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Abstract

This thesis investigates the intricate interplay between microscopic and emergent sym-
metries in a spin-orbit coupled (SOC) Dirac semimetal. Dirac fermions emerge as low-
energy degrees of freedom in many condensed matter systems, and the associated phases
and phase transitions crucially depend on the emergent symmetries as well as the imple-
mentation of microscopic symmetries on these Dirac fermions. In this work, we study
this interplay in the context of an SU(8) symmetric Dirac semimetal, which arises from a
specific tight-binding model with spin-orbit coupled j = 3/2 electrons. This model serves
as an effective low-energy description for the d* honeycomb materials like a-ZrCly and
a-TiClz in the limit of strong spin-orbit coupling. We explicitly find out the implemen-
tation of the microscopic symmetries on the low-energy Dirac fermions in this system.
This non-trivial embedding of the microscopic symmetries in the low energy is reflected
in the nature of phases proximate to the Dirac semimetal. Such phases can arise from
finite short-range electron-electron interactions. In particular, we identify 24 such phases
— divided into three classes — and their low energy properties are obtained by condensing
particle-number conserving fermion bilinears that break very different microscopic sym-
metries and /or are topologically protected by symmetries. The latter includes interesting
generalizations of quantum spin-Hall phases. Remarkably, some of the resultant phases
still support a sub-set of gap- less fermions— protected by a sub-group of SU(8) — result-
ing in interesting density wave semimetals. We also study some of the interesting phase
transitions among the phases.

Motivated by the intriguing suggestion of realizing an SU(8) Dirac semimetal, which
appears in the limit of strong spin-orbit coupling (SOC) and a restricted regime of the
hopping strengths, we provide a systematic study of the interplay between various hop-
ping pathways and atomic SOC for the low-energy electrons in candidate d! transition
metal halides MX3 (M=Ti, Zr, Hf; X=F, Cl, Br). We find various compensated metallic
phases appearing in the phase diagram when the hopping strength and spin-orbit cou-
pling strength are varied. The resultant compensated metals have varied Fermi surface
topologies and are separated by Lifshitz phase transitions. We discuss the implications
of the proximate Lifshitz transition, which may be accessed via strain, in the context of

the relevant materials.

xXx111



XXiv



Chapter 1

Introduction

Strongly correlated systems, characterized by electron-electron interaction strengths com-
parable to or exceeding the free-electron bandwidth, have garnered significant attention
following the Kondo problem’s elucidation of the logarithmic temperature dependence
of resistivity at low temperatures [1]. This paved the way for extensive investigations
into diverse strongly correlated materials, unveiling a rich tapestry of intriguing phases,
including heavy fermion superconductivity [2, 3|, high temperature superconductors [4],
non-Fermi liquid states [5, 6, 7] etc.

Recent studies have revealed that electronic correlations, in conjunction with other
energy scales of the system such as the spin-orbit coupling strength, crystal field splitting,
etc., can engender phases with non-trivial entanglement pattern and topological charac-
ters [8, 9, 10, 11, 12]. These encompass short-range entangled states, such as symmetry-
protected topological (SPT) phases [13] like topological insulators, Chern insulators, and
topologically ordered phases like the fractional Chern insulators [14, 15] and quantum
spin liquids (QSLs) [16, 17]. Among the various energy scales, spin-orbit coupling (SOC)
plays a pivotal role in engineering these topological and entangled phases [9, 10, 11].

Developing a profound understanding of the symmetries underpinning these phases is
imperative for unraveling their intricate properties. In this context, we first discuss the
interplay between symmetry and entanglement in strongly correlated systems in Sec. 1.1
introductory chapter. Subsequently, we discuss various energy scales present in strongly
correlated materials and their implications, with a particular emphasis on the role of SOC

in realizing topological and entangled phases in Sec. 1.2 and Sec. 1.3.

Notably, a central focus of this thesis revolves around the fascinating concept of Dirac



fermions in condensed matter systems, which lies at the heart of our investigations. These
massless relativistic quasiparticle appear as low-energy degrees of freedom in various
topological and strongly correlated phases. In Sec. 1.4 we review the very well known
case of grphene where the Dirac fermions arise as low-energy degrees of freedom. Finally,

in Sec. 1.5, we discuss the structure for the rest of the thesis.

1.1 Interplay of symmetry and entanglement in the

strongly correlated systems

The interplay of symmetry and entanglement plays a crucial role in understanding the
phases of matter. The conventional phases, e.g., conventional superconductors, density
waves, etc., are described by the spontaneous breaking of the microscopic symmetries.
This is possible because the underlying many-body state has a trivial entanglement signa-
ture and hence can be approximated by product states such that the local order parameter
quantifying the symmetry breaking gives a comprehensive picture.

Recent studies have shown that the interplay of entanglement and symmetry can give
rise to two new classes of phases which cannot be described just by symmetry break-
ing [8]. One class of phases has long-range entangled ground states and hence cannot be
described by local order parameters (e,g., QSL, FQHE). In these phases, the existence
of symmetries can lead to the fractionalization of the quantum numbers of the emergent
quasi-particles[16, 18]. Another class of phases is the symmetry protected topological
(SPT) phases[19], the prime example of which are the topological insulators[20]. The
ground states in SP'T phases, although short-range entangled, have non-trivial topologi-
cal character, and the role of symmetries here is to protect the topological invariants.

In addition to the microscopic symmetries, new symmetries can emerge when we
describe the long-wavelength characteristics of a system using low-energy theories, which
are known as infrared (IR) symmetries. For example, in graphene, the low-energy theory
is described by Dirac fermions in (241)-dimensions where Lorentz symmetry emerges|21].
Additionally, the SU(2) spin rotation symmetry gets enhanced to a larger emergent SU(4)
symmetry group. Such symmetries can be important in relating long-distance behavior
of the correlations of different phases. The existence of such symmetries can even lead to

the realization of deconfined quantum phase transitions.



In understanding the structure of the low-energy theory, it becomes important to
understand how the low-energy degrees of freedom transform under the action of the
microscopic symmetries. Different ways of implementing the symmetries give rise to the
realization of newer phases and phase transitions. For example, in QSL, different ways of
implementing the microscopic symmetries on the low-energy spinons give rise to different
types of QSL phases.

The realization of this rich variety of phases is heavily influenced by the interplay
of different energy scales in condensed matter systems. In the following sections, we
first discuss briefly the implications of these energy scales and specifically focus on the

interplay of spin-orbit coupling (SOC) and electron-electron interactions in Sec. 1.3.

1.2 Energy scales

Condensed matter systems exhibit a rich interplay between various energy scales, and
the competition among these scales gives rise to a diverse array of phenomena in these
materials. The most prominent energy scales that play a pivotal role include the elec-
tron hopping amplitude (¢), the Hund’s coupling (Jy) associated with the intra-atomic
exchange which lowers the energy cost of placing the electrons in different orbitals with
parallel spin as opposed to two electrons in the same orbital, the Coulomb repulsion (U)
between electrons, the spin-orbit coupling strength (A), and the crystal field splitting
energy (A) due to the local ionic environment. The delicate balance and hierarchical
ordering of these energy scales ultimately dictate the low-energy degrees of freedom that
govern the system’s behavior and the emergent phases it can host.

In the weakly correlated regime, where the hopping energy scale (t) dominates over
the Coulomb repulsion (U), the electrons are delocalized, and the system can be de-
scribed within the framework of band theory. This regime can give rise to various band
insulators and conventional metallic phases, depending on the band filling and other
material-specific details. On the other hand, in the strongly correlated regime, where the
Coulomb interactions (U) overwhelm the hopping (¢), the electrons tend to localize, and
the system is better described by interacting spin degrees of freedom. Materials with tran-
sition metal ions are one of the most experimentally relevant platforms for strongly corre-

lated systems. This includes different iridium oxides in the Ruddlesden-Popper sequence



perovskites[22, 23, 24, 25, 26, 27, 28, 29], hexagonal perovskites [30, 31, 32, 33, 34, 35|,
pyrocholres [36, 37, 38|, etc. In these materials, the partially filled d-orbitals have narrow
bandwidth which makes the effect of the interactions pronounced [39]. This leads to
various Mott insulators and metal-insulator transitions.

Notably, the spin-orbit coupling () and the crystal field splitting (A) cooperate with
the electron-electron interactions, effectively enhancing their impact. This is because the
spin-orbit coupling and crystal fields split the orbital degeneracies, narrowing the effective
bandwidths and amplifying the relative strength of the Coulomb interactions. We discuss
the effect of SOC in detail in the next section. The Hund’s coupling on the other hand
plays two roles. In a multi-orbital atom with half filling, it effectively enhances the effect of
interactions by reducing the critical interaction strength required for Mott transition [40,
41, 42, 43, 44], whereas for other fillings, it reduces the effect [45, 46]. Interestingly, there
exists a competition between Hund’s coupling, which tends to distribute the electrons
across the available orbitals so as to minimize the effect of Coulomb repulsion, and the
crystal field effect, which favors occupying the lowest energy orbitals preferentially [46,
47, 48).

Thus, the intricate interplay between the various energy scales and their cooperative
or competing effects ultimately give rise to a diverse array of phenomena in condensed
matter systems. In the following section, we discuss the effect of the SOC and the

Coulomb interaction in detail.

1.3 SOC-U phase diagram

In this thesis, we delve into the intricate interplay of the UV and IR symmetries in
a spin-orbit coupled (SOC) system. Recent studies have shown that SOC is a useful
microscopic knob for engineering unconventional implementation of the UV symmetries
as well as competing microscopic interactions[9]. This makes SOC a crucial ingredient for
realizing the long-range entangled and SPT phases in addition to newer symmetry-broken
ones. Fig. 1.1 schematically shows the different phases one can obtain in the presence
of SOC and onsite Hubbard interaction. The materials with transition metal ions and
lanthanides are a rich playground for the interplay of SOC and electron correlations. For

example, the 3d transition metal ions have a narrow bandwidth which makes the electron
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correlation effects stronger while the SOC is small in these materials. On the other hand,
in the 4d and 5d materials, the SOC becomes comparable to the interaction energy scale.
Thus, as one moves to different transition metal materials, different parts of the phase

diagram (Fig 1.1) become relevant.

spin-liquid quadrupolar

Mott spin-orbit coupled

(i Mott ins.
U/t axion
ins. Weyl
semi-metal top.

simple
metal or
band ins.

Mott ins.

top. ins.
or semi-metal

A/t

Figure 1.1: Schematic phase diagram with varying strength of atomic SOC (\) and on-
site Coulomb interaction (U). Figure taken from Ref. [9].

In the weakly correlated regime, where electron-electron interactions are relatively
weak, the system can be described within the framework of independent and delocalized
electrons. In this limit, the spin-orbit coupling (SOC) plays a crucial role by entangling
the crystal momentum and spin degrees of freedom. This entanglement can lead to
non-trivial topological characters in the ground state, giving rise to various topological
insulator phases [20, 49, 50].

In the intermediate correlated regime, interactions open up possibilities for new kinds
of topological insulators. In this case, the system can develop magnetic orders but can
still be described in terms of weakly interacting quasi-particles and an effective band
theory. However, in this regime, spontaneous symmetry breaking can occur, leading to
exotic phases such as Weyl semimetals [51, 52, 53], Chern insulators [54, 55|, or axionic

insulators [56, 57]. For example, in Weyl semimetals, either inversion or time-reversal
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symmetry is spontaneously broken, resulting in non-degenerate bands. On the other
hand, in axionic insulators, time-reversal symmetry is spontaneously broken, but a new Z,
topological index emerges, which characterizes the topology of the ground state [58, 59].

In the strongly correlated regime, where the interaction strength is dominant, the
system is better described in terms of localized spins. For small values of SOC, the inter-
actions can give rise to various magnetically ordered phases, correlated metallic states,
unconventional superconductors [39], etc. However, as the SOC strength increases, it
can give rise to anisotropic exchange interactions, which ultimately leads to frustration
in the system. A well-known example of this scenario is found in pyrochlore mate-
rials with edge-sharing octahedral structures, which can effectively realize the Kitaev
model as an effective Hamiltonian. Such systems can host various quantum spin liquid
phases. Furthermore, the effective spin degrees of freedom in the strongly correlated
regime are spin-orbit entangled. These effective spin degrees of freedom can have higher
spin, such as j = 3/2,2, etc [60, 61]. The multipolar couplings in these systems can lead
to various interesting phases such as quadrupolar heave Fermi-liquid, multipolar ordered

states [62, 63, 64, 65, 66, 67], etc.

1.4 Dirac fermions

After discussing the various aspects of the strongly correlated systems, we now turn to
discuss the Dirac Fermions. Massless Dirac fermions arise in a variety of condensed matter
systems [68, 69]. Perhaps the most well-known is the recently studied — both experimen-
tally and theoretically — example of monolayer graphene [70, 71, 72, 73, 74, 75, 76, 77, 78]
where such Dirac fermions arise as a low energy limit of electrons hopping on the honey-
comb lattice. More generally such Dirac fermions may arise in a variety of other two and
three dimensional lattices [68, 79, 80, 81| relevant for several materials including organic
semiconductors like a-(BEDT-TTF),I3 [81, 82, 83], the d,2_,2-wave superconductor in
cuprates [84, 85, 86, 87, 88], Dirac and Weyl semimetals [51, 89] and surface of 3D topo-
logical insulators [20, 49, 90, 91, 92, 93]. These low-energy Dirac fermions have indelible
signatures in a plethora of low-energy experiments of these candidate materials, as is
evident in the integer quantum Hall effect [72, 94] as well as other spectroscopic and

transport properties [76, 95, 96, 97, 98, 99] of monolayer graphene, surface transport of
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3D topological insulators [100] or spectroscopy of d-wave superconductors [84, 85].

Dirac fermions also arise in a somewhat different context as low energy theories of
certain quantum spin liquids (QSL). Indeed in U(1) Dirac QSLs, low energy fermionic
spinons— minimally coupled to an emergent U(1) gauge field— have free Dirac dispersion
with enhanced symmetries at low energies within parton mean-field theories [101]. While
in this case of QEDj3, the fluctuations of the gauge field ultimately lead to the destruction
of the quasi-particles [101, 101, 102, 103, 104, 105, 106, 107, 108], the proximate ordered
phases can be obtained by condensing appropriate spinon bilinears that gap out the Dirac
spinons. Also, such effective Dirac theories, with or without dynamic gauge fields have
also been recently discussed in the context of (2+1) dimensional fermionic particle-vortex
dualities emanating out of conjectures of Dirac composite fermions in half-filled Landau

level in quantum Hall systems [109].

An equally important question pertains to the nature of the different phases ob-
tained [110] upon gapping out the Dirac fermions via short-ranged four-fermion inter-
actions/other bosonic fields or via external perturbations such as originating from sub-
strate effects in graphene [111]. For the former, a typical effect of such interactions is
to condense a fermion-bilinear that dynamically generates mass for the gapless Dirac
fermions for a finite strength of the interaction. The nature of the resultant gapped
phases ' [21, 101, 110, 112, 113] as well as the theory of the associated phase transition
from the proximate Dirac semimetal via Gross-Neveu-Yukawa [110, 114, 115, 116, 117]
field theories have received considerable attention in a wide array of condensed mat-
ter settings and allow for systematic understanding of novel quantum phase transitions

including Landau forbidden deconfined quantum criticality [118, 119].

The nature of gapped phases in Dirac systems can be understood by analyzing how
mass terms, which open a gap in the initially gapless Dirac fermions, transform under
the ultraviolet (UV) symmetries. This approach enables a systematic classification of
all possible mass terms based on their symmetry properties. One well-known example
of such classification occurs in graphene [21], where different mass terms correspond to
conventional symmetry-broken phases such as charge density waves, spin density waves,
as well as topological phases like Chern insulators and Z; symmetry-protected topological

(SPT) phases. We discuss the masses of graphene in detail in Sec. 1.4.1.

IThis phase can have other gapless mode such as Goldstone boson if a continuous symmetry is broken.
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This classification methodology extends to other Dirac systems as well. For instance,
Ref. [120] presents a classification of mass terms for spinless fermions on a cubic lattice
with 7-flux through each plaquette. In this context, different mass terms correspond to
different density wave phases, bond-order phases, as well as chiral topological insulator

and topological superconducting phases.

Dirac theory can also emerge as the low-energy limit of certain spin Hamiltonians [101,
121]. In such cases, different mass terms allow for a systematic identification of all gapped
phases. For instance, in a square lattice, the spin Hamiltonian gives rise to an Ny = 4
Dirac fermion theory at low energies [101]. Gapping out these Dirac fermions leads to
the realization of spin density waves, bond density waves (where spin bilinears order on
the lattice bonds), as well as long-range ordered phases such as chiral spin liquid. The
classification of mass terms thus provides a comprehensive understanding of the possible

gapped phases in these spin systems as well.

A central aspect of the above diverse physics is the implementation of microscopic
symmetries on the low-energy Dirac fermions since they ultimately determine the trans-
formation properties of the masses terms. These ultraviolet (UV) symmetries typically
consist of lattice symmetries, time reversal as well as possible spin-rotation symmetries of
the electrons occupying the underlying atomic orbitals. Material-dependent microscopic
energetics allow for different implementations of these UV symmetries on the underlying
low energy Dirac fermions, opening up avenues to probe the Dirac semimetal [76] as well
as stabilize novel proximate phases. Below we discuss the symmetry implementation in
the case of graphene and compare it with the spin-orbit coupled Dirac fermions, which is

the central aspect of this thesis.

1.4.1 Dirac theory for graphene

In this section, we consider spinful electrons on a honeycomb lattice (Fig. 1.2). The
honeycomb lattice is a Bravais lattice with a two-point basis, consisting of the A and
B sublattices as shown in the figure. b; and by shown in Fig. 1.2 are the two lattice
translation vectors. The Brillouin zone (BZ) is shown in Fig. 1.3. The nearest-neighbor

hopping Hamiltonian for this setting is given by [74, 117]
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Figure 1.2: Honeycomb lattice with 2-point unit cell. The b; and by are lattice translation
vectors.

Hpappene = =t (cha(R)on(R) + cf 4 (R + Dr)eon(R) + ¢} y(R + ba)en(R) + hc.)

. (1.1)

Here cj; ap)(R) are the electron creation operators at the A(B) sublattice of the unit

cell labeled by R, with spin ¢ = (1,]). In terms of the Fourier modes defined as

Conn) (k) = Z €ik'RCaA(B)(R)a (1.2)
R

the Hamiltonian can be written as

0 14 e ikbr pomikb2 ) [ (k)
1+ 67Lk~b1 + eik'bz 0 éo‘B (k)

Hyane =Y (244002500

The dispersion of this Hamiltonian is shown in Fig. 1.4.
This band structure exhibits Dirac cones at half-filling at the K and K’ points of the
BZ. Expanding this Hamiltonian near the Dirac cones, one gets the low-energy theory

for this system as



I

\/L .

Figure 1.3: Hexagonal Brillouin zone for graphene.

Figure 1.4: Band structure of the Hamiltonian in Eq. 1.1. The spectrum near one of the
Dirac cones is magnified.

H,, = Z/de XgrapheneT (x) (aél)ax + a§2)8 )thjmphene(x). (1.4)

Here, x represents the spatial position vector and y(x) is a four-component Dirac

spinor given by

graphene

graphene __ oK
Xo - . (1 5)
graphene
oK’
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The xx and g are each 2-component Dirac spinors which correspond to the K and

the K’ valleys respectively and are defined as

e = 37 x| , (1.6
qcHBZ cop(K+q)
raphene ig9-X EUA(K/+q)
X ) =y e | T . (1.7)
q€HBZ cop(K' +q)

Here, “HBZ” refers to half Brillouin zone. The agl) and ozg,Q) are the Dirac matrices

which have the following form:

aél) = —To & 09, (1.8)
af]Z) =T3® 0. (1.9)

Here, 7; and o; are the Pauli matrices. The 7; matrices act in the valley space, while the
0; matrices act in the sublattice space.

The Hamiltonian can be written in a more compact form using the 8-component

spinor
?Taphene
graphene __ 1.10
X graphene ( )
+
as
3t 2 graphenet (1) (2) graphene
Hipy = =5 | dwx (x) (1o ® a8, + 1o ® P8, x (x).  (1.11)

Here, p; are the Pauli matrices that act in the spin space of the spinors.

The Hamiltonian described here preserves all the microscopic symmetries, i.e., of the
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lattice space group, time reversal, sublattice, SU(2) spin-rotation and particle number
conservation. Additionally, new symmetries emerge at lower energies. Notably, the low-
energy Hamiltonian exhibits emergent Lorentz symmetry, emergent charge-conjugation,

parity, and time reversal symmetries, along with continuous translation symmetries.

Understanding how the low-energy spinor y transforms under the action of the mi-
croscopic symmetries is crucial. Here we discuss the actions of some of the symmetries
on the spinors. For example, under the action of the Cy rotation about the center of
a honeycomb plaquette, the K and K’ points of the Brillouin zone (BZ) transform into

graphene graphene

cach other, and similarly, the spinors xJ and X s transform into each other.

Explicitly, under the action of the Cy symmetry transformation, the spinor transforms as

1 . ) _
Xgmphm(x) — (Z_l (7’1 ® o1 + 3iT @ 09 + \/5(72 R0 — i ® 02))) )(;Z’”‘”’hem(C’6 1x)

(1.12)

Similarly, under the action of reflection about a line bisecting two horizontal bonds

of the lattice shown in Fig .1.2, the spinor transforms as

graphene

X2 (xX) = 7o ® 0y Xgmphe"e(—x) (1.13)

[

Under time reversal, the transformation is

Xgraphene(x) S [M2]00/ K X(X)graphene (114>

o

Here, K represents complex conjugation.

These transformations influence the possible phases obtained by gapping out the Dirac

fermions which we now discuss

In the presence of short-range interactions, the Dirac fermions can dynamically acquire
a mass, thereby gapping out the spectrum. Here, we focus on the masses that do not
break the particle number conservation symmetry. There are 16 possible mass terms [21]

of this kind, which can be written as

graphenet

Mjk = X (i @ T; @ o x I (1.15)
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Here, i = 0,1,2,3 and (j,k) can be (1,1), (2,1), (0,3), or (3,3). The transformation
properties of these masses can be deduced from the transformation properties of the
spinors.

For a particular value of 7, the masses m;p3 and m;33 transform as one-dimensional

representations of the lattice space group. Specifically

e The m,p3 masses are invariant under the action of time reversal and odd under the
action of reflection. For ¢ = 0, it represents a staggered charge density wave. For
other values of i, it represents a Néel spin density wave where the ith component

of the spin is ordered.

e The masses m;33 are odd under the action of reflection. These masses represent
different quantum Hall phases. For ¢ = 0, the mass is odd under time reversal and
corresponds to the Chern insulator phase. For other values of 7, the masses are
invariant under time reversal and represent quantum spin Hall phases where the

1th component of the spin is transported along the edges of the sample.

The masses m;1; and m;o; transform as a doublet under the action of lattice symme-
tries for each 7. These masses represent Kekulé patterns. This analysis shows that the
transformation properties of the low-energy spinors directly dictate the properties of the
phases proximate to the Dirac semimetal in graphene.

In the case of the spin-orbit coupled Dirac fermions, which we talk about in detail in
this thesis, the Dirac points arise at the three M points and the I" point of the hexagonal
BZ. Thus, under the action of lattice symmetries, the Dirac spinors corresponding to the I
valley do not mix with the spinors at the M valleys. Thus, the action of the microscopic
symmetries on the low-energy spinors is completely different in this case compared to
graphene. The central question we then ask in this thesis is— what, then, are the nature

of the gapped phases in this spin-orbit coupled two-dimensional Dirac system?

1.5 Thesis structure

In this thesis, we study a system where strong spin-orbit coupling (SOC) leads to an
unusually large SU(8) symmetric Dirac theory at low energy. This theory emerges as

the low-energy description of a hopping model with j = 3/2 electrons on a honeycomb
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lattice. These j = 3/2 electrons become the appropriate degrees of freedom in the strong
SOC limit, possessing a mixed orbital and spin character. Consequently, the j = 3/2
orbitals transform differently under lattice symmetries compared to electrons with usual
s = 1/2 spins. This non-trivial transformation affects the Dirac spinors and the gapped
phases that result from opening a gap in the Dirac spectrum.

In this thesis, we focus on the following two aspects of the system described above:

1. The phases obtained by gapping out the SU(8) Dirac fermions in the presence
of interactions. Among these phases, there are examples of both conventional
symmetry-broken phases and topological insulators (TT). We also discuss some of
the associated phase transitions. Due to the non-trivial transformation properties
of the Dirac spinors, the phases obtained in this case are different from the phases

obtained in the case of graphene.

2. The relevance of the above analysis for some candidate materials where such sym-

metries are approximately realized.

The aforementioned investigation is conducted for systems containing transition metal
ions (TMI) possessing a d! electronic configuration and strong SOC, forming a honeycomb
lattice within an edge-sharing octahedral motif. Materials such as a-ZrCl; and a-TiCls
are examples of such settings. This setting is fairly common and has garnered much recent
attention in honeycomb iridates[30, 35], as well as in the potential quantum spin liquid
(QSL) candidate a-RuCls[122, 123, 124], albeit with a distinct electronic configuration.

The rest of the chapter of the thesis is organized as follows. In Chapter 2, we start
with a brief discussion on the effects of spin-orbit coupling (SOC) and crystal field effects
on atomic orbitals. In the d' materials under consideration, the crystal field effect is
more dominant compared to SOC. In these d' honeycomb materials, the crystal field
effect splits the d-orbitals of each transition metal ion into two-fold degenerate e, orbitals
and three-fold degenerate t9, orbitals, with the ¢y, orbitals being lower in energy. We
discuss the nearest-neighbor hopping Hamiltonian within the ¢, orbital sector.

The discussion then turns to the influence of SOC, which further lifts the six-fold
degeneracy (including spin) of the ty, orbitals, resulting in the spin-orbit coupled j = 3/2
orbitals emerging as the lowest energy states at each site. In the limit of strong SOC, the

chapter derives an effective tight-binding Hamiltonian involving only the j = 3/2 orbitals
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by projecting the to, Hamiltonian onto the j = 3/2 subspace. Notably, the chapter
explores an intriguing scenario where direct hopping pathways between the transition
metal ions are neglected, considering only a specific indirect hopping pathway. Under
this assumption, the projected hopping Hamiltonian exhibits a remarkable global SU(4)
symmetry. This symmetry becomes explicitly manifest upon performing a site-dependent

unitary transformation, which is also discussed in detail.

In Chapter 3, we delve into the low-energy limit of the SU(4) symmetric Hamiltonian.
At the appropriate chemical potential, this Hamiltonian features Dirac cones in the band
structure, making the low-energy theory described by a 2 + 1 dimensional free Dirac
Hamiltonian. We explore how the microscopic symmetries act on the low-energy degrees
of freedom, which, in this context, are the Dirac spinors. Additionally, we examine the
emergent symmetries of the low-energy Hamiltonian. Specifically, we find that this low-

energy theory has an emergent internal SU(8) symmetry.

In Chapter 4, we explore the effect of short-range interactions on the free Dirac Hamil-
tonian. These interactions open a gap in the Dirac spectrum by condensing fermion
bilinears. At a mean-field level, the interactions induce mass terms for the free Dirac
Hamiltonian. We identify 64 such mass terms and analyze their transformations under
the action of microscopic symmetries. Specifically, we classify these masses into the ir-
reducible representations of the space group. This classification reveals all the gapped

phases proximate to the Dirac semimetal in the presence of short-range interactions.

Based on their physical properties, we categorize these masses into three groups. The
Group-1 masses, referred to as chiral masses, do not break the SU(4) symmetry. These
are discussed in Chapter 5 and include a stripy charge density wave and an integer Chern
insulator phase. In Chapter 6, we cover the Group-2 masses, which consist of various
types of generalized quantum Hall phases, such as octupolar and quadrupolar Hall phases.
These phases exhibit symmetry-protected edge modes that carry either quadrupolar or

octupolar currents, generalizing the spin quantum Hall phase.

The Group-3 masses represent density wave phases with various kinds of octupolar
and quadrupolar ordering. Among the intriguing phases in this group, we find density
wave semimetals where some fermionic modes remain gapless. The gapless fermionic
modes in these density wave semimetals are protected by symmetries. We discuss these

masses in Chapter 7.
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In Chapter 8, we explore several fascinating phase transitions between the phases
discussed in the earlier chapters. We examine three specific instances. The first is the
transition from an octupolar quantum Hall phase to a charge-4e superconducting phase.
In this case, the condensation of skyrmions from the octupolar quantum Hall phase leads
to the formation of the 4e superconductor. Next, we discuss the unnecessary quantum
critical points (UQCPs) found in some quantum Hall and density wave phases. The
UQCPs, although do not indicate a phase transition, emerge in the parameter space of
a specific phase where the system exhibits some extra symmetry. Finally, we cover the
transition from the SU(8) Dirac semimetal phase to a chiral stripy charge density wave
phase. Here, we demonstrate that the symmetry-allowed terms in the low-energy action
result in a weakly first-order phase transition.

In Chapter 9, we discuss some of the candidate materials where the aforementioned
theory is approximately realized. For this analysis, we draw inspiration from DFT studies
conducted on MX3 materials (M=Zr, Ti, Hf; X=Cl, Br, F). By examining the free band
structure of these materials under varying strengths of hopping parameters and SOC,
we evaluate the phase diagram as a function of hopping strength and SOC. This phase
diagram includes several metallic phases with different Fermi surfaces, as well as some of
the gapped phases discussed earlier. According to the parameter values estimated by the
DFT studies, the mentioned materials fall into the metallic part of the phase diagram.

