely. Considering the size of the magnetisation below the

tricritical point, it is likely necessary to treat magnetisation to all orders.

This phase competition between commensurate antiferromagnetism and d-wave su-
perconductivity is consistent with experimental evidence from cuprate samples in
general [72,73]. Here, in order to observe superconductivity, antiferromagnetic order
has to be suppressed. This is achieved by either electron or hole doping of the Mott
insulating antiferromagnetic parent compound. Other methods of destroying the
antiferromagnetic order are not sufficient, since the parent compound has no free

charge carriers due to its Mott insulating character.

There is some evidence for coexistence of antiferromagnetic order and d-wave su-

perconductivity [74,75]. However, this is not likely to be true long range phase
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coexistence, but rather phase separation due to the first order magnetic transition

and dirty samples leading to impurity pinning of either phase.

In contrast, the incommensurate antiferromagnetic order is very weak and does not
completely gap the Fermi surface. As a consequence there remains phase space for
fluctuations. Hence, we propose a coexistence of incommensurate magnetic order
and d-wave superconductivity. This is in accordance with experimental evidence for
incommensurate magnetic order in superconducting cuprate samples [50,52, 56, 74,
76] as well as theoretical studies of the Hubbard model with next nearest neighbour
hopping [55,77,78].

Finally, we would like to comment on the relevance of the present work to the physics

of iron based superconductors.

At first glance the phase diagram shows some resemblance to that of iron based su-
perconductors. Indeed, the familiar pattern of superconducting order in the vicinity
of an antiferromagnetic quantum critical point is present. Additionally, there is
evidence for the coexistence of commensurate, as well as incommensurate, antifer-

romagnetic order with superconductivity in iron based superconductors [79-83].

However, there are important differences between our work and iron based super-
conductors. The Fermi surface in the iron compounds consists of a small pocket in
the Brillouin zone center (I' point) and four in the corners of the Brillouin zone.
Fermi surface nesting leads to striped antiferromagnetic or spin density wave or-
der. Instead of all neighbouring spins being aligned anti-parallel, as in the Hubbard
model, only neighbours along one direction are antiferromagnetically aligned, while
neighbours along the other direction align ferromagnetically. The superconducting
pairing symmetry is different, too. d-wave pairing, as present in the cuprates, was
initially proposed for the iron-pnictides, but closer examination suggest s+ pairing
is the most likely candidate. s+ is normal s-wave pairing at any one Fermi pocket,
but changes sign when switching between the central and the outer Fermi surface
pockets. The parent compounds are different as well. While the Hubbard model
and the cuprates are Mott-insulators at zero doping, iron based superconductors
are bad metals in the this limit. Finally, the Hubbard model considered here is two
dimensional, motivated by negligible tunneling rates between copper-oxide planes.

However, the dimensionality of electron transport is not consistent within the set of
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iron based superconductors [21,22,73,83].

6.7 Variational ansatz vs Legendre transformation

As for the d-wave bond density wave order, Section 5.7, it can be shown that a
Legendre transformation is equivalent to the variational approach used in the above
analysis. The proof of their equivalence follows the same principal steps, so we only
highlight the differences here.

6.7.1 Variational ansatz

In case of d-wave superconducting order the variational term added and subtracted

to the Hamiltonian is

Hoar = Z <AkCT_k7TCL¢ + Aka@ka’T> . (680)
k

The remainder of the variational analysis follow the same path as for the bond

density wave order in Section 5.7.1.

6.7.2 Legendre transformation

Here, the only difference is the form of the field, 7y, that is conjugate to the d-wave

superconducting order. It is given by:

Hleg = Z <jkcik,TCL¢ + ;kck,w_kn) . (681)
k

The analysis of this Legendre transform follows the same steps as in Section 5.7.2.
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6.8 Summary

In this chapter we analysed the behaviour of d-wave superconducting order in the
Hubbard model close to half filling. The starting point was a variational mean field
approach, which showed no drive to the superconducting order. We then applied
the fermionic quantum order-by disorder approach to calculate contributions to the
free energy from self-consistent second order perturbation theory. As expected, these
quantum fluctuation support d-wave superconductive pairing in the Hubbard model.
The resulting phase diagram includes an area of superconducting order outside the
antiferromagnetic region. Phase competition leads to a dramatic suppression of
the superconducting critical temperature beyond the antiferromagnetic first order
transition. The relevance of the results in the context of experimental evidence from

cuprate and pnictide superconductors was discussed.



Chapter 7

Intertwining of bond density wave

and d-wave superconductivity

In this chapter we will analyse the intertwining of bond density wave and supercon-
ductivity. We calculate corrections to the free energy arising from the simultaneous
presence of both orders. The two phases are treated equally, without bias towards
either. In principle, such cross-terms may be calculated from mean field theory as
well as fluctuations. Here, we derive the leading term in their interaction, D?A2,
from mean field theory. This cross term reveals whether the coexistences of bond
density wave and superconductivity is favoured at this order or whether the two

phases suppress each other.

157
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7.1 Mean field theory of bond density wave and d-wave

superconductivity

7.1.1 Hamiltonian

Consider the following Hamiltonian

H—pN = Z SkCL,UCk70' + Z VQCL,TCL,¢Cp—q7¢Ck+q7T7 (7.1)
k,o k,p,a
kinetic interaction

where & = ex — p and the kinetic, Hy;,,, and interaction, H;,;, part of the Hamilto-

nian have been identified.

Our task is to construct the free energy of this Hamiltonian in the simultaneous

presence of d-wave superconducting and d-wave bond density order.

7.1.2 The order parameter

We define the d-wave bond density order and d-wave superconducting order respec-

tively as
Dy = 6O Z(CL_%UCN%U + c.c.) (7.2)
p,o
Ak = ek Z CL,acT—k,—a' (73)
k,o

These definitions are identical to the definitions in Chapters 5 and 6 respectively.
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7.1.3 Variational ansatz

We include both orders equally in the Hamiltonian by a variational ansatz. We add

and subtract a term,

Hoar = (7.4)

1 _ _

3 Z (ngcL+%gck_%o + ngcL%ockJr%o + JAch_kJCL_U + aAkck’_Uc_kﬁg) ,
k,o

to the Hamiltonian. So that,

H— ,UN - z_[k’m + Hvaa\_Hvar + Han (75)

diagonalise perturbation

The first two terms will be diagonalised and the second two terms are treated a per-
turbative correction. Including the positive contribution in the kinetic Hamiltonian,

we may write

Hkin =+ Hvar = 1 Z

4
k,o
T
T
c c
k+%,cr €k+% ng 0 O-Ak_;,_% k+Q.0
; T
“%-Q0 9Dx gkf% UAk—% 0 k-Q o
2 b
A . i
0 oA - —qgD c
€ k48,0 ) g Loy Tobk s
i a_, 0Ak+% 0 —gDy —f_k_% c_k_%_g

7.1.4 Diagonalisation

Next, we diagonalise the Hamiltonian (7.6). Note, the diagonal and off-diagonal two

by two blocks encode bond density and superconductivity respectively.

We may diagonalise the bond density contributions by rotating the operators into a
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new basis;
“%%+Q0 )\ _ [ Upk —UDk N4 Q0 (7.7)
- * * ’ :
k-Q 0 Upx Upx -

1 €k+g
lupx> = = |1+ 2

I\ Jg DT

where

€kl Q
lupxl® = 1— 2 (7.9)
2 2 2

N —

In general, this rotation also alters the structure of the superconducting contri-
bution. However, using the bond density ordering vector, Q = (m,7), such that
Axiq = —Ay, the off-diagonal blocks are invariant under the rotation. The resul-

tant Hamiltonian may be written as:

T

.I_
Hiin + Hoar = L Z ak”%" ( & UAkJr(S% ) Y+6Q 0
mn var — _ t ,
4 koos \ Y—k—69Q,—0 0Ak+5§ —& O‘_k_(;%_o
(7.10)
where
& = 5\/ei+% + ¢?|Dy|? — 1, (7.11)

and we have introduced a new band label § and used the fact, that ei

for Q = (m, ).

