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Abstract

This thesis delves into a study of phases of strongly correlated quantum matter con-
fined to two spatial dimensions. The thesis can broadly be divided into three parts.
In the first part, comprising of chapters 2 and 3, we investigate some interesting as-
pects of symmetry breaking and quantum criticality in the superconducting phase
of the iron-based superconductors. In particular, motivated by tunneling microscopy
measurements on FeSe, in chapter 2 we study the effect of spontaneously broken ro-
tational symmetry on the structure of the superconducting vortex. In chapter 3, we
study the critical singularities associated with the superfluid-density at a wide class
of symmetry-breaking and topological phase transitions in a clean superconductor.
Inspired by experiments on BaFey(As;_,P, )2, we also analyze the effect of quenched
disorder on the superfluid-density in the vicinity of magnetic quantum critical points.

The second part of this thesis, consisting of chapters 4 and 5, is devoted to a study
of the pseudogap phase in the underdoped cuprates. In chapter 4 we study the effect
of thermal fluctuations of various competing order parameters, including preformed
superconductivity and short-ranged charge-density wave, on the electronic excita-

tions. In chapter 5 we analyze the feedback of pairing fluctuations on the landscape
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Abstract

of various competing charge-density wave order parameters within the framework of
fermi-liquid theory.

In the final part of the thesis, consisting of chapters 6 and 7, we propose an
alternative picture for describing the pseudogap metal. In chapter 6, we study a
quantum-disordered phase of matter—the fractionalized fermi-liquid (FL*)—where
the electrons are coupled to the fractionalized excitations of a strongly fluctuating
antiferromagnet and propose it to be a candidate state for the pseudogap. We inves-
tigate instabilities of the FL* to density-wave order and compare with experiments.
In chapter 7, we describe a framework for describing a novel quantum phase transition
without any broken-symmetries—a Higgs transition—that describes a transition from
a conventional fermi-liquid to a parent phase of the FL* state via an intermediate
non-fermi liquid. We discuss its possible connection to the optimal doping critical

point in the cuprates.
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Chapter 1

Introduction

“The beginning is the most important part of the work.” - Plato, The Republic

1.1 Preliminaries

Two of the unifying themes in the study of quantum matter are emergence and
uniwersality. Emergence corresponds to the idea that the “whole is greater than
the sum of its parts”, meaning that an assembly of billions of interacting electrons
may display non-trivial phenomena that are fundamentally different from what one
might expect from an ensemble of non-interacting electrons. Universality refers to
the observation that distinct physical systems often show remarkably similar long-
distance, or low-energy, properties. The physics of universal features typically requires
an emergent length scale, &, that is significantly larger than any other microscopic
length scale in the problem.

One of the most influential minds of the 20th century, Lev D. Landau, laid the
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foundation stone for much of theoretical condensed matter physics by proposing two

ideas that have been central to the field [141]. These include:

e An order parameter description of phase transitions and spontaneously broken
symmetries. The critical singularities observed at phase transitions are then
attributed to the long wavelength fluctuations of these order-parameter degrees
of freedom. The development of renormalization group techniques [246] in the
second half of the last century led to an immensely powerful ‘Landau-Ginzburg-

Wilson’ paradigm of symmetry breaking and phase transitions.

e The concept of quasiparticles, where even in the presence of strong electron-
electron interactions, the excitations above the ground state retain a long-lived,
particle-like form. In other words, there is a notion of adiabatic continuity,
where the sole effect of the interactions is to dress the original electron with a
cloud of excitations, and it is this composite object that behaves as a quasi-
particle. This idea formed the basis of Landau’s Fermi liquid theory and has
been immensely successful in describing the phenomenology of many electronic

systems.

The above ideas have played an influential role in describing the physics of metals,
superfluids, BCS superconductors, semiconductors etc. However, the discovery of a
wide range of exotic phenomena in the past three decades, such as the fractional
quantum hall effect, high-temperature superconductivity and frustrated magnetism
challenge the applicability of the above ideas. We shall delve into the intricacies of
many of the above unconventional phases in this thesis later. But first, let us briefly

review some essential concepts related to critical phenomena and fermi-liquids.
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1.1.1 Quantum Criticality

We begin by recalling certain essential features associated with critical systems,
identified by a diverging correlation length, £&. The standard theoretical machinery
for tackling the universal aspects of this problem were developed to study the finite
temperature (T") continuous phase transitions [246]. The critical singularity associated

with £ at such transitions is given by a power law of the form,
E~(T-T,)" (1.1)

where T, is the critical temperature of the transition, and v is the correlation length ex-
ponent. The specific-heat, order parameter, susceptibility, and other thermodynamic
quantities also show universal power-law behavior in the vicinity of the transition
with exponents that are fixed by the underlying symmetry of the problem, form of
disorder etc. The well developed ‘Landau-Ginzburg-Wilson paradigm’ can be used to
compute these exponents in a controlled fashion.

(Classical phase transitions are driven by purely thermal fluctuations. In the past
two decades, a lot of effort has been devoted to the study of criticality at zero temper-
ature, where phase transitions are driven by purely quantum fluctuations; the ground
state of the system undergoes a singular reorganization across such a quantum crit-
ical point (QCP). Moreover, the criticality is not necessarily restricted merely to a
point; there are examples of entire phases being critical. With an advancement in
experimental techniques, evidence for quantum criticality has appeared in a number
of correlated electronic phases as a function of non-thermal parameters (g), such as
chemical doping, pressure and magnetic field.

Even in the quantum setting, the correlation length continues to have a divergence
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of the form § ~ |g — g.|™", where g = g. is the critical point. Associated with the

diverging correlation length is a diverging time-scale,

&~ &, (1.2)

where z is known as the dynamical critical exponent. Equivalently, this means that at
the QCP, there are gapless excitations dispersing as w ~ k*, where k is the momentum.
Therefore at T' = 0, in a system defined in d—spatial dimensions, the ‘effective-
dimensionality’ is d + z. There is a characteristic energy scale, A, which vanishes at

the QCP as,

A~ g — gl (1.3)

> g
Lc

Figure 1.1: A cartoon phase diagram as a function of temperature (7°) and a generic
control-parameter (g) for a system close to a quantum critical point. The dashed
lines could be phase-transitions or crossovers depending upon the specific system
under consideration. In the shaded region marked ‘Quantum critical’, kg7 is much
bigger than A, and hence it is influenced strongly by the underlying QCP at g = g..

Thus far we have discussed the physics associated with quantum criticality at

4
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T = 0, where it is sharply defined. This also raises the question whether quantum
criticality is purely of academic interest or whether it has any role to play in real life at
non-zero (but low) temperatures. From our study of quantum statistical mechanics,
we know that a non-zero temperature introduces a finite length scale along the time-
direction, and thus necessarily requires one to carry out an analog of finite size scaling,
familiar from classical criticality. This leads to an appearance of the well known
‘quantum critical fan’ above the QCP (see fig. 1.1). The boundaries of the fan can
be obtained approximately by kgT ~ A ~ &1 (~ |g — g.|”?). Far away from the
boundaries (kT > A), the system is completely unaware of the finite gap, A, since
the finite extent of the temporal direction, § = 1/kgT < &,. Therefore, the higher
we move up in temperature, the system becomes less aware of the finite gap and
becomes more ‘critical’. This is why the influence of the QCP affects a large region
of the phase diagram as we move higher up in temperature. The quantum critical
region is also identified by the absence of well defined quasiparticles [193].

The strength of quantum fluctuations is stronger in low-dimensions, and fascinat-
ing quantum critical phenomena are therefore most likely to appear in (quasi-)two
dimensional systems. We shall focus on such systems, with a special emphasis on
their experimental connections during much of the discussion in this thesis. We note
that quantum phase transitions involve physics that is unbeknownst to the world of
classical phase transitions. For instance, some of the most dramatic consequences of
quantum criticality arise in problems with gapless fermi-surfaces coupled to Bosonic
order-parameters. We shall see later how this is a problem relevant for studying

various aspects of high-temperature superconductivity. Even in magnetic insulators,
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it is possible to have continuous quantum phase transitions that are forbidden in a
strict Landau-sense. The quantum critical point in such examples has emergent frac-
tionalized excitations, even in dimensions greater than one. The general framework
for describing such exotic critical points was developed in the theory of ‘deconfined

criticality’ [214].

1.1.2 Fermi-liquids and Luttinger’s theorem

Fermi liquids are ubiquitous in nature—from an elemental metal such as copper to
high-temperature superconducting materials (far away from magnetism), they have
been observed in a wide variety of systems. In this subsection, we introduce some of
the key properties of fermi-liquids, as this will serve as a convenient point of departure
later in the thesis for describing gapless phases of matter that are not adiabatically
related to fermi-liquids. In momentum space, the Hamiltonian for a collection of

‘non-interacting’ electrons may be expressed as,

H = (ek — 11)ChyCho (1.4)
k

where ¢y, is the destruction operator for an electron with momentum k and spin o.
The underlying microscopic physics determines the band-structure, €, and p is the
chemical potential. In the ground state, as a result of the Pauli principle, all the states
with e, < p are filled while states with €, > p are empty. There is a sharp surface in
momentum-space, £ = 4 (of dimension d—1, embedded in a d—dimensional system),
which separates the occupied from the unoccupied states and is known as the ‘fermi-
surface’. For the remainder of this thesis, we shall focus on Fermi surfaces in two

spatial dimensions (see fig. 1.2 for an example).

6
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ky
=)

- 0 T
kx

Figure 1.2: An example of a fermi-surface of a two dimensional metal with Cy rota-
tional symmetry. The states shaded in cyan are filled.

The low energy excitations above the ground state consist of spinful particles and
holes near the fermi-surface. Close to the fermi-surface, it is sufficient to linearize the

dispersion of these excitations as,

~

(ex — p) = vp(k)k, (1.5)

where vp(k) = |Viek| is the Fermi velocity and k measures the distance from the
fermi-surface. We have allowed for a velocity that depends on the position along the
fermi-surface.

A quantity that is going to be used throughout this thesis is the imaginary time

electronic Green’s function, defined as,

Gk, iwy) = — / A7 (o (T)ck (0))emT, (1.6)

where 1w, correspond to the Matsubara frequencies. In the vicinity of the fermi-

7
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surface,

Gk, iwy,) = m (1.7)

So far we have only discussed the non-interacting fermi-gas, ignoring any electron-
electron interactions. Landau boldly hypothesized that if the interactions are turned
on adiabatically, and if during this process the system does not undergo any phase
transition, then the low energy excitations in the interacting fluid are similar to those
in the non-interacting gas, apart from a few modifications as highlighted below. The
resulting state was dubbed the (Landau) fermi-liquid.

The notion of the fermi-surface continues to survive in the fermi-liquid, as do
the particle and hole like excitations in the immediate vicinity of the fermi-surface.
However, the excitations are not the bare electrons anymore but are dressed exci-
tations, introduced previously as ‘quasiparticles’. The electronic Green’s function is

now modified to,

G(k,iwy,) = %, (1.8)

where v}(/%) is the renormalized Fermi velocity as a result of the interactions and
Z (/2:) is a quasiparticle residue, measuring the overlap between the new quasiparticle
state and the original free electron. Equivalently, Z also measures the strength of
the ‘jump’ in the quasiparticle distribution, n(k), at the fermi-surface. Both of these
quantities are measurable in experiments on real materials, as will become clear during
our subsequent discussions.

Due to the abundance of gapless particle-hole excitations around the fermi-surface,

the Fermi liquid is a ‘critical’ phase. It is therefore important to address whether the
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quasiparticle introduced above survives as a stable excitation or if it decays into the
particle-hole continuum. A straightforward computation of the inverse lifetime as a

function of the deviation from the fermi-surface (deg) of a quasiparticle in d > 1 gives,

1
— ~ de; (K by, for dgp, small), (1.9)
Tk

with an additional logarithmic correction in two dimensions. Since the inverse lifetime
vanishes much faster than the energy itself as g5, — 0 (i.e. upon approaching the fermi-
surface), the decay processes are irrelevant near the fermi-surface and the quasiparticle
survives as a well defined excitation.

A defining feature of a fermi-liquid is a relationship between the volume (or, area
in two dimensions) enclosed within the fermi-surface and the total density (v) of

electrons,

dk
=2 1.1
Y /keFS (277')6“ ( 0>

where the factor of 2 accounts for electron spin. The above statement, trivial for a non-
interacting fermi-gas, is highly non-trivial for an interacting fermi-liquid and is known
as the ‘Luttinger’s theorem’. It was originally proven to all orders in perturbation
theory [142]. We note here that this is a property of the fermi-liquid that can also be
verified in experiments; the Hall-coefficient (Rp) directly measures v~

There is an elegant non-perturbative proof [173, 175] of the Luttinger’s theorem
using a ‘momentum-balance argument’, whose essential steps we reproduce below in
brief. The discussion will closely follow Ref. [175].

Let us start by defining the system, with N particles of charge O on a lattice of

dimensions L, x L, with periodic boundary conditions, i.e. on a torus (fig. 1.3).

9



Chapter 1: Introduction

Figure 1.3: The system with /N particles defined on a L, x L, lattice with periodic
boundary conditions (i.e. torus). A flux, ®, is introduced adiabatically through one
of the holes of the torus.

The density of particles is then v = N/L,L,. The argument relies on adiabatically
inserting a flux, ® = he/Q, through one of the holes of the torus over a period of time
t = 7 and keeping track of the change in the ‘crystal momentum’ during this process.
The change in the crystal momentum is evaluated using two different methods: first,
in an almost trivial way, independent of the phase that the system is in and which
only depends on the filling. In the second method, one uses essential information
about the phase that the system is in and its excitations to compute the change
in the momentum. By equating the two, one recovers Luttinger’s theorem for the
fermi-liquid.

We begin by evaluating the momentum change using the first method. As a result

of the flux-threading, the initial and final Hamiltonians are different, but related by

10
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a gauge-transformation, Ug, i.e.,

I
Z/{GHfZ/{§1 = Hz'7 Z/{G = exp( [7/” Zl’lﬁz), (111)

where n; is the number-operator. The final wavefunction of the system is related to
the initial wavefunction by |¥¢) = Ul |¥;), where U, is the unitary time evolution

operator. We are interested in computing the change in crystal momenta, AP =

Py — P;, where
T|W;) = e P, T|W;) = e 7| W), (1.12)

and T is the unit translation operator. It is straightforward to show that,

A 2miN
TUGT ™ = exp( - 7; )ug, (1.13)
and so naturally,
27N
Py =P, + Z—(mod 21) = P, + 2mvL,(mod 2m). (1.14)

x
This concludes the computation of the change in crystal momentum, obtained in a
rather general setting.

Let us now compute the momentum difference for a fermi-liquid, where the as-
sumption is that the only low energy excitations are quasiparticles near the fermi-
surface. These quasiparticles are adiabatically related to the bare non-interacting
fermions. As a result of the flux-threading, each quasiparticle picks up a uniform
shift of Ap, = 27/L,, leading to a displacement of the fermi-sea. The total change

is then given by,
AP, = p.ony, (1.15)
P

11



Chapter 1: Introduction

where 6n, = %1 on a shell of thickness dp-dS, (dS) is normal to the Fermi surface).

Then,

L,L, ép-dS
APQC:]{ 2y P 1.16
P 2y (1.16)

Using the divergence theorem, the above can be converted to a volume integral leading
to,

_ 2m L.L,
- L, 4n2

o L. L
Ui} V3 (1.17)

AP, =
L, 4x% "

Vrs, AP, =

Finally, comes the crucial step of equating AP evaluated using the two different

approaches,
o L, L
AP, = 2rvL, = L—W 2 Vis + 2mm, (1.18)
o L, L
AP, = 2rvL, = L—W Vs + 2mm,, (1.19)
Yy

for m,, m, € Integers. The above equations can be recast as,

L.m, = N-L,L,—, 1.20

m y47‘('2 ( )
Vrs

L = N-L,L,— 1.21

yTy Y2 ( )

The strongest constraint can be obtained in the situation when L,, L, are mutually
prime integers, so that they can only be integer multiples of L,L,, i.e. L,m, =

L,ym, = pL,L,, for p an integer. Then,

Vrs

which is the statement of Luttinger’s theorem, and we have allowed for filled bands

represented by p.
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Based on our proof of Luttinger’s theorem for the fermi-liquid, it is clear that in
order to violate the theorem for a phase with electron-like quasiparticles with a fermi-
surface, other global excitations need to be present in the system that can carry away
non-trivial crystal momentum. This will modify the momentum balance argument
for the electronic quasiparticles. We shall see an example of such a phase in our

subsequent discussion.

1.2 Beyond conventional condensed-matter physics

Now that we have reviewed some of the elementary concepts that will be used quite
frequently, let us list some challenging questions that will be raised during the course
of our discussion. While many of these questions have received a lot of attention in
the past couple of years and much understanding has been gained, a lot still remains

to be understood.

e Does a quantum phase transition necessarily require an order parameter? Equiv-
alently, is symmetry breaking involving a physical symmetry the only route to

‘ordering’ ?

e Do electrons have to retain their identity as well-defined quasiparticles in the
presence of strong correlations? If they do (and in the absence of superconduc-

tivity), can they realize a phase not adiabatically related to the fermi-liquid?

e Do the critical singularities at phase transitions always arise from the long-

wavelength fluctuations of an order parameter?

13
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e In the absence of superconductivity and disorder, are we guaranteed to have a

sharp Fermi surface at zero temperature?

Many of the above questions arise naturally in the context of high-temperature su-
perconductivity, which will be a major focus of this thesis. The answers will often
be quite counter-intuitive and will require a serious modification of lessons from con-
ventional solid-state physics. With the above set of questions in mind, let us now
introduce some of the key phenomenology associated with the high-temperature su-
perconductors before moving on to discussing some specific issues in the subsequent

sections.

1.2.1 High-temperature superconductivity

There are a number of different ‘families’ of high-temperature, or, unconventional
superconductors at this point, some of which were discovered more than three decades
ago. However, in this thesis we shall focus mostly on the copper-oxide and iron-
based superconducting families; these are possibly the most well studied families
and have some of the highest superconducting transition temperatures. The other
families that display similar phenomenology include the heavy Fermion and organic
superconductors. In general, most of these materials have complex crystal structures,
but contain quasi two-dimensional layers of square arrays of d— or f—electrons (see
fig. 1.4). In their phase-diagrams, as a function of temperature and doping, or other
control-parameters, superconductivity usually arises upon suppressing a parent phase
that is antiferromagnetic; there is evidence for sufficient overlap of the two phases in

some systems (fig.1.5). There are however fundamental differences in the nature of
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Figure 1.4: (a) Crystal structures of different members of the copper-oxide family of
superconductors (top). The quasi-two dimensional layers of CuO, determine most
universal aspects of the phenomenology; the parent state is an antiferromagnetic
Mott insulator with the orinetation of spins on the Cu sites as shown (bottom). (b)
Crystal structures of different members of the iron-based superconductors (top). The
‘puckered’ quasi-two dimensional layers of iron and the associated pattern of SDW
ordering (bottom). Adapted from Ref.[200].
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Figure 1.5: Phase-diagrams of (a) isovalently substituted BaFe;As, (Adapted from
Ref. [112]). (b) hole-doped cuprates (Adapted from Ref. [119]). (c) bulk FeSe under
hydrostatic pressure (Adapted from Ref.[226]). In all three cases, superconductivity
occurs in the vicinity of (and often coexists with) magnetism. In bulk FeSe, the
magnetic phase is absent at ambient pressure but superconductivity occurs in the
presence of spontaneously broken rotational symmetry (‘nematic’).

the parent states between the two families, as explained below.

The parent compound in the iron-based superconductors is metallic—the high
temperature phase is a tetragonal metal (see fig. 1.5a and fig. 1.6) and undergoes a
transition to a metallic spin-density wave (SDW) with broken C} lattice symmetry at
a temperature Tyy. In the SDW phase, the moments are oriented antiferromagnetically
along one direction and ferromagnetically along the other, thereby explicitly breaking
the rotational symmetry. Note that breaking the discrete Cy symmetry down to C5
is an Ising transition and can be split from the breaking of spin-rotation symmetry.
The breaking of the rotational symmetry naturally induces a structural transition to
an orthorhombic state. This structural transition, driven by electronic correlations,
occurs at a temperature, T, that is slightly higher than T in many of the materi-
als. There is at least one exception to this general observation in bulk stoichiometric

FeSe (fig.1.5¢), where at ambient pressure no magnetic phase occurs. There is only a
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structural transition to a nematic metal, followed by a transition to a nematic super-
conducting state at low temperatures. In chapter 2, we shall study some interesting
consequences of the interplay between the nematic order and superconductivity.
With increased hole-, electron-, or, isovalent-doping, both the structural and SDW
transitions are suppressed, eventually giving rise to superconductivity. There is grow-
ing evidence that for a range of dopings, many of these materials host a region in the
phase-diagram with microscopic coexistence of superconductivity and SDW. One of
the interesting questions that we shall address in section 1.2.2 is whether the T or T
lines terminate at a zero temperature QCP, as this may serve as a way of associating
the huge fan-shaped non-Fermi liquid regime with the quantum critical fan of the
T = 0 QCP. Chapter 3 will take a closer look at the question of whether existing
experimental measurements of various quantities shed any light on the fate of these

transitions deep in the superconducting phase.

Figure 1.6: The Fermi surface of BaFe;Assy in the tetragonal, paramagnetic metallic
state. The Fermi surfaces have a weak dispersion along the z—direction. There are
three hole sheets near the I' point (zone center) and two electron sheets near the X
point (zone corner); the sheets are (quasi-)nested by the wavevector Q of the SDW.
Adapted from Ref.[218].

Unlike the itinerant, metallic state discussed above, the parent state of the cuprates
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are Mott charge-transfer antiferromagnetic insulators (fig.1.5b). In the insulating
CuO, layer, Cu®t has a 3d° configuration. As a result of the crystal field effects,

the d,2_,» orbital has the highest energy and is half filled; the Coulomb interaction

-y
energy on the Cu sites is large. The 2p orbitals on O sites mediate an exchange
interaction between the Cu spins leading to long-range antiferromagnetic order. The
gap in the undoped insulator is set by the difference in energy between the 2p orbital
of the O and the d,2_,2 orbital of the Cu. When doped with holes, the cuprates dis-
play superconductivity with fairly high T.’s beyond a critical doping. However, the
more enigmatic states obtained upon doping are the metallic states about 7, in the
‘underdoped’ and optimally doped cuprates. In the former case, the metallic state
thus obtained is dubbed as the pseudogap, and has only disconnected Fermi ‘arcs’ in
momentum space (see fig. 1.7). The low-energy excitations are hole-like, carrying
both physical charge and spin. On the other hand, the metallic state existing over a
wide fan-shaped region above optimal doping does not have coherent particle like ex-
citations and displays a number of transport anomalies; it is appropriately referred to
as the strange-metal. Chapters 4, 5, 6 will be devoted to the study of the pseudogap
metal and the low temperature symmetry broken phases that have been the subject
of much discussion in recent years [42, 74]. Chapter 7 will describe a QPT of novel
kind in a metallic phase, without any broken symmetries, and its possible relevance
for the strange-metal phenomenology.

We note however, that in both the families, sufficiently far away from the par-
ent antiferromagnetic phase, there is a well behaved fermi-liquid state with ‘large’

fermi-surfaces satisfying Luttinger’s theorem. This observation often serves as a mo-

18



Chapter 1: Introduction

T

Figure 1.7: Measurements of the spectral function, obtained from photoemission
experiments, in the pseudogap phase. The disconnected ‘arcs’ are clearly visible along
the zone diagonals, with no low-energy excitations in the vicinity of (m,0), (0,7) and
symmetry related points. Adapted from Ref.[217]

tivation for unifying the physics of unconventional superconductivity, by approaching
the problem from the conventional fermi-liquid side and building in the correlations
as the antiferromagnetic phase is approached [200].

In the next two sections, we shall review some of the specific experimental puzzles

that will be addressed during the course of this thesis.

1.2.2 Quantum criticality in the pnictide superconductors

Given the remarkable similarity in the basic structure of the phase-diagrams of
the different families of unconventional superconductors, and the large non-Fermi
liquid “fan” extending in temperature above the optimal transition temperatures,

it is interesting to consider the possibility of an underlying quantum critical point
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being at the heart of the mystery. A careful look at figs. 1.1 and the phase-diagrams
in fig.1.5 would seem to suggest that the putative QCP corresponds to the onset
of a broken symmetry in a metal. Of course, it is natural to ask what the broken
symmetries are, if any, on the ordered side of the transition and if the QCP survives
even in the presence of superconductivity.

Experimentally, it is usually known what the broken symmetries are on the or-
dered side of the transition. However, it is extremely hard to ascertain whether there
is a QCP beneath the superconducting dome. Most experiments suppress supercon-
ductivity by applying a large magnetic field and study properties associated with the
metallic normal state. This has been done systematically, for example, on a proto-
typical member of the iron-pnictide family: P-doped BaFesAs,. In fig. 1.8(a) we
show the phase-diagram of this material as a function of isovalent P-doping, x, and
a summary of some of the measurements in the normal state.

The magnetic response in the metallic state above the superconducting 7, was

probed by measuring the 3'P NMR relaxation rate, 1/7;. We know that,

T X — Z |A(K) 2" (k, w), (1.23)

where A(k) is the hyperfine coupling between the 3P nuclear spin and the neighbor-
ing electrons, wy is the NMR frequency and x”(k,wp) is the imaginary part of the
dynamical spin-susceptibility. In the presence of strong antiferromagnetic fluctua-
tions, there is a strong enhancement of 1/777" and deviation from the usual Korringa
relation. ' In particular, near x. ~ 0.3, 1/T\T ~ 1/T, i.e. the experimentally ex-

tracted Curie-Weiss temperature (0) goes to zero. This is quite suggestive of there

Korringa relation relates 1/TyT ~ K2, where K is the Knight-shift.
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Figure 1.8: (a) Experimental phase diagram of BaFes(As;_,P,)s. The exponent «
determines the temperature dependence of the resistivity. T,, T and T, represent
the structural, magnetic and superconducting transition temperatures, respectively.
0] is the Weiss temperature determined by the nuclear magnetic resonance relaxation
rate and the light green squares and dark green diamonds represent the effective mass
extracted from quantum-oscillations and jump in the specific-heat at T,, respectively.
(b) The experimental data for the square of the (zero-temperature) London pene-
tration depth, or inverse of the superfluid-density, as determined by three different
techniques. Adapted from Ref.[218].

being an antiferromagnetic QQCP in the metallic state at z..

The effective mass, m*, in the metallic state was extracted experimentally us-
ing two different techniques. The effective cyclotron mass, mg, was extracted from
quantum-oscillations by fitting the temperature-dependent amplitude of the oscilla-
tions to the standard Lifshitz-Kosevich formalism. Specifically, the cyclotron mass is

given by an angular average,

1 dk
fa=— ¢ —— 1.24
Mqo 2r | vp(9)’ ( )

where v}(6) is the fermi-velocity introduced earlier in eqn.1.8 and dk is the line

element in momentum space along the fermi-surface. Remarkably, the experimentally

obtained mg tends to diverge upon approaching z. from the fermi-liquid side. If
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the effective mass gets enhanced locally, as a function of #, but along a wide enough
segment of the Fermi surface, then it leads to an enhancement in mg,. For example,
at the onset of a SDW transition, the Landau quasiparticles are destroyed at points on
the fermi-surface that are connected by the ordering wavevector (i.e. the ‘hot-spots’),
which is accompanied by a diverging effective mass. On the other hand, nematic
fluctuations that couple uniformly to the fermi-surface and destroy quasiparticles
everywhere also lead to a divergence in mg,o. Since the material under question has
both types of fluctuations, it is challenging to identify the source of the divergence in
mqo- It is worth noting that the critical divergence in a measurable observable here
is arising not merely from the long-wavelength fluctuations of an ‘order-parameter’,
but from the underlying gapless fermi-surface.

The effective mass was also extracted from a measurement of the 7 oc m¢ term
(i.e. Sommerfeld coefficient) in the electronic specific heat. In particular, the doping
dependence of m¢ was extracted by carefully measuring the jump in the specific heat
at T,, v = AC/aT,, where AC' is the jump and o = O(1) is a numerical prefactor.
The experimentally extracted m¢ has a strong enhancement upon approaching z.
from either side of the putative transition.

All of the above results indeed seem to indicate the presence of at least one QCP
in the metallic state. However, deep in the superconducting state, when the fermionic
degrees of freedom are gapped out, there is no guarantee for the quantum criticality
to survive. The transition(s) could become first-order inside the dome, accompanied
by phase-separation. In order to ascertain the presence of pristine quantum critical-

ity in the paired state, experiments were carried out to measure a property of the
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superconductor, namely the London penetration depth, \2(0), or inverse superfluid
density. Interestingly, the penetration depth shows an anomalous peak in the vicinity
of x. (see fig. 1.8(b)), which was interpreted as a ‘smoking-gun’ evidence for the QCP
surviving beneath the superconducting dome. Whether this interpretation is correct,
or if it is at odds with theoretical expectations will be explored in chapter 3 in great
detail, both in the presence and absence of disorder.

Finally, we note that the problem of a metal in two spatial dimensions coupled
to gapless order-parameters, carrying a finite or zero momentum (eg. density-wave
orders vs. nematic order), remains ‘unsolved’ in the sense that there is no controlled
method of studying the low-energy field theory. However, in recent years, there has
been a great deal of progress in studying these problems numerically using quantum-
Monte carlo techniques on models that do not suffer from the infamous sign-problem.
For the problem of a fermi-surface coupled to a SDW order parameter, preliminary
studies find phase-diagrams (see fig. 1.9 and Refs.[30, 204]) that are remarkably
similar to the experimental phase-diagram of the pnictides; they find a dome of sign-
changing superconductivity and a SDW phase, including a regime with overlapping
orders. The dynamical properties remain to be analyzed and will hopefully shed light
on the nature of the spectral functions in future studies. However, the fate of the
SDW QCP at low temperatures and in the superconducting state remains unclear

within this numerical study [204].
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Figure 1.9: Phase diagram of a ‘sign-problem free’ model of fermions coupled to crit-
ical fluctuations of a SDW order parameter obtained using quantum-Monte Carlo
simulations. Different lines represent the transition temperatures: Tspw, the su-
perconducting 7., and the onset of diamagnetism at Tjy;,. The nature of the SDW
transition inside the SC dome, marked by a dashed line, is unclear and could possibly
be a weakly first-order transition. Adapted from Ref.[204].

1.2.3 The enigma of the cuprate superconductors

Ever since their discovery [26] in 1986, the cuprate high-temperature supercon-
ductors (SC) have been among the most well-studied correlated electron materials,
both theoretically and experimentally. These materials show a number of different
phases as a function of hole doping (see fig.1.5b). The parent antiferromagnetic Mott
insulator, the d-wave superconductor and the Fermi liquid state at large doping are
reasonably well understood at this point. On the other hand, the phases that con-
tinue to elude an explanation, and occupy a large portion of the phase diagram (see
fig. 1.10 for a simplified ‘cartoon’ phase-diagram), are the pseudogap and the strange-
metal. It is essential to develop a microscopic understanding of these phases in order
to resolve the mystery of cuprate superconductivity, as they are the ‘normal’ states

out of which superconductivity (and various other ordering tendencies) arise at low
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temperatures.

Figure 1.10: A temperature (7") vs. hole-doping (p) phase diagram for the non-La-
based cuprates. The parent state is an antiferromagnetic (AF) Mott insulator which
upon being doped leads to a d-wave superconductor (SC) with transition temperature,
T.. The extremely overdoped phase is a familiar fermi-liquid (FL). The two mysterious
phases are the pseudogap (PG), which onsets at a high temperature (7*), and the
strange-metal (SM), occupying a wide fan-shaped region. Multiple recent experiments
have investigated the nature of the lower (Tpy < T*) temperature density-wave (DW)
phase in the underdoped cuprates.

Although we don’t have a complete understanding of these phases, a lot is now
known phenomenologically about the pseudogap regime of the underdoped cuprates.
The first signatures of the ‘high’-temperature pseudogap (7' < T*) came from mea-
surements of the Knight-shift [12], followed by other spectroscopic measurements [58],
which showed evidence for a suppression in the density of states at the fermi-level
along specific regions of the Brillouin zone. However, there is no clear evidence for
any broken symmetry in this regime. On the other hand, in recent years many re-
markable experiments have revealed the nature of the ‘low’-temperature pseudogap

(T" < Tpw < T%*), where a number of broken symmetries have, in fact, been ob-
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served below a temperature, Tpy,. A major breakthrough was the initial observation
of quantum oscillations at high magnetic-fields and very low temperatures, followed
by the subsequent discovery of short-ranged charge-order even at zero field in the
underdoped regime. This was marked by initial optimism that, perhaps, the “hid-
den” broken-symmetry phase responsible for giving rise to the pseudogap has finally
been identified. However, a more systematic study has now made it quite clear that
the somewhat fragile charge density wave itself can’t be responsible for causing the
pseudogap; but it possibly arises at low temperatures out of the normal pseudogap
phase with no broken symmetry (there may be broken discrete symmetries, such as
time-reversal or nematicity [74], at higher temperatures, but these have little direct
effect on the electronic structure or spin excitations). One might then ask, what
have we really learnt post the discovery of charge order? Could it perhaps serve as a
“window” into the nature of the pseudogap state itself?

In chapters 5 and 6, we shall take the point of view that, indeed, the micro-
structure of the charge-order, namely its ‘form-factor’ and (doping-dependent) wavevec-
tor, shall provide us important clues about the nature of the higher temperature
pseudogap phase. We will investigate low-energy particle-hole instabilities of possible
normal states, and this will help us identify the necessary features required to give
rise to a state that is qualitatively similar to the one observed in the experiments.
This will also aid us in distinguishing between some of the different approaches that
have been used to describe the pseudogap phase.

Broadly speaking, theoretical approaches for characterizing the pseudogap can be

classified into two major categories. In the first category, the build up of antiferro-
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magnetic correlations and the opening of a spin-gap [12] at T* signal the onset of a
quantum spin liquid [135, 254, 148, 183, 240]. Moreover, as a function of decreasing
temperature, there could be multiple crossovers within the metallic spin-liquid and
there could also be instabilities to other symmetry-broken phases? at lower temper-
atures. However, in order for this to be a useful and precise characterization, there
should be remnants of the ‘topological order’ of the spin liquid at high temperatures.
3 One possibility is the presence of closed Fermi pockets which violate the Luttinger
theorem constraining the total area enclosed by the Fermi surface [253], and this
may be related to photoemission spectra which have intensity only on open arcs in
the Brillouin zone. In this approach, the pseudogap metal found at high tempera-
tures is a novel quantum state which, with moderate changes, could be stable at low
temperatures for suitable model Hamiltonians.

In the second category [122, 194, 205, 239], the antiferromagnetic correlations
are precursors to the appearance of antiferromagnetism, superconductivity, charge
density-wave, and possibly other conventional orders at low temperatures. In the
pseudogap regime, we then have primarily thermal and classical, rather than quan-
tum, fluctuations of these orders. This raises an immediate question: why don’t
other unconventional superconductors, many of which have a robust antiferromag-
netic phase [200], also display pseudogap behavior due to the precursor thermal fluc-

tuations? What is so different about the hole-doped cuprates?

2Though clearly important for describing some of the phenomenology, we shall ignore the effects
arising due to the presence of quenched disorder, which in some cases forbids a true symmetry
breaking in two spatial dimensions.

3By ‘topological order’, we mean states with emergent gauge excitations; for states with an energy
gap, there are non-trivial ground state degeneracies on a torus.
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In this thesis, we shall delve into discussing some of the merits of both approaches.
However, hopefully by the end of our discussion on cuprates, it will become clear to
the reader that we believe that the spin liquid approach provides a more coherent
picture of the hole-doped side of the phase diagram.

Let us now outline the scope of our focus. There are already a number of excellent
reviews that discuss much of the previously known phenomenology of the pseudogap
phase [172, 122, 135]. Our emphasis here will be on the more recent experiments,
particularly with regard to the discovery of charge order in the non-Lanthanum-
based cuprates, and the implications of these experiments on the nature of the high
temperature pseudogap phase. We shall not explicitly consider experimental reports
of nematic order [74]: this order can be an ancillary consequence of our low and high
temperature models of the pseudogap, but we do not believe it is crucial to the basic
phenomenology. We shall not discuss any of the signatures of time-reversal symmetry-
breaking either that have possibly been seen via polarized neutron scattering [140] and
Kerr-rotation [250] experiments, but surprisingly not in uSR or NMR experiments.
While these are clearly interesting experiments that need a theoretical explanation in
the future, we shall choose not to discuss them any further in this thesis.

With the above goals in mind, let us raise a few sharp questions with regard to the
pseudogap phase, and the charge density wave in particular, that we hope to address

in this thesis:

e What is the normal state out of which the charge density wave emerges? In
other words, can the charge density wave help us identify the nature of the

parent pseudogap state?
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e What is the modulation wavevector and the internal symmetry (‘form-factor’)

of the charge density wave?

e What is the nature of the onset, and in particular, the temperature dependence
of the charge density wave correlations? Does this have any consequence on the

fermionic spectral functions?

e [s there an underlying quantum-critical point that controls the physics of the

strange-metal region, and if so, what are the two phases on either side of this

QCP?

Most of these questions, while easy to state, might not have a complete answer at
present. However, we shall argue that based on a body of work done over the past
few years, it is at least partially possible to answer some of them. Some of the above
questions will necessarily require us to speculate, with the hope that future work will

help us address these issues further.

Review of experiments

In the past few years, a number of remarkable experiments have given both direct
and indirect evidence for the appearance of charge-order in the underdoped cuprates.
Charge (and spin)-stripes have been known to exist in the Lanthanum-based cuprates
(232, 122] for a long time now. In these materials, close to a hole-doping of p = 1/8,
the spin and charge stripes are known to have the most pronounced signatures; this is
also where the superconducting T, goes all the way to zero. However, in this thesis we

shall focus only on the non-La-based cuprates, where charge-order is not accompanied
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by any spin-order. There are important differences between the properties of these
two ‘classes’ of cuprates.

A preliminary indication of charge-order in BisSroCaCuyOgys came from STM
experiments, which imaged the periodic modulation in the density of states near
the vortex cores in the Meissner state [96] and in the high-temperature pseudogap
state [235]. In YBayCu3O,, NMR measurements have been able to detect field-
induced long-range static charge order, predominantly on the oxygen sites, without
any sign of spin-order [248, 249]. Ultrasound measurements at high-fields [132] have
further corroborated a transition to a long-range charge ordered state. The most
clear signatures of any charge density wave correlations should come from X-ray.
Indeed, incommensurate charge order has now been detected with resonant [78, 5]
and hard [39] X-ray scattering, both at zero and high fields. The wave vector has
consistently been found to be directed along the copper-oxygen bonds and decreases
with increasing hole-doping [31], a trend that is the exact opposite of what has been
known to be the case in the La-based-cuprates [239]. Moreover, there are strong
indications that the charge modulation is highest on the bonds connecting the Cu
sites [125, 3]. A conclusion that is safe to draw from all of these experiments is that
there exist incommensurate charge density wave correlations in the CuQOs plane, which
become static and (reasonably) long-ranged upon the application of a high magnetic
field, and in general compete with superconductivity.

Some of the key experimental data that have shed light on the nature of the charge-
order in the underdoped cuprates, is reproduced in fig. 1.11. Fig. 1.11a from Ref. [7§]

shows a peak in the total intensity at an incommensurate wavevector ~ 27(0.3,0),
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in the superconducting phase. In order to study the interplay between charge-order
and superconductivity, Chang et al. [39], studied the onset of scattering intensity as
a function of temperature both at zero and finite fields (fig.1.11b). They observed a
gradual onset of charge density wave correlations at Tepw (where T, < Tepw < T7),
with a subsequent decrease in the intensity below T, at zero-field. The feature for
T < T. highlights the competition between the two order-parameters, which goes
away when superconductivity is suppressed by a reasonably large magnetic field. The
field-induced transition in the charge-order has also been investigated using NQR
experiments[249] (fig.1.11c). At moderate fields, such as those used in the X-ray and
NQR experiments, the charge-order likely develops in the large ‘halos’ surrounding
the superconducting vortices* in the mixed-state. The field-induced transition occurs
when the halos start to overlap, ‘locking’” the orientation of the charge density wave
over long distances.

Finally, STM measurements show that the primary modulation resides on the Cu-
O bonds and has a non-trivial pattern in real space (fig. 1.11d,e). The exact symmetry
properties associated with this modulation have only been unveiled recently [77], as
we shall discuss shortly.

A key question now is whether the presence of the charge density wave order may
also explain the quantum oscillations observed at low temperatures and high magnetic
fields [65, 207]. This topic will be discussed briefly later, but it is worthwhile to also
review some of the most striking experimental aspects here. The first observation of

quantum-oscillations [65] provided clear signatures of a reconstructed pocket with an

4In the extreme type-II limit (k = \/&sc — oo; A being the London penetration depth and &sc
the superconducting coherence length), the vortices really correspond to ‘superfluid’ vortices [62].