Finally, in Chapter 10, we summarize all the discussions presented in this thesis.
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Chapter 2

Strong spin-orbit coupling and the

Microscopics Lattice Hamiltonian

In this chapter, we discuss the microscopic lattice Hamiltonian for d' transition metal
ions in the presence of strong spin-orbit coupling (SOC). We begin by describing the
general effect of SOC. Subsequently, we delve into the lattice structure and the effect of
crystal field splitting, which lifts the degeneracy of the d-orbitals. Finally, we discuss the
most general Hopping Hamiltonian in this context and focus specifically on the case of

strong SOC, where j = 3/2 electrons emerge.

2.1 Microscopics of SOC

Spin-orbit coupling (SOC) emerges as a relativistic correction to the Schrodinger equa-
tion, causing the splitting of degenerate atomic orbitals by coupling the spin and orbital
angular momenta of electrons [125]. In this section, we initially explore the impact of
SOC on a single-electron system before extending our analysis to multi-electron systems.

For a single electron, the SOC Hamiltonian is expressed as'
Hgpe = A1) -8 (2.1)

where 1 and s represent the orbital and spin angular momentum operators, respectively.

!The spin-orbit coupling (SOC) Hamiltonian presented in Eq. 2.1, while originating from relativistic
effects, is not relativistically invariant. This lack of invariance stems from the omission of higher-order
relativistic corrections in its derivation.
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The coefficient A depends on the radial coordinate r and is given by

) = — 1V () (2.2)

2m2c?r Or

Here, V(r) denotes the Coulomb potential induced by the nucleus, m, is the electron’s
mass, and c is the speed of light. In the absence of SOC, energy levels are labeled by the
radial quantum number n, azimuthal quantum number /, and magnetic quantum number
m, which we denote by |nim). For a particular n and [, the SOC introduces a splitting
among the previously degenerate 2(2/+ 1)-fold states (including spin degeneracy). These
states are now grouped by the total angular momentum j = [ 4+ 1/2, resulting in an

energy difference of (\)(l 4+ 1/2), where

1
(\) = Smic? <nlm

The energy ordering between the two groups with j = [ 4 1/2 is determined by the sign
of (\).

18V0§kﬂm>. (2.3)

r T

In multi-electron atoms or ions, the situation becomes more intricate due to the

presence of multiple electrons. The SOC Hamiltonian generalizes to
Hsoc = Z Aili - si. (2.4)

Here the summation over the index ¢ accounts for the contribution of each individual
electron, with \; representing the spin-orbit coupling (SOC) strength associated with
that particular electron. Since there are many electrons in this case, the inter-electron
Coulomb repulsion also comes into the picture. Depending on the relative strength of the

SOC and the Coulomb repulsion, the effect of the SOC is treated differently.

Typically, the strength of the SOC Hamiltonian increases with the atomic num-
ber, with \; scaling roughly as Z% (Z being the atomic number of the multi-electron
atom/ion) [125]. In the case of lighter elements, where the SOC is weaker than the
electron-electron repulsion, the SOC can be treated as a perturbation. The electronic
states of the Hamiltonian without the SOC term, which includes the nuclear potential
and electron-electron repulsion, are characterized by the total orbital angular momentum

L(= ) _,1;) and the total spin angular momentum S(= > _.s;). The SOC then acts as a
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perturbation, splitting these levels. It can be shown using the Wigner-Eckart theorem

that the effective SOC Hamiltonian in (Eq. 2.4) in this case can be written as:
Hgoc = AL - S, (2.5)

where ) is the effective SOC strength. In the case when the outermost subshell is partially
filled, the summation in Eq. 2.4 can be limited to the electrons in the outermost subshell
only. This applies to transition metal ions with d' electronic configurations, which are the
focus of this thesis. The splitting by the SOC in this scenario, in the presence of additional
crystal field splitting, is discussed in Sec. 2.4. When there are multiple electrons in the
outermost subshell, the ground state is determined by Hund’s rules [125].

For heavier elements, where the spin-orbit coupling (SOC) strength dominates over
the electron-electron repulsion, a different approach is employed to determine the ground
state of the atom or ion. In this regime, the jj coupling scheme, as described in [125],
becomes the appropriate framework. In this framework, the dominant effect of the SOC
is first treated by labeling the states of the individual electron by their total angular
momentum. The effect of the electron-electron repulsion is then treated perturbatively,

which finally determines the total angular momentum of the system.

2.2 The lattice structure and microscopic symme-

tries

The focus of our work is crystalline systems on a honeycomb lattice formed out of edge-
sharing octahedra (Fig. 2.1) where the electronically active transition metal ions, with
strong atomic SOC, sit at the centres of such octahedra. Such structures are quite
common and occur in a several stacked SOC magnets of recent interest such as the
honeycomb Iridates A;IrO3 (A=Na, Li) [30, 31, 33|, and ruthenates a-RuCls [35, 122,
123, 124].

In this geometry, the active atoms sit at the center of each octahedron and form
the honeycomb lattice. It is useful to consider the honeycomb lattice to lie in a plane
perpendicular to the Cartesian [111] direction (details in Appendix A.1.1) such that the

three nearest neighbor bonds are parallel to the three Cartesian planes shown in Fig. 2.1.
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Figure 2.1: Edge-sharing octahedra forming a honeycomb lattice. As elaborated in the
main text and in Appendix A.1.1, the honeycomb lattice lies in the [111] plane of the
Cartesian coordinate system whose projections are denoted by X, Y, and Z.

Figure 2.2: The filled circles are points of A sub-lattice and the hollow circles are of B
sub-lattice. The gray shaded area shows the two points of a single unit cell with b; and
by being unit lattice vectors (see Eq. A.3).

Correspondingly, we denote these bonds as z, y, and z bonds if they are parallel to the
YZ, ZX, and XY planes respectively, following the, by now popular nomenclature in
the context of the Kitaev spin model [126] on the honeycomb lattice [127].

The honeycomb net has a triangular Bravais lattice and a two-site unit cell with two
sub-lattices, s = A, B as shown in Fig. 2.2. Each point on the honeycomb lattice is

labeled by (uy, us,s) where wy,us € Z denote the position of the unit cell via

r = lL1b1 + lL2b2 (26)

with by and by are unit lattice vectors shown in Fig. 2.2.

To understand the lattice symmetries, we take the ideal honeycomb structure of a-
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[ [ rww) o rwhass) 0@ 00

T, (w1, u9,08) = (w1 + 1, uq, ) W — U,
T, (wy,u9,8) = (w1, us + 1,9) Y — Up,p
Cs | (u1,u2,9) = (wg — 1, —uy —us +0,4,9) | ¥ = Ugy¥
Sﬁ (Zth ZLQ,A) — (Ztl + Uy — 5{,714, —uq, 5) @D — uSGIb
C, (wy,u9,8) = (ug — L,ug + 1,9) W — Ucyt
o4 (wy,us,08) = (—ug, —uq,d) = Uy
I (wy,u9,8) = (—uy — 1, —ug + 1,3) Y — Uy

Table 2.1: This table shows the the action of the microscopic symmetries on lattice sites.
Note 3 = B(A) for s = A(B). The transformation of the j = 3/2 orbitals (/) which
appears in presence of strong SOC (discussed later in this chapter near Eq. 2.24) are also
shown. The Us (S represents some lattice symmetry) are 4 x 4 unitary matrices which
are given in Appendix A.2 (Eqs A.16 - A.19).

7Z1Cl3 as a prototypical example, as it has all the representative symmetries. The point
group of the a-ZrCl; lattice is D34, which has 12 elements. Keeping in mind the geometry
of the edge-sharing ligand octahedra surrounding the active ion (Fig. 2.1), the generators
of the lattice symmetries of the system are as follows and their action on the lattice

coordinates are given in Table 2.1.

e T, T, : Two-dimensional lattice translations of the honeycomb lattice by b; and

b, respectively.
e Cj : Rotations by angle %’r about the center of a honeycomb plaquette.

e Sg : Rotations about the center of a honeycomb plaquette by angle % followed by

a reflection about the honeycomb plane.

e C, : Rotations by angle 7 about the axes lying on the honeycomb plane and passing
through two opposite vertices of a honeycomb plaquette. There are three of such

axes. One of the Cj, axes is parallel to the z-bonds (see Fig. 2.2).

e o, : Reflections about planes which are perpendicular to the honeycomb plane and
bisect the angle between two consecutive C, axes. There are three such planes.

One of the planes is the perpendicular bisector of one of the z-bonds in Fig 2.2.

e I : Inversion about the center of a honeycomb plaquette.

In addition, the system also has time reversal (TR) symmetry T, with
T? = —1. (2.7)
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In appendix A.2, we provide the details of the transformation of the to, and the j = 3/2

orbitals under the above symmetries.

2.2.1 Crystal field splitting

As mentioned before, the lattice is made out of edge-sharing networks of octahedra.
The transition metal (TM) ions at the center of each octahedron are surrounded by
six negatively charged ions which sit at the corners of the octahedron (see fig .2.3).
This octahedral arrangement breaks the spherical symmetry around each TM ion to the
octahedral group Op. This causes the breaking of the degeneracy of the d-orbitals into

2 @ 3. The two-fold degenerate states with wave function

|2 12,2) + |2, —2)) (2.8)

1
fy2> = E(
d2p2) = 12,0) (2.9)

transform in the e, representation of the Oy group while the three-fold degenerate states

given by
dy=) = 7 (12,1) + |2, —1)) (2.10)
dsy) = %(12 1) - [2,1)) (2.11)
ey = (12, 71) = [2,-2) (2.12)

transform in the ¢y, representation. Here, |2,m) are the d-orbital wave functions.

The t9, orbitals possess a lower energy level compared to the e, orbitals due to
their specific orientation, which minimizes the repulsive forces exerted by the negatively
charged anions situated at the corners of the octahedron. This can be explicitly demon-
strated by considering the Coulomb potential due to the six anions at the corners of
the octahedron w.r.t. the TM ion. The electrostatic energy of an electron due to the

repulsion from these anions is given by

e
S NP — 2.1
Vir) Lo dneolr — Ry|’ (2.13)



Figure 2.3: Octahedral structure formed by the anions (shown by red balls) with the TM
ion (blue ball) at the center. XY, Z are the three crystallographic axes.

with R; are the positions of the vertices of the octahedron. Expanding near r = 0 (i.e.,

near the TM ion), we have

4q4 at a?

V(r) =

dmeqa

4 4 4 4 92
e <_5x + 5y* + 52 +3r r 6), (2.14)

where a represents the distance between a negative anion and the transition metal
ion. The potential V (r) acts as a perturbation on the electrons bound to the transition
metal ions, causing the splitting of the d-orbitals into ¢y, and e, states. The splitting can
be estimated from the expectation values of V (r) with respect to the to, and e, orbitals,

which are given by:
2 4
(a|V(r)|B) = bap _ﬁa 1+ ¢ (2.15)
(a

where «, 3 represent the ty, orbitals, and &, B represent the e, states. The quantities ¢;

Vﬁﬂ3>=5w<%&q+@a (2.16)

and ¢y are positive real numbers defined as:

o = (r") (2.17)

(a:<(%;+6)>. (2.18)



where the expectation value is evaluated w.r.t. any of the ¢y, or e, orbitals. Thus, the

tog orbitals are lower in energy than the e, states.

2.3 General hopping model for d' honeycomb mate-

rials

In this section, we discuss the tight-binding Hamiltonian for the d* honeycomb materials
described in Sec. 2.2 in the presence of SOC. The single electron of the TM ions occupies
the six-fold degenerate t5, atomic orbitals (including spin-degeneracy) |dxy, o), |dyz, o)
and |dzx,o) with o =7,] while the high energy e, orbitals remain empty and are pro-
jected out. One can now write down the first NN hopping model for the ty, orbitals

as [128]

Hy — Ul (1. [ } 50(,,] Ut o) + hec.. 2.19

o= 3 Y W) | (1] e | W) 2.19)
(r,gr,8) o3 oo

Here ¥, (r,4) annihilates electrons at the (r,s) site of the lattice with spin o (=1,),

in the orbital a (= YZ,ZX,XY). The b, is a 3 x 3 Hermitian matrix at the bond

connecting the (r,4) and the (r',4') sites of the lattice.

Keeping in mind the different kinds of overlaps of the ¢y, orbitals, we can write the

38"

- matrix for the z-bond as

tade  tdam  tddm
AB  _
e = tagm tair  tdam

tagm'  Tadm'  Tddo
= tadoho + tada e + tadmbm + tadm o (2.20)

where t44o, tagr and tagm, taam are hopping due to direct and indirect overlaps of the ty,

orbitals respectively. Also, hy, by, hy, and h,, are 3 X 3 matrices given by
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00 0 100

hy=10 00, ha=]0 1 0],

00 1 00 0

0 00 1
hm=110 0], hw=]00 1]. (2.21)

00 0 110

The form of the hopping of the  and y bonds can be obtained by exploiting the three-fold
rotation symmetry of the lattice.

The t5, orbitals effectively behave as a [ = 1 orbitals under the action of rotations[22,
129]. This is shown in appendix A.1.2 by projecting the | = 2 angular momentum
generators to the ty, orbitals. With this, the SOC Hamiltonian for the ¢y, manifold is

given by (Appendix A.1.2)
Ho=-M1-s (2.22)

where the 1 are the three [ = 1 angular momentum matrices and A(> 0) is the strength
of the SOC. Also, the s are the Pauli matrices denoting the electron spin-1/2 angular
momentum. It is noteworthy that the SOC Hamiltonian for the ¢y, orbitals carries an
additional negative sign, which arises as a result of the projection from the [ = 2 orbitals
to the to, states. With this, the low energy effective tight-binding model can be obtained
by adding atomic SOC to Eq. 2.19 and is given by

H= W (r, [h] Soer — Mg - SoorOeuroy | Worg(t', o) + hec., (2.23
35 e |[1E], e = s -svr | Gt + e, (220

rs;re) o, oo’

2.4 Effect of strong SOC

In SOC further breaks the t5, orbitals into j = 1/2 and j = 3/2 orbitals. In this case the
j = 3/2 orbitals are of low-energy because of the extra —ve sign appearing in Eq. 2.22 [22].
For the d' configuration, the low energy physics in presence of strong SOC is therefore of

a 1/4th filled j = 3/2 orbitals (Fig. 2.4). We write the single electron creation operators
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for the j = 3/2 orbitals at the lattice site r by [129, 130]

Ui = (8]0, 0 4o 0,00 (), 0T () ) (2:24)

The interplay of hopping and interaction of electrons occupying these four orbitals then
determine the low energy electronic properties of the system.

i —zp

————— Crystal field
————— splitting

d-orbitals .
with _— ] = 1 / 2

spin degeneracy
R SOC splitting
t2g .
- — ——j=3/2

Figure 2.4: Splitting of the d-orbitals under the action of crystal field effect and SOC.

2.5 The tight binding Hamiltonian for indirect hop-
ping

We now focus on the limit where the indirect hopping amplitude t44,, is non-zero and all

the other hopping amplitudes are zero, i.e.,

taam # 0, tade = taar = taam = 0. (2.25)

This particular limit was considered by Yamada et. al.[130] which shows that this limit
gives rise to a SU(4) symmetric Hubbard model on the Honeycomb lattice which we
discuss now.

The effective Hamiltonian in the parameter regime mentioned above in presence of
strong SOC is obtained by projecting the ¢, Hamiltonian (Eq. 2.23) to the j = 3/2
manifold using Eq. A.8. This minimal hopping Hamiltonian for the j = 3/2 orbitals
(Eq. 2.24) is given by

t

__ v e U b(r. o c. .
H=-— > W, 0) Uk (e, o) + he (2.26)

(r,a517 07y
where Ur’;; are hopping amplitudes of overall strength ¢ = t44,,, on nearest neighbor bonds
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(hence only between different sublattices) that are given by 4 x4 Hermitian matrices which

depend on the type (x,y or z, see Fig. 2.2) of the (r,s;1’,4’) bond [130] given by

AB
Ui

=% ,if (r,A;v,B) ==z

Us
Uy = —22 y lf <I'7A;I'/7B> — y
U,

=33, if (r, 4;x',B) = 2 (2.27)

Here, 3J; are sixteen 4 x 4 traceless Hermitian matrices with > being the identity matrix
and the rest being generators of SU(4). They can be obtained by using j = 3/2 matrices
as shown in Appendix A.3.

The three U, (for a = x,y, z) matrices square up to identity and mutually anti-

commute, i.e.,
U2=14=%0, {Us,Us}=20a330 Va,B=u1,z (2.28)

Before proceeding to diagonalize Eq. 2.26 to obtain the electron band structure, we

identify the generic nature of the electron dispersion.

The SU(4) Symmetry and w-flux

As a first step, it is useful to consider the phase picked up by the electron on encircling
any closed loop of the lattice. Such loops are formed out of the honeycomb plaquette
consisting of six sites. The phase is given by the product of the U, matrices around a

honeycomb plaquette and is generically given by

[T vw=>ws (2.29)

(r,3507 ") €O

where W; are the respective coeflicients that denote a generic direction in the SU(4) space.
In the above sum, 7 runs over the 16 indices of the ¥; matrices defined in Appendix A.3.

Crucially, however, it was noticed in Ref. [130] that the explicit form of U-matrices

(Eq. 2.27) give

I vw=-% (2.30)

(r,a507 0 e
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Figure 2.5: Honeycomb lattice with 7m-flux and the four-point magnetic unit-cell in the
gauge choice (Eq. 2.37): the dashed (continuous) bonds have n(2s, 25,) = —1(+1) (see
Eq. 2.36).

such that no direction in SU(4) space is favoured and the system has an underlying
SU(4) symmetry. This SU(4) symmetry can be made manifest by suitable site-dependent
unitary rotations of the 1 fermions (see below, Eq. 2.34) [130].

An equally important feature is the negative sign in Eq. 2.30 which shows that such
SU(4) fermions experience a m-flux through every hexagon. Thus the above problem of
d' fermions is that of SU(4) symmetric fermions hopping on a honeycomb lattice with
m-flux per plaquette. The non-trivial effect of m-flux at 1/4-th filling is already apparent
by considering the simpler case of spinless fermions on honeycomb lattice with w-flux at
quarter-filling. This, as we discuss below, leads to Dirac fermions at low energy whose
properties are quite different from those in graphene.

In the rest of this work, we uncover the interplay of SU(4) symmetry and the -
flux that, along with electron-electron interactions, leads to rich low-energy electronic

properties of d* systems.

SU(4) diagonalization and the local basis

Following Ref. [130], the SU(4) symmetry of the hopping Hamiltonian in Eq. 2.26 can
be made manifest by performing site-dependent (local) unitary transformations on the
fermions.

To obtain this manifestly SU(4) invariant basis, and also due to the w-flux, it is
useful to consider a four site magnetic unit cell as shown in Fig. 2.5. The four sites,

Ay, As, By, Bs, in the magnetic unit cell comprise two sites each of A and B sub-lattices

28



of the underlying honeycomb net. The lattice translation vectors for this magnetic unit-
cell, as shown in Fig. 2.5, are given in terms of the underlying honeycomb lattice primitive

vectors as
R, =b; + by; Ry, =b; — by (2.31)
such that the sites with reference to the enlarged unit cell are given by
2s =n,Ri +nyRy +dg = 2 + ds. (2.32)

with & € {A;, Ag, By, By} denotes the four sites in the magnetic unit-cell, dg are the
position vectors of the §S-sublattice site w.r.t. the B, site (see Fig. 2.5) of the same

magnetic unit cell, 2 labelled by integers n, and n,.

With this, we can now define new fermion annihilation operators given by

d(2s) = [01(2s), da(2s), d3(2s), dal2s)]" (2.33)

as

d(2s) = G(2s) " (2s) (2.34)

where G (2s) are 4 x 4 unitary matrices whose explicit forms are given in Appendix A .4.
Any many-body operator can be expressed either in the ¢ basis or . In this article, we

use the terms “local basis” and “global basis”, respectively, to refer to these two ways.

The Hamiltonian (Eq. 2.26) written in the local basis is

t
H === 3 nles, 25)6!(25)6(2) + hic. (2.35)
\/§<’S:9;’/>

which is manifestly SU(4) invariant and 7(2s, 2%,) = £1 implementing the 7-flux con-

straint of Eq. 2.30, via

[T n(es.2s)=-1 (2.36)

(25,27,)€O
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Fig. 2.5 shows a choice for n(2gs, 2%, ) which is given by

n(es. 2h) = -1 ifS§=B,8=Aand 2’ =2+ R, (2.37)
+1 (otherwise)

Obviously, there are many other choices for 7(2s, 2,) which are related to each other
through gauge transformations which correspond to different signs of the ¢ (2s) matrices
with respect to the ones introduced in Appendix A.4. An alternate choice for n(2zg, 2%,)
and indeed the magnetic unit cell is shown in Fig. A.2. For the rest of our calculation in

the main text, we choose n(2s, 2%,) as given by Eq. 2.37.
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Chapter 3

Free Dirac Theory and it’s

symmetries

In this chapter, we derive the low-energy theory for d' honeycomb materials at one-
quarter filling in the indirect hopping (t44m) dominant limit in the presence of strong
SOC. We start by analyzing the free band structure of the Hamiltonian presented in
Eq. 2.35, which displays linear band touching at the Dirac points. Thereafter, we derive
the Dirac theory, which serves as the low-energy theory for this system, and discuss
the emergent symmetries. Lastly, discuss how the microscopic symmetries act on the

low-energy degrees of freedom (i.e., the Dirac spinors).

3.1 The band structure

Eq. 2.35 represents four copies of nearest neighbour hopping models on the honeycomb
lattice in the presence of m-flux. A single copy of such model at half filling was studied in
Ref. [21, 131]. However, we shall find that the underlying SU(4) symmetry in the present
case and the 1/4th filling for d' materials (see below) along with SOC open up a new
regime of possibilities for the resultant system at low energies.

To disentangle the role of the SU(4) and the m-flux, it is useful to consider a single
flavour “spinless” version of Eq. 2.35 with ¢(2s) being a single component fermion. This
is worked out in Appendices A.5 and A.11. The resultant band structure is shown in Fig.

3.1 and consists, for quarter filling, two linearly dispersing band-touching points—Dirac
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Figure 3.1: (a) Band structure for the Hamiltonian in Eq. 2.35 for the magnetic unit cell
consisting of four sites (Fig. 2.5). Each band is four-fold degenerate. For d' system, the
lowest four bands are occupied with the chemical potential crossing the two Dirac points
as shown. (b) Position of the two Dirac points (Eq.3.1) in the chosen gauge (Fig. 2.5
and Eq. 2.37) in the magnetic Brillouin zone (in red). The primitive Brillouin zone of
the hexagonal lattice is also drawn in blue.
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cones— at

iQ:iF

6,—2%} . (3.1)

We label the two Dirac points (valleys) by the Ising variable 7 = +. Similar Dirac points
also occur at 3/4th filling by particle-hole symmetry of the microscopic problem. Also,
note that there are four Dirac points at half filling [131] as is shown in Fig. 3.1. In the
rest of the discussion, though, we shall consider exclusively the vicinity of quarter filling
and the nature of the low energy Dirac fermions at the two valleys at +Q given by Eq.
3.1.

Turning back to the case of j = 3/2 orbitals in d' configuration (Eq. 2.35), the band
structure is now four-fold degenerate due to the SU(4) symmetry such that the lower
four bands are completely filled with the chemical potential again at the two Dirac cones
given by Eq. 3.1. As remarked above, the similar Dirac cones are also present for three-
quarter filling and hence the rest of our discussion is also applicable to materials with d*

electronic configuration.

At this point, we would like to take a small detour by discussing the above band
structure in the global basis (Eq. 2.24) which provides interesting complementary insights
into the results that follow in the rest of this thesis. This alternate insight arises from
the observation that while for a single flavour 7-flux problem we are forced to use the
magnetic unit cell (Fig. 2.5), for the four flavour version relevant to d' or d* systems, it
is possible to use the two-site primitive honeycomb unit-cell (Fig. 2.2) by diagonalizing
the Hamiltonian in Eq. 2.26. However, in this global basis neither the SU(4), nor the
m-flux is manifest but are mixed together non-trivially. As a result, while all the lattice
symmetries (Table 2.1), act in a linear fashion, i. e., they are non-projective’ despite the
fact that each hexagonal plaquette hosts a 7m-flux as shown in Eq. (2.30). We use the local

basis for most of our discussion in the rest of the main-texts. Notwithstanding, the global

n the strong spin-orbit coupling (SOC) regime, the analysis for a system with one electron in the
j = 3/2 quartet is analogous to that of a system with three electrons. This equivalence arises from the
microscopic particle-hole symmetry that relates these two scenarios.

2In the global basis, the local degrees of freedom at each site are the j = 3/2 orbitals (¢0). Under
the action of the lattice symmetry operations (say, S), the orbitals at a lattice site r transform as
(r) = Us(S~'r) (see Eq. A.15), with Us being the transformation matrix. Notably, Us is the same at
each site r. But, for the local basis, the local atomic orbitals (¢) are defined by doing a site-dependent
unitary transformation (see Eq. 2.34). This makes the transformation of the orbitals in the local basis
(i.e., ¢(r)), site dependent (see Eq. A.50).
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basis is useful to understand certain structures in our calculations which we refer to at
relevant places throughout the rest of the thesis. The considerations in the global basis
are presented in Appendix A.10. Briefly, Bloch diagonalizing the Hamiltonian in global
basis (Eq. 2.26) obtains four bands arising from the four j = 3/2 orbitals (Eq. 2.24) and
each two-fold degenerate due to inversion symmetry. The first set of bands touches the
second set of bands at four distinct points with Dirac cone structure, see Fig. A.1. With
the quarter filling of the bands the chemical potential is tuned to the Dirac points at the
four Qg vectors, I', My, My, M3 termed as valleys, in the original honeycomb Brillouin
zone. This is to be contrasted with the local basis where one obtains two valleys due
to the doubling of the unit cell, and the concomitant folding of the bands. One of the
central insights of the global basis is that under lattice symmetries such as Sg (Table
2.1), only three of the Dirac cones sitting at the three M points (Fig. A.1) mix amongst
themselves while the Dirac cone at the BZ center, i.e. at I'-point, remains isolated. This
naturally distinguishes the different valleys into two groups— one containing only the I"
point cone and the other containing the other three at the three nonequivalent M points.
As we shall see later, the above grouping is a fallout of the fact that the microscopic
lattice symmetries get embedded in a larger low energy IR space group (see Sec. 4.2)
that allows up to three-dimensional representations such that the above grouping is a
block diagonalization of a reducible representation, 7.e., 4 =1 @ 3. This insight will be

important in understanding a subset of partially gapless masses discussed in Sec. 7.2.

3.2 Low-energy Dirac theory

Turning back to the local basis (Eq. 2.33 and Fig. 3.1), for 1/4th filling, the low energy
theory is obtained by expanding the lattice fermions, ¢(2s), in terms of the soft-modes,
around the two Dirac points, +Q, as

br(25) ~ Wil Xfor (2)€V + W\ g0 (2)e7X? (3.2)

c

where x - (x) are the soft modes in the continuum evaluated at x = 2 with f =1,--- 4
denote the SU(4) flavour index, o = 1,2 is the particle or hole-like band index and 7 = £
is the valley index coming from the two Dirac nodes at £Q. Wg) are two 4 X 2 matrices

(one at each valley, 7 = +) in the (magnetic) unit-cell (&)-particle-hole (o) space. The
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details are given in Appendix A.5.

In terms of the soft modes, the low energy Hamiltonian takes the canonical Dirac

form in two spatial dimensions and is given by

Hp = —iva/dQX X}(X)(alal + 205 x f(x) (3.3)
F=1

where vp = f/—% is the fermi velocity, ( is the length of each side of the hexagon and

Xy (%) = (Xf1+aXf2+7Xf1—>Xf2—)T (3.4)

a 4-component spinor, one for each SU(4) flavour f = 1,2,3,4, which can be further

stacked up to form a 16-component spinor, and
& = 73071, Qo = TpO2 (3-5)

are the two Dirac Matrices. Here 7, and o, (1 =0, 1,2, 3) are Pauli matrices that act in

the valley space and band/particle-hole space respectively.

The corresponding Euclidean action is given by
S(] = /dQXdT OCO (36)

where, L is given by
Ny
Lo = vr Z Xr(x)(—id) x (%), (3.7)
f=1

with Np =4 and x; = Z'X;WO and
Yo = T303, M = To02 Yo = —T301 (3.8)

such that a; = iy and ay = 19972. Here 79,y and 7, generate the Euclidean Clifford
Algebra that satisfy {v,,7,} = 26,, with u,v =0,1,2 [132].

The above low-energy free Dirac theory has a much larger symmetry compared to the
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microscopic system. Firstly, Eq. 3.6 is invariant under SU(2) transformations on each

flavour of x ¢ generated by

{1300/2,1102/2, 1202/2} = {1, (2, (3}/2. (3.9)

This denotes rotation in the valley and band space similar to Dirac fermions in
graphene [112] which we refer to as chiral symmetry [21]. This, along with the manifest
invariance under the SU(4) flavour symmetry generated by ¥; (defined in Appendix. A.3),
nominally gives rise to an internal symmetry of SU(4) ® SU(2). However, the emergent
internal symmetry is SU(8) which is generated by 63 traceless Hermitian matrices, &,

that are obtained as
Py = 3G (3.10)

where on the LHS, b = 1,2,--- ,63 which are made up of the fifteen SU(4) generators,
Y;, given in Appendix A.3 and three SU(2) generators, (;, defined in Eq. 3.9 along with
the identities in the two spaces ¥y and (, respectively.