To diagonalise the superconducting contributions we apply a Bogoliubov transfor-

mation,

Y1590 _ ( Upx TOVAk ) ﬁk%%va (7.12)

T T
Oé_k 59 o OVAk UA k B—k—é%

—Y5 y—0O
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where

UA Y, = Lt S (7.13)
TR @ 1A P

VAx = % 1— A : (7.14)
VD 14 gl

The Hamiltonian now takes the diagonal form:

1 a
Hkin + H'Uar = Z Z £k7661];+6%’a_ﬁk+5%70-7 (715)

k,0,0

where the dispersion in the simultaneous presence of superconductivity and bond

density wave is

A VA CARRRET (7.16)

2
= O’\/(5\/6i+? + ¢?| Dy |? — u) + \AH%P (7.17)

The diagonalisation may also be expressed in one, by compounding the rotation and

Bogoliubov transformation:

c
k+%,0 o Upk —UDXk o —Upk UD Kk ﬂk-}-%,a
Ak —0UAk

%90 Vhi Ui Uk Uhi 9.
i - t
c P * * % B

_k+Q Upk Upx Upx ~Upk _k+Q
Tk+27 o UU*A}( s B UA,k 3 s Tk+27 o
C Upk VUDk UDkx UDKk

—k—%,—(f ) ) ) ) /B—k—%,—o'

(7.18)

7.2 Free energy

Having diagonalised the Hamiltonian we now construct the free energy.
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7.2.1 Formal expression of the free enerqgy
Free particle contribution

The partition function is given by

7 = Tr 6*57{ (719)
_ TI‘ e—B(Hkin+HUGT_HUaT+Hint) (720)
_ TI‘ e—B(Hkin""’HUm") <€—5(—’Huar+’Hint)>7 (721)

where the thermal expectation (...) in the second term is taken over the diagonal
modes of Hyin + Hoar. Using F = —T'log Z, we obtain the mean field contribution

to the free energy

50,6
Fiog = =T Z log (1 + e_kT> (7.22)

k,0,0

where

2
70— U\/(‘\/i#g + 9?1 Dx[* - N) + ‘Ak+%|2‘ (7.23)

We may expand this mean field contribution to the free energy to quadratic order
in the superconducting gap and bond density amplitude :
flex—p)  fle—p)

O pOar2Flog(A, D)|aco p—o = ¢° 94{ — }7.24
0112 0)aj2 Flog (A, D)|a=0,0=0 gzk: K lee— e (e — )2 (7.24)

Variational contribution

Corrections to the logarithmic contribution to the mean field free energy are given
by

_T10g<e*ﬂ(*7‘[var+7'lint)> ~ <_H’UG,T' + HZTLt> (725)
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Here we derive a formal expression for <—7—lwn>1. As usual this term takes the same
form as the free particle contribution up to multiplicative factors. This variational
contribution is calculated by transforming its operators into the diagonal basis of
Hrin + Hoar and keeping terms to order D?A2. This produces a large number of

terms given by:

1 * * *
<_Hva7’> = <__ Z ng [UUA,kUD,kﬁ_k-F%,—U (_O-UA,k)uD,kﬂT_k_F%’_o—

t
—UU*A,ku*D,kﬁfkfg,fa (—UU&k)UE’kﬁiki%ﬁU

* t * *
+UA,kUD,k5k+g - UA,kUD,kﬁkJr%g
=)

* T * *
+ UA,k(—UD,k)Bk_%U uA,kuD,kﬂk—%,a]
D —OUN LU OUA KU f
+9Dx AKUDIS 19 o TVAKUDKO o,

—OVAKUDKA a _, (=0 va)upiB o
Q.
f

u v
+UA x D,kﬁH%g

UAKUD K2
+ uA,kuD,kﬁl_g . U*A,k(—UD,k)ﬁk_%g]
2 b

T
+O—Ak+% O-U*A,k(_v*D,k)ﬁ—k—&-%,a uA,kUD,kB_k_,’_%’U

* * T
—OUAKUD KO k_Q 5 UaKUDKO, a,

.|_

*
UA KU
Fuax D,k5k+%_a

(—UUZ,k)UD,kﬁkJF%_J

+ UA,k(—UBk)ﬁl_%_a UU*A,ka,kﬁkfg,fa]
+ol e uaktnxbia (—UUA,k)UE,kﬁL%ﬁU
o

+tup(=vpi)fi_a (—UUA,k)UBkﬁl_%_

T
O'UA,k<_UD,k>ﬁ_k+%’g u*A?kU}_‘),kﬁ_kJr%U

+ O'UA’kuD’kﬁT_k_QU uz’kug’kﬁ_k_%g] ) (7.26)
2 9

!The expectation over the interaction Hamiltonian would be treated in second order perturba-
tion theory, which is beyond the scope of the current work.



Chapter 7. Intertwining of bond density wave and d-wave
superconductivity 164

Forming Fermi functions from the expectation over operators we arrive at:

1
<—%W>=—§Z{ 9D stin | ~loanl (1= 17, )

ko
s (117 g)
+uax/? k+Q
—|ua x| fﬁ,g}
+  gDyvpxupx [_|UA,k|2 (1— k+Q)
Hoanl® (1= 17 9)
+\UA,1<|2 f;r%
—|UA,k’2flf_%}
+ AH%UZ,kuA,k |:+|UD,k’2 (1 - ffk+%)
“looaf® (1= 17 g)
+vpxl? 1:%
—Junulf %]
(14l
Hona (1= 4,%)

- |UD,k|2ffk+%

+ Ak_%vAku*A’k [—

+|uD,k|2ffk_%} } (7.27)

Using u? = 1 — v? and v € R and furthermore, the definitions of vpx and va x, we

collect terms to order D?A2%, such that:

Ak fx— fk+Q
(e — p)? e — 6k-i-Q

(—Hoar) = —g Z|Dk+7|2
(7.28)

where we have shifted the momentum label to reduce notational burden.



Chapter 7. Intertwining of bond density wave and d-wave
superconductivity 165

7.2.2  FEvaluation of the free energy

Having derived the formal expression for the free energy in the presence of bond

density and superconducting order, we now evaluate the integrals.

We use the same approximations detailed in Section 5.4.1 - choosing small temper-
atures and close to half filling: T < |u| < ¢

The mean field free energy of the intertwined bond density wave and d-wave super-

conductivity takes the form:
Fur(D,A) = Fiog — (Huar) (7.29)

Expanding to quadratic order in D and A we define the relevant Landau expansion

coefficient and arrive at

Bpa = \3|D\23\A|2]:MF|D —0,A=0 (7.30)
_ Ek_ o8 f(€k— — f—ex — )
B ng{ (ex — e (ex — p) } ZH 2€k (€ — p)?
(7.31)
_ (e — ) o Sl —p)
— Z o, { o 2(€k = u)%k} (7.32)

Integrating the first term by parts whilst keeping only the most divergent contribu-

tion:
€
Bpa = —3g 294 {kf (7.33)

Here, we may introduce the density of states and use the Fermi distribution function

to cut off the range of integration at e = y — T', such that

Boa = <<ek>>% (73

Finally way write the leading mean field contribution to the free energy from the
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interaction of bond density wave order and d-wave superconductivity as

-T)
Fur(D,A) = 3g*((0; =1 D*A? 7.35
This term is positive. Hence, the coexistence of bond density wave and d-wave

superconductivity is disfavoured in mean field theory.

This is consistent with evidence from a range of underdoped cuprates [11,84-90].
Here, charge order competes with superconductivity, too. In these materials, the
superconducting dome has a dip as a function of doping. By suppressing super-
conductivity with an external magnetic field, a dome of charge order arises at the
very doping the superconducting dome had its dip. An example phase diagram for

YBCO is plotted in Figure 7.1.