31



Chapter 1: Introduction

-0.4 -0.3 -0.2 200
@7 2T oWag, T (b)
> Y l
:‘u:)' A ” ) | - 130 17T : 00 O Q=(1.695,0,0.5)
3 ‘l 2 Pl omoI é B Q=(0,3.691,05) (x4)
€ - § 100 OCD : IH g&
Zr 2" |, e z 7.5
2 g
° : .:: 2 5 i0§°¥
F [—#-Yeco,, (T,=68K)
B YBCO,, (T,=61K)
1 N L N |
q,(rlu)
(C) % | p=0.109
40_\70
g 30 |-
:;ér 20 -
< -
10 |-
a
0 —— 1

Figure 1.11: (a) Dependence of the CDW intensity at 15 K, showing a finite cor-
relation length (as inferred from the width of the peak). Adapted from Ref. [78].
(b) Temperature dependence of the peak intensity as a function of magnetic field.
The onset shows a gradual non-mean-field like behavior. At zero-field, the intensity
decreases below the superconducting T, showing competition between the two order-
parameters. Adapted from Ref. [39]. (¢) Quadrupole part of the splitting of the O
line showing a field-induced transition. Adapted from Ref. [249]. (d), (e) R-Maps
taken at 150 mV. Adapted from Ref. [125].

area approximately 2% of the Brillouin zone (corresponding to a frequency ~ 530T;
see fig.1.12a). This is fundamentally different from the observations in extremely
overdoped cuprates, where quantum-oscillations observed a ‘large’ Fermi surface [236].
The key question then was to figure out the density-wave order responsible for giving
rise to the reconstruction in the underdoped cuprates. An interesting fact that was

realized soon after the initial discovery of oscillations, is related to the nature of

carriers in the system. In spite of doping holes into the system, transport-properties
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were most consistent with the presence of primarily electron-like quasiparticles, as
evidenced by the negative Hall coefficient [131] (fig.1.12b). This prompted the search
for a small electron-pocket, that would explain both of these observations.

It is not entirely clear what the upper critical field, H., is for the underdoped
cuprates and if the fields, B ~ 40T, where oscillations are first observed are al-
ready higher than H.,. Moreover, whether the application of large fields completely
suppresses the pseudogap is also a topic of ongoing debate. These are questions that
need to be resolved in order to realize what gets reconstructed to give rise to the small
electron-pocket. It is nevertheless a reasonable starting point to study the problem
of reconstruction on top of a ‘large’ Fermi surface in the presence of a (sufficiently)
long-ranged BDW [11]. °

More recently, by extracting the effective cyclotron mass (mao) of the electron-
like quasiparticles® and by noting the critical dopings where they appear to diverge
(fig.1.12¢), the location of the underlying quantum critical points, corresponding to
the onset of charge-order, have been determined [207, 187]. These QCPs also coincide
with the dopings around which the T,.(B)-domes, as deduced from the resistive tran-
sition in a field (B), are centered about. It has been argued [209] that the critical like
divergence arises from the angle-dependent fermi-velocity, v(), along the electron-
pocket, and is in fact dominated by the corners of the pocket (i.e. the vicinity of the
hot-spots). However, signatures of this divergence are absent in any measurement

performed at zero field, that is dominated by the ‘light’ nodal quasiparticles, such

®Such that the cyclotron-radius associated with an applied magnetic field is smaller than the
correlation length of the BDW.

6By studying the temperature dependence of the oscillation amplitudes and fitting to the Lifshitz-
Kosevich form.
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as transport. We direct the readers to some recent review articles for further details
regarding the quantum oscillation experiments [207, 237].
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Figure 1.12: (a) The oscillatory part of the Hall resistance (after subtracting the
monotonic background at 7' = 2 K), as a function of inverse magnetic field, 1/B.
Adapted from Ref. [65]. (b) The Hall coefficient as a function of B at different
temperatures. Adapted from Ref. [131]. (c) The blue curves represent T, at different
B and are supposed to highlight the connection between effective mass enhancement
and the strength of superconductivity. Adapted from Ref. [187].

Charge density wave order in the underdoped cuprates

A significant portion of this thesis is devoted to the study of density-wave order in
the underdoped cuprates and its interplay with related phenomenology. It is therefore
useful to start by prescribing a systematic approach to express the charge-modulation
on a two-dimensional square lattice. The charge density wave, or more appropriately

bond-density wave (BDW), can be expressed as a bond-observable defined on sites
Z’? j?
Py = (clcja) =Y {Z Po(k) e““'“‘“"ﬂ] i@ (ritr;)/2, (1.25)
Q "k
where c}a creates an electron at site ¢ with spin a(=7,]). The action of various

symmetry operations become quite transparent for the above parametrization in mo-

34



Chapter 1: Introduction

mentum space in terms of a relative momentum, k, and a center-of-mass momentum

Q, as emphasized in Ref. [8]. In momentum space, we can write Eq. (1.25) as,

<C}chQ/2,ack+Q/2,a> = Po(k). (1.26)

In contrast, the early work of Nayak [170], and numerous analyses since [37, 36, 241,

138, 60, 216], have used the parameterization

(hatuiqa) = Falk). (1.27)

Of course, we can easily go back and forth between (1.26) and (1.27). However when
we write Pg(k) as a periodic function of k alone, then the equivalent Fg(k) also
depends upon Q. In particular the state described by Pg(k) ~ cos(k,) — cos(ky),
proposed in Refs. [196, 154], is a d-form factor bond density wave which preserves
time-reversal and which will play an important experimental role shortly. In contrast,
the state Fg(k) ~ cos(k,) — cos(ky), considered by others, is a different state; for
general @, it is a mixture of components that are both even and odd under time-
reversal, and so it is not a useful starting point for a symmetry analysis.
Conventional charge density waves with Pg(k) independent of k lead only to an
on-site charge modulation, with the overall modulation period set by 27/|Q|. How-
ever, this is not the case in the context of the cuprates. The experiments on at
least two different families of the cuprates (BSSCO and Na-CCOC), which involves
phase-sensitive STM [77] and X-ray [52] measurements, have now unveiled the form
factor Pg(k) to be predominantly of a d-wave nature, i.e. Pg(k) ~ (cosk, — cosky).
In addition, as already mentioned above, almost all the experiments point towards

a strong evidence for the wavevector @ to be along the Cu-O bonds, i.e. (£Qy,0)
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and (0, £0Q)y), where @)y decreases with increasing hole-doping (and is therefore, in-
commensurate). For an underlying ‘large’ putative Fermi surface, which is absent in
this regime (as known from photoemission experiments, which only see fermi-‘arcs’),
these wavevectors would nest regions in the vicinity of, but away from the antinodes:
(7,0) and (0, ).

On the other hand, there is a recent X-ray observation [4] in the La-based cuprates,
which seems to indicate a dominant s'—form factor (where Pg(k) ~ (cos k; +cosky)),
and this has been ascribed to the presence of magnetic stripe order in these compounds
[231, 20]. The nature of the bond-density waves seen in the two different ‘classes’ of
cuprate superconductors is therefore qualitatively different—both in terms of the
predominant form-factor, and, in terms of the doping dependence of the wavevector.

In fig. 1.13 we provide an illustration of unidirectional BDWs with different com-
ponents of Pg(k) in real space for both commensurate as well as incommensurate
wavevectors. It is not a coincidence that the patterns of fig.1.13 (c), (f) and the data
of Kohsaka et al. [125] in fig.1.11(d), (e) look remarkably similar. This comparison
has recently been carried out to a remarkable degree of precision in the phase-sensitive
work of Fujita et al.[77], which has pinned down the symmetry to be predominantly
d-wave.

Recent computations of quantum-oscillations due to the BDW order coupled to a
‘large’ fermi-surface are broadly consistent [11] with the presence of a nodal electron-
pocket and many of the other experimental observations. However, despite this agree-
ment, there are a number of outstanding puzzles that remain. There are a number of

‘open fermi-sheets’ that are bound to be present as long as the weak BDW potential
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Figure 1.13: Real-space visualization of unidirectional BDW (charge-stripe) with com-
ponents: Py(k) = Ps, Py(k) = Py(cosk, + cosky), and Py(k) = Py(cosk, — cosky).
(a)-(c) we plot the charge modulation for a commensurate wavevector, Q@ = 27 (3, 0),
while (d)-(f) plot the same quantity for an incommensurate wavevector, Q =
27(0.3,0). The parameters used are: (a), (d) Ps = 0,Py = 1,P; = 0. (b), (e)
P,=1,Py, =1,P;=0. (¢),(f) P, =0,Py = 0,P; = 1. We have included phases
in the definitions of P; ¢ 4 in order to make the charge distribution bond-centered for
the case of the commensurate wavevector; however, other choices of the phases are
also allowed. Adapted from Ref. [44].

reconstructs a large fermi-surface. Even though these don’t contribute to oscillations,
the large density of states along these sheets would contribute to various thermody-
namic measurements. However, recent measurements of the Knight-shift [116] and
specific heat [190] in fields of upto ~ 45 T do not seem to be consistent with the
availability of such large density of states at the fermi-level. One could argue that
if the BDW potential were to be arbitrarily large, it could gap out these portions of
the Fermi surface as well. However, in the presence of such strong incommensurate

density-wave order, quantum oscillations are likely to be disrupted completely [260].

The above thermodynamics experiments seem to suggest that whatever is causing
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the pseudogap to open up close to the antinodes remains unaffected at low to inter-
mediate fields. This leaves us with two options: (7) The reconstruction occurs on top
of a ‘pseudogapped’ Fermi surface, so that it is really the arc that gets reconstructed,
or, (i1) The reconstruction happens in a ‘vortex-liquid’ phase, where the vortices as-
sociated with d-wave superconductivity are fluctuating [24]. However, within either
of these two scenarios, the nodal electron-pocket is likely to survive, since this region
of the Fermi surface remains unaffected, both by d-wave superconductivity and by
the pseudogap.

Another issue that remains to be resolved with regard to the nature of the charge-
order responsible for the oscillations at high fields is as follows. Experiments at zero-
fields seem to suggest the presence of a stripe-like order, while the nodal electron-
pocket scenario requires a nearly checkerboard order. In order to relate these two
regimes, there could be two possibilities: (7) There is a field induced transition from a
stripe-like BDW at zero or low-fields to a nearly checkerboard-like BDW at high-fields,
or, (i1) The system actually consists of differently oriented domains with stripe-like
order, either within each CuOj plane, or within different planes (but with a strong
interlayer tunneling) [143], where the typical domain sizes, {qomain, are smaller than
the cyclotron-radius. Future experiments will hopefully be able to shed light on this

issue.

1.3 Correlated antiferromagnetic metals

A substantial portion of the work reported in this thesis concerns a description of

the pseudogap metal and its relation to the forms of broken symmetry observed at low
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temperatures in the underdoped cuprates. In section 1.3.1, we introduce a metallic
phase where the electrons coexist with a ‘quantum-disordered’ antiferromagnet. This
will be followed by a discussion of the instabilities of a conventional fermi-liquid in the
presence of strong antiferromagnetic fluctuations. While this is perhaps not directly
relevant for describing the pseudogap phase of the hole-doped cuprates, it leads to key

insights on the nature of the symmetry-broken phases observed in the experiments.

1.3.1 Fractionalized Fermi liquid

We now turn to the higher temperature regime just below 7™, significantly above
temperatures at which there is any indication of appreciable fluctuating order. Here,
as we have discussed earlier, the primary experimental indications of the pseudogap
are the suppression in the spin susceptibility, and the appearance of ‘Fermi arc’ spectra
in the electron spectral function (see fig. 1.7).

We review a model of this pseudogap metal as a ‘fractionalized Fermi liquid’ (FL*).
While related states have been derived by many different theoretical methods [245,
254, 113, 184], we begin with a simple toy model description [182] which generalizes
the quantum dimer models [123, 191] of insulating spin liquids. 7

Consider a doped antiferromagnet with p holes per unit cell, as shown in fig. 1.14a.
Note that there are p holes with respect to the antiferromagnet, but the number of
holes with respect to the filled band insulator is 1 4+ p. As p increases, we imagine
that the antiferromagnetic order is quickly destroyed, and we obtain a state with p

holes in a spin liquid background as shown in fig. 1.14b. Now all the spins of the

"We believe that recent results from dynamical mean field theory [72, 80] also point to a low
energy effective theory of the pseudogap in terms of such a dimer model [182]
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Figure 1.14: (a) A density of p holes per unit cell in an ordered antiferromagnet.
The holes are the open circles, while the arrows denote the orientation of the electron
spins on the remaining sites. Note that there is a density of 1 + p holes with respect
to the band insulator in which there are 2 electrons on each site. (b) Spin liquid with
a density p of spinless holons of charge +e. The ellipses represent spin-singlet pairs

of electrons in the state (|11) — |41)) /v/2.

antiferromagnet have been paired into singlets, and these singlets can resonate with
each other [16]. The holes in this spin liquid background carry no spin and charge
+e as they move around: so these are ‘holons’. This doped spin liquid state also has
neutral S = 1/2 excitations known as ‘spinons’, as shown in fig. 1.15a.

So far we have just described the well-known structure of a doped spin liquid. To
obtain the FL*, we need one further step: suppose there is an attractive potential
between the holons and spinons so that they form bound states with charge +e and
spin S = 1/2 (a rationale for this attractive potential is given in the caption of
fig. 1.15a). For simplicity, let us take the strong coupling limit in which this bound
state involves only nearest neighbor sites, and so can be represented by a dimer, as

shown® in fig. 1.15b. If the binding energy is large enough, every holon will pay the

8 The bound state is represented in fig. 1.15b by an arrow, and this represents an electron which
is in a bonding orbital between the two sites. In a three-band model, this can be associated with
an electron on the O orbital between the Cu orbitals. However, our analysis does not require the
three-band model, and applies equally to the one-band Hubbard model.
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Figure 1.15: (a) An excited state of the doped spin liquid, with neutral S = 1/2
spinon excitations represented by the arrows. Both the holons and the spinons can
move independently in the spin liquid background. Note the holon and spinon on
nearest neighbors in the middle of the figure: the electron can easily exchange posi-
tions between these sites, and this can lead to a holon-spinon bound state in which
the electron is in a bonding orbital between the two sites. (b) The FL* state: All
holons have paid the energy cost to create a spinon from the spin liquid, and the re-
sulting bound state is represented by the green dimers. The green dimers are fermions
carrying charge +e and spin S = 1/2, and their motion in the spin liquid background
realizes a metal with Fermi surfaces enclosing an area equivalent to a density of p
fermions of spin S = 1/2.
energy cost needed to create a spinon out of the spin liquid background, and we obtain
a spin liquid doped only by fermionic dimers carrying charge +e and spin S = 1/2.
The dynamics of this FL* is now described by a quantum dimer model [182] in
which the fermionic dimers and the original spin singlet pairs resonate with each
other. This leads to motion of the fermionic dimers, and as there is a dilute gas
of them, we can expect them to form a metallic state with a Fermi surface. The

quasiparticles near the Fermi surface will now have the same quantum numbers as in

a Fermi liquid, but they differ in key aspects:

e The volume enclosed by the Fermi surface in a FL* is equivalent to a density

of p spin S = 1/2 particles of charge +e. In contrast, in a Landau Fermi liquid
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the equivalent density would be 1 + p.

e The FL* has a second independent sector of low energy ‘topological’ excita-
tions. In the quantum dimer model, these are associated with the resonances
of the spin-singlet dimers, which are represented in analytical formulations by

emergent gauge fields.

e The quasiparticles near the Fermi surface are neutral under the emergent gauge
field. In the quantum dimer model presented here, this is a consequence of the
fact that the fermions are themselves also dimers. Indeed, the fermions couple
to the gauge field non-minimally as dipoles. This coupling is not strong enough

to disrupt the quasiparticle nature of the Fermi surface excitations.

The dimer model picture demonstrates the inevitability of the above characteristics of
the FL*: the fermionic dimers have density p, while the remaining sites are required
to have spin-singlet dimers representing the gauge field. In Ref. [173, 215, 175],
general arguments have been given which demonstrate that any violation by a Fermi
surface of the 1 + p Luttinger volume requires the presence of low energy topological
excitations.

The following subsections will move beyond this dimer toy-model picture of the
FL* phase, and review field theoretic analyses which yield a metallic state with the
same basic characteristics. Such analyses allow us to compute the Fermi surface
structure, understand potential low T instabilities of the FL* metal, and also connect
to other phases in the global cuprate phase diagram; these will be carried out in

chapter 6.

42



Chapter 1: Introduction

Field-theoretic description

We begin our description of the FL* metal by first reviewing a standard description
for the evolution of antiferromagnetism in metallic phases of the one-band Hubbard
model. This model is widely believed to contain the essential physics of the cuprates

[16], for electrons hopping on the sites of a square lattice,

Hywobara = Hy + Hy, (1.28)
H = - Z tijcgacja — Z CZTaCm, (1.29)
i<j i

Hy = U; (nn — %) (nw — %) (1.30)

where t;; represent the hopping parameters, U is the on-site Coulomb repulsion,
1 represents the chemical potential and o =7, | are the spin-indices. The fermions
satisfy the standard anti-commutation relations, {c;q, c;r- 6} = 0;;00p and {ca, cjp} = 0.
This completely defines the problem at hand that has eluded an exact solution.
Anticipating the metallic state to be in the vicinity of an antiferromagnetic insta-

bility close to half-filling, we use the exact operator equation,

1 1 2U U
U(n” — 5) (nw — 5) = —?53 —+ Z, (131)

valid on each site, 7, and where S; = cjaaagcig /2. Upon decoupling the interaction

via a Hubbard-Stratanovich transformation, we obtain

exp(%zi:/dTS?) = /DJi(T)eXp(— Z:/dr {%J? —J;- SD (1.32)

We can now integrate out the fermions from the action and look for the saddle point of

the resulting action for J;. This leads to the Néel state with a wavevector, K = (7, 7).
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In the long-wavelength limit, it is then useful to introduce a field, ¢;,
J; = p,eEmi, (1.33)
This is then the familiar route towards arriving at the “spin-fermion” model,
zZ = /DcaDgo exp(—3S), (1.34)
S = /dT[Z Cha (O k)Cha — A Z CinPi UagclﬁeZK'ri]
2
+ /dT d*r [;(V,&p)z +

%((9790)2 + 5902 + Z(‘P2)2] - (1.35)

The first term in S is just the kinetic energy of the fermions, and the second term
(8) #0 L@ A0 (7) =
o NN | L/ \
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Figure 1.16: The evolution from a ‘large’ Fermi surface (for (¢) = 0, s > s.) to a
reconstructed Fermi surface with electron (red) and hole (blue) pockets in the presence
of antiferromagnetic (AF) order with a finite () # 0 (s < s.) across a SDW QCP at
s = s.. By moving sufficiently deep inside the SDW phase, one has a metallic state
with only hole-pockets in the presence of a large ().

is the “Yukawa” coupling term that leads to the spin-fluctuation mediated scattering
of fermions from one portion of the Fermi surface to the other. The momentum of

the boson, ¢, is small, and v represents a characteristic spin-wave velocity. The last

line in the above action is just the p*— field theory for an N = 3 order-parameter.
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At mean-field level, as we tune the value of s, we go from a metallic fermi-liquid
phase with a ‘large’ Fermi surface (s > s.) to a metal with reconstructed electron
and hole pockets (s < s.). The gap due to the SDW order parameter opens up at
the ‘hot-spots’, where e = ek = 0. With a decreasing s, as () increases in
magnitude, only the hole pockets remain (fig.1.16).

So far, apart from possible exotic behavior at quantum critical points, we have
only obtained conventional Fermi liquid phases. To obtain the FL*, we have to switch
from the above description of SDW order by a “soft-spin” ¢ field with large ampli-
tude fluctuations, to a “hard-spin” perspective in which we have primarily angular

fluctuations of the antiferromagnetic order. So we replace ¢ by a unit vector field n,
¢ =>n , n’=1 (1.36)

The key utility of such a formulation in terms of the unit-length n field is that it allows
us to consider a route to “quantum-disordering” the SDW order in which topological
“hedgehog” tunneling events are suppressed [165]. In contrast, the perturbative anal-
ysis of the soft-spin theory necessarily proliferates hedgehogs at the zeros of the ¢
field. In such a hard-spin theory, we argue that the evolution of phases in fig. 1.16 can
be replaced by the more exotic route shown in fig. 1.17. Now there is an intermediate
phase in which there are hole pockets enclosing a volume equivalent to fermions with
density p, but without antiferromagnetic order: this is the FL* phase.

Let us turn to an explicit presentation of the theory of a metal with angular
fluctuations of antiferromagnetic order. We are only interested in the long-wavelength

fluctuations of n; while retaining the full lattice dispersions for the fermions. Applying
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(m) #0 (n) =0 (n) =0
FL*
AFM-Metal with hole Metal with hole pockets Metal with “large”
pockets but without LRO AFM Fermi-surface

Figure 1.17: Alternative route to fig. 1.16 for the loss of antiferromagnetic order in a
metal in a theory with angular fluctuations of the fixed-length order n. The middle
phase is FL*. The evolution from FL* to the large Fermi surface Fermi liquid on the
right is addressed in Ref. [46].

(1.36) to (1.35) we obtain the imaginary time Lagrangian, £ = L + L,, + Ly, with

;Cf = Z C}a {(87 — ,u)5zj — tij:| Cia + h.C., (137)
,J
1
L, = 39 d*r [(9,m)* +v*(Vn)?, (1.38)
Li = A Z e Kerip, czaaagcw. (1.39)

7

Now s has been replaced by g to tune the strength of quantum fluctuations associated
with the AFM order parameter. We assume ¢ is a generic coupling measuring the
degree of frustration in the insulating antiferromagnet, which can drive the insulator
into a non-magnetic state with valence bond solid (VBS) order across a deconfined
quantum critical point [214]. It is therefore useful to consider the phase diagram of
a general class of frustrated doped antiferromagnets, as a function of the coupling g
and the charge density p. This will be discussed in detail in chapter 6.

It is useful to note that for g < g., the above model has long-range antiferromag-

netic order, (n) # 0 (with a correlation length, & — 00), which reconstructs the large
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Fermi surface. The interesting regime is when g > g., which we argue is relevant to
the physics of the non-La-based cuprates. The deconfined critical point ¢ = g. and
p = 0 is expressed not in terms of the n fields, but in terms of the spinor z,, with
n; = z;,045%3 and a U(1) gauge field A,,. At the same time [184], one tranforms the

underlying electrons, c;,, to a new set of spinless fermions, 1y,

Cia = Ribyp, where (1.40)
. Zit  —Z |
R, = , (1.41)
Zip  Zh

is a spacetime dependent SU(2) matrix (3, |zia|* = 1) and the fermions ¢, carry
opposite charges p = +1 under the same emergent U(1) gauge transformation. Note
that the above parametrization introduces a large SU(2) ‘gauge’ redundancy and it
is possible to embed the U(1) gauge-theory within the larger SU(2) gauge structure.
Some interesting consequences of this SU(2) structure, and their relation to metallic
quantum criticality without broken-symmetries, will be discussed in chapter 7.
While we defer the technical details of constructing the FL* state to chapter 6, we
note here that a strong attractive force, which is naturally present in the field-theory
construction, binds the z, and 1, quanta into gauge-neutral fermions [113, 115, 184].
These gauge-neutral fermions start to notice each other via the Pauli principle, and
so they form Fermi surfaces leading to the FL* state (see fig.1.18a). The FL* is a
conventional fermi-liquid phase, as far as its transport, thermodynamic or spectral
properties are concerned. However, as noted above, the subtle difference arises from
the presence of topological order. The spectral weight on the ‘back-side’ of these

pockets is suppressed strongly. It has been argued that the fermi-arcs in the pseudogap
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Figure 1.18: (a) Spectral function of the FL* state computed in Ref. [184]. (b)
Photoemission measurements of the pseudogap phase for three different samples by
Yang et al. in Ref. [253]. Note that only filled circles correspond to measured data-
points.

regime could in fact be modeled as pockets whose back-sides are (almost) invisible
(see fig. 1.18b and Refs. [254, 253]). However, clear signatures of the ‘back-sides’ are
currently lacking in experiments.

Finally, we note a recent experiment [21], which sheds new light on the nature
of the metallic states as a function of hole-doping, p. Measurements of the Hall-
coefficient at high-fields and low-temperature reveal some interesting, and perhaps,
surprising results. As a function of decreasing p, there are two separate transitions (see
fig. 1.19). At higher-doping (pn =~ 19%), there is a transition from a conventional
fermi-liquid, with 1 + p carriers, to a metallic state with p carriers and no broken
translational symmetry. The metallic state with only p carriers would be consistent
with an FL* with reconstructed hole-pockets; the presence of a background spin-liquid

is crucial for the reconstruction and violation of Luttinger’s theorem as noted above
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Figure 1.19: Doping dependence of the Hall number, ny = V/(eRg), in hole-doped
cuprates at a field of 80T. Adapted from Ref.[21].

[173, 215, 175]. The subsequent transition at lower doping (p; ~ 16%), corresponds
to the onset of quasi long-ranged charge density wave and an associated change in

sign of the Hall-coefficient.

1.3.2 Instabilities of a Fermi liquid with antiferromagnetic

correlations

For the sake of completeness it is useful to review the instabilities of a conventional
Fermi liquid state in the presence of antiferromagnetic interactions. This will be
useful when studying the instabilities of the FL* state discussed above in chapter 6.
We return now to the soft-spin theory in Eq. (1.16) for the properties of a Landau

Fermi liquid in the presence of amplitude fluctuations of a SDW order. Starting from
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Eq. (1.16) it is useful to focus on the low energy theory for fermions near the ‘hot

spots’ on the Fermi surface, shown in fig. 1.20. Such a Lagrangian is given by,

Figure 1.20: A cartoon of a large Fermi surface, with the filled electronic states in
blue. The red and green circles represent the ‘hot-spots’ connected by K (shown as
wavy lines).

Lgw = ﬁf + £<p + Eﬁpv
Ly = Q50 —ivl V) + 0l (0- — vy - V)ug,
)\ m m m m
‘CfSO = \/—N_f P (wirp O-Pp/pr’ + wgp o-pp’wlp’)>

(1.42)

and where £, part of the action was already written down in Eq.1.35. In the above,
vi", v} represent the velocities at the hot-spots labelled ‘A’, ‘C” or ‘B’, 'D’ within
each hot-spot pair (denoted by ‘m’).

Before proceeding any further, let us first digress for a bit and discuss an inter-
esting (exact) symmetry associated with the exchange-interactions [7, 135, 56], that

also manifests itself as an emergent symmetry [154] of the hot-spot theory. To start
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with, consider just the nearest neighbor Heisenberg term,
H; = Z JijSi - Sy, (1.43)
i<j
where S; is expressed in terms of the underlying electronic operators in the usual
way. If we, for instance, make the transformation, C}T — Ciy, CL — —cit, then

Sz

? = ny —n; — S7 and similarly for S. The above particle-hole transformation

carried out on every site leaves the Hamiltonian invariant.
It is possible to generalize the above transformations to arbitrary SU(2) rotations

in particle-hole space. In order to do this, let us introduce the Nambu spinors,

Then, H; can be re-expressed as,
H; = éz Jii (\Ifjaaaaﬂxpwa) - (m}vbawqfﬁb), (1.45)
i<j
where a,b are Nambu indices. It is now a trivial matter to see that H; is invariant
under independent SU(2) pseudospin transformations acting on each lattice site of
the form Voo — Ui ap Wiab-

We note that this pseudospin symmetry is broken explicitly by terms involving
Coulomb repulsion and a finite chemical potential (except when we are at a fine-
tuned, half-filled state). However, an interesting feature of the low-energy critical
theory in Eq.1.42 is that the SU(2) symmetry re-emerges. To see this, note that in

Eq.1.42, if we carry out the following transformations,

Pl = ry, U1 o —n, Ul o oy, B = —tar 0 — ¢, (1.46)
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then L4, is invariant because,

Ui - V) = ] (01 V) = (v V)OT, = o) (01 V)gy,,  (1.47)

where we have used integration-by-parts. The remaining terms can be simplified
similarly. Note that it is crucial for the curvature-terms to be absent in order for
this symmetry to manifest itself. The SDW theory with 4 pairs of hot-spots therefore
has an emergent [SU(2)]* symmetry, in addition to the usual spin SU(2) rotation

symmetry.

(@) (b)

Figure 1.21: (a) ‘Cooperon’-diagram in the particle-particle channel leads to (b) d-
wave pairing with a relative phase-shift between pairs ‘A-B’ and ‘C-D’. (¢) ‘Diffuson’-
diagram in the particle-hole channel, obtained from (a) by carrying out the SU(2)
transformation on only half of the hot-spot pairs leads to (d) d-form factor density
wave with Q = 2kr and a relative phase-shift between pairs ‘A-B’ and ‘C-D’.
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Returning to the problem of a fermi-liquid in the presence of SDW fluctuations,
we recall a result that has now been known for almost three decades. The spin-
fluctuations give rise to a pairing-glue in the d,2_,2 channel [201, 158], as can be seen
by explicitly evaluating the ‘Cooperon’ diagram (fig.1.21(a), (b)). The underlying
reason for the attraction in the sign-changing d-wave channel can be traced back to

the BCS gap-equation for the pairing gap Ag:
x(p—k)
A = — AV 1.4
k zp: 2Ep D ( 8)

X(p — k) is the SDW susceptibility, peaked at p — k = K, the momentum carried
by the SDW order-parameter and E, = \/m is the dispersion for the Bogoli-
ubov quasiparticles. In order for the above equation to have a non-trivial solution,
sgn(Ag) = —sgn(A,), whenever p — k = K.

We can now use the SU(2) symmetry to carry out a particle-hole transformation
on only the electrons in the vicinity of ‘B’ and ‘D’ (fig.1.20). This then suggests that
the same antiferromagnetic fluctuations would give rise to ‘pairing’ in the particle-
hole channel as well, as shown by the ‘diffuson’ diagram in fig.1.21(c). The particle-
hole condensate, <CLQ /2,aCK+Q /2,a>, now carries a finite center-of-mass momentum,
|Q| = 2kp and there is an internal d,2_,2 form-factor, Py (fig.1.21 (d)). Note that
this wavevector will always be oriented along a diagonal direction, i.e. it is of the
form Q = (Qo, Qo).

For the hot-spot theory, the superconducting and density-wave instabilities are
exactly degenerate. However, a finite curvature which breaks the SU(2) symme-
try will lift this degeracy. While the superconducting instability remains unaffected

(since +k are always ‘nested’), the density-wave instability becomes sub-leading to
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superconductivity.

The most natural question, in light of our discussion so far, is as follows: Is there
any relation between the density-wave instability found above in the vicinity of a SDW
quantum-critical point to the state unveiled in the underdoped cuprates?

We shall first address the above question, within a ‘weak-coupling’ picture, in
chapter 5, where we shall also study the feedback of superconducting fluctuations
on the density-wave order. However, various discrepancies between theory and ex-
periment will lead us to investigate the instabilities of a ‘normal’ state that already
has a well-developed pseudogap, without any symmetry-breaking, i.e. investigate the
instabilities of a state that has fermi-‘arcs’, and not a large Fermi surface. This will
leads us to investigate the instabilities of the FL* introduced earlier in chapter 6.

We note however that computing the ordering instabilities of the FL* metal is
a far more complicated task than that for the Fermi liquid described above. Apart
from instabilities associated with particle-particle and particle-hole excitations near
the Fermi surface, we also have to consider the instabilities associated with the gauge
sector. For the U(1)-FL* case, the latter contain monopole tunneling events which
necessarily lead to confinement and broken symmetries at low temperatures. There
has been partial progress on these difficult issues [176], but we shall not review them
here.

In Section 1.3.1, both prescriptions of arriving at the FL* relied on starting from
the antiferromagnetic insulator and doping it with charge-carriers. A natural question
to ask is how to connect the metallic FL* phase with a ‘small’ Fermi surface to the

‘large’ Fermi surface metal. We shall investigate a possible route towards studying
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this transition in chapter 7.

1.4 Organization of thesis

In the remainder of this thesis we will study in close detail many of the problems
that have been discussed in previous sections. We summarize the main findings of
the chapters below.

The thesis consists of three parts. In chapters 2 and 3, we have analyzed various
aspects of symmetry breaking and quantum criticality in the superconducting phase
of the iron-based superconductors. In chapter 2, motivated by STM experiments
on FeSe, we will construct a phenomenological theory for the competition between
nematic order and superconductivity in the vicinity of a vortex induced by an applied
magnetic field. We find that when there is weak bulk nematic order at zero magnetic
field, the field-induced eccentricity of the vortex core has a slow power-law decay away
from the core. Conversely, if the nematic order is field induced, then the eccentricity
is confined to the vortex core.

In chapter 3, we first present a general theory of the singularity in the London pen-
etration depth at symmetry-breaking and topological quantum critical points within
a superconducting phase. We find that while the critical exponents and ratios of
amplitudes on the two sides of the transition are universal, an overall sign depends
upon the interplay between the critical theory and the underlying Fermi surface. For
the case of SDW critical point, we note implications for the maximum observed in the
London penetration depth in P-doped BaFesAs, at optimal doping. In particular, we

find that there is no maximum in the penetration depth at the QCP; instead there
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is merely a change in the sign of the second derivative. Therefore, in the second part
of this chapter, we argue that the transition possibly becomes weakly first order in
the vicinity of optimal doping, and disorder induces puddles of superconducting and
antiferromagnetic regions at short length scales; thus, the system becomes an elec-
tronic microemulsion. We propose that frustrated Josephson couplings between the
superconducting grains suppress the superfluid-density and additionally give rise to
a highly nontrivial feature in the low-frequency optical response.

In the second part, in chapters 4 and 5, we have analyzed the role of thermal
fluctuations on the pseudogap and the associated density-wave phenomenology. In
chapter 4, we compute the electronic spectrum in the presence of thermally fluctu-
ating charge-density and superconducting orders in the zero-field and intermediate
temperature regime. Our results are compatible with some of the experimental trends
as a function of energy, angle around the fermi-surface and temperature. In chapter
5, we explore the landscape of the (sub-)leading density-wave instabilities of a metal
interacting via antiferromagnetic fluctuations. For a cuprate-like large fermi-surface,
the leading instability in the particle-hole channel is to a d—form factor density wave
with a diagonal wavevector, with a subleading instability to a predominantly d—form
factor density wave with axial wavevector. By examining the feedback of supercon-
ducting fluctuations on all the allowed charge-density wave states, we find that over
at least a small temperature window, they prefer the experimentally observed wave
vector.

In the final section of the thesis, in chapters 6 and 7, we present an alternative view

of the pseudogap. In chapter 6, we present an analysis of the charge ordering instabil-

o6



Chapter 1: Introduction

ities in a FL* metal, where the electronic excitations are coupled to the fractionalized
excitations of a quantum fluctuating antiferromagnet on the square lattice. The re-
sulting state, a BDW*, has predominantly d—form factor and wavevectors along the
axial direction, in agreement with experiments on a number of different families of
the cuprates. We therefore propose that the pseudogap regime can be described by
such a FL* metal at least over intermediate length and energy scales. In chapter 7,
we analyze a novel quantum phase transition without any broken symmetries between
metals with large and small Fermi surfaces of spinless fermions carrying the electro-
magnetic charge of the electron. The two metals have emergent SU(2) and U(1) gauge
fields respectively, and the transition is driven by the condensation of a real Higgs
field, carrying a finite lattice momentum and an adjoint SU(2) gauge charge. This
Higgs field measures the local antiferromagnetic correlations in a “rotating reference

frame.”
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Chapter 2

Nematic order in the vicinity of a

superconducting vortex

“Symmetry is what we see at a glance; based on the fact that there is no reason

for any difference...” - Blaise Pascal, Pensées

2.1 Introduction

In the preceding chapter, we saw that unconventional superconductors typically
have an exceedingly rich phase diagram, determined by the interplay of multiple com-
peting, or coexisting, types of order. Nematic order (which breaks the C4 symmetry
of the underlying square lattice down to Cs) has been shown to emerge in certain
regimes of the phase diagrams of the copper-oxide [18, 94, 125, 59, 130, 151] and the
iron-based [68, 251, 49, 48, 255, 168, 256] superconductors. In the latter case, the

nematic order accompanies (and in some cases, precedes) the magnetic order which
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Chapter 2: Nematic order in the vicinity of a superconducting vortex

occurs at a wavevector that breaks the lattice rotational symmetry.

Recently, the structure of the vortex cores in the mixed state of clean FeSe
films was studied by means of scanning tunneling microscopy (STM) [224]. Strong
anisotropy was observed in the zero bias conductance map around the cores, which
have an eccentricity of the order of unity. Although the lattice structure of FeSe at
low temperature is orthorhombic[146], it has been claimed [224] that the crystalline
anisotropy (of the order of a few tenths of a percent) is too small to explain the large
anisotropy of the vortex cores, which is likely to have an electronic origin.

This experiment raises several questions, some of which we address in this paper:
assuming that there is an electronic nematic order in superconducting FeSe, what
is its microscopic origin? What is its relation to superconductivity - e.g., are these
two types of order competing? Is the nematic order localized in the vortex cores (and
hence stabilized by the application of the magnetic field), or does it extend throughout
the system (and is only apparent in the STM spectrum near the cores)?

In this chapter, we study the structure of the vortex core using a phenomenological
Landau-Ginzburg (LG) theory in terms of two competing order parameters. Using
our LG analysis we have calculated the structure of an isolated vortex in the presence
of the nematic order. Our main result is that by looking at the profile of the gap
near the vortex core, it is possible to distinguish between two different configurations
of the nematic order, namely the presence of a localized nematic order within the
superconducting vortex as opposed to the presence of a long range nematic order in
the system. If the nematic order is localized at the core, the superconducting gap

should be anisotropic only near the core and the anisotropy decays exponentially as
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we move away from the core. On the other hand, if the nematic order is long-ranged,
the superconducting gap should exhibit an anisotropy which decays as a power law.
If the nematic order is near its critical point, there is a large region in which the
anisotropy of the gap depends logarithmically on the distance, eventually crossing
over to a power law. Moreover, we find qualitative differences in the shape of the
contours of constant gap around the core in the different cases. If the nematic order
exists only in the cores, the equal-gap contours tend to be elliptical; if the nematic
order is long-ranged, we find that the gap function tends to develop a “four-lobe”
structure, with more pronounced higher harmonics. These features can be sought in
STM experiments by mapping the magnitude of the gap around the core as a function
of position.

We note at the outset that the Fermionic degrees of freedom, which have been
ignored in the study here, are important near the vortex core. In order to deal with
them, one has to go beyond the Ginzburg-Landau formalism. We would however like
to stress on the fact that even though the GL formalism is not perfectly valid deep in
the vortex core, our results for the asymptotic behavior away from the vortex core are
robust. Therefore one of our main predictions, which is the difference in the behavior
of the gap function far away from the core remains qualitatively valid even though
the GL formalism breaks down inside the core [104].

The chapter is organized as follows: In section 2.2 we introduce the LG functional
with the two competing order parameters and carry out a preliminary analysis in
the absence of the anisotropy. In section 2.3.1, we investigate the mean-field phase

diagram of a single vortex. In section 2.3.2, we introduce the anisotropy and perform
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a numerical minimization of the functional, commenting on the interesting features.
Finally, in section 2.3.3, we present our analytical results explaining the various in-
teresting features observed by minimizing the free energy. Some additional technical

details are summarized in appendix A.

2.2 Model

We consider a LG type free energy for two competing order parameters: a complex
field ¥, describing the superconducting order parameter, and a real field ¢, which
describes a nematic order that competes with the superconducting order parameter.

The form of the free energy density is given by

F = «F3+F¢+Ia+%|q1’2¢2> (21)
2
Foo= v e AP - Wup g (22
K 2 1
A . (23)

Fo = %b ‘(—iax—e*Az)\I’P_‘(—iay—e*Ay)\I’P]+%¢{(3x¢)2_(ay¢)21-

(2.4)

Apart from the standard free energy contributions arising due to ¢ and ¥, we have
a competition term, controlled by v (> 0), and a term that gives rise to different
effective masses for ¥ in the two directions, which is controlled by A;. F is invariant

under a rotation by 90 degrees, represented by

Ty, y— —rx, ¢ — —ao. (2.5)

61



Chapter 2: Nematic order in the vicinity of a superconducting vortex

We will be interested in the limit of Az (0) — oo, where AL (0) is the London penetra-
tion depth, so that we can neglect the coupling to the electromagnetic field. At the
outset, we set Ay = 0, since the \y term is small compared to the A; term in the limit

where ¢ is small. It is convenient to define the coherence length of ¥ and the healing

K K
ly = ,/—ﬁ,z¢:,/¢—§. (2.6)
0 0

Taking the unit of distance to be lg, we can recast the above free energy in a more

length of ¢ as

transparent form as follows,

F o= on(V309) — 510 + 1ot
v ( )[1 VO - 58+ 1 + 1
" )(0:9) — (05 (050, 2.7

where | = 1y/ly,vs = Y&/ P%, N = )\1/2l V3, 7,9 = x/ls, y/ls, ) = U /1hg, and
b=¢ /¢o. From now on, we will drop the tilde symbols.

For A # 0, a short-distance cutoff has to be imposed on Eq. 2.7. Otherwise,
the system is unstable towards developing modulations of ¢ with sufficiently short
wavelength. We discuss the instability in Appendix A.1. In practice, we will mostly
ignore this issue, assuming that there is a short-distance cutoff (which is provided by
the finite grid used in our numerical calculations).

Before we begin our analysis, let us comment about the choice of parametrization
in this problem. We would like to think of this problem in terms of a fixed v < 1.
Then on choosing a particular ratio of the length scales of ¢ and v, we still have

one degree of freedom left in terms of the masses or the stiffnesses of the two order
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parameters, which is fixed by tuning ;.