Under the SU(8) generated by the 16 x 16 traceless Hermitian matrices, &, the spinors

X transform as

X — exp(i&Py) X (3.11)

where x = (X7, x3,x3,x3)T is the 16-component spinor with each x; (f = 1,2,3,4)
given by Eq. 3.4. This leads to the conservation of the SU(8) flavour current

J,u,b == —Z.)Z*yug)bx (312)

i.e. OpJup =0V b =1---,63. This is to be contrasted with SU(8) Dirac fermions
realised in the m-flux phase on a square lattice [101] for fermionic spinons in a class of
quantum spin-liquids, where the resultant implementation of the symmetries on the low
energy fermions are very different. Crucially, in the present case, the non-trivial SOC of
the underlying orbitals results in the mixing of the spin and the real spaces, under various
lattice symmetries and time reversal which leads to important observable consequences

which are reflected in the nature of the phases proximate to the semimetal, as we show
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below. In addition, in the square lattice spin liquid problem, the spinons couple to an
emergent dynamic SU(2) gauge field which is absent in the present case.
In addition to the above internal SU(8), the free Dirac action of Eq. 3.6 has a usual

set of emergent space-time symmetries that include :

Emergent Lorentz symmetry generated by the three matrices

l

7 s ] (3.13)

Y

along with simultaneous rotations of the Euclidean space-time coordinates. Under Lorentz
transformation, the spinors transform as x — exp(i€,,7,.)x. Note that v, = €y,

where p, v, A\ =0,1,2.

Continuous spatial translation symmetry under which the soft modes at the two

valleys transform as

;:{(())nt . X+(X) - XQ_(X) - eié.xo X+(X - XO) (314>
X-(x) = XL(x) = e7"¥* x_(x — xo)
where
X200 = 5 (1% Q)X (3.15)

are the two spinors associated with the two valleys respectively located at Q. Using
Eq. 3.15, we can re-write the free Dirac action (Eq. 3.6) as Sy = Sg + S, where
Sy = vp [ d*xd7 Y+(x)(—id)x+(x) are the actions at the two valleys.

Emergent CPT symmetries : The free Dirac action Sy is also invariant under emer-
gent charge conjugation(C), emergent parity(#) and emergent time reversal(J’) symme-

tries. These symmetries act on the spinors in the following way:

C: x(x,t) = —imyX. (x,1), (3.16a)
P x(x, 29, t) = —iyix (=21, 22, 1), (3.16Db)
T x(x,t) = —iyKx(x, —t), (3.16¢)
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with K being the complex conjugation operator. Here we denote the emergent time-
reversal by I’ to distinguish it from the microscopic time reversal operation defined in

Eq. 3.19 (which we denote with T in Eq. 2.7).

3.3 Microscopic symmetries in the low energy theory

The enhanced IR symmetries provide important insights into the low-energy physics
including the properties of the Dirac semimetal and associated quantum phase transitions
into proximate symmetry broken phases. The latter is determined by the underlying
UV /microscopic symmetries. These UV symmetries are embedded as a subgroup of the
emergent (larger) IR symmetry group and are implemented as a combination of the
IR symmetry transformations (see, for example, the discussion below Eq. 3.19 for the
time-reversal symmetry). This is particularly interesting in the present case where the
underlying SOC mixes the lattice and the j = 3/2 flavour space such that the embedding
of the microscopic symmetries in the IR symmetry group can be rather intricate. It is,
therefore, useful to list the symmetry transformation of the low energy Dirac fermions,
X, under various microscopic symmetries discussed above.

The total electronic charge is conserved in the microscopic system. This U(1) elec-

tronic charge conservation leads to the conservation of a current
har - —
S = —ixux (3.17)

in the low energy Dirac theory, i.e., E)H(]ﬁh‘“"ge = 0.
On the other hand, the transformation of the low energy Dirac fermions, y, under
the discrete lattice symmetries (Table 2.1) as well as microscopic time reversal (Eq. 2.7)

have the generic form (see Appendix A.6 for details)

X SN = (@ 05) xS ) (3.18)

where S(= T, Ta, Cs, S, C,, 04,1) stands for the generators of the lattice symmetries
listed in Table 2.1 and Qg, Q2§ both are 4 x 4 unitary matrices that act on the SU(4) flavor
space and the chiral space respectively. The explicit form of these matrices is given in

Appendix A.6.2. A central aspect of Eq. 3.18 is the fact that because of underlying SOC,
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both Qé and (2§ are non-trivial matrices for all the lattice symmetries.

Finally, under the microscopic time-reversal symmetry (Eq. 2.7), we have
T : x(x,t) = X'(x,t) = iy" L3¢ K x(x, —t) (3.19)

such that T? = —T;4 and thereby accounting for the Kramers’ degeneracy for the j = 3/2
orbitals. Notably, this transformation is proportional to a simultaneous emergent time

reversal, 7' (Eq. 3.16¢) combined with a SU(8) rotation by ¥13¢; and a Lorentz boost.
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Chapter 4

Symmetry implementation and three

groups of masses

Having described the free low energy theory for the electrons and its enhanced IR sym-
metries, we now discuss the effect of interactions on them in this chapter. We consider
a generic form of 4-fermion interaction which can lead to the opening of a mass gap in
the Dirac spectrum. We explore all possible gap-opening instabilities arising from such
interactions and analyze their transformation properties under the action of both the
microscopic symmetries and the emergent SU(8) symmetries. Based on this analysis,
we identify all possible gapped phases proximate to the SU(8) Dirac semimetal. The
summary of these phases are presented in the tables 4.3, 4.4, 4.5, 4.6.

4.1 Short range Interactions

We consider a generic form of four-fermion interaction Hamiltonian obtained from an

underlying multi-orbital Hubbard-type model for the lattice fermions is given by
Hiy = / d*xd*x’ Vi (x — x')xi (x) ' () () (X)) + - - - (4.1)

where V;;;; denotes potential (¢, 7, k, [ collectively spans over the different indices) and - - -
corresponds to more irrelevant higher fermion interactions. We assume that the interac-
tions are short-ranged in the sense Vj;i; is only appreciable for x and x’ being proximate

with a suitable UV regulation. Further, we assume that the form of V' is constrained
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enough that at low energy it has the full SU(8) symmetry. Long-ranged Coulomb inter-
actions as well as on-site Hubbard repulsion, for example, have such SU(8), symmetry.
This immediately means that even in the presence of these short-range interactions, all
the flavour currents J,, (Eq. 3.12), in addition to the electronic current J**"9¢ (Eq.
3.17) remain conserved unless spontaneously broken.

While short-range quartic interactions are perturbatively irrelevant at the free Dirac
fixed point [68, 117], on cranking them up they lead to phase transitions possibly gapping
out the fermions and associated spontaneous breaking of the symmetries of the free Dirac
theory. In the following chapters of this thesis, we provide an understanding of the
phases that are obtained by condensing various fermion bilinears which do not carry a
net electronic charge, i.e. invariant under the U(1) described in Eq. 3.17 and therefore

have the form
A = —i(xMyx) # 0 (4.2)

where 111, are 16 X 16 mass matrices such that 711, anti-commutes with both the
Dirac matrices— o7 and ay — given by Eq. 3.5. . This leaves out another important
class of fermion bilinears symbolically of the form (x x) that describes different types of
superconductors which will be taken up elsewhere [133].

For such a U(1) invariant massive phase, the mean-field Hamiltonian is given by
SMF = S() + Sm = —i/dQPdT )7((1‘) [Upa — A“ma] X(I‘) (43)

There are 64 such linearly independent 771, matrices that can be broadly classified
into two classes according to their transformation properties under SU(8). The first class

contains a single SU(8) singlet given by
—i(Xx) (4.4)
while the second class corresponds to 63 SU(8) adjoint multiplet
—i(XPax), a=1---,63. (4.5)

and @, being the SU(8) generators (Eq. 3.10).
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The microscopic operators that characterise the same broken symmetry — hence can
serve as valid order-parameters for appropriate symmetry broken phases— have the same
transformation properties as the bilinear and hence are proportional to each other. In
principle, the microscopic operators can also get contributions from the conserved currents
of the same symmetry, but usually, such currents decay faster than the bilinears, and
hence at long distances, the correlation function of the microscopic fields is determined

by that of the field theory bilinear (shown in Eq. 4.4 and 4.5) [101].

The correspondence between the microscopic operators and the low-energy fermion
bilinears is obtained by comparing their symmetry transformations. In particular, the
transformation of the low-energy fermion bilinears under microscopic symmetries can be
used to systematically uncover the nature of the phases proximate to the Dirac semimetal.
Bilinears that are related by microscopic symmetries together constitute a single phase.
This leads to the classification of the fermion masses in terms of broken microscopic
symmetries and/or anomalies. In the present case, we find that the 64 masses group

together to give rise to 24 phases which we now turn to understand in detail.

4.2 Classification of the fermionic bilinears : phases

and transitions

This task of classifying the bilinears according to their microscopic symmetries (and
hence identifying the phases) is much more involved compared to the same problem in
graphene [21] since the SOC mixes the j = 3/2 flavour and the real spaces in a non-trivial
way. As a result, the lattice translations, T, Ty (Table 2.1) do not necessarily commute
with the point group symmetries such as Cs, Sg, C5,, 04,1 (Table 2.1) and microscopic
time reversal, T, (Eq. 2.7). This is clear by looking at the transformations of the Dirac
spinor, X, under the above lattice symmetries (Eq. 3.18 with the detailed forms given by
Egs. A.70-A.90). Hence we need to analyse the action of the entire set of transformations
generated by the space group and microscopic time reversal on x to understand the
transformation of the fermion bilinears in Eq. 4.2. The resultant symmetry group, we

dub as IR space group.
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IR Space group : To understand the structure of this IR space group, we note that the
j = 3/2 electron states transform under a double group representation of D34, which has
24 elements. Since the translations do not commute with point group transformations,
corresponding to any element (say, S) of the double group of Dsg4, there are four elements
in the IR space group which can be constructed as (say) S,T;S,STs and T;STy by
composing it with translations, T7 and Ty (Table 2.1). So, the group of microscopic
symmetries that act on the spinors has 96 elements in total. These elements can be divided
into 20 conjugacy classes and hence there are 20 different irreducible representations of
the IR space group. Among these 20, only 10 has +ve character for 27 rotation. Since
the fermion bilinears are always invariant under a 27 rotation®, we consider only these

irreps for the classification of the masses.

Among these 10 irreps of the IR space group, four are 1-dimensional (A4, Aag, A1y, A2u),
two are 2-dimensional (&,,&,) and four irreps are 3-dimensional (714, Jag, T1u, J2u). Fol-
lowing conventional notation, the subscripts 1(2) and g(u) denote that the irrep is even
(odd) under rotation, C} and inversion, I, respectively (Table. 2.1). Further, to incorpo-
rate microscopic time reversal, T (Eq. 2.7), we will add a superscript e(o) (e.g., A2”) to
denote the particular irrep is even (odd) under time-reversal. The details of these irreps

are given in Appendix A.7.

The central question we now turn to investigate in the rest of this thesis are the
nature of the phases obtained by condensing the fermion bilinears (Y%,x). Since this
is decided by the microscopic symmetries, we decompose the above bilinears in terms of
the irreducible representation of the microscopic symmetries [101]. We find that these
64 bilinears break up into 27 irreps of the space group among which there are six 1-
dimensional representations, five 2-dimensional representations and sixteen 3-dimensional

representations. This can be obtained as follows.

Starting with Eqs. 3.18 and 3.19, we can derive the action of the microscopic symme-
tries on the members of the 64 fermion bilinears, which leads to the following structure.
Under the action of a lattice symmetry transformation (say S, corresponding to Table 2.1

and Eq. 3.18), a fermion bilinear of the form xy®,x (with @, given by Eq. 3.10) transforms

IExplicit calculations of the transformation of the fermion biliners show that they are invariant under
the action of a 27 rotation.

44



Irrep Xp T

Singlets 1g Yo=14 even
gg 245 odd

Doublet | &¢ {4, %5} even
Triplets | 75 {¥3, %, =3} even
..672(; {2127 223, 213} Odd

3‘10 {235’ \/32214 _f%) \/32224 _i_f%} odd
Ty | %, =5 = P, B - T | odd

Table 4.1: Irreps of the matrices SU(4) flavour space.

as
~ix@ax = X' 05ix = X Q6200 © (910G %)x (4.6)
and under the action of microscopic time reversal (Eqs. 2.7 and 3.19), we get
Y 0Zix = X (E1EEs) ® (noo %¢ mo0)x (4.7)

The above structure shows that the action of each symmetry is implemented as a

product of the transformations in the flavour and chiral spaces, i.e., for lattice symmetries,
S S & c
I AR WG = Qg% (4.8)
and for time reversal
T * T * %
N — Yz ds; Y0C;  — T100 ’Yon T100. (4.9)

However, due to the SOC, the real space transformations get non-trivially coupled to the
flavour space and this resultant inter-locking is reflected in the form of the transformation
matrices, particularly in Eq. 4.8 where the Qé reflects the degree of interlocking between
real and flavour spaces. In fact, it is this non-trivial structure that distinguishes the
spin-orbit coupled Dirac fermions— the topic of the present work— with multi-flavour
(larger Np) generalisation of graphene where such SOC is usually neglected (except for

the spin-Hall effect [134] and related phases where SOC is essential).

Due to the direct product structure of the above transformations, we can analyze

the action of the microscopic symmetries on the flavor and the chiral spaces separately
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‘ Irrep ‘ Y0G; ‘ T
Singlet | As, Yo odd
Triplet | 7,5 | {70C1,70C2; 70¢3} | even

Table 4.2: Irreps for the matrices in the SU(2) chiral space.

and then use Clebsch-Gordon decomposition, e.g., if the matrix >; transforms in some
irreducible representation (say, @) and v(; transforms in some other irrep (say, Ds),
then the bilinear x3;(;x transforms in the product representation @, ® @,. This direct
product representation is reducible in general which then is reduced into a direct sum
representation.

Table 4.1 shows the 3; matrices in the SU(4) flavour space and their irreducible repre-
sentations under the IR space-group transformations as well as TR. The transformations
of the v(; (Eq. 3.9) matrices in the SU(2) chiral space are written in Table 4.2. Details
of their symmetry transformations are given in Appendix A.7.

The 64 fermion bilinears are subdivided into three groups depending on the partic-
ipation of the flavour, ¥; and the chiral elements, (;, in the fermion bilinear (Eq. 4.2)
which, in turn, dictate their transformation properties under the microscopic symmetries.
These are — (1) Group-1 : the chiral masses composed of flavour singlets, (2) Group-2 :
the flavour masses composed of chiral singlets, and, (3) Group-3 : the mixed masses which
are composed of non-trivial combinations of both the flavour and chiral sectors. Here we
list the masses in the groups mentioned above and briefly mention their properties in

tables 4.3-4.6. The later chapters contain a detailed discussion of their physics.

4.2.1 Group-1 : The chiral masses

There are four masses of the form —i(xx) and —i(x(;x) (i = 1,2,3) that are invariant
under the SU(4) flavour symmetry and charge conservation which are broken down by

the lattice symmetries and TR as 4 =1 3, i.e.,

e X o C o
(A5, ® [A3,]° = A5, (4.10a)
e by e < e
L) @ 75 =75 (4.10D)
where [---]” and [- - -]° denote the two irreducible representations taken from Tables 4.1

and 4.2 respectively.
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The singlet represents an Integer Chern insulator (ICI) phase, the triplet corresponds
to the three stripy charge density waves (CDW) (Fig. 5.2). Since the flavour index
plays no role, we can quantitatively compare the spinless version of the present problem
(Appendix A.11) with spinless electrons in graphene [21, 135]. In the case of graphene, the
irreducible representation splits up into 4 = 1 ® 1 & 2 where the two singlets represent
the ICI phase[136, 137] and staggered (Néel) CDW, and the doublet corresponds to
the two Kekule patterns [21, 135]. This is very different from the present case and this
provides a startling example where the microscopic SOC changes the low energy symmetry

implementation. We discuss these masses in more detail in Chapter 5.

4.2.2 Group-2 : The flavour masses

There are 15 masses of the form i(xX;x) where X; are the 15 generators of SU(4) as
given by Eq. A.26 in Appendix A.3. Under microscopic symmetries, they break up into
six different irreps, i.e., 15 =163 53 P 3 26 3 given by Eqgs. 4.21, 4.22 and 4.23.
These correspond to six generalised spin-Hall phases that are summarised in Table 4.4
while the details are given in Chapter 6.

In order to explore the nature of the resultant phases, it is useful to understand
in detail the mathematical structure of the implementation of the various microscopic
symmetries that break up the 15 flavour masses further into different irreducible rep-
resentations. Starting with TR, ten of the flavour masses are TR even and are of the

form

—i(YS;x),  j =12,13,14,15,23,24,25, 34,35 and 45. (4.11)

These transform into each other under an adjoint representation of an SO(5) sub-group

(generated by themselves, Eq. 4.11) of the SU(4) flavour group.

The other five are TR odd and transform under a vector representation of the same

SO(5) and are given by

—i(x2;x) with 7=1,2,3,4and 5 (4.12)

Next, the lattice inversion (Table 2.1), I, breaks each of the above two sets further.
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Out of the 10 adjoint ones (Eq. 4.11), four

—i(xZ;x) with j = 45,12,13 and 23 (4.13)

are even under inversion, I, while the other six

—i(X2;x) with j = 14,15,24,25,34 and 35 (4.14)

are odd under it. For the 5 vector masses (Eq. 4.12), two

—i(xX;x) with j=4and5 (4.15)

are inversion odd, while three

—i(xX;x) with j=1,2 and 3 (4.16)

are evei.

Each of the above four subsets (Eqs. 4.13-4.16) is individually closed under a U(1) ®
SU(2) sub-group of the SO(5) (eq. 4.11) that is generated respectively by

Sas (4.17)

and

{21272137 223}' (418)

In particular, in the first subset (Eq. 4.13), the first mass is a U(1) ® SU(2) singlet
while the rest are only U(1) singlets that transform as spin-1 under the SU(2). The three
masses in Eq. 4.16 are U(1) singlets and an SU(2) triplet, while the two masses in Eq. 4.15
are SU(2) singlets and transform into each other under the U(1). Finally the six masses

in Eq. 4.14, decompose into two SU(2) triplets :

{=i(XX1ax), —1(XB2ax), =1 (XX34X) } (4.19)
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and

{=i(XZ15x), —1(XV25X), —1(XX35X) }- (4.20)

The three components of the first triplet mix with their corresponding components of the

second triplet under the U(1) generated by Eq. 4.17.

Now, considering the other lattice symmetries the above four subsets (Eqgs. 4.13-4.16)

break up further into the irreps of the microscopic symmetry group as follows.

The four masses in Eq. 4.13 break up into a singlet and a triplet as

[A5)7 ® [A3,]¢ = A5, (4.21a)
[T5]" ® [A5,]° = 75 (4.21D)

whose explicit forms are given in Egs. 6.1 and 6.8 respectively and correspond to two

different kinds of quantum spin-octupole phases discussed in Sec. 6.1.1 and 6.1.2.

The six inversion-odd masses (Eq. 4.14), on the other hand, break up into two triplets

T2l @ [A5,])° =I5, (4.22a)

T @ [A5,]¢ =Ty, (4.22b)

given by a linear combination of the two triplets in Eq. 4.19 and 4.20 as given by Egs.
6.12 and 6.13 respectively. These too correspond to spin-octupole Hall phases, albeit with
interesting fine-tuned gapless points for a special combination of the three components

of the triplets as discussed in Sec. 6.1.3.

The doublet and the triplets in Eqs. 4.15 and 4.16 remain intact and result in

& @ [a3,]¢ = & (4.23a)
[75)" @ [A3,)° = 75, (4.23b)

with explicit forms being given by Eqgs. 6.23 and 6.24 respectively. These phases break
time-reversal symmetry and describe quantum spin-quadrupole Hall phases as described

in Sec. 6.2.
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4.2.3 Group 3 : The mixed masses

Finally, the largest set of masses is obtained by taking the direct product of the flavour
multiplets and the chiral multiplets. There are 45 such masses of the form —i(x3;(;x)
where ¥; are the fifteen generators of flavor SU(4) (see Appendix A.3) and j = 1,2, 3.
Therefore these masses transform into each other under transformations of the SU(4) @ SU(2)
subgroup of SU(8) of the free Dirac theory. Their group decomposition to irreducible rep-

resentations under the microscopic symmetries is given by

5,7 @ (75 = 7, (4.24a)
67 ® [T5)" = T, @ Ty, (4.24b)
(7] @ [7]° = T @ I5, @ 8 0 AL, (4.240)
(727 ® [72]° = 73 @ T3, @ 62 @ 3, (4.24d)
TP e [T] =75 @ T, @ & @ AL, (4.24e)
927 ® [T]° = T @ T, ® 85 @ A, (4.241)

The dimension of the representation depends non-trivially on the details of the spin-
orbital locking, which, in turn, is reflected in the nature of different density wave phases
that these masses lead to. These density wave phases mainly come in two varieties. Out
of the total of 45 mixed masses, 18 (marked in black in Eq. 4.24) generically have at least
four gapless fermionic modes protected by a subgroup of SU(8), often in conjunction with
lattice symmetries. Thus they describe different kinds of density wave Dirac semimetal
(summarised in Table 4.6). The rest 27 (marked in red in Eq. 4.24) generically consists
of density wave-insulators (summarised in Table 4.5).  Two of the insulators, both
singlets — Af, and Aj3,, have edge modes whose signature is evident from appropriate

Chern-Simons terms.

Before delving into the details of the resultant phases in this category in Chapter 7,
we summarise the general structure of these masses and their classification here under
various microscopic symmetries leading up to the decomposition in Eq. 4.24. To this

end, starting with microscopic TR, T (Eq. 2.7), the 45 bilinears are divided into two

20



classes with 15 TR even given by

{—=i(xZiCix), —1(XZiCax), —i(Xi¢3x) } (4.25)

where i = 1,2,3,4,5 (same ¥; content as in Eq. 4.12) and 30 TR odd given by

{—=1(XZiC1x), —1(XZiCax), —i(Xi¢3x) } (4.26)

with the 7 indices being given in Eq. 4.11.

Each of these two sets, under lattice inversion, I (Table. 2.1), break up into two
subsets as odd and even under I. Out of the set of 15 in Eq. 4.25 the six odd ones are
given by

{=i{(xZaGix), =1 (XE5Gx) } (4.27)

while nine even ones are given by

{=i(XZ1Gix), —1(XB2Gix), —1(XE3Gx) } (4.28)

where 1 =1, 2, 3.

On the other hand, the set of 30 masses in Eq. 4.26 breaks up into two subsets. One

of the subsets contains twelve masses that are even under I and is given by

{=i1(XZu5Cix)s =1 (X 12Gix), —1(XX23GiX)s —1{(X213GiX) }- (4.29)

The other subset containing eighteen I odd masses is

{=i(XX14Gix), =i (XX15Gix)» —1{XX21GiX)

— i{(XB25GiX), — (X L3aGix), —1{(XX35¢ix) }- (4.30)

Further application of lattice symmetries (Appendix A.7) break these up into singlets,
doublets and triplets as follows. The TR even and inversion odd subset (Eq. 4.27) of
six decomposes into two triplets given by Eq. 4.24b which correspond to two different

zig-zag spin-quadrupolar density wave insulators given by Eq. 7.14. Similarly, the nine
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TR and inversion even masses break up into two triplets, one doublet and one singlet as
given by Eq. 4.24c. They represent spin-quadrupole density waves. While the singlet
corresponds to an insulator (Eq. 7.1) with quantized spin-octupole filtered edge modes,
the rest (Eqgs. 7.55, 7.57 and 7.60) are partially gapless semimetals.

The subset of 12 TR odd and inversion even masses (Eq. 4.29) break up into three
triplets, one doublet and one singlet under the action of the lattice symmetries (Eqs. 4.24a,
4.24d). The singlet (an anomalous Hall insulator) and one of the triplets represent insulat-
ing ferro (uniform) (Eq. 7.4) and stripy (Eq. 7.11) density wave ordering of spin-octupoles
respectively. The doublet (Eq. 7.64) corresponds to ferro spin-octupole semimatal and
the other two triplets (Eqs. 7.47, 7.50) correspond to different stripy spin-octupole density
wave semimetals.

Finally, the 18 TR and inversion odd masses, break up under lattice symmetries into
four triplets, two doublets and two singlets given by Eqs. 4.24e and 4.24f. Out of them,
the two singlets (Egs. 7.31 and 7.32) correspond to staggered (“Néel”) spin-octupole
density-wave semimetal. The two doublets (Eqs. 7.7 and 7.8) on the other hand, both
correspond to Néel spin-octupole density wave insulators. As discussed below Eq. 7.8,
they can be rotated into each other via a U(1) transformation generated by Y45 within
the flavour space. Given this fact and they break the same symmetries, the two doublets
correspond to the same phase and are not distinct from each other. Similar arguments
hold for the two sets of triplets, each of which represents zig-zag spin-octupole density
wave insulators. The two 7,2 triplets (Egs. 7.21 and 7.22) can be continuously connected
without change of symmetry and hence represent the same phase. Similarly the two 752,

triplets (Eqgs. 7.29 and 7.30) give the same phase.

4.3 Summary of the phases

In this section, we briefly mention the phases in the three groups. Table 4.3 and 4.4
discuss the phases in Group-1 (chiral masses) and Group-2 (flavor masses). Tables 4.5

and 4.6 discuss the phases obtained from the mixed masses.
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Table 4.3: The SU(4) invariant chiral phases. The microscopic symmetry elements men-
tioned in this and the subsequent tables are defined in Table 2.1. Also, the (; are genera-
tors of the chiral SU(2) and ¥, are generators of flavor SU(4) which are defined in Eq. 3.9
and Appendix A.3 respectively.

# The Phase Irrep Broken Fermion Comments
Microscopic Bilinear
symmetries
L. | Integer Chern | A3, C,, 04, TR —i{xx) Fully gapped.
insulator (ICI). Charge Hall response
(Sec. 5.1) given by Np =4
CS theory (Eq. 5.2)
2. Stripy T Ty, Ts, —i{x(1x), Fully gapped.
charge density Cs,S6,C5,0q | —1(xC2Xx), | Stripy modulation
wave (StCDW). —i(xCs3x) | of electronic charge
(Sec. 5.2) density (Fig. 5.2)

Table 4.4: The flavor phases

# | The Phase | Irrep | Broken Fermion Comments
Microscopic| Bilinear
symimetries
3. | Singlet Aji, | None —1{(XX45X) Fully Gapped.
Quantum Spin-octupole Hall re-
sponse in
spin- presence of electric
octupole field (Eq. 6.5) via
Hall insu- spin-octupole filtered
lator. edges
(Sec. 6.1.1) protected by U(1)x
7R,
4. | Triplet T T, T, —i(x2a3X), Fully gapped. Spin-
octupole
Quantum Cs, Se, —1{(X213X), filtered edge currents.
spin- C,, 0qa —i(x212X) The Skyrmion config-
octupole urations of
Hall insu- the triplet order pa-
lator. rameter carry 4
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(Inversion

units of electronic

even) charge. Such

(Sec. 6.1.2) skyrmion  condensa-
tion leads
to a novel 4e super-
conductor.

Triplet VA T, Ts, —i(X234X), Non-compatible
masses.

Quantum Cs, Se, —i(x (—EMJFT‘/%) X), | Generally fully
gapped

spin- C,, 04,1 —i(x (E”‘_T‘/‘E’Z%> X)- except for isolated

octupole points

Hall insu- protected by symme-

lators. tries.

(Inversion Spin-octupole

odd)

(Sec. 6.1.3) filtered edge.

Triplet T, T, Ts, —i{X2X35X), Similar to entry No.5

Quantum Cs, Se, —i(x <*/7§Zg4 + %225> X){ of this table but with
different

spin- C,, 04,1 —i(x <‘/7§Zl4 — %El5> X){ spin-octupole current

octupole at the edges

Hall insu- protected by different

lator set of symmetries.

(Inversion

odd)

(Sec. 6.1.3)

Doublet 82 Cy, 1, —i{(x2Zax), =1 (XZ5X) Fully gapped.

Quantum Cs, Se, Vortices carry zero

spin- oa, TR modes with charge

quadrupole and

Hall

o4




insulator. quadrupole quantum
numbers.
(Sec. 6.2)
8. | Triplet T Ty, To, —i(x21x), Fully gapped.
Quantum Cs, Se, —i(x2ax), Quadrupole  filtered
edge
spin- C,, 04, TR | —i(xX3x) modes protected by
quadrupole U(1)
Hall
insulator. symmetry. TR bro-
ken.
(Sec. 6.2)
Table 4.5: The mixed phases (insulators)
# | The Phase | Irrep | Broken Fermion Comments
Microscopic| Bilinear
symmetries
9. | Singlet Af, | None —i{X (X3¢ — 213 Fully gapped.
Spin- —Y5(2)x)/ V3 Octupole (X45)
quadrupolar
ferro Hall filtered edge modes.
insulator.
(Sec. 7.1.1)
10. | Singlet A3, | Cy, 0q, TR | —i{X(Z12¢1 — a3(3 Fully gapped.
Spin- +313¢2)x)/V3 Gapless edges carry
octupolar

25




Anomalous

qunatized charge cur-

ferro rent

Hall Insu- via CS term.

lator.

(Sec. 7.1.2)

11. | Doublet &2 C,, 0a, I, | See Eq. 7.7 Fully gapped.

Cs, Se

Spin- (2 TR and Eq. 7.8 Both doublets corre-

octupolar | dou- spond

blets)

Néel insu- to the same phase.

lator.

(Sec. 7.1.3) Vortices can carry
non-trivial quantum
number.

12. | Triplet To Ty, To, —i (x245G1X), Fully gapped.
Spin- Cs,  Se, | =1 (XZu582X),
octupolar C,, 04,
stripy den- TR —i (XZ15(3X)
sity wave
(StDW)
insulator.

(Sec. 7.1.4)

13. | Triplet T, Ty, To, —i (xX5C1x) Fully gapped,
Spin- Cs, Se, | —1 <)‘<(%)ng>, Masses are
quadrupolar C,, 04,1
zig-zag —1i <X(%)@X> non-comaptible,
density
wave
(ZDW) in- Gapless modes
sulator.

(Sec. 7.1.5) for some special linear
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combinations.