950 — —
YBCO \ 1
200 - -
Teow
1501 -
X
F qo0 Te .
50-  Trsp ]
0 I L L I | I
0 005 01 015 02 025

Figure 7.1: Temperature-doping phase diagram of YBCO. T, denotes the
superconducting transition temperature. Note the dip in the transition temperature
around p = 0.12. In the presence of magnetic field, Tepw, Trsg and Ty g denote
the onset of charge order as seen by X-ray diffraction, Hall and NMR measurements,
respectively. T* denotes the onset of the pseudogap phase. [89]

In the next section we will explore the effect of this contribution on the phase

diagram.
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7.3 Phase diagram

In order to evaluate the free energy contribution of intertwined bond density wave
and d-wave superconductivity we require knowledge of the size of the order param-
eters as a function of interaction strength and temperature. Then, we could utilise
equation (7.35) and recursively calculate the effect of the presence of one phase on

the transition temperature of the other.

In Chapters 5 and 6 we analysed the contributions to the free energy in the presence
of bond density wave order and superconductivity, respectively. Their analysis was
limited to quadratic order in their respective order parameter. This enabled us
to derive their second order phase transition lines. However, a quadratic Landau
expansion is not sufficient to determine the minimum of the free energy as a function
of the order parameter. Hence, we are restricted to a qualitative analysis of the effect

of phase competition of bond density and superconducting order.

The phase diagram in the presence of superconductivity and bond density wave,

while neglecting their mutual interaction is plotted in Figure 7.2.

H SC
BDW

0.1 | incom. AF

0.15 0.2 g

Figure 7.2: Temperature-interaction phase diagram including both bond
density wave (BDW) order and d-wave superconductivity (SC). This dia-
gram compares the transition temperature of superconducting (black line) and bond
density wave order (blue line). The green and orange region denote commensurate
and incommensurate antiferromagnetic order. This plot does not take into account
phase competition between superconductivity and bond density wave and their fate
inside the antiferromagnetic dome.

Figure 7.2 shows that the transition temperature of d-wave superconductivity is
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higher than of bond density wave order. Thus, the superconducting phase is more
stable. Further we note, that the phase competition has a strong 1/7 divergence
compared to the log(7T) driving the formation of either phase. We conclude therefore,
that phase competition will completely suppress bond density order, while lowering

the superconducting transition temperature.

As a consequence of this phase competition, one may increase the transition tem-
perature of either phase by suppressing the other. Applying a magnetic field will
break time-reversal symmetry, suppressing d-wave superconductivity, while simul-
taneously reviving bond density wave order. Analogously one might suppress the
charge order by application of pressure and thereby enhance the superconducting

transition temperature.

H SC
BDW

0.15 0.2 g

Figure 7.3: Sketch of temperature-interaction phase diagram including
both bond density wave (BDW) order and d-wave superconductivity
(SC). Compared to Figure 7.2 this plot includes a cartoon of the interaction of d-
wave superconducting order (black lines) and bond density wave order (blue lines).
The solid lines are identical to Figure 7.2. The dashed black and blue lines are a
sketch of the possible phase transition lines to superconducting order and bond den-
sity wave order in the presence of mode-mode competition. The green region denote
commensurate antiferromagnetic order. To avoid overcrowding of the diagram we
did not draw the region of incommensurate antiferromagnetic order.

Figure 7.3 shows a cartoon of a possible phase diagram taking into account mode-
mode coupling. Here, d-wave superconducting order is suppressed in regions of
maximal bond density wave transition temperature. The region of bond density wave
order sketched in Figure 7.3 would be suppressed entirely by mode-mode competition

of the form obtained in Equation 7.35. It would only be visible in this form, when
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superconducting order is suppressed, for instance by an external magnetic field.
Figure 7.3 further displays the finding that both superconducting and bond density

wave order are suppressed in the presence of commensurate antiferromagnetic order.

7.4  Summary

In this chapter we analysed the interaction of d-wave bond density and d-wave
superconducting order. We found that within a mean field approach the two phases
compete strongly. The effect on the overall phase diagram was discussed. The
result is in qualitative agreement with recent experimental evidence of competition

between charge order and superconductivity in YBCO [11,84-90].
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Chapter 8

Fluctuation-induced instabilities of

the spin-triplet nematic

8.1 Introduction

The main focus of this thesis is the extension of the fermionic order-by-disorder
formalism to antiferromagnetic order and thus developing a phase diagram for the
Hubbard model. Amongst its features we found bond density wave order, which
is favoured by a combination of fluctuations and the enhanced density of states in
the vicinity of the Fermi energy originating from the van-Hove singularity. Bond
density wave order has been the subject of intense study recently [25,71,91-94]. In
systems away from an antiferromagnetic critical point, we can consider an alternative
mechanism of forming bond density waves. Ferromagnetic order may be thought of
as the zero wave wavevector limit of spin density wave orders. Similarity we can
take the zero wave vector limit of a d-wave bond density wave order. The resultant

phase is a d-wave spin-triplet nematic order.

In this chapter we show, that a model with spin triplet nematic order harbours a
fluctuation induced instability towards d-density order near the nematic quantum
critical point. Further, we investigate the intertwining of the nematic with p-wave
superconducting order. The physics of this is a direct translation of earlier work on

ferromagnetism [29, 30].

171
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This work was carried out in close collaboration with Dr. Chris Pedder, Dr. Frank
Kriiger and Prof. Andrew G. Green. I have mainly been involved in the addition of
superconductivity to the model and will emphasise this aspect here. This chapter

is the basis of the following publication:

G. Hannappel, C. J. Pedder, F. Kriiger, and A. G. Green, “Electronic spin-triplet
nematic with a twist,” Arxiv ID: 1601.05414, submitted to Physical Review B.

Before diving into the detail of the analysis of the d-wave spin-triplet nematic order
and the associated p-wave superconductivity, we will consider a slightly simpler
model of ferromagnetic order. Here we explain the principle steps of the calculation
without distraction from the messy detail of the nematic order. Having laid these
foundations we continue by introducing the model for nematic order and calculate
its free energy including corrections from self-consistent second order perturbation
theory. Finally, we consider the possibility of p-wave superconducting order and how

the presence of nematic order affects the superconducting transition temperature.

8.2 Fluctuation corrections to the ferromagnet

In this section we will summarise the main results of [30]. In this work Pedder et.al.
employed the fermionic order-by-disorder approach to the itinerant ferromagnet near
the quantum critical point in two and three dimensions. The starting point of their
work is a Hamiltonian consisting of a free electron dispersion with a repulsive contact
interaction. In this isotropic model it is possible to evaluate the leading corrections
to the free energy at all orders. This leads to a non-analytic correction to the free

energy below the tricritical point due to quantum fluctuations.

The free energy is a functional of the mean field dispersion. In case of the itinerant
ferromagnet it takes the form
]{32

ex(k) = 5 + gM. (8.1)
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The mean field free energy then takes the familiar form

.FMF:gMz—TZIOg (eekT_H—l—l) . (8.2)

k,o

Expanding to sixth order in magnetisation one obtains
Fur = (9+ B2)M? + B M* + s M°, (8.3)

where the mean field Landau coeflicients are

2

Bon = 9—1), S e (2). (8.4)
Tk

n(2n —

The fluctuation correction to the free energy of the itinerant ferromagnet in terms

of particle-hole densities of states takes the form derived in Equation (3.17) :

Ap? q,e€ 2 —q,€
O-7q

After expansion in orders of magnetisation one may identify the most divergent term
at any order. Summation over these leading terms to all orders in magnetisation
leads to a logarithmic correction to the free energy. All other contributions are sub-
leading. They do not change the overall physics but merely renormalise the phase

boundaries.

The leading fluctuation correction to the free energy of the itinerant ferromagnet

then takes the form

(8.6)

4g°M? + T*
SF(M) = —2X(1 +log 2) M? + AM* log (u) ,

442

where we defined A\ = 4¢5v3./(3u?) with Fermi velocity vp = kp/27? and chemical

potential p = k% /2.

One may expand the analysis of the ferromagnet by considering the possibility of a

spiral magnetic order parameter:

Mgq(r) = M (fix cos(Q - r) + 1, sin(Q - r)) , (8.7)
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with Q = @n, and n; being the unit vector directed along ¢. This describes magnetic
moments rotating in the x-y-plane as a function of position along the z-direction.