If we assume that v, > 1, then the uniform ground state is given by ¢ = 1 and
¢ = 0. This also constrains ¢ to be localized around the vortex cores, by making
the mass term for ¢ positive deep inside the superconducting region. If we further
assume that the nematic order is small, such that %¢2 < 12, then we can essentially
ignore the feedback of ¢ on 1. Therefore, we will first find the full profile of ¥ = Wy,
the isolated vortex solution, in the absence of the nematic order and use that to find

the form of the nematic order. Then ¥, satisfies the following asymptotic relations:

Uolp) ~ {1 _ %(%ﬂ e p> 1! (2.8)

Yo(p) ~ Clpe”, p<I™ (2.9)

where p = r/ly, r being the radius in the original coordinate system, and C' is
a dimensionless constant. In general, it is difficult to find the solution of the full
LG equation for ¥, for all p analytically. Therefore we obtain the vortex solution
Uy = f(Ip)e® for all p by minimizing the functional in Eqn. 2.7 numerically in the
absence of ¢.

The numerical solution conforms to the two asymptotic expressions above. It is
interesting to note that Wy does not recover from the vortex core to its bulk value
exponentially, but rather as a power law [124, 62]. The behavior of ¢(p) in the vicinity

of a vortex with A = 0 was studied by Ref. [124].
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2.3 Results

We present all of our results, obtained using a combination of numerical and

analytical techniques, in the following subsections.

2.3.1 Phase diagram

We will now describe the mean-field phase diagram of a single vortex in the pres-
ence of a competing nematic order. There are three possible phases: in phase I, ¢ =0
everywhere; in phase II, ¢ vanishes at large distance from the vortex core but becomes
non-zero near the vortex core due to the suppression of the competing v field to zero
at the core; and in phase III, ¢ # 0 even far away from the core. A non-zero solution
for ¢ is favored whenever the smallest eigenvalue € of the following eigenvalue problem
[124]:

=V, =1+ [f(p)]*| 6 () = ed (2), (2.10)
satisfies € < 0. In order to find the phase diagram, we solve this eigenvalue problem
numerically on a discrete grid. The boundary between phases I and II is the locus
of points at which the smallest eigenvalue satisfies € = 0. For v, < 1, ¢ becomes
long-ranged, corresponding to phase III. The resulting phase diagram is shown in
Fig. 2.1. This phase diagram is strictly valid as long as v, > . If this is not the
case, then the state with uniform nematic background and no superconductivity is
energetically favorable over any other state.

The physics behind the phase diagram can be understood as follows. When 14 > [,
we are forcing the nematic order to coexist with superconductivity in a large region.

This is unfavorable energetically due to the competition term ~¢?|¥|?. Therefore,
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Figure 2.1: The phase diagram in the (v;,!) plane obtained by solving Eqn. 2.10
numerically on a grid with n = 100 and Az = 1. The regions with qualitatively
different solutions for ¢ are marked. Phase I has no nematic order with ¢ = 0
everywhere, phase II has nematic order localized in the vortex core, and phase III
has long-range nematic order away from the core. The blue squares correspond to
points which we explore in more detail later. The dashed line s = 1 represents the
boundary between phases II and III.

when v, > 1, there is no ¢ # 0 solution. If v, < 1, ¢ becomes non-zero even far away
from the vortex core. In the opposite limit of [, < [, the nematic order exists deep
within the superconducting vortex. Since there is very little overlap between the two
order parameters, the system can afford to have a higher value of critical v, below
which there is a nontrivial nematic order. This explains the increasing trend of the

critical -, for decreasing [.

In the Iy < I case, it is possible to give an analytical expression for the phase

boundary between regions I and II. The equation for this curve is given by,

1
'75 = 4(0[)2’

(2.11)
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where C' is the constant which appears in Eqn. 2.9. The details of this computation
are discussed in Section 2.3.3.

We are now in a position to include the effect of the anisotropy and investigate
the structure of the vortex cores in different regions of the phase diagram described

above.

2.3.2 Vortex profile in the different regimes

We now turn to discuss the characteristics of the vortex profile in the different
regimes shown in Fig. 2.1. To solve for the vortex profile, we minimize the free energy
(2.7) with respect to ¢ and ¢ numerically on a disk geometry. This is equivalent to
solving the coupled Landau-Ginzburg equations with Neumann boundary conditions,
as we discuss in Appendix A.2. Many of the features found in the numerical solution
can be understood analytically, as we discuss in the next section.

We can expand both ¢ and ¢ in terms of the different angular momentum chan-
inf)

nels (~ €"”). The term proportional to A only couples angular momentum channels

that differ by 2 units of angular momentum in . Therefore, in the presence of ¢,
the bare vortex solution (~ e%) gives rise to components of the form €3 e~ etc.
Similarly, the feedback of the superconducting order on ¢ gives rise to the generation
of the even harmonics, i.e. ®, gives rise to terms proportional to e*? and e=2?. It
is also possible to have a solution with only the even harmonics of ¢, in which case,

the vortex is absent. These two solutions do not mix with each other and therefore

we shall focus on the solution in the presence of the vortex.
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In light of this, we expand the order parameters as

U(p,0) =D Wa(p)e @ 4(p,0) = @u(p)e®’,  n € integers  (2.12)

In terms of the expansions in Eqn. 2.12, the free energy density can be written as,

1 [/0%,\* (©n+1)202] ¥ 1
F, = /d@]-"zzz—pK ap) + }—7+12%@an@p@q

2
P n,p,q
+ (7)2{1(2(%”)1(%)2@2 <I>2>+1Z¢<I> cp@]
v/ 12\ 4=\ 9p p2 " 4n7p7q"”+p‘qpq
A a\I[m \Ijm a\I]m-i- +1 \I/m-i- +1
+ = ¢[<——2m+1—)(—p+ 2m+p+1)+1)—/F=
Q%p op ( )p p (2( )+1) ;
a\I]m ‘I}m ) (a‘ljerpl \Ijm+p71 ) }
+ ([ =2+ @2m+ 1)) B 2(m4p— 1)+ 1)
(5 + @m ) Pzt o )+
2
gl
> 28 A (2.13)
¥ npq

and we are interested in minimizing [ pdpF,. We shall minimize the above free energy
for a given system size and for only a fixed number of harmonics at a time. We have
kept n harmonics for ¢ and ¢, where for any given n (odd) we take all the harmonics
U_; to U;, i = (n — 1)/2, and similarly for ¢. We have tried n = 3,5 and found no
substantial qualitative change in the results that we shall quote here, indicating that
the results converge even with only 3 harmonics. We consider a system on a disk of
radius p = 100.

Below, we describe the results in regions II and III of the phase diagram, and on
the critical line dividing them (In region I, where there is no nematic order, we get
the regular circularly symmetric vortex). The specific values of 75, which were used

are marked by blue squares in the phase diagram in Fig. 2.1.
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Figure 2.2: Nematic order in phase II. The profiles for the different order parameters
for v = 2.0, = 0.1,y = 1.0, A = 20.0 for a system size of 100 (N = 100, Az = 1). (a)
Harmonics of 9 (solid) and @, (dashed) (b) Contour plot of |¢)|?. The superconducting
coherence length [, is 10, in units of /,.

Region II

In this region, we expect to obtain a solution with a non-zero uniform |[¢| away
from the vortex core and a non-zero ¢ localized near the vortex core, decaying expo-
nentially away from the core (given that v < 7, and v, > 1). The contour plot for |¢|?
is shown in Fig. 2.2. The parameters used here are v, = 2.0,/ = 0.1,y = 1.0, A = 20.0.

As can be seen in the figure, the core has an elliptical shape because of the
interaction with the nematic order which coexists with superconductivity in the core
region. As we go away from the core, the contours of equal || become more and

more isotropic, due to the rapid decay of the nematic order away from the core.

Region III

This region in the phase diagram corresponds to the case where there is a uniform
nematic background coexisting with superconductivity, even away from the vortex

core. In this regime, as we move away from the core, ¢ goes to a constant and
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Figure 2.3: Nematic order in phase III. The profiles for the different order parameters
for 75 = 0.5,1 = 0.5,7 = 0.4, A\ = 0.5 for a system size of 100 (N = 100, Az = 1). (a)
Harmonics of 9 (solid) and @, (dashed) (b) Contour plot of |¢)|?. The superconducting
coherence length is 2, in units of .

remains anisotropic. In Fig. 2.3, the harmonics ¥; and W_; are almost constant for
large p. Moreover, U; = —W_; for large p. The contour plot of |¢|? reveals a large
anisotropic “halo” around the core, with a non-elliptical shape.

Far away from the core, where ¢ is constant, the Landau-Ginzburg equations can
be solved analytically, showing that the anisotropy in |¢|> decays as a power law in

this case. We discuss this solution in the next section.

Critical case

Finally, we discuss the critical line separating regions II and III in Fig. 2.1, in
which the ¢ field is critical far away from the core. Naively, one would expect ¢ to go as
1/p asymptotically in this regime. However, depending on the details of the solution
at small p, there may be an intermediate regime in which ¢ ~ In p, eventually crossing
over to 1/p at a larger distance. This feature is discussed in more detail in the next

section. Fig. 2.4a shows 1) and ¢ in the critical regime, with v, = 1.0, = 3.0,7 = 0.9

69



Chapter 2: Nematic order in the vicinity of a superconducting vortex

0.6 I

0.4 J—

0.2

o?
—

10 20 30 40 50
P X

Figure 2.4: Nematic order at the critical point between phase III and phase I. The
profiles for the different order parameters for v, = 1.0,1 = 3.0,7 = 0.9, A = 0.07 for a
system size of 100 (N = 100, Az = 1). (a) Harmonics of ¥ (solid) and ®, (dashed)
(b) Contour plot of |¢)|>. The superconducting coherence length is 1/3, in units of .

and A = 0.07. Indeed, we observe that ¢ decays slowly away from the core. W,
also have long tails. The contour plot for |)|? shares features that are similar to
the behavior in region III, namely a long-range, non-elliptical anisotropic halo. It is
shown in Fig. 2.4b.

In the next section, we analyze the asymptotic behavior of the solution in the criti-
cal case, showing that the anisotropic component of |¢|? falls off as ~ (A 1n p/p?) cos(20)

at intermediate p, crossing over to ~ (A/p?) cos(20) at sufficiently large p.

2.3.3 Analytical Treatment

In this section, we propose various analytical arguments to explain the different
features that were observed above by carrying out the minimization numerically. We
first discuss the solution for the nematic order in the presence of superconductivity.
Then, we analyze region III of the phase diagram (Fig. 2.1). Finally, we study the

linearized GL equations in order to explain some of the other interesting features that
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were observed earlier.

Phases of the nematic order

Here we will briefly review the solution for ¢, and supplement it with some further

details. The LG-equation for ¢(p), assuming that A = 0, is given by,

- V2 Ll + o =0 214

We shall now be interested in solving the linearized version of the above equation,
which is justified for v, > 1. For p < [, this becomes equivalent to solving the
problem

[ — V2 =1+~ (Clp) 2} ¢ =0. (2.15)
This is identical to solving the Schrodinger equation for the 2D quantum harmonic

oscillator. We know that ¢’(p = 0) = 0. The solution for this equation is given by

2 272
ez La(V/sCPEp?) 1 =24/, 516
=e , 4= ———— :

where L, (z) are the Laguerre polynomials. The profiles of ¢(p) for a few different
values of v,C?I? are shown in Fig.2.5.

At this point, we can also describe how we obtained the equation for the phase
boundary between regions I and II in the phase diagram (Fig. 2.1). In this case, ¢ is
non-zero only very close to the center of the core. We can therefore expand 1/ around

p = 0 and keep only the leading order term (Eq. 2.9). Eqn.2.15 can be re-written as,

V2 A, CR2 1
—Tp—f"yT 2 ¢:(§+€)¢. (2.17)

Non-trivial solutions exist for ¢ < 0. The above equation is the Schrédinger equation

for a quantum harmonic oscillator in two dimensions with m = 1,w? = ~,(C1)%. Then
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Figure 2.5: The profiles of ¢ as a function of p for different values of v,C?I? over a
distance of one correlation length of ¢, l4.

the smallest eigenvalue which corresponds to the zero point energy of the oscillator

leads to the following equation for the curve

(2.18)

in the limit of small .

On the other hand, for p > [, we have to solve

-Vt (1 ) o= 219

from which we see that ¢(p) ~ p~ /2 exp(—+/7s — 1p) . However, there is a fine-tuned

point at v, = 1, at which the field ¢ is critical far away from the vortex core. The

full equation for ¢ becomes

~V; - +¢%|¢ =0, (2.20)

1
(nl)?
o(p) = V1+12/(lp). Note that the 1/p solution can be obtained only for specific

boundary conditions. For generic boundary conditions, with ¢ — 0 as p — oo,
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the solution is nevertheless asymptotic to /14 12/(lp) at large p. If (1) < 1,
for instance, then ¢(p) ~ Aln(py/p) at intermediate values of p, where A and p
are constants. ¢(p) crosses over to ¢(p) ~ 1/p at radii of the order of p* ~ 1/A (see
Appendix A.3). This behavior reflects itself in the asymptotic decay of the anisotropy

of the field ¢ away from the vortex core, as we saw in Sec. 2.3.2.

Coexistence of superconductivity and nematic order

In this subsection, we are interested in analyzing region III of the phase diagram,
in which superconductivity and nematicity coexist even far away from the core. Let us
assume, for simplicity, that far away from the core ¢ can be replaced by a constant.
The effect of a constant ¢ is to render the effective masses in the two directions

different. Therefore, if we re-scale the coordinates as

, (2.21)

where o = 2\¢l2, then this problem now becomes identical to the isotropic problem
we had solved in the beginning of section 2.2. The solution for ¥, can then be written

in terms of the new coordinates as,

Uy = fgjl> (=" +iy'),
1 242

Note that due to the presence of the background nematic order, ¥ does not tend to 1

asymptotically. We now go back to our original coordinate system z,y by expanding
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the above result to linear order in a. Then we get,

1 o ac 1 _ . Qc 3 3i0
ﬂ’iC(“W)G ‘z(”m)e *z(“m)@ (2:23)

In the above expression, the first bracket corresponds to Wy, the second bracket
corresponds to W_; while the last one represents ;. It is interesting to observe that
asymptotically, ¥; and —W_; approach the same constant value. We observe this
feature in Fig.(2.3a). However, the harmonics do not recover to their asymptotic
value as a power law, which is a result of the boundary conditions that were imposed
while minimizing the free energy in the disk geometry (see Appendix A.2).

From Eqn. 2.23, we can evaluate the form of [¢)|* and find that,

[Y)? = ¢ (1 ! ) - a2 cos(20) + O(a?) (2.24)

{2c2p2 12y

Therefore, asymptotically, |1|? is isotropic and the anisotropy decays as ~ « cos(260) /r?.

Linearized GL analysis

In this section, we shall carry out an analysis of the linearized LG equations,
to give an analytical explanation for some of the features that we have observed
by carrying out the full minimization. For the sake of simplicity, let us ignore the
feedback on ¢ resulting in the generation of the higher harmonics and assume that ¢

is isotropic (i.e. ¢(p,0) = ¢(p)). Then, the linearized LG equations for the harmonics
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of ¢ can be written as,

p(o+ 2= e )+ (1= 20 ) 0() - 2000 Bale) — B Y0

(471;—2_1)) U, _1(p) +

( 9,
(82 + (4n + 5)% ; Entdnt 1)>\I’n+1(p)}

+30,6(p) Ka,, - 2”,0_ 1>\Ifn1(p) 4 (ap + QP”: 3>‘Ifn+1(p)1 (2.25)

There are some features of the problem that cannot be deduced from a study of the
linearized version of the problem, which include the overall scale and sign of ¢ and
the signs of the different harmonics of .

In the limit of p < [71, i.e. inside the vortex core, at leading order W, (p) ~ p?,
where a = |2n+1|. This is a necessary condition for the harmonics to be well behaved
in the limit of p — 0.

On the other hand, in the limit of p > [7!, i.e deep inside the superconducting
region, the homogenous solution for the above equation gives exponentially damped
solutions for all the W,, i.e. the anisotropy is short ranged. Moreover, the source
term, which is proportional to A¢ and is itself exponentially damped (Region II), is
also not strong enough to give rise to any long ranged solution.

However, when ¢ is critical (i.e. 75 = 1), the source term leads to the presence of
long tails in the harmonics. In the regime where ¢ falls off logarithmically while ¥
is a constant, at leading order W, just follow ¢, i.e. they also fall off logarithmically
(with prefactors of equal magnitude but opposite sign) and have a correction of the
form Inp/p?. On the other hand, when ¢ crosses over to the power law form, at

leading order W, also fall off as 1/p with a correction of order 1/p3.
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2.4 Discussion

We have studied the interplay between nematic order and superconductivity in
the presence of a vortex. If the nematic order coexists with superconductivity in
the vicinity of a vortex core, the coupling between the two order parameters leads
to an elongated shape of the core. We discuss two distinct scenarios: in one the
nematic order coexists with superconductivity everywhere (i.e., even far away from the
vortex core), whereas in the other the competition between the two order parameter
suppresses the nematic order in the bulk, and nematicity only exists close to the core
where the superconducting order parameter is diminished. Both scenarios lead to an
anisotropic core. However, we show that they can, in principle, be distinguished by
the way the anisotropy of the superconducting gap decays away from the core. If
the nematicity exists only near the core, the anisotropy in the superconducting gap
decays exponentially; if it exists throughout the sample, we expect the gap anisotropy
to decay as 1/r?, where r is the distance from the core. Moreover, there are qualitative
differences in the shape of the core in the two cases. In the former case, in which
only the core region is nematic, the contours of equal gap tend to be more or less
elliptical. In the latter case, the contours of equal gap tend to develop non-elliptical
shapes with a four-petal pattern. Therefore, analyzing the gap profiles measured by
STM around a vortex could reveal the nature of the nematic ordering - whether it is
localized at the vortex core, or coexists with superconductivity in the bulk.

So far, we have discussed the structure of an isolated vortex at the mean-field
level. However, if the nematic ordering is favored only within a vortex core, an isolated

vortex cannot have static nematic order, since either thermal or quantum fluctuations
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would destroy such order. Static nematic order is only possible when the density of
vortices is finite. The coupling between the nematic halos of different vortices scales
as Jor ~ exp|—d/(v/T — 7sly)], where d ~ 1/+/B is the inter-vortex distance (B is the
applied magnetic field). The system can be described by an effective two-dimensional
transverse field Ising model with a spin-spin interaction Jo.g and a B-independent
transverse field. (Note that, unlike Ref. [124], we are considering a thin film, rather
than a three-dimensional system.) This model has a nematic transition at a certain
critical B, which should be seen, e.g., by measuring the anisotropy of the vortex cores
as a function of B. If an external rotational symmetry breaking field exists, as is
presumably the case in FeSe due to the small orthorhombic lattice distortion[146],
the electronic nematic transition is smoothed out. However, one still expects a sharp
crossover as a function of magnetic field if the orthorhombic distortion is sufficiently
weak.

The microscopic origin of the anisotropic vortex cores observed in FeSe[224] re-
mains to be understood. It is likely that it originates from electronic nematicity
rather than from the lattice distortion, since the experimentally reported orthorhom-
bic distortion seems too small to produce such a large effect. The electronic nematic
order could have an orbital character[223, 128, 41, 255]. Alternatively, it could arise
from a field-induced magnetic ordering[129] ! at a wavevector (7,0) or (0,7) in the
one iron unit cell, which is necessarily accompanied by a nematic component (similar
to the ordering in the iron arsenides). Although static ordering of this type has not

been observed in the iron selenides[147], it remains to be seen if they develop a static

!Similar to the magnetic field induced antiferromagnetic order seen in certain cuprate
superconductors.
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ordering in the presence of an applied magnetic field. Neutron scattering experi-
ments revealed a magnetic resonance at this wavevector in the superconducting state
of FeTeSe[185, 160]. Moreover, ordering at such wavevectors nearly nests the electron
and hole pockets, and therefore it is expected to couple strongly to superconductivity,

explaining why the resulting anisotropy of the vortex cores is so large.
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Chapter 3

Quantum Phase Transitions

beneath the superconducting dome

“Once you eliminate the impossible, whatever remains, no matter how improbable,

must be the truth.” - Sir Arthur Conan Doyle

3.1 Introduction

An important focus of the study of the high temperature superconductors has
been the quantum criticality of the onset of spin density wave (SDW) order within
the superconducting phase. There is clear evidence across many different families of
compounds that SC appears in close proximity to an AFM phase (see fig. 1.5 and ref.
[200]); these families include the iron-pnictides, the electron-doped cuprates and the
heavy-fermion superconductors. Moreover, the optimal transition temperature (7.) of

the SC is often situated where the normal state AFM quantum critical point (QCP)
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would have been located, in the absence of superconductivity. The experimental
detection of the QCP is often challenging in the normal state, and more so in the
superconducting state.

A number of neutron scattering experiments have observed critical spin fluctua-
tions in hole-doped LSCO [118, 6, 120, 40] and YBCO [95], and in electron-doped
NCCO [164]. The phase diagrams of the iron-based superconductors show a clear
overlap between the SDW and superconducting phases [57].

As reviewed in section 1.2.2, a number of measurements (fig.1.8a) were reported
in a member of the pnictide family, BaFey(As;_,P,)q, as a function of the isovalent
P-doping, x. The experiments show a phase transition involving onset of spin-density
wave (SDW) order in the normal state above T, which extrapolates to a T' = 0
SDW QCP (see [218] and references therein). These experiments include: (i) a sharp
enhancement in the effective mass, m*, upon approaching a critical doping from the
overdoped side, as obtained from de Haas-van Alphen oscillations [220] and from the
jump in the specific-heat at T, [242] , and, (i¢) a vanishing Curie-Weiss temperature
(Bcw ), extracted from the 1/77T measurements using NMR.

A number of puzzling results have appeared from experiments investigating whether
the SDW QCP actually survives “under the SC dome.” A novel feature of these ob-
servations is that the influence of the magnetic critical point appears to have been
observed in a property of the superconducting phase, the London penetration depth.
As discussed in section 1.2.2, the penetration depth has a sharp peak around x = z,
(fig.1.8b). Such an observation supports the proposal that the ‘same’ electrons are

involved in both the SDW order and superconductivity, and that these two orders are
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strongly coupled [195].

This chapter is organized into two parts. In the first part in section 3.2, we
provide a general theory of the singularity in the superfluid stiffness and the London
penetration depth near a wide class of symmetry-breaking or topological transitions
within superconductors in two spatial dimensions. A careful analysis will demonstrate
that the singularities associated with the critical fluctuations of an order parameter
in a clean system are unable to account for the experimental observations. This will
lead us to the second part in section 3.3, where we propose a possible mechanism for

the strong suppression of the superfluid density in the vicinity of the putative QCP.

3.2 Singularity of the penetration depth at quan-
tum critical points

We shall begin in section 3.2.1 by describing the field-theory for the transitions of
interest in the presence of an external probe gauge-field. For the benefit of the reader,
our results for the singular structure of the penetration depth, which is related to the
superfluid stiffness, are summarized in Fig. 3.1 for 3 cases labelled A, B, C; they will
be derived in section 3.2.2. Case A (B) refers to the onset of SDW (nematic) order,
leading to a transition from SC to SC+SDW (SC+nematic SC). Case C corresponds

to a more exotic deconfinement transition to a fractionalized SC phase.
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Figure 3.1: Main results for the singular behavior of the London penetration depth,
Az in (A) onset of spin density wave order leading to transition from SC to SDW+SC,
(B) onset of nematic order, and (C) a deconfinement transition to a fractionalized
SC* phase. These transitions are tuned by a generic zero temperature parameter g,
and the quantum critical point is at ¢ = g.. The coupling Cs in Eq. (3.2) has values
which are (A) negative, (B) positive (or negative, depending on the underlying details
of the band-structure), (C) positive. All the prefactors a;_; are positive, and some
of their ratios are universal: ay/a3 = 1.52 and a4/as = ag/a7 = 0.52. The correlation
length exponents are 1y = 0.631 and 3 = 0.710. For case A, we have included a
non-singular term —a; (g — g.) because it is larger than the singular terms; cases B,C
can also have such non-singular terms, but here they are subdominant to the singular

terms.
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3.2.1 Model

All three cases, labelled A, B, C are described by the familiar ¢* field theory of a

N-component field ¢ with imaginary time (7) action:

1
Sap = 5 /d2gjd7‘ [(87@)2 + CQ(V“O)Q + (g . 92)902 + g(@Q)Z : (3.1)

where c is a velocity of the collective mode excitations of the ordered phase, ¢° is the
bare critical point, and u is a strongly-relevant self-interaction between ¢ fluctuations.
The transition is taking place within the superconducting phase, but we can ignore the
fluctuations of the phase of the superconducting order because these are suppressed
by the long-range Coulomb interactions.

As written, the theory S, has no direct coupling to the external magnetic field
for cases A and B !, and so cannot influence the superfluid stiffness and the London
penetration depth. In these two cases, the vector potential A of the external field
couples to the underlying electrons, as does the order parameter ¢. We will describe
below the theory of the electrons coupled to both ¢ and A, and obtain an effective
Lagrangian by integrating out the electronic degrees of freedom. While performing
this integration we assume that wavevectors, q, of ¢ obey ¢&;. < 1 where &;. is the
coherence length of the superconductor. At the same time, ¢ is of order the correlation
length, £, of fluctuations of the bosonic mode ¢; consequently, the validity of our
theory is limited to the critical region where & > &,.. With ¢é,. < 1, we can safely
evaluate all gapped fermion loops at ¢ = 0, and this leads to a simple and local

effective Lagrangian after the fermions have been accounted for. Moreover, in case C

1Since the order parameters characterizing the broken symmetry are gauge neutral under the
external vector potential.
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the external magnetic field couples to the “dual” Ising field ¢ directly so that in all

the three cases, one ends up with,
LeglA, o] = C1A% + CrA%?, (3.2)

where (' 5 are constants to be evaluated in section 3.2.2 below.

Case A & B: SDW and Nematic criticality

We now describe the microscopic model and low-energy field theory for the com-
putation of Cs for case A & B with SDW and nematic order respectively. We consider
models appropriate for the cuprates and pnictides, and also the model in Ref. [30], of

electrons ¢; 4, on sites ¢ with orbital index a and spin index « in a SC state described

by
H=-— Z tabﬁjcj’mcj,ba + Z Aick,aTC—k,ai + H.c. (33)
i k,a
ab

where t4,;; are the hopping matrix elements, and Ay, is the pairing amplitude. These
electrons are coupled to the 3-component SDW order parameter ¢, via a Yukawa-

coupling

Hsdw =w Z @m(z) C;-r’aaO'Z%Ci,bB eiK.ri (34)
[

where ¢™ are the Pauli matrices and K is the SDW ordering wavevector. We choose
the superconducting pairing function Af, so that points on the Fermi surface connected
by K always have pairing amplitudes with opposite sign: this is the type of spin-
singlet superconductivity found in both the cuprates and the pnictides. Finally, we

introduce an external magnetic field by a vector potential A in the gauge V- A =0
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via a Peierls substitution in the hopping matrix elements ¢;;. Then conventional
many-body perturbation theory in the coupling w leads to the Feynman diagrams in
Fig 3.2, generating terms ~ CoA2p?. It is worth noting that a three-point coupling,
~ C3A | p? where A, is the transverse component of A, is also generated upon
integrating out the fermions, but C'5 = 0 within the critical region & > &,..

A similar analysis applies to the nematic ordering transition in case B. The order
parameter ¢ has only one component, and its coupling to the electrons in the pairing
channel is

Hpematic = W Z CkatC—k,a, + H.cC. (3.5)
k,a

In order to proceed with the diagrammatic perturbation theory, it is more con-
venient to re-write the bands as cx1 — ¥ 1 and cx2 — Yrik 2 [30]. We have there-
fore shifted the 15 fermions by K, the ordering wave-vector; expressing the Yukawa
term in terms of ;2 is more convenient. The action on a lattice with sites ¢,
for the SDW problem (N = 3 component order parameter, ) is then given by,

S = foﬁ dr(Lp + L, + Lp,), where

£F = Z ¢z aq |: ) ij ta,ijeiEAij.(ri_rj):| 7vbj,aom (36)

c, - _202(6“‘%) - +z(g Lo t), 0

(.3
Lry = wY ¥l (0asi)thizg +hoc (3.8)
In the above action, y is the chemical potential, ¢, ;; represent the hopping parameters,
w is an O(1) Yukawa coupling, o are the Pauli matrices acting in spin-space and

(9 —g°), up are the bare mass and non-linear self-coupling of the ¢ field, respectively.
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As before, a(= 1,2) represents the orbital label and «, 8 represent the spin labels.
We have introduced an external gauge field, A;; = > qAa e (ri+73)/2 defined at the
center of each bond i, j. We only need terms up to O(A?) in order to compute pg.

Upon expanding Lp (in the normal state) in powers of A;; till second order, we
obtain,

EF - Z ['ZCU - ga(k)]wl,aawkvaa

k,a,«

+ Z Vq (k7 q)Aq wl];—i—q,aawk:aa
k,q

T Z K‘Zl(q’ ql’ k)AilAfllel+q'+k,aa¢k7aa + h'C'7 (39)

a9’ .k
a,o,l

where ,(k) = e4(k) — pand g4(k) = =3, ; tas;€™7T5) are the dispersions of the
orbitals. The paramagnetic current density is given by v,(k, q) = eV, (k+q/2) and
Ki(q,q, k) = €*0; £a(k + q/2 4 o' /2) /2 is the kinetic-energy density along direction
i.

We shall work in the superconducting state and introduce pairing gaps A, on the
different orbitals by hand, instead of solving for the gaps self-consistently. There is
reason to believe that there are accidental (loop-like) nodes on the electron-pockets
in the s* state in this particular material (see refs. [86, 219, 261, 159]). However
the nodal excitations don’t quantitatively affect our conclusions provided they don’t
coincide with the hot-spots and couple to the low energy order parameter modes.

In order to carry out a diagramatic analysis, we work with the Nambu (i.e. normal

and anomalous) Green’s functions, which can be written in the following 2 x 2 matrix

86



Chapter 3: Quantum Phase Transitions beneath the superconducting dome

notation,
. G%(p, iw, —F2(p, iw,
Go(p,iw,) = ( ) ( ) , where
_‘Fc?(pv an) _gg(_p7 _iwn)
. n a . A(l
G, i) = —n P&l g Fp i) = (3.10)

wy + EZ(p)’ w2+ EXp)
In the above, F,(p) = /&(p) + A2, A} = A, Ay = —A (for the sy state) and
G°, FY are the normal and anomalous Green’s functions. For the special case of the
problem with only one-band, see appendix B.

The superfluid density, ps, can be inferred from the current-current correlation

function by taking the limits of the external frequency and momentum to zero in the

correct order [193, 200]. When we take A = (A”,0), then the superfluid density is

given by,
Ps -
o ICmc(Qx =0, Qy — 0,iw, = 0)7 (311>
?InZ
Koo(q,0) = = (3.12)

SAZSA” (Ao

where Z = [Dyp e~Sef is the partition function of the theory corresponding to
Leg(A, ) in Eqn.3.2. Let us analyze case (A) first, since case (B) proceeds in an
almost identical fashion. Upon integrating out the fermions and retaining terms up
to second order in A, one generates couplings between the vector potential and the
SDW field.

The bare BCS contribution, pgcs is given by C} and can be computed in a standard
fashion. The leading singular contribution to the superfluid density at the QCP comes
from the other terms above (see fig. 3.2). The term corresponding to C3A | p? consists

of a “triangle” graph, but with the paramagnetic current vertex. When the external
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Figure 3.2: The four-point coupling (crossed circle) between A and ¢ after integrating
out the Fermions. The wavy and the dashed lines represent the gauge field and the
@ fields respectively. The solid lines represent Fermions having a Nambu structure,
with a # b for case (A), while a = b for case (B).

momentum of the gauge field is zero, these diagrams only depend on the momentum of
the SDW fluctuation. However, the fermions are all gapped with a typical energy scale
A that is much larger than the SDW energy scale in the vicinity of the QCP. When
the SDW mode goes soft at the critical point, it can’t exchange energy /momentum
with the massive fermions, which leads the two degrees of freedom to decouple. The
couplings then reduce to contact interaction, independent of the momentum (and is
only determined by the details of the band-structure, gap magnitudes etc.) Therefore,
the two sets of diagrams reduce to three- and four-point momentum independent
couplings between A and ¢.

Now the generality of framework can be employed. For the nematic problem, ¢
corresponds to an N =1 (Ising) field. When evaluating pg for the nematic problem,
we can compute Cy, the 4—point coupling between A and ¢, from the same diagrams
as in fig.3.2, with a few additional differences; one of these includes the fact that the
internal b fermion lines are the same as a (there’s an overall sum over the different

orbitals).
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Case C: Deconfinement transition

Turning to case C, we consider the computation of Cy for the case of the SC*-SC
topological transition, where a rather different treatment is required. We consider
models appropriate for heavy-fermion materials consisting of itinerant conduction
electrons and localized spins. Let us start by considering a Kondo-lattice model
of conduction electrons (c) interacting with localized spins (S), described by the

following Hamiltonian,

H = HC+HK—|—HH, where (313)

H, = Z(—tijeieAij.(ri—rj) — ,U)Czacja + Z( IC(CLTC]:k¢ + h.C.)
(ig) k

JK i
? )

H. represents the Hamiltonian of the dispersing conduction electrons that exhibit
a superconducting instability with pairing amplitude A€ at low temperatures. Hyg
represents the Kondo coupling between the conduction electrons and the localized
spins. We have included an explicit interaction between the localized spins, Hpy,
which includes effects due to Heisenberg super-exchange and RKKY interactions.
A,;; represents the physical external gauge field.

We shall use the fermionic spinon representation of the localized spins, S; =
f;aaag fig/2. Let us now reformulate the above Hamiltonian in terms of a functional

integral for the ¢ and f fermions and a slave boson ® ~ {(c'f). By decoupling Hy
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and Hpy above in terms of Hubbard-Stratanovich fields, we get

Hi = Y (®cl fio + iflicia) +19:]*/ Tk, (3.15)

(2

Hy = > (Ixile™ ) £l i+ hee) + [xi[*/ Ju
(i5)

+ > (ALAL S +he) + AL/ Ju, (3.16)
k

where a;; is an emergent gauge-field, |x;;| is the hopping amplitude for the spinons
and we also consider the spinons to be paired with amplitude A’. The complete
Hamiltonian of the system is now given by, H = H. + Hj + Hpy + 3 _; )\j(f;afja —1),
where )\; is a Lagrange multiplier that restricts the number density of the localized
electrons to ny = 1 on average. ®; is a complex field, which carries gauge charge
(—1a,1,) and whose condensation leads to confinement. The condensation of (cc)
and (f f) break the U(1)a and U(1), to Zoa and Za, respectively. The operator ®? is
neutral under both Z, gauge fields. However, once ® condenses the gauge invariance
Ziy A X Ly, is broken to its diagonal Zs(4—q). We can now write the following low-energy
theory in terms of the gauge-fields A, ,a, (transverse components of A, a) and the
scalar field ® after having integrated out the fermions (both species of fermions remain

gapped on either side of the transition),

Seg = So[A,a]+ S[®, A], (3.17)
AL TI°A g
So[AL,ai] = /dzxdT( e = 5 aL) (3.18)
- 1 ~ 2 Uetr
_ 2 - . e
S[@,A] = /dxd7(2‘<8 zA)cb + ) (3.19)
Ug = b®* 4 b1(DN)? 4 0,070 + ¢, 0 + ¢ (D1)?
4+ c(PTD) 4 BT D[c3D? + ci(P1)?), (3.20)

90



Chapter 3: Quantum Phase Transitions beneath the superconducting dome

where 1%/ denote the bare BCS contribution to the mass for A, a due to the ¢, f
Fermions and A = A, — a,. By making a particular choice of gauge, we can set b;

to be real (by and ¢, are also real). Expressing ® as g + ip, with g, ¢ as real fields,

the most general form of Sy, p, A] is given by,

Siono Al = [ dadr(5|@07 + @] + tia

~ 1~
+ A0 - pud) + SR ), G2

2, 91 4 92 4
800+4900+490

T o T2
Ug = =@+ 2
ff 2<,D+2

g3
+ P00+ a5 + Gspoe”, (3.22)

where 71 = 2(by — 2by), r2 = 2(by + 2b1) and all the g;’s are real. We can access the
QCP by tuning r; to zero, where the ¢ mode goes gapless while the ¢y mode remains
gapped. We can therefore safely integrate g out, which leads to a critical theory
that is governed by S, with N = 1, albeit with renormalized coupling constants. The

coupling between ¢ and the gauge-fields is given by,
1
Slp, A al =S, + /d2SEdT§(AL —ay ). (3.23)

As we tune across the QCP, there will be a smooth background superfluid density
governed by the variation of II1f. However, in this study, we are interested in the
singular corrections that arise from the critical fluctuations of ¢ and are dictated by

the form of (©?).
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3.2.2 Results
Case A & B: SDW and Nematic criticality

Let us now look at the diagrams in Fig.3.2—these diagrams effectively give rise to
a 4-point coupling between the gauge field and the SDW /nematic order parameter.

At zero external momentum and frequency, Cs for case A is given by

Cy = w[ly + Iy + I7], where (3.24)

Iy = > v(p)i(p)Tr[Ga(p, ipn)Ga(p. ipn) Gy(p, ipa) Go(p, ipn)], (3.25)
P,iPn,a7#b

Iy = 2 > [WEP)PTY[Ga(p, ipn)Ga(p, ipn)Go(p, ipn) Ga(p, ipn)],  (3.26)
P,ipn,a#b

Ir = 2 ) KIp)Tr[Ga(p, ipa)Gy(p, ipn)Gulp, ipa)7). (3.27)
P,ipn,a#b

“Tr” stands for trace over the Nambu indices. Upon integrating out the fermions,
we also generate a three-point coupling between A and ¢. Two of these diagrams
combine to give an O(A?) term and is referred to as the Aslamazov-Larkin diagram.
The expression for Cj5 is given by,

Cs=w’ Y vi(p)Tr[Gulp,ipn)Go(p, ipn)Galp, ipn)7:). (3.28)

P,ipn,a#b

As mentioned above, it turns out that Cj is identically zero when evaluated at zero
external momentum as it is an odd function of p, and so we can ignore the three-
point coupling between the gauge-fields and ¢. We can compute the traces and carry
out the Matsubara sums analytically, leading to expressions that are a function of
the lattice momenta. Finally we choose a specific band-structure and evaluate the

momentum integrals on a lattice, which gives us a numerical value for Cj.
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Similarly, for case B, the expressions are given by,

Cy = w[ly + Is + I7], where (3.29)

Iy = ) Wip)*Tr(Ga(p, ipn) Ga(p, ipn) F2Ga(p, ipn) Ga(p, ipn) 7], (3.30)
P;ipn,a

Iy = 2 ) [vi(@)PTX[Ca(p, ip) Ga(P:ipn)7eGa(P, ipa) 2 Ca(py ip)], (3:31)
P;ipn,a

Iy = 2Y  KI(p)TX[Ga(p,ipn)72Ga(p, ipn)7:Ga(p, ipn) 7). (3.32)
P;ipn,a

C} for this problem continues to be zero as long as the external momentum /frequency
is zero.

We have evaluated C; numerically for different band-structures that resemble the
pnictide and cuprate Fermi surfaces. As discussed below, we find that Cy < 0 for
the SDW problem in all the cases that we have considered here. Note that for the
nematic problem, the sign of Cy depends on the underlying microscopic details of the

band-structure.

Case C: Deconfinement transition

For case C, it is now a simple matter to integrate a out from Sp[A, a] + S|y, A, a]

in Eqns.3.20, 3.23, which yields the action in Eq. (3.2) with

e I/
— —  and - >0 .
Cr = and, Cy IR (3.33)

In the limit of large I/ and sufficiently close to the critical point, Cy ~ 1/2.
Penetration depth across the QCP
Returning now to Eqn.3.2, we obtain the superfluid stiffness as

h2c?

Tz = Ot a9, (3.34)
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where our notation indicates that the expectation value of ©? is to be computed in the
field theory S,,. So our final results depend upon two distinct computations. The first
is the computation of Cy: we have shown how its magnitude and sign depend upon
the structure of the underlying fermionic excitations. The second is the computation
of (¢?) for which numerous precise results are readily available [262]. Specifically
we have (©?) ~ Ai|lg — g.)* 7' + ... as g — g. — £0, where v is the exponent of
the correlation length £ ~ |g — g.|™", the ratio A, /A_ is universal, and the ellipses
indicate non-universal terms analytic in g — g.. Crucial constraints on the signs of the
various coefficients arise from the fact that —d(y?)/0g is proportional to the “specific
heat”, Cy, of the classical statistical system described by the Euclidean field theory
Sy, and so must be positive (note that Cy is unrelated to the specific heat of the
quantum model we are studying). If v > 2/3, Cy has only a cusp-like singularity at
g = ¢., and we assume for this case that Cy is a local maximum at g = g.. After
assembling these constraints with the values of C5 computed for a specific choice of
the Fermi-surface, it is a simple matter to obtain the results in Fig. 3.1 .