14. | Triplet I T, T, —i (x24C1x), Similar to entry No.13
Spin- Cs, Sé, —% <)Z(\/§E5 + 24)C3)(>, in this table, but
quadrupolar C,, 04,1
ZDW insu- —1 <)‘<(\/§Z5 — 4)Gx) | different quadrupole
lator
(Sec. 7.1.5) operators are
ordered.
15. | Triplet VA T,,T,, See Both triplets corre-

spond

Spin- (2 Cs, Se, | Eq. 7.21, 7.22 to the same phase.

octupolar | triplets)C}, 0q,1

ZDW insu- TR Fully gapped,

lator.

(Sec. 7.1.6) Masses  are  non-
compatible.
Gapless modes appear
for special linear
combinations.

16. | Triplet Iy, Ty, To, See Similar to entry No.

15
Spin- (2 Cs, Se, | Eq.7.29, 7.30 in this table, but
octupolar | triplets)C5, 0q, I,
ZDW insu- TR different spin-octupole
lator
(Sec. 7.1.6) operators are ordered.
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Table 4.6: The mixed phases (semimetals)

# | The Phase | Irrep | Broken Fermion Comments
Microscopic| Bilinear
symmetries
17. | Singlet Ay, | TR, 1,04 See Eq. 7.31 Have semimetallic fea-
tures.
Spin- Can give rise to inte-
octupolar ger
Néel QH phase which is dif-
semimetal. ferent
(Reflection from the ICI phase.
odd)
(Sec. 7.2.1)

18. | Singlet A3, | TR, I, C, | See Eq. 7.32 Similar to entry No.17
Spin- in this table, but dif-
octupolar ferent
Néel spin-octupole opera-
semimetal tor is ordered.
(Reflection
even)

(Sec. 7.2.1)

19. | Triplet Tiy Ty, Ts, —1 <)Z <M\5223@> X> | Masses are  non-

compatible,

Spin- Cs, Se, | —1 <)Z (%) X> , | 8 fermionic modes are

octupolar C,, 04,

StDW TR —1 <)Z <W) X> gapless, number of

semimetal

(Sec. 7.2.2) gapless modes are
same for
all linear combina-
tions of

o8




the masses within a

given
triplet.

20. | Triplet Tog T, To, —1 <>Z (%) X> Masses  are  non-

compatible,
Spin- Cs, Se, | —1 <>Z <%> X> 4 fermionic modes are
octupolar C;, 04, always
StDW TR —1 <>Z <W) X> gapless,
semimetal
(Sec. 7.2.2) this number changes
depending
on the linear combina-
tions of
the masses.

21. | Triplet T | Ty, Ta, i <>2 (%) x> Similar to entry No.19
Spin- Cs, Se, | —i <>z (%) X> in this table, but dif-
quadrupolar C,, 04, ferent
StDW —1 <)Z <M\/§Em> X> spin-quadrupole oper-
semimetal. ators
(Sec. 7.2.3) are ordered.

22. | Triplet Tiy Ty, To, —1 <)Z <L\/%EQC3> X> Similar to entry No.20
Spin- Cs,  Se, | —i <>-< (%) x> in this table, but dif-
quadrupolar 5, 0d ferent
StDW —1 <)Z <%> X> spin-octupole opera-
semimetal tors are ordered.

(Sec. 7.2.3)
23. | Doublet &5 C,, 04, See Eq. 7.60 Some bands remain
Cs, Sg gapless.
spin- Can give rise to inte-
quadrupolar ger QH

29




ferro
semimetal.

(Sec. 7.2.4)

phase different the ICI
phase

24.

Doublet

Spin-
octupolar
ferro

semimetal.

(Sec. 7.2.5)

C,270d7
C37 867
TR

See Eq. 7.64

Some bands remain

gapless
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Chapter 5

Group-1 : Chiral masses

In this chapter, we discuss the four chiral masses which are given in Egs. 4.10a and 4.10b.
These are divided into a singlet (Ag,) (TR and reflection odd) and a triplet (7,5) (TR
and inversion even) under the space-group symmetries while they are all singlets under
the flavor SU(4). The details of their transformations under the microscopic symmetries
are given in Appendix. A.7. Here we first discuss the details of the singlet mass and then

the triplet masses.

5.1 The SU(8) symmetric Integer Chern Insulator
The SU(8) singlet mass,

Arer = —i(Xx), (5.1)

given by Eq. 4.10a is odd under the action of T, C, and o4. This suggests that this mass
is the analog of the Chern mass for graphene [136, 137] which shows the integer quantum
Hall effect and hence represents the ICI phase. Indeed, minimally coupling the electrons
in the massive Dirac action (Eq. 4.3) for the above Chern mass, Aoy to a U(1) probe
gauge field, A,, that couples to the electronic charge and integrating out the gapped

fermions, we get a U(1) Chern-Simons term with the (Euclidean) Lagrangian density :

Z.NFSgn[AICI]

-
CS Art

e A0, Ay (5.2)
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Figure 5.1: The mean field hopping model for the Integer Chern insulator. The second
neighbour hoppings (in blue) are generated via the spontaneous symmetry breaking and
the hopping amplitudes along the directions of the arrows (in local basis) are i = /—1.
The same hopping pattern also holds for the singlet spin-octupole Hall mass leading to
the octupolar Hall effect (Eq. 6.5), except in that case the hopping amplitude is given
by i245.

where Np = 4 is the number of SU(4) flavors (i.e. number of four component Dirac
fermion fields). Thus, all the flavors contribute the same amount to the charge Hall
conductivity resulting in, o4, = N, F% [138].

The nature of symmetry breaking can be analysed by considering the low energy
projection of the microscopic current operators on the lattice [136, 139]. In particular,
starting with the microscopic orbitals in the local basis, ¢(2s), given by Eq. 2.34, the
hopping operator on the next nearest neighbour (NNN) bonds— say the blue bond in Fig.
5.1 from site By to By— is given by [136]

@3231 = ¢T(z31)¢(¢32) (53)

The form in the global basis (in terms of the 7 = 3/2 orbitals) can be easily obtained via
Eq. 2.34 and using the forms of ¢(2s) given in Appendix A.4.
In the low energy limit, Eq. 5.3 is equal to

I
@3231 = 2—\/§X X+ (54)
where - - - represent higher order terms. Therefore, for A;o; # 0, we have an imaginary

second neighbour hopping whose sign structure is given by Fig. 5.1. This leads to finite
bond current such that the total gauge invariant loop current per hexagon is indeed zero
(mod 27). The loop currents, therefore, form a Z, order parameter proportional to the

mass, Ajcr. Such Zs order parameters allow domain walls as one-dimensional topological
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Figure 5.2: Stripy CDW for —i (y(1x) # 0. Here, red circles and blue dots represent
opposite charge densities at the honeycomb sites.

defects in two-dimensional systems across which the sign of the mass changes. As is
evident from Eq. 5.2, the edge modes have opposite chirality in the two cases and hence
the domain wall is associated with chiral gapless edge modes that are exponentially

localised along the domain wall [140].

5.2 The SU(4) symmetric stripy charge density wave

Insulator

The three other SU(4) flavour invariant masses given by Eq. 4.10b form a triplet (7))
which is even under TR symmetry, T as well as inversion, I, about the plaquette centre.

These are given by
{=i(xCx), —i(xCax), —i(XCax) }- (5.5)

They transform into each other under various lattice rotations and reflections as a
triplet as shown in Appendix A.7. ¢; (i = 1,2,3) of course generates an SU(2) (see Eq.
3.9) which is broken down by the lattice symmetries to a triplet for the space group.

The three bilinears have the same symmetry as that of the three stripy CDW order as
shown in Fig. 5.2 for —i(x(1x). The other two can be obtained by Cjz rotations. Indeed,
the analysis of the above three fermion bilinears in the global basis (Eq. 2.24) confirms the
symmetry analysis in identifying the above stripy CDW masses. In particular, starting

with the electron operators in the global basis i.e., 1 (Eq. 2.24), the projected charge
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density operators on different sub-lattices have the following form :

—EX£1X FOI‘ S = BQ, A2
YT (2s)Y(2s) = (5.6)
iX§1X For § = Ay, By

where : O : denotes normal ordering. Integrating out the gapped fermions in the presence

of the mass does not lead to a finite charge Hall response.

The three matrices y(; (i = 1,2, 3) pairwise anti-commute with each other such that
the three stripy CDW masses are compatible! in the sense that the fermion gap does
not close as the three masses are rotated into each other under the chiral SU(2) (see Eq.
3.9) transformations generated by e®¢. This would suggest that the order parameter
manifold is a unit sphere, %, similar to collinear magnetic ordering (with one important
difference that the present order parameter is even under TR unlike magnetic order). The
above SU(2) is, however, broken down by the lattice symmetries, which, in terms of the
order parameter, selects out symmetry-allowed points on the sphere, $2. In particular,

the leading order anisotropy of the form
oCaniso ~ _W1A1A2A3 + wo (Azll + Ag + Aé) (57)

is symmetry allowed (see Table A.4) in the effective action with A; being the amplitude
for the three components of the CDW (Eq. 5.5). This reduces the order parameter
manifold to discrete points on the sphere. The details of the ordering depend on the
signs of the couplings w; and wy. Due to the presence of the third-order invariant, the
transition out of the semimetal is expected to be first-order. We discuss the details of

this transition in Chapter 8.3.

We conclude the discussion of the chiral masses with two points. First, it is useful
to compare the four chiral masses with the case of spinless fermions on the honeycomb
lattice with m-flux at one-quarter filling presented in appendix. A.11. The presence of
the m-flux breaks up the chiral space as 4 = 1 ® 3, as opposed to graphene where the
chiral space is decomposed as 4 = 1 ® 1 @ 2. In the present case where the 7w-flux is

a consequence of SOC, the above SU(4) singlet masses can be thought of as four copies

ITwo mass matrices are compatible if they anti-commute with each other. The three matrices vo(;
anti-commute with each other and hence are mutually compatible
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of the spinless case in Appendix A.11. Second, while the three triplet stripy masses are
compatible with each other, i.e., the respective mass matrices mutually anticommute,
all of them are incompatible with the singlet ICI mass since the corresponding matrices
(Table 4.2) pairwise commute. This ensures a phase transition [21] between the two
phases which is accompanied by the change in the nature of broken symmetry as well
as the Chern-Simons level (Eq.5.2) from Np = 4 (in the ICI) to N = 0 (in the stripy
CDW).
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Chapter 6

Group-2 : The Flavor masses

In this chapter, we discuss the 15 flavour masses, which are of the form —i(x¥;x). These
are divided into six irreducible representations by microscopic symmetries that are given
by Eqs. 4.21, 4.22, and 4.23. Each of these 15 masses individually breaks the flavor SU(4)
down to U(1) ® SO(4). However, linear combinations of them can reduce the symmetry
further as we discuss below in the case of each subgroup. A notable feature of these
residual sub-groups is that the generators depend on the particular direction of the mass
matrix and hence are locally defined in the space of the order parameters. This is exactly
like the case of a collinear ferromagnet/antiferromagnet where the particular generator
of the residual U(1) depends on the direction of the ordering of the magnetic moments in
the spin-space. We shall study the nature of these for each of the six phases separately,
including the action of the lattice symmetries— including the spontaneously broken ones—

as well as the nature of the residual symmetry group.

Out of the 15 masses, the ten TR even ones (Eq. 4.11) correspond to four different
types of spin-octupole Hall phases, while the five TR odd ones (Eq. 4.12) represent two

spin-quadrupole Hall phases. We explain their features in turn.

67



6.1 Quantum spin-octupole Hall insulators

6.1.1 A7, Singlet mass
For the singlet (Eq. 4.21a), the mass is given by the fermion bilinear

Afg + = i{XEa5X) (6.1)

which fully gaps out all the fermions. This breaks the SU(4) flavour symmetry down to
U(1) ® SO(4) with the U(1) being generated by ¥4 and SO(4) by six other ¥;’s that
commute with 245, i.e., {21, 22, 23, 212, 223, 213}.

In the microscopic j = 3/2 basis (the transformation of the 3 operators from the local

to global basis is given in Table A.1), the Y45 operator is given by

A 15
245 = —ﬁ (JnyJZ + JszJx + JszJy - ?) (62>

where (J,, J,, J,) are the j = 3/2 spin operators in the global basis (see Table A.1). Since

Y45 is a product of three spin operators, we call it a spin-octupole operator.

Starting with the Euclidean Dirac action in the presence of the mass term (Eq. 4.3),
we can diagonalise the spinors y in terms of the eigenstates of ¥45. The eigenstates consist
of two pairs of Kramers doublets. The two members of each doublet have opposite eigen-
values of Y45, i.e. +1. Each of the modes contributes to finite Hall edge current, leading
to spin-octupole filtered Hall edge modes similar to the quantum spin-Hall effect [134].
The two TR partners carry current in the opposite direction and backscattering within
each TR pair is disallowed by TR symmetry — again just like quantum spin Hall ef-
fect. However, the scattering between the oppositely moving edge modes belonging to
the two different Kramers doublets is not allowed because they necessarily have opposite

eigenvalues of Y45.

A more formal derivation of the resultant symmetry-protected CS action is obtained

by coupling probe charge and spin-octupolar gauge fields to Eq. 4.3, i.e., considering
SlAe A = =i [ drdr () [or D - &S] X(0) (6.3)
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where
ID = 7# (Za,u - Ac,u - Z45140,“) (64)

where A, and A, are charge and spin-octupole probe gauge fields respectively. Then

integrating out the fermions leads to the mutual CS term given by

N
spgt = iE sn(a) [ e o A0, 40 (65

which characterises the quantum spin-octupolar Hall response.

The lattice version of this mass can be analyzed in a similar way as done for the ICI
mass. For that, we consider microscopic hopping operators on one of the NNN bonds
and project that to the low-energy sector. We again take the blue bond in Fig. 5.1 from
site By to By and write the following hopping operator

BY) = ¢l (2p,) Lus $(25,). (6.6)

In terms, of the low-energy spinors, this has the following form

B, = %x SasX 4 (6.7)
Thus the imaginary part of this hopping operator is proportional to the order parameter
in this phase. This shows that there are non-zero bond currents in this phase. The
hopping pattern on the other bonds are same as shown in Fig. 5.1 with the hopping
amplitudes being 1345 instead of 7.

The lattice Hamiltonian can now be used to check for the edge modes by obtaining
the spectrum with open boundary conditions. The spectrum on a cylinder for the zig-zag
and armchair edges are shown in Fig. 6.1.

Not surprisingly, in Fig. 6.1, such edge modes are also observed for both 3/4th filling
as well as 1/2 filling. While the case of 3/4th filling is expected to result from the
microscopic particle-hole transformation that maps 1/4 <+ 3/4, the physics of 1/2 filling
would be interesting to understand in future.

Similar to the ICI phase, the order parameter for the spin-octupole Hall phase is a

Zy field and leads to gapless fermionic modes associated with the domain walls of the
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E(ky)

E(ky)

(b) Armchair edge

Figure 6.1: Spectrum for —ixY45x with zig-zag and armchair edges. Both of these plots
show gapless states at 1/4th filling (shown by black dashed line). To get this spectrum,
we consider a honeycomb lattice with cylindrical geometry where the edges of the cylinder
have zigzag or armchair-like boundaries. Here k, is lattice momentum along the periodic
direction. We take 32 magnetic unit cells along the length of the cylinder to perform this
numerical calculation.
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order parameter. Note, however, that such a field is TR even and is symmetric under all
lattice transformations. Thus, this mass is naturally allowed by the microscopics. This
is analogous to the Kane-Mele mass [134] for graphene, which is symmetry allowed but

is energetically suppressed due to the very small value of the SOC in that case.

6.1.2 The 7 triplet masses

The TR even triplet in Eq. 4.21b consists of three masses of the form

—i (YX12X)
"CTIZ : —1 <)_<213X> (68)

—i (XXa3X)

which fully gaps out the Dirac fermions. In terms of the j = 3/2 operators, the three

mass matrices are given by :

By 4
Sy = (J,y - —J3) (6.9)

where o, 5,7 = 1,2, 3 with @ # 3 such that they are a mixture of dipole and spin-octupole

operators. Following Eq. 4.3, the generic mass term is given by
—i (ArxZasx + AaXTizX + AzxX12X) (6.10)

where A; (i = 1,2, 3) are the weights for each of the three components. Hence such masses

lie on a 2-sphere with directional cosines given by cosf; = A;/1/A? + A3 + A where the
different points can be rotated into each other via the SU(2) symmetry generated by
Eq 4.18. With reference to Eq. 6.8, it is now clear that this SU(2) corresponds to the
continuous rotation amongst the three spin-octupoles.

At each point on this mass sphere, the residual symmetry is U(1) ® SO(4). However,
the particular generators of this residual symmetry group depend on the location of the
point and are related to each other by the same SU(2) transformations (Eq. 4.18). For

example, the generators of the residual symmetry at the point [001] are given by

{212723724725723472357245} (611>

71



where the first generator corresponds to the U(1) (which is left-over of the SU(2) (Eq.
4.18)) and the rest generate the SO(4). The residual groups at other points on the mass
sphere are obtained via SU(2) rotations generated by Eq. 4.18.

The phase breaks the spin-octupole SU(2) symmetry (Eq. 4.18) spontaneously and
results in quantum spin-octupole Hall effect that is protected by U(1)x ZI%® and is sim-
ilar to the quantum Spin Hall phase obtained via spontaneously broken spin-rotation
symmetry discussed in Ref. [141] with interesting differences (see below). The presence
of non-trivial spin-octupole filtered edge states is confirmed by calculating the mutual
Hall response similar to Eq. 6.3 for the singlet case above which leads to the mutual

Chern-Simons action similar to Eq. 6.5.

The presence of the gapless edge-modes can also be checked by going back to the mean-
field Lattice Hamiltonian in presence of the lattice version of the mass (not shown). The
lattice version of the Hamiltonian corresponding to the continuum bilinear —i(yX12x)
is the same as that for the quantum spin-octupolar Hall mass given in Eq. 6.6 with
the hopping matrix (i.e., X45) replaced by ¥i2. An interesting fallout of the present
implementation of the symmetry is the fact that the three component spin-octupolar
order-parameter allows for Skyrmion configurations. In Chapter 8.1, we show that the
condensation of these skyrmions leads to realization of a novel charge-4e superconducting

phase.

6.1.3 The 7 and J,, triplet masses

The two inversion odd TR even triplets (Eq. 4.22) are given by

;

—i (XZ34X)
T+ —i (PutysEsy) (6.12)

1lu

>< I

Y24—V3¥95 \fzzs’)

—i (=R E )

>< [

T, i (xR (6.13)

24+22§ X>

>< [

{
{
(
—i(X 35X>
(v
—i (2
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In terms of the j = 3/2 spin matrices, we have

2 13
You==J2 ==, 6.14
=g (2-50) (6.140)
1 V3 2 13
V3 1 2 13
—7225 + 5224 = —g (J; - ZJy) (614C)
for the three 7,;, masses and
E%ZJLKﬂJ+JJJ+Jﬂ)
3\/§ xYz xYzdx zYy
—(J3 .+ Jy .y + )] (6.15a)

V3 1 2
7224 + 5225 = 33 (L2 Ty + Jodyds + JyJ2)

—(J2dy + Jody . + Jy,J2)] (6.15b)
V3 1 2
7214 - 5215 = 53 (T2 Te + Jydody + JoJ))

—(J2Js + L dpd. + JLJ2)] (6.15¢)

for the 7, triplet. Hence, these masses represent two different sets of spin-octupole
order. Note that while components of the two triplets can be rotated into each other by
a U(1) rotation generated by Y45, the two triplets represent different phases since they

have different transformations under lattice reflection, C5.

The three masses in each of the triplets are incompatible, i.e., the matrices (my, ms, ms3)
in Eq. 6.14 or 6.15 do not mutually pair-wise anticommute. This results in an interesting
structure for the residual symmetry in the resultant massive phases. For a generic linear
combination of the three masses, similar to Eq. 6.10, but now for the 7;¢, and 7, triplets,

1.€.,

—i (Ayxmax + Agxmax + Agxmsx) , (6.16)

where my, mo, m3 are the three matrices in Eq. 6.14 or 6.15, the flavour SU(4) is broken
down to U(1) ® U(1) ® U(1). However, to get more insights, it is useful to diagonalise
the bilinear in Eq. 6.16 for a generic point on the unit sphere described by the directional
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cosines A;/1/A? + A2 + A2 (middle panel of Fig. 6.2) to obtain
XD, (6.17)
where y’ are the fermions in the diagonalised basis and

103 0
D = ® Go, (6.18)

0 903

with ay,as are two real functions of A;s, o3 is the third Pauli matrix, and (, is the
identity matrix that acts in the valley-band space of the spinors, i.e. in the chiral SU(2)
space (Eq. 3.9).

In this diagonalised basis, it is easy to see that there are three linearly independent
matrices (other than the identity matrix) that commute with the @ matrix in Eq. 6.18.

These are this matrix, @, itself and

g3 0 0 0
® Co, ® Co. (6.19)
0 0 0 oy

The above three matrices generate the residual U(1l) ® U(1) ® U(1) symmetry on
generic points on the sphere in the middle panel of Fig. 6.2 like C' and D. The first U(1)
results in conserved flavour (spin-octupole) currents along the NNN bonds with a flow
pattern similar to that shown in Fig. 5.1. For such generic points, the fermions are fully
gapped, with each gapped band being 4-fold degenerate (spectrum (b) in the top panel
of Fig. 6.2). We can calculate the edge response, which is given by a mutual CS action
similar to Eq. 6.5. These spin-octupole filtered edge modes are again protected by the

U(1)x ZI® as in the case of Jy;, mass discussed above.

Interestingly, on putting two of the A;s to zero, such as the point A in Fig. 6.2 (middle
panel), while the above conclusions survive, the gapped bands have an enhanced 8-fold
degeneracy (as shown in (a) of the top panel of Fig. 6.2) due to enhanced residual flavour
symmetry of U(1) ® SO(4). From the perspective of Eq. 6.18, the numbers a; and as
become equal at these points such that we can further basis transform @ — (03®00) ® (o.

Now there are six generators in addition to @ that commute with the mass which are
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Figure 6.2: Figure shows the energy spectrum of low-energy fermions along the k, = k,
line for different combinations of the masses in a triplet. Any linear combination of the
masses in a particular triplet can be represented on the surface of a unit sphere shown at
the center. The energy spectrum shown in the upper panel of this figure corresponds to
the 7, triplets in Eq. 6.12, 7.15 and the 7, triplets in Eq. 6.13, 7.17. The spectrum in
(a), (b) and (c) in the upper panel correspond to the spectrum at the points A, C' and B
on the sphere. Similarly, the spectrum in the bottom panel corresponds to the 7,9, and

0 triplets in Eq. 7.21, 7.22; 7.29, 7.30. Here again, the spectrum in (d), (e) and (f)
correspond to the spectrum at the points A, C, and B on the sphere.



given by

g; 0 g; 0
® Co, ® Co- (6.20)
0 g; 0 —0;
with ¢ = 1,2, 3. This generates SU(2)® SU(2) = SO(4) in addition to the U(1) generated
by @ itself.

A much more interesting situation arises when one moves from point C' (or D) to

point B (in the middle panel of Fig. 6.2) which is characterised by

|Ar] = [As] = [Ay], (6.21)

and is one of the eight isolated special points.

At these points, as in Eq. 6.18 becomes zero. We have assumed a; > ay without
any loss of generality. As a result, four flavours of fermions belonging to the as block
become gapless while four others belonging to the a; block remain gapped. This leads to
a partially gapped state. The resultant spectrum is shown in (c) of the top panel in Fig.
6.2. It is clear that at these special points when ay = 0, in addition to @ and the two

matrices given by Eq. 6.19, two additional matrices

0 0 0 0
® Co, ® Co (6.22)

0 oy 0 oy

also commute with the mass matrix at this special point. The above two matrices, along
with the last one of Eq. 6.19, generate a SU(2) such that at these isolated points the
symmetry is given by U(1) ® U(1) ® SU(2) and it is this last SU(2) which protects a subset
of gapless Dirac fermions. On moving away from these special points infinitesimally, the
SU(2) is broken down to U(1l) as as # 0 and this gaps out the remaining fermions
(spectrum (b) in the top panel of Fig. 6.2). Such isolated gapless points in the parameter
space serve as examples of unnecessary quantum critical points which we discuss in detail

in Chapter 8.2.
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6.2 Quantum spin-quadrupole Hall insulators

Turning to the five TR odd masses that form the &7 doublet (Eq. 4.15) and Ty, triplet

(Eq. 4.16), the respective masses are given by

go . | TN (6.23)
—i(XX5X)
and
—i (XY21X)
Tag +q —i(¥Z2x) (6.24)
—1i (X23X)

While the doublet (Table A.3) is odd under inversion symmetry and does not break
lattice translation, the triplet (Table A.4) is even under inversion, but breaks lattice
translation. Transformation under other lattice symmetries is given in respective tables.
Further in terms of the IR symmetries, each of the two classes breaks SO(5) down to
U(1) ® SU(2) as mentioned above (Eq. 4.17 and 4.18) — the doublet (triplet) is a U(1)
(SU(2)) singlet.

The two classes of masses fully gap out the fermionic spectrum and break the SU(4)

flavour symmetry. Notably, in terms of the spin operators we have

1 5
for the doublet and
51 = (. + 1.0, /V,
Sy = (LJp + Ju) / V3,
Sy = (JyJe + JuJy) V3, (6.26)

for the triplet, all of which correspond to spin-quadrupoles. In fact, as we show below,
the two correspond to different spin-quadrupole Hall phase protected by U(1) symmetry.
Such a phase is an interesting generalisation of the QSH phase, as the quadrupole Hall

7



phase is TR odd, unlike the QSH phase. This can be traced to the fact that unlike the
spin-dipole and the spin-octupole currents, the spin-quadrupole currents are odd under

TR.

The resultant non-zero Hall response can be obtained by performing a calculation
similar to Sec. 6.1.1. Sitting deep inside the gapped phase with (—ix¥,x) # 0 (say), we
can introduce a spin-quadrupole probe gauge field A, in addition to a probe charge field,

A, and integrating out the fermions results in a mutual CS action

N
Smutual 22—71: sgn(A) /dgx e”"’\AC,M&,Aq,)\. (6.27)

Such that there is a spin-quadrupolar edge current (corresponding to ¥4). As in the case
of the previously discussed spin-octupolar Hall phases, the presence of edge modes in
the case of this mass can be confirmed by taking a mean-field lattice Hamiltonian and
performing a band structure calculation on a finite-sized lattice. Similar results can be

obtained for the triplet.

Focusing on the &% doublet, we note that it breaks the SU(4) flavour symmetry to
U(1) ® SO(4). E.g., for —i (x34x) # 0, the U(1) is generated by ¥, and the SO(4) is
by {212, X135, 215, Xiog, Mo, L35 . Since the two-component order parameter (Eq. 6.23)
lives on a circle, it supports point defects— vortices characterized by the winding number.

More precisely, consider the mass term
such that under the U(1) transformation generated by 345 for an angle 0,

A=A +iAy — A, (6.29)

At the core of such a vortex, the TRS is restored, and hence, for a fat vortex with a
sizeable core one expects quadrupole-filtered zero modes around the vortex core. Further
following each such unit vortex is expected to trap Nr/2 quanta of electronic charge [21,
142]. The transition mediated by the proliferation and condensation of such vortices are

then expected to be novel [21, 143] and requires further understanding.
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6.3 Probing Multipolar Edge Modes

A key challenge lies in the experimental detection of these phases where the edge modes
carry spin-octupolar or quadrupolar moments. Among the spin-octupolar quantum Hall
phases discussed, one subset (e.g., the A1g° singlet) hosts edge modes that conduct
a purely octupolar current (Eq. 6.2). Another subset exhibits edge modes that carry a
combination of spin and octupolar currents (e.g., the 7 1u® phase). The latter category of
phases might be detectable using techniques analogous to those used for the conventional
spin Hall effect, particularly the inverse spin Hall effect (ISHE) [144, 145]. ISHE involves
transforming a spin current into a measurable electrical voltage signal. However, detecting
the quadrupolar Hall phases poses a more formidable challenge, as there are no known

experimental methods to probe or measure currents carrying quadrupolar moments.
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Chapter 7

Group-3 : The Mixed masses

We now turn to the structure of the mixed masses, which are obtained by nontrivial
contributions from both the flavour and chiral sectors. The complex structure of the mass
matrices and the intricate locking of the spin and real space symmetry transformations
result in the rich properties of the resultant phases, which we now discuss in detail. There
are 45 masses divided into 19 irreducible representations summarised in Eq. 4.24 and
they give rise to 16 different phases. These are generic density wave phases, which can
be divided into two sub-sets depending on whether the fermions are generically fully
gapped (insulators) or partially gapped (semimetals). Two of the insulators have edge
modes whose signature is evident from appropriate Chern-Simons terms. In most of the
insulators and semimetals, the components of some of the multiplets are incompatible,
and hence they lead to gapless sub-manifold as the components of the masses are tuned

(similar to the spin-octupole flavour triplet discussed in Sec. 6.1.3).

7.1 Density wave Insulators

There are 27 such mass terms divided into two singlets (A7, A3,), two doublets (2&;,) and
seven triplets (Tpp,9,,, Toys 2715, 2T5,). While the singlets and three triplets (757,75, 75;,)
give rise to five distinct phases, the two doublets and the other two triplets with a
multiplicity of two, i.e., (27,%,27) only give rise to three distinct phases since members
of the same representation can be mixed without breaking any further symmetries. Thus
they give rise to a total of eight distinct flavour density wave insulating phases — two of

which have edge modes.
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7.1.1 Ising ferro spin-quadrupolar insulator

The TR even mass for the A7, lattice singlet in Eq. 4.24c is given by

A= —i (Y (236 — 216G — Taa) X) /V3 (7.1)

While it is a lattice singlet, it breaks the flavour SU(4) down to U(1) (generated by X45)
and the chiral SU(2) down to Z,.