The mean field dispersion now takes the form

&= I Qr T @y 85)

M and @ enter the dispersion in a similar manner. Since the free energy is a func-
tional of the mean field dispersion, contributions at any order in () are proportional
contributions to the same order in M. In addition, the Landau coefficients are
strongly peaked at the Fermi surface, such that the evaluation of factors of the form
k.Q reduces to angular averages at the Fermi energy. Thus, the proportionality

factors are a combination of combinatoric factors and angular averages over powers

of G = (k- Q)*/kpQ*.

For instance the ratio of the Q*M? and M* coefficients is 2(¢?). Hence, the M* and
Q*M? coefficients turn negative simultaneously and thus the first order transition to
the homogeneous ferromagnet is preempted by a second order transition to the spiral
order. (Recall, the condition for a first order transition requires the fourth order
coefficient to grow sufficiently negative to overcome positive higher order terms,

while a second order transition occurs for any negative quadratic coefficient.)

The phase diagram of ferromagnetism in this model including the possibility for

spatial modulation is plotted in Figure 8.1.

8.3 Fluctuation corrected spin-triplet nematic

In this section we will introduce the spin-triplet nematic order and derive its free
energy. The calculation closely follows the analysis of ferromagnetic order in Section

8.2.

8.3.1 Spin-triplet nematic order

We consider a model consistent of free electrons in three dimensions interacting via

a short-ranged quadrupole density-density interaction which drives nematic order
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without re-summation
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0.1
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Figure 8.1: Phase diagram of ferromagnetism as a function of inverse elec-
tron repulsion 1/g and temperature 7'/ by Pedder et al [30]. The second
order transition to homogeneous ferromagnetism (FM) at high temperatures turns
first order at the tricritical point (red). This first order transition is preempted by
formation of the spiral phase (blue region).

in mean-field [95]. Since we are interested in the nematic instability of the system,
we neglect the Coulomb-like s-wave density-density interaction, which is present in

a real system. The Hamiltonian takes the form

H=3 {3 ) eol=iV) - plebr) + > Ve —r) [@i0)Qu)] }. (89)

r UZT?‘L r7r/

where we have defined the quadrupole density operators
QY (r) = —cl(r) (30,:0; — V2635) co(r). (8.10)

The indices i, = x,y, 2z and ¢ =7, ] run over real space and electron spin, respec-
tively. The operators @, in the Hamiltonian (8.9) are three-dimensional matrices
and V(r — r’) describes some interaction in the nematic channel - this may have
a variety of origins as discussed in [95]. We include it as a phenomenological in-
teraction driving the formation of spin-triplet nematic order. By analogy with the
conventional decoupling of the Coulomb repulsion into charge and spin contribu-
tions, npny = p* — S2 we decouple the quadrupole density-density interaction into

singlet and triplet parts and Fourier transform to momentum space,

i = D VI {RURL(-K) ~ RUORL(-K)},  (811)

k a=1
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where

(k) = S0 ()¢ (1) 20 (I W (K), (812)

R! (k) = %qﬁ (k)o( (k) P, (k) (k) (8.13)

are the quadrupolar density operators in spin singlet (s) and triplet (t) channel,

respectively.

For brevity, we have adopted the standard spinor notation, ¥ = (ct, )7, while o =
(6%, 0%, 0%)T denotes a vector of Pauli matrices and R (k) is a three-dimensional
vector in spin space. The index « labels the five independent d-orbital channels
(¢ = 2). Using the standard basis, the orbital form factors are given by ®,(k) =
k2 — ki, Dy (k) = (2K — k2 — kz)/\/g, Os(k) = 2k, ky, Py(k) = 2k, k., and O5(k) =
2kyk.. We include a factor (i into the definition of the nematic form factor. This
serves to compensate for neglecting the effects of the lattice and a finite range
Coulomb repulsion. Without this extra factor large nematic order parameters lead

to pathologies such as a divergent electron density.

The Hamiltonian (8.9) is symmetric under rotation of spins. Hence, without loss of
generality, we choose z as the spin quantisation axis and choose (k) = k2 — k; as
the orientation of the nematic distortion. Then we can identify the mean field order

parameter
n = (RY7) (8.14)

The mean field dispersion takes the familiar form of ferromagnetism with additional

angular dependence:
ex(k) =k F nV (k)¢ (k)P (k). (8.15)

This corresponds to a d-wave distortion of the Fermi surface that is anti-symmetric
under the exchange of spin labels. The dispersion, (8.15), is like the dispersion in
the presence of ferromagnetism, (8.1), with the addition of an orbital factor. The

effect on the shape of the Fermi surface is plotted in Figure 8.2.

At this point, it is worth noting the crucial role V (k)((k) plays in Equation (8.15).
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kx

Figure 8.2: Cross section of the Fermi surface in the presence of nematic
order. The blue and red contours are the Fermi surfaces of the two bands in the
presence of nematic order. The black, dashed contour is the isotropic Fermi surface
in the absence of the nematic distortion. The nematic Fermi surface is not distorted
along the spin quantisation axis, z.

If it was a constant, the electron density would diverge as V' (n — 1, which is clearly
unphysical. In the calculations that follow, the dispersion appears in integrands
that are strongly peaked at the Fermi energy. V' (k)((k)®;(k), on the other hand,
varies slowly in the vicinity of the Fermi surface. Thus we may approximate these
factors by evaluating them at the Fermi surface and thus neglect the their radial

dependence. The mean field dispersion may now be written as
ex(k) = k> F gn®: (k). (8.16)

where g = V(0) is the effective interaction and 7 has been rescaled accordingly.

Just as for the ferromagnet we may allow for spatial modulation of the nematic

order. We consider a helical spin triplet nematic order of the form
n(r) = nlcos(q - r)ni + sin(q - 7)ni], (8.17)

where ni and n! denote unit vectors in spin-orbital space with orbital component

~

o, (k).

This leads to a mean field dispersion with a form very similar to the modulated



Chapter 8. Fluctuation-induced instabilities of the spin-triplet nematic 178

ferromagnet:

e (k) = k2 5/ (k- )2 + 720, (k)2. (8.18)

A sketch of the spiraling nematic is displayed in Figure 8.3.

Figure 8.3: Sketch of spin-triplet nematic order with helical modulation.
The colours represent the projection of spins onto the z-axis. This sketch assumes
the length-scale of the helical modulation, 1/¢ to be much smaller than the lattice
constant. This permits us to consider the local Fermi surface of a given lattice
subspace.

8.3.2 Free energy of the spin-triplet nematic

In the previous section we introduced nematic order. Here we will derive the mean
field free energy and corrections due to fluctuations. We find that a modulated

nematic is formed in a similar manner to modulated ferromagnetism.

Mean field free energy

From Equation (8.15) we conclude, that the Landau expansion in powers of n will
take the same functional form as the Landau expansion of the free energy of the
ferromagnet, with the addition of angular factors. In particular, the mean field free

energy takes the form

Fur =gn° — TZlog <exp (%) + 1) . (8.19)

k,o
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We expand to sixth order in the nematic order parameter

Furr = (g + B2)n* + Ban* + Ben®, (8.20)

where the expansion coefficients are

2n

B = iy o AR (821)

This expression is similar to the itinerant ferromagnet, Equation (8.4), with the
addition of the nematic symmetry factors. The derivatives of Fermi functions are
strongly peaked around the Fermi surface and are only a function of the radial

momentum component. We use this to factorise the integrand, with the result

e WA ! (5:22)

where ((®2")) is the angular average over powers of the d-wave symmetry factors.

For the spatially modulated nematic, the analysis follows similar lines. Inserting
this dispersion in the presence of spatial modulation (8.18) into the expression for

the mean field free energy (8.19) and expanding in powers of  and g we obtain

Fui(n @) = Fi (n) + (200((@3 (k) (k.a)%))n* + 3as( (@1 (k) (k.a))n') ¢?
+ 3a6((@1 (k) (k.a)")) ", (8.23)

where Félof) (n) denotes the mean-field free energy of the homogeneous spin-triplet
nematic (8.20). Since the angular averages and the coefficients oy and ag are always
positive, spatial modulations of the spin-triplet nematic order lead to an increase of

the mean field free energy and are therefore not favored at mean-field.