For the sake of completeness, we also present a specific example of a Fermi-surface,
with the corresponding numerically evaluated 0 Ay, in Figs. 3.3 and 3.4. In the numer-
ical computations, (¢?) has been computed at the Gaussian level on the disordered
side of the critical point. We also note that our present methods, which focus only on
the longest wavelength fluctuations of ¢, cannot accurately account for the analytic
dependence of A\; on g — g. contained in the a; term in Fig. 3.1A; Ref [137] accounts
for the short wavelength fluctuations of ¢ more completely, and so their methods give

a better estimate of a;, and of the enhancement of A\, upon approaching the critical
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Figure 3.3: (a) A two-orbital band structure of the form e,(k) = —2¢; cos(k,) —

2ty cos(ky) — p, e2(k) = 2ty cos(ky) — 2t cos(ky) — p, with ¢ =t = 0.22, pp = —0.5,
w =10, Ay = —=Ay = 1.0, ¢ = 1. (b) The singular correction to dA;/Apcs as a
function of g > g, for the SDW quantum critical point. Inset: d\;/Apcs for g > g.
for the nematic quantum critical point.
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Figure 3.4: (a) Fermi surface for the one-band model, (k) = —2¢t;(cos(k,) +
cos(ky)) — 4ty cos(k,) cos(k,) — 2ts(cos(2k,) + cos(2k,)) — p, with parameters t; =
1.0,t = —0.32,t3 = 0.128, 4 = —1.11856. The gap function is taken to be

A(k) = Ag(cos(k;) — cos(ky)) with Ag = 1.0. Other parameters are w = 1.5,¢ = 1.0.
(b) AL /ABcs is shown for g > g, for the Q = (7, 7) SDW QCP.

point from the SC.
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3.2.3 Discussion

Case A, the SDW transition, is the one best studied in experiments so far [85].
The critical theory is described by the fluctuations of a bosonic SDW order parameter
@ with NV = 3 real components, with an effective Lagrangian which has a relativistic
form [180]; the coupling to the fermionic quasiparticle excitations of the superconduc-
tor only serves to renormalize the parameters of the Lagrangian. These features allow
us to use the powerful critical phenomena technology [262] to make definitive state-
ments on the singularity in the London penetration depth. We find that the London
penetration depth A\j increases as we approach the quantum critical point from the
SC phase. This is in agreement with the observations [85], and an independent recent
computation ? which focused on quasiparticle renormalization effects within the SC
phase [137].

The experiments [85] on the other hand have observe a sharp peak-like maximum
in A\, around the putative SDW QCP, and this is not present in our critical theory
for the transition within the superconducting phase. One possible resolution is that
the observed maximum does not appear at the quantum critical point, as has been
previously suggested [85, 137, 171], and may appear within the SDW+SC phase.
Within this scenario, explaining the maximum will require consideration of other
physical properties of the SDW+SC phase and may involve physics at scales £ ~ &,
or smaller. In this regime, there are renormalizations of the spectrum and lifetime

of the fermionic excitations, such as those that are crucial for the onset of the SDW

2Qur results for §A1, agree with the results of Ref. [137] on the disordered side of the SDW QCP
in case (A). However, they show a maximum in A at the QCP in Fig. (1) of their paper: this was an
assumption not supported by any computations on the ordered side. We show here that the actual
situation is as in our Fig 1A.
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order in a metal [2, 1, 154, 82]. Therefore, it is necessary to evaluate diagrams
like those in Fig. 3.2 while including Fermi surface reconstruction and fermion self
energy corrections. However, we shall propose an alternative explanation [43] for the
observed phenomenon in the next section.

Case B applies to the Ising-nematic transition, that is also observed in BaFes(As;_,P,)s
[111]. This transition has a bosonic order parameter ¢ with N = 1 real component,
and the effective theory is otherwise the same as that for the SDW case. However,
fermionic quasiparticles which are gapless lead to a distinct critical theory [121], and
so our present results apply to the nematic transition only if nodal quasiparticles
are absent. There isn’t enough evidence yet from the experiments on the pnictides
whether the penetration depth has any non-analytic features in the vicinity of the
nematic critical point. However, nematic phases are ubiquitous in these systems and
hence more careful experiments in the near future are likely to reveal interesting
features close to such quantum critical points.

Finally, case C is a more exotic topological transition between a ‘fractionalized’
superconductor [213, 215, 50, 19] (often labeled SC* [211]) ® and a conventional super-
conductor (SC). Roughly speaking, in a SC* state some of the electrons have localized
into a spin liquid (we consider the case of a Zs spin liquid [188, 244]), while the remain-
ing electrons are in a paired BCS state; there can then be a confinement transition
to a SC state which has all the electrons in the BCS state. Ultimately, the critical
theory is the same as that considered above for the Ising-nematic case, with the im-

portant difference that it is now the SC phase which has (¢) # 0. The heavy fermion

3Refs. [50, 19] also considered the interplay between spin liquids and superconductivity, but did
not discuss a phase with the precise characteristics of SC*.
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compounds with indications of fractionalized metallic states [33, 169, 75, 54| are good
candidates for realizing a SC* superconductor. Moreover, in CeCuy(Si;_,Ge,)s, ex-
periments have found two distinct superconducting domes as a function of pressure
alongwith similar results in Ce(Rh,Ir,Co)Ins as a function of doping [257, 174]. The
nature of one of these SC states remains mysterious and is often attributed to valence
fluctuations. It would be interesting to carry out penetration depth measurements in

these materials and compare with the present study.

3.3 Effect of quenched disorder in the vicinity of

putative quantum critical points

The experimental observation of a sharp peak in A2(0) in BaFey(As; ,P,), at
x = z. was interpreted as evidence for a SDW QCP [137]. However, as discussed in the
previous section, this interpretation is at odds with general theoretical considerations
[47] concerning a QCP associated with the onset of SDW order in the presence of a
superconductor with gapped quasiparticle excitations. Recent computations of the
superfluid density [204] across the SDW QCP in a sign-problem free quantum monte
carlo calculation [30] are also consistent with the theoretical considerations reported
in the previous section.

Here we propose a resolution of the experimental puzzles by postulating a weakly
first-order transition for the onset of SDW order in the presence of SC order (see Fig.
3.5a). Our results are independent of the specific microsopic mechanism responsible

for rendering the transition weakly first-order [70, 247]. It is well known that ‘random
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bond’ disorder has a strong effect on symmetry-breaking first-order transitions [107,
103], and ultimately replaces them with a disorder-induced second order transition
in two dimensional systems. Our main claim is that the inhomogeneities associated
with these highly relevant effects of disorder can resolve the experimental puzzles. A

qualitative summary of the behavior of the penetration depth as a function of the

tuning parameter is shown in Fig. 3.5b.

(a) (b)

Micro-emulsion

2.(0)
A
——Mean-field
——Mean-field + fluctuations
)| ——Trustrated JJ couplings
 SC+SDW | - sC
> X T — + X

Figure 3.5: (a) A cartoon phase-diagram showing the interplay between SDW and
SC phases. The Ty (Néel temperature) and Ts (structural/nematic transition) lines
may survive as continuous transitions inside the SC phase up until the point marked
‘e’ below which they become weakly first-order (shown as black dashed line). The
grey region depicts the regime where the system develops spatial inhomogeneity due
to the presence of disorder. Inset: Emulsion with SC grains (purple) and SDW(+SC)
regions (grey). (b) The behavior of A\;(0) as a function of the tuning parameter, z,
within different scenarios (see text for details).

3.3.1 Insights from optical sum-rules

As a first step toward resolving this discrepancy, it is useful to place measure-
ments of ps in the context of what is known about the normal state conductivity

of the BaFes(As;_,P,)o system, as these quantities are intimately related through a
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sum rule. The low temperature superfluid density of a spatially homogeneous super-

conductor can be estimated from the “missing area” relation,

9 2A/T
Ps ~ %F/o o(z)dz, (3.35)
where I is the elastic scattering rate and z = w/I". In the dirty limit where A/T" < 1,
the above relation yields Homes’ Law [98, 66|, ps ~ 0(0)A, whereas in the clean limit
ps = pn Where p, is the conductivity spectral weight in the normal state. Eqn.
3.35 is particularly useful when the normal state resistivity data can reasonably be
extrapolated to "= 0. By combining dc transport data as a function of x [112] and a
measurement of 2A from optical conductivity [163], Eq. 3.35 provides a lower bound
on \?(0) (with the assumption that A is independent of ). Fig.3.6 shows A2 (0) as a
function of x obtained under this assumption (details of the procedure are presented
in Appendix B). The decrease of superfluid density on the underdoped side reflects
the growth in residual resistivity that begins as x drops below about 0.33.

The values of A\%(0) estimated from Eq. 3.35 form a baseline for comparison
with the experimental results presented in Ref. [85]. On the same graph in Fig.
3.6, we show the experimentally measured \2(0) [85]. The data generally reflect the
trend expected from the variation in the residual resistivity, with the exception of the
sample with z = 0.3, in which the condensate spectral weight is suppressed by about
40% from the Homes’ Law estimate. Given the constraints imposed by the sum rule,
there are two possible sources of this discrepancy: (7) the quasiparticle mass could be
renormalized at this value of x, corresponding to an intrinsic decrease in p,, or, (i)
a considerable fraction of the (unrenormalized) p,, could fail to contribute to the low

temperature superfluid density. The latter possibility is suggested within the scenario
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that we develop here.

0.10 « Homes' Law
0.08 Experiment
£0.06
= 0.04
0.02
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X

Figure 3.6: A comparison between the experimentally obtained values of A% (0) [85]
and those deduced from Homes’ law. The value of 2A is taken to be 150cm™! [163],
independent of x.

3.3.2 Model

We analyze the above experiments by assuming a weakly first-order transition
[70, 247], and argue that the presence of quenched disorder leads to formation of
a micro-emulsion at small scales [107, 103]. The system consists of SC puddles,
where some of the puddles additionally have SDW order (see Fig. 3.5a inset). The
SDW (+SC) regions, which have a locally well-developed antiferromagnetic moment
but no long-range orientational order, act as barriers between the different SC grains.
Upon moving deeper into the ordered side of the transition, the SDW(+SC) regions
start to percolate and crossover to a state with long-range SDW order; this is the
regime with a microscopically coexistent SC+SDW. As a function of decreasing =,

the micro-emulsion is therefore a transitional state (shown as grey region in Fig. 3.5a)

101



Chapter 3: Quantum Phase Transitions beneath the superconducting dome

between a pure SC and a coexistent SC4+SDW. Recent experiments in the vicinity
of optimal doping using neutron-scattering and NMR have found results broadly
consistent with our proposed phase diagram [102]. We note that the granular nature
of superconductivity should have no effect on the bulk 7, in the presence of percolating
SC channels.

When the system is well described in the vicinity of z. by a micro-emulsion as
explained above, the phase fluctuations associated with the SC grains (shown as

purple regions in Fig. 3.5a inset), can be modeled by the following effective theory,

Hy == Juycos(y — 0,), (3.36)
a,b

where J,;, represent the Josephson junction (JJ) couplings between grains ‘a’ and ‘b’
We have ignored the capacitive contributions.

The Josephson current across the junction will be given by I, = J,; sin(6,—6,), and
J., may therefore be interpreted as the lattice version of the local superfluid density,
ps(r), ie. J4(r) = ps(r) vs(r), with J4(r), vs(r) representing the superfluid-current
and velocity respectively. Having a frustrated JJ (also known as a m—junction) with
a negative value of J,, leads to a local suppression in ps. Similar ideas have been
discussed in the past in a variety of contexts (see Refs. [225, 234] for a specific
example), though the mechanism considered here will be different. We shall now
propose an explicit scenario under which a suppression in p, arises in the vicinity
of putative magnetic QCPs, utilizing the SC gap structure in the material under
question.

The basic idea is as follows: suppose that the tunneling of electrons between the

two grains is mediated by the SDW moment in the intervening region [15], and is
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accompanied by a transfer of finite momentum that scatters them from a hole-like
to an electron-like pocket. Because the SC gaps on the two pockets have a relative
phase-difference of 7, the JJ coupling will be frustrated [13].

Let us first focus on a single grain. In order to capture the multi-band nature
of the SCs, we introduce two superconducting order parameters, A; with ¢ = 4+ to
model the s state on the two pockets. Microscopically, these belong to regions in
the grain having different momenta, k|, parallel to the junction. The gaps are related

to the microscopic degrees of freedom [28] via the following relation,

Ai(z) = % Z Vit (Vw191 1), (3.37)
k| €ER;

where QH(HU creates an electron at position z with momentum k| parallel to the junc-
tion and spin o. Vku’kﬂ is the pairing interaction in the Cooper channel and z is the
coordinate perpendicular to the junction with area A. The regions R; are defined as,
Ry = {kj|ko > |k|} and R = {kj|ko < |kyj|}, where kg is an arbitrary momentum
scale chosen such that A, > 0, A_ < 0 (see Fig. 3.7 for an illustration). We'll assume

that such a prescription is valid for each grain, with possibly different values of kq.
Let us then write down a model for the two coupled SC grains with an intervening
proximity coupled SDW that has a well developed moment, n. Our notation is as
follows: we use a = a, b to denote the grain index and ¢+ = £ to denote the band index
within each grain. From now on, we relabel k| as k. We introduce the Nambu spinor,

U = (1% eomth® ) ), Where now 915  creates an electron with momentum k

parallel to the junction and at a position z (label suppressed), which belongs to a
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Figure 3.7: A cartoon of a frustrated m—junction between two superconducting grains
with a SDW(4SC) barrier. The SDW moment imparts a finite momentum transfer
along the direction of the interface while scattering electrons from the electron (hole)
pocket on one grain to the hole (electron) pocket on the other grain.

region of band “¢” within grain “«”. The effective Hamiltonian is given by,
Heff - HA + HT’ (338)
Hpa = Z \IlZ k.o [é?m,kf-z + Dok T° } U o (3.39)
a,ik

Hr =g Z n (\ijkg T oo @ TV 4 o
+ 0 [0 @7 ]\IJHW) +He, (3.40)

where g is the tunneling matrix element, 7% (i = 0, x,vy, z) act in Nambu space and
o' (i = 0,z,y, z) act in spin space.

In the above, Ha corresponds to the bare pairing Hamiltonian written for the
+ bands within each of the two grains. Hrp represents the SDW moment mediated
hopping of electrons from one grain to the other (represented by the a, b superscripts)
and simultaneously scattering from one band to the other (represented by the +
subscripts). Therefore, n imparts a finite momentum (along the interface) to the

electrons when it scatters them from the electron (hole) pocket on one grain to the
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hole (electron) pocket on the other grain (shown as the black arrows in Fig. 3.7).

3.3.3 Results

Using the Ambegaokar-Baratoff relation [13], we can write the Josephson coupling

(at "= 0) between the two grains as,

d€g dég/
AyAy A1
S T8 Sas e

|:€€a r'eb

Jab -

where E7 = &7+ A? and ¢, ¢ represent the band indices on the different grains. Since
A¢Ap < 0, the coupling J,; < 0. Note that the specific nature of the frustrated
tunneling arises from the same spin-fluctuation mediated mechanism that is predom-
inantly responsible for the s*— pairing symmetry [200]. However, there will also be a
direct tunneling term (not included in Eqn. 3.38) in the Hamiltonian, which does not
scatter the electrons from one pocket to the other, as they hop across the junction.
The contribution to the JJ coupling from this term will be unfrustrated (i.e. Ju > 0).

The ratio of the tunneling amplitudes in the two different channels is non-universal
and depends on various microscopic details. In particular, the emulsion is associated
with a distribution of Josephson-couplings, P(J), with a mean coupling strength,
(J) = J. If a substantial fraction of the JJ couplings become negative due to the
mechanism proposed above, J will be small, and the superfluid density will be sup-
pressed (see green curve in Fig.3.5b).

We now propose a resolution as to the fate of the uncondensed spectral weight
(highlighted in Fig. 3.6), which can potentially be tested by measurements of the
low frequency optical conductivity. Frustrated m—junctions host gapless states at

the interface between the two grains [108, 101, 230], giving rise to a finite density of
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states around zero energy (see Fig 3.8 inset). As a result of the gapless ‘normal’-fluid
component at the interface, a fraction f of the spectral weight will be displaced from
the superfluid-density to non-zero frequencies (shaded region in Fig. 3.8). Given that
the weight of the condensate is proportional to J(1 — f), the 40% suppression in p,

for BaFey(As;_,P, )9 in the vicinity of the putative QCP corresponds to f ~ 0.6.

N(E)

g(w)

A

Figure 3.8: Plot of the optical conductivity, o(w), for a Drude metal (blue curve) and a
superconductor with a large number of sub-gap excitations (red curve). The shaded
region corresponds to the displaced spectral weight from the superfluid-density, pq
(red arrow). Inset: Density of states, N(FE) vs. E, for a conventional gapped super-
conductor (blue curve). A superconductor with a large number of subgap states has
a finite N(E) below A (red curve).

Our proposed optical conductivity, o(w), in the vicinity of penetration depth
anomaly is shown in in Fig 3.8. The spectrum shows clearly that the connection
between normal state conductivity and superfluid density implied by Eq. 3.6 will
break down. In particular, o4. (which is a property of the normal state), could vary
monotonically with isovalent-doping across z., while the abundance of low-energy ex-

citations in the immediate vicinity of z. would give rise to a non-monotonic variation
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in the superfluid density. This allows for an unusual way of rearranging spectral weight
in the superconducting state below the gap, without violating optical sum-rules.

The above scenario will give rise to a number of interesting low temperature ther-
modynamic and transport properties, as we now discuss. First of all, there should
be a striking enhancement in the low-temperature thermal conductivity and specific-
heat, as a function of x in the narrow vicinity of x., due to the ‘normal’-component.
It is important to recall that this material has loop-like nodes on the electron-pockets
(86, 219, 261, 159]. However, the geometry of the electron-pockets and the magni-
tude of the gap do not change substantially in the vicinity of z., and therefore it is
unlikely that the contribution to the above quantities from the nodal-quasiparticles
will have a drastic modificiation. It should therefore be relatively straightforward to
disentangle the contribution arising from the nodal versus the ‘normal’ quasiparti-
cles. Studying the NMR-spectra as a function of decreasing temperature (across 7T)
and down to sufficiently low temperatures in the vicinity of z. should also reveal the
spatial inhomogeneity associated with the SDW regions. A large residual density of
states in the superconducting state has been detected at a particular P-doping via
the power-law temperature dependence of 1/77 ~ T [167]. Within our scenario, there
should be a striking enhancement in this quantity as a function of doping around z..
Finally, we note that a promising direction for future studies would be to measure
the magnetic-field distribution due to the propagating currents in the emulsion using

NV-based magnetometers [99].
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3.3.4 Discussion

Our primary objective in the second part of this chapter was to provide an expla-
nation for the striking enhancement of the London penetration depth in the vicinity
of a putative SDW QCP in the SC state of BaFey(As;_,P,)s. We developed a sce-
nario based on the idea that true SDW criticality is masked by a weak first-order
phase transition in the superconducting state at 7" = 0. In this picture, quenched
disorder naturally gives rise to an emulsion at small length scales with puddles of SC
and SDW (+SC). It is then, in principle, possible for SDW moments at the interface
of the SC grains to generate frustrated Josephson couplings, which deplete the local
superfluid-density. Our proposed scenario naturally calls for a number of experimen-
tal tests that should be carried out in the near future, which should directly look for
both the spatial inhomogeneities associated with the emulsion [53], and probe the
gapless excitations using thermodynamic probes, as explained above.

In addition to experiments on BaFes(As;_,P,)s, it should be important to further
investigate the contrasting behavior of the electron-doped system, Ba(Fe;_,Co,)sAs,,
where Ap(0) behaves monotonically as a function of z across the putative QCP
[79].  Electron-doping leads to significantly higher amounts of disorder compared
to the isovalently-doped case, and would therefore lead to puddles with typically
much smaller size [63]. Our proposed mechanism for the strong suppression of the
superfluid-density in the isovalently-doped material relies on the existence of an emul-
sion with puddles of appreciable size, in the presence of an optimal amount of disor-
der. A comparison of the NMR spectra in the narrow vicinity of the putative QCP

in the electron and isovalently doped materials would shed light on these microscopic
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differences between the two families.

Finally, though we have hypothesized that the SDW onset transition inside the
SC is, in the absence of disorder, a weak first order transition, we emphasize that the
normal state properties are consistent with the presence of a “hidden” QCP around
optimal doping [242, 220, 14]. It is plausible that in the normal state, different
experimental techniques are probing the critical fluctuations associated with not one,
but distinct QCPs as a function of z. For instance, m* extracted from high-field
quantum oscillations is dominated by the vicinity of ‘hot-spots’, where quasiparticles
are strongly damped due to coupling to the SDW fluctuations [209]. On the other
hand, strong critical fluctuations associated with the nematic order-parameter [69],
that couple to the entire Fermi-surface, would dominate m* extracted at zero-field

from the jump in the specific heat at T..
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Chapter 4

Precursor thermal fluctuations in

underdoped cuprates

“Science cannot solve the ultimate mystery of nature.....And that is because, in
the last analysis, we ourselves are part of nature and therefore part of the mystery

that we are trying to solve.” - Max Planck

4.1 Introduction

In the present and the following chapter, we shall investigate various aspects of
the phenomenology in the underdoped cuprates, starting from a traditional ‘weak-
coupling” approach and invoking the effect of thermal fluctuations of various compet-
ing orders. From our discussion in section 1.2.3, we know that the suppression of the
paramagnetic spin susceptibility of the cuprate superconductors at a high tempera-

ture [12] (denoted T*) implies the growth of antiferromagnetic spin correlations, and
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a gap-like decrease in the electronic density of states at the Fermi level. It is useful to
separate existing theoretical models of the resulting pseudogap regime into two broad
categories.

In the first category, the antiferromagnetic correlations signal the onset of a quan-
tum spin liquid [254, 148, 22, 183, 44, 253], which in turn could be unstable to other
symmetry-broken phases at lower temperatures. We shall defer the discussion of this
point of view to later chapters.

In the second category [122, 194, 205, 109, 259], the antiferromagnetic correlations
are precursors to the appearance of antiferromagnetism, superconductivity, charge
density wave, and possibly other conventional orders at low temperatures. In the
pseudogap regime, we then have primarily thermal and classical, rather than quan-
tum, fluctuations of these orders. In the recent work of Hayward et al. [91], it was
shown that the unusual temperature dependence of the X-ray scattering signal of the
charge density wave order [248, 78, 5, 39, 249] is obtained naturally from an effective
classical model of angular thermal fluctuations of the charge-density wave and super-
conducting orders alone. The same model has also been connected to diamagnetism
measurements over the same temperature range [90]. Within this framework, in the
intermediate temperature range over which the charge order correlations have been
observed, antiferromagnetic correlations need not be included explicitly, but can be
absorbed into the phenomenological parameters of the classical model of charge and
superconducting orders. However, for the onset of the pseudogap at T, these can’t
be ignored.

In the underdoped regime, quantum oscillations have been observed in two differ-
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ent families of the cuprates at high-fields and low temperatures [65, 131, 229, 81, 207,
25, 206]. The results seem to indicate that the phase at high-fields has Fermi-liquid
like properties, albeit with a Fermi-surface that occupies only a tiny fraction of the
Brillouin zone. Harrison and Sebastian propose [81] that these can be understood as
a consequence of a bidirectional charge density wave order: they argue that with the
Fermi surface topology of the hole-doped cuprates, such an order leads to oscillations
from a single electron pocket, and that this is compatible with all important observed
features. Their analysis is based upon a computation in zero field, followed by a
semiclassical account of the influence of the magnetic field. However, since incom-
mensurate charge order induces a complex Fermi surface reconstruction, it is not a
priori evident that this particular electron pocket would dominate the oscillations.
In Ref. [11] we demonstrated that a model of charge-density wave and super-
conducting orders provides a unified description of the high-field, low-temperature
quantum-oscillations, and of certain features of the zero-field photoemission results
at intermediate temperatures. While this model fits naturally into the second cate-
gory of theories of the pseudogap summarized above, it may also be accommodated
by the symmetry breaking instabilities of the spin liquid models in the first category.
We carried out a fully quantum mechanical analysis of the oscillations, carried out in
a model which includes the lattice potential, charge order, and the magnetic field. We
found signatures of the electron pocket in the quantum oscillations. We also found
clear oscillations from smaller hole pockets, which should be detectable in experi-
ments. Our analysis included a description of the crossover in the oscillations from

bidirectional (checkerboard) to unidirectional (stripe-like) density wave order. How-
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ever, we shall not discuss details of this computation in the present chapter, which
is devoted to a discussion of the photoemission experiments in the pseudogap regime
[58, 110, 252, 87, 238, 127, 189] at intermediate temperatures and in the absence of a
magnetic field.

The rest of this chapter is organized as follows: in section 4.2, we define our model
for the Fermi-surface, coupled to the charge-density wave and superconducting order
parameters. Sections 4.2.1 and 4.2.2 describe the phenomenological theory used for
describing the thermal fluctuations of these order parameters and the modifications
brought about by coupling them to the Fermi-surface. In section 4.3, we present our
results for the electronic spectral functions and compare them with experimentally

observed trends.

4.2 Model

We base our analysis on the following model hamiltonian

H = Z |: — taCi_i_aC,r, —+ AGWT+G/201+a,TC:,¢ + h.c.
ne (4.1)
i Z PgeiQf(rJra/Q)q;iJra/QCLacr +h.c.
-

Here r labels the sites of a square lattice and the vector a runs over first, second
and third neighbors, and also on-site (@ = 0). The first term is the usual kinetic
term, with hopping parameters t,.

The second term couples the electron to the superconducting order parameter.
The coefficient A, specifies the superconducting form factor and the field ¥ is the

superconducting order parameter: it can be short-ranged or acquire an expectation
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Figure 4.1: (a) The color density plot displays the electron spectral function in the
presence of long-range bidirectional bond density wave (BDW) at zero magnetic field
(in the unfolded Brillouin zone). Such long-ranged BDW is likely to be present only in
a strong magnetic field and will not be seen in ARPES experiments. Annotations are
superimposed to highlight aspects of the spectral density. In black, the Fermi surface
used for our computation. Dashed arrows mark the wavevectors of the BDW. The
BDW causes reconstruction of the Fermi surface and the formation of an electron-like
pocket, marked in red, and two hole-like pockets, marked in blue. The pocket contours
are obtained by semiclassical analysis as described in Ref. [11]. The parameters are
ty = 1.0, t = —0.33, t3 = 0.03, p = —0.9604, p = 10%, P = B{ = 0.15, 6 = 0.317.
(b) Electron spectral function in the presence of fluctuating superconducting and
bond density wave correlations. The parameters are p = 11%, Ag = P§ = Py =1,
T/t; = 0.06, g/A* = 0.2, ps = 0.05, A = 2. The details are discussed in sec. 4.2.2

value.

The third term couples the fermion to the bond order. The index i labels different
wavevectors Q;, the coefficients P. specify the corresponding form factors and the
fields ®° are the order parameters, which can also be long-ranged or fluctuating.
Throughout this work we consider a specific form of a density wave which resides
primarily upon the bonds of the lattice: this is not crucial for the quantum oscillations,

but is important for the electron spectral function at intermediate temperatures.

Building on recent experimental and theoretical work [154, 196, 67, 97, 105, 27, 117,
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20, 60, 199, 10, 9, 149, 52, 77] we use a bond density wave (BDW) with a d-form
factor.

Both interaction terms can be obtained by appropriate decoupling of the Heisen-
berg interaction in the particle-hole and particle-particle channels [196].

We use a d-wave superconducting form factor Az = +A¢/2,Ayy = —A/2 and
a bond order with the same form factor Pi, = +P;/2,PL, = —F;/2 [154, 196]
which is supported by recent experimental evidence [52, 77] although a small s-wave
component may also be present [45]. We consider a set of two wavevectors Q; =
27(9,0) and Qg = 27(0,d), with § ~ 0.3, also based on experimental evidence.

A summary of the main results from Ref. [11] appears in fig.4.1, which shows
the electronic spectral functions in the presence of long-range incommensurate BDW
(fig.4.1a) and in the presence of fluctuating BDW and superconductivity (fig.4.1b).
The computations leading to the latter will be discussed in much more details in the

remainder of this chapter.

4.2.1 Onset of charge-order and superconductivity

As mentioned previously, a peculiar feature associated with charge-order in the
underdoped cuprates, is the highly non mean-field-like nature of the onset, at a tem-
perature that is typically lower than the pseudogap temperature, 7*. In fact this
behavior is reminiscent of the onset of antiferromagnetism in the parent insulating
antiferromagnetic state of LayCuO,4 [118]. We now understand this gradual onset of

intensity! in the structure factor over a broad range of temperatures in terms of the

IThe finite transition temperature arises solely due to the non-zero interlayer coupling.
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Figure 4.2: The angular fluctuations of the six-component order-parameter, €2, de-
scribe the non-mean field onset of charge density wave correlations below Tepw. Due
to a finite g > 0, € fluctuates only along the superconducting directions for 7' < T¢,
the Kosterlitz-Thouless transition temperature corresponding to the O(2) component
associated with W. For w < 0, the Z, invariance associated with z <+ y can be broken
spontanteously.

angular fluctuations of an O(3) field (corresponding to the Néel order) in two spatial
dimensions [35].

The above observation then begets the question if the onset of charge-order can be
understood in terms of the angular-fluctuations of an order-parameter [67], and if so,
can one write down an effective field theory that describes these fluctuations. Let us
first note the symmetries associated with the above problem: O(2)x0(2)xO(2)xZ,.
These correspond to, charge-conservation, x—translations, y—translations and the
r <> y symmetries. In addition, we use the fact that the system also preserves time-
reversal and inversion symmetries.

The onset can then be best understood in terms of the angular fluctuations asso-

ciated with a six-component order parameter [91]:
Q = (Re¥, ImV¥, Re®,, Im®,, Re®,, Red,), (4.2)

where ¥ represents the superconducting component and @, , represent the incom-
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mensurate charge density wave order parameters along x and y directions?. The

fluctuations are assumed to be of a purely classical and thermal nature and are pos-

tulated to be described by the following non-linear o-model (NLoM),

Z = /DQ(T)(S(Q2 -1) exp( — %), (4.3)
Sq = % dzr[|V\I!\2+)\(\V<I>z|2+ Vo, |?)
Fg(10,[2 + |9, 2) + w(|B]* + |<1>y|4>] (4.4)

In the above, pg and psA control the helicity moduli of the superconducting and of
the density wave order respectively. The coupling g breaks the symmetry explicitly
between the ¥ and ®,, ®, directions. It sets the relative energetic cost of ordering
between the superconducting and density wave directions. We take g > 0, so that su-
perconductivity is preferred at low temperatures (figure 4.2). The coupling w imposes
the square lattice point group symmetry on the density wave order.

It is possible to add higher-order terms to the above action, without significant
qualitative differences in the results. The above action was studied using (classical)
Monte-Carlo simulations and within a ‘1/N’ expansion (where N corresponds to the
number of components of ; N = 6 for the theory in Eq.4.4) [91]. The results for the
structure factor and comparison to experiments on YBCO are shown in Fig. 4.3. The
agreement with experimental data is very good, except at low and high temperatures.
In the absence of impurities, that would otherwise pin the charge-order and give rise
to a finite intensity at low temperatures, the structure-factor goes to zero. On the

other hand, at higher temperatures, the onset of amplitude fluctuations, which are

2Note that the region in the vicinity of £ = 0 is forbidden, i.e. the amplitude fluctuations of |€2|
are completely forbidden below Tcpw and probably onset at an even higher temperature.
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Figure 4.3: Comparison of X-ray data for the CDW scattering intensity to the
structure-factor calculated in Monte Carlo simulations of Z for different parameter
sets. Adapted from Ref.[91].

ignored in the above setup, would also decrease the intensity.

The theory in Eq. (4.4) has also been applied to measurements of the diamagnetic
susceptibility [139, 126] in YBCO. This measures the superconducting ¥ component of
the O(6) order parameter, complementing the X-ray measurements of the charge order
represented by ®,, ®,. It was found [90] that the same set of parameters can provide
a reasonable simultaneous fit to both the X-ray and diamagnetism measurements.
Thus the O(6) theory provides a surprising quantitative connection between two very
different classes of experiments, and this supports its validity as a theory of fluctuating

orders in the low temperature pseudogap regime.

4.2.2 Order parameter fluctuations coupled to Fermi-surface

In this section, we couple the O(6) order, n, to the electrons and compute the
electronic self energies. Similar computations of photoemission spectrum have been

carried out earlier for the case of superconducting fluctuations [29, 212, 23, 24, 155];
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N

Figure 4.4: Electron spectral function in the presence of superconducting and bond
order fluctuations, at four different temperatures. Dashed lines mark the cuts shown
in Fig. 4.7. At sufficiently low temperatures superconducting fluctuations gap out
the antinodal region. Bond order fluctuations are very short-ranged and do not have
observable effects. p = 11%, Ag = P = PJ =1, ps = 0.05, A = 2.
our analysis below shows that a combined model agrees well with many of the observed
trends as a function of temperature, angle around the Fermi surface, and energy.

In the large N limit (N being the number of components of n), the propagators of

U and &, , have a massive form of the type (we ignore here the possibility of having

a Cy — Oy, Ising symmetry breaking),

1
=5, Dg(q) = =,
@+ (@) A2 +T+g+ o

(4.5)

where the parameters & and ¢ are to be determined in terms of the couplings in (4.4)

by solving the large N saddle point equations,

Ps / d?q [ 1 2

0 — + — —1,

T (2m)2 |@*+T A2 +T+g+o (4.6)

a_2er/ d?q 1 '
ps J TN +T+g+ 0

which we regulate with a hard momentum cutoff g? < A2

The mass @ of the superconducting order parameter is strongly temperature de-
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Figure 4.5: Electron spectral function in the presence of superconducting and bond
order fluctuations for a fully isotropic O(6) model (g/A* = 0). At sufficiently low
temperatures bond order fluctuations lead to incipient Fermi surface reconstruction.
p=11%, Ag = P§ = P{ =1, ps = 0.05, A = 2.

pendent, and it is exponentially suppressed if T < pg:

AT | gmtmos/r (4.7)

A2
This is how the large N sigma model approximates long-range superconductivity. On

the other hand, for T" > pg

or) 3T 29 1 (%) (4.8)

29 _1io
A2 Vg 3n 27 9\7

The mass of the bond order parameter is & + g (when w = 0), and hence the
parameter g determines the correlation length of the bond order at low temperatures.
We take the universal number g/A? ~ 0.2, based on the results in ref. [91], but we still
have to fix A. We choose it in such a way that the correlation length of the density
wave order at low temperature is a few lattice spacings. We also verify explicitly that
our conclusions are not affected as the correlation length of the bond order varies

from 2 to 10 lattice spacings, which is the range in which the experimental value lies.
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The NLoM (Eqn. 4.4) is a completely classical model, and neglects the fact that
superconducting and bond order parameters are coupled to the gapless fermionic
degrees of freedom along the Fermi surface. We include this contribution at RPA
level, computing the one-loop self-energy of the bosons due to the interaction with
the fermions (see appendix C.2). The sole effect of these bubbles is to give rise to

damping terms at low energies. The improved form of the propagators is,

1
|| +q* + 5
1
|| + A2+ +g+ o]

Ds(q, i2,) =
(4.9)
Db(qu iQn) =

where o), parametrizes the strength of damping (we will take oy = a1, = 1 in the
rest of the computation).

The electron spectral function due to the retarded self-energy > (k,w) of the elec-
trons in the presence of fluctuating superconducting and bond order parameters is
given by,

(4.10)

The self-energy has two contributions, from the particle-particle and particle-hole

channel. We have

1 1 L
Ys(k,iwy) = — AQ 3 7
(ks om) = =53 R e e AR

1 : 1 L
Sy (k. iwn) =+ Bels T ’
b(K, iwn) 3 ;/q k+4 +Hwp, + 182, — €gire || + Eg_Qi

where €2,, are bosonic Matsubara frequencies, w,, are fermionic Matsubara frequenices

(4.11)

and
€Z:q2+6,
(4.12)
=N +5+g+0.
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Ak, w)

w w w w

Figure 4.6: A(k,w) at several k-points on the bare Fermi surface e, = 0: from the
node in red at the top to the antinode in blue at the bottom. p = 11%, Ay = Py =
PY=1, ps =005, g/A2 =02, A =2.
The self energies are identical for up and down spin.

We carry out the Matsubara sum analytically and carry out the integral over

g numerically using an adaptive integration routine as described below. The naive

Matsubara sum

1 1 1
HO(M_G,g):Ezn:w+i9n_€|9n|+5’ (4.13)

although convergent, has poles for both Imw > 0 and Imw < 0. We are however free

to add to Hy the function

Hi(w,e,6) = — ; (4.14)

because Hi(iw,, €,e) = 0. It is easy to verify that the function
H(w,e,e) = Ho(w — €,¢e) + Hy(w, €, ¢) (4.15)

is analytic for Imw > 0, and hence yields the retarded self-energy. Note that Hy is a
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real function of w whereas H; has both a real and an imaginary part. Moreover, as a

consequence of unitarity,
Im H(w,€,e) = Im Hy(w,€,¢e) <0. (4.16)

An explicit expression for Hy exists in terms of the digamma function (see appendix
C.3).
In terms of H we have

I S
a (4.17)
Yp(k,w) = Z/ P,ifg H(W,€k+q7527Qi)-

i q

4.3 Results

There are two energy scales in the system: the bandwidth, set by the hopping t; ~
3000 K, and the bare helicity modulus ps ~ 150K, which controls the temperature at
which there is an onset of phase fluctuations of n in the O(6) model, and hence the
temperature dependence of the correlation length of superconducting and bond order
fluctuations. In the following, we explore a range of temperature ps < T < 2ps, with
ps = 0.05¢;. We express temperature in units of #;.

In Fig. 4.4 we display a section of the spectral function A(k,w) at constant fre-
quency equal to the Fermi energy (w = 0), at four different temperatures. Even at
the lowest temperature, a portion of the Fermi surface close to the node, a Fermi arc,
survives as a contour of well-defined excitations in the presence of bond order and
superconducting fluctuations. As the temperature increases, there is a gradual build
up of spectral weight in the antinodal regions, and around 7" & 0.08, the full Fermi

surface is recovered.
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Let us now give an intuitive picture for what is causing the arcs. The damping of
the superconducting order, combined with the d—wave form factor, leads to enhanced
scattering of the fermionic excitations close to the anti-nodes. What is left in the
form of an arc are essentially the nodal quasiparticles which have survived as sharp
excitations. As temperature increases, a larger region around the nodes survives
the effect of scattering by superconducting fluctuations. This is consistent with the
observations of Kanigel et al. [110], who also observed an increase in the arc length
as a function of increasing temperature.

It is reasonable to expect that d—wave bond order fluctuations would also cause
enhanced scattering around points of the Fermi surface that are nested by the BDW
wavevector. However, the correlation length of the bond order is much shorter than
the superconducting one, by merit of our choice of the parameters g and A, and hence
this phenomenon is not visible in Fig. 4.4. In general, for correlation lengths of order
a few lattice spacings, as seen in experiment, the effect of bond order fluctuations on
the spectral function is negligible.

If, however, the correlation length is enhanced, for example by setting g = 0, such
that we have a fully isotropic O(6) model, then bond order fluctuations have a distinct
effect, as shown in Fig. 4.5. At the lowest temperature the original Fermi surface
breaks up into an arc-like feature close to the nodes and a number of shadow-like
features similar to those discussed earlier in connection to long-range bond order. In
spite of the bond order correlations being short-ranged and fluctuating, the shadows
arise purely from the real part of the self-energy.

In addition to the observations made above, here we have the additional effect that
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superconducting fluctuations somewhat suppress the shadows near the antinodes. It
would be interesting to look for signatures of these features in future experiments in

high quality samples.
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Figure 4.7: Frequency scans of the electron spectral function along the dashed lines
in Fig. 4.5, at four different temperatures. p = 11%, Ay = By = P = 1, ps = 0.05,
g/A> =02, A =2

Interestingly, more recent experiments carried out using a different protocol seem
to suggest that the arc length stays constant over a wide range of temperature and
eventually undergoes a collapse at low temperatures [127]. This was presented as
evidence for the BDW fluctuations playing a more prominent role in giving rise to
the arcs. However, within our setup, the density wave fluctuations with a correlation
length of even up to 10 lattice spacings don’t play any significant role in the arc

phenomenology. Furthermore, in the presence of purely density wave fluctuations,
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the energy gap is centered above the Fermi energy for points situated between the
antinodes and regions that are nested by the density wave wavevector [243]. This has
been confirmed in ARPES experiments [252, 238].

Let us now discuss the properties of A(k,w) as a function of frequency for k points
on the bare Fermi surface ¢, = 0. As shown in Fig. 4.6, at the lowest temperature
T = 0.04, a well-defined gap is present at the antinodes. Moving towards the node
(from the blue to the red scans), the gap closes at a k point which we identify with the
tip of the arc. As temperature increases the gap closes and the full Fermi surface is
recovered at sufficiently high temperatures. We note in passing that the location of the
peak at the antinode at 7" = 0.08 is shifted away from w = 0 due to a renormalization
of the bare dispersion by Re ¥(k,w = 0).

Fig. 4.7 displays the quasiparticle dispersion along the black dashed lines labelled
1-4 in Fig.4.4 as a function of temperature. For the first cut, at the antinode, there
is a well-defined gap in the quasiparticle spectrum at the Fermi surface, which closes
as temperature increases. The overall scale of the gap is set by the magnitudes of A,
and Pj. A similar behavior is seen for the second and third cut, albeit with a smaller
gap that closes at a lower temperature. The fourth cut is a scan across the nodes and
the dispersion remains gapless since neither the SC nor the BDW fluctuations affect
the nodal quasiparticles.

As noted above, for our specific choice of parameters, the BDW fluctuations are
subdominant to the SC fluctuations in the photoemission spectrum. In particular, the
dispersions and the gap structure in the normal state obtained from this analysis are

approximately particle-hole symmetric (as evident from Figs. 4.6 and 4.7). However,
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recent experiments have seen evidence for particle-hole asymmetry at the tips of the
Fermi-arcs and in the antinodes [252, 87]. Such an asymmetry arises naturally in the
presence of more pronounced BDW fluctuations (as compared to the superconducting
fluctuations). Our formalism can reproduce some of these features in the presence
of fluctuating BDW with longer correlation lengths and stronger coupling to the
fermions.