This mass corresponds to a uniform ferro ordering in the spin-quadrupole density (in

the global basis)

1

Sy 4 Sy + 85 = N

{ e, Sy} +{Jy, Lo} + {2 T }) s (7.2)

as can be explicitly checked starting with the underlying lattice fermion bilinear similar
to the case of CDW (Eq. 5.6). In addition, this singlet supports non-zero quantized
spin-octupolar Hall response somewhat similar to that of the A7, mass in Eq. 6.1. To
understand this, we write an action similar to that in Eq. 6.3 and integrate out the

fermions. This produces a mutual CS action of the form

N
Spnutual _ i—F%sgn(A) / BPre™ A, 0, Aoz,
(7.3)

Here Ny = 4 is the number of fermions flavors and A.,, A,, are respectively electro-
magnetic and spin-octupole probe gauge fields as used in Eq. 6.4. Thus, this mass too
produces quantum spin-octupolar Hall response, but the CS level is half compared to
that for the mass in Eq. 6.1. The resultant counter-propagating edge modes (not shown)
can be obtained for appropriate lattice models. These edge modes are protected by the
microscopic time-reversal symmetry (T). Hence this corresponds to a gapped Ising ferro

spin-quadrupolar phase with counter-propagating spin-octupole filtered edge modes.
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7.1.2 Ising ferro spin-octupolar insulator

Similarly, the TR odd mass for the A3, lattice singlet in Eq. 4.24d given by
A=—i (Y (Z126 — o3 + Zi3la) X) /V3 (7.4)
corresponds to uniform ordering for the spin-octupole density in

4
Y-S+ Y= (Lt + )~ 3 (J2+ T3+ J2) (7.5)

[GSERN

However, unlike the above ferro spin-quadrupolar order, this breaks the flavour SU(4)
down to SU(2) (generated by {¥4, 35, X45}) and is also odd under C5. The chiral SU(2),
on the other hand, is broken down to Z, similar to the ferro spin-quadrupolar case.
The above singlet leads to non-zero quantum Hall response in the presence of an
external electromagnetic field. This can again be understood by writing an action of the
form as in Eq. 4.3 in the presence of an electromagnetic gauge field A, , and integrating

out the fermions. This produces an effective action given by

Nr 1 ~
Scg = i7F4—sgn(A) /d?’xe“”’\AC,u&,Aq,\. (7.6)
T

The CS level of this action is half compared to that for the ICI mass (Eq. 5.2) and hence

represents a generalisation of an anomalous Hall insulator.

7.1.3 Staggered (“Néel”) spin-octupolar insulator

The four mixed masses that make up the two &7 doublets in Eqs. 4.24e and 4.24f are

respectively comprised of

2V/6
. <_ (15 — V3Z14) G — (Za5 + V3524) o >
v\ X X

_ <X4235<1 — (215 — V3%14) ¢ — (V3524 + 225)CQX>

2v/2

and
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=<

4¥54C — (B1a + \/3215)@3 + (\/3225 — 224)Co
2\/6 X )
_ —(Z1a+ \/3215)@, + (g4 — \/5225)@

22 X/

=i

(7.8)

The above four masses in the two doublets can be rotated into each other using a U(1)
symmetry generated by ¥45. In particular, if m;(m}) and mq(m)) are the components
of Eq. 7.7 (7.8), then the linear combinations mi = my & im) and miy = my + im)
transform as one-dimensional representations of the above U(1). Hence they describe the

same phase.

These masses describe a fully gapped two-sublattice staggered ordering (as shown in
Fig. 7.1) in the following spin-octupole operator respectively (whose representation in

terms of spin operators are readily obtained using Appendix A.3)

Y15 — V33X | V3% + Xos

23]
35 1 5 + 5 .
\/5214 - 215 \/5224 + 225
+ ) (7.9)
2 2
and
Ya+ V32 Yiog — V33X
9 + 14 2\/_ 15 22 2\/_ 25’
Y4+ V355 X — V3525 (7.10)
2 2 ’ '

This can be checked starting with the appropriate lattice bilinears similar to Eq. 7.13.

A remarkable difference of the above sub-lattice staggered spin-octupolar orderings
compared to Néel state in SU(2) spin-rotation invariant graphene is that the latter are
given one-dimensional representations, AY,, [21] under lattice transformations, while
transform as a O(3) vector under spin rotations. In the present case, due to SOC, we
have doublets that transform non-trivially under both SU(4) and lattice symmetries. In

fact, this allows for non-trivial quantum numbers for the vortices of the resultant doublet

masses which forms an interesting avenue to explore in the future.
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Figure 7.1: Density pattern for the staggered spin-octupole density waves corresponding
to Egs. 7.7 and 7.8. The red circles and blue dots here represent opposite densities in
the spin-octupole operators given by Eqgs. 7.9, 7.10.

7.1.4 Stripy spin-octupole density wave insulator

The three masses that form the 7, triplet (in Eq. 4.24a) are given by

—i{(XZ15Gx) # 0 (7.11)

with ¢ = 1,2,3. Each mass in this triplet breaks down the flavor SU(4) to U(1) ® SU(2)
and the chiral SU(2) to U(1).

The transformation properties of the triplet components (see Table A.4) under lattice
symmetries are completely determined by ¢; as Y5 is a lattice singlet (see Table 4.1 and
4.2). Thus they are very similar to the triplet mass in group-1 (Eq. 5.5). However, unlike

the CDW, here the density modulation occurs in the spin-octupole moment, i.e.,

4 154

(7.12)

Hence, they are nothing but stripy spin-octupole density wave, as shown in Fig. 5.2, with
the modulation being in the spin-octupole density. This can be seen explicitly by looking
at the low energy projection of the microscopic on-site spin-octupole density operator.

Similar to the CDW case (Eq. 5.6), here we have

—ixXX45C1x  For & = Ay, By
T (25) S5t (2s) 1 =
1X245C1X For & = Ay, By

(7.13)
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The two other members of the triplet describe stripy order along the other two direc-

tions rotated by +27/3 with respect to Fig. 5.2.

7.1.5 Zig-zag spin-quadrupole density wave insulator

Eq. 4.24b consists of six masses of the form

{=i (XEaGix) s =1 (X200 1 (7.14)

for i« = 1,2,3. Under the action of the lattice symmetries, these six masses form two
triplets with representations 7, and 7,, which leads to two different types of spin-

quadrupole density wave phases (Eq. 6.25), which we discuss below.

e . e .
I masses : The T/, masses are given by

—i (XX5C1X) 5

1

~5 <X(—\/§Z4 + Z5)C3X> ; (7.15)

—% <X(—\/§Z4 — 25)C2X> :

The relation between the first mass and the underlying j = 3/2 orbitals is given by

—’L)_(E5C1X For & = Al, B2
)N (29) S50 (2s) - =
’L)ZZ561X For & = Bl, AQ.

(7.16)

Notice the difference in the sign for the different sub-lattices compared to Eq. 5.6 and
7.13. Unlike in these earlier cases, Eq. 7.16 represents zig-zag pattern of spin-quadrupolar
density wave as shown in Fig. 7.2 which corresponds to spin-quadrupole order in 5. The
other two masses are also zig-zag density waves of the % (\/324 — 25) , % (\/§E4 + 25)

operators whose patterns are rotated by +2m/3 with respect to Fig. 7.2.

86



Figure 7.2: Zig-zag Density wave pattern corresponding to the masses of Eqs. 7.15, 7.17,
7.21, 7.22, 7.29 and 7.30. The blue dots and the red circles represent opposite densities
of spin quadrupole operator X5.

T, masses : The masses in the 7, triplet are given by

—i‘<>ZZ4C1X> ;
2 {(X(Z4+ V3T)Gx ), (7.17)

—% <)?(\/§E5 - E4)C2X>

Similar to 7S, triplet, these are also zig-zag density waves but of different spin-quadrupole

operators, namely

S, % <\/§25 + 24) , (\/325 - 24) , (7.18)

N | —

respectively.

The members of both the above triplets are incompatible, and hence generically one
expects gapless points when tuning among different components of the masses similar
to the 7, and J,;, masses in Eq. 6.12 and Eq. 6.13. In fact, similar to that case, we
can consider labeling the linear combination of the six masses in Eq. 7.14 as points on
a b-dimensional sphere, §°. The points on this &° are closed under the action of the
U(1) ® SU(2) subgroup generated by {¥45, (1,2, (3}. Then arguments similar to those
discussed for the 7, and 75, masses (in Sec. 6.1.3) hold in the present case. Also, these

phases also exhibit unnecessary quantum critical points, as discussed in Chapter. 8.2.

7.1.6 Zig-zag spin-octupole density wave insulator

The four triplets (two 7,2, and two 7)) in Eq. 4.24e and 4.24f correspond to two different
types of spin-octupolar density wave patterns (of the type given by Fig. 7.2). This can
be shown by an analysis similar to that in Eq. 7.16. Note that the two triplets in each
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of the representations break the same symmetries, and hence they are not counted as

distinct phases.

Notably, each triplet is made up of non-compatible members. Thus, while the generic

linear combination of the masses (Eq. 6.16) gap out all the fermions, there are special

linear combinations, similar to the zig-zag spin-quadrupole density waves (Eq. 7.14)

where fermions become gapless giving rise to unnecessary multi-critical points.

The 7% triplets:

zig-zag ordering in

and

Two such triplets given by Eqgs. 4.24e and Eq. 4.24f correspond to

V3T — Y15 _ V304 + Yos

2 2 ’
> V3824 + Tos
BT 5
34—
g Y= (7.19)
V3Zis + 51 V3¥as — Yoy
+ ;
2 2
Yos — V33X
Sy + 24 2\/_ 257
3 >
Yy — —\/_ 152+ = (7.20)

respectively. The zig-zag patterns for the first mass of both the triplets are similar to the

one shown in Fig. 7.2 while that for the other two are obtained by rotating this pattern

by +2m/3.

The fermion bilinear corresponding to the two triplets is given by

—1 <)_( ((215 - \/5214) G+ <\/§Zz4 + 225) C3> X> /2V/2,
—t <>_< <— (\/§224 + Z25) G — 2235@) X> /2V/2,
—1 <>Z ((215 - \/5214> G+ 2235C3> X> /2V2 (7.21)
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for and

—1 <>_( ((—224 + \/5225)@; + (314 + \/5215)@) X> /2\/57
<X ((—224 +V3Za5)G + 2234(2) X> /2V2,
—1 <X <—(Z14 +V3%15)G + 2234C3> X> /2V/2. (7.22)

For a generic linear combination of the three masses (similar to Eq. 6.16) for each
of the two triplets, the degeneracy and the magnitude of the fermionic gap change for
different points on the sphere, $? (middle panel of Fig. 6.2), as members of each triplet
are incompatible. The fermionic spectrum corresponding to the three points A, B, and
C on the sphere in Fig. 6.2 are shown in the bottom panel of the same figure. This
clearly shows the change in the degeneracy of each of the fermionic bands as well as the
change in the fermionic gap. For a general point on &2 (e.g., points C,D on the sphere
in Fig. 6.2), the fermionic spectrum has eight bands, each of which is 2-fold degenerate.
However, for the points on the great circles obtained by setting one of the A;s to zero
(blue circles on the sphere in Fig 6.2 which includes the point A), the spectrum has four
bands and each of these is 4-fold degenerate. Finally, for the special eight isolated points
given by Eq. 6.21 (such as point B on the sphere in Fig. 6.2), the fermion gap closes
partially giving rise to four gapless fermionic modes while the rest of the bands remain

gapped and two-fold degenerate.

The above pattern is best understood by performing a basis transformation (similar in
spirit to Eq. 6.17) which allows useful insights into the breaking of the SU(8) symmetry
by the above masses. We explicitly discuss this for the first triplet given by Eq. 7.21.

This basis transformation is defined by
X' =U"x, (7.23)

where

(o)
U' =% | ° . (7.24)
iO‘g

The form of the Dirac Matrices in this new basis is v = X703, 7] = Xo7002, 74 =
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—Yg70071 such that the SU(8) generators (% in Eq. 3.10), that commute with the Dirac

matrices, in the transformed basis, must have the form :

P" =X, 1500. (7.25)

The six masses in Eqs. 7.21 and 7.22, in this new basis have the following form

—iX" (R @ a3) X", (7.26)

where R are 8 x 8 Hermitian matrices.

The residual subgroup of the SU(8) in presence of these masses can be obtained
from the set of 8 x 8 linearly independent matrices that commute with R. As shown in

Appendix A.8, this yields the following :

e At generic points such as C, D on the sphere in Fig. 6.2, the SU(8) symmetry breaks
down to U(1)® [U(1) ® U(1) ® U(1)]* and there are no zero modes (Fig. 6.2(e)).

e For the points on the blue great circles (e.g., point A), the SU(8) symmetry breaks
down to U(1)® [U(1) ® SO(4)] ® [U(1) ® SO(4)] and there are no zero modes but
because of the larger residual symmetry, the gapped modes have a higher degeneracy

(Fig. 6.2(d)).

e Finally, at the special points where all the A; have equal magnitude (e.g., point B in
Fig. 6.2), the SU(8) symmetry is broken to U(1) ® U(1) ® U(1) ® U(2) ® SO(4).
Thus, the isolated gapless points have higher symmetry compared to it’s nearby
points. This high symmetry preserves a zero block in the R matrix (Eq. A.95) and
this protects the four gapless fermion modes (Fig. 6.2(f)).

The 7, triplets: We now discuss the two 7, triplets. The geometric order and the

SU(8) symmetry breaking of these masses are similar to the two 7% triplets leading
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respectively to zig-zag ordering of

\/3214 - 215 + \/3224 + Z25

2 2 ’
V3Se + 3
235 + —242 257
S V3814 — 15
35 92 )
(7.27)
and
Y1+ V3815 Yoy — V3395
+ )
2 2
V3% — %
234 + 252 247
S, V3L + 2
34 9 )
(7.28)
spin-octupole operators.
The corresponding masses are given by
—i)z_<225 + \/5224)@ + (15 — \/5214)C2X
22 ’
—iX_(Z% + \/5224)@ + 2235(2)(
22 ’
(V321 — X15) ¢+ 2835(3
—1 0, 7.29
< X o X)o¢# (7.29)
for the 7,2 triplet in Eq. 4.24e and
—i)Z(ZM - \/§225)C3 + (X1 + \/3215)C2X
22 ’
—i)Z(_EM +V/3595)¢1 — 2234C2X
2V/2 ’
(B +VBE15)G + 2834Gs
—1 0. 7.30
< X o X)o7 (7.30)
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for the 7,2 triplet is given by Eq. 4.24f.

Similar to the 79 triplets discussed above, the SU(8) symmetry breaking for these
two triplets depend on the position on the sphere described by the A;s in Eq. 6.16. In
fact, the SU(8) symmetry breaking for these two triplets is the same as that of the 7,9
masses discussed before. The 7,%, and the 7, masses presented in this section also exhibit

unnecessary quantum critical points which we discuss in Chapter. 8.2.

7.2 Density wave semimetals

There are 18 density wave semimetals divided into four triplets (75,7}

e 0
1g> f72517 %g)’ two

doublets (&, &7) and two singlets (A7

0 AS,). The analogs of these semimetals are absent

in graphene [21]. These 18 density wave semimetals can be divided up into two categories
depending on the number of gapless fermionic modes which, for the first set is at least
four and the second set is always eight. Insights into these two sets are best obtained by
using the global basis (Eq. 2.24) as discussed in Appendix A.10. As noted in Chapter 3,
in the global basis, there are four doubly degenerate Dirac nodes at I, M;, My, M;j
points in the Brillouin zone as shown in Fig. A.1. To reiterate the crucial aspect, the
IR space group does not mix the Dirac spinor at I' point with the other three at the
M points, in other words, the former behaves as a “singlet” and the latter behaves as a
“triplet” as mentioned before. As far as the irreducible masses go, this feature throws
up the two categories mentioned above : (1) Irreducible masses that vanish on for the
spinor at the ['-point and leave the Dirac cone at I" ungapped — these are dubbed I'-
Dirac Semimetals (I'-DSM) guaranteeing at least four gapless Dirac modes which do not
depend on the mass parameters, and, (2) the masses that couple the Dirac spinors at
each M;(i = 1,...,3) to that at the I'-point but the Dirac spinors at the M-points do not
directly couple to each other and this guarantees the existence of eight zero modes— phases
thus realized are dubbed M-Dirac Semimetals (M-DSM). Six masses that makeup two

triplets (7,

,5) correspond to M-DSM that give rise to the stripy spin-quadrupole and
spin-octupole density waves. The rest of the 12 masses are of I'-DSM type. These consist

o

0., AS,) give rise to

of two singlets, two doublets and two triplets. The two singlets (
staggered spin-octupole density waves, the two doublets (6;, é’;’) make up, respectively,

ferro spin-quadrupole and spin-octupole density waves. The two triplets (722, 5712) form
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stripy spin-octupole and spin-quadrupole density waves respectively. Finally, the number
of gapless Dirac nodes for the I'"DSM can be greater than four for a specific linear
combination of masses as discussed below. In Appendix A.9.1, we note an interesting

structure of the above 18 masses with respect to their transformation under SU(8).

7.2.1 Staggered (“Néel”) spin-octupole density wave semimetal

The two TR odd masses that form the A7, and A, singlet masses in Eqs. 4.24e and

4.24f respectively are given by

Y 33y — X 3% by
—ilx 3501 B (\/_ 14 15)C3+ (\/_ 24 + X25)C2 X (7.31)
V3 2v/3 2v/3
and
: by Y+ V3 Yoy — V38
—ilx 34C1 n (S14 + V3515)G " (Zas — V3%25) G Y (7.32)
V3 2v/3 2v/3
These represent spin-octupole ordering in
5 V331 — Y15 V32— g5
35 + - =
2 2
2
373 (J.Jedw + cp) + (JyJ.J. + c.p) + (JoJyJy + c.p)
—(LdyJy + c.p) — (JyJods + c.p) — (JuJ.J. + c.p)] (7.33)
and
)y 3% Yoy — V32 2 13
Sy — 21 +2\/_ 15 2 2\/_ 25 _ g(Jg 4 Jg +J3) — E((]m +J,+J.)  (7.34)

respectively where “c.p” in Eq. 7.33 refers to all possible cyclic permutations of the
operators. The main difference between the two spin-octupolar orders is the fact that the
former is odd under reflection, o4 (see Table A.2) while the latter is even under it. Both,
however, are odd under inversion.

In either case, the fermionic dispersion is given by Fig. 7.3 with twelve of the fermionic
modes are gapped while the other four are gapless which can be understood from Eq. 7.41

discussed below. Hence they represent two-sublattice staggered spin-octupolar density

93



Figure 7.3: Energy spectrum for the fermions along the k, = k, line in presence of either
of the singlet masses written in Eq. 7.31, 7.32. Each of the gapless bands is two-fold
degenerate. So there are four gapless fermion.

wave semimetals of I'-DSM type, where the symmetry breaking pattern is given by

Fig. 7.1.

The gapless fermionic modes are protected by TIx SU(2)g, where T(I) is the micro-
scopic time reversal (inversion) as given by Table 2.1 and SU(2)g is a subgroup of the

emergent SU(8), which is best understood via a basis transformation for the spinors as
X =Ux, (7.35)

where U is a 16 x 16 unitary matrix given by Eq. A.96 of Appendix A.9. This transfor-
mation relates the low energy Dirac fermions in the local basis (Eq. 2.33) with those in

the global basis (Eq. 2.24 and Appendix A.10).

The free Dirac Hamiltonian (Eq. 3.3) in this new basis is given by
HD = UF/dQSC )ZT (’iuoigggﬁx - iﬂ02248y> )Z (736)

where we have introduced two new set of 4 x 4 matrices, u; and i)z- which mixes the
flavour and chiral spaces non-trivially. While the form of the 3; matrices is the same as
the ¥; matrices defined in Appendix A.3, unlike the latter, they do not exclusively act
on the flavour space. The pu; (for ¢ = 1,--- ,15) matrices, on the other hand, are SU(4)
Gell-Mann matrices which are defined in Ref. [146] with py = I,. The combination of
uii}j then gives a new set of 256 linearly independent 16 x 16 matrices. Such a combined
basis is essential to capture the essence of the mixed masses that we are dealing with,

which, in turn, stems from the underlying SOC. Equivalently, the free Dirac Lagrangian
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in this new basis has the same form as Eq. 3.7 with

Yo = —Moi% Y= —uoi% Yo = Moi23~ (7-37)

being the new Dirac matrices.

In this new basis, the mass terms can be written as —i({xmy), where m is a 16 x 16
Hermitian matrix. More explicitly, the A¢, (Eq. 7.31) and A3, (Eq. 7.32) masses in this

new basis are given by

i3 Hs — \/§M152~] 1o + V615 — 2;1,32 %
_ — 1 )
N 203 ’

(7.38)

and

>

3 ° 2v/3

X

The advantage of the new mized basis is the fact that when we decompose the 16-

(_ (V2415 — V/3pus + 2ps) o (= V30 + V2415 + 2415) il5> 5(> |

component spinor, Y, into a stack of four 4-component ones as

. T 7 -m\T
Y= (X1, X3, . X3, X1) (7.40)
both the mass matrices in Egs. 7.38 and 7.39 take the generic form

O4><4 04x12

= , (7.41)
O12x4 FH12x12

where, 0,,x, are m x n null matrices and #1912 is some 12 x 12 dimensional Hermitian

matrix.

It is then clear that the mass matrix m has a decoupled four-dimensional zero block

belonging to y; which gives rise to the gapless modes. In fact, the Dirac action for the
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X1 sector is given by

Sf(l = Vf / d7d2l’ ):(1 <i2348t + 25324096 - i2238y> )21,
(7.42)

which is similar to that of spinless graphene [21] and hence there is an emergent chiral

SU(2) which we call SU(2)1g. This SU(2)1R is generated by
{21, 55, S15}/2. (7.43)

which is actually a projection of the SU(2) generated by {¥,/2, ¥5/2, ¥45/2} into the

X1 sector. This SU(2)g along with T and I keeps the x; sector gapless.

It is interesting to consider the four fermion bilinear masses that can open up a gap

in this sector. They are given by

—iX1X1, —iX1Z15X1, —iX125X1, —iX151%1-
(7.44)

The first one is actually a SU(2)g scalar, but, is odd under TT and is actually a
projection of a group-1, chiral mass, namely the ICI bilinear, —iyx (Eq. 5.1) to the x;
subspace and hence itself transforms under a AjJ, singlet under the microscopic symme-
tries. Hence this mass breaks the TI symmetry (or alternatively C, symmetry for the
AY, singlet) in the y; sector. The resultant massive bands for the y; fermions have
a non-zero Chern number while the already gapped Y2, X3 and X, remain topologically
trivial. This is unlike the ICI phase, where all the bands have a non-zero Chern number
as is required in that case due to the fact that the ICI mass, (unlike in the present case)
is a SU(4) singlet. Indeed, —i(x1¥1) # 0 leads to a Np = 1 CS term of the form in Eq.
5.2 leading to a single gapless edge mode carrying electronic charge instead of four as in
the case of ICI and hence represents a different phase more akin to an anomalous Hall

phase.

The last three masses in Eq. 7.44 are TI singlets but transform as a triplet under
SU(2)1r and break it down to U(1) subgroup. These masses are best thought of as

projections of the group-2 and group-3 masses into the y; sector that are invariant under
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TT that are simultaneously odd or even under both T and I. In particular, both the

e
1g

each of the three &2 doublets in Eq. 6.23, 7.7, 7.8 project to the second and the third

masses in Eq. 6.1 and Eq. 7.1 project to the fourth mass term in Eq. 7.44. Also,

masses of Eq. 7.44. It is important to note that while it may appear that the resultant
phases may have edge modes since they are obtained as a projection of a mass, which
in unprojected form lead to symmetry-protected topological phase, this is not the case,

because the respective symmetries are broken by Eq. 7.31 or 7.32.

7.2.2 Stripy spin-octupole density wave semimetal

There are two stripy spin-octupole phases, both TR odd triplets with distinct lattice
symmetries, which differ in the nature of the spin-octupolar densities. These are given
by 7,5 and 55 irreps in Eq. 4.24d which are respectively even and odd under Cj. They

correspond to stripy pattern (similar to Fig. 5.2) in the spin-octupole densities of

1 1 1
— (13 + 2a3), —=(Z12+ X13) and —=(Xp — X 7.45
\/5( 13 23) 2( 12 13) \/5( 12 23) (7.45)
for the 7,5 and
! (= Yo3) ! (% Y13) and ! (312 + Xo3) (7.46)
— — , —= - and — :
/5 13 23), 75 (%2 13 NG 12 23

for ;.

For all the masses of these two triplets, a certain number of fermionic modes are always
gapless. However, due to the difference in the symmetry representation, the number,
structure and stability of the remnant gapless fermions are different. While a generic
linear combination like Eq. 6.16 for the 7,7 mass always lead to eight gapless fermions,
the number of gapless modes for 7,7 triplet varies. In this latter case, generically there are
four gapless modes. However, for special linear combinations, this number increases to
eight. Thus, the 7,9 and the 75, masses represent M-DSM and I'-DSM types of semimetals
respectively. Since the structure of the remnant gapless fermions affects the fate of the
low energy theory and the nature of possible phase transitions, we discuss it in some more
detail for the two cases separately.

In both cases, however, the structure and the symmetry protection of the fermions

that remain gapless are best understood in the basis of x spinors introduced in Eq. 7.35.
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The 7,; triplet : The three masses that form this triplet are

— (X (—213¢ — X23C2) X) /\/57
— i (X (Z12G — Z1361) X) / V2,
— i (X (B3 + 12ls) X) /V2. (7.47)

which, in the x basis (Eq. 7.35), become
iv2 <>:(M225>2> ,—iV2 <>:(M5io>~<> ,—iV2 <i#92~35>~<> : (7.48)

such that the mass matrices have the generic form

04><4 #4><12

m = (7.49)
#1><12 012><12

This generic structure should be contrasted with Eq. 7.41 which gave rise to four
gapless modes from the y; sector. In the present case, Eq. 7.49 however gives rise to
eight gapless modes. This is because any matrix of the form given in Eq. 7.49 always
has eight zero eigenvalues. These gapless modes are protected by C,xSO(4) symmetry,
where the SO(4) is a subgroup of the SU(8) which acts non-trivially only on the gapless

fermions.

One can now consider gapping out these fermions. This can be done by doing a
similar analysis as done for the masses in Eq. 7.31 and 7.32. As an example, for the first
mass in this triplet, the y3 and x, fermions are gapless. One can show that there are 16
independent fermion bi-linears that can gap out the y3 and x4 fermions in this case and

the fate of the resultant phases can be analysed.
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The J,, Triplet :  The three masses in this triplet are

(—ix (Z13G — Ta3Go) X) /V2,
<—i>2 (—213C1 - E12C‘2) X> /\/5,
(—ix (—X23(1 + 12G3) X) /V2. (7.50)

which, in term of the y spinors (Eq. 7.35), are given by

—iV2 <>Zu142~35)~(> LiV/2 <>:<#12§~30>~(> ,—iV2 <>2u6535>2> :
(7.51)

such that a generic linear combination of the form in Eq. 6.16, but in x basis, is given
by —ixmy where the mass matrix has the generic form given by Eq. 7.41. Hence
the y1 sector gives rise to four gapless fermion modes similar to the Néel spin-octupole
density wave semimetal (see the discussion following Eq. 7.41). The rest of the discussion
proceeds similarly to that of Néel spin-octupole density wave semimetal. However, here

the C5 is already broken and the ICI mass term is generically allowed by symmetry.

In the present case, however, the #i5.12 block has a further rich structure that is

immediately evident from writing the mass matrix, m, explicitly

0 0 0 0
0 0 — A% —iA

i = i M : (7.52)
0 —A3215 0 —iA125

0 il iA D5 0

It is clear that if one or two of the A; in Eq. 7.52 are zero, then m has extra four
zero eigenvalues and hence total eight fermionic modes are gapless in this case. This is
shown in Fig. 7.4, where we represent the linear combination of the masses on the sphere
as before. For the three great circles (in Fig. 7.4) that lie in the three coordinate planes,
there are eight gapless modes present. For any other point, the number of gapless modes

is four.
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Figure 7.4: Gapless manifold for the triplet [-DSMs : Linear combinations of the form
given in Eq. 6.16 for the triplet ['-DSMs is represented on the surface of a unit sphere.
The three great circles shown here are obtained by setting one of the A;s to zero in
Eq.6.16. For the triplet I-DSMs in Egs. 7.50 and 7.57, on these great circles, the number
of gapless modes is eight as opposed to only four at other points on the sphere.

7.2.3 Stripy spin-quadrupole density wave semimetal

There are two distinct stripy spin-quadrupolar density wave semimetal phases both of
which are TR even but have distinct lattice symmetries. These are the two triplets given
by 7,5 and Ty, irreps in Eq. 4.24c. While the first triplet is even under C; and corresponds
to the stripy pattern (similar to Fig. 5.2) in the spin-quadrupoles

1 1 1
3(21 — X)), E(Zz — ¥3) and E(Zl — X3), (7.53)

the second is inversion even and gives rise to stripy pattern in a different set of spin-

quadrupoles given by

1

V2

1

\/5(22 + 23) and L(El + 23) (754)

(X1 + Xs), 7

Each of these masses breaks the flavour SU(4) to SU(2). E.g., the residual SU(2) for
the first mass in both the triplets is generated by {334, X35, 245}

In spite of the opposite behavior under time reversal, T, the structure of these masses

is very similar to the two triplets in Eq. 7.47, 7.50 discussed above that represent stripy
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spin-octupoalr density wave semimetals. The analysis of the remnant gapless modes
proceeds in the same way except for the fact that now the 7, triplet always has eight
gapless fermionic modes and is a M-DSM type semimetal while the 7} triplet is a I'-DSM
type semimetal which generically has four gapless modes except at special combination of

the mass as shown in Fig. 7.4. Here we briefly summarise this structure for completeness.