Fluctuation corrected free energy

The analysis of the fluctuation correction to the mean field free energy follows Sec-
tion 3.2.3 closely. There is one difference. The interaction considered here is not a

contact interaction, but has a finite range in real space and thus its Fourier trans-
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form has some momentum dependence. Even though for completeness we will track
this momentum dependence, we eventually approximate its value at the Fermi sur-
face. We start by decoupling the quadrupole interaction (8.11) using a Hubbard-
Stratonovich transformation in both spin and charge channels. Self-consistency is
ensured by including the static nematic order parameter into the definition of the
propagator;

1

G, (k,w) = — (8.24)
—iw + k% — ogn®(k) — p

Next, we perform the usual Gaussian integration over fermions. As in Section 3.2.3
we now expand to quadratic order in the finite frequency fluctuations and subse-
quently integrate over them. The fluctuation contribution to the free energy then

takes the form

_ T ZV N7 (a1 (q0) + T (g (qw)} . (3.29)
,/3

where we have defined
o (q,& Z/ (k,w)Go (k4 q,w+ 0) Do (k)P (k). (8.26)
Finally, we integrate over the bosonic Matsubara frequencies, w, and obtain

1 f €+1 Jleg, LS e+3 + (€,
_§§ S (ky+ko—ks—ky)V (ki—ko)2Q(ky, . . ., ky) (’“2 (’1)[ (’;) E’“ﬂ.
€. T €L, — €. — €L
21,22 1 2 3 4

(8.27)

The fluctuation correction in (8.27) is identical to the expression derived in Chapter

3 up to the additional factor

~

ki, ka) =Y Polkr)Pa(ka) Do (ks)Pp(ka). (8.28)

This factor may be approximated by realising that the main contribution to the

fluctuation correction comes from pairs anti-parallel momenta close to the Fermi
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wave-vector. Then, V(k;—ky) = V(2kr) and

Qky, ... k) = (Z @3(12:)) = % (8.29)

After this approximation the fluctuation corrections take the same form as for the
ferromagnet, with magnetisation M replaced by the product of nematic form factor

and order parameter: ®(k)n.

The second order perturbative corrections to the Landau coefficients are integrals of
derivatives of Fermi functions, which are strongly peaked at the Fermi surface. Thus,
we may approximate the additional symmetry factors by their angular averages and
otherwise equate terms of order n™ to their corresponding terms in the ferromagnet
of order M™. Thus we modify (8.6) to obtain the fluctuation correction for the

nematic:

fﬂ(n)zg <<—2/\(1+ log 2)B; (k)22 AB; () log (492<I>1(k)2n2+:r2> > > |

42
(8.30)

where we have defined A = 4¢%v%./(3p?), with Fermi velocity vy = kp/27% and
chemical potential y = k% /2. As for the ferromagnet this fluctuation term is the

result of an infinite sum of leading corrections to all orders in the order parameter.

Calculating the angular average, we arrive at

F(n) = g A = 201+ 21n2) (@, (1)

+n* {((@1(12)4» (2 +In f—j) +Q <“;22>D : (8.31)

with

_ — (=" CN2(k+2)\\ Lk
Qox) =) . (Pa(k) DEA (8.32)

The function () is a special hypergeometric function that is positive definite for

x > 0 and vanishes linearly as x ~\ 0.
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The resulting contributions are, therefore, at least of order 7°. As for the ferromag-
net, fluctuations give rise to a log(T) contribution to the n?* coefficient, causing the

transition to become first-order at sufficiently low temperatures.

In case of the modulated spin-triplet nematic we have to take into account additional

angular averages compared to the ferromagnet. We obtain

) a (K7 .4
Fa(n,q) = Fy " (n) + A Qf q

ot =3 ("))t dkary (8.34)

are positive definite for x > 0 and vanish linearly as z 0.

This shows, that the n%¢®> and n* terms behave similarly to one another. In par-
ticular, particle-hole fluctuations give rise to the same log(7") divergence and the
two coefficients are simply proportional to each other independent of temperature.
Hence, wherever we might suspect a first order transition to the homogeneous ne-
matic, we find instead a transition to the modulated state. The direction of the
modulation, g, is a function of the values of the angular averages and the functions
defined in Equation (8.34).

In summary, the nematic phase and its spatially modulated version behave very
similarly to the ferromagnet. The phase diagram takes the same general form, with
the nematic phase taking a larger fraction of the phase space. As in the case of the

ferromagnet, fluctuations lead to spatial modulation of the order.
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8.4 Superconductivity in the critical spin triplet

nematic

Earlier work on itinerant ferromagnetism demonstrated that p-wave superconductiv-
ity is driven by fluctuations and intertwines with spiraling ferromagnetic order [29].
Given the similarities to the spin-triplet nematic order presented in Section 8.3, we
expect p-wave superconducting order to behave similarly in the vicinity of a nematic

quantum critical point.

In this section we analyse the free energy of p-wave superconductivity and its inter-
twining with the spin-triplet nematic. First, we will outline the formalism within a

model of ferromagnetism and then apply it to the nematic itself.

8.4.1 Superconductivity in fermionic order-by-disorder

We include superconducting order exactly as in the antiferromagnet, Chapter 6, and
closely follow the treatment of superconductivity in the ferromagnet by Conduit et
al [29].

In the presence of ferromagnetic order, the Fermi momenta of spin up and down
electrons are different. Hence, pairing between opposite spins at their respective
Fermi surfaces carries non-zero total momentum, which exponentially suppresses
this type of pairing. We can choose instead to pair spin up electrons only. This
is analogous to the A1l phase in superfluid Helium 3. Here the spin-half Helium
atoms form spin-triplet Cooper pairs with finite angular momentum as a result of
spin fluctuations [96]. In the absence of an external magnetic field their mixture
is homogeneous and the average over the spin projections is zero. However, in the
presence of an external magnetic field Cooper pairs with S, = +1 gain energy relative
to states with S, = 0 or S, = —1. This new polarised state is the A1 phase and is a
magnetic superfluid order. Similarly we pair electrons of the same spin. This allows
for pairing with zero total momentum, even in the presence of an external magnetic
field, but necessitates a pairing function with odd angular momentum to preserve
the antisymmetry of the wavefunction under exchange of fermions. In standard

s-wave superconductors, this anti-symmetry is provided by the spin-label.
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We include superconductivity in the model by adding and subtracting a variational

term to the Hamiltonian

Hopar = Z (AkCT—k,TCLT + c.c.> , (8.35)

Kk
where the superconducting order parameter contains a p-wave symmetry factor

k.
A = Aby = Am. (8.36)
Since we are only pairing spin up electrons, the presence of superconducting order
only changes the mean field dispersion of one of the bands. In case of ferromagnetism

we obtain

&= £V (e — p)? + 4| Ak]? + gM) (8.37)
&= 6ac—p—gM. (8.38)

The mean field free energy takes its usual form

o 2k —1
fMF = —TZlOg (eié‘k/T—Q—l) +Z|Ak|2(€f{j (839)
k,o k

The diagonalisation in the presence of superconducting order modifies the interaction
vertex, leading to additional terms in the fluctuation corrections. Keeping only the

leading contribution in the superconducting order parameter, we obtain

I AT B Y AN |
F(A) =g Z Akiq k+Tq A=F 7 Rex™(a, 6qu - GD
k,q 2ngrq 2§k
6Fy
215 +1
- Z \Akak—T [1-0,5"(k, )] (8.40)
\k 251{ J
6Fs

In the case of ferromagnetism mode-mode coupling leads to an enhancement of the
superconducting transition temperature. In the absence of spin-orbit coupling, the
orientations of the p-wave orbital and the magnetic order are independent. For the

spiral ferromagnet the spin of the superconducting order rotates with the ferromag-
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netic alignment, while the orbital order is unaffected. Spin orbit coupling would

lead to a pinning of the superconducting orbital order to the magnetic order.