Finally, we reiterate the statement in the introduction that the present computa-
tion is expected to apply at the intermediate temperatures where charge order fluc-
tuations are appreciable. A more complex model also including antiferromagnetism

is likely needed at higher temperatures, which we do not discuss in this chapter.

4.4 Discussion

In this chapter, we have analyzed the combined effect of pairing and density
wave fluctuations on photoemission at intermediate temperatures in the underdoped
cuprates. In ref.[11], we also studied the influence of the same incommensurate density
wave order on quantum oscillations in the high-field limit. In combination with
other recent results [91], such a model appears to provide a satisfactory description
of the underdoped cuprates in current high-field [65, 131, 229, 81, 207, 25, 206],
photoemission [110, 238, 127], NMR [248, 249], STM [77, 125, 130, 96, 100, 235, 51,
55], and X-ray [78, 5, 39, 52, 51, 55| experiments. It can also be subjected to further
tests by experiments at higher fields, in cleaner samples, or with higher precision.
However, our analysis does not strongly constrain the nature of the high temperature

pseudogap, where we need sharper experimental tests of the distinction between the
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two categories of models described in the introduction.

On this issue, a recent work by the present author [44] has argued that the wavevec-
tor of the d-form factor BDW supports the spin liquid models in the first category.
Some of the subsequent chapters shall take this alternative point of view. We suggest
that unravelling the nature of the quantum-critical point apparent in recent experi-
ments near optimal doping [92, 76, 187], and deciphering the nature of the strange
metal, may be the route to resolving some of these long-standing and difficult ques-

tions.
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Feedback of pairing fluctuations on

charge-order

“A wise man will make more opportunities than he finds.” - Francis Bacon

5.1 Introduction

Based on our discussion so far, it is evident that the pseudogap (PG) regime of
the hole-doped cuprates is possibly one of the most enigmatic phases of matter. It is
identified by the onset of a large gap (~ 50 meV) below a temperature, T*, as observed
in a number of different probes. The gap persists down to the superconducting
transition temperature, 1., below which of course the system develops the usual
superconducting gap.

A huge leap in our understanding came about with the discovery of quantum

oscillations caused by a small electron-like pocket at very large magnetic fields [65].
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This was the first clear evidence of the “normal” state in the pseudogap phase under
large magnetic fields having some resemblance to a metallic state. More recently, in a
series of remarkable experiments, it has become clear that the reconstructed electron-
like pocket is caused by an incommensurate charge-density wave (CDW), competing
with superconductivity [78, 5, 39, 51, 3, 248, 249, 132, 96, 235, 130, 151, 52, 77, 144].
The wavevector of this charge-density wave, which is of the type (£Qo,0), (0,+Q),
appears to be linked to the Fermi surface in the anti-nodal regions. Furthermore, dia-
magnetism measurements in YBCO show significant fluctuation diamagnetism over
approximately the same range of temperatures where X-ray experiments measure
charge order fluctuations, indicating that there are significant superconducting fluc-
tuations in this phase [139, 126]. A natural question that needs to be addressed is if
both SC and CDW arise out of the same physics.

In the underdoped cuprates, due to the proximity to an antiferromagnet (AF)
close to half-filling, the susceptibility, x(q), is peaked around K = £ (7, 7(1 —9)), +
(m(1 —6),m), (0 # 0 when the fluctuations are peaked around an incommensurate
wavevector) [89]. It is now well-understood that a metal interacting via such anti-
ferromagnetic exchange interactions is unstable to d—wave superconductivity at low
temperatures [201, 158, 186]. However, as was already discussed in section 1.3.2, an
interesting consequence of the AF exchange interactions is that they also give rise to
a secondary instability to a charge-density wave with a predominantly d-wave form
factor [154, 196]. Significant recent developments have been the evidence for the
predicted d-wave form factor in X-ray observations [52], and a direct phase-sensitive

measurement of the d-wave form factor in scanning tunneling microscopy (STM) ex-
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periments [77]. In the present chapter we will turn our attention to the wavevector
of this CDW, and in particular, its connection to the SC fluctuations.

A number of recent works have addressed such issues [154, 196, 199, 60, 67, 149,
61, 10, 9, 243, 150, 233, 20]. In Refs. [154, 196], the wavevector of the leading CDW
instability has been found to be of the form +(Qo, Qo), =+ (Qo, —Qo), while the
experimentally observed wavevector was a subleading instability. At this point it is
useful to introduce some new notation. From now on, we shall often refer to the
experimentally observed CDW with wavevectors (Qo, 0) and (0, Qo) as “CDW-a” and
the one with wavevectors (Qo, £Qp) as “CDW-b” (see fig.5.1). More recently, it has
been pointed out that in the presence of strong correlations arising from on-site and
nearest-neighbor Coulomb repulsion, it is possible to obtain a stable CDW-a phase,
with the wavevectors seen in experiments, in a certain window of parameter space
[10]. Wang and Chubukov [243] have recently also examined retardation effects linked
to the damping of spin fluctuations with a long correlation length, and argued for an
extension of CDW-a with time-reversal symmetry breaking.

In this chapter, we will show that upon accounting for the interplay between
superconductivity and charge-order in the underdoped cuprates, the CDW state with
the correct wavevector (i.e. CDW-a) appears to be preferred over CDW-b over at
least a small temperature window, as long as the antinodal regions of the fermi-surface
are reasonably nested with a small curvature (a criterion to be made more precise
later) !. In fig.5.1, Qo represents the separation between two neighboring “hot-spots”.

However, our computations in this paper are applicable for a range of different values

'However, we do not address here the issue of how the onset temperature for CDW-a compares
to the bare superconducting 7.
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Figure 5.1: Generic Fermi-surface for hole-doped cuprates, with the filled states
shaded in blue. Solid circles, numbered 1, .., 8, represent hot-spots where the Fermi-
surface intersects the magnetic Brillouin zone for a (7, 7) SDW. The purple arrows
represent the CDW-a wavevectors, which closely resemble the experimentally ob-
served wavevector, while the green arrows represent the CDW-b wavevectors, which
arise as the leading instability in a HF calculation . The fermi-velocity, (v,,v,), is
shown at the hot-spot 1. The wavevectors of CDW-a are (£Qo,0) and (0,+0Q,),
while those of CDW-b are (Qy, £Qp). The computation in the present paper applies
for a range of values of )y, and not just when it is equal to the separation between
hot-spots as shown above; for different )y we have to consider a corresponding set of
8 points around the Fermi surface, and our computations proceed unchanged.

of )y that connect points in the antinodal regions and can be different from the
hot-spot wavevector. Meier et al. [149] have also recently looked at the effect of
superconducting fluctuations on charge-order in a different setup.

We also note our recent work [44], which employs a ‘quantum disordered” model
of the pseudogap as a topological metal, and proposes an alternative mechanism for
charge ordering at the (Qo, 0), (0, Qo) wavevectors. This will be the topic of discussion

in the next chapter.
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The remainder of this chapter is organized as follows: In section 5.2.1, we intro-
duce the theory of a metal interacting via antiferromagnetic exchange interactions
(henceforth referred to as t-J model, but without any on-site Coulomb repulsion)
and review a Hartree-Fock analysis for various charge-ordering and pair-density wave
instabilities. Based on the leading instabilities that occur in a metal, we construct
the minimal model in section 5.2.2 for a metal with pairing and charge-order fluctu-
ations. In section 5.2.3, we take the low-energy limit of this theory and present the
effective theory for the Fermions coupled to the order-parameters in the vicinity of
special points—the “hot-spots”—where the magnetic Brillouin-zone corresponding to
K intersects the fermi-surface. We present the results of our computation, describing
the mutual feedback of superconductivity and charge-order on each other, in sections
5.3.1 and 5.3.2. Finally in section 5.4, we summarize the main results emerging from

this analysis. Some of the technical details are summarized in appendices D.1 and

D.2.

5.2 Model

5.2.1 Instabilities of metal with antiferromagnetic exchange

interaction

In this section, we briefly review some of the earlier results [196] obtained by
carrying out a Hartree-Fock (HF') analysis of the t-J model (without any Gutzwiller

projection). Consider the following model for fermions, ¢;,, interacting via short-
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range antiferromagnetic exchange interactions,
Hy=) {(—tz‘j — pdij)elycia + %Jijsi =S5, (5.1)
.3
where ¢;; are the hopping amplitudes, ;© denotes the chemical potential, J;; are the
AF exchange couplings and S; = cjaaagci,g /2.

We are interested in looking at the various instabilities that can arise in this model
in the particle-particle as well as particle-hole channel. We shall restrict our attention
to pair-density wave (PDW), where the SC condensate carries a finite momentum, and
charge-density wave states. We ignore the possibility of having spin-order, partly mo-
tivated by most experiments on the non-La-based cuprates (e.g. YBCO and BSCCO),
where the region of charge-order has hardly any overlap with that of spin-order [248].
For the Hartree-Fock analysis, we need the best variational estimate for the following
mean-field Hamiltonian,

Hyrp = Z [E(k)CLaCk,a + Z Ag(k)€apCx+Q/2.aCk+qQ/2,8
k Q

+ > Po(k)d qpati-qpra+Hel. (52
Q

In the above, (k) represents the electronic dispersion. All the functions, Ag(k), Py (k)
are variational parameters which will be optimized by minimizing the free energy,
F < Fyp+ (H — Hyp)pr. As mentioned earlier, we have allowed for a spin-singlet
pair-density wave along with a charge density wave at a finite wavevector, Q. The
pair-density wave at Q — 0 reduces to the standard BCS state where particles with

opposite spins are paired at tk.
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Expanding the right-hand side of F' in powers of Ag(k) and Py(k), we get,

F o= 2% AV Ms(k K)y/T5)Ag(K)
Q

kk’/,

£ 3 Py Mo (k, K)o (k) P(K), (5.3)
Q

KK/,

where the kernels Mg (k, k') are given by,

/ 3 /
Ms ok, k') = Ok + v x(k —k )\/Hs,c(k)ﬂs,c(k')7 (5.4)

and the polarizabilities are,

1— fe(k+Q/2)) — f(e(~k + Q/2))
ek +Q/2)+e(-k+Q/2) ’
Mo = JEKEQ/2) = fe(k~Q/2)
‘ e(k—Q/2) —e(k+Q/2)

Is(k) (5.5)

(5.6)

with f(...) the Fermi-function and x(k)(= >, ; Jize'9-@=ri) /4) the AF susceptibility.
Note that for dispersions that satisfy e(k + Q) = —e(k), [Is(k) = IIo(k). This
holds in the vicinity of the hot-spots for certain values of Q and will have important
consequences, which we shall revisit later.

Pair-density wave and charge-ordering in the metal occurs via condensation in the
eigenmodes of the operators Mg with the lowest eigenvalues. In order to find the
leading instability in the pairing and charge-ordering channel, we need to solve the

following eigenvalue problem,
55 VTS x(k— Ky Ts(R)6s(6) = Asos(K) (5.7)
w
53 VI Ak~ K)VT6eK) = dodel®). (59
W
Instead of working with the form of y (k) introduced above, we assume that the
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AF susceptibility, x(q), has the form,

_ X0
x(a) = Z 4(E2 +2(2 — cos(q, — K,) — cos(q, — Ky)))’ (5.9)

K y
which is peaked near the antiferromagnetic wavevector, K (as introduced earlier),
with & representing the AF correlation length and x( the overall strength of the
spin-fluctuations. There is little difference between the results for 6 = 0 and § # 0.

In figs. 5.2 (a) and (b) we plot the lowest eigenvalues Agc/xo, obtained after
diagonalizing eqns.5.8 on a discrete Brillouin zone with L? points. We use the fol-
lowing electronic dispersion: e(k) = —2t;(cos(k,) + cos(k,)) — 4ty cos(k;) cos(k,) —
2t3(cos(2k,) + cos(2k,)) — p. Let us start with a discussion of the pair-density wave
state (fig.5.2a). Not surprisingly, the state with Q = 0 is the leading instability and
in particular, —\g for Q = 0 has a logarithmic divergence as T'— 0. We do not find
any other local-minima in phase-space; the BCS-log for Q = 0 simply overwhelms
any other PDW state that might have otherwise arisen within this weak-coupling ap-
proach. Comparing the numerical values of the eigenvalues A\g and A¢ in figs.5.2 (a)
and (b), it is clear that —Ag (at Q = 0) is the smallest. Therefore, in the presence of
short-range AF interactions, the leading weak-coupling quadratic instability indeed
turns out to be to a SC (with d—wave symmetry; this information is contained in the
structure of ¢g).

For the charge-ordering instability (fig.5.2b), the global minimum is located at
the diagonal wavevector (Qg, Qo). This corresponds to the CDW-b state introduced
earlier. However notice the “valleys” of local minima extending from this wavevector
to (Qo,0) and (0, Qy), the CDW-a. It is also worth pointing out that the form factors

associated with these CDWs, ¢¢, primarily have a d—wave component. In real space,
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(a)
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Figure 5.2: Plot of the smallest eigenvalue (a) As/xo and (b) Ac/xo as a function of
@, and @,. We use a band-structure with ¢; = 1.0, t, = —0.32, 3 = 0.128, p =
—1.11856 (corresponding to the same fermi-surface used in Ref.[196]). The other
parameters are { = 2, T = 0.1, § = 1/4 and L = 20. For the pair-density wave,
the global minimum is located at Q = 0 while for the charge-order, it is located at
Q = (Qo, Qo) (CDW-b). In (b), note the valleys extending from (Qg, Qo) to (Qo,0)
and (0, Qo) (CDW-a)—the latter are local, but not global, minima.

this implies that the charge-density modulation is mostly on the Cu-Cu links (bonds)
rather than on the sites. Hence they are also referred to as bond-density wave (BDW).

The reason why CDW-b turned out to be the leading CDW instability is actu-
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ally related to two features in our problem above: (i) the absence of a gap in the
spectrum at the antinodes, and, (ii) an emergent particle-hole symmetry associated
with the exchange interactions, J;;S; - S;. This exchange interaction is invariant un-
der independent SU(2) rotations on each lattice site that map particles to holes and
vice-versa. These rotations therefore naturally map SC to CDW-b. In the absence
of any fermi-surface curvature or other interaction terms that break this symmetry,
both of these instabilites would be exactly degenerate. However, once it is broken,
CDW-b becomes a sub-leading instability (SC is always guaranteed to remain the
leading instability even in the presence of a curvature since the points £k are always
“nested”. However, a very large nearest neighbor Coulomb interaction term, Vn;n;,
can suppress superconductivity, for instance). We also note in passing that CDW-a
is mapped to the PDW [134] at the same wave-vector under these rotations; we do
not consider this PDW 2 here because it does not appear as a preferred eigenvalue of
As in fig. 5.2a.

The above analysis was carried out in the limit where the different orders were
decoupled from each other, i.e. we did not look at the feedback of one over the
other and analyzed the free-energy F' to only quadratic order. Let us therefore now
construct a minimal model for SC and CDW fluctuations in a metal and analyze the

effective theory beyond quadratic order in the next section.

2Ref. [134] argued that a pair-density wave state might arise due to interactions mediated by
transverse components of gauge-fields (that remain unscreened) in an RVB scenario by an effect
analogous to the Ampere effect. We considered possible PDW states in fig. 5.2a, but they were not
preferred in our computation.
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5.2.2 Metal with SC and CDW fluctuations

Consider now a model for the fermions with a generic fermi-surface as shown
in fig.5.1. Based on our HF analysis in the previous section, we know the (sub-
)leading instabilities were to a (i) d—wave superconductor, (ii) CDW-b with wavevec-
tors (Qo, £Qo), and, (iii) CDW-a with wavevectors (Qg,0) and (0,Qy). We can use
this information to construct a model for a metal with strong pairing and CDW
fluctuations. Therefore, we consider the theory for the fermions coupled to supercon-
ducting (¥) and CDW (@) fluctuations (which are in their uncondensed phase, as is

the case in the PG regime). The Hamiltonian is then given by,

H = Hy+ Hs+ Hp, where (5.10)

Hy = > (e 1) ¢ oo (5.11)
k

Hs = ) (AK) ey qmnclirqn,¥a+He), (5.12)
k

HB - Z |:<ZPQ Cl Q)Ck+q/2ack q/2a+HC (513)

In the above, A4 (k) is the usual form factor associated with d—wave superconductivity
and Pg(k) is the form-factor for CDW with wave-vector Q. We would now like to
obtain an effective action in terms of ¥ and ® (both CDW-a and b) after integrating
out the fermions. The aim of this work is to study the effect of SC fluctuations on
these two different CDW states and to analyze if the competition between the different
order parameters can preferentially select a particular state. It will be particularly

interesting if this state corresponds to the one that has been seen experimentally.
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5.2.3 Low-energy theory

Instead of carrying out the above task with the full Fermi-surface, let us analyze
the theory in the vicinity of the hot-spots labelled 7 = 1,..,8 in fig.5.1. We expand

the dispersion close to the hot-spots so that
€k,j — UF,kj k?L + Iik)ﬁ, (514)

with £ (k) being the momentum normal (parallel) to the Fermi surface. The Fermi-
velocities are given by, Ve, = (Vs,vy), VEk, = (Vz, —0y), VFk, = (—vy, —0;) and
Vik, = (—vy,v;). The other velocities can be obtained similarly by symmetry. The
parameter k is related to the Fermi surface curvature.

The bare Lagrangian for the fermions in the vicinity of the hot-spots, ¥; (j =

1,..,8), is then given by,

Lo = Z:{qgj(m—ek,j)wj]. (5.15)

The same expansion can be carried out for a set of any eight points in the antinodal

regions, that are not necessarily connected by the hot-spot wavevectors.

Form-factor of the CDW

There are two fundamental properties associated with the CDW orders — the
wavevector and the structure of the form factor. We have explored the wavevectors
that can arise in our HF computation in section 5.2.1, while the form factors associated
with the different CDW orders for the full underlying fermi-surface were already
computed in Ref.[196]. In this section, we shall revisit this issue within our low-

energy formulation.
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If we go back to eqn.5.3 and focus only on the terms involving charge-order, we
obtain

Fo=2 [Z P TIc() + > x(k =) e(R)Tc() Polk)Po(K) (510

We now assume that y(k — k') is peaked at k — k' = K = (7, 7) and perform the
integrations over k and k’ in patches in the neighborhoods of the hot-spots that satisfy
the above constraint. Furthermore, we assume that Py(k) can be treated as piecewise
constant in the patches and treat x as static and non-critical, i.e. x &~ xo/¢ 2. For
CDW-b, let us focus on the hot-spot pairs {2,6} and {7,3} where Pg(k) takes the
values T8 and 1. Similarly, for CDW-a, we choose to focus on the pairs {1, 2} and
{4, 7} where Pg(k) takes the values T{ and 1§.

It is straightforward to see that for CDW-b, I1(k) evaluated in the patches {2,6}
and {7, 3} are equal to each other due to purely geometric reasons, i.e. 11} = IT = II°,

so that,

Feo

3x » «
o [me N |T§|2} 20wy [ﬁ T Tg] | (5.17)
b

It is simple to diagonalize the above quadratic form and obtain the optimum linear
combination of T% and Y. For CDW-b, the eigenvector corresponding to the lower
eigenvalue has a purely d—wave form.

We can now do the same computation for CDW-a and we immediately find that

I1¢ # 115 (once again, for purely geometric reasons), so that,

3
Fo| =TI9Ts2 + g rep + gi

We can diagonalize the above quadratic form and find that the eigenvector corre-

RIE [Tg*rg + T;*Tgl] . (5.18)

sponding to the lower eigenvalue contains a mixture of d— and s—wave forms. It
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is important to note that there is an ambiguity in choosing the eigenvector of the
quadratic form [196, 9]: we can rescale Y, T§ by different factors (i.e. perform a
similarity transform) before diagonalizing the quadratic form, and then undo the
similarity transform after the diagonalization. This modifies the eigenvectors except
when the lowest eigenvalue is zero. It was argued [196, 9] that the appropriate similar-
ity transform is determined by looking at the structure of the particle-hole T-matrix,
which leads to the requirement that the diagonal terms in the quadratic form have
equal values. In this manner, we find that the eigenvector with lower eigenvalue has
(T§,78) o< (1/y/10F, —1/+/115).

In order to estimate the difference between II{ and II, we can do an explicit

computation at 7' = 0 and in the absence of a fermi-surface curvature, so that

2 A Yoy — ) —0(—y — )
I = ——— d d 5.19
U dru,, /Az ’ /0 Y 2y ’ (5.19)

where A, , = v, ,A, 0(...) represents the heaviside-step function and we are integrating
near the hot-spots in a momentum window |k| < A, with A a UV regulator. We are

interested in the limit A, > A, (since v, > v, in the antinodal regions) and obtain,

me— A {1 + log (ﬁﬂ (5.20)

22y, Uy

On the other hand,

2 Ao Moy ) — 0y — )
5 = d d 5.21
2 471-2/0337)3/ A z /—Ay Y 2 ) ( )
A
I = ) .22
2 2120, (5-22)

Therefore, we see that,
1Y = nll§ > 0, where (5.23)
n = 1+log(v,/vy). (5.24)
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We then conclude from the discussion below Eq. (5.18) that the ratio of the s to the

remaining bond components in the form factor of CDW-a is

— g; 1 (5.25)

which can be quite small. We expect the aforementioned remaining component of

T4+ T3
To— g

the CDW to be d. (Although the present hot-spot computation does not, strictly
speaking, distinguish between s’ and d, demanding smooth variation of the form
factor in the anti-nodal region strongly prefers d).

Wang and Chubukov [243] also analyzed the form-factor of CDW-a by looking at
the set of coupled CDW vertices, retaining the Landau damping terms in the Bosonic

propagator. (In particular our 7 — 1 limit corresponds to ¢ — /4 in their notation.)

Interplay of charge-order and superconductivity

In section 5.2.1, we saw that at quadratic order one doesn’t obtain the CDW with
the experimentally measured wavevector. Therefore, it is necessary to go to quartic
order; our real interest in this section is to compute these terms and, in particular,
their temperature dependencies.

Let us now write the full low-energy theory in terms of the (a) fermions, v;, (b)

CDW -a (94, ®¢) with wave-vectors Q% = (Qo,0) and Q% = (0,Qq), (c) CDW-b (®?,
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CIDZ) with wave-vectors Q2 = (Qo, Qy) and Qg = (Qo, —Qo), and, (d) SC (V):

L = Lo+ Ls+ Lp, (5.26)
Ls = Wl +¢iuf) — v(wlv] +vlvl) + He, (5.27)
Ly = Oy + plps — oy — vlen)

— Bl + Pl — Ylis — Plar)
+ DL (U — Pr) — (Ul — dl) + Hee, (5.28)

where we have suppressed the momentum and spin-index structure above and £, was
already expressed in eqn.5.15. While writing L5, we have ignored the possibility of
having a small s—wave component in the form factors of ®3  i.e. we have assumed
Py(k) = cosk, — cosk,. We also choose not to write any explicit coupling constants
as they can be absorbed into the fields by a redefinition. In the low-energy limit, the
patches 1-2-5-6 and 3-4-7-8 are decoupled from each other.

Once again, we integrate out the fermions in the vicinity of the hot-spots (in a
momentum window |k| < A) and compute the action upto fourth order in ®*, ®°
and V. All the four-point diagrams contributing to these terms are shown in fig. 5.3.

There is also a three-point diagram, as shown in fig.5.4, contributing to the effective

action, which takes the form,
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Seg[CI)“,CI)b,\I/]:/er dr { TQ(ICI);]2+|<I>Z|2>+rb<|<1>f;|2—|—|(1>2]2)+7“b|\11|2
(a8 + |<1>z|4) o (|<1>b|4+ |<1>b|4) IRt
T |<1>§;|2) (|<1>b|2 + |2} 2)+wa|q>“| 2

o

+ uab ( (I)b* q)b*

T ab (@uq)aq)b* 4 q)aq)a*q)b* 4 H.c. )

a) (I)b*(I)b —|—HC)

Ty x
. saw(@gu@w) +sb|wr2(|@3|2+|¢g\2)]
(5.29)

where 7, = a(T — T2,) and 7, = b(T — T7) with a,b > 0 and the bare transition
temperatures, T cbo > T7,. Note that we have already utilized the emergent symmetry
of the linearized hot-spot theory to equate the transition temperatures for SC and
CDW-b, and also equated the coefficients of [¥|* and [®]*, |®|*. In the presence of
terms that break this symmetry, ch,o < ng ; the exact details are beyond the scope
of this work.

It is important to note that the above action is invariant under all the underlying
symmetries (including under rotations, e.g. Rqp : @ — 0y — DI P —
®b; dP — @°). The terms in the third and fourth lines arise naturally due to the
existence of two types of CDW correlations in the system with wavevectors that
satisfy the following geometric constraints: Q2 = Q% + Qj and Qb Q7 — Q. Some
of these coefficients were computed for the full fermi-surface in Ref.[150]. Note the
’2

absence of a term of the form [®%[?|®![* above, which is allowed by symmetry but

missing due to lack of available phase-space for this kind of a scattering process. The
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Figure 5.3: Feynman diagrams representing the various 4-point functions that con-
tribute to different terms in Seg. The solid internal lines carry different hot-spot
indices (u, v, p,0) depending upon the term being evaluated. The dashed, dotted
and double lines represent ®¢, ®* and W respectively. The individual diagrams are

labelled (a) Lps: (b) Jwps (c) Kwps, (d) Ly ps, (e) Mwps, (f) Nywps: (2) Bups, (h)
Qm/pd-

terms that are of particular interest to us appear in the last line (~ s,, ), as will
become clear in the next section.

Let us now present the results for the different coefficients that appear above.

5.3 Results

We start by presenting the results for the linearized theory (i.e. set x = 0) in the

vicinity of the hot-spots.

5.3.1 Linearized hot-spot theory

In this section, we shall list the expressions for the coefficients in terms of the

loop integrals. The details of the computation are presented in appendix D.1. At
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the outset, we note the regime that we are working in here — we assume that T <
v A < vy A, ie. the temperature is much lower than any other ultraviolet energy
scale in the problem and futhermore, the regions in the vicinity of the hot-spots (and
in the antinodal regions) are almost nested. In the next section, we will show that
the fermi-surface curvature, s, introduces another temperature scale in the problem
above which our analysis remains valid.

We start with u,, representing the coefficient of the |[®%|*, [®%]! term (fig.5.3a).

Evaluating the contributions arising from both the patches, we obtain,

ug = —(li616 + Iosas + L3434 + I7s7s) (5.30)

= —(l1212 + I3s38 + Lazar + I5656), where (5.31)

it is Straightforward to see that [1616 = [2525 = 13838 = 14747, and [1212 = [3434 =

Is656 = I7s73. The loop integrals are given by,

1 1 1
Loy = 1 G~ 32
1212 /G G2 1672020, (1 + (Z£)2)’ (5.32)

12525 - ——/G2 GQ—O (533)

where we use the notation [, =T [ dk, dk,/(2r)? and all the internal Green’s
functions carry the same argument: (iw,,,k), with w,, = (2m + 1)77. Note that in
the limit of T < v, A, T1910 — —1/(167%*0v%v,A), i.e. it is non-singular and approaches
a constant independent of temperature.

The competition term between &7 and ®f, described by w, (also, fig.5.3 a), is
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given by,
w, = —(2S+V), where (5.34)
S = Ises + Iso12 + I2161 + 1656, (5.35)
V= 4l95. (5.36)

In the above, S, V represent the self-energy and vertex-correction type diagrams.
Furthermore, it is straightforward to see that Ioses = Is5212 = Is161 = Ilie56. The

explicit expressions are given by,

vz A
[2565 = /GQ G G6 87T y UyA g ( T), (537)

1
Iase = — | G1G2GsGe = ———
1256 /k 1G2G50U6 32@xvyT’

(5.38)

where the second integral has been evaluated in the limit v,A — oc. Therefore, we
see that the most singular contribution to w, comes from I 956 and is ~ 1/7. This
has interesting consequences, as will be discussed at the end of this section, and has
also been pointed out by a recent work [243].

’4

Similarly, the contributions to the |®°|* terms arise from (fig.5.3 b),

up = —(Jae26 + J3r37) = —(Jis15 + Jusas), where (5.39)

due to the underlying symmetries, all the diagrams turn out to be equal, i.e. Ji515 =

Jogog = Jar3r = Jusas. The integral evaluates to,

1 S T¢B3) A
Jisis = —= | G2 G2 = 5.40
1515 = /k 3974 vyT27 ( )

where ((n) is the Riemann-zeta function. The singularity here is much stronger than

what we encountered before in the case of the |®2|* terms. However, the T2 behavior
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is not at all surprising— recall that there is a perfect SU(2) symmetry between CDW-b
and SC within our linearized theory and the coefficient of |®°|* term should therefore
be identical to that of |¥|?, which is known to be of the same 72 form. In the
presence of a finite curvature, this symmetry will be broken below some temperature
scale set by k, as we shall see in the next section.

Let us now shift our focus to terms that describe the competition between the
different components of the charge-orders, ®* and ®*. There are two types of four-
point functions between these orders, denoted u,, and %g,. Let us focus on wug, first
(fig.5.3¢). If we focus only on the coefficient of, let us say, the |®2[?|®2|? term (the

overall form in which the different order-parameters appear is strongly constrained

by various symmetries), we get,
Uy = —2(Kig26 + Kusrs), (5.41)

where K373 = Kgs15 by symmetry under R,/ (and the latter appears in the coeffi-

cient of |®¢[?|®P|?). Evaluating these loop integrals gives,

1
K1626 - —/I;Gl G2 Gé - _W’ (542)
1
K, = — |G GEGy=————. 5.43
6515 /k 1 5 6 64U$UyT ( )

Similarly, while evaluating %, (fig.5.3d), if we focus only on the coefficient of (®%)>®5* b

(the overall form of the terms is once again constrained by symmetry),
Uah = —(Lasie + Lasa), (5.44)

where L37g4 = Los1 and the explicit form is given by,

1

—— 5.45
320,0,T (5.45)

mmz—/a@&%z
k
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It is interesting to note that the leading singularities in all of the above diagrams
(with the exception of u,, up) is of the form ~ 1/7". This is something that we can
understand by applying standard power-counting arguments. In (2 + 1)—dimensions
for such 4-point functions, the singular structure in the IR (with a cutoff, kg ~ T)
will be obtained as [ d*k/k* ~ 1/ko, where k = (iw, k). However, there are obviously
exceptions to this naive argument, which arise due to the interesting pole structure
of the propagators involved in the different diagrams.

We now move over to the terms that actually describe the competition between
CDW and SC—these will be responsible for some of the interesting results to come
out of our analysis. We start by evaluating the diagrams contributing to s,, which

describes competition between ®* and ¥ (fig.5.3 e, f),

sa = 2S+V, where (5.46)
S = Mysi5 + Meisi + Mrsus + Mugzs,

= Mgez + Mgs15 + Msgrs + Muzsz, (5.47)
V' = Nagis + Nsagr = Nogs1 + Naars. (5.48)

In the above, S and V represent the self-energy and vertex correction contributions
respectively. We have written the coefficients of both |®4|*|W|* and |®%[?*|W|* above,
which are of course equal. Moreover, some of the symmetry related diagrams are
individually equal as well, such as Miogy = Mrgas = Mgsis = Myzrz and Mogs =

Mgsrs = Myzsr = Meisi. Similarly, Nogsi = Nogis = Ngazr = Ngazz. The explicit
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expressions for the (distinct) diagrams are given by,

1
M. = — |GGG = ——+ 5.49
2515 /k 2 5 1 64vxvyT ( )
1
M = - |GGG =—" 5.50
1
Nogst = — [ G1GoGLGly = ————.
2651 /k 12U 50g 32vxvyT

(5.51)

The “primed” Green’s functions have arguments (—iw,,, —k). Once again, the
leading singularity is of the form 1/7.
Finally, the coefficent s;, which describes the competition between ®° and ¥

(figs.5.3 g and h) is given by,

sy = 2(Pas2s + Psrar) + (Qas26 + Qarar) (5.52)

= 2(Pis15 + Pusgas) + (Q1515 + Qusas), where (5.53)

all the self-energy type diagrams, Pi515 = Pagog = Psr3r = Piagas, are equal and the
vertex-correction type diagrams are equal and opposite in sign to the self-energy type
ones, i.e. Q515 = Qogos = Q3737 = Qusas = —Pis15. We therefore only need to
evaluate one such integral—the corresponding expression is given by,

7¢(3) A
1674 v, T2

Pygos = — / Gy G2 Gl = (5.54)
k

The 1/T? behavior is to be expected by the same reasoning that was presented earlier
— the coefficients of |W|*, |®°|* and |®°|?|¥|? should have an identical (singular-)
structure arising from the emergent SU(2) symmetry.

Now that we have evaluated all the four-point functions allowed by symmetry,

let us also evaluate the three-point functions between ®¢, ®° that contribute to ty
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q)a

(I)a

Figure 5.4: Feynman diagram representing the 3-point function, Y),,,, between ®¢
(dashed lines) and ®° (dotted line). The solid internal lines carry different hot-spot
indices (u, v, p).

(fig.5.4). Once again, we remind the reader that such a term is allowed because
of purely geometric reasons associated with the wavevectors of the various CDWs:
Q) = Qi + Q) and Q) = Q2 — Q. If we focus on the coefficient of the ~ ®5PoPL*

rry T

term (and the rest just follows by symmetry), we get,
tap = (Yog1 + Yaes + Yars + Yars), where (5.55)

it is easy to see that Yogs = Yaog1 = Ya74 = Y3rs. If we choose to evaluate just one of

these,

3/261 = — / Gl GQ G6 = 0. (556)
k

It is very interesting to see that within our linearized theory, the integral evaluates
exactly to 0. However, in the presence of a finite curvature, this term assumes a
non-zero value, as will be shown in the next section.

Assembling all the expressions that we have computed above, the leading (singular-
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) behavior of the coefficients in the effective action, Seg[®®, ®°, ¥] are given by,

1 1 7C(3)A
a — > a = s = T e 5.57
B 8m2viu, A v 8v, v, T o 16740, 12 (5:57)
1 1
b = T Uab = T tap =0 5.58
Hab 16v,v, T Hab 16v,v,T b ( )
1 7¢(3)A
- (L 5.59
° 16v,0,T° "~ 8mho,T? (5.59)

At this point, it is worth pointing out some of the interesting features associated
with the above terms. First of all, notice that depending on the nature of the term,
we have obtained two different types of singularities—there are terms that go as
1/T, and others that go as 1/T?— in addition to the non-singular term. This has
two interesting consequences. In the presence of only the terms involving CDW-a,
the competition between the x,y— components, w,, far exceeds u,, i.e. wy/u, ~
Av,/T > 1. The implication is that at low enough temperatures, CDW-a would
necessarily have a tendency to form stripe-like, instead of checkerboard, order [243]
which would spontaneously break the underlying Cy symmetry of the lattice. On the
other hand, with only CDW-b order, due to the absence of any competition between
its ¢, y— components, there won’t be any tendency to break the C; symmetry. There
is indication for the CDW being unidirectional and stripe-like in the absence of a
magnetic field in various experiments.

Let us now discuss an important feature of our analysis, involving the s,, s, terms
that describe the competition of the different CDWs with SC. We find that s;/s, ~
Av, /T > 1, implying that at low enough temperatures, SC competes with CDW-
b much more strongly than with CDW-a. However, this is not surprising for the

following reason: In our linearized hot-spot theory, there is no fundamental difference
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(@ (b)

(© (d)

Figure 5.5: Contracting the W— fields (solid-double lines) in (a) M5, (b) Nuwps
renormalize the |®%|? term, and, (¢) PL,s, (d) Qs renormalize the [®°|? term.
between CDW-b and SC due to the SU(2) symmetry. In fact both of these orders are
strongly coupled to each other and compete for density of states on the fermi-surface
in the vicinity of the same hot-spots. Therefore, it is natural for them to compete
with each other more strongly. The same is not true about CDW-a and SC, which
compete for density of states along different portions of the Fermi-surface. Note that
CDW-a and CDW-b also compete mutually, so suppressing one naturally makes it
favorable for the other one to emerge.

To summarize, the results of this section indicate that at very high temperatures,
there is an almost perfect symmetry between CDW-b and SC (in fact, this symme-
try persists even in the presence of a finite curvature, as we shall show in the next
section) which makes it unfavorable for CDW-a to appear in the scene. However,
as a function of decreasing temperature, as the strength of superconducting fluctu-
ations increase, the CDW-b fluctuations are preferentially suppressed compared to

CDW-a, which could possibly allow CDW-a to emerge. The exact crossovers, if any,
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are beyond the scope of this work. The net effect of the SC fluctuations is to ef-
fectively renormalize the quadratic terms in the action for ®* and ®°, as shown in
fig.5.5. At low temperatures, the coefficient of |®°|? is renormalized more strongly
compared to the coefficient of |®¢|?. In order to extract an estimate of the relative
renormalizations, let us compute Ar, and Ar, for CDW-a,b due to purely thermal
and Gaussian fluctuations associated with superconductivity, (|¥4|?) ~ (q* + %)L

This approximation is valid sufficiently far away from the superconducting 7.. The

renormalizations are then given by,

d*q 1 Sq o 1 o
Ar, B4 0 Sege (T o - e (2 .
T Sa/ (27)% g% + o2 or ® (A> 32mu,v, T °8 (A)7 (5.60)
d’¢ 1 sy o 7¢(3)A o
2 =g (Z) = — S92 100 (2 (561
Sb/ (2m)% g% + o2 or 8 (A) 16750, T2 %\ A (5.61)

Hence, the relative renormalizations Ar,/Ar, ~ Av,/T > 1, which indicates that

AT()

Q

within our simplified theory, there exists an intermediate range of temperatures where
the transition temperature for CDW-b gets suppressed more than the one for CDW-a.

The only caveat in the calculations presented in this section is that all of them
were performed in the limit of kK — 0. Of course, in the actual problem, the curvature
is finite (albeit small, in the anti-nodal region). Therefore, we revisit the whole
problem with a non-zero curvature in the next section and analyze the consequences
numerically.

We would like to remind the reader, that at the level of approximation that we
have used in this section, the CDW-a state is degenerate with the corresponding
PDW state and the two compete strongly with each other. However, in the presence
of a curvature or other features that break the SU(2) symmetry, the PDW state

is destroyed completely, at least within the weak-coupling picture (unlike the other
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states, as we saw in fig.5.2). Moreover, as we shall see in the next section, the
competition effects between CDW-a,b and SC discussed above survive even in the

presence of curvature as long as the temperature is higher than a scale set by k.

5.3.2 Effect of fermi-surface curvature

In the previous section we ignored the effect of the fermi-surface curvature com-
pletely and analyzed the linearized theory in the vicinity of the hot-spots. Most of
the graphs that we evaluated were singular in the limit of 7" — 0 (though we intend to
apply our results to the metallic state at strictly 7" > 0). The question we would now
like to address is to what extent do these results remain valid and what is the regime
of validity, in the presence of a finite curvature. In fact, it is possible that the cur-
vature sets a temperature scale above which our analytical results for the linearized
theory continue to hold. We shall denote all the previously evaluated integrals by
I.J,.., Q, Y, to distinguish them from the symbols used earlier. This time around,
we shall perform the Matsubara sums first and then evaluate the momentum-integrals
numerically as a function of temperature for various fixed values of curvature, x, and
a = v, /v,

The aim of this computation is two-fold. First of all, in the limit of kK — 0, we
should recover the temperature dependencies of the different terms obtained earlier.
Secondly, we would like to have an approximate estimate of the functional form of

To(k, ), the temperature scale above which our analytical results for the kK = 0

problem continue to hold, assuming such a scale exists.
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In the presence of a finite curvature, the modified dispersions are now given by,

ei(k) = vok, + vk, + r(k2 + k;), (5.62)

e2(k) = woky —vyky + K(kD +K2), (5.63)

with e5(k) = €1(—k), e6(k) = e2(—k) and so on.

We only present the main findings of this analysis in the present section. The
technical details of the computations alongwith plots of the numerical results are
provided in Appendix D.2.

Let us start by analyzing the temperature dependence of diagrams (f1212) con-
tributing to u,. We found that (i) at a fixed value of «, but for x # 0, jlglg goes to a
constant value in the limit of 7" — 0. Moreover, in the limit of x — 0, this constant is
nearly identical to what we had computed earlier for I1912 (eqn.5.33). (ii) On the other
hand, for T — v, A, there is a power-law fall off going as ~ 1/T? for all considered
values of k, which again matches with our analytical result for I1215 (eqn.5.33). (iii)
Finally, T1912 scales as ~ 1 /a, which was apparent from the perfect scaling collapse
that we observed for ol 1212 (not shown). This agrees with our analytical results from
earlier, even though they were computed with x = 0. The numerically evaluated
results for I1o1o are shown in fig.D.1(a).

We next computed the leading diagrams contributing to w,, giving rise to com-
petition between z— and y— components of CDW-a. We came across the following
interesting results: (i) irrespective of the value of the curvature, the diagrams all
asymptote to a 1/T behavior at low temperatures (upto T'/v,A ~ 107%). (ii) There
were however deviations at higher temperatures. (iii) Finally, this particular diagram

also scales as 1/a (not shown). The plots as a function of temperature are shown in

157



Chapter 5: Feedback of pairing fluctuations on charge-order

fig.D.1(b).