The J, triplet : The three components of the 7, triplet are given by

— i (X (=Z1G + aG) X) /V2,
— i (X (B3C2 + 22C1) X) /V2,
— i (X (3G + 216 X) /V2 (7.55)

which in the x basis (Eq. 7.35)is given by
—iV2 <>:<M1215>~(> V2 <>:<M521>~(> ,—iv/2 <>:(M10215>~(> : (7.56)

These masses have the same form as in Eq. 7.49 and hence these give rise to eight gapless
fermions. The gaplessness of these modes is similarly protected via lattice symmetries

and various subgroups of SU(8).

The 7 triplet :  The three masses of the the 7;; triplet are given by

(—ix (=516 — Tal3) X) /V2,
(—ix (—%5C + D201) X) /V2,
(—ix (S5 — $1G1) x) /V2. (7.57)

In x basis, these masses have the form

iv2 <>:<M13§~315)Z> ,iV2 <>i</~011§~31>~(> LiV/2 <):(M7i15)~<> :
(7.58)

Any linear combination (Eq. 6.16) of these masses can be written as —ixmy where again
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m has the structure given by Eq. 7.41, albeit with different entries, i.e.,

0 0 0
0 —iAsYs A

iA3Y 5 0 AiYgs

AYy AT 0

(7.59)

o o o O

Therefore, it gives rise to four gapless Dirac fermions except for the three great circles
where there are four additional gapless modes due to additional zeros in the #1912 sector

similar to Eq. 7.52.

7.2.4 Ferro spin-quadrupole semimetal

The &; doublet in Eq. 4.24c corresponds to uniform (ferro) ordering of the spin-quadrupole
densities in (31 — ¥5)/v/2 and (255 — %1 — %) /v/6. The corresponding two masses are

given by :

(—ix (=216 + LaCax))/V2,
(—ix(Z1¢s + oo + E3¢1)x) /V6. (7.60)

These two masses do not fully gap out the fermions and hence represent ferro spin-
quadrupolar density wave semimetals. Moreover, depending on the linear combination of
these two masses, the number of gapless modes change due to the change in the residual
symmetry— similar to the case described above by Eq. 7.52, but now on a circle, i.e. S!.
This is a fallout of the fact that the two masses are non-compatible. Consider a generic
linear combination of the two masses of the form akin to Eq. 6.16, but now on a circle,

i.e., —ixm(9)x, where
m(¥) = cos my + sind ma, (7.61)

and {mq, mo} represent the two mass matrices in Eq. 7.60 and ¢ € (0, 2x]. For a generic
value of ¥, there are four gapless modes in the spectrum and thus, this doublet is a I'-DSM
type semimetal. The flavour SU(4) is broken down to U(1) at these points. However, for

special isolated values of ¥ = &F (with n = 0,1,---,5), there are eight gapless modes
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since the flavour SU(4) is only broken down to SU(2). Thus, the residual symmetry is

larger for the case where there are extra gapless modes.

The appearance of the gapless modes for these masses are better understood in the y

basis introduced in Eq. 7.35. In this basis, the masses in Eq. 7.60 are given by

<—i>:< <—\/§Mo + pis + ﬁ#s) i1>~<> /\/57
(=iX(pt0 + V315 = V2) 51X ) /V3. (7.62)

such that the generic mass matrix in Eq. 7.61 is —ixm(J)x where

m(Y) =
0 0 0 0
0 2sin ¥ 0 0 R
V2 V3 . ® 21
0 0 51\%9 — cos 0
0 0 0 — cos ) — Sn?

V3
(7.63)

Thus, the x; spinors defined in Eq. 7.40 are always gapless, accounting for the four gapless
fermions for generic . Also, for the special values of ¥ specified before, either the x», X3

or the x4 spinors also become gapless.

The gaplessness of the y; modes for generic values of ¢ is protected by TR symmetry
and the SU(2)1g subgroup of the SU(8). For the special values of ¥ where there are extra
gapless modes, the residual symmetry also becomes large compared to that for other
values of ¥). This is evident because, as mentioned before, the flavour SU(4) breaks down
to U(1) at generic values of J. But for the special values noted above, it only breaks

down to SU(2).

7.2.5 Ferro spin-octupole semimetal

The & doublet in Eq. 4.24d represent uniform (ferro) ordering in the spin-octupoles
given by (13 + Xg3) /v/6 and (2815 + Y13 — Ya3) /3v/2 respectively. These masses are
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given by :

(—ixX(Z136e + Taala)x) /V2,
(—ix(2212G1 — X13C2 + 223(3)X) /\/6 (7.64)

Any linear combination of these masses of the form in Eq. 7.61 breaks down the flavour
SU(4) to SU(2) generated by {¥4, X5, Y45}

Similar to the ferro spin-quadrupole doublet in Eq. 7.60, there are at least four gapless
modes present for the masses in this doublet. Thus, this doublet is also a I'-DSM type
semimetal. The number of these gapless modes again depends on their linear combination
because of the non-compatibility of these masses and are best analysed in the x basis

(Eq. 7.35). In this basis, the two masses in Eq. 7.64 are given by

<—i>:< <2,U15 - \/§M8> iof(> /\/37
<—i):( <—2l~b15 + \/6u3 - 2\/§/~L8> §~30>2> /3- (7'65)

such that the mass matrices have the generic form given by Eq. 7.41. Hence the x;
modes are always gapless. In addition, considering linear combinations as in Eq. 7.61,
for some special values of ¥ given by ¥ = (2n 4 1) with n =0,1,--- ,5, there are extra
gapless modes whose existence can be understood via an analysis similar to the ferro
spin-quadrupolar doublet in Eq. 7.60 discussed before. However, unlike this previous
case, this doublet breaks TR symmetry. So, for generic values of 14, the x; spinors can
be gapped out by turning on the ICI mass which does not break any further symmetries.
Hence the leftover gapless modes are less robust and can easily give way to a Np = 1 ICI

phase.

7.3 Experimental Probes for Multipolar Orders

The detection of multipolar orders in materials is an active research frontier, with most
studies leveraging the coupling between these multipolar moments and the system’s
phonons [66, 67, 147]. Direct probing via neutron scattering techniques, which are com-
monly used for detecting magnetic order, faces challenges due to the weak scattering

cross-section of multipolar orders.
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Recent proposals have suggested that the coupling between the Goldstone modes
associated with quadrupolar order and the lattice phonons can lead to a renormalization
of the sound velocity in the material [147]. Crucially, the temperature dependence of this
sound velocity renormalization exhibits a distinct behavior compared to other phases,
providing a characteristic signature for the detection of quadrupolar density waves, such
as those discussed in this chapter.

Furthermore, Raman scattering experiments have been employed to detect octupolar
moments by exploiting their effect on the magnetostriction coefficient [66], which can also

be utilized to probe the octupolar density waves discussed in this chapter.
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Chapter 8

Phase transitions

Having described all the possible phases proximate to the SU(8) Dirac semi-metal, we now
discuss some of the interesting phase transitions in this chapter. In Sec. 8.1, we discuss
the transition from a octupolar quantum Hall phase to a novel 4e-superconducting phase.
Then we discuss about unnecessary quantum critical points in Sec. 8.2. Finally, we discuss

the transition from the SU(8) DSM to the stripy CDW phase in Sec. 8.3.

8.1 Transition from octupolar quantum Hall phase

to a 4e superconductor

In this section, we discuss a novel mechanism for realizing superconductivity by con-
densing topological defects that carry non-zero electric charge. Similar mechanism can
be realized in both single-layer and bilayer graphene systems [141, 148]. In the case of
single-layer graphene, the skyrmions of the quantum spin-Hall phase carry 2e electronic
charge, and condensation of these produces a s-wave superconductor. In this section, we
discuss a similar mechanism where the skyrmions of the 7, phase (Chapter 6.1.2) carry

4e electric charge and condensation of these produce a charge-4e superconductor.

The three masses in the ) triplet are given by (Eq. 6.8)

=i (X212X) , —1 {(XX23X), —1 {XX13X) - (8.1)

All these masses fully gap out the fermions. Also, since these masses are compatible with
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each other, the spectrum remains gapped for a general linear combination
—iA (X ( 1112 + n2dag + n3Xi3 ) X) (8.2)

of the masses. Here, A is a positive real number and 77 = {nj, ny, n3} are is a unit vector

such that

ni+n3+ns = 1. (8.3)

One can now produce a skyrmion configuration with this order parameter by keeping

A fixed, but varying 7 slowly over space such that the skyrmion number ¥/ given by:
2 1 S oo -
W= [ d°x 8_71'6,“/)\ - 0,1 X O\,

is non-zero. These skyrmions are topological defects of the 7 field. The physical signif-
icance of a non-zero ¥’ lies in the fact that the vector field 7i(x) wraps around the unit
sphere ¥/ times as one traces the spatial coordinates x. This topological winding is quan-
tified by the skyrmion number ¥/, which serves as a topological invariant characterizing

the field configuration.

In the presence of such a skyrmion configuration, the low-energy action is given by:
S = /dgl' dr (?}F)Z (-Za + 6A> X + iA)Z(nlElg + TZQZQg + 713213))()

Here, A, is the vector potential for the external electromagnetic field, and e is the charge
of an electron. Integrating out the fermions, we get the effective action in the presence

of the spatially varying 7 as [149]

Sepp = / & <¢A“J;°p+ (8,477)* ) +im N O)]. (8.4)

8mup
top - . . .
Here, J,7 is the topological current density given by

N
Jier — ‘;—erw 7 - 9,7 x . (8.5)

where Ny(= 4) is the number of fermion flavors. The last term in the action is called the
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f-term and is given by

O[] = 2627:2 / &Pz tr [ (UT'0,U) (U'9,U) (UT'0NU) | (8.6)

where U(z) is a unitary matrix such that
U71212U = n1212 -+ 7’L2223 + n3213. (87)

The details about the derivation of the #-term is given in Ref [150].

In the presence of a skyrmion configuration, the total electric charge of the system is

given by

Q = /de Jip
N
=eNy | d°x 8_7'('6“1/)\ - 0,1 X O\Tl
=eN/W. (8.8)

Thus, the total charge of a skyrmion configuration depends on the skyrmion number /.
Therefore, a skyrmion with 1 = 1 carries a 4e electronic charge (since Ny = 4 in our
case). On the other hand, the statistics of the skyrmions is determined by the #-term.
It is shown in Ref. [149] that the geometric phase obtained by the ground state wave
function upon interchanging two skyrmions is m/Ny. Thus, in this case, the skymions
acquire 47 phase implying that they obey bosonic statistics. Hence, condensation of
such Skyrmions within a framework discussed in Ref. [141] would lead to a novel 4e
superconductor with single electron excitations being gapped and the magnetic flux is
quantized in units of hc/4e [151]. This is tantamount to the fractionalization [152] of the
elementary BCS he/2e-vortex. The above mechanism to obtain a 4e superconductor is
rather novel and differs from the usual mechanism of BCS superconductivity, where such a
4e superconductor is obtained by forming a 4-electron bound state and condensing them.
The novel superconductor here seems to be a natural consequence of the SOC-mediated
symmetry implementation in quarter-filled j = 3/2 honeycomb lattices that allow binding

of 4e charges to the topological texture of the spin-octupole order parameter.
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8.2 Unnecessary quantum critical points

In this section, we delve into phases belonging to the Group-2 and Group-3 categories
that exhibit unnecessary quantum critical points (UQCPs). UQCPs denote continuous
phase transitions occurring within the same phase, a concept first proposed by Bi and
Senthil in Ref. [153]. Conventionally, quantum phase transitions occur between distinct
phases when a relevant coupling parameter reaches a critical value. However, Bi and
Senthil demonstrated that such transitions can also occur within the same phase. These
UQCPs manifest as high symmetry points in the parameter space, enabling any two
points within the same phase to be connected while circumventing the high symmetry

point. Additional instances of UQCPs are discussed in Refs. [154, 155].

Among the phases discussed in previous chapters, some feature a discrete set of special
points in the order parameter space where the fermionic gap closes, while remaining
gapped at adjacent points. This occurs due to the non-compatibility of mass matrices
within these triplets and leads to the unnecessary quantum critical points. In this section,
we offer insights into these special points, elucidating how they arise from the projection
of a critical hyper-surface from a higher-dimensional parameter space onto the triplet
parameter space. To illustrate this, we take the 7,¢, and 7, triplets (Chapter 6.1.3) as an
example. As discussed before, a generic linear combination of the masses in a particular

triplet,

—i (Ay (Ymaix) + Az (xmaXx) + Az (Ymsx)) (8.9)

can be represented on the surface of a 2-sphere (as shown in Fig. 8.1). With this, there

are eight points on the &2 with
|A] = [Ag] = [Ag], (8.10)

where the fermionic spectrum becomes gapless (e.g., point B in Fig. 8.1).

The existence of such isolated gapless points is surprising and different from the usual
incompatible masses such as the chiral masses [21]. In the case of chiral masses (Chap-
ter 5), in moving from the CDW masses to the ICI mass, one encounters an unavoidable

line of bulk gap closing corresponding to a phase transition, across which the level of
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Chern-Simons term change. However, in the case of the 7 and 7, triplets under dis-
cussion, one can conceive two different classes of lines on the sphere joining the same two
gapped end-points (C and D) as shown on the sphere in the middle panel of Fig. 8.1, one
not passing through the special point (the black path) and the other passing through the
special point, B (the red path).

For the second path, one would naively conclude that the system goes through a phase
transition via a critical point with higher symmetry. The situation can be understood
by going back to the six inversion odd masses in Eq. 4.14 and reminding ourselves that
the six masses in 7}, and 7, are mutually incompatible and together form a reducible
representation (Egs. 4.19 and 4.20) of a U(1) ® SU(2) subgroup of SO(5). A generic linear
combination of the six masses in this case can be represented as points on the surface
of a 5-dimensional sphere, $°, by extending Eq. 6.16 to all the six masses. On this &5
due to the incompatibility, there are extended lower dimensional regions of parameter
space where the fermions are partially gapless that separates the fully gapped regions as
schematically depicted in Fig. 8.1. Projection of the gapless regions from &° to &2 for
the above two triplets results in the isolated special points. This is most easily seen by
sitting at one of the special partially gapless points on the §? for a particular triplet (say
J,;,) and performing the U(1) ® SU(2) transformation generated by Eq. 4.17 and 4.18 as
discussed above. The resultant mass necessarily involves the other triplet, 7,;, and hence
does not lie on the &2 anymore but on the gapless manifold of &°. This is schematically
shown in Fig. 8.1. Thus the special point B is the projected image of the gapless manifold
on &% to &2 and the two classes of paths between C and D mentioned above have a natural
interpretation on &5 where the black (red) path avoiding (touching) the special isolated
point corresponds to paths on §° that lie within a single gapped phase but avoid (touche)
the gapless manifold. Very importantly, the special point is mandated to exist under the
microscopic symmetries such that a system tuned to pass through the special point B
undergoes an unnecessary phase transition [153]. In this sense, the special points can
be thought of as examples of symmetry enforced unnecessary multi-critical points. The
multiciritical points in the case of the 7% and 7, phases (Chapter 7.1.5) can also be

understood in a similar way as a projection of a critical hypersurface on &% to §2.

Such special points are also present in the 7,2 and 7,2 phases (Chapter 7.1.6) which

represent zig-zag spin-quadrupolar density waves. Here, however, we have to consider
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Projection

S5 >

Figure 8.1: The six masses in Eq. 4.14 are mutually incompatible. A generic linear
combination of such masses (similar to Eq. 6.16 extended to the six masses) can be
represented on a five-dimensional sphere, §° as shown in the left-hand figure which
has extended gapless critical hyper-lines (in magenta) separating two different phases
described by the two triplets 7, and 75, (Eqgs. 4.19 and 4.20). The pink line on §°
represents a hypersurface on which the fermionic spectrum is gapless (Fig. 6.2(c,f)).
This hypersurface projects to the point B on &? as shown by the dotted lines. The
images of the two paths from C to D are also shown in &°.

a 17-dimensional sphere, &7 arising from considering an 18-dimensional incompatible
vector mass comprised of the masses given by Eqs. 4.24e and 4.24f. This is made up
of the four zig-zag triplets along with two & doublets, the Ay, and A3, singlets. Then,
on projecting back to the &2 spheres spanned by each zig-zag triplet, the isolated points

are obtained as a projection of the gapless parts on $17.

8.3 Weakly 1st order phase transition from the SU(8)
DSM to the stripy CDW phase

In this section, we discuss the phase transition from the SU(8) Dirac semi-metal to the
stripy CDW phase. For this, we first consider the Landau-Ginzburg action allowed by

the microscopic symmetries

S = /d?’x (eff+e€b+£bf) (8.11)
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where L is the Lagrangian for the fermions given by Eq. 3.7. £} is the Lagrangian for
the CDW order parameter field A and is given by

1 - . .
Ly =Ny | 5108 + g|A|2 RNVt %|A|4 +wy (AZAZ 4+ AZAZ 1 A2A2) | (8.12)

and the coupling of the fermions to the CDW order parameter is
Ly =igA - XCx (8.13)

Here, r, u, wy, we, g are phenomenological coupling constants. We have kept the Ny (num-
ber of fermion flavors) factor in front of the action for later convenience. Ultimately, we
want to get the phase diagram in the Ny — oo limit. Since the part of the bosonic action
that comes from integrating out the fermions is already of the order of Ny, we also put

the extra factor of Ny in front of the bosonic action.

It is important to note the microscopic symmetries allow for the third order term
(—uA;AsA3) in the bosonic action. This term ultimately leads to an interesting phase
diagram as we discuss in this section using mean-filed approximation. For this purpose,
we generalize the theory from Ny = 4 flavors of fermions to Ny = NN flavors of fermions
with NV being an arbitrary positive integer. The effective action after integrating out the
fermions (from the action in Eq. 8.11) in the N — oo approximation and also with mean

field approximation (see Appendix A.13 for details) is given by

"' X2, WiiRa 272 NG 9 a3
Seff :NV §‘A’ +I’A‘ —UA1A2A3+1U2<A1A2+)—p‘A’A—FS—ﬂ_‘A’
o o ~2 ~3
TR W R AR L (R2A 9z, 9 A
— NA*V {§]A|2 + AP —uBi ARy + By(A3AF 4 ) = HIAP + 3—7T|A\3]

(8.14)

Here, A is the ultraviolet momentum cutoff and V' is the total volume of the space-
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time. Also, 7, g, Wy, We, , A1 etc. are dimensionless variables with

A = AN

g=gA'’?

r = A2

w, = W A

Wy = Wal\

u = A3 (8.15)

Now to get the phase diagram of this theory, we minimize Sesf w.r.t., A. Below we

present the results for various parameter regimes.

Phase diagram for @ = wy; =0

We first discuss the phase diagram for « = wy = 0. In this limit, the effective action
has a SO(3) symmetry which corresponds to the orthogonal rotation among the three

components of the CDW order parameter. The effective action in this case is given by

Ll 2%\ R, W 3u, 0 A
_ 3 - _ 29 2 e 4 J 3
Sep = NNV [2 (7" W2)|A| +IAl + 24 (8.16)
_ ~2
7“; 27{_92
A=0
10) > g
A#£0

Figure 8.2: Phase diagram for &« = wy = 0. The red horizontal line shows the phase
boundary between the disordered and the ordered phases.

—

L g2 . . 3 L 9g2 .
For 7 — 27% > 0, the minima of the action is for A = 0. For 7 — 2%2 < 0, the minima
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occurs at

- 1 §3 g?) 2 _ ~ g?
Al=— | -L Z) —4 —2L 8.17

The transition from the disordered to the ordered phase happens continuously. This is

pictorially shown in the phase diagram in Fig. 8.2.

Phase diagram for w,w, # 0

We now consider the effects of including the third-order term in the effective action.
Without loss of generality, we take the parameter @ to be positive, as the solutions for
negative u are simply related by an inversion of the order parameter vector A — —A.

The full effective action in this case is given by:

_ 3 L/ 28°\ %2, W13 X A A ~ 272 7z
Seff—NAV 5 T‘—ﬂ_— |A| +I|A| _UA1A2A3+'LU2(A1A2+)+§|A| :

(8.18)
~2
F— 29
A
A =0
P -—~~\\
: >
© Q
A - {A07 AO; AO}
Rf~—" " . .
A:{A(%O)O} ) \\\\

Figure 8.3: Phase diagram for u # 0, wy # 0. The red line indicates a continuous
transition, whereas the dashed blue and dashed green lines represent first-order phase
transitions.

The mean-field phase diagram including this cubic term is shown in Fig. 1. There are

two distinct regimes in the mean-field phase diagram obtained in this case (Fig 8.3). For

P _

< L
™ V3
Ay > 0. This is shown by the blue dotted line in Fig. 8.3. Along this first-order line

there is a first order phase transition from A=0to A= {Aq, Ag, Ag} where
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given by

r 2§2 2 g AN 8.19
i P‘M(‘?*ﬁ) (8:.19)

the magnitude of the discontinuous jump in Ag is given by:

2 P?a
Ng=——— (- + — 8.20
° 3w1+4w2< 7r+\/§> (8.20)

At the special point QQ where % = %, the first-order line terminates. Beyond (), for
% > \%, the transition becomes a continuous one. Thus, the third order term makes the
transition first order for small values of the Yukawa coupling g. But, for larger values
of g, the first-order transition becomes weaker which eventually becomes a continuous
transition.

Another first order transition happens from 5 = {Ao, Ay, A} to E = {Ay, 0,0} along
the green dotted line shown in the Fig .8.3. Notably, the position of this green first-order
line is governed by the relative strengths of the parameters u and w,. For a fixed value of
U, as wo approaches zero, the green first-order line progressively shifts downward in the
phase diagram. In the limit of ws = 0, this first-order line completely disappears from the
phase diagram. Conversely, for a fixed value of ws, as the parameter u approaches zero,
the points P and R move closer to the point O along the vertical axis, while the point
@ moves closer to O along the horizontal axis. Ultimately, when % becomes exactly zero,
the points P, @, and R all converge at the point O. In this limiting case of u = 0, the
phase diagram recovers the structure observed in Fig. 8.2, where the @ term was absent
from the effective action. This highlights the crucial role played by the u parameter in
shaping the phase diagram and governing the existence of the weakly first-order phase

transition.
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Chapter 9

Modeling materials

In the previous chapters, we have discussed the the fate of the low-energy theory of the

Hamiltonian (Eq. 2.23)

H = Z ZZ \P(Tra(rvd) |:[ :-;-l’] of 500’ - /\laﬁ : Saa’érr’&a.ﬂ \I}g/ﬁ<r/,d,) + h.C., (91)

(rr,0) a8 oo’

with the hopping matrix h‘;{, on the z-bond (see Fig. 2.2) being

tade  tdam  tddm’
AB  _
W = taam taae taam

tddm/  lddm/  tddo
= tddaha + tddﬂ'h’T( + tddmhm + tddm’ h'm’a (92)

in presence of strong SOC and taking the indirect hopping amplitude t44,, to be the
dominant. In this chapter, we provide a controlled understanding of the effect of the

other hopping pathways as well as finite SOC.

The DFT estimates' [128] for the hopping amplitudes ¢ 44y, tadm, etc., (see Eq. 2.20) for
different materials are given in Table 9.1. The generic hierarchy of the relative strengths

of the hopping parameters are found to be as follows

tado| > |tadr| > [tadm| > |tadm|- (9.3)

!The DFT studies were performed by M. Gupta and T. S. Dasgupta [128] and the details of it forms
a part of the PhD thesis of M. Gupta (unpublished).
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TiXs 7rXs HIX;
F Cl Br F Cl Br F Cl Br
tido -0.167 -0.220 -0.164 -0.546 -0.558 -0.476 -0.708 -0.666 -0.569
tadr 0.077 0.062 0.046 0.210 0.150 0.126 0.274 0.190 0.157
tadm 0.058 0.078 0.079 -0.061 0.030 0.038 -0.126 0.015 0.031
tadm’ -0.022 -0.030 -0.027 -0.023 -0.020 -0.020 -0.039 -0.022 -0.020
tadr [tddo -0.463 -0.281 -0.277 -0.385 -0.269 -0.264 -0.387 -0.285 -0.277
tadm/tado -0.351 -0.357 -0.481 0.112 -0.053 -0.081 0.178 -0.022 -0.054
tadam’ [tado 0.134 0.136 0.163 0.043 0.037 0.042 0.055 0.033 0.035
A 0.015 0.028 0.040 0.030 0.043 0.043 0.060 0.152 0.152
M tado -0.089 -0.127 -0.244 -0.055 -0.076 -0.090 -0.085 -0.228 -0.267
A=E. -E4,, | -0.030 0.050 0.039 -0.178 0.057 0.077 -0.212 0.065 0.088
A/t aio 0.180 -0.227 -0.236 0.325 -0.103 -0.161 0.300 -0.097 -0.154

Table 9.1: DFT estimated hopping terms defined for A% matrix (Eq. 9.2) and SOC
strength(\). The last two rows show energy splitting in to, level due to trigonal distortion.

Apart from ratios, all the numbers quoted are in unit of eV. The DFT studies were

performed by M. Gupta and T. S. Dasgupta [128] and the details of it forms a part of

the PhD thesis of M. Gupta (unpublished). This table is taken from Ref. [128].
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For understanding of generic structure of the non-interacting phase diagram in context
of the different compounds and possibly others, it is useful to scale out an overall energy-
scale, & = |tqao| + |taam|, and study the rescaled Hamiltonian in terms of dimensionless

coupling constants. To this end, it is useful to re-write Eq. 9.1 as

H=8 3, ) >, V) HH,?{/LB%—ilag-swfénf | Wars(, ) + hc

(r5r,8) o8 oo’

(9.4)

such that H?, can be obtained by re-scaling A%, and in particular its form on the z bond

is obtained by re-scaling Eq. 9.2 as

H?B = _(1 — Tm)ha + mehm + T’(l - Tm)hﬂ’ + Trlnhm' (95>
with

tage = —E(1 — 7p); tadr = 7 tade;  lddm = PETm;

tagm: = 871: A =&\ (9.6)

and the parameter, p = £1 additionally indicates that the indirect hopping amplitude
taam can be of either sign.

In particular ZrF3 and HfF3 have p = —1 (see Table 9.1), making the situation
markedly different from that of chlorides/bromides. This distinct difference of the flu-
orides arises from the following characteristic features of F — (1) much smaller ionic
radius (147 pm), and (2) much higher electronegativity (3.98); compared to chlorine and
bromine with ionic radii (electronegativities) of 175 pm (3.16) and 185 pm (2.96) respec-
tively. None of the fluoride compounds have been so far synthesized and hence for the
rest of this thesis, we discuss the p = +1 case in detail and discuss the case for fluorides

towards briefly the end in Sec. 9.2.

9.1 Single electron phase diagram in the 7,, — \ plane

The Hamiltonian in Eq. 9.4 leads to a rich set of possibilities even at the non-interacting

level which crucially decides the fate of electron-electron interactions and the low energy
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Gapped,

p, Gapped, r Kk M no edge modes

J‘ edge modes

(1]

Figure 9.1: (a) Phase diagram in 7, — A plane for r = 0,77, =0, p = +1. The
two gapped phases are shown with different colors (gray and cyan). The vertical axis is
plotted between \e [0,2.0]. For larger values, no new phases appear and this feature for
very large 5\(—> 00) is shown through extrapolation as shown by the break lines on the
vertical axis. The band structures, plotted along the I', K and the M points of the BZ.
at different points on the phase diagram are shown as insets. The blue horizontal lines in
the insets I, V and VI show the position of the Fermi level. In the inset I, both the
bands are six-fold degenerate as explained in the text. The insets V and VI are for very
large value of A and hence the only the four lower energy j = 3/2 bands are shown. (b)
Band structure in the topological gapped phase (for 7, = 0.9, = oo, r = 0, 7/ =0) in
cylindrical geometry. The edge modes at the Fermi-energy are shown by the blue solid
line, with Fermi level marked in dashed line. (c¢) A single hexagon showing the origin of
molecular orbitals at point P, of the phase diagram in Fig 9.1(a). Different colored dots
represent three ¢, orbitals. The six sites of the hexagon are labeled with numbers from
1 to 6. The symmetric linear combination of the orbitals connected by the green dotted
line form the lowest energy band. Other orbitals are localized on singles bonds of the
hexagon are shown by black dotted lines. See text for details.

phases. While in actual materials all the parameters are present, we unfold the story
in steps, by following the hierarchy of different energy scales, and introducing them one
by one. This provides understanding at the model level, the influence of each distinct

hopping terms in the resulting phases.

The first principle calculations [128] show that the major deviation from the indirect
hopping model discussed in Ref. [156, 157] is the direct hopping given by t44,. The
simplest model, therefore consists of t44,, tqam and A, setting the other subleading terms,
taar and tgq, zero. This gives rise to a phase diagram in the 7, — A plane, such that the
Tm = 0(1) corresponds to the purely direct (indirect) hopping limits at different values

of SOC with r = 7/, = 0. Having discussed this phase-diagram of the minimal possible
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model, capturing the interplay of direct and indirect hopping, we next sequentially turn
on tyq. and tgg,, and examine the 7, — A phase diagram by first setting r=-0.3, and then
setting 7/, = -7,,. We note that the importance of direct metal-metal interaction, over the
conventional description of ligand-mediated interaction in description of phenomenology
of transition metal compounds, has been acknowledged in recent time, in context of

cobaltates [158].