The resultant phase diagram is plotted in Figure 8.4. Note the enhancement of
the superconducting transition temperature upon entering the ferromagnetic phase

space region.
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1 Tricritical
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Ferromagnet 8,
=
o
=
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Figure 8.4: Phase diagram of ferromagnetism and p-wave superconductiv-
ity(SC) as a function of inverse electron repulsion 1/¢g and temperature
T/u by Conduit et al [29]. This phase diagram extends Figure 8.1. In addition
to ferromagnet and helimagnet, we allow for p-wave superconductivity. The dotted
blue line denotes the superconducting transition in the absence of ferromagnetic
order. In the presence of ferromagnetism mode-mode coupling leads to an enhance-
ment of the superconducting transition temperature (blue line). Furthermore, the
coexistence of spiral ferromagnet and superconductivity leads to the formation of an
unusual type of p-wave superconducting order, whose spin quantisation axis rotates
in space (in red).

The nematic order, unlike ferromagnetic order, breaks the rotational symmetry in
momentum space. We expect that p-wave superconductivity in the presence of
d-wave nematic order prefers particular relative orientations of their two orbital
symmetry factors, . and . Unless pinned by spin-orbit coupling the spin quan-
tisation axis is along an independent direction, which may in principle rotate in the

helical spin-triplet nematic order.

In the following section we will analyse the intertwining of spin triplet nematic and

superconductivity in detail.
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8.4.2 Free energy of superconductivity in the critical spin

triple nematic

In Chapter 6 we treated superconductivity as a small perturbation to the static back-
ground of antiferromagnetic order. We evaluated the free energy of the intertwined
superconducting and antiferromagnetic order by calculating the superconducting
free energy as a functional of the mean field dispersion in the presence of antiferro-
magnetism. Similarly, here we analyse the intertwining of spin-triplet nematic order
with p-wave superconductivity by calculating the free energy of the superconductor

as a functional of the nematic mean field dispersion.

The contributions to the free energy of superconducting order all share common
factors of the susceptibility to superconducting order. Close to zero temperature
these factors are strongly peaked at the Fermi surface. Thus, they are approximated

as weighted delta functions of the form:

2ff —1 20e\ o 4
~ 1 o€, — A1
ot~ os (25 ) ot (541

where C' =~ 0.577 is the Euler constant. This allows us to write the free energy of

superconducting order, Equation (8.40), as

2ue 16
F(0) = 108 () 05 (el R (@ gl
k,q
(RexH4))
— AP log <2“€ ) S 626(ef — 1) [1 - 0,2 (k,a0)] | (8.42)

7

((1-0.%))

where we included the normalisation factor % of the quadrupole interaction as

defined in Equation (8.29). From equation (8.42) we obtain the superconducting

transition temperature in the familiar form of Fay and Appel [97];

= 2 exp (M> . (8.43)

u g*{(Rex+))

We will split the analysis of the free energy of intertwined superconductivity and
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nematic order into the the self energy and pairing function contributions as iden-
tified in Equation (8.42). Our task is to expand these terms to quadratic order in
the nematic order parameter to reveal the effects of such a phase in favouring or

disfavouring superconductivity.

0F, contribution to the intertwining of superconductivity and nematic

order

The pairing function contribution identified in Equation (8.42) is
{(Rex*)) Z Oi+q0( €k+q )00 (el — ) Rext(q, equ — ) (8.44)

The product of the two delta functions restricts the pairing function to its zero fre-
quency component, elt tq 611 = 0. Thus we neglect the frequency dependence of
the pairing function, an approach also used in the calculation of antiferromagnetic
fluctuations supporting d-wave bond density wave order and d-wave superconduc-
tivity in Chapters 5 and 6. A complementary approximation scheme by Roussev
and Millis [98] neglects the momentum dependence and instead analyses the full

frequency dependence.

The pairing function itself is given by

Re xH( Z I p+q : (8.45)

p p+q_€P w

With the dispersion in the presence of nematic order, € = k* F gn@(R), the evalua-
tion of this and the self-energy contribution to the free energy is difficult. However,
there is a neat trick in the limit of small n that allows us to make progress. If we

assume a radially dependent nematic order parameter with a dispersion of the form:
+ 2
6t = K F gnd(k), (8.46)

then, the we can write the pairing function in the presence of finite nematic order
in terms of its n = 0 form by applying a suitable transformation of its momentum

argument. The algebraic detail is messy and ultimately the integrals are evaluated
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numerically (the details of this may be found in appendix, Section 8.6). Here we

just give the result:

16
9(2m)8

((Rex™)) = — {0.0264-0.084gn + g*n*(0.057—0.113log (7)) } (8.47)
The sign and size of the linear 1 term is a function of the relative orientation of
nematic and superconducting symmetry factor. The quadratic n term is indepen-
dent of the relative orientation. Thus, the linear 1 term determines the preferred
alignment of nematic and superconducting order. Equation (8.47) assumes the most
favoured relative orientation - assuming a d,2_,» nematic order, the p-wave super-
conductivity aligns along the x-direction (See Figure 8.5). A p, orientation of the
superconducting order has the opposite sign and is the most disfavoured orientation
by mode-mode coupling to linear order in 7, while the p, orbital does not contribute

at this order.

Y
A

Px

» X

Figure 8.5: Plot of relative orientation of symmetry factors of the d-wave
spin-triplet nematic and p-wave superconductivity. The d,2_,» form factor

is displayed in red and orange, while the p, form factor is coloured in blue and light
blue.

0Fs contribution to the intertwining of superconductivity and nematic

order

In this section we would like to evaluate the self energy contribution to the fluc-

tuation corrections. Particularly, we aim to find the expansion coefficients up to
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n?A2.

We start off, by splitting the self energy into two parts:

2 fli—qfll—q 2 ( p—a fk q)
00 Sk 1) = 00, Y | 5% aekz ¥ T (8.48)
b ek—i-ep_q—ek_q— p —l—ep q—ek q p

Now we change the differentiation in the two terms to el_q and ei, respectively,

integrate by parts and linearise at the Fermi surface to obtain
O X(k, ex) = ——Z@ fT H(k—q, ek eq 228 f¢ X (k— p,ek—ef,) (8.49)

Treating the derivatives of Fermi functions as delta functions in the zero temperature

limit we may write the self energy contribution to the free energy as

2/1e¢ 4
(sfz_Qlog( )Z\A\a B)8(h — XMk - p, ) — o)

21e¢
+¢*log (;‘—T) > IAuS(e = maleh = Wk = poel =) (8:50)

k,p

The analysis of these terms follows a very similar path to the evaluation of the
pairing function contribution. The details may be found in the appendix to this
chapter, Section 8.6. The resulting correction to the free energy to order A?n? is

given by:

16 211e¢
= —g*|A|? 1 0.398+0.199 0.976-+0.060 log(T)) g*n?
P = =1 s Og(ﬂ){ 0,199+ (0.976-+0.060 log(T)) g1}
(8.51)

The complete fluctuation contribution to the free energy of superconductivity in
the presence of nematic order to quadratic order is given by the sum of the pairing

function (8.47) and self-energy term (8.51).

We are now in a position to plot the superconducting transition line in the vicinity

of the continuous nematic transition.

The approximations used in the analysis of p-wave superconductivity in the pres-
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ence of nematic order assumed small values of 1. In fact, the radially dependent
nematic order used to compute the superconducting free energy harbours an un-
physical divergence of the electron density as gn — 1. This singularity would lead
to a divergence of fluctuation corrections inside the nematic phase and thus renders
our analysis of superconducting order invalid for large value of the nematic order

parameter.

Further into the nematically ordered region the nematic order parameter does in-
deed become sufficiently large to render the expansion in 7 invalid. However, from
the analysis of p-wave superconductivity in the ferromagnet we know that the su-
perconducting transition temperature should decrease deep inside the ferromagnetic
phase. This is a result of the vanishing number of down-spin electrons as the mag-
netisation approaches saturation, with gM — 1. This could be analysed by an
expansion around the saturated state. In case of nematic order this kind of expan-
sion is non-trivial due to the singular behaviour at gn = 1. Moreover, in contrast
to the ferromagnet, both Fermi surfaces survive even for larger values of nematic-
ity. Thus, the phase space for fluctuations that support superconductivity in the

spin-triple nematic is finite for all values of the nematic order parameter.