It is especially interesting to see that even in the presence of a small curvature, w,
continues to scale as 1/7 down to very low temperatures. However, as a function of
decreasing temperature, there will be a preemptive instability to superconductivity,
which in turn will cut-off the 1/T" behavior to 1/A, where A is the superconducting
gap.

Let us now revisit the terms that turned out to be the most singular in our earlier
analysis, which includes uy (Ji515) and sy (Pagas, Qa626), and went as ~ 1/T2. As
a reminder, in the linearized theory, we obtained 2Ji515 = — Pagag = (Q2626. HOW-
ever, a finite curvature breaks this symmetry. We first focussed on the temperature-
dependence of these diagrams at a fixed o but different values of x and noticed the
following common features: (i) The limit of kK — 0 computation agrees perfectly with
the analytical computation from the previous section. (ii) With an increasing k, we
note that the results for the different computations (i.e. with and without ) only
agree with each other above a characteristic temperature, Ty = Ck, with C different
for each diagram (This is determined by noting the temperature, Ty, at which the
deviation starts; these are marked by the dotted vertical lines in fig.D.2). To inves-
tigate whether C is a—dependent, we computed the same diagrams as a function of
temperature at a fixed k # 0 and v,, but for different values of a. Remarkably, the
value of T remains unaffected by changing «, which shows that C is independent of
a. (iii) We also observed them to scale as ~ 1/a, just like in all the previous cases.
Therefore, to summarize, u, and s, continue to behave as 1/T? above a temperature

scale that is set by curvature, Ty ~ k. Therefore, at high enough temperatures com-
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pared to this scale, the degeneracy between CDW-b and SC is maintained and the
competition is sufficiently weak that it is unlikely that CDW-a will be a preferred
state, based on our arguments from the previous section. It is however important to
remind ourselves that the coefficient of |[¥|*, which also goes as ~ 1/T?, survives even
in the presence of a finite curvature but is eventually cut-off by A. The numerically
evaluated results are shown as a function of temperature in fig.D.2 (a)-(f).

Finally, we also evaluated the term responsible for competition between SC and
CDW-a. Recall that in the linearized theory, 2Ms515 = —Nogs1 = —Nogi5 and where
the leading singularities were all ~ 1/T. However, in the presence of a finite k these
degeneracies are lifted. However, all the diagrams continue to behave as ~ 1/T
down to temperatures of T'//v,A ~ 107*, even in the presence of a reasonably large k.
However, as a function of decreasing temperature, the system will go superconducting
thereby cuting-off the singularity. We have also checked that just like all the other
diagrams considered so far, these diagrams also scale as ~ 1/a. The results are shown
in fig.D.3 (a)-(c).

Towards the end of section 5.3.1, we saw that the three-point functions between
CDW-a and b turned out to be identically zero. However, when we evaluated the
same diagrams in the presence of a finite curvature, they turned out to be non-zero.
In fact, based on the numerically evaluated results, we were able to guess an analytical

functional form for Yag;, which is as follows,

kA 1

T = .
y( 7/€7OZ) ﬂ_gavx 7T2T2—|—U3A2

(5.64)

Note that it indeed reproduces the x — 0 limit correctly and approaches a constant

in the limit of 7" — 0 otherwise. The numerically evaluated results and a comparison
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with ) is shown in fig.D.4(a), (b).

To conclude this section, we found that at sufficiently high temperatures, our
results from the previous section continue to hold even in the presence of a finite,
but small, curvature. The terms that we found to be most singular in our earlier
computation (~ 1/7?), continue to have the same form as long as T' > T ~ Ck.
On the other hand, the terms that went as ~ 1/T', continue to be so down to very
low temperatures compared to the scales set by the fermi-velocities. However, as a
function of decreasing temperature, these singularities are cut-off eventually by the
preemptive instability to superconductivity. It is therefore safe to conclude that our

computations in section 5.3.1 are applicable in the window max{T., To} < T < v, A <

vy A

5.4 Discussion

Over the past few years, we have learnt a great deal about the nature of the
various symmetry-broken states that arise in the pseudogap regime of the underdoped
cuprates. This has largely been possible due to the enormous number of remarkable
experiments performed on these materials. Most of these experiments point toward
the existence of a fluctuating and short-ranged charge-density wave in a metallic state;
the onset of the CDW happens below a characteristic scale Tiq, < T, as deduced
from X-ray scattering measurements [91]. There is a considerable amount of evidence
suggesting that the CDW competes with superconductivity. It is therefore essential
to understand the true nature of the CDW and its relation to superconductivity, as

this might be the key to gaining a complete understanding of the pseudogap phase
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out of which both orders emerge [11].

Theoretically, we have now started to realize that the cuprates are a model system
where the Fermi surface geometry, the strong interactions between the constituent
electrons and the quasi-two dimensional structure conspire to give rise to some re-
markable consequences. One of these is the universal feature that in the presence
of strong antiferromagnetic interactions, superconductivity and charge-order are tied
to each other; this has been highlighted by the observation [52, 77] of the predicted
[154, 196] d-wave form factor of the CDW. While SC and CDW necessarily arise as
dual instabilites of the same normal state, they also compete with each other. One of
the puzzling features, on the theoretical side, has been the discrepancy between the
wavevector of the CDW seen experimentally and the one obtained from the leading
CDW instabilities in various models. The primary purpose of this paper has been to
address one interesting ingredient that could be partly responsible for resolving this
discrepancy over at least an intermediate window of temperature. The primary moti-
vation for invoking the effect of d—wave superconducting fluctuations was to suppress
density of states in the antinodal regions.

In this chapter, we studied the interplay of fluctuating charge-order and supercon-
ductivity. Our starting point was the t-J model (without Gutzwiller projection) for
a metal interacting via short range antiferromagnetic exchange interactions, where
the various instabilities at the Hartree-Fock level are to SC and CDWSs with different
sets of wavevectors (a t-J-V model with an infinite on-site Hubbard U also leads to
similar instabilites, in addition to a staggered flux state [10]). The leading CDW-b

state was found to have a wavevector of the form +(Qo, £0Qy), while there was a
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sub-leading instability to the CDW-a with wavevectors (£Qy,0) and (0,+0Qy). It is
the latter that is closely related to the state seen in the experiments. In order to
study the minimal model with all the necessary ingredients, we then considered the
theory of a metal with pairing fluctuations and both types of CDW correlations and
computed the effective Ginzburg-Landau (GL) theory upto the quartic order in in
the low-energy limit.

We obtained a number of interesting results for the temperature dependencies of
the coefficients in the GL theory. In particular, one of the central results of this paper
is the nature of the competition between CDW-a and b with SC. We observed that
SC competes with CDW-b much more strongly than with CDW-a at low enough, but
non-zero temperatures. In the low-energy limit, we attributed this to the emergent
SU(2) symmetry between SC and CDW-b, which really doesn’t distinguish between
the two different phases, and the absence of a gap in the spectrum at the antinodes.
At low temperatures, we presented hints that the SC fluctuations might make it more
favorable for CDW-a to arise and CDW-b to be suppressed preferentially. In fact, we
showed that even in the presence of a finite fermi-surface curvature, the results for the
mutual competition between CDW-a,b and SC continue to hold above a temperature
scale that is set by the curvature (T ~ k). However at the same time, it is impor-
tant to note that in the xk — 0 limit, CDW-a is related by SU(2) symmetry to the
PDW state with the same wavevectors and these two orders would therefore compete
strongly with each other. However when the SU(2) symmetry is broken explicitly by
a finite fermi-surface curvature (or by a nearest-neighbor Coulomb repulsion term),

the fragile PDW state disappears completely, as witnessed in our HF computation
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for the t-J model. It would be interesting to explore the interplay between SC, CDW
and PDW orders beyond weak-coupling, starting from a microscopic model in the
near future.

Finally, if it is indeed the superconducting flucutations that are responsible for
giving rise to the experimentally observed wavevector, then it is possible that the
CDW-b state would show up in experiments if one were to suppress these SC fluc-
tuations completely. Furthermore, the CDW-b order should have tendency to form
checkerboard order, unlike CDW-a which has a tendency to form stripe-like order
[243]. This is a direction worth exploring in STM experiments at really high mag-
netic fields, for instance, and repeating phase-resolved analysis similar to what has
been carried out recently to look for signatures of the CDW-a state [77]. However,
if the CDW-b state continues to be absent, then it is likely that there are other fac-
tors at play here in addition to the SC fluctuations. One such factor has already
been considered recently, which arises from strong correlation effects due to Coulomb

repulsion [10].
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Chapter 6

Fractionalized Fermi-liquids

“Do not fear to be eccentric in opinion, for every opinion now accepted was once

eccentric.” - Bertrand Russell

6.1 Introduction

We hope that the reader is convinced by now that one of the central puzzles
related to the hole-doped cuprates at low doping is the origin of the “pseudogap”
— a suppression in the density of states at the Fermi-level below a temperature,
T*— and its relation to other symmetry-broken states found at lower temperatures.
Most notably, recent experiments on a number of different families of the hole-doped
cuprates have detected the onset of an incommensurate charge density wave (CDW)
state at a temperature, T, < T.q4y, < T™ which competes with superconductivity below
the superconducting T, [78, 5, 39, 51, 55, 3, 248, 249, 132, 96, 235, 130, 151, 52, 77].

One of the primary motivations behind investigating the nature of the CDW is the
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hope that a better understanding of this state would lead to a better understanding
of the “normal” state above T, out of which it emerges.

A number of recent theoretical works [154, 97, 105, 27, 196, 117, 199, 60, 67,
149, 61, 10, 9, 45, 243, 150, 233, 34, 20, 73] , including the previous chapter, have
tried to approach this problem from a weak-coupling approach, where the CDW is
interpreted as an instability of a large Fermi surface in the presence of strong antifer-
romagnetic (AFM) exchange interactions. The experiments on certain families of the
cuprates, such as YBCO, BSCCO and Na-CCOC, have found strong evidence for the
wavevector @ to be of the form: (£Q,0) and (0, £0Qy), where @y decreases with in-
creasing hole-doping and is believed to nest portions of a putative large Fermi surface
in the vicinity of, but away from, (7,0) and (0, 7). Moreover, recent phase-sensitive
STM experiments [77] and other X-ray measurements [52] have unveiled the form
factor Pg(k) to be predominantly of a d—wave nature, i.e. Pg(k) ~ (cosk, —cosky).
Fig.1.13 in chapter 1 provides an illustration of unidirectional “bond density” waves
(BDW) of different types in real space for both commensurate as well as incommen-
surate wavevectors.

We note in passing that recent X-ray observations [4] in the La-based cuprates
indicate a dominant s’-form factor (where Pg(k) ~ (cosk, + cosk,)), and this has
been ascribed to the presence of magnetic ‘stripe’ order in these compounds, and is
in agreement with computations in such states [73]. Further, computations [231] of
density wave instabilities in the presence of commensurate antiferromagnetism show
suppression of the d-form factor with increasing magnetic order.

Without magnetic ordering, the form factor does indeed come out to be predomi-
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nantly d—wave within all the weak-coupling approaches [154, 196, 199, 10, 9, 45, 243].
However, the wavevector of the leading density-wave instability within all of these ap-
proaches is always of the diagonal type, (£Qo, £Q). This feature can be traced back
to the absence of a pre-existing gap in the anti-nodal region of the large Fermi sur-
face normal state. It is also related to the remnant of an emergent SU(2) symmetry
associated with AFM exchange interactions, that maps particles to holes and vice
versa [154, 198]; therefore d—wave superconductivity, which is the leading instability
in the problem, gets mapped to d—form factor BDW with the diagonal wavevectors.
While the diagonal wavevector is a serious drawback of the weak-coupling approaches,
various scenarios have been proposed under which the experimentally observed state
might be favored over the diagonal state [10, 45, 149, 243].

Here we shall explore the consequences of gapping out the anti-nodal region by
examining the density wave instabilities of a metallic state denoted [213, 215] the
fractionalized Fermi liquid (FL*). An independent related analysis has been carried
recently by Zhang and Mei [258] using the Yang-Rice-Zhang (YRZ) ansatz [254] for
the fractionalized metal. The FL* has similarities to the YRZ ansatz [184], but as
we shall review below, can be derived systematically from microscopic models while
keeping careful track of its ‘topological” order [213, 215] (see also Ref. [148]). These
density wave instabilities were also discussed in Refs. [51, 240, 241], but without
allowance for non-trivial form factors for the density wave.

FL* phases are most conveniently described within multi-band models, such as
in Kondo lattice models for heavy-Fermion systems [213, 215] or Emery-type models

suited for the cuprates, where the spins in only one of the bands go into a quantum-
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disordered (spin-liquid) state. In this work, we shall take a different route that has
been adopted earlier in Refs.[113, 115, 197, 184]. This approach is best understood
as follows [198]: Imagine that we start from a metal with long-range AFM order, so

L' Tf we now want

that the Fermi surface has been reconstructed into hole-pockets.
to describe the loss of antiferromagnetism, then the transitions where the long-range
order is lost and the entire Fermi surface is recovered need not be coincident. In
particular, it is possible to have two separate transitions, where at the first transition
the orientational order of the AFM is lost over long distances, while the magnitude
of the AFM order remains fixed; the large Fermi surface is recovered at the second
transition. Therefore, it is possible to have an intermediate phase with a locally well-
defined AFM order (over distances of the order of a short correlation length, ). As
we will review below, this intermediate phase can have hole pockets. Because there is
no broken symmetry, the Luttinger theorem on the Fermi surface volume is violated,
but this is permitted because of the presence of topological order [213, 215].

In the context of one-band models linked to the physics of the cuprates, our re-
alization of the FL* state is linked to the analysis presented in Ref. [113]. We used
their and subsequent results [115, 197, 184, 162, 183] to obtain the global phase dia-
gram presented in Fig. 6.1. The starting point of this phase diagram is a deconfined
quantum critical point [214, 210] in the antiferromagnet at zero doping, while tuning
a coupling constant g, which measures the degree of “frustration” in the antiferro-

magnet. This critical point is described by a deconfined gauge theory involving a

U(1) gauge field A, and relativistic, bosonic S = 1/2 spinons z, which carry the

'In general, electron pockets could also appear, but let us assume that the parameters are such
that only the hole-pockets are present.
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Figure 6.1: Phase diagram of a quantum antiferromagnet as a function of the parame-
ter, g, which controls the strength of quantum fluctuations and the carrier density, x.
The x = 0 phases are insulators, and we assume that the insulator has a deconfined
quantum critical point [214, 210] at a ¢ = g.. The arrows on the labels of the phases
indicate crossovers upon going to lower energies and longer distances. For z = 0 and
g < g., the ground state is an ordered antiferromagnetic insulator, while for x = 0
and g > g. the ground state is a valence bond solid (VBS), which arises as an insta-
bility at long confinement scale of a U(1) spin-liquid (SL). The g = g., deconfined
quantum critical point, broadens into a “holon” metal phase above a small, finite x.
Binding of the emergent spinon and holon excitations in the holon metal phase leads
to the FL* phase shown for ¢ > g. and non-zero x. We do not discuss the small
x (shaded grey) region in this paper [113]. The BDW instabilities of the U(1) FL*
have a d—form factor and could be relevant for the observations in the non La-based
cuprates. The physical trajectory in the phase diagram (for the non-La cuprates)
corresponds to not only changing x, but also g, i.e. the trajectory runs diagonally.
The eventual confinement transition out of the d—BDW state must occur, and its
description remains an important topic for future work.

U(1) gauge charge. Upon doping the antiferromagnet in the vicinity of this decon-
fined critical point with charge carriers of density =, we have to include a density
x of spinless fermions (‘holons’), 1, which carry gauge charge (p = £1) under the

same U(1) gauge field. The resulting gauge theory for z, and v, has a complicated
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phase diagram as a function of g and the hole density, which is sketched in Fig. 6.1
and will be partly reviewed in Section 6.2. Our attention here will focus on the FL*
region of Fig. 6.1: here the z, and v, bind to form gauge-neutral fermions of den-
sity o, which then form Fermi pockets in the Brillouin-zone near, but not centered at,
(£7/2,£7/2). The total area enclosed by these pockets is x, and hence the Luttinger
volume of 1 + x is not obeyed, and a FL* phase is realized.

In this chapter, we carry out a generalized RPA analysis of a model of this FL*
phase interacting via short-range interactions. In most of the parameter space that
we have explored, the leading instability in the particle-hole channel is a bond density
wave with predominantly d—form factor whose wavevector nests the tips of the hole-
pockets.?2 This result is a promising step in the direction of identifying essential
characteristics of the normal state which are responsible for giving rise to the BDW
instability that is observed experimentally in the underdoped cuprates.

The rest of this chapter is arranged as follows: we describe and review a particular
route towards constructing an FL* state, starting from a one-band model of electrons
coupled to the fluctuations of an AFM order-parameter in section 6.2.1. We then
setup our computation for determining the charge-ordering instabilities in an FL*
interacting via short-range interactions in section 6.2.2. Finally, we describe our
results for the nature of the BDW instabilities, with special emphasis on its wavevector
and form factor, in section 6.3 and conclude with a future outlook in section 6.4. We
review some of the previous analysis of density-wave instabilities in metals with large

Fermi surfaces interacting via short-range interactions ([196, 9]) in appendix E.1 in

2The density of states, n(E) = fEk:E mcﬁk is high at the tips of the pockets, Fr = 0.
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order to highlight the differences with the main results presented in this paper. The
analysis here will be similar to section 5.2.1. Appendix E.2 contains a brief discussion

of density-wave instabilities in the presence of large Coulomb repulsion.

6.2 Model

We begin by summarizing the arguments [113, 184] that lead to the phase diagram
in Fig. 6.1. The starting point is the theory for the electrons, ¢;, (o =7, ), hopping
on the sites of a square lattice. The electrons are coupled to the fluctuations of an
O(3) field, n;, which describes the local orientation of the antiferromagnetic Néel
order at K = (m, 7). We shall focus on the long-wavelength fluctuations of n; while
retaining the full lattice dispersions for the fermions. The imaginary time Lagrangian,

L=Ls+ L, + Lyy, is given by,

Lf = Z Cga [(& - /L)(SU — tlj:| Cia -+ h.C., (61)
0,
1
L, = 3 d*r [(0.m)* + v*(Vn)?, (6.2)
Lp = A Z eEring .l oascis. (6.3)

(2

In the above, ¢;; represent the hopping matrix elements that give rise to a large Fermi
surface, p represents the chemical potential, A is an O(1) coupling, v represents
a characteristic spin-wave velocity and g is used to tune the strength of quantum
fluctuations associated with the AFM order parameter. The vector n satisfies the
local constraint n? = 1.

When ¢ < g, the above model has long-range antiferromagnetic order, (n) # 0

(with a correlation length, £ — 00). In the presence of such long-range order (LRO),
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the large Fermi surface breakKS10 up into electron and hole pockets. The resulting
state in the presence of short-range fermionic interactions could be unstable to other
symmetry-broken states; the nature of these instabilities in the particle-hole channel,
starting from a reconstructed Fermi surface, have been analyzed [20, 231]. As we noted
in Section 6.1, this approach leads to density waves with the d-form factor suppressed
[20], consistent with recent observations on the La-based cuprates [4] which do have
magnetic order at low temperatures.

Our interest in the present paper is on the g > g. portion of the phase diagram in
Fig. 6.1, which we argue is relevant to the physics of the non-La-based cuprates. The
deconfined critical point ¢ = g. and x = 0 is expressed not in terms of the n fields,

but in terms of the spinor z,, with

n, = 2;,0,3%3 (6.4)

and a U(1) gauge field A,. At the same time [184], one tranforms the underlying

electrons, ¢;o, to a new set of spinless Fermions, 1,

Cia = fopz/zip, where (6.5)
. Zit —%)
R, = , (6.6)
il z;}

is a spacetime dependent SU(2) matrix (3, |2ia|*> = 1) and the fermions 1);, carry
opposite charges p = +1 under the same emergent U(1) gauge transformation.

We begin our discussion of the complex dynamics of z, and 1, by first considering
the effect of non-zero = at the critical coupling g = g.. At very low hole density, each

1, fermion can be treated independently of all the others, while interacting with the
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deconfined gauge theory described by z, and A,. As shown in Ref. [113], there is an
‘orthogonality catastrophe’ and each v, fermion is effectively localized by the critical
fluctuations. We are not interested here in the very small values of x at which this
localization happens, and so will not discuss it further; it is also excluded from Fig. 6.1
(shown as the grey-shaded region). Moving to higher hole densities, we can assume
the holons form a Fermi surface, and this can then quench the A, fluctuations via
Landau damping [114, 208]; the holon Fermi surface is then stable,> and we obtain
the holon metal shown in Fig. 6.1.

Let us now turn to g > g.. Now there is at least one additional length scale, the
spin correlation length, £&. This length should be compared with the spacing between
the holons ~ 1/4/x. There is actually another significant scale, the length scale at
which Landau-damping of the photon sets in; this also diverges as x — 0, and for
simplicity we will ignore its difference from the spacing between the holons. When
1/{/r < &, we revert to the g = g, situation described in the previous paragraph.
However, for £ < 1/4/x, we have to first consider the influence of a non-zero £ on the
gauge theory of the deconfined critical point. As described in Refs. [214, 210], here we
crossover to a Coulomb phase in which the A, field mediates a logarithmic Coulomb
force. This Coulomb force binds the z, and v, quanta into gauge-neutral fermions
[113, 115, 184] (an additional attractive force is also provided by the “Shraiman-Siggia
term” [113, 184, 221]). At longer scales, these gauge-neutral fermions start to notice

each other via the Pauli principle, and so they form Fermi surfaces leading to the FL*

3At low temperatures, the holons can pair to form a composite Boson that is neutral under the
A, field, condensation of which leads to the holon superconductor [115].
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state of interest here.*

At even longer length scales we have to consider confinement effects from monopoles
in the A, gauge field, which are not suppressed in the FL* regime (but monopoles
are suppressed in the holon metal). This we will not do here, leaving it as a difficult

but important problem for future study.

6.2.1 Fractionalized Fermi liquid (FL*)

As discussed in section 6.1 and in Refs. [184, 162], the emergent photon gives rise
to binding of the 1, fermions and the z, spinons into gauge-neutral objects. However,

there are two such combinations,
Fio ~ Ziawi—i-y Gia ~ 5a62;51/)i—, (67)

where £,4 is the unit antisymmetric tensor. The physical electronic operator has a

non-zero overlap with both of these,
Cio = Z<Fl’a + Gia)7 (68)

where Z is a quasiparticle renormalization factor that is nonlocal over &; this expres-
sion differs from the bare relationship in Eq. (6.6) because we are now dealing with
fully renormalized quasiparticles [184]. Over distances that are larger than &, where
there is no net AFM order, the F,, and G, fermions preferentially, but not exclusively,

reside on the different sublattice sites.

4 The FL* phase considered here is a descendant of the “holon-hole” metal phase of ref.[115],
in the extreme limit where all of the holon states have been depleted into forming gauge-neutral
fermions.

173



Chapter 6: Fractionalized Fermi-liquids

Based on symmetry considerations alone, we can write the following effective

Hamiltonian for Fj, and G;,,
Heg = th (Ff Fjo + G1.G0) +AZ¢K% (Fl Fi — Gl Gi)

Z b (F}Gia + Gl Fja). (6.9)
Once again, the ¢;; represent the hopping matrices corresponding to a large Fermi
surface, A represents the potential due to the local AFM order (at distances shorter
than &). The terms proportional to #;; represent the analogs of the “Shraiman-Siggia”
(SS) terms [221] which couple the F' and G particles. In the absence of these terms,
but with A # 0, one obtains hole-like pockets centered at (7/2,7/2). However, when

the SS terms are finite, the pockets can be shifted away from these special points.

It is more convenient now to change basis to a new set of fermionic operators,

1 1
ﬁ(Fka + Gka); Dia = E(Fk—&-Ka — Grika); (6.10)

so that the physical electronic operator cg, =~ (Z/ \/§)Cka. The revised Hamiltonian

Cka =

then reads,

Ha=Y {s,-:c,zacka & kDb D
k

~MCf Dra + DL Cia)l, (6.11)

where the dispersions, &, &, are given by,

& = entén & =ek— E (6.12)
en = —2t1(cos(ky) + cos(k,)) — 4ty cos(ky) cos(k,)

—2t3(cos(2k,) + cos(2k,)) — u, (6.13)
& = —to—ti(cos(ky) + cos(k,)). (6.14)
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The Green’s function for the electronic operator can be obtained from the Hamil-

tonian in eqn.6.11 and is given by [184],

Z?

Glkw) = e e Err]

(6.15)

It is more transparent to rewrite the above Green’s function in the following form,

c _ Z
G(k,w) = ;w o where (6.16)
Z,j) - A2
Zk e 6.17
(% B Gon)’ (47
_ 2
Ey = S+ Serc +2§’“+K + \/ <€’° 25’”") + A2, (6.18)

In the limit where A = t~z-j = (, one recovers the original large Fermi surface, &.

6.2.2 Charge-order instabilities via T-matrix

Based on the analysis above, we have arrived at a description of the electronic
excitations which have been renormalized by the quantum fluctuations of the antifer-
romagnet. A natural question that we need to address now is whether the resulting
state is unstable to other symmetry-broken phases in the presence of short-range
interactions. We shall address this question by studying the effect of short-range
Coulomb repulsion and AF exchange interaction acting on top of the FL* phase,

described by,

He = UZ mczTCucw + ZV c] cmc 13CiB) (6.19)
1<J
Jz’j foch
H; = Z 4 B " a5 CiaCipCyyCio: (6.20)
i<j

175



Chapter 6: Fractionalized Fermi-liquids

The notation that we shall use to define the interaction parameters from now on
is as follows: J;; = J,, Vi; =V, where a(=1,2,3) denotes whether i, j are 15, 2",
or, 3" nearest neighbors.

Let us now look for the possible charge-ordering instabilities. We will consider
the effect of first, second and third neighbor Coulomb and exchange interactions (i.e.
Vi, Jy with £ = 1,2,3). Our generalized order parameter in the particle-hole channel,
Pq(k), at a wavevector @ can be defined as follows:

Q

It is useful to expand Pg(k) in terms of a set of orthonormal basis functions ¢,(k)

as,

Po(k) = _PuQ)er(k), (6.22)
¢

where we choose a set of 13 orthonormal basis functions, as described in table 6.1.

The basis functions from ¢ = 0, .., 6 preserve time-reversal symmetry, while the ones
from ¢ = 7,..,12 spontaneously break time-reversal symmetry. The remainder of
our analysis will be carried out using the T-matrix formalism developed in ref.[9] to
determine the structure of the charge-ordering instability.

The first step in this procedure involves expressing the interaction terms in eqn.6.20

as,

J
H;+He = Z Z oo(k)or (k {_Uaﬁ UmsCT a/2,a%k—a/2, BC};.H]/Q ~Ck'+q/2,6
k,k',q =0

Vi
"’7CL’—q/2,aCqu/Z,aCLJrq/z,,BCk’+q/2,6 , (6.23)
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4 do(k) Je| Vel ¢ do(k) Jo | Vi
0 1 0| U

1| cosky—cosk, | Ji| Vi | 7 sink, —sink, | J; | Vi
2| cosky+cosk, |Ji| Vi 8 sink, +sink, | Ji | Vi
3 2sin k, sin k,, Jo | Vo |l 9 2coskysink, | Jo |V,
4 2 cos k, cos k, Jo | Vo || 10 2sink,cosk, | Jo | Va
5 || cos2k, —cos2k, | Js | V5 || 11 || sin2k, —sin2k, | J5 | V5
6 || cos2k, +cos2k, | Js | V5 || 12 || sin2k, +sin2k, | J5 | V5

Table 6.1: Basis functions,

ordering instability.

oe(k), used for determining the symmetry of the charge-

where Jy, V,— represent various interaction parameters, as summarised in table 6.1.

fig.6.2),

TEm(Q) -

3
(ZJZ + Vz) Sem — 200,00m oW (Q)

After summing all the ladder diagrams in the particle-hole channel, we obtain (see

+ % Z (%76 + VZ) HZn(Q)Tnm(Q) B 5@,0 Z W(Q)Ho,n(Q)Tnm(Q%
e n=0

where,

W(Q) =D Vid(0)6u(Q)
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A

+ + (@) | Tun(Q)

Tim(Q) = % + é (@) | Tun(Q)

Figure 6.2: The equation for the T-matrix in the particle-hole channel with total
momentum Q.

arises from the direct interaction, and the polarizabilities are given by,

M (Q) = 2Z¢e(k)¢m(k)ﬂq(’c), (6.26)
k
FEE ap) — F(EL o)
(k) = > ZtiapZiop E’“;Q/Q — k=Q/27 (6.27)
a,f=+ k-Q/2 k+Q/2

In the above, f(...) represents the Fermi-Dirac distribution function.
From eqn.6.24, it is straightforward to see that the charge-ordering instability is

determined by the lowest eigenvalues, Aq, of the matrix M, »(Q),

Moo (@) = S0 — (270 4+ 7 )1 (Q) + 500 W (Q)TTor (Q), (6.28)
2\ 4

and the Py (Q) are determined by the corresponding right eigenvector.
In the remainder of the paper, we shall investigate the nature of these instabilities
by studying the eigenvalues and eigenvectors corresponding to the matrix M(Q) as

a function of Q.
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6.3 Results

We have analyzed the lowest eigenvalues, A\q, as a function of Q for a variety of
interaction and FL* parameters (see figs. 6.3, 6.4). These results should be contrasted
with the eigenvalues obtained for instabilities of metals with a large Fermi surface,
interacting via short-ranged interactions, as shown in appendix E.1 and earlier works
(196, 9].

Let us now start by exploring the nature of these instabilities in the presence of
purely exchange interactions, i.e. set U = V; = Vo = V3 = 0. We plot A\g as a function
of @ in fig.6.3 for two different choice of FL* and exchange-interaction parameters,
{J1, J2, J3}. For the FL* state shown in fig.6.3(a), the charge-ordering eigenvalues
are displayed in fig.6.3(b). Note that the global-minimum at Q = (+Qy, £Q), which
is a robust feature of an instability arising out of a large FS (with #y = t; = A = 0),
has disappeared (see fig. E.1(a) in appendix E.1; Refs. [196, 9]). Instead, there are
now ridges of instability that extend starting from wavevectors of the type (Qy,0)
and (0, Qo). Interestingly, the lowest eigenvalue is shifted slightly away from the axis
and corresponds to Q* = (+11x/25,4+37/50), (£37w/50,+117/25). However, the
eigenvalue, Ag+«, for the state on the axis with Q™" = (£117/25,0), (0, £117/25), is

5

infinitesimally close to the lowest eigenvalue.” The charge-ordering eigenvectors for

Swhere the difference, [Ag++ — Ag+| ~ 107%.
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Figure 6.3: The spectral function, A°(k,w = 0), for bare hopping parameters t; =
1.0, ty = —0.32, t3 = 0.128, u = —1.11856 and FL* parameters: (a)ty = —0.5t;, t; =
0.4t;, A = 0.6t;, and, (c) tp = —0.5t;, #; = 0.6t;, A = 0.75¢;. The black dashed lines
represent, €, = 0, and the red dotted lines represent, €x x = 0. The lowest eigenvalue,
Ag as a function of Q at a temperature 7' = 0.06 are shown in (b), (d) for the
FL* states in (a), (c¢) respectively. The wavevectors corresponding to the minimum
eigenvalues are shown as the black arrows. The exchange interaction parameters
are given by (b) J; = 1.0, Jo = J3 = 0.05, and, (d) J; = 0.5, Jo = J3 = 0.05.
U=V, =V, =V; =0 for both cases. We have put in a finite imaginary part
(= 0.1¢) in the Green’s function for visualization purpose.
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these states are given by,

Po<(k) = — 0.996]cos k,, — cos k| + 0.079[cos k, + cos k]

+ 0.017[2cos k, cos k]

— 0.027[cos 2k, — cos 2k,| — 0.014[cos 2k, + cos 2k,|,  (6.29)
Pg+(k) = + 0.996[cos k, — cos k,] — 0.084[cos k,, + cos k,]

— 0.017[2 cos k, cos k|

+ 0.027[cos 2k, — cos 2k, | + 0.014[cos 2k, + cos 2k,],  (6.30)

both of which predominantly have a d—wave component (and a tiny s'— component).
While the eigenvalue analysis doesn’t directly tell us how the wavevector of the
leading instability relates to the underlying Fermi surface geometry, it is reasonable to
associate it with points in the Brillouin-zone which have a high joint density of states.
It is then straightforward to see that Q" connects the tips of the pockets (shown as
the black arrows in fig.6.3a). There is also a secondary ridge of instability, which
corresponds to a set of local but not global minima, extending from approximately
Q =~ (7/2,7) to Q =~ (m,7/2). Upon close inspection, we realize that such a ridge
exists even for the large Fermi surface computation (fig.E.1a), though the eigenvalues
there were significantly larger than the one corresponding to the global minimum.
These BDW states contain an admixture of d— and s'— form factors. However, the
states marked in yellow in the vicinity of @ = (7, 7) and Q = (w,0), (0,7) break
time-reversal symmetry and correspond to states that have spontaneous currents.
We can repeat a similar analysis for other FL* and interaction parameters, as

shown in fig.6.3(c), (d). For the FL* state shown in fig.6.3(c), the lowest eigenvalue
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corresponds to Q" = (£m/2,0), (0,£7/2). Though the particular wavevector in
this case corresponds to a period-4 CDW, this is entirely a coincidence; Q* happens
to connect the tips of the pockets (shown as black arrows in fig.6.3¢c). The charge-

ordering eigenvector for this state is given by,

Po+(k) = + 0.993|cos k,, — cos k,| — 0.095[cos k, + cos k]
— 0.032[2cos k, cos k]

+ 0.050[cos 2k, — cos 2k, | + 0.027[cos 2k, + cos 2k,],  (6.31)

which, once again, predominantly has a d—wave component. The secondary ridge of
instability appears here as well, extending from approximately Q ~ (297 /50, ) to
Q =~ (m,297/50), and contains an admixture of d— and s'— form factors. The states
marked in yellow in the vicinity of Q@ = (7, 7) and Q@ = (m,0), (0,7) continue to
break time-reversal symmetry.

The results for both of these cases above are very similar, with one major qual-
itative difference. In the first case, the region around @ = 0 has a local “valley”
of instability, where the state at Q = 0 corresponds to a nematic instability with a
purely d—form factor. This is no longer true for the second case considered here.

Let us now study the problem in the presence of Coulomb repulsion — the re-
sults are displayed in fig.6.4. Interestingly, in this case for the particular choice of
parameters, the leading instability in the particle-hole channel for the FL* state in

fig.6.4(a) corresponds to Q" = (£137/25, £m7), (£m,£137/25). The charge-ordering
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J’r,
F 0.80
I i 0.76
A 2 . :
0.72
0.

Figure 6.4: (a) The spectral function, A°(k,w = 0), for bare hopping parameters t; =
1.0, to = —0.32, t3 = 0.128, = —1.11856 and FL* parameters: ¢, = —0.2t,, t; =
—0.1ty, A = 0.75t;. The black dashed lines represent, ¢, = 0, and the red dotted lines
represent, €1k = 0. The lowest eigenvalue, \g as a function of Q at a temperature
T = 0.06 is shown in (b). The wavevectors corresponding to the minimum eigenvalue
are shown as the black arrows. The interaction parameters are given by J; = 1.0, Jy =
0.1, J3 = 0.05, and, U = 0, V; = 0.05, Vo = V53 = 0.01. We have put in a finite
imaginary part (= 0.1¢1) in the Green’s function for visualization purpose.

eigenvector for this state is given by,

Po<(k) = — 0.184 — 0.694[cos k, — cos k| — 0.694[cos k, + cos k]
+ 0.021[2sin k, sin k, |

— 0.006[cos 2k, — cos 2k,| — 0.033[cos 2k, + cos 2k,]. (6.32)

However, as can be seen from fig.6.4(b), there is a subleading instability to a BDW

with Q™ = (£237/50,0), (0,£237/50), whose eigenvalue, Ao+, is in fact very close
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to Ag+. The corresponding eigenvector is given by,

Pgo~ (k)= — 0.012 —0.986]cos k, — cos k,| + 0.162[cos k, + cos k]
+ 0.024[2cos k, cos k]

— 0.032[cos 2k, — cos 2k,| — 0.012[cos 2k, + cos 2k,], (6.33)

which, not surprisingly, has a predominantly d—form factor.

The remaining features in the A\g — @ phase diagram remain identical to the earlier
results shown in fig.6.3(b).

We investigate the nature of the instabilities for two more cases in appendix E.2,
when U = 2J; > V) and U ~ J; ~ Vj. The nature of the leading instabilities in
these two cases is different; in the first case it is a “staggered-flux” state (though away
from (7, 7)) that breaks time reversal symmetry, while in the second case it leads to
a conventional charge-density wave at (7, 7). However, within the region of small |Q)|
of interest to us here, there remains a local instability to a d-form factor density wave

with wavevectors of the form (0, Q) and (Qy,0), similar to those found above.

6.4 Discussion

We have argued here that the incommensurate charge density wave state in the
underdoped cuprates acts as a window into the exotic “normal” phase out of which it
emerges. The traditional weak-coupling computations that start with a large Fermi
surface give rise to a density wave instability with diagonal wavevectors of the form
(£Qo, £Qy), which is in disagreement with the experimental observations. A promis-

ing candidate for the normal state of the underdoped cuprates is a U(1)-FL*, where
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the electrons are coupled to the fractionalized excitations of a quantum fluctuating
antiferromagnet. In this paper, we have investigated the charge-ordering instabilities
of such a FL* state, and have identified the leading instability of the FL* state in the
particle-hole channel. In most of the cases considered here, this leads to a d—form
factor bond density wave with wavevectors of the form Q = (£Qo,0), (0,£Qy),
where Qg is related to a geometric property of the Fermi surfaces of the FL* state.
Moreover, as a function of increasing doping, as the size of the hole-pockets increase,
the magnitude of the wavevector that nests the tips of the pockets decreases. This
agrees with the trend that has been seen in experiments, where the BDW wavector
is a decreasing function of the increasing hole-doping [31].

While the identification of the correct BDW starting from a more exotic normal
state is an interesting result, there are other implications at low temperatures of
having a parent FL*. The vanilla FL* state has hole pockets with non-zero (but small)
photoemission intensity on the ‘back side’ i.e. outside the first antiferromagnetic
Brillouin zone, and the photoemission observations of Ref. [253] have been argued
to be consistent with this. However, the superconducting state descending from
such a FL* metal has 8 nodal points [162], and no signs of such a feature have been
experimentally detected. But, it should be noted that U(1)-FL* is ultimately unstable
to confinement, because in the absence of fermions carrying the U(1) gauge charge,
monopoles must proliferate at large enough scales. It is expected that this crossover to
confinement will resolve the experimental conflicts of the FL* state. Moreover, with
the presence of an incommensurate BDW, there are no issues with the conventional

Luttinger theorem, and so the crossover to confinement can happen without the need
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for further symmetry breaking.

Finally, we note implications for experiments on the cuprates in high magnetic
fields. In the light of the above results, it would be interesting to investigate how the
BDW derived from an FL* evolves as a function of magnetic field, and in particu-
lar; determine its relation to the observed quantum oscillations at intermediate and
high fields [65, 131, 229, 81, 207, 25, 206, 64]. Computations starting from a large
Fermi surface in the presence of long-range charge order show a nodal electron-pocket
[81, 207, 206, 64, 11] and the more recently discovered hole-pockets [64, 11]; it is not
implausible that similar results will also be obtained starting from U(1)-FL*, espe-
cially after the crossover to confinement has been accounted for. Moreover, in the
FL* framework the full large Fermi surface is never recovered, because even in the
absence of charge order the spin liquid suppresses much of the Fermi surface: this
may be a way of reconciling with thermodynamic measurements of the specific-heat

[190] and the spin-susceptibility [116].
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Chapter 7

Quantum phase transitions in

metals without broken symmetries

“There are more things in heaven and earth, Horatio, Than are dreamt of in your

philosophy.” - William Shakespeare, Hamlet

7.1 Introduction

Several recent experiments [92, 76, 88, 187] have provided strong evidence for a
dramatic change in the nature of the low temperature electronic state of the hole-
doped cuprate superconductors near optimal doping (z = x.). Moreover, zero field
photoemission experiments carried out in the normal state have seen evidence for a
‘large’ Fermi-surface for z > x., consistent with the overall Luttinger count [181, 178],
and disconnected Fermi ‘arcs’ near the nodal regions for x < z,. [110]. At high fields,

quantum oscillations also reveal a ‘large’ Fermi-surface for > z. [236], but a closed
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electron-like Fermi-surface with an area that constitutes a tiny fraction of the entire
Brillouin-zone for x < z. [65]. It is therefore quite natural to associate the tran-
sition with decreasing x at x = x. with the loss of a ‘large’ Fermi-surface and the
simultaneous opening of a pseudogap. There has also been significant experimen-
tal progress [248, 78, 5, 39, 249, 228, 52, 77] in understanding the structure of the
density-wave ordering at lower doping in the non-La-based superconductors, which is
likely responsible for the reconstructed electron-like Fermi-surface seen in quantum
oscillation experiments [207, 11].

In this chapter we will use these advances to motivate and develop a previously
proposed model [197] for the physics of the strange metal near optimal doping. We
argue that the rich phenomenology observed in the underdoped cuprates is primarily
driven by a transition between metals with large and small Fermi surfaces which does
not directly involve any broken global symmetry. All states with broken symmetry?
observed at low temperatures and low doping are not part of the critical field theory
(214, 22], but are either derived as low energy instabilities, or, perhaps driven by the
confinement transition out of the parent small Fermi surface phase. This diminished
role for broken symmetries is consistent with absence of any observed order with a
significant correlation length at higher temperatures. We will also construct a global
phase diagram to describe the many phases and crossovers around the strange metal.