9.1.1 7, — A phase diagram with r =7/ =0

The phase diagram in the 7,, — A plane is shown in Fig, 9.1(a). The top right corner,
Py(= (1, =1, A= o0) corresponds to infinite SOC in the purely indirect hopping limit.
This, for d* gives rise to SU(8) Dirac semi-metal (DSM) as discussed in Ref. [156]. At Ps,
the six ¢y, orbitals (including spin degeneracy) split up into four j = 3/2 and two j = 1/2
orbitals as already discussed in Chapter 2.4. The j = 3/2 and the j = 1/2 states are
separated by infinite energy gap (o< \) with the j = 3/2 orbitals being of lower energy.
Hence at this point we obtain the 1/4th filled j = 3/2 orbitals whose band structure is
shown in inset (V) of Fig. 9.1(a). As already discussed in Chapter 3, the lowest band
linearly touches the upper band at the I' and the M points of the BZ giving rise to four
4-component Dirac fermions sitting at four valleys — the three M points of the BZ and
one at the I' point that constitutes the SU(8) DSM [156]. Remarkably, almost the entire
phase diagram, except the pink and green shaded parts along the 7, = 0 and A = 0 axis,
can be understood from this SU(8) limit as we now discuss.

On moving away from the SU(8) point, all the Dirac fermions get gapped out, gener-
ically giving rise to band insulators. However the nature of these two band insulators
obtained in the two extreme limits of changing 7,,, or A away from P;, are different. One
of them — that obtained by varying only 7, — is a free fermion symmetry protected topo-
logical phase (SPT) [13], as is evident from the gapless edge modes plotted in Fig. 9.1(b).
These edge modes are protected by time reversal symmetry. Indeed, out of the 24 distinct
ways of gapping out the SU(8) Dirac fermions discussed in Ref. [156], there are precisely
two different time reversal invariant lattice (Af,) singlet masses where we have used the
notations of Ref. [156] for ready reference. The above two band insulators correspond
to these two singlets as detailed in Appendix A.15. The two insulating phases are sepa-

rated by a phase transition denoted by the magenta curve connecting the points P3; and

121



P, = (7, = 0.67, X\ = 0). On this line, only the Dirac fermions at the I' point become
gapless while those at the three M-points remain gapped across the transition as shown
in the band-structure (V1) in Fig. 9.1(a). The resultant theory has an enhanced SU(2)
symmetry as detailed in Appendix A.15.

In Fig. 9.1(a), diametrically opposite to Ps is the point O = (7, = 0, A= 0) which
describes the purely direct hopping model via t;4, without SOC. Here, the hopping

Hamiltonian (Eq. 9.4) reduces to a particularly simple form, given by

H=-8Y > Ul ey (0,0) Wy xy (v, o)+

o=Tl \(r,s;r’,s')Ez-bonds

> Ul (0, 0) Wy (r, o) + > Ul (1,0) V0 2x(x, o) | + hec.

(r,a;r’ ,o")Ex-bonds (r,a;r’ ,9") Ey-bonds

(9.7)

such that on the z/x/y-bonds (See Fig. 2.1) respectively only the XY /Y Z/Z X-orbitals
hop. Since each set of bonds forms a disconnected network of dimers that rotate into
itself under C3, we get bonding and anti-bonding orbitals of the respective types on each
of the three bonds resulting in two sets of 6-fold (including spin o =1,]) degenerate flat
band as shown in inset (I17) of Fig. 9.1(a). This kind of separation of the energy bands
into two groups of three bands is also seen in the DFT band structures for ZrCls [128]
where the direct overlap t44, dominates (as given in Table 9.1).

The fact that the entire O P; segment on the A =0 line is gapless is expected on very
general grounds and is in fact dictated by the general structure of the phase diagram
starting from the SU(8) symmetric point, P;. This can be rationalized based on that
fact on this line there is an enhanced SU(2) spin rotation symmetry such that this line
cannot be a part of the free fermion SPT lying above it for finite \- as predicted by the
SU(8) theory. The trivial insulating phase (shown in cyan in Fig. 9.1(a)) of course can be
connected to the spin-rotation symmetric segment P, P, continuously. Finally at the point
Py, = (1, = 1, A= 0), the bands become flat again with a degeneracy of 2-4-4-2 (inset
(VII) of Fig. 9.1(a)). At this point (P), the lowest band is made up of spin-degenerate
molecular orbitals of the type shown in Fig. 9.1(c) at each hexagon. On deviating from
this point, these orbitals acquire dispersion. Hence the entire gapped trivial insulator

(shown in cyan in Fig. 9.1(a)) can be understood in terms of these effective eigenmodes.
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F8

Gapped,
edge modes

Gapped,
no edge modes

—» T,
P

F10

F11

Figure 9.2: (a) Phase diagram for p = +1 ;r = —0.3, 7/, = 0. Two gapped phases shown
in gray and cyan shading. The different metallic phases are shown with different colors
and labeled as F'1, ..., F'11. (b) Fermi surfaces corresponding to different metallic phases.
The hole-like Fermi surfaces are shown with blue dashed lines and the electron-like F'S are
shown with solid violet lines. The hexagonal BZ is shown with red solid lines. The F1’
Fermi surface corresponds to the O point of the phase diagram shown in panel (a). The
un-dotted and dotted region of F'1 differ by the fact for the Fermi surface corresponding
to the dotted region, one of the Fermi pockets around the K points is electron-like and
the other is hole-like, while both are electron-like for the un-dotted region.
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On increasing the SOC () along the 7,,, = 0 line in Fig. 9.1(a), the six-fold symmetry
is independently lifted in the bonding and anti-bonding sectors without intermixing for
small \ as shown in inset (VIIT) of the figure. The band structure (inset (VI1I)) is very
similar to that of monolayer Kagome band structure [159] — for both the bonding and anti-
bonding sectors— with the lower dispersing band touching the flat band quadratically at
the I'-point of the BZ. As one increases the SOC, the band-width of each of the two sectors
increases while retaining their overall shape such that at the point Py, = (7, = 0, )= 1.35)
the bands touch at the I" point leading to a spin-1 Dirac dispersion [160] at the touching
of the two sectors (inset (IV') of Fig. 9.1(a)). On increasing SOC further, remarkably the
second flat band — previously associated with the anti-bonding sector — detaches from
it and becomes a part of the bonding sector leading to a division of four lower bands
and two higher bands (inset (I) of Fig. 9.1(a))— as expected from the j = 1/2 and
j = 3/2 splitting of the atomic orbitals at large SOC. For d' materials, however, the
above change of band structure is not important as only the lowest flat band is filled such
that the chemical potential lie at the lowest quadratic band touching points leading to
a very unstable (to interactions) quadratic band-touching semimetal with one of the flat
bands having divergent effective mass.

The above structure of the phase diagram gives a good starting point to connect to
the DFT band structure by incorporating the sub-leading interactions as we now turn
to discuss. Two such important sub-leading parameters are t;q4, and tg4, representing
the sub-leading direct and indirect hopping respectively (see Egs. 2.20 and 9.6 as well as
Table. 9.1). We study their effects as a build up to the material phase diagram.

9.1.2 Effect of ¢y,

The first sub-leading hopping that is relevant across all the compounds is the direct hop-
ping via the m-overlap denoted by 44, and incorporated via the parameter r = t 44, /tado
in our effective tight-binding Hamiltonian (Eq. 9.4) as shown in Eq. 9.6. However, in-
stead of scanning the entire phase diagram as a function of r, we shall confine ourselves
to r = —0.3— a value which is roughly consistent for the different materials. The resultant
phase diagram is shown in Fig. 9.2.

The P,P; line of Fig. 9.2(a) is exactly equivalent to that of Fig. 9.1(a) and hence

the description of the entire trivial gapped band insulator in cyan region remains same
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apart from the quantitative renormalization of the band structure away from the 7, = 1
line. Similarly, the physics of the A = 0o for 7, < 1 holds until the point Py giving rise
to the Zs free fermion SPT (gray region) with gapless edge modes, exactly in the case
of tgar = 0 in Fig. 9.1(a). The intermediate line, P3P, hence is associated with a Dirac
band-touching at the I'-point of the BZ giving rise to a SU(2) DSM. However, the effect
of tagn = 7|taas| < (1 — 7,,) drastically rearranges the band structure for lower 7,,, as we

discuss now.

The tg4q4, lifts the threefold degeneracy of the flat bands at the point O = (7, =
0,\ = 0) leading to dispersive bands that cross the chemical potential giving rise to a
compensated band metal such that the net Luttinger volume is zero. The relevant Fermi
surface is named F'1’ and is shown in Fig. 9.2(b). However, this is highly unstable due
to the touching of the hole and particle Fermi pockets and on increasing both 7,, and
), the resultant Fermi surface undergoes topological changes giving rise to a plethora of
compensated band metals denoted by F'1 — F11 in Fig. 9.2(a). The intervening Lifshitz
transitions [161, 162] include cases where both separate sheets of Fermi surfaces merge,
e.g. F'4 to F'5 via van-Hove singular necks, as well as, instances where individual sheets
of Fermi surfaces disappear, e.g. F'1 to F'4. This generic appearance of the compensated
band metals with diverse Fermi-surface topology is particularly relevant to the materials
under consideration as we discuss in the next section in detail along with the relevant

Lifshitz transitions.

We would like to end this discussion about the effect of t44, by commenting on the
metals F'1 — F11 (Fig. 9.2(a)) that occupy the region that was erstwhile (Fig. 9.1(a)) a
part of the topological insulator. Interestingly for F'8; the electron bands evolve contin-
uously from the free fermion SPT and hence it inherits a non-trivial Z, invariant for the
bands crossing the chemical potential. In fact, except on the A=0 line, we find that for
all the metals in the phase diagram under consideration, one of the bands crossing the
chemical potential has non-trivial Z; index, calculated following the method discussed in
Ref. [163]. The method is applicable for systems with inversion symmetry, as is in the

present case.
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Figure 9.3: Phase diagram for r = 0,7/, = —7,,, p = +1. Inset I shows a prototypical
band structure for a point on the OF, line where the lowest band touches the next band
linearly at the K points, while the inset I/ shows the band structure at the P; point.
Since A = oo at Ps, only four bands (J = 3/2 bands) are shown in inset II. As in
Fig.9.2(a), metallic phases with different Fermi surface topology, are labeled and colored.
In addition to F8, F'9 and F'10, introduced in Fig.9.2(a), three new phases, labeled as
F2, F3 and F12 appear. The Fermi surface topology for F2, F3 and F'12 phases are
shown by the side.

9.1.3 Effect of t ,,,

We now turn to the effect of the indirect hopping mediated by t44,,» on the minimal
model with phase diagram in Fig. 9.1(a). Again we choose a representative value of
taam' = —taam— in the regime relevant to the materials — to indicate its effect. Unlike t44;,
this indirect hopping now drastically reorganizes the 7, = 1 region of the phase diagram—

apparent by contrasting Fig. 9.1(a) with Figs. 9.2(a) and 9.3.

In particular, the line 7, = 0 remains unaltered with respect to the minimal model
(Fig. 9.1). Also, the free fermion SPT (in gray in Fig. 9.3) is stable to finite ¢44,,,/, albeit
it does not extend all the way to the point P;. In fact, the SU(8) Dirac point (P;) now
develops into a compensated band metal as the Dirac cones, at the erstwhile P; point,
moves away from the chemical potential in opposite direction— the Dirac node at the I"
point moves above it and those at the M points move below it — giving rise to Fermi
pockets around these points. The band structure at the P; point is shown in inset I of
the phase diagram in Fig. 9.3. The resultant Fermi surface around this point is of F'8
type given in Fig. 9.2(b).

As we move away from the P; point along the A = oo line by decreasing 7, (thus

increasing t44,), the F8 Fermi surface continues to exist, although a finite gap at the
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M and the I' opens up (away from the chemical potential) between the lowest and the
second lowest band. This gap opening due to the effect of t44, gives a non-trivial Z,
number to the lowest band and hence the F'8 metal in the phase diagram in Fig. 9.3 is
a topological metal. On moving further away from the Py point along the A = oo line,
the size of the Fermi pockets of the F'8 metal continuously shrink and eventually vanish
at the Py point after which the system enters into a gapped phase. Since this transition
from the F'8 metal to the gapped phase does not happen through a band touching, the
Zy invariant of the lower band remains unchanged across this transition and hence the
gapped phase is also topological insulator— the same free fermion SPT as in Fig. 9.1.

Turning to low SOC, the P, point no longer has flat bands but now gains a dispersion
due to 7/, leading to a compensated metal of Fermi surface type F'2 as shown in Fig. 9.3.
On moving from the point away from the P, point along the 7,,, = 1 line, the F'2 Fermi
surface transforms into a F'8 type Fermi surface, which is then connected to the P; point.
This F'8 — F2 transition does not involve any band touching, but just a change of the
chemical potential and hence the F2 region of the phase diagram is also a topological
metal. On reducing the values of 7, from the point P, the system encounters various
other metallic phases which have different Fermi surfaces (F'9, F'1, F'12, F'3 etc.). We find
that for all these phases, the bands crossing the Fermi energy always have a nontrivial
Zy index. Thus, all the metals in this phase diagram are also topological metals.

Finally, on the line OF;, 7,, = 7/, = 0 and hence the description of this line is the
same as in the phase diagram in Fig. 9.1. On the other hand, along the OP, line (for
which \ = 0), the lowest band touches the upper band linearly at the K points. The
effect of finite A opens up gap at the K points and the system enters into the topological
gapped (gray shaded region).

9.1.4 The material phase diagram

Having discussed the minimal tight-binding model and the effect of the sub-leading hop-
ping terms resulting in a rich single-particle phase diagram, we now turn to the regime
that may be most suited to the material parameters, except for the fluorides. To this end
we choose the representative hyperplane given by p = +1,r = 0.3,7/, = —7,,, and vary
Tm € (0,1) and X € (0, 00).

The phase diagram in this parameter regime is shown in Fig. 9.4. Due to the comple-
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mentary effects of the secondary direct and indirect hopping — t 44, and tg4,,,» respectively
— the resultant phase diagram is in a way superposition of Figs. 9.3 and 9.2(a) such that
all the phases appearing in this case are gapless, perfectly compensated and have Fermi

surfaces with at least one partially filled band having non-trivial Z5 invariant.

Based on which particular band(s) carry non-trivial Z5, the phase diagram can be
demarcated by red, magenta and blue lines (see Fig. 9.4). The Z, index for the lowest
band is non-zero for the region of the phase diagram which is in the right hand side of
the red solid line. On the other hand, the second lowest band has nontrivial Z5 index
for the regions of the phase diagram which are either left to the red solid line or right to
the magenta solid line. On the red line, the lowest and the second lowest bands touch
at the M point and the Z; character of the two bands switch. On the magenta line, the
second lowest band touches the third lowest band and thus encounters another change
in Zy character. The third lowest band, which crosses the Fermi energy only at the F'1
region which is near the origin O, has non-trivial Z; index for the region which is left to
the blue solid line in the phase diagram. On this blue line, the third lowest band touches

the fourth lowest band and encounters a change in Z, character.

The positioning of the materials ZrXs, TiX3 and the HfX3 (X = Cl, Br) in the phase
diagram, based on the estimated parameters given in Table 9.1 is shown in zoomed plots
given in Fig. 9.4. Due to weaker SOC compared to the strength of leading hopping
interactions, the studied compounds are all placed towards the bottom of the phase dia-
gram. Given the fact, that g4, (tgam) is significantly larger (smaller) in Zr/Hf compounds
compared to Ti compounds, as expected, Zr and Hf compounds are placed left to Ti com-
pounds. Given the similarity in electronic structure of Zr and Hf compounds (see Fig
.3), it is not surprising that they belong to the same F'4 class, with Hf compounds lying
higher in position compared to Zr, due to stronger SOC. On the other hand, Ti com-
pounds belong to distinctly different F'5 class. Systematically, bromine compounds lie
higher and right to chlorine compounds, due to stronger SOC and weaker direct hopping

strength, respectively.

The detailed Fermi surface(FS)s of the compensated, topological metallic phases of
the six compounds are shown in Fig. 9.5. The F'4 type FS of ZrX3 and HfX3 compounds
is characterized by three disjoint Fermi pockets— two electron-like pocket around the two

K points and one hole-like pocket around the I' point. On the other hand, the TiX3
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Figure 9.4: Phase diagram for p = +1, r = =03, 77, = —7,, with 0 < 7, < 1 and 0 <
A < 2.0. For \ > 2.0, the F'8 phase continues to exist. The six different chloride/bromide
compounds are placed in this phase diagram, according to the estimated parameter values
of the low energy Hamiltonian (cf. Table 9.1), shown in the insets I, ] and I1I. The
phase diagram is demarcated by the red, blue and magenta lines, according to the Z,
characters of the bands. See text for details.

compounds having F'5-type FS, have two Fermi pockets, one electron-like and one hole-

like around the I' point.

9.1.5 Nesting and Lifshitz transitions

A characteristic feature of some of the FSs in Fig. 9.5 are the flattish almost nested
sections — involving both intra and inter-pockets. This makes them particularly suscep-
tible to nesting instabilities in presence of electron-electron interactions at appropriate
wave-vectors. Our preliminary results indeed indicate enhanced susceptibilities in the
charge-density-wave channel due to such nesting. The detailed characterization of such
instabilities though require more accurate study particularly due to the intricate structure
of the FS’s involved.

Another feature of the phase diagram is the presence of plethora of Lifshitz phase
transitions [161, 162] between the variety of compensated metals (Fig. 9.4). These phase
transitions involving a change in the Fermi surface topology can be classified into two
broad categories [161, 164] — (1) pocket vanishing type associated with disappearance
of new segments of Fermi surface e.g., between F1 and F4 where the Fermi pockets
centered around the BZ corners appear— possibly relevant for Zr(Hf)Cly and Zr(Hf)Brs,
and, (2) neck collapsing type associated with merging of two segments of Fermi surfaces

e.g., the transition between F'4 and F'5 where two particle-like Fermi pockets develop a
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Figure 9.5: Fermi surfaces for (a) TiCls, (b) TiBrs, (c) ZrCl, (d) ZrBrs, (e) HfCls,
(f) HfBrs. The (a) and (b) are F'5-type Fermi surface while the rest are F'4 type. The
blue dotted lines show hole-like Fermi surface and the solid indigo colored lines show
electron-like Fermi surface. The red line shows the boundary of the hexagonal BZ.
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neck that meets at the M points possibly relevant for TiCl3 and TiBrs. These transitions,
accessed, in the present case, by tuning the band parameters at a particular filling, occur
due to the change of the band-structure at the chemical potential. While the former
leads to a step function in the single-particle density of states, p(e — er) ~ 0(e — €p), the
latter has a logarithmic singularity, i.e., p(¢e — eg) ~ —In|e — €| and hence has a van
Hove singularity arising from the vanishing Fermi velocity for the electrons on the Fermi
surface. This singular behavior can be reflected in thermodynamic measurements such
as magnetic susceptibility [164] as well as scaling of bipartite entanglement entropy [165].
Interestingly, the tuning of the band parameters can be achieved through bi-axial straining
which should be achievable considering the layered structure of the materials similar
to SrRuO4[166]. Considering about 2% compressive strain on ZrCl, the direct ddo
hopping is found to enhance by about 20% while the indirect hopping is found to be
heavily suppressed, thereby conducive to triggering a F'4 — F'1 transition. This may
be even easier for Hf compounds, which are even closer to the F'4-F1 boundary. DFT
calculated F'S for 1% strained Hf compound, indeed shows a F'1 type [128]. Straining on
Ti compounds shows similar effect, although the percentage change is found to be much
smaller. Therefore. such straining may be of interest in investigating the physics of the

Lifshitz transition.

9.2 p = -1: Implication for Fluorides

Having discussed the situation with the chlorides and the bromides, we now turn to
fluorides, which as indicated above (cf Table 9.1) show markedly different electronic
structure. Furthermore, unlike chlorides and bromides, the tight-binding parameters for
fluorides show diverse behavior even among the 3d, 4d and 5d transition metals, the
parameters for Ti being rather different from that of Zr/Hf. This hinders providing
a universal framework to describe the three fluoride compounds, captured through a
common phase diagram, as was possible for chlorides and bromides. We thus concentrate
on the most striking difference between Zr/Hf chlorides and bromides, and Zr/Hf fluorides,
namely the change in sign of the indirect hopping, t44m, captured by the parameter p in
Eq. 9.6. This affects some of the basic conclusions stemming from the structure of the

minimal phase diagram, presented in Fig. 9.1. In the following, we thus confine ourselves
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Figure 9.6: 7, — A phase diagram with p = —1,r = 0,7, = 0. The two gapped phases,
shaded as gray and cyan, as well as pink coloured lines in the phase diagram are identical
to those in Fig 9.1(a). The band structures on a typical point on the OP; line is shown
in inset /1. The inset I shows the band structure on the transition line between the
two gapped phases. Note that inset I shows only four bands since it is drawn for a
large value of X where the four lower energy J = 3/2 orbitals are separated from the
higher energy J = 1/2 orbitals by a large energy separation. As opposed to Fig 9.1(a),
this phase diagram hosts two topological metallic phases, marked in lime-green and dark
green shades. The Fermi surfaces for the two metallic regions are shown by insets I11

and IV.

to the 7., — A phase diagram, which determines the nature of the low energy single-particle
starting point for these materials, without delving into the complexity of the sub-leading
hopping like t44, and ¢4, The obtained results are shown in Fig. 9.6, which should be
contrasted with Fig. 9.1(a).

First of all, we notice a similarity of the phase diagrams in Fig. 9.6 and Fig. 9.1(a),
especially for large \. This apparent similarity, however, hides an important contrast
that can be best understood as follows. Starting from the SU(8) limit, P; in the present
case is a particle-hole inverted version of Fig. 9.1(a) due to the change in sign of ¢g4n.
Thus, while the P; still gives a SU(8) DSM with four 4-component Dirac points at I" and
three M points, the associated spinors are not necessarily the same as in the previous
case, but are related to it via a microscopic particle-hole transformation. In fact, this
theory is therefore a particle-hole conjugate version of the SU(8) metal discussed in Ref.
[156] and hence the same mass analysis can be applied to the present case. It is for
this reason, we still have the same two gapped phases— the free fermion topological and
trivial band insulators on deviating away from the SU(8) semi-metal- resulting from the

two lattice singlet masses [156]. However, the difference in the eigen modes due to the
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change in sign becomes apparent at the transition between the two insulators, which now
is brought about by closing of the gap at the three M points on the line P3P, while that
at the I' point remains gapped— unlike in case for P3P; line in Fig. 9.1(a). This leads to
an enlarged SU(6) internal symmetry for the Nrp = 3 free Dirac fermions on the P3Py
line (see Appendix A.10).

Another consequence of the above change in the nature of the spinors is the appearance
of additional compensated semi metals for lower values of X around tgg, ~ tgam. The
corresponding Fermi surfaces are shown in insets 171 and IV. The lowest bands of these
metals have non-zero Z, index on the closed region Pi; PsPy4, while the upper band is
Zo-trivial. On the line Pj5 P4, the lowest band touches the upper band at the M points
and the Z, indices of these two bands switch. Thus, one of the bands of these metals
always has non-zero Z, index and these are topological metals. On the P3Py line, Fermi
pockets of the metals shrink to zero and the system enters the trivial insulating phase.
Hence, the change of sign of the indirect hopping makes the situation more favorable to
the topological metallic phase, which may be stabilized even without inclusion of sub-

leading hopping terms.
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Chapter 10

Summary

This doctoral thesis conducts a comprehensive investigation into the low-energy physics
of the d' honeycomb materials in the presence of spin-orbit coupling (SOC). The first
part of the thesis focuses on the regime where the indirect hopping term t44,, dominates
and the SOC strength is strong. In this limit, the low-energy theory is described by a
(241)-dimensional Dirac theory endowed with an enhanced SU(8) symmetry.

A key aspect of this theory is the non-trivial implementation of the microscopic sym-
metries on the low-energy spinor degrees of freedom arising because of strong SOC. In
the presence of short-range interactions, we identify 64 distinct gap-opening instabilities
of the Dirac theory. These instabilities are systematically classified according to their
transformation properties under the microscopic symmetries, resulting in the identifica-
tion of 24 distinct phases. The non-triviality of the symmetry implementation is reflected
in the nature of the phases obtained in this process.

These 24 phases are organized into three broad categories based on how they break
the SU(8) symmetry. Group-1 consists of two phases that break the chiral SU(2) symme-
try while preserving the flavor SU(4) symmetry. Group-2 encompasses all the generalized
quantum Hall phases which spontaneously break the flavor SU(4) symmetry while pre-
serving the chiral SU(2) symmetry. Group-3 comprises phases that break both the flavor
SU(4) and chiral SU(2) symmetries. The phases in this group include density waves, some
of which exhibit non-trivial topological properties. Remarkably, the non-trivial symme-
try implementation on the low-energy degrees of freedom gives rise to intriguing density
wave semi-metallic phases group-3, where certain fermionic bands remain gapless while

others acquire a gap, highlighting the profound consequences of the intricate symmetry
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realizations in these systems.

The thesis further explores several intriguing phase transitions. One finding is the
proposal that the condensation of skyrmions from the 7,5 octupolar quantum Hall phase
can lead to the realization of an unconventional charge-4e superconductor. Additionally,
the work unveils phases exhibiting unnecessary quantum critical points in the parameter
space, a phenomenon arising from the incompatibility of the mass matrices, which eventu-
ally comes about because of the non-trivial symmetry implementation. Furthermore, the
phase transition from the SU(8) symmetric Dirac semi-metal to the chiral stripy charge-
density wave phase is investigated within the mean-field approximation, which shows a
weakly first-order transition.

The second part of the thesis investigates the nearest-neighbor hopping model for d*
honeycomb materials in a generalized regime, considering the effects of various hopping
parameters and spin-orbit coupling (SOC) strengths. The analysis adopts a system-
atic approach, gradually incorporating the different hopping terms one by one into the
Hamiltonian, enabling a comprehensive understanding of their individual and collective
impacts. While certain hopping parameters drive the system towards the gapped phases
identified in the first part of the study, the introduction of the additional hoppings and
the finite strength of SOC unveils a multitude of distinct metallic phases which are dis-
tinguished based on the topology of their Fermi surfaces. Using the DFT estimates for

some of the candidate materials, we also predict their position on the phase diagram.
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A.1 The microscopic details

A.1.1 The lattice

Similar to Kitaev materials [127], it is useful to consider the honeycomb lattice to lie
in the plane perpendicular to the [111] direction of the global Cartesian coordinates
(X,Y, Z) (see Fig. 2.1). Therefore the two orthogonal directions in the honeycomb plane

are spanned by
(2Z-X-Y) (A.1)
while

t=—=(X+Y +2) (A.2)

is normal to the honeycomb plane. In this new coordinate system, the x,y, and z bonds

in these new coordinates are shown in Fig. 2.2.

The lattice vectors (with reference to Fig. 2.2) are

3C . 3 . 30 . 3
b, = 5 & - \/_Ty, by = &= \/_Ty (A.3)

A.1.2 Effective angular momentum of the ¢, orbitals

The SOC Hamiltonian for an electron in the d-orbitals is given by

H=D = @ g, (A.4)

soc

where A\(> 0) is the strength of the SOC, 1¥ are the [ = 2 angular momentum matrices
and s are the spin angular momentum matrices. Projecting Hj,. to the ty, orbitals, we

have the effective SOC Hamiltonian in the t5, sector given by
Hye = —Al-s, (A.5)

where the 1 are the [ = 1 angular momentum generator matrices. The extra —we sign

appears as a result of the projection. Thus, the ¢y, orbitals effectively behave as [ =1
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states under rotations with

Ly = 0) = |dxy), |z = +1) = ——(ildxz) + |dy ).

V2

Here, |dxy),|dyz) ,|dzx) are the three ty, orbitals.

A.1.3 The j = 3/2 orbitals

(A.6)

In the presence of SOC, these six degenerate (including spin degeneracy) states split into

four with total angular momentum j = 3/2 and the other two with j = 1/2. The j = 3/2

states in terms of the ¢y, states are given by

1 )
13/2) = ﬁ(—\dyz,ﬁ —ildzx, 1))
1 )
11/2) = %(—WYZ,U —ildzx, ) + 2ldxy, 1))
1 .
| —1/2) = %(ldYZ;T> —ildzx, 1) +2|dxy,{))
1

| —3/2) = —=(ldyz, ) —ildzx, 1))

N~

(A7)

In terms of the second quantized operators, the inverse relations, when projected to

the j = 3/2 orbitals are

\Il:rr,z(rvd) = %
W, (r0) = = (0], 00) + VB0 )
W (r,0) = 1/ 20l (r0),

(vl r,0) = V3o, (r,))

(A.8a)

where on the LHS, W[ (r,s), U] (r,s), U} (r,s) stand for the creation operators for the

|dy z6),|dzx,0),|dxy, o) orbitals respectively at the lattice sub-lattice site s of the unit

cell at r and o =1, ] are spin indices. The wig and er in the RHS refer to the creations

operators in the j = 3/2 orbitals as [130]

(1%@1?%71%@1?10 = (¢I/27¢11/27¢;/27¢13/2)'

where 7 =] (1) for o =1 ({).
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A.2 The Microscopic symmetries

The transformation of the ¢4 orbitals under lattice translation and TR are straightforward

and are given by

T1(2) : \I/g,a(r,.d) — ‘1/07a<1'/,0/)

(A.10)
T: U, o(r,8) = (102 ) Uy o(r,9)

Va=uwxyz2and o =1,], where r' = T [r] as discussed in the main text.