The divergent electron density may also be viewed as a result of the idealised single-
band free electron dispersion. The inclusion of lattice effects would add higher
order momentum contributions and serve as a cut-off. So far we only considered
the quadrupole component of the interaction. Coulomb-like s-wave density-density

repulsion would strongly suppress a divergence of the electron density, too.

In order to plot the superconducting phase transition line inside the nematic we
first require the nematicity as a function of temperature and interaction strength.
Inserting these into the free energy of the superconducting phase in the presence of
nematic order we determine the line along which the quadratic A coefficient turns
negative. As discussed earlier, our approximations are only valid in areas, where the
nematicity takes small or moderate values. Thus, we terminate the superconducting
transition line before entering regions of large nematicity. Here, we draw a dotted
line to suggest the behaviour of the superconducting transition temperature for
large value of the nematic order parameter, where our approximations are no longer

applicable. The phase diagram is plotted in Figure 8.6.
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Figure 8.6: Phase diagram of the spin-triplet nematic as a function of in-
verse electron repulsion 1/g and temperature 7'/u. Above the tricritical point
(red) the transition from the isotropic Fermi liquid to the homogeneous spin-triple
nematic (green region) is continuous. At lower temperatures fluctuations drive the
transition first order and support the formation of spatially modulated spin-triplet
nematic order (blue region). The transition between homogeneous and helical ne-
matic order is continuous. The transition temperature to p-wave superconductivity
(solid red line) is very low outside the nematic area. In the presence of weak to
moderate nematic order the superconducting transition temperature is enhanced
dramatically (shaded region). In regions of strong nematic order superconducting
order is expected to be suppressed, though calculations in this regions are beyond
the scope of the present work (dashed red line).

8.5 Conclusion

In this chapter we started by summarising the work of Pedder et al [30] and Con-
duit et al [29] on itinerant homogeneous and spiral ferromagnetism and the addition
of p-wave superconductivity in the quantum order-by-disorder approach. Next, we
explained how this work may be extended by considering spin-triplet nematic or-
der similarly to ferromagnetism with the addition of angular factors. Finally, we

considered how p-wave superconductivity may intertwine with the nematic order.

Similarly to the itinerant ferromagnet, nematic order develops a first order transition
and a spatially modulated phase at sufficiently low temperatures. This is analogous

to the spontaneous formation of bond density wave order due to fluctuations in
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the vicinity of an antiferromagnetic quantum critical point. In the latter case these
fluctuations are enhanced by the closeness of the Fermi energy to saddle points in the
dispersion and the associated van-Hove singularity in the density of states. Further,
we show that weak to moderately strong nematic order supports the formation of a
novel coexistence of p-wave superconductivity with a spin-triplet nematic phase. The
interaction between the two orders leads to an interlocking of their respective orbital
symmetries. Conversely, when nematicity approaches saturation, superconducting

order is suppressed due to a lack of phase space for the supporting fluctuations.
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8.6 Appendix to the spin-triplet nematic

dF) contribution to the intertwining of superconductivity and

nematic order

The pairing function contribution identified in Equation (8.42) in the presence of

nematic order with radial dependence is give by

16
(Rex™)) = - bcrad(hrq — W (el — p)Rex (a e q — ) (852)

k,q

The product of the two delta functions restricts the pairing function to its zero

frequency component, eﬂ tq 61 = 0. The pairing function itself is given by

Re yH( Z S p*“ , (8.53)

€p+q — €P w

Transforming to an elliptic coordinate system given by

p= < 1 —gnps,/1+9gn py,pz> (8.54)

the dispersion in the presence of nematic order may be written in the isotropic form
& = ep — gn®1(p) = & = P’ (8.55)

Inserting this into the pairing function in the presence of nematic order we find

1 3
Re x™(q,w) = —=——=—=="Rexo(q,w), (8.56)
1—(gn)

where Yo is the pairing function in the absence of nematic order:

]CF w
— 1+ =
1672 [ * eq]

+ ow——w. (8.57)

1

€q T qQUF — W
Re XO (Q: ) = 647 2 [4N6q — (€q — w)ﬂ In [

€q — qQUF — W
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Its zero frequency limit is given by:

€q + qUF

6q — qUF

Ca = 4t lo
3272q

ke

872

Xo(g,0) (8.58)

Note that xo(q,w) is only a function of the modulus of q.

The fluctuation correction to the free energy due to the pairing function now takes

the form:

16 2p1e€ . Xo([k — dl, 0)

_ 27" 2 T T 0 )

0F =g log ( — )ZAqé(eq 1) Ao (el — 1) G (8.59)
k,q

Here, the delta functions are dependent on the nematic order parameter, which

prevents straight forward integration over their argument. To integrate over the

delta functions, we first transform both momenta into elliptical coordinates. Then,

we may perform the integration over the radial component of both momenta and

obtain
|Alg? o (20 4 .
0Fy = -1 l 6.0
7 (1= (g2 % \ T ggzg; Pk
Ptk
L+gn., . T—gn,. T
k, — 2 k. — 2 k. — 2 .
><X0<\/1_gn(x Pz) +1+gn(y P2+ (k. —p.)%0),  (8.60)

where k; denote the unit Cartesian vector components and the remaining integrals
are over the angular directions of the two momenta. The superconducting symme-
try factors, 6, are now functions of the nematic order parameter. In particular,

assuming a p, orbital the superconducting form factors are

ks
k2 k2 7

Ay = Aby = A% — A = A6, (8.61)

where

k — (\/1—977 ko, /14 gn kyk> (8.62)

Finally, we expand in powers of the nematic order parameter. The resulting expan-

sion coefficients are messy. Even though they may be calculated analytically the
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result is no more revealing than numerical integration over the remaining angular

momentum components.

As mentioned in the main text, the linear n contribution is a function of the rela-
tive orientation of superconducting and nematic orbital symmetries. The expression
below assumes the most favoured relative orientation, for a nematic d,2_,2 the su-

perconducting orders forms p, orbitals.

It turns out, that the A%n? term harbours a zero temperature singularity, due the
logarithmic divergence of the pairing functions at two Fermi momenta. Treating the
delta functions as derivatives of Fermi functions cuts off this divergence by shifting
their peaks from p to u — T. Allowing for this the superconducting fluctuation

correction to the free energy due to the pairing function is

16 2pe”
6F, = _g2yA\29 2y log? ( g ) {0.026+0.084gn + g*n*(0.057—0.113log (7)) }

(8.63)

0Fy, contribution to the intertwining of superconductivity and

nematic order

In the main text we already split the self-energy contribution into two pairing-

function-like terms:

211e¢
'l

2
o7 = S0 (2 ) S 8ualel ~ 06le) ~ ik~ b~ )
k,p

20e’
+g*log ( ;LT ) D 1A (ef — p)o(eh — pxM k- p.ef —€5)  (8.64)
k,p
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The first term in Equation (8.64) exactly follows the analysis of the pairing function
earlier. The result is

9, (21 25 1 " T_
E lOg T Z |Ak| 5<€k - M)(S(Ep - IU’)X (k — P, — 6p)
k,p

_ (8.65)
o a2 16 QMGC 2,2
— %A 9(2r)0 log {0.132 + 0.056g9m + (0.418 + 0.0601og(T"))g"n } .
T

7T

Exactly as for the pairing function contribution the linear 7 term is a function of
the relative orientation of nematic and superconducting order. Additionally, the

quadratic n term harbours the same log T singularity.

The second term in Equation (8.50) requires a bit more work and can not be evalu-
ated using the same transformation to elliptical coordinates. Instead we expand y™

explicitly to quadratic order in 7. The expansion is given by

kp(4k7 +¢%)  (4k7 — ¢%)? o '2kf +q

MN(g.0) = 0 2,2 —
X""(4,0) = x0(g,0) + g™ { 267242 28723 2k —q

‘} (8.66)

Next, we follow the analysis of the pairing function with one slight difference. The
dispersion appearing in the delta functions come with opposite spin labels. Hence,
in the respective elliptical transforms of the two momenta, k and q, n changes its

sign.