A quantum phase transition which does not involve broken symmetries is neces-
sarily associated with a topological change in the character of the ground state wave-

function. Emergent gauge fields are a powerful method of describing this topological

'We shall ignore the subtleties associated with the presence of quenched disorder, except when
it acts as a source of momentum decay for DC transport, as discussed later.
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structure, and they remain applicable also to the gapless metallic phases of interest
to us here. Given the fundamental connection between emergent gauge fields and the
size of the Fermi surface, which was established in Ref. [215, 175] using Oshikawa’s
method [173], we are naturally led to a quantum phase transition in which there is
a change in the structure of the deconfined gauge excitations. Indeed, this describes
a Higgs transition in a metal, such as that discussed in Ref. [197]. This argument is
a general motivation for Higgs criticality near optimal doping in the cuprates, which
applies beyond the specific model considered here.

We emphasize that we are using the traditional particle-physics terminology in
which a “Higgs transition” describes the breaking of a local gauge ‘symmetry’. We
are not referring to the longitudinal mode of a broken global symmetry, which has
also been labeled “Higgs” in condensed matter contexts [179].

The primary new motivation for the model of Ref. [197] arises from our recent
work [44] analyzing the d-form factor density waves observed in scanning tunnelling
microscopy [77] and X-ray experiments [52]. In this work [44], we argued that such
density waves arise most naturally as an instability of a metallic higher temperature
pseudogap state with small Fermi surfaces described as a [213] ‘fractionalized Fermi
liquid’ (FL*); other works with related ideas on the pseudogap are Refs. [19, 245,
254, 71, 148, 258]. Specifically, we used a theory of the FL* involving a background
U(1) spin liquid with bosonic spinons [113, 115, 184, 183]: it is therefore convenient
to dub this metallic state for the pseudogap as? a U(1)-FL*. These results are also

easily extended to a Zs spin liquid, and we will consider this case in Appendix F.1.

2However the Fermi surface excitations in this FL* phase carry the same quantum numbers as
the electron, and do not couple minimally to the emergent (deconfined) gauge-fields.
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The presence of a small Fermi surface without symmetry breaking requires topo-
logical order and emergent gauge fields [215], and so also a Higgs transition to the
large Fermi surfaces at larger doping: here we provide a natural embedding of a FL*
theory into such a transition, and we expect similar approaches are possible for other
possible topological orders in the underdoped regime.

We now consider the evolution of the U(1)-FL*, and its small pocket Fermi sur-
faces, to the ‘large’ Fermi surface Fermi liquid state at large doping. There is an
existing conventional theory of the transformation from small to large Fermi surfaces
driven by the disappearance of antiferromagnetic order. This is a transition between
two Fermi liquids, and the vicinity of the transition is described by the Hertz-Millis
theory [93, 156] and its field-theoretic extensions [1, 154, 133, 227], as shown in
Fig. 7.1.

Here, we describe a detour from this direct route [197] in which two new non-
Fermi liquid phases appear between the conventional phases of Hertz-Millis theory.
The detour is described by a SU(2) gauge theory, and the transition from small to
large Fermi surfaces is now a Higgs transition without any local order parameter, in
which the emergent gauge structure describing the topological order in the ground
state changes from U(1) to SU(2). The Higgs field of this transition is a measure of
the local antiferromagnetic correlations in a rotating reference frame to be introduced
below in Eq. (7.1).

Note that the Higgs transition in Fig. 7.1 is between metallic states which we
denote as ‘algebraic charge liquids’ (ACL). The small and large Fermi surfaces in the

ACLs are those of spinless fermions which carry the electromagnetic charge of the
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Hertz-Millis
criticality

Conventional
Fermi liquids

of AFM order

(A)AFM order with
small Fermi pockets
of electrons

(B) Fermi liquid with
large Fermi surface
of electrons
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(C) U(l) ACL with
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(D) SU(2) ACL with
large Fermi surface
of spinless fermions
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criticality \ /
with no order Non-Fermi
parameter liquids

Figure 7.1: Sketch of the metallic phases of our theory. Only phase A has a broken
global symmetry, associated with the presence of long-range antiferromagnetic (AFM)
order. The conventional Fermi liquid phases at the top have a transition from small
to large Fermi surfaces accompanied by the loss of AFM order. The dashed arrow
represents a direct route between these phases, which could be a description of the
electron-doped cuprates. The full arrow around the point M is our proposed route
with increasing doping in the hole-doped cuprates. The U(1)-FL* descends from the
U(1) ACL, as shown in Fig. 7.2. Note that the U(1)-FL* has a ‘small’ Fermi surface
of electrons due to the presence of topological order, while phase A above has a ‘small’
Fermi surface of electrons because of translational symmetry breaking.

electron. For the U(1) ACL, a bound state forms between the spinless fermions and a
spin S = 1/2 boson [113, 115, 184, 183], leading to small Fermi surfaces of fermionic
quasiparticles carrying the same quantum numbers as the electron in the U(1)-FL*:
so photoemission will detect a small Fermi surface of electrons in the U(1)-FL*. We
anticipate that similar effects are also present in the SU(2) ACL metal: there is a

large density of states of thermally excited S = 1/2 bosons at low energy, so that
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the photoemission spectral function reflects the large Fermi surface of the spinless
fermions.

We also note that although the Higgs field plays a central role in our phase dia-
gram, its direct experimental detection will be difficult. It is overdamped via its cou-
pling to the Fermi surfaces, and gauge invariance prohibits any experimental probe
from coupling linearly to it. Nevertheless, we will see below that it has significant
experimental consequences via its strong effect on the fermionic spectrum.

We will present details of this theory starting from a microscopic model in Sec-
tion 7.2.3, but first, in Section 7.2, we shall describe some key aspects using our
proposed phase diagram in Fig. 7.2.

The outline for the rest of our chapter is as follows. In section 7.2, we begin with
a simplified picture of the critical point. In sections 7.2.1 and 7.2.2, we introduce key
elements of the field theory for the Higgs critical point and describe how the Higgs
field affects dc transport. In section 7.2.3, we arrive at the gauge-theoretic description
starting from the theory of a metal with fluctuating antiferromagnetism and discuss
the mean-field phase diagram as a function of the relevant tuning parameters. In
Section 7.3.2, we describe the properties of the QCP using a low-energy description
of the Fermi-surface coupled to a gauge-field and the critical fluctuations of the Higgs’
field. Finally in Section 7.4, we discuss the relation of our proposed phase-diagram
to the actual phase-diagram in the hole-doped cuprates. Appendix F.1 contains
the extension to spiral order and Z, gauge theory, while technical details are in

Appendix F.2.
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Figure 7.2: Our proposed phase diagram for the hole-doped cuprates, building on
a theory for Higgs criticality for the optimal doping QCP. The green and red lines
correspond to those in Fig. 7.1. The algebraic charge liquids (ACLs) have Fermi
surfaces of spinless ¢ fermions which carry the electromagnetic charge: in the SU(2)
ACL the Fermi surface is ‘large’ and is coupled to an emergent SU(2) gauge field,
while in the U(1) ACL the Fermi surface is ‘small” and coupled to an emergent U(1)
gauge field. The fractionalized Fermi liquid (FL*) descends from the U(1) ACL by
the binding of ¢ fermions to neutral spinons. The d-BDW is the d-form factor bond
density wave, the SC is the d-wave superconductor, and the FL is the large Fermi
surface Fermi liquid. We are not concerned here with the physics of the extremely
underdoped region. Also, we expect that the crossovers within the superconducting
phase will exhibit a ‘back-bending’ [161, 238, 88] which is not shown above, and which
we do not discuss further here. The dashed lines at 7™ and T™* are crossovers, while
the Higgs QCP at T'= 0 is a sharp phase transition.

7.2 Model

Let us begin with a simplified picture of the optimal doping strange metal with a
large Fermi surface. We consider a model of electrons ¢;, on the sites ¢ of a square

lattice, with a =7, a SU(2) spin index. We transform the electrons to a rotating
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reference frame® using a SU(2) rotation R; and (spinless-)fermions v; , with p = =+,

C; %’,
"l=r| ], (7.1)

Ciy ¢i,—
where RIR; = R;R] = 1. Note that this representation immediately introduces a

SU(2) gauge invariance (distinct from the global SU(2) spin rotation)

L I I I ) (7.2)

Vi, Vi
under which the original electronic operators remain invariant, ¢;, — ¢;o; here U; is a
SU(2) gauge-transformation acting on the p = + index. So the 1, fermions are SU(2)
gauge fundamentals, they carry the physical electromagnetic global U(1) charge, but
they do not carry the SU(2) spin of the electron. The density of the v, is the same
as that of the electrons. Such a rotating reference frame perspective was used in the
early work by Shraiman and Siggia on lightly-doped antiferromagnets [221, 222], and
the importance of its gauge structure was clarified in Ref. [197].

The strange metal is obtained by forming a large Fermi surface state of the 1),
fermions, while R; fluctuate isotropically over all SU(2) rotations with a moderate
correlation length. This description suggests a simple trial wavefunction for this
strange metal. Begin with a large Fermi surface (LFS) state of free ¢, fermions:

I1 (k) [0). (7.3)

k inside LFS, p=+

Expand this out in position space, insert the inverse of Eq. (7.1) to write the wave-

function in terms of R and the physical electrons c¢,, and finally average over R, to

3This allows us to describe phases without long-range antiferromagnetic order.
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obtain

/HdRZ- witry 1]

k inside LFS, p=+

> €T Riay Cfa] UF (7.4)

%

where W is a variational weight-function of the R;, invariant under global spin ro-
tations. For W = 1, we have a zero correlation length for R;, and we obtain a
wavefunction for the ¢, involving only empty and doubly-occupied sites. With non-
trivial W, the correlation length of R increases, we also build in spin singlet pairs
of ¢, electrons on nearby sites. Comparing to the Gutzwiller-projected trial states
commonly used for the underdoped cuprates [17], this wavefunction includes the pos-
sibility of doubly-occupied sites and assigns different complex weights to the off-site
singlet pairs.

For a more precise and complete description of the strange metal, which accounts
for the gauge structure in Eq. (7.1), we must turn to a quantum effective action for the
1), which necessarily includes an emergent SU(2) gauge field. In the terminology of
Ref. [115], such a theory of spinless, gapless fermions coupled to an emergent gauge
field is an ‘algebraic charge liquid’ (ACL), and hence we have labeled the strange
metal as SU(2) ACL in Fig. 7.2. This name implies that the SU(2) gauge symmetry
is unbroken (i.e. not ‘Higgsed’), and in such a situation the 1), fermions have a large
Fermi surface with a shape similar to that of the electron Fermi surface in Fermi
liquid state at large doping.

Now let us consider the transition to the U(1) ACL in Fig. 7.2. This is described
by the condensation of a real Higgs field H%, where a = 1, 2, 3 indicates that the Higgs
field transforms as a SU(2) adjoint. As we will see below in Eq. (7.15), this Higgs

field is a measure of the local antiferromagnetic order in the rotating reference frame
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defined by R (see also Ref. [145] for an illuminating analogy). The condensation
of the Higgs breaks the gauge symmetry from SU(2) to U(1) and reconstructs the
1, Fermi surface from large to small. It is this Higgs transition which describes the
optimal doping QCP in Fig. 7.2, and analyzing its structure is the main purpose of the
present paper. In the case where H* is complex, the Higgs phase can break the gauge
symmetry down to Z,, and we consider this case in Appendix F.1. The Shraiman-
Siggia analyses [221, 222] of doped antiferromagnets were effectively within such a
Higgs-condensed regime, and this obscured the gauge structure of their formulation
[197].

Let us also note from Fig. 7.2 that the U(1) ACL is the parent of the U(1)-FL*.
This was discussed in Refs. [115, 113], and will be reviewed below: the U(1)-FL* arises
by the formation of bound states between the spinons, R, and v fermions around the
small Fermi surface. We expect that a similar phenomenon also happens at low 7" in
the SU(2) ACL at lower temperatures, so that the photoemission largely reflects the
structure of the large Fermi surface of the SU(2) ACL.

The phase diagram in Fig. 7.2 is meant to be schematic; determining the exact
nature of the various crossover and phase-transition lines is beyond the scope of this
work. The Higgs transition is present only at 7" = 0, and there is only a crossover at

T > 0 (shown as the dashed green line in Fig. 7.2).

7.2.1 Field theory

We now specify the imaginary time Lagrangian of the optimal doping QCP in

Fig. 7.2, and its vicinity. For now, the Lagrangian will not include the R bosons:
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we assume that R fluctuations are short-ranged, but the associated spin-gap in the
SU(2) ACL phase of Fig. 7.2 is small because of proximity to the multi-critical point

M in Fig. 7.1; we will include the R contributions in Section 7.2.3. Then we have
L:Qcp = £¢ +Ly+ Ly. (7.5)

The first term describes a large Fermi surface of ¢ fermions minimally coupled to

a SU(2) gauge field A7 = (A7, A%):

Ly = Z I/JZP (5pp + ’LATUpp Yip + Z tijw;‘r,p {ewaAa.(mrj)} l¢j:p'? (7.6)
ij PP

where t;; are the fermion hopping parameters, r; are the spatial co-ordinates of the
sites, u is the chemical potential, and ¢ are Pauli matrices acting on the SU(2) gauge
indices.

The Higgs Lagrangian is denoted Ly, and it has a form familiar from its particle-
physics incarnations,

52

1
Lo = (00 H" = 2iewe ALH) + = (VH" = 2ic A"HY)*+ S(H" )+

S+ ((HPR (1)

2

The Higgs potential is determined by the parameters s and u, and transition across
the QCP is controlled by the variation in s. As usual, for negative s, the Higgs field
condenses, and this breaks the gauge symmetry from SU(2) to U(1); and for positive
s, the Higgs field is gapped, and then the SU(2) gauge symmetry remains unbroken.

Finally, we have the Yukawa coupling in L£y. As in particle-physics, this is a
trilinear coupling between the Higgs field and the fermions, but now it has a different
spatial structure:

Ly = —NH®Tpl ot ;. (7.8)
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where K = (m,7) is the antiferromagnetic wavevector. This spatial structure indi-

cates that H® transforms non-trivially under lattice translations:

H® — H% " under translation by a; (7.9)

note that this is permitted because €@ = £1 is real for all spacings a. The trans-

formation in Eq. (7.9) arises from the role of the Higgs field as a measure of the
antiferromagnetic correlations in a rotating reference frame. In the presence of the
Higgs condensate, this Yukawa coupling reconstructs the ¢ Fermi surface from large
to small, and the e factor is crucial in the structure of this reconstruction. While
in the particle physics context the Higgs condensate gives the fermions a mass gap,
here the fermions acquire a gap only on certain portions of the large Fermi surface,
and a small Fermi surface of gapless fermions remains.

We note that the effective gauge theory will also acquire a Yang-Mills term for the
SU(2) gauge field A when high energy degrees of freedom are integrated out. As is
well known in theories of emergent gauge fields, such a term helps stabilize deconfined
phases of the type considered here. We do not write this term out explicitly here,
but will include its contributions in Section 7.3.2, and specifically in the L, term in

Eq. (7.21).

7.2.2 DC transport

The body of our paper will describe a field theoretic analysis of the non-Fermi
liquid properties of Lqocp. This combines recent progress in the theories of Fermi
surfaces coupled to order parameters [1, 154, 133, 227] and gauge fields [136, 153, 166].

Here we mention one notable result on the electrical resistivity in the quantum-critical
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region of the Higgs transition. As in recent work [84, 177] on other quantum critical
points of metals, we consider the situation in which there is a strong momentum
bottleneck i.e. there is rapid exchange of momentum between the fermionic and
bosonic degrees of freedom, and the resistivity is determined by the rate of loss of
momentum. In particular, it is possible for the resistivity to be dominated by the
scattering of neutral bosonic degrees of freedom, rather than that of charged fermionic
excitations near the Fermi surface. In our model, we argue that an important source

for momentum decay is the coupling of the Higgs field to disorder
Las = V() [HY(T)]?, (7.10)
where V(r) is quenched Gaussian random variable with
((V(r)) =0 {V(r)V(r) = Vio*(r — '), (7.11)

where the double angular brackets indicate an average over quenched disorder. Com-
paring with Eq. (7.7), we see that V' (7) can be viewed as a random local variation in
the value of s, the tuning parameter which determines the position of the QCP. We
will show that the analysis of the contribution of Lg;s to the resistivity closely parallels
the computation in Ref. [177] for the spin-density-wave quantum critical point. And

as in Ref. [177], we find a resistivity for weak disorder which is proportional to Vg,
p(T) ~ Vg THATI2/, (7.12)

where A = d + z — v™! is the scaling dimension of the (H®)? operator, v is the
correlation length exponent and z is the dynamical exponent. As we will see in
Section 7.3.2, this predicts a linear-in-T' resistivity for the leading order values of the

exponents.
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7.2.3 SU(2) gauge theory of antiferromagnetic metals

We summarize the derivation in Ref. [197] of the SU(2) gauge theory, starting
from a model of electrons on the square lattice coupled to the fluctuations of collinear
antiferromagnetism at the wavevector K = (m, 7). The case of collinear antiferro-
magnetism at other wavevectors was also considered in Ref. [197], and we treat spiral
antiferromagnets at incommensurate wavevectors in Appendix F.1.

We begin with a model of electrons coupled to the quantum fluctuations of anti-
ferromagnetism represented by the unit vector n;, with £ = z,y,z and Y_,n? = 1.

The Lagrangian is given by

L = ﬁf + ﬁn + ﬁfn,
Ly = ) [0 — oy — tijlcja,
L, = — [(8Tng)2 + V2(Vn4)2} ,

Lo = —)\Ze”{'” Mg - c}aaiﬁcw. (7.13)

i
In the above g measures the strength of quantum fluctuations associated with the
orientation of ny, A is an O(1) spin-fermion coupling and v is a characteristic spin-
wave velocity.

Now we insert the parametrization in Eq. (7.1) into Eq. (7.13) and proceed to
derive an effective theory for ¢, and R. The formulation of the latter theory is aided
by the introduction of a SU(2) gauge connection Af = (A7, A”). As is familiar in
many discussions of emergent gauge fields in correlated electron systems, this gauge
field arises after decoupling hopping terms via an auxiliary field; here we skip these

intermediate steps, and simply write down appropriate hopping terms for the 1, and

200



Chapter 7: Quantum phase transitions in metals without broken symmetries

R which are made gauge-invariant by suitable insertions of the gauge connection.
With the parameterization in Eq. (7.1) we notice that the coupling Ly, in Eq. (7.13)

maps precisely onto the Yukawa coupling in Eq. (7.8) with

Hc? , = niﬁR:apryﬁRiﬁp’a (714)

- pp

and so we define the Higgs field H? by
1
H = S Tr[o’ R0 R]]. (7.15)

This identifies H® as the antiferromagnetic order in the rotating reference frame
defined by Eq. (7.1). An important property of this definition is that the field H®
is invariant under a global SU(2) spin rotation V', which rotates the direction of the

physical electron spin and of the antiferromagnetic order,

Cit Cit
-V , Ri—= VR (7.16)
(&) Ci|
Note that the SU(2) spin rotation is a left multiplication of R above, while the
SU(2) gauge transformation in Eq. (7.2) is a right multiplication of R. With these
properties, Eq. (7.15) implies that H* transforms as a vector under the SU(2) gauge
transformation in Eq. (7.2).

We have now assembled all the steps taken after substituting Eq. (7.1) into

Eq. (7.13). The Lagrangian of the resulting gauge theory is then obtained as
Lsue) = Lqcp + Lk, (7.17)

where Lqcop was described below Eq. (7.5) in Section 7.2.1, and Lp is the Lagrangian

for R. The structure of the latter is determined by the transformations of R in
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SU() gauge | SU@)pin | Ul
c 1 2 1
n 1 3 0
v 2 1 1
H 3 1 0
R 2 2 0

Table 7.1: Summary of the transformations of the fields under the various gauge-
transformations. SU(2) representations of spin S are labelled by their dimension of
25 + 1. The U(1) column contains the charge under the U(1) gauge field.

Egs. (7.2) and Eq. (7.16). So we have

Lp= %Tr (0.R—iARo")(0, R +iA% "R +v*(VR—iA“Ro®) (VR +iA“R")|.
(7.18)
This completes our derivation of the SU(2) gauge theory.
It is useful here to collect the transformations of the fields under the SU(2) gauge
transformation, the global SU(2) spin rotation, and electromagnetic U(1) charge, as
summarized in table 7.1.

Finally, we can make contact with other approaches by expressing R as

Zit —%
rR=|" ol (7.19)
Zip %
with |z;4|% + |2i;|? = 1, but this parameterization will not be useful to us. Consider

the situation in the Higgs phase, where the field H* is condensed. Then we are free to

choose a gauge in which the Higgs condensate is H* = (0,0, 1). In such a condensate,
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after inverting the relation in Eq. (7.15) we find

1
Ny = EHf Tr[o!Ri0*R]]

= 2z agﬂzw for H* = (0,0,1). (7.20)

(Zeiye?

The last relationship is the familiar connection between the O(3) and CP! variables,
but note that it holds here only within the phase where the Higgs field is condensed

i.e. in the U(1) ACL.

7.3 Results

Let us now first describe the mean field phase diagram of the above theory in
section 7.3.1. This will be followed by a discussion of the low-energy field theory for

the Higgs transition in section 7.3.2.

7.3.1 Mean field phase diagram

We now describe the phases of Lgy(2) obtained in a simple mean field theory [197]
in which we allow condensates of the bosonic field R and H®. These phases are
obtained by varying the tuning parameters s and g,and were shown in Fig. 7.1; in

Fig. 7.3, we label the phases by their condensates. The phases are:

e The Higgs phase, labelled as (A) in Fig. 7.3, where both SU(2)gpin and SU(2)gauge
are broken, leading to (R) # 0, (H®) # 0. The gauge-excitations, (A,, A),
are gapped here. This phase describes the AFM-metal where the large Fermi-
surface gets reconstructed into hole (and electron) pockets due to condensation

of H* ~ n, the Néel order parameter.
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1/g
(A) AFM order with (B) Fermi liquid with
small Fermi pockets large Fermi surface
(R) #0, (H*) #0 (R) #0, (H*) =0
M S
>
(R) =0, (H*) #0 (R) =0, (H*) =0
(©) U(Il) ACL with (D) SU(2) ACL with
small holon pockets large Fermi surface

Figure 7.3: The phase diagram for the theory in Eq. (7.17) as a function of s and
1/g (also shown in Fig. 7.1). The color-coding of the phases corresponds to that in
Fig. 7.2. The multicritical point, M, corresponds to g = g. and s = 0. This paper is
concerned with the critical properties associated with the transition (C)<(D).

e The SU(2) confining phase, labelled as (B) in Fig. 7.3. Note that the SU(2)spin
here remains unbroken. We have (R) # 0, (H®) = 0, which is necessary to
preserve spin-rotation invariance since n = 0 from Eq. (7.15). This is the usual

Fermi liquid phase, with a large Fermi-surface.

e The Higgs phase, labelled as (C) in Fig. 7.3, where the SU(2)4auge is broken,
but the SU(2)spin remains unbroken, leading to (R) = 0, (H®) # 0. By re-
calling the physical interpretation of the fields, this amounts to a locally well
developed amplitude of the AFM, without any long-range orientational order.
We can choose H* ~ (0,0,1) by carrying out a gauge-transformation, which
immediately implies that a U(1) subgroup of the SU(2)gauge remains unbroken,
so that the A* photon remains gapless. Thus this phase describes a U(1) alge-
braic charge liquid, or, the holon-metal [115]. However, due to the locally well

developed AFM order, the Fermi-surface is reconstructed into v, holon pockets
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that are minimally coupled to a U(1) gauge-field.

As a function of temperature, there could be a continuous crossover from a U(1)
ACL to a U(1) FL* (or a “holon-hole” metal), where some of the holons (¢4 )

start forming bound states with the gapped spinons (z,) [115].

e The final phase (D) in Fig. 7.3 has the full symmetry, with none of the fields
condensed: (R) = (H*) = 0. Instead of the above U(1) ACL, where only A*
was gapless, in this phase there are a triplet of gapless SU(2) photons coupled to
a large Fermi-surface. This phase can be described as a SU(2) algebraic charge
liquid. Formally, this phase a spin gap, but we assume that T is greater than
the gap in the metallic regions of Fig. 7.2 because of proximity to the point M

in Fig. 7.1. At low enough T', this phase is unstable to superconductivity [152].

We should emphasize that the above mean-field analysis has been rudimentary; e.g.
we cannot rule out the possibility that higher order couplings could induce first-order
transitions, that could even eliminate an intermediate phase.

The next section shall present the theory for the interplay between the fluctuations

of the gauge and Higgs’ fields, within a low-energy field-theoretic formulation.

7.3.2 Low-energy field theory

We are interested in studying the properties of the QCP between the SU(2) ACL
and the U(1) ACL. At the QCP, s = 0, the entire Fermi-surface is coupled to the
transverse fluctuations of a SU(2) gauge field. There have been studies in the particle
physics literature of Fermi surfaces coupled to non-Abelian gauge fields [202, 203];

however these have been restricted to spatial dimension d = 3, where a RPA analysis
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gives almost the complete answer. In spatial dimension d = 2 of interest to us here,
we shall follow the approach taken for Abelian gauge theories [136, 153, 166] which
uses a patch decomposition of the Fermi surface. The same approach transfers easily
to the non-Abelian case; indeed because of the Landau damping of the gauge bosons,
there is little difference between the Abelian and non-Abelian cases [197, 202, 203],
as will also be clear from our analysis in Section 7.3.2.

Apart from their coupling to a SU(2) gauge field, the fermionic 1, particles are
also coupled to a quantum critical Higgs field. This coupling is strongest at 8 ‘hot
spots’ around the Fermi surface, and in Section 7.3.2 we shall be able to use the
methods developed from the case of a spin-density-wave transition of Fermi liquids
[1, 154, 133, 227]

Some of the details of the computations appear in Appendix F.2.

Fermi-surface coupled to gauge-field

Here we describe the low energy theory of the SU(2) ACL, away from the Higgs
condensation at the QCP. We need only consider a SU(2) gauge field coupled to
the large Fermi surface of the 1, fermions. As in the U(1) case [136, 153, 166], we
can make a patch decomposition of the Fermi surface, and treat antipodal pairs of
patches separately. For a single pair of antipodal patches, we have the fermions 14,
(see Fig. 7.4), with + the patch index, and p the usual SU(2) gauge index. This is

coupled to the transverse components of the SU(2) gauge field, A®.
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Figure 7.4: The shaded grey regions represent the occupied states. The transverse
gauge-field fluctuations couple strongly to the flavor current arising from the v
patches and destroy the Landau quasiparticles all around the Fermi-surface. Across
the Higgs transition, the fluctuations of the H® field couple most strongly to the
four-pairs (m = 1,..,4) of “hot-spots”, shown as the filled circles.

L = Lj+ LA+ Liy,

Ly = ¥l,(0r —i0, — 92)bsy + 9L, (0: +1i0, — O2)_y,

1 a\2
La = 55(0,49°,

L = AW, 0% iy — ol 00 ) (7.21)
Let us review the one-loop renormalization of the gauge and fermionic matter

fields. We start by looking at the self-energy of the gauge-field due to the particle-

hole bubble (Fig. 7.5a). We have,

M) 23 [ G5 G0 G+ a) (7.22)
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where ¢ = (¢,,£) and the bare fermionic propagator is given by,

27

1
GOt 7.23
(0) = —il, + sl, —1—€2 ( )
The final result is of the form?,
HA o |qT| . 1
0 (q) = cb‘— where ¢, = —. (7.24)

Qyw

The computations are summarized in Appendix F.2.1.

S

>

(a) (b)

Figure 7.5: One loop contributions to the (a) gauge-field, and, (b) Fermion self-
energies. Curly lines represent the A propagators, D(¢), while solid lines represent
the ¢ propagators, G (/).

Computing the fermionic self-energy due to the bosonic-propagator dressed with

the RPA level polarization bubble (Fig. 7.5b) leads to,

de,.d%e
Sepw (k) = —0l,0%, / WD(é) Gk — 1), (7.25)
2
= =38y /dﬁ L 0) Gk — 1), (7.26)

where D(?) is the gauge-field propagator,

DY) = (cbm + gfj). (7.27)

4We note that since the fermions are strictly in two-dimensions, the non-universal factor of A,
the UV cutoff, drops out. The factor that appears in general is of the form A%~2, where d is the
number of space-dimensions.
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We then obtain,

3i [dl.dl, segn(k,—{;)
Sk) = -2 y 2
W = =3 | Gy aier s o (72%)
e2\ 2/3
Y.(k) = —icy sgn(k)|k-*?, where ¢; = 2\/5(5) : (7.29)

This self-energy contribution is more singular than the bare 9, term. Therefore, upon

including the RPA contribution into the fermionic propagator, we have,

1
Gs(6) = —icpsgn(ly) [€-]%3 + sl + (2 (7.30)

which is the well known result for the quasiparticles being damped all along the

Fermi-surface.

Higgs criticality at the QCP

Now we consider the QCP at which the Higgs boson condensed from the non-Fermi
liquid SU(2) ACL state described in the previous subsection. Across this Higgs transi-
tion from the SU(2) ACL to the U(1) ACL, the Fermi-surface gets reconstructed—this
is controlled by the real Higgs field, H®, which carries lattice momentum, K = (7, 7).
By the same arguments used for the onset of spin-density-wave order in a Fermi liquid
[1, 154, 133, 227], the low energy physics of the QCP is dominated by the vicinity of
the hot-spots: these are points on the Fermi surface which are connected by K (see
Fig. 7.4). The computation for the present non-Fermi liquid Fermi surface proceeds

just as for the Fermi liquid case, by linearizing the bare dispersion for the fermions
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around the hot spots:

L = Lps+ Ly + Ly, (7.31)

Lys = (0, — v - V)T + vi (0, — vy’ - V)ug, (7.32)
]' a m _a m m _a m

= —=H" (wip O-pp/w2p’ + w;p O-pp’zzjlp/)? (733)

L =
TH \/Ff

where Ly already appeared in Eq. (7.7); m is the hot-spot pair index (Fig. 7.4).

- >-- /

(a) (b)

Figure 7.6: One loop contributions to the (a) Higgs-field, and, (b) Fermion self-
energies. The dashed lines represent the Higgs’ field propagator, x.

Let us first look at the one-loop self energy of the H® field (Fig. 7.6a). This is

given by,
g =23 [ % [GW oo +ert+aro|, (s

where we now use the non-Fermi liquid fermion Green’s function renormalized by the

gauge field fluctuations, as discussed in earlier:

1
") = . .
Gy (0) —icpsgn(l)[0-]?3 — v, - £ (7.35)

Note the z = 3/2 scaling of the fermion self energy, which allows us to drop the bare

frequency dependence from above (~ 0.).
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Upon including contributions from all pairs of hot-spots, we obtain (see Appendix

F.2.2),

n

1" (q) = 1" (g = 0) +7|g,|, where v = (7.36)

7
2TV Uy

where n = 4 is the number of pairs of hot spots. Note that the c; dependence
has completely dropped out and the above result is precisely the expression that we
would have obtained if we had started with the bare fermion Green’s functions (or,
any anomalous power ~ |/|%). This result is not surprising—it just reproduces the
“Landau-damped” form of the propagator for H*. As we know, the only requirement
for the appearance of Landau-damping is the existence of particle-hole excitations
around the Fermi-surface in the limit of w — 0. In the general case, this always leads
to ~ |g-|/|gy| for a bosonic order-parameter coupled to a fermion-bilinear. When the
order parameter itself carries a finite momentum K, as is the case here, then the
denominator in the damping term gets cut off and leads to ~ |g.|.

Equipped with the above expression, let us now compute the self-energy of the

fermions in the vicinity of the hot-spots (Fig. 7.6b),

Siwl) = oty [ T Galo = OX(0), (737
s [ TGl — (0 (7.9

where the propagator tuned to the critical point (s = 0) is given by : x7}(f) =
(V€] + €2).
We are interested in the singular power law frequency dependence of the self-

energy at the hot-spots. For future use, it is useful to express the Green’s function in
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Eq. (7.35) in the more general form

o 1

where the exponent § = 2/3 from the coupling to the SU(2) gauge field.
Upon evaluating the momentum integrals, the self-energy (for p = 0) becomes
(see Appendix F.2.3),

dt, (1l = Gl — sgn(l- — pr)
21(p7'> :3’&/4 B tan— ( AL >
™ rlpr = & VNGl = Gl — 4]

(7.40)

which correctly reproduces ¥ (p, = 0) = 0. Furthermore, note that if (; = 0, i.e. if
the anomalous self-energy contribution were to be absent, then the above reduces to

the well known form [154]

[ dl.sgn(l; —p,) 3i
Yilpr) =31 | — =— sgn(p, N 7.41
) =i [ GBI = s s Vi (7.41)

reproducing the z = 2 result. Let us now proceed to evaluate the expression in the

presence of a finite (y. Rescaling ¢; = xp, leads to,

3i 1

Y1(pr) = —= sgu(pr)lpr
{p0) = 5= 500
/ dz oo (¢|p7|1—2ﬁ|x|—c|1—m|2ﬁ> sen(z — 1)
X — tan )
27 Vel —zff Vip-72 x| — |1 — 2?8
(7.42)

where the dimensionless parameter, ¢ = (7/7v5. An asymptotic analysis of Eq. (7.42)

shows that

Si(lps = 0) ~ —isgn(ps) VIpi| . for 8> 1/2. (7.43)

So the low energy singularity of the self-energy is independent of the non-Fermi liquid

exponent [ in the fermion Green’s function, and has the same value as in the spin
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density wave case without the gauge field. This is the key observation of the present
subsection. To estimate the co-efficient, we can use a self-consistent approach in
which we use a self energy in Eq. (7.39) with § = 1/2. This self-energy arises from
the coupling to the Higgs field, and is always dominant over the one obtained from
the gauge field with f = 2/3. Assembling all the constraints, the final expression

takes the following z = 2 form

37
27/ V3

where the function Z(c) is defined in Appendix F.2.4 and Z(¢ — 0) = —1.

Yi(pr) = Z(c) sgn(p.)v/Ip- |, (7.44)

So we reach our main conclusion that, in both the fermionic and bosonic sectors,
the low energy physics of the Higgs QCP is essentially identical to that of the spin-
density-wave onset transition in a Fermi liquid. And the basic reason for this is simple.
The hotspot theory has dynamic critical exponent z = 2, while the singularities arising
from the SU(2) gauge field coupling around the Fermi surface have z = 3/2. At a
given length scale, the contributions with the larger z dominate because they have a
lower energy. Hence the Higgs criticality of a non-Fermi liquid maps onto the spin
density wave criticality of a Fermi liquid.

With this conclusion in hand, we can now directly apply the results of Ref. [177]
on the DC resistivity to the Higgs QCP. The approach of Ref. [177] requires that there
is quasiparticle breakdown around the entire Fermi surface, and the fermionic excita-
tions rapidly equilibriate with all the bosonic modes. While this was only marginally
true for the spin-density-wave quantum critical point considered in Ref. [177], it is
easily satisfied for the Higgs QCP being considered here: the SU(2) gauge field makes

the entire Fermi surface “hot”, while the Higgs field fluctuations induce additional
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fermion damping at the hot spots on the Fermi surface. As in the previous case, it is
possible for disorder to couple to the square of the Higgs field because such an opera-
tor is gauge-invariant, as we noted in Eq. (7.10). And the corresponding contribution
to the resistivity is in Eq. (7.12). For the exponents d = 2, z = 2, and v = 1/2

presented above, this yields a linear-in-temperature results p(T') ~ VZT.

7.4 Discussion

The primary goal of this paper has been to propose a candidate theory for the
quantum phase transition near optimal doping in the cuprates. We analyzed the
QCP between metals with ‘large’ and ‘small” Fermi-surfaces, which did not involve
any broken global symmetries, but instead involved a Higgs’ transition between metals
with emergent SU(2) and U(1) gauge fields. The Higgs field acts as a measure of the
local antiferromagnetic order in the rotating reference frame defined by Eq. (7.1). As
we discussed in Sections 7.1 and 7.2, the symmetry broken phases observed in the
underdoped cuprates arise as low temperature instabilities of the ‘small” Fermi-surface
metal.

The underlying QCP we studied was between two metals (the U(1) ACL and the
SU(2) ACL) in which the Fermi surface excitations are coupled to emergent gauge
fields, and so there are no Landau quasiparticles. However, electron-like quasiparticles
do re-emerge around a small Fermi in the U(1)-FL*, and we will discuss similar
features around the large Fermi surface in the SU(2) ACL below. The reconstruction
to the ‘small” Fermi-surface in the ACL phases is driven by the condensation of the

Higgs field, and the Higgs critical point has additional singular structure in the vicinity

214



Chapter 7: Quantum phase transitions in metals without broken symmetries

of the “hot-spots”. The Higgs criticality has associated with it an interplay of both
z = 3/2 physics on the whole Fermi-surface, and z = 2 physics in the vicinity of the
hot-spots. We showed that near the Higgs QCP the z = 2 physics dominates, and
hence many critical properties map onto the previously studied problem of the onset
of spin density wave order in a Fermi liquid [1, 154, 133, 227, 177].

Let us now conclude with a discussion of the relationship of our proposed phase
diagram in Fig. 7.2 to the experimentally obtained phase diagram in the non-La-based
cuprates. The d—SC and d—BDW both arise as instabilities of the U(1) FL*, as has
been discussed in Refs. [44, 162] (the SU(2) ACL is also unstable to superconductivity
[152]). The high temperature pseudogap phase for T** < T' < T* is a U(1) ACL or
more appropriately a holon-hole metal [115]. There is a crossover to the U(1) FL*
phase at T" = T™*, where all the holons have formed bound-states with the spinons.
An important feature of the U(1) FL* phase is that its transport and photoemission
signatures are mostly identical to those of a Fermi liquid. The primary difference
from a Landau Fermi liquid is that the volume enclosed by the Fermi surface is
proportional to the density of holes, x, and not to the Luttinger density 1 + x. The
U(1) FL* phase also has an emergent U(1) gauge field, as required by the topological
arguments in Ref. [215], but the Fermi surface quasiparticles are gauge neutral. The
recent remarkable observation of Fermi liquid transport properties in the pseudogap
phase of Hg1201 [157, 38] below T**, with some possibly non-Fermi liquid behavior
between T** and T, can therefore be viewed as strong support for the existence of
a FL* derived out of a parent ACL. In particular, the alternative ‘fluctuating order’

picture of the pseudogap does not naturally lead to such temperature dependent
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crossovers from non-Fermi liquid to Fermi liquid regimes.

For the La-based cuprates, there is a larger doping regime with magnetic order,
overlapping with the regime of charge order. This can be accommodated in our phase
diagram [44] by moving the full red arrow in Fig. 7.1 just to the other side of the
point M, and allowing for incommensurate order as in Appendix F.1.

An important challenge for future experiments is to detect direct experimental
signatures of the complete small Fermi surface of the proposed FL* phase. We pre-
sume that it is the small quasiparticle residue on the ‘back side’ of the small Fermi
surface [184, 182] which is responsible for the arc-like features in the photoemission
spectrum [253]. Therefore, we need a probe which does not involve adding or remov-
ing an electron from the sample, and so is not sensitive to the quasiparticle residue.
Possibilities are Friedel oscillations, the Kohn anomaly, or ultrasonic attenuation.

Within our proposed phase diagram in Fig. 7.2, the strange metal phase is to be
viewed as a SU(2) ACL at the Higgs critical point, and proximate to the multicritical
point M to ensure the spin gap is smaller than 7. The DC transport properties of this
phase are controlled by the coupling of the gauge-invariant square of the Higgs field to
long wavelength disorder, following an analysis of Ref. [177] for the spin density wave
critical point. Such a coupling leads to a linear-in-temperature resistivity. Also, as
emphasized in Ref. [177], the residual resistivity is proportional to short wavelength
disorder which can scatter fermions across the Fermi surface. So there is no direct
relationship between the residual resistivity and the slope of the linear resistivity. It
would be interesting in future work to explore the role of intrinsic umklapp scattering

events in the transport properties of such strange metals in the strong coupling regime.
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The electron spectral function in the SU(2) ACL is a convolution of the spectra of
the v fermions and the R bosons. As in the computation in Ref. [113], we assume the
R spectrum is thermally overdamped, and the electron spectral function primarily
reflects the 1) spectrum; we also expect precursors of the bound state formation
between the 1 and the R to enhance the 1) features in the electron spectrum. Then
the electron spectral functions should have an anisotropic structure around the Fermi
surface, with the weaker gauge field-induced damping in the nodal region, and the
stronger Higgs field-induced damping in the anti-nodal region. Also note that while
the Higgs field coupling does show up in the resistivity as discussed above, the gauge
fields coupling has a weaker effect on transport. This is because gauge-invariance
prevents a non-derivative coupling between the gauge field and perturbations that
violate momentum conversation. It would be interesting to explore in future work
whether this rich theoretical structure can be made consistent with the complex
experimental features of the conductivity and magnetotransport in the strange metal
[106, 83, 32].