For the point group symmetries listed in Table 2.1, the transformation of the o,

orbitals have a generic form of
St Wl (r,8) = WI(r,8) = [Rs] 5, U ,(x', ). (A.11)

where S are the point group symmetry generators listed in Table 2.1 that takes (r',4") —

(r,s) on the honeycomb lattice. The form of the 3 x3 matrices, Rg for different symmetries

are :
0 0 1 010 010
Res =110 0],Rsg=10 0 1|, Ry, =11 0 0], (A.12)
010 1 00 001
while
Ri=13, Ry =Rc,. (A.13)

The transformation of the j = 3/2 orbitals (Eq. 2.24) under the action of the micro-

scopic symmetries can be obtained from the above relations. For TR, we have
P(r,s) — 1813 K (r, ). (A.14)

For the lattice symmetries (Table 2.1), similar to Eq. A.11, the transformation of

Y(r,s) have the following generic form

Syl (r,0) = ¥i(r,0) = [Us], w1, o). (A.15)
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The Us are 4 x 4 unitary matrices which for different symmetries are

Ur, = Up, = U =14, (A.16)
—l4+i —1—i == =
1 1—43 —1—4 —5;‘ %
UC3 == Z 1 w _1 . 1 . Y
73 /3 7 7
1—§ 1+i . .
% —3 —]. — 1 —]. + 1
(A.17)
1413 —1—1
o s =141 —1+1
Us, _}l 11 ‘z 11 42 7 7 |
% —3 1— (3 1— 2
1+i —1—j .
Vel 7 —1—7 1+1
(A.18)
0 -1+ 0 0
1 1414 0 0 0
U, = — , (A.19)
V2o 0 0 —1—3
0 0 1—2 0
Uy, = Ugy,. (A.20)

A.3 Relation between the j = 3/2 matrices and the X

matrices generating SU(4)

Following reference [167], we define a basis for the set of 4-dimensional Hermitian matrices

using the SU(2) generators for spin-3/2. The three spin-3/2 matrices written in the J,
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eigenbasis are the following:

0 1 ¥ 0
1 0 0 ¥
Jx: 9
Lo 0 0
0 %2 0 0
0 —i B3
§ i 0 0 -8
y , 9
i3
-0 0 0
0 ™3 0 0
0 0 0
0 -2 0 0
J, = s
0 0 % o0
0 0 0 -3

(A.21)

(A.22)

(A.23)

Note that, instead of the standard practice, we have used a different ordering of the

J, eigen-basis (see Eq. 2.24) to write these matrices which is evident from the form of

the J, matrix in Eq. A.23. In our choice of basis, the hopping matrices of the lattice

Hamiltonian in Eq. 2.26 have a simpler form.

With the above matrices, one can define the following five Hermitian matrices:

1
El = %{Jya Jz}a

1
E2 = E{Jza Jx}7

1
Z33 = ﬁ{‘]xv Jy}a

1

2 2
2y \/g((]a: - Jy))
5)
25 == Jz2 - Z]Ll,

with —313533%435 = Iy = ¥y. The above five matrices satisfy

{30, X5} = 2003
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2 = even 2 — odd
S:BQ (S:Al S:Bl S:AQ (S:BQ S:Al S:Bl (S:AQ
po(zs) | +1 +1 +1 +1 +1 +1 +1 +1
pl(@é’) +1 —1 +1 +1 —1 +1 —1 —1
p2(2s) +1 +1 -1 +1 -1 -1 +1 —1
p3(2s) +1 -1 -1 +1 +1 -1 -1 +1
pa(2s) +1 -1 +1 -1 +1 -1 +1 -1
ps(2s) +1 —1 +1 —1 +1 -1 1 -1
plg(@é’) +1 -1 —1 +1 +1 —1 —1 +1
p13(2s) +1 +1 -1 +1 -1 -1 +1 —1
p1a(2s) +1 +1 +1 -1 -1 -1 -1 +1
p15(2s) +1 +1 +1 -1 -1 -1 -1 +1
pas(zs) | +1 —1 +1 +1 -1 +1 -1 —1
p24(@5) +1 -1 —1 —1 —1 +1 +1 +1
pgg,(@g) +1 —1 —1 —1 —1 +1 +1 +1
p3a(2s) +1 +1 -1 -1 +1 +1 -1 —1
p3s(2s) +1 +1 -1 -1 +1 +1 -1 —1
pas(es) | +1 +1 +1 +1 +1 +1 +1 +1

Table A.1: The values of p;(2s) = 1 defined in Eq. A.33 are written in this table.

and therefore generate a (Euclidean) Clifford algebra [167]. The following 10 operators

1
Eaﬁ = 2_2[2067 Eﬁ]

(A.26)

then generate SO(5) rotations. Eq. A.24 and Eq. A.26 together define a basis for the

4-dimensional Hermitian matrices that generate SU(4).

The spin matrices can be written in terms of these ¥; as

V3 1
Jp = 7215 - 5(223 — Y14);
V3 1
Jy = —7225 + 5(213 + Yo4);
1
J, = =Ygy — 5212

which generates an SU(2) subgroup of SU(4) with commutation relation

[Jz'7 JJ] = iGiijk.
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We now consider two kinds of lattice operators defined below
OF " (25) = Pi(25)Tith(25), (A.31)
and

O (2s) = ¢ (25)Xig(2s), (A.32)

Using the relation between the 1 and the ¢ operators given in Eq. 2.34, we find that
OF ! (25) = pi(25) O " (25) (A.33)

where p;(25) = £1. In table A.1, we write what p;(2s) are for different & and 2. In this

table, we assume the form of 2 as given in Eq. 2.32 which is
2 =n.R; + nng. (A34)

We say 2 = even (odd) if (n, +n,) is even (odd).

A.4 The ¢(2y5) matrices of transformation to mani-

festly SU(4) invariant local basis

The set of G(2s) matrices that lead to the form of n(2y,2%,) is given in Eq. 2.37 is

written below. Here we again take 2 to be of the form as in Eq. A.34.

For (n, 4+ n,) =even :

Glep,) =(-1) =

Glea) =(-1)77"0,

Glep) =(-1) 2 U.U,

Gl2a,) =(-1)"7 "U,U.U, (A.35)



And for (n, +n,) =odd :

Glen) = ()3T UL,
Glea) = (-1 (~U)
Glen) =(-1)" 3" (-U.U,)
Glea) =(-1)"F7U.

(A.36)

Although we will be using this particular form, there are other choices for the G(2s)

matrices which lead to same

form for the n(2g, 2%,).
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A.5 Low-energy Hamiltonian

A.5.1 Band structure

To diagonalize the Hamiltonian given by Eq. 2.35, we define Fourier space operators
1 1.
ok, S) = = D e (2g) (A.37)
2

where N is the total number of magnetic unit-cells, f = 1,2,3,4 are the four SU(4)

flavours and k runs over the magnetic Brillouin zone (Fig. 3.1).

In terms of these Fourier space operators, the Hamiltonian in Eq. 2.35 can now be

written as
; 4
H=——"_ Z Z ¢r(k,8) [h(k)]ss dp(k, S")
3 y
f=1 k 8,8
(A.38)
where
0 1+4eikRe 0 et
1 + ¢k Rz 0 1 0
h(k) = /
0 1 0 1 elk-RZ
eik'Rl O 1 6—’ik-R2 0
(A.39)

Diagonalizing the h(k) matrix, we get the band structure shown in Fig. 3.1.

A.5.2 The low energy Dirac Hamiltonian

At 1/4th filling, the valence band touches the conduction band at two Dirac points in
the BZ given by Eq. 3.1. To get the low-energy Hamiltonian, we first write the ¢(2.)

operators in terms of the soft modes ¢¢g, as

br(2s) = VA Y V5. (2). (A.40)

T=%1
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Here, 2 (defined in Eq. 2.32) denotes position of a particular magnetic unit cell and A is
the area of a single magnetic unit cell. The ¢s,(2) operators are defined for each valley

(7 = £1 labels the valleys) as
1 .
bror(2) = i D o (TQ +q. ). (A.41)
a

In the above summation, q runs over half of the magnetic Brillouin zone for each 7 such
that the Dirac point 7Q is contained in that half. These ¢, fields vary slowly over the
magnetic unit cells.

Now to get the low-energy Hamiltonian, we use the form of ¢(2s) as in Eq. A.40 to
rewrite the Hamiltonian in Eq. 2.35 in terms of the ¢s,(2) operators. We also use the

following expansion for ¢g, :
qbf&-(@ + g) = QSng’T(i) + g qufcw(@) + (9(52) (A42)

Here, § can be some magnetic translation vector (R; or Ry). The soft-mode continuum
Hamiltonian is then obtained by rewriting the Hamiltonian in Eq. 2.35 using the above
expression and keeping terms that are linear in the derivative. The final form of the

Hamiltonian is given below in Eq. A.43.

4
H= Z Z Z /d2x ¢}ST (x) [h(()T) — iThy 0, — iTh,0, o Prsir ().

f=171=+1 8,8'=A1,As,B1,B>

(A.43)
where,
0 1+ir 0 —ir 000 3
h(T)_t[ 1—ir 0 1 0 h—t[ 0000
° V3| o 1 o 1+ir| " V3loo o ol
T 0 1—r 0 3000
0 —v3 0 0
V3 0 0 0
Lt , (A.4da)
V3| o 0 0 V3
0 0 V3 0
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where ( is the length of each side of a hexagon of the honeycomb lattice.

As because the system is at 1/4th filling, we need to further project this Hamiltonian
into the lowest two bands to get the low energy theory. For this, we take the eigenvectors
corresponding to the lowest two eigenvalues of hgT) and project hg, h, into the subspace
of these two eigenvectors. This way of projecting the Hamiltonian is correct up to linear
order in derivatives, which is sufficient in this case since the Hamiltonian A.43 is also

linear in derivatives.
With this, the final form of the low-energy Dirac Hamiltonian is the following

4 2
HD = Vfp Z Z /d?x Z X}om’ (X) [_Z.To-ffax - iayay]aﬁ XfﬁT (X>

f=1 r=+1 o,B=1

(A.45)

Here, vp = f/—% and o, 0,, 0, are the three Pauli matrices. Also the operators x .- (x) are

defined as

Xrar(X) = Y WD bpsr(x). (A.46)

8§=A1,A2,B1,B2

which is the inverse of Eq. 3.2 of the main text.

In the above equation,

2
Wt =37 W, aplTr]ss- (A.47)
B=1
Here,
i 1ot 1
T, =| V2 lﬁ)‘ 1 1\/5 (A.48)
O 1 1 “+T
V6 V2 V6

projects the annihilation operators to the lowest two bands. The matrices

W, = [ezp <—i79%> exp <—i72%)} (A.49)

with 0 = cos‘l(\/ig) are used to perform some extra unitary rotations on the spinors to

bring the Dirac Hamiltonian in its canonical form.
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A.6 Symmetry transformation of the soft modes

A.6.1 Action of lattice symmetry transformations on ¢(2s) op-

erators

The transformation properties of the soft modes y(x) under the action of lattice symme-
tries can be determined from that of the original j = 3/2 operators 1 (r, ) as given in
Eq. A.14-A.19. Using these, the transformations of the ¢(2s) operators are obtained as

follows

S: 9l (25) = 9] (2s) = [G(25)! Us G(25)] 01 (2. (A.50)

Here, the site at 2%, goes to 2s under the action of the lattice symmetry S.

Using this, one can now derive the transformations of the soft modes x(x) which are
defined in terms of the Fourier transforms of the ¢(2s) operators(Eq. A.46). Below we
provide some details of the transformations of both the ¢(2s) and the x(x) operators un-
der the action of various lattice symmetries. For ¢(2), we write down how the operators

in a particular magnetic unit cell at 2 transform where
2 = n,Rq +nyRos. (A.51)

with ng, n, being integers.

Transformation under translations T1 and Ts: Under the action of Ty,

6(25,) = (1) [Qf, [ 6( (2 — Ra — Ra)s, ),
6(2,) = (1) |0 | 6((2 — Ra)a,),
6(25,) — (=) [0F | o(25,),

6(2.,) = (1) |OF | 6((2 — Ra)a,),

(A.52)
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where,
O, = —i%ys. (A.53)

Similarly, under the action of T,

d(2p,) = (=) |0f | 6((2 = Ra)p,)

6(24,) = (1) |OF [ 6((2 — Ra + Ra).,)

é(25,) = (1) (L [ 6((2 + Ra),)

O(24) > (=) [0f T o(2,). (A.54)

where
Qf, =%, (A.55)

Transformation under Cy: Under a C, rotation,

o(2s,) = (—1)™ |, | 6(2%,)
B(24,) = (—1)™ |, | 6((2' ~ Ra)s))
o(2n,) = (—1)" |Qf, | #((# — Ra)s,)
o(2a;) — (-1 [0f, | 6(2,) (A.56)
Here,
2 = n$R1 — nsz, (A57)
and
Qé; - (X14 — Xo4) . (A.58)

V2

Transformation under Cgz: Under the action of Cg rotation, transformation of the

¢(#2) operators are given below.
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Sublattice (ng +ny) = even (ny +ny) = odd

¢(2p,) — (—1)™[QE,] ¢ ( (Cs[e])s, ) (—1)™[QL,] ¢ ( (Cs[2])s, )
P(2a,) — (—1)™[Qf,] ¢ ( (Cs[2])a, ) (—1)"[Qf,] ¢ ( (Cs[2] — Ra)a, )
$(25,) = | (=)L) ¢ ( (Cs[2] — Ra)p, ) (—1)"[Qf,] ¢ ( (Cs[2] — Ra)p, )
d(24,) = | (1) QL] ¢ ((Cs[e] —Ra)a, ) | (—1)™[QL,] ¢ ( (Cs[e] — Ry —Ra)a, )
Here
_n””;ny R, — 3”””; "R, if n, +n, = even
{—”z;"y“Rl — etTIR, if g+, = odd
and
of, = }1 (zo VBEL VB - VED — % — iS5 + i\/§E45> . (A60)

Transformation under Sg: Transformation of ¢(2s) operators under the action of Sg

are as follows

(ngy +ny) = even (ny +n,) = odd
Slen) | (1241 6 ( (Sel2])a,) (—1)™ 3" [0L,] ¢ ( (Se[2])a, )
3(24,)— (—1)"2[Qf,] 6 ( (Se[e])m, ) (1) [Qf.] & ( (Se[2] + Ra)s, )
$(2p,)— ()™= [04,] ¢ ((Sele])as) | (=1 [Q4] 6 ( (Se[2] + Ra — Ra)a, )
S(2a,)— | (=D)L ] ¢ ((Se[2] —Ra)p, ) | (—1)“ 2 (] & ( (Se[2] + Ry — Ra)p, )
(A.61)
Here,
”””‘5”1’ R, — 3”“2_ "R, if n, +n, = even
Se¢[2] =
{—””+;”1R1 - —S"I_Qny_le if n, +n, = odd
(A.62)
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and

1
Qée = _Z <\/§Eo + 2142 — X3+ i\/§212

+iV/3% 13 — iV/3%93 + Z'E45>

Transformation under I : Under inversion,

where

and

O(2n,) = (~1)" 1 |0f] 6 ( (T, )
o(2a,) = (=1 [0f | 6 ( (1[2] ~ Ra)s, )
o(25,) = (1) |f] 6 ( (1[e] = Ra)a, )
o(2a) = (=1 [0f | 6 ((1[2))5, )

I[@] = _anl — nsz,

Qf = i%ys.

Transformation under oq: Under the action of reflection,

where

$(2p,) = (1) [QF,] ¢ ( (0al2])a, )

$(2a,) = (1) [Qf ] & ( (0al2])n, )

$2p,) = (1) [Q ] ¢ ( (0al2])a, )

$(2a,) = (1) [Q ] & ( (0a[2])p, )
O'd[@] =-n,Rqi+ nsz,

(A.63)

(A.64)

(A.65)

(A.66)

(A.67)

(A.68)



and

1
Qf = —= (215 _— 225) .

V2

(A.69)

A.6.2 Transformation of the y(x) operators under lattice sym-

metries

Under the microscopic time-reversal, we have

where

and K represents complex conjugation.

Under the action of Ty (g),

where,

and

T (o) = (2 @0%) K x(x),

Qf =%y,

Qﬁcr = 7.

Ti2) @ x(x) = (fom) ® erm)> X(x).

Qf = —i%y.
Q%l — —ZC3
QrJ;Q - ’i213,
O, = —iCe

(A.70)

(A.71)
(A.72)

(A.73)

(A.74)
(A.75)

(A.76)
(A.77)

The superscripts f and ¢ in Q'j;?vaEJ?l stand for “flavor” and “chiral” respectively since

these matrices act on the SU(4) flavor space and the chiral space.
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Under the action of C5,

C, : x(x)— <Qé,2 ® QC,2> X(C2 %),

where,

0F, = % (S14 — $a4)
ey = (=)

Under the action of Cj, the soft modes transform in the following way:

Cs : x(x)— <Qé3 ® QCC3> X(C3*1x).

Here,
—iX3 + 1393 + i\/§245) )
and
0, — % <_]14 n Z-\/§70> (Iy + ¢y + iCa + iCs)

Under Sg, the soft modes transform in the following way:

Se : x(x)— (Qée ® Q§6> x(Se 'x).

Here,

1
0f, = =7 (VBT + T + 25 — T+ VB

+iv/3%13 — iV3503 + i245>
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(A.78)

(A.79)

(A.80)

(A.81)

(A.82)

(A.83)

(A.84)

(A.85)



and

Qg, = <\/§H4 - Z"Vo) (L —i¢y — iy — iC3) (A.86)

NN

Under the action of inversion,

I y(x)— (Q{® Qg) X(—x). (A.87)

where,
Qf =%y, (A.88)
QS = i (A.89)

Under the action of oq,

oq : x(x)— (Qf;d ® Qf,d) x(og 'x).

(A.90)
where,
0f, = a (15 — Xs) (A.91)
V2
Q= L%(@ — (3). (A.92)

V2

A.7 Irreducible representations of the IR space group

As mentioned in the main text, the IR space group has total 96 elements and these can
be divided into 20 conjugacy classes. So, there are 20 irreducible representations of the
IR space group. Among these, 10 have +wve trace for 27 rotations. In the tables A.2, A.3,
A.4, we write down these irreducible representations by showing how fermions bilinears

in Eq. 4.2 (which we symbolically denote as X;, X, X3 etc) transform.
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Irrep |mass | Ty | To| I | Cs| S¢ | C, | o4
Ag | X — | X | X | X X X X X
Ay | X — | X | X | X X X | -X|-X
A | X— | X | X | -X] X | -X| X | -X
Ay | X — | X | X | X X | -X|-X]| X

Table A.2: List of 1-dimensional irreps

of the IR space group

Irrep | mass | Ty | T2 1 Cs Se C, o4
& | Xi— [ X | X | Xy | -S4 X Ve y X
Xo— | Xo | X9 X5 —@ — % @ — % X5 Xs
& | Xi— | Xi| X1 | —X —%-F@ %+@ —-X1 | Xu
Xo— | Xo| Xo| — X5 —% - % —@ + % X5 —X5

Table A.3: List of 2-dimensional irreps of the IR space group

Irrep | mass | Ty T, I Cs Se C, o4

Jeg | Xi— | =X | X1 | Xy X; | —Xo | Xy X4

XQ — XQ —X2 X2 —X1 —X3 —X3 —X3

X3 — —X3 X3 X3 —X2 X1 —Xz —X2

Jog | Xi— | =X1 | X1 | Xy Xs | —Xo | =Xy | =X,

X2 — X2 —X2 X2 —X1 —X3 X3 X3

X3 — —X3 X3 X3 —X2 X1 X2 X2

T | Xi— | =X | =X | X1 | X3 X X; | =Xy

X9 — X5 —Xo | = X9 | — X4 X3 —X3 X3

X3 —= | —X;5 X3 —X3 | Xy | = X7 | —Xo X

T | Xn— | X1 | X1 | -X1 | X3 Xo | =Xy | Xy

Xy — X5 X9 | = X9 | — X4 X3 X3 —X3

X3 — —X3 X3 —X3 —X2 _Xl X2 —X2

Table A.4: List of 3-dimensional irreps of the IR space group

when diagonalised, has the form

@103

203

azos

403
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A.8 Determination of broken symmetry group

For the first 7,9 triplet given by Eq. 7.21 in the main text, at a generic point on the
sphere in Fig. 6.2 such as C or D, the corresponding R matrix (introduced in Eq. 7.26),

(A.93)



Here ay, - - - , a4 are four real numbers which are not equal to each other. There are seven

linearly independent matrices that commute with R in the above equation. These are

o1y (oy) 0
—0y —0p 0

oXy) 0 0o

0 0 0 03

All these matrices commute with each other and hence these generate a subgroup of
SU(8) which contains seven mutually commuting U(1) groups. Thus, the SU(8) at a

general point on the sphere is broken down to [U(1)].

For the points on the three great circles obtained by setting one of the A; to zero, the

corresponding R matrix for the masses look like

103
R — 4193 . (A.94)

a303

a303

There are 15 linearly independent matrices that commute with this R which form a U(1)

® [U(1) ® SO(4)]? of the SU(S).

Finally, at the special eight points where all the A;s have equal magnitude such as

point B on the sphere in Fig. 6.2, the /R matrix has the following form

a103
a10.
R = e . (A.95)
a303
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The SU(8) symmetry group at these points breaks down to U(1) ® SO(4) ® U(1) ® U(1)
® U(2).

A.9 Basis transformation for the density wave semimet-
als

In Eq. 7.35, the 16 x 16 matrix U is given by Eq. A.96.

0 0 0 000000 0 0 —¢00 0
0 0 0 000000 0O i 00i 00
i 0 0 00000 00 0000 0
0 — 0 00000 0 0 0000 0
0 0 0 000000 0 0O ¢ ¢020 0
0 0 0 000000 0 — 00i 00
i 0 0 0000 i 0 0 0 0000 0
1o i 0 00000100 0000 0
U=7%1 0 0 0 0000000 0000 ]| A
0 0 0 000000 — 0 000 —i0
0 0 0 - ¢0000 0 0 0000 0
0 0 i 004 000 0 0 0000 0
0 0 0 00000 i 0 0O 000 0 i
0 0 0 000000 i 0 000 —i0
0 0 0 ¢ 0000 0 0 0000 0
0 0 — 0 0¢ 000 0 0 0000 0

A.9.1 The structure of the density wave semimetal masses

In terms of internal symmetry transformations, the 18 density wave semimetals can be
divided up into two categories depending on whether the number of gapless fermionic

modes changes depending on the particular linear combination of the mass term

where ¢ sums over the appropriate number of components depending on the dimension of
the irreducible representation. The first class where the number of gapless modes remains
unchanged for all values of A; consists of eight masses belonging to the two singlets (of

['-DSM type) and two triplets (of M-DSM type). They respectively make up :

158



o AY and AL, (Egs. 7.31 and 7.32) : Staggered spin-octupole density wave semimetal.
° I (Eq. 7.47) : Stripy spin-octupole density wave semimetal
* Iy (Eq. 7.55) : Stripy spin-quadrupole density wave semimetal.

The second class involves the rest of the 10 masses (of I-DSM type) whose number

of gapless modes changes as one tunes A;. These consist of two doublets and two triplets

given by
e 9, (Eq. 7.50) : Stripy spin-octupolar density wave semimetal.
° 7y (Eq. 7.57) : Stripy spin-quadrupolar density wave semimetal.
° & (Eq. 7.60) : Ferro spin-quadrupole density wave semimetal.
e & (Eq. 7.64) : Ferro spin-octupole density wave semimetal.

For the first class, leaving out the two singlets the six masses in the 7,9 and y; repre-
sentations form a reducible representation of a SO(4) subgroup of the low-energy SU(8).

This SO(4)(= SU(2)® SU(2)) subgroup is generated by the following six generators:

9 = % <M6215 - ,u725> (A.98a)
% (M14215 - M1325> (A.98b)

95 = %un (21 — io) (A.98¢)
9 = % <_N6§]15 - /~b7§~35> (A.98d)
92 = % ( p1a215 — M1325) (A.98e)
95 = %u 1 (21 + io> (A.98f)

The g;" and g; separately satisfy su(2) algebra which we call as su(2), and su(2)_
respectively. Also, these two su(2)s commute with each other, i.e., [g;",9;] = 0 Vi, j.

Now we form the following linear combinations of the masses in the 7,9 and 5 triplets

= (Tg)i — (Tig)s (A.99a)
;= (Tag)i + (T9)s, (A.99b)
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for i = 1,2,3. Here (72);, (9%

i 5g)i are the masses in the triplets 7,7 and Jy. The my

(m; ) masses transform in spin-1 (spin-0) representation under the action of su(2), and
in spin-0 (spin-1) representation under su(2)_. Thus, the six masses in the two triplets
transform in (1, 1) representation under the action of the SO(4).

It is interesting to note that the m;" masses go to m; under the action of the micro-
scopic time-reversal (TR). Thus, TR symmetry enforces the two representations of SO(4)
to mix resulting in the two triplets resulting in the TR even and odd spin-quadrupole
and spin-octupole phases respectively.

For the second group, the ten masses making up the two doublets (é’ge, 8;’) and two

triplets (7,5, 55

19> Toy) mix among themselves and actually form a (2,2) representation of the

SO(4) in Eq. A.98a. This is easy to see by writing the 10 masses in two sub-groups each

consisting of five masses as

m:_ = (gieg)l - (57;;)1 v 1= 17 27 37 (AIOOa)

my = ()1 — (&) (A.100b)

i = (&5)2 — (8))2 (A.100¢)
and

;= (Tg)i + (Tgg)i Vi=1,2,3, (A.101a)

my = (8)1 + () (A.101b)

ms = (&)2 + (67)2 (A.101c)

+

The first (second) sub-group of masses, m; (1; ) transforms as a spin-2(0) represen-

tation under su(2); and in spin-0 (spin-2) representation under su(2)_.

A.10 Analysis in the global basis

As mentioned in the main text, Bloch diagonalizing the Hamiltonian in global basis (Eq.
2.26) obtains four bands arising from the four j = 3/2 orbitals (Eq. 2.24) and each
two-fold degenerate due to inversion symmetry. The first set of bands touches the second

set of bands at four distinct points with a Dirac cone structure, see Fig. A.1. With 1/4th
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filling of the bands, the chemical potential is tuned to the Dirac points at the four Q,
vectors, I', My, My, M3 termed as valleys, in the original honeycomb lattice Brillouin

zone.

Following an approach similar to that adopted in the main text, the IR physics can
be obtained by expanding in terms of the four Dirac modes at quarter filling; one obtains
four flavours of two component Dirac fermions x4, (x) where v(=I', My, My, M3) refers to
the four valleys (Fig. A.1). Combining them together, we get the 16-component Dirac
spinor

Xo((2)) = (xgr(%): Xgar, (%) X (%); Xgar, (%))" (A.102)

in the global basis. This should be contrasted with the 16-component spinor in the local
basis obtained by stacking the four 4-component spinors in Eq. 3.4. The low-energy

action in the global basis reads
Ly =vrXe(—id)x, (A.103)

repeated are summed over the spatial directions. The gamma matrices in the global basis
are

73 = M0003>’Y; = Moooz;’Yg = —Mooo1 (A.104)

with

M,ypr = 0,0,0,0-, p,v,p,7€{0,1,2,3} (A.105)

where o0, are the Pauli matrices 0y = lax2,01 = 04,02 = 0, and 03 = 0,. The Dirac
action obtained from Eq. (A.103) has an emergent global SU(8) symmetry, much like
in the local basis. However, the crucial point is that the SU(4) symmetry of the trans-
formed microscopic Hamiltonian in the local basis does not directly manifest in the Dirac
lagrangian Eq. (A.103). This is the reason why we choose to represent the relevant ma-
trices M,,,- using the products of Pauli matrices as in Eq. (A.105), as there is no natural
choice of flavor and chiral spaces in the global basis. Despite the burden of this additional
notation, we will see that the global formulation provides key insights, particularly the

semimetallic phases obtained in the main text.

The Dirac action obtained from Eq. (A.103) is invariant under the space group sym-

metry operations S, the global basis spinors transform as x,(x) — Qsx,(S™'x). The
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matrices matrices {)g are obtained as (analogous to that discussed in appendix A.6.2 )

1 . . . 4
Qc, 16 <—M0000 — iv/3Moooz + V3 Moo10 — 3Moo13 + V3Moizo + 3iMo1az + Moizo + V3 Moy

+iV/3Moz20 — 3Moz2s + i Mozso — V3Mozss — Mosoo — 1V/3 Mooz + iV/3 Moz — 3Moss
+ V3 Mig20 + 3iMig23 — Migzo — iV/3Migss + Miroo + iV/3Miies + V3 M0 — 3Mins
— iMyaoo + V3Mizos + V3Mia10 + 3iMiars — V3 Mz — 3iMizas + Misso + iV3Myss3
— iV/3Mag20 + 3Manzs + i Magzo — V3Manzs + iMoo — V3Mares — V3Maro — 3iMas
+ Masoo + 1V 3Masgs + iv/3Manio — 3Masiz + iv/3Moasao — 3Magas — iMagzo + /3 Moasss
— Mi000 — iV/3Ms003 + iV/3Mso10 — 3Mso13 — V3Ma1a9 — 3iMa1a3 — Marzo — iv/3Mai3s

- i\/§M3220 +3M3993 — i M3230 + \/§M3233 — M3300 — Z'\/5]\/[3303 + i\/§M3310 — 3M3313>
1. 1.
Qo = 5! (Mozaz — Mii22 — Mazas + M3po2), chz = 5! (Mozs1 + Muiz1 + Magzi + Maoz1),
Qp =—Ms3:3,
B 1
6 16
+ iV/3Mogao + Mogas — 3iMogso — V'3 Mozss + 3Moseo — iV/3Mosos + ivV3Moz1o + Mosis

Qg <3M0000 — ivV/3Moo0s + V3 Moo10 + Moors + V3Mor20 — iMoia3 — 3Morzo + 1V 3Mouss
+ V3Migz0 — iMigas + 3Miozo — V3 Mgz — 3Miioo + iV3Miigs + iv3Ming + Ming
+ 3iMiso0 + V3Mizos + V3Mia10 — iMiars — V3Misz0 + iMizas — 3Myss0 + iV3Myss3
— iV/3Magao — Manas — 3iMaozo — V3Maozs — 3iMaro0 — V3Ma1o3 — V3Mar1o + Moy
— 3Ma00 + 1V/3Mazoz + iV/3Mazig + Masys + v/ 3Mazag + Mogas + 3iMazzo + /3 Mass