After numerical integration over the angular momentum components we obtain:

20
¢log ( /" ) S Aul5(e] — w)8(es — px Tk — pel — €b)
k,p

7T
- (8.67)
_ g2|A|29(;76T)6 log (27‘:;0) {0.265 + 0.144gn + 0.558¢>}
Combining (8.65) and (8.67) we find:
Fo = —g2| AP0 log (2”60) {0.398--0.199gn+ (0.976+0.060 log(T")) g}
9(27)0 aT

(8.68)
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Chapter 9

Conclusion

9.1 Summary

The main aim of this thesis was to apply the fermionic order by disorder approach
to a model of itinerant antiferromagnetism in two spatial dimensions. This was
motivated by earlier success of the formalism in models of itinerant ferromagnetism
in two and three spatial dimensions [27-31] and the great lack of understanding of
the formation of high temperature superconductivity and other exotic orders in the
vicinity of antiferromagnetic quantum critical points. We started by analysing the
free energy of the most fundamental model of itinerant antiferromagnetism within
a Ginzburg-Landau expansion. Already at this point, the phase diagram turned
out to be surprisingly complex: The main actor is a commensurate antiferromag-
netic order, whose phase transition line is driven discontinuous at low temperature.
Far below the tricritical point however, the commensurate phase is preempted by
the formation of incommensurate antiferromagnetism. The latter is a natural con-
sequence of nesting effects and may be viewed analogously to the formation of a
Larkin-Ovchinnikov-Fulde-Ferrell (LOFF) state. We continued by including d-wave
superconductivity and d-wave bond density wave order. Both phases are driven
by magnetic fluctuations in the vicinity of the antiferromagnetic quantum criti-
cal point, but are suppressed inside the antiferromagnetic region itself. Finally,
we demonstrated competition between d-wave superconductivity and bond density

wave order and discussed its effect on the phase diagram.

198
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In Chapter 8 we considered an alternative approach to formation of bond density
wave order in systems with ferromagnetic instead of antiferromagnetic fluctuations.
Here fluctuations self-consistently stabilise d-wave spin-triple nematic order, which
is the zero wave vector limit of the commensurate d-wave bond density order con-
sidered in Chapter 5. We found, that this model harbours a fundamental instability
towards the formation of a helical distortion of the nematic order similar to spiraling
ferromagnetic order analysed by Conduit et al [29]. Similarly, these ferromagnetic
fluctuations act as pairing glue for p-wave superconducting order and dramatically
enhance the superconducting transition temperature in the presence of d-wave spin-

triplet nematic order for a particular relative orientation of the p-wave orbital.

9.2 Quantum order by disorder vs alternative the-

oretical approaches

Fermionic quantum order by disorder is formally equivalent to self-consistent sec-
ond order perturbation theory. However, in contrast to naive perturbation theory it
automatically re-sums an infinite series of Feynman diagrams. It therefore presents
an alternative and in many cases easier route through the calculation. Moreover,
fermionic quantum order by disorder provides an additional physical interpretation
of the physics of quantum criticality. It paints an intuitive picture of low-energy
particle-hole excitations. The spectrum of these is highly dependent on the charac-
teristics of the Fermi surface. Thus, particular orders, which change the shape of
the Fermi surface, may be stabilised by a self-consistent change in the spectrum of
fluctuations. This additional point of view may illuminate phenomena opaque to

alternative approaches.

In conventional treatments of quantum criticality non-analytic corrections to the
Hertz-Millis action lead to spatial modulation and first order transitions, while the
exchange of magnetic fluctuations acts as pairing glue for the formation of novel
phases such as high temperature superconductivity. Both of these effects are repro-
duced by a self-consistent treatment of the fluctuation spectrum [97,99]. Here, spa-
tially modulated phases and first order transitions are an effect of the self-consistent

perturbative treatment of the interaction vertex, while novel orders, such as super-
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conductivity, change the interaction vertex and thereby the spectrum of fluctuations,

which in turn drive the formation of order.

9.3 Comparison with experiment

Fermionic quantum order by disorder is a very young approach. Nevertheless, in case
of itinerant ferromagnetism it already reproduces a range of experimental phenom-
ena [27-31]. Moreover, nematic order can be treated by a straightforward extension
of the ferromagnetic work [100]. In this thesis we applied the order by disorder
formalism to a model for antiferromagnetic order for the first time. The main out-
comes reformulate and consolidate results obtained otherwise. As such it presents
an alternative path to conclusions drawn in the alternative spin-fermion or hot-spots
model [23,41,43,71,92,93,101,102]. This work demonstrates that the main charac-
teristics of the cuprate phase diagram are not reliant on the existence of hot-spots.
A complete model of cuprate physics remains an enigma. Quantitative predictions
and the unification of the large and small doping limit further elude the theoretical

community.

9.4 Qutstanding issues and future extensions of current

research

There exist three major directions in which the current work may be extended.
Firstly one may consider additional features within the model presented. Secondly

one may extend the analysis of the model. Finally one may extend the model itself.

The treatment of commensurate antiferromagnetic and bond density wave order
took advantage of the system’s symmetry under translation by a commensurate
wave vector. This allowed for the analytic treatment of most expressions. However,
the mean field analysis of the antiferromagnet demonstrated the model’s funda-
mental susceptibility to incommensurate order. Incommensurate order breaks the
exploited symmetry of the system. Thus, their treatment is highly non-trivial. To

our best knowledge there is very little known about the fate of incommensurate an-
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tiferromagnetic and other orders within the present Hubbard model beyond a mean
field treatment. Experimental evidence from the incommensurate spin glass phase
and incommensurate charge order in the cuprates [11,86,103] suggests, that this

direction for future work may indeed be highly fruitful.

Moreover, we may extend the current work by considering any of the multitudes of
orders suggested in the literature, for example intertwined order such as pair density
waves [93,104], or charge order with different ordering symmetries and wave vectors,
such as stripe [92] and checkerboard phases [43,101].

The second path of extending the presented work is an extension of the method
of analysis. The calculations of perturbative corrections to the free energy were
consistently performed at zero frequency. We assumed that the fluctuations correc-
tions are dominated by the static component. However, this neglects the possible
effects of finite frequency fluctuations and in particular Landau damping. Vekter
and Chubukov show that low frequency, finite wave-vector, overdamped fluctuations
give rise to non-Fermi liquid contributions to the electron self-energy inside the anti-
ferromagnetically ordered region. In ferromagnetic systems these contribution lead
to non-analytic corrections, which drive the transition first order [105-108]. In an
antiferromagnetic system finite frequency fluctuation contributions to the Ginzburg
Landau functional are not non-analytic. They do however change the electron prop-
agation. The latter effect can be measured experimentally in a change of the tem-
perature dependence of electronic specific heat and resistivity as expected for a
non-Landau liquid [69]. Such effects are in principle accounted for by the quantum
order-by-disorder approach. However, to simplify the calculations, these effects have
been neglected in the present work. Explanations for non-Landau liquid behaviour
in the cuprates remain a challenging research objective. In particular the strange

metal region above the superconducting dome is presenting a hard to solve mystery.

The final direction of extending the current work is the extension of the model
itself. The most obvious choice would be the inclusion of higher order hopping
terms beyond nearest neighbours. This results in a Fermi surface more similar
to that present in the cuprates. Hence, it allows for a clearer comparison with
experimental work. Moreover, the presence of hot-spots on this Fermi surface allows
for linearisation of the dispersion at the Fermi surface. This in turn may simplify

the treatment of incommensurate phases and support the formation of orders, whose



Chapter 9. Conclusion 202

wave vectors connect pairs of hot-spots. However, we note that at present it is not
clear if all orders in the cuprates are related to inter hot-spot vectors [109]. Indeed,
there is evidence for contributions to charge order perpendicular to the copper-
oxide planes [104,110]. Finally, we like to mention the possibility of fluctuating
instead of static order, whose analysis presents further challenges to the theoretical

community [111].
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