Our linear-T resistivity is proportional to disorder, as in the previous model in
Ref. [177]. However, because the disorder couples to the Higgs field, the relevant
disorder is long-wavelength. This is in contrast to short wavelength disorder, which
can lead to efficient large momentum scattering of fermions around the Fermi sur-
face. Modifying the coefficient of the resistivity therefore requires modifying long-
wavelength disorder, and this may be difficult to do because of the intrinsic disorder
from the dopant ions. Inducing short-wavelength disorder, by including e.g. Zn im-

purities, may not be effective in modifying the co-efficient of the linear-T" resistivity.
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These features can act as tests of our proposed mechanism for the resistivity of the
strange metal [192].

Finally, we note from Figs. 7.2 and 7.3 that the SU(2) ACL survives for an ex-
tended region beyond the Higgs QCP. This implies strange metal behavior over a
finite range of doping as T — 0, and not only at a single QCP. Transport measure-
ments [106] in magnetic fields which have suppressed superconductivity appear to be

consistent with such a non-Fermi liquid phase.
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Appendices for Chapter 2

A.1 Instabilities of the free energy

An interesting feature associated with the LG functional introduced in section
2.2 is that there is an instability to a state with modulated . This arises due to a
competition between two terms in the free energy, namely the ¢ and ¢? terms. Let
us suppose that ¢ does not vary spatially and ¢ = 3¢"*. Then at leading order, the

contribution to the free energy from ¢ is of the form

o ’7252 ’72 2 2 92
F¢_(2’}/3 —2—73)¢ +)\q5qz5. (Al)

From the above expression, we see that for a sufficiently large \¢?, it becomes ener-
getically favorable to gain energy from the second term by condensing a large neg-
ative value of ¢. By extremizing the above with respect to ¢, we obtain ¢, =
—\3%q?/ (72;—?2 — %) Hence, the contribution to free energy from ¢,, is oc —3%\2¢*.
This energy gain from a non-zero q always dominates over the energy cost of order

¢ for a sufficiently large ¢. In order to prevent this instability, we have to add a
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term of the form (|V?21|?/2l* to the free energy, which is an allowed term from the
underlying symmetry of the problem. We now want to obtain some restrictions on (.
First of all, ¢ should be such that it prevents the instability. This gives us a lower
bound on the value of (. At the same time, ¢ should be small enough so that it should
not change the physics significantly. This gives us an upper bound on the value of (.

Therefore, we obtain,
)\2’}/2l4
(s = 1)

The above expression is not valid when ¢ becomes critical, i.e. when v, = 1,8 = 1.

< /1 (A.2)

In this case, we have to compare ¢ with ¢*.
However, when we minimized the free energy in section 2.3.2, we did not have to
include the above term with a finite ¢ as for a sufficiently small A\, the cutoff in ¢

arising from the discrete lattice prevented this instability from showing up.

A.2 Effect of boundary terms

In general, when we derive the GL equations from the free energy, there is a surface
term arising from the gradient terms in the energy which can be ignored in the limit
of an infinite system size. However, for a finite sized system, the boundary term does
play an important role. Let us consider only the contribution of the gradient term of
the superconducting order parameter in the free energy, in the absence of any nematic

order. Then we have,

Fyrad = /d2r|v¢|2, (A.3)

Ftot = Fgrad + Flocab (A4>
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where Flo., contains the usual [¢]%, |¢[* terms. On varying ¢* by d¢* in Fiy, we

obtain for a finite system (up to other variations due to Fj,. denoted by ...),

_ / Ao V2 + / S (V) - fds + ... = 0, (A.5)
surface

where nds is the area element, normal to the boundary. When we solve for ¢ in the
interior of the region, only the first term contributes and the boundary term can be
ignored. However, when we solve for ¢/ on the boundary, only the surface term plays
a role, since it can be thought of as appearing with an infinite weight of the form
[ dré(r — R) where R is the radius of the disk on which we are minimizing the free
energy and 0(...) is the Dirac-delta function. Therefore, in order to solve for 1, we
have to solve for —V?2)+ ... = 0 in the interior of the region subject to the boundary
condition V¢ - n|,—p = 0 (Neumann boundary conditions).

Now in the presence of a constant nematic background (¢y), the gradient term in the

free energy is,

Fyaa = [ dody [(1 L)l + (1 - a)lour|. (A.6)

where o = 2\¢pl%. As we did earlier, on carrying out the variation over 1* this
amounts to solving for —(1 + «)d?) — (1 — a)(?;w + ... = 0 subject to the boundary

condition, Dw -n =0, where

Dy = ((1 + )01, (1 — a)ay¢>, i = (cosf,sinh). (A7)

In polar coordinates, this condition can be written as,

sin 20
r

oY+ « {cos 200, — 8914 =0. (A.8)

221



Appendix A: Appendices for Chapter 2
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Figure A.1: Numerical solutions of Eq. A.9. a) Solutions with boundary conditions
¢»(1000) = 0 and with various values of ¢(1), on a log-log scale. b) Solution with
boundary condition ¢(1) = 0.125, ¢(1000) = 0, on a semilog scale. The dashed line
is a fit to the form A + Blog(p) for small p.

These boundary conditions mean, in particular, that the current perpendicular to
the boundary is zero. In our numerical calculations, we have used a disk geometry;
therefore the boundaries are found to have a significant effect whenever we are con-
sidering a non-circularly symmetric solution, in particular in the regime where the
nematic order is non-zero even far away from the core. We circumvent this problem,
however, by taking a sufficiently large system and considering the solution only close

to the vortex core, where the boundary effects are small.

A.3 Asymptotics of ¢ in the critical case

In this appendix, we analyze the asymptotics of the field ¢ far away from the

vortex core in the case 75 = 1, in which the nematic order is critical. In this case,
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and for p > 1, the Landau-Ginzburg equation for ¢ (Eq. 2.14) becomes

{— V2 + ¢2] ¢ =0. (A.9)

This non-linear equation admits the solution ¢ (p) = 1/p [124]. This solution is valid,
however, for specific initial conditions, e.g., ¢(1) = 1, ¢'(1) = —1. Physically, the
initial conditions for Eq. A.9 are determined by the details of the vortex profile at
short distances, determined by Eq. 2.14. Nevertheless, one can make some general
statements about the asymptotic behavior of the solution. If, for some arbitrary pg
such that py > 1/l (far from the core), ¢ satisfies ¢ (pg) €1/po, then it is justified to
neglect the ¢? term in Eq. A.9. Then, the solution close to py behaves as ¢ (p) ~
A — Bln(p/po), where A, B are determined by the initial conditions. This can only
be valid, however, up to a point p, at which ¢ (p.) = 1/ps, i.e., at distances which are
much smaller than the length scale set by the initial condition of Eq. A.9. At longer
distances, we expect a crossover to ¢ (p) ~ 1/p.

In Fig. A.1, we present a numerical solution of Eq. A.9 with boundary conditions
¢(1000) = 0 and various values for ¢(1). When ¢(1) = 1, we get ¢(p) ~ 1/p (where
the deviations are due to the boundary condition at p = 1000). For smaller ¢(1), there
is an intermediate region where ¢ does not follow a power law, eventually crossing
over to 1/p at larger p. ¢(p) is approximately logarithmic in the intermediate region,
as shown in Fig. A.1b.

Physically, we expect that ¢ < 1 (since ¢ = 1 corresponds to the equilibrium
value of ¢ in the absence of superconductivity). Therefore, there is an intermediate

logarithmic region, which becomes parametrically large in the limit of small ¢.
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B.1 Superfluid-density for one-band problem

In order to study the problem with just one-band with e.g. a cuprate-like Fermi
surface, we can easily extend our formalism in chapter 3. Everything that we in-
troduced for the two-orbital model goes through with the following modification,
fo(k) = fi(k+ Q) (with Q = (7, 7)),where f,(...) denotes the momentum dependent
functions such as the dispersions, velocities, gaps etc. of the orbitals. Moreover, A(k)

is momentum dependent and has d—wave character.

B.2 Numerical computation of \3(0)

While computing A% (0) numerically, we compute (p?) at the Gaussian level and

on the lattice. The bare propagator for the SDW field is given by,

1

B.1
w2 /c? + [4 —2cos(ky) — 2cos(ky)] + g — g2’ (B.1)

DOk, iw,) =
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where we have set the lattice spacing to be unity. The bare propagator gets renor-
malized to D(k,iw,,) = 1/([D°(k,iw,)~" — U(k,iw,)), where TI(k, iw,,) is the polar-
ization bubble due to the superconducting fermions. However the main effect of the
gapped fermions is to shift the critical point, g°, to a new location, g. = g% — I1(0, 0),
with some possible renormalization of the spin-wave velocity. Therefore, the func-
tional form of the propagator of the SDW field remains identical to the bare propa-
gator and we analyze the behavior of A; as a function of the distance away from the

renormalized QCP, g..

B.3 Estimate of \?(0) from Homes’ law

As discussed in section 3.3.1, we compare the value of the penetration depth
obtained from experiments [85] with the prediction from Homes’ law; for the latter,
we use a combination of the experimental data obtained from optical-conductivity
and dc transport. For each value of the doping (x), we estimate the (approximate)
dc resistivity (pg.) by extrapolating the curves to T'= 0, from the transport data in
fig.1(b) of Ref.[112].

We estimate the value of 2A, where A is the superconducting gap, from the data
for optical conductivity in the superconducting state, as shown in fig. 3(b) of Ref.
[163]. Since T, remains relatively unchanged as a function of x in the vicinity of
optimal doping, we assume A to be independent of x such that 2A ~ 150cm™!(=

2.827 x 10"s™1). Then, in the dirty limit,

4
Ps = —0gc\. (B.2)
T
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In order to obtain the penetration depth, we need to restore various dimensionful

constants such that,

A2(0) = 0250, (B.3)

s

where ¢(= 3 x 108 m/s) is the speed of light and &o(= 8.85 x 10712 F/m; 1 F=1 Q~'s)
is the permitivity of free space. The values obtained are shown in the table below and

have been presented in fig. 3.6, along with a comparison to the experimental data

[85].

x pzz (from Ref. [112]) | A2(0)

(€2 cm) (pm?)

0.23 130 0.057

0.27 120 0.053

0.33 35 0.015

0.41 20 0.009

0.56 15 0.007

0.64 10 0.004
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C.1 Saddle point equations of the O(6) Model

In this section, we present some details associated with the saddle point equa-
tions of the O(6) model for fluctuating superconductivity and bond density wave, as
introduced originally in Ref.[91] and in Eqn.4.4.

In order to solve for the temperature dependence of @, the saddle point equations

must be regulated, and we employ a hard momentum cutoff g?> < A%2. We have

ps 1 A2+5\ 2 M2+ +g+¢
— = — |log + —log ,
g

T 4 T A G b
w B c+g+o (C.1)
3= wT o (AA2+6+9+¢)
2 \ps G+g+o '
On dimensional grounds, the equations above are invariant under
A bA (9.7.0) = b*(9,5,9), (C.2)

and ¢ is non-zero only if w # 0. The universal function o/A? for a few choice

parameters and w = 0 is shown in supplementary fig. C.1.

227



Appendix C: Appendices for Chapter J

TIN?
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030F &/A*=00,02,05

0.25¢f
0.20f
0.15f
0.10f
0.05f

Figure C.1: Temperature dependence of 7/A? obtained by solving (C.1) with A = 1.0
and w = 0 for g/A? =0, 0.2, 0.5.

C.2 Bosonic self-energy

Let us compute the frequency dependence that arises due to the coupling of ¥
and ® to the underlying fermions. We want to evaluate the bubble diagrams of the

type shown in supplementary fig. C.2.

—— -

(2) (b)

Figure C.2: The one-loop self-energy contribution to the (a) Cooper pair (II¥) and
(b) Bond order (II°) propagators after integrating out the fermions.

We start by evaluating the diagram in supplementary fig. C.2(a). It is given by,

1—n —np(e_
I(q. iw,) 2/ azl= F(ktajar) = nr(€krary) (C3)
k Wn — €ktq/2,t — E—k+q/2,0

where 1w, is a bosonic Matsubara frequency. The leading contribution to this diagram
comes from the quasiparticles in the vicinity of the antinodes, where |Ag| &~ 24 is

maximum. Let us therefore analyze the behavior of II® at ¢ = 0 by expanding in the
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vicinity of the antinodes. We can expand €, = v.k where the Fermi velocities at the
antipodal points are related by symmetry [45]. The imaginary part of the retarded
bubble at real frequencies, w (iw, — w + i0"), then evaluates to,

ImIT}; (g = 0,w) = S(Q—A(])Q/dxdy[l —2np(x 4+ y)]0(w — 2(x 4+ y)), (C.4)

4dmv,v,
where v* = v2 + v with v, > v, and we have considered contributions from all the
antinodal patches. By restricting ourselves to the region |k| < A and in the small
frequency regime (w < T' << vA),

2A2A 2A0A
Ml (g = 0,w) = 34mf tanh <%) ~ T, (C.5)
Yy Yy

where we have used the fact that at low temperatures, the 1/7" behavior gets cutoff
by Ay. The linear dependence on w implies a Landau damped form in the propagator,
which gives rise to many of the interesting features at low energies.

Similarly, we can compute the diagram in supplementary figure C.2 (b). In the low
energy limit, we would like to evaluate the bubble due to the fermions in the antinodal
regions that are nested by the CDW wavevector, Q,. The Fermi velocities at two such
points in the vicinity of (7,0) are given by vy = (v,,v,) and vy = (v, —v,). The

expression for the particle-hole bubble is given by the standard Lindhard-type form,

b (q, iw,) = _2/Pi2nF(6k—q/2|1) — g (€ktq2,2]2) (C.6)
o k" iwn + o_gpl — €ragpaly

where eg|1 = vk, + vk, and, €gls = v1k, — v2k,. In the antinodal region, |P}| = 2P}
and w, is a bosonic Matsubara frequency. The imaginary part of the retarded bubble,
ImII5(q = 0,w) at a real frequency w and evaluated at T = 0 is given by,

2(2Pi)?

ImI2 (g = 0,w) = —
m R(q ,(.U) 471_2/0ny

/ dedy [B(—z —y) — 6(y — D)5 +29),  (C.7)
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where 6(...) represents the Heaviside step function.

In the limit of small frequencies, w < v,A << v,A, the above evaluates to,

2
ImII}(q = 0,w) = (25 w, (C.8)

Am2v,v,
which is once again a sign of the BDW propagator having a Landau damping term

at low energies.

C.3 Real and imaginary part of Fermion self-energy

It is possible to evaluate the sum over n in the expression for Hy(w, €) in Eqn.4.13

analytically. We obtain

Ho(w, ¢) = T wilem) © Re

we  w(e2 4+ w?)

v (557)

m(w+1i€) |’ (C.9)

where ¢(z) = I'(2)/T'(2) is the digamma function.

The real part and imaginary parts of the self energies have the explicit expression

Resh,w) = [ AL y|Hol-w — avqela)
q

es(q) ]

+[nF(€—k+q) + nB(E_k+q T w)] (w + E,k+q)2 + <GS(Q))2

Reshh,w) = [ Py How - euinsala)
q

+[nr(eriq) + nB(Eriq — w)) (w— ek:qu—i (Gb(q>)2:| . (C.10)
R (k, w) = / Bieg [ (ckra) +mn(cprg + )] ei:];_ lj:tzes(q))”
(C.11)
Im¥} (k,w) = / ,ﬁr% [np(€ktq) + nB(Egrr — w)] (w— e,:q_);’—ci—ﬂ(]eb(q))Q'
(C.12)

230



Appendix D

Appendices for Chapter 5

D.1 Feynman diagrams for linearized hot-spot the-
ory

In this appendix, we provide details of the calculations for some of the loop-
integrals evaluated earlier. The momentum integrals will all be done with a cutoff
A, since we only want to restrict ourselves to the neighborhood of the hot-spots. We

start with the diagrams that contribute to u,,

T / 1 !
T _ T . : , (D.1
2525 2 ; ‘k|<A (Zwm — (Uzkx — Uyky>)2 (Zwm - <_kam - Uyky))2 ( )
T / 1 1
s _ T ‘ : . (D.2
1212 9 %: k<A (1Wm — (Vaky +vyky))? (iwm — (vake — vyky))? (D.2)
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It is useful to change the coordinates to x = v,k,, y = v k, so that A, , = Av,,. We

are in the regime where A, > A, > T'. The above integrals then become,

I Ly / " / " ! ! (D.3)
S e R T A e

. d d (D4

820, ; /_Az v /_Ay Y (iwm — = — y)? (iwy, — T+ y)? (D-4)

We shall always evaluate the k, integral first and use f v, dky = = [T dk,— f| b

11212

S, dk, =

1, —1,.

= 0 (poles on same side). From Zs,
1

The contribution to Iosos from Zy, i.e. Iosos

we get,
Iose5| =~ Z/ dy + ! =0 (D.5)
47T Uy Uy (y + zwm) (y — iwm)*
Therefore, we have Is505 = 0. For 1915, we get,
iT Ao
I = - m —_—
1212 1 167050, ;Sgn(w )/Az (2 — iwp)?
T — 32%w,,
N _87rvxvy / de Z (w2, + 22)3
m>0
AT m 1 A,
N Z d ~— . (D.6)
47rvxvy ¢ (wp, +A2)? 167200, A2 + w2172
1 A
1 ~ ~— — D.7
121 ) - 2n2u,0, Z/ (y +w2) 167%v v, A2 (D7)

Since A, > A,, we can ignore the second contribution and I1212 ~ Ii212| . Note
1

that we have made the approximation, T, F(wy,) & [ 2 F(w).
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Similarly, we have the following contributions to w,,

1 1 1
Isgs = —T
2505 %: /|k|<A (1w + voks + vyky)? (iwm — Vokye + vyky) (iwm + voke — vyky)’
(D.8)
1 1
1 = -T
1256 % /|k|<A (1w — Voky — Vyky) (iwm — Viky + vyky)
1 1
. D.9
(i + Vg + vyky) (1w, + voky — vyky) (D-9)
Then,
T As Ay 1 1
T = — d d
250 40,0, ; /_Az * /_Ay Y (twm +x +y)? (lwy,, — T +Y)
. D.10
(lwm, + . — ) ( )
T A sgn(wp,) 1 1 A,
I = d ~— 1 —
2565 L 16mv, v, ;/Az . W (x4 dwp)? 8m2v,v, A, 8 (WT)’
(D.11)
L AT / 1 1
2565 ) - 2200y A= Jyisa, (twm +y)? y% + w2,
2(y* —w?)
~ d d D.12
473 vxvy/ v / y (y +w2) ( )
Iyse5| =~ 2— 5" (D.13)
) 167%v,v, Ay

. Similarly, we have,
1

Therefore, we can approximate Ios5 &~ Ios65

f o [ :
- T
1206 AmPvgvy ) 4, A, Y (lwy, — . —y) (iwy, —x +y)
! ! (D.14)
(iwm +x +y) (iwp +2 —y)’ '
T Ao sen(wy,) 1
1 = — d : D.15
1206 . 8T, vy /_Aa; o W w2+ x? ( )

The above integral is convergent in the limit of A, — oo (and the singularity comes
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from small momenta), so that,

1 1 1
1290 ) A2y, T ngo (2m + 1)2 32v,v,T ( )
The other contribution is given by,
A
[1256 / - — ad . D17
) 27r Vg Uy Z wisn, (Y w2 2 )2 82,0, A2 ( )
Let us now compute the diagram(s) contributing to u,. They are given by,
T 1 1
J - . (D.18
o 2 ; /k|<1\ (iwm — vaky — vyky)? (i + voks + vyky)? ( )
This simplifies to,
T Ao Ay 1 1
J = — d d D.19
o 8720, vy zm: /Az ’ /Ay Y liom — 2 = )2 (i + 2 + )2 {D-19)
TA, sgn(wpy,)
J - D.20
7¢(3) A
J - D.21

and can therefore be
2

The contribution from 7, turns out to be Jisi5| = Ili212

2

ignored, compared to Jis15

1
We now evaluate the contribution to the terms that lead to competition between
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the different BO, via the 4-point couplings, u., and .

1 1
K = -T
1626 Z / ol <A (1w + vake — vyky)? (wm — vk + v k)
1
| , (D.22)
(Zwm - U:vkz - Uyky)
1 1
Kesis = —T
6515 Z / lke|<A ZCL)m —+ 'ka —+ 'Uyl{) ) (Zwm - Uzkx - Uyky)
1
| 7 (D.23)
(’me + 'Uzkar - Uyky)
1 1 L
Lysie = —T
2516 ; /k|<A ('lwm — 'kaz — ’Uyk'y) (Zwm - U:zkx + Uyky) (ZWm -+ 'Ug:kx -+ Uyky)
1
. D.24
(z’wm + U:(:kx - Uyky) ( )
It is straightforward to see that Kigys = —Mbasi5, Kesis = —Mize2, and Lasis =

Nogs1(= I1956) which we evaluate in detail below.
Let us now evaluate the terms contributing to the competition terms, s, and sy,
between CDW and SC. We start with the distinct self-energy type diagrams con-

tributing to s,,

1 1
M. = T
2515 Z/ k<A (1Wm + Voky + vyky)? (iwn — voks +vyky)
1
D.25
(—Z(,L)m + Uzka} + Uyky> ’ ( )
1 1
M = T
1262 zm: /|k<A (1w, — Vo + vyky)? (lwm — vk — vyky)
1
(D.26)

(—iwm — voky + vyky)
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Transforming to the x, y—coordinates, this becomes,

M r 3 / " / My ! !
= — T
2515 40,0, — J_, A, y (1w + 2 4+ y)? (iwm — ¢ + Y)
1
. : (D.27)
(—iwm + = +y)
T As A 1 1
M - d d
dm2u,v, ; / ! / Y (iom — o+ y)? (iom — 2 — y)
1
. . (D.28)
(—iwy, — .+ y)

By splitting the integral as earlier, we have from Z;,

T Ao m) 1
Mysi5| = — ' / dx Sgn(;u ) .
1 16mv, vy — ) A, W2 T — Wy,
T As 1
8mvavy £ ), W (2% + w?,)
1

M. = - D.30
2515 ) 641)5,;'UyT’ ( )

where we have used the fact that 2Ms515 . Similarly from Z,, we get,

1

= _[1256
1

TA 1 1
M. N — - d
201 ) 2120, v, ; /y|>Ay Y Y2 + w2, (y + iwp,)?
Aw o'} 00 2 2,2
~ — / dw / dy —(y d ), (D.31)
Amdvvy Jooo oy, T (WP W)
A
M. N —— D.32
For Mg,
T As T — 29w,
M = — dy ———_ 7™ -
1262 X 1670, 0, ;/_Ax T (x — iwm)wansgn(w )
T Ay A4 .
- ! / dy —m (D.33)
16mvzvy 2= ) 5, (2% +wp)?
1
M = —. D.34
1262 n 64v,v,T ( )
TA 1 A
M o - d = . D.35
1262 , 20,0, - /y|>Ay Y (12 +w2)?  8mPuw,A2 ( )
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,M1262 Compared to M2515 ,M1262
2 2 1 1

Let us now evaluate the only distinct vertex-correction type diagram contributing

We can ignore Moys:5

to Sq,
1 1
N. = -T
2651 zm: /|k<A (1w, — Vaky — vyky) (1w, — Voky + vyky)
1 1
: D.36
(—iwm — Vyky — vyky) (—iw, — Vpky + vyky) ( )
Upon transforming coordinates, we have
T Az Ay 1 1
N. = — dx d
2001 42v,0, ; /_Az /_Ay Y (iwy, —x —y) (iwm — 2 +Y)
1 1
(D.37)

(—iwm — 2 — 1Y) (—iwy, —x +y)’
and we immediately see that Nogs; = I1256, as expected.

The diagrams contributing to s, can also be evaluated analogously as follows:

1 1
P = T
2026 ; /,c|<A (i — Vaka + Vyky) (i + Voky — v k)2
1
. D.38
(—iwm + vky — vyky) ( )
However, we immediately notice that Pagos = —2Ja626 = —2J1515 (which we have

already evaluated above), due to the underlying SU(2) symmetry of the hot-spot
theory.

Finally, let us compute the diagram contributing to the three-point function, Y.
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The one we intend to compute is,

1 1
Yo = —T
261 Z / < (Wi — vzk — vyky) (iwm — viky + vyky) (iwp + voky — v k)
(D.39)
T A Ay 1 1 1
Y. = — d d .
201 40,0, %: /Az ‘ /Ay Y (iwm — = y) (iwm — 2 +Yy) (iwy, + T —y)
(D.40)

It evaluates to,

sgn (W)
Yoor| = _ S8 Wm)
261 . 87w$vy Z/ wm T — iWpy,)
2
= dp——— =0 D.41
87Tvxvy Z/ o (22 4+w2) 7 (D-41)
1
Y; = / _ D.42
! 2 212y, vay Z ly|>Ay — iwm ) (y? + w2,) ( )
2zwm
27?21)xvy zm:/ (12 +w2,)? ( )

Therefore, we see that both pieces evaluate to zero, when working with the linearized

dispersions.

D.2 Feynman diagrams for hot-spot theory with a
finite curvature

In this appendix, we provide details for the computation of the same diagrams
that were evaluated earlier, but now in the presence of a finite fermi-surface curvature,
k. We already summarized the results in section 5.3.2.

We start with the diagrams contributing to u,. These were already well-behaved

in the linearized theory in the 7" — 0 limit, and hence should continue to be so in
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the presence of a finite k. Let us evaluate them nevertheless. The distinct diagrams

contributing to u, after performing the Matsubara summation are given by,

o ) (@(2,9)) ~ (eala, )
o2 = 5 UaUy /Amd /Ay { (e1(w,y) — ez, )3
f'le(z,y)) + fealr, y))
T @y —awy? | (D44

In the above, f[...] is the fermi-dirac distribution function and we have changed vari-
ables to x = vk, y = vyk,. f2525 is identical in form to the above with ¢; — e5.
We evaluate the above integrals numerically as a function of temperature for different
values of  at fixed o and vice versa. We find that 505 identically evaluates to 0 even
in the presence of a finite (but small) curvature (recall that Is05 = 0). The results
for I 1212 alongwith a comparison to the analytical predictions for I;5;5 are shown in
fig.D.1(a).

Let us now move onto the diagrams contributing to w,, which were singular
(~ 1/T) in our computation with the linearized dispersion. After carrying out the

Matsubara summation, the distinct diagrams evaluate to,

As Ay
Lysgs = _47T21_)zvy /—Az dz /_Ay dy
fle(z, )) ~ [les(z,y) )

{(Ez(ﬁay) - &5(z,y))? ( x

) — y
t T eI (iii,w e <xf5>5“;2x,y>>
e _€2§(y§($€5y%)y T e 9)) } (D45)
hows = —g35 vxvy/ K / y { o vy(x +f;e)5(x =
_ flea(z, ;J;zx _f;e(x y))}’ (D.46)
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where we have used the explicit forms of the dispersions to simplify the expression
for I1955. We evaluate these diagrams numerically and find that both of them have a
very similar behavior except at low temperatures, where Iosgs is always significantly
smaller than Ijs56 (this was the case even in our previous computation where the

former went as ~ log(7") while the latter was ~ 1/7"). We plot 1956 in fig.D.1 (b).

Tio12 T1as6
0.004 =0 100
x=0.05 '
k=0.10
........ Tota 10
l,
0.002
0.1
001
0.002 001 01 02 04 1 2x10~4
T
(a) (b)

Figure D.1: Absolute values of diagrams contributing to u, and w, as a function of
temperature, T for (a), (b), different values of x but fixed & = 10.0. Other parameters
are A = 2.0 and v, = 0.5. Note the almost perfect agreement of the analytical result
for kK = 0 (dashed green line) with the numerical results for small curvature at low
temperatures.

Let us now compute all the terms that turned out to be ~ 1/T? in our earlier
computation, which included both wu; (|]®°*) and s, (|¥|?|®°|?), and study the effect

of a finite k. The diagrams that contribute to u;, are modified to,

Jisis = / dx/ l (er(x,y)) — fles(x,9))

8m2v v, (e1(z,y) — €e5(z,9))3
~ Ja(z,y) )+f'(€5($ y))
e (D47

and j2626 = j1515 even for k 7é 0.
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0.1
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Figure D.2: Absolute values of diagrams contributing to u, and s, as a function of
temperature, T' for (a), (b), (c) different values of x but fixed a = 10.0 and (d),
(e), (f) different values of o but fixed x = 0.05. (a) Jisi5, (b) Pasag, (¢) Qa2
(d)-(f) plot the same diagrams scaled with «. Other parameters are A = 2.0 and
v, = 0.5. The vertical black dotted lines represent the approximate temperature
where the computation in the presence of a non-zero k starts deviating from the one
with k = 0. Note that in figs. (a)-(c), the green dashed curves (representing the
analytical results) overlap almost perfectly with the blue solid curves for k = 0.

On the other hand, the self-energy type diagrams contributing to s, are modified

to,

47‘(‘21)ny —Ay Ay —62(37 y)( ( ) E%(l’,y))
L — 2f(eo(x, ~ f'(eo(x, )
ey o) 2y -awy) )

Prss =~ | e / dy[w,yf(%(x’y» J%f(ez(x )
v)

and Pi515 = Pagag, even when x # 0. Similarly, the vertex-correction diagrams are
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modified to,

~ _ 1 —2f(es(7,y))
Qao2s = 82 vmvy/ dr / dy [ e, y)

1= (2(z,9)) 1
o) } . . (D.49)

e3(x,y) — e5(z,y)’

and Qus15 = Qagos. The results for Jims, Pagas and Qagg are plotted in fig.D.2,
alongwith a comparison to the respective diagrams evaluated with x = 0. It is
not surprising that the singular power-law agrees, but even the prefactor matches
perfectly.

M6z Nagis Nags
100 100

]m\
K= 010 K= 010
001 k=100 k=1.00

- Nagis e Nogs

2x107* 1073 102 0.1 0.5 2x107* 1072 . 05 2x107* 1072 0.1 05

T T T
@ (b) ©

Figure D.3: Absolute values of diagrams contributing to s, as a function of tempera-
ture, T for (a) M9, (b), Nag1s, (c) Nagsy for different values of x but fixed o = 10.0.
Other parameters are A = 2.0 and v, = 0.5. Note the almost perfect agreement of
the analytical result for K = 0 (dashed green line) with the numerical results for small
curvature at low temperatures.

Next, we compute the diagrams contributing to s, (|¥[*|®“[*). The distinct self-
energy type diagrams evaluate to,
e1(z,y)) — f(ea(,
Mgy = — - — / s / { fla(z,y)) J;( 2 y))2
4m Uz Uy 61 z y) —EQ(I,y))(El(ZE,y) _62(x7y))

- 1 - 2f(e(a.y) N f'(ea(,y))
de3(z, y)(e(r,y) + alr,y))  2e(,y)(elry) —alz,y)

(D.50)

and Mys;s is identical in form to the above with the replacement, €; — €5 and
€o — €5.
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Similarly, the distinct vertex-correction type diagrams evaluate to,

Ay Ay 1— 2f(62(x y))
87r vxvy/ dx / dy |: 62 x y)

1—2f €5<£L‘ y))] 1
es(z,y) sz, y) —e(,y)

Nogis

(D.51)

and where Nags; can be obtained from the above by replacing €5 — €;. The results
are plotted in fig.D.3.
Finally, let us evaluate the three-point functions, ¢,,. Recall that in the linearized

theory, this was identically 0. In the presence of a curvature, it is modified to,

B . fle(z,y))
Yaor = Am? vxvy/ d / dy{ (e1(z,y) — 2z, y))(er(z,y) — €s(,y))
1 flea(z,y)  fles(=

+€2(-”37?J)—€6($,y)(62(9371/)—61(%,?;) (. y) — = z) ))]’ (D.52)

and where Yag is still equal to the other symmetry related diagrams. The results
for Yae /k and aYag are shown in figs.D.4 (a) and (b) respectively, alongwith a

comparison to the particular form, ), that we guessed.
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Figure D.4: Absolute value of Yag; as a function of temperature and comparison with
Y (a) at fixed a = 10, (b) at fixed x = 0.1
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Appendices for Chapter 6

E.1 CDW instabilities of FL

We plot the lowest eigenvalues, A\q, for the charge-ordering instabilities of the
large FS corresponding to band-structure parameters of figs.6.3, 6.4 in fig.E.1 be-
low. For the parameters in fig.E.1(a), the minimum eigenvalue occurs at Q* =

(£197/50, £197/50) and the corresponding eigenvector is given by,
P+ = —0.999[cos k, — cos k| — 0.014[cos(2k,) — cos(2k,)]. (E.1)

For the parameters in figs.E.1(b), (c), the minimum eigenvalue occurs at the same
value of Q" as above and the form of the eigenvector remains almost identical. This

isn’t surprising, since Q* is determined by the separation between the “hot-spots”.
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Figure E.1: The lowest eigenvalues, A\, as a function of Q at a temperature 7' = 0.06
for the large FS corresponding to ¢; = 1.0, t, = —0.32, t3 = 0.128, pu = —1.11856.
These computations have been carried out as a limit of the FL* computation with
to =0, f; = 0, A = 0. The state with the diagonal wavevector is the leading instability
in all the cases. The interaction parameters are given by: (a) J; = 1.0, Jo = J3 =
0.05,U=V1=Vo=V3=0,(b) J1 =05, Job=J3=0.05 U=V, =V, =V3 =0,
and, (¢) J; =10, J,=0.1, J3=0.05, U =0, V;, =0.05, Vo = V3 =0.01.

E.2 Instabilities in the presence of strong Coulomb
repulsion

In this section, we present some additional results for the weak-coupling density-
wave instabilities in the presence of strong Coulomb repulsion (U ~ J;). The leading
instabilities that we obtain are not bond-density waves of the type discussed in the
main text. We explore the instabilities for the FL* state whose spectral function is
shown in fig.6.4(a) for different combinations of the Coulomb repulsion parameters.
The lowest eigenvalues, Ag as a function of @ are shown in fig.E.2.

We start with the case when U = 2J; > V] (fig.E.2a). We find that the leading
instability corresponds to Q" = (£117/20,+m), (£m,+117/20) and the eigenvector

for this state is predominantly given by Pg(k) = sink, — sin k,. This state therefore
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breaks time-reversal symmetry and is a generalized version of the “staggered-flux”

state, but at a wavevector away from (m, 7).

(a) (b)

T e
0.6
0.5
~ T ~ T
Q2 . Q2
0.4
0.3
O : 0
0 z 8

Qo
=

Figure E.2: The lowest eigenvalues, A\qg, as a function of Q at a temperature 7" = 0.06
for the FL* state shown in fig.6.4(a), corresponding to t; = 1.0, to = —0.32, t3 =
0.128, u = —1.11856, ty = —0.2t;, t; = —0.1t;, A = 0.75¢;. The interaction param-
eters are given by: (a) J; = 1.0, J, =0.1, J3=0.05, U =2.0, Vi =0.1, Vo = V3 =
0.01, (b) J;1 =1.0, J,=0.1, J5=0.05, U =1.0, V1 =0.7, V5 = V3 = 0.01.

We next consider the case when U = J; ~ Vi (fig.E.2b). In this case, we find
that the leading instability occurs at Q" = (7, 7) and the eigenvector for this state is
given by Pg(k) = 1. This state is therefore just a conventional (7, 7) charge-density
wave, that we should naively expect to arise due a large V.

However, we note that if we focus on the region of the Brillouin zone with smaller
|Q|, the d-form factor density waves found in the body of the paper with smaller

Coulomb repulsion are present also in the cases considered in this appendix. Thus

the Coulomb repulsion has little direct effect on the d-form factor density waves, but,
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in the present simple RPA framework, it can induce other instabilities which are not

of current experimental interest.
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Appendices for Chapter 7

F.1 Spiral order and Z; gauge theory

Here we generalize the theory in Eq. (7.13) to the case of spiral spin order at
an incommensurate wavevector K. In this case the antiferromagnetic order is not
characterized by a single unit vector ny, but by two orthogonal unit vectors ni, and
nge which obey

nfy=ny =1, nuny=0. (F.1)
The spin-fermion coupling to the electrons in Eq. (7.13) is replaced by
L =—A\ Z [0 cos (K - 1) + nigesin (K - ;)] - cjaaiﬁcig, (F.2)
After the change of variables in Eq. (7.1), this leads to the Yukawa coupling
1 * 1K-r; a, —iK-r; a
Ly =-A3 (Hewe®or 4 Heem ) ol ot (F.3)
where, in contrast to Eq. (7.8), the Higgs field H is now complez and is defined by

1
H® = § (nlé —+ inzg) TI'[UKRZ'O'GRH, <F4)
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generalizing Eq. (7.15). It is now also clear from Eq. (F.3) that under translation

by a distance a, the Higgs field transforms as in Eq. (7.9), where ¢/£¢ can now be
complex.

The structure of SU(2) gauge theory with a complex Higgs field remains essentially
the same as for the real Higgs discussed in the body of the paper, with one important

distinction. The quartic term in Eq. (7.7) is replaced by two terms
wi[H™ H? + ug[HYP[HP)?, (F.5)
and the presence of spiral order requires that us > 0. Then in the Higgs phase, the
minimum energy condensate can always be oriented so that
H®* = (1,1,0). (F.6)

Such a Higgs condensate breaks the SU(2) gauge symmetry all the way down to Z,.
And using Eq. (7.19), the analog of the relationship in Eq. (7.20) for the orientation

of the spiral order is
Ny +ing = %H“ Tr[o*Ro“RY]
= —€ay2,00525 for H* = (1,i,0). (F.7)
This co-incides with the conventional representation [193] of the spiral orientation in
terms of spinons z,, and it can verified that the values in Eq. (F.7) obey Eq. (F.1).
For the case with us < 0 in Eq. (F.5), the Higgs condensate is instead a SU(2)

rotation of

H* = ¢"(1,0,0), (F.8)
where 6 is an arbitrary phase. This corresponds to incommensurate collinear spin
order [197].
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F.2 Feynman diagram computations

F.2.1 Self-energy: Gauge-field

Since we are interested in the singular structure of I18*(¢) in Eq. (7.22), we shall

evaluate the integral over ¢, first, followed by ¢.,¢,. Therefore,

A4 = 2 / A +q— —q, F.9
0 (4) (2m)? —ingr + qu + G2 + 2(yq, 1 1 (¥-9)
qr e, —1
= — - +q— —q, F.10
™ / (2m) —ingr + q. + @2 + 24yq, a a (F-10)
|g-|
= . F.11
27qy| ( )

This leads to the expression for II5*(q) in Eq. (7.24).

F.2.2 Self-energy: Higgs’ field

Focusing on just the m = 1 contribution, Eq. (7.34) becomes,

dl, d2 1 1
Mi_i(q) = 2
=t @) | Zicrgnll, T ) T 0P —or (€5 q) icsn(G) 6P vy €

+q— —q} . (F.12)

Let us define ¢; = vy - (€ + q) and {5 = vy - £, so that

1 / dl.dl,dl, 1 1
Uy (2m)3 | —icpsgn(lr + g )|l 4+ q- 123 — €1 —icysgn(L,) [0 [2/3 — Ly

Hg:l((l) =
+q— —q} . (F.13)

It is not hard to see that the only non-zero contribution comes from the imaginary

parts of both the terms. Then,

1 /dETdfldEQ icrsgn(lr + g )|l + q- 2% dcpsgn(6,) |63
(2m)3 Al + |3+ 03 B+ 63

Mai(q) = +qg— —q|.

Vg Uy

(F.14)
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Upon carrying out the /1, ¢5— integrals, this becomes,

1 [dl,
H _ —
—1(q) = Too, / 5 [sen(lr + qr) sen(lr) +q — —ql. (F.15)

This directly leads to the expression for 117 (q) in Eq. (7.36).

F.2.3 Fermion self-energy at the hot-spot

The Fermionic self-energy due to the Higgs’ field fluctuations (Eq. (7.38)) becomes,

d0.d20 1 L
s . (F.16
1(p) / (2m)3 —iCssgn(pr — £r)|pr — L7 — vy - (P — £) ~|C,] + €2 (10

Let us now change coordinates such that £, = 9, - £ and ¢ is the component along

the Fermi-surface of 1/5. Then,

ae.dl, de 1 1
Zl(p) =3 3 E; 2
(2m)3  —i(ssgn(py — 4:)|pr — L7 |7 —va - P+ 02l Y|l + 03 —i—f
(F.l?)
It is straightforward to carry out the integral over ¢, which gives,
2()__§/d&d& 1 1
WS | @ Sidgsen(pr — )lpr — G —vs p+ sl A+ 8
(F.18)

Let us now study the form of the self-energy at the hot-spot, p = 0, and extract the

p, dependence. We can symmetrize the above form then to give,

dly (rsgn(lr — pr)lpr — &|° 1
) =31 . F.19
1(r) / / 2 GHlor =GP+ 03 A6+ 2 (E-19)

Carrying out the integral over ¢, (see Appendix F.2.4) leads to the expression in

Eq. (7.40).
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Z(e)
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54 6 8 10°

Figure F.1: Z(c) evaluated numerically as a function of c¢. Note that Z(c — 0) = —1,
which reproduces Eq.7.41.

F.2.4 Integrals

We use the integral (for a > 0,b > 0):

o 1 1 1 Vb2 —a?
/ dx - tan! [ Y20, (F.20)
0 2 +a?\/22 + 02 aV/b? — a? a
The above is valid irrespective of whether a > b or a < b.

The integral in Eq. (7.42) can be evaluated as a function of the dimensionless

parameter, ¢ = (7/yv3, when 3 = 1/2. The integral becomes,

< dx 4 V]x| =]l =z sgn(z — 1)
I(c) = — tan : F.21
© /oo 2m ' < Vel — x| )\/|x|—c|1—x\ ( )

We show the functional form of Z(c) as a function of ¢ in Fig. F.1.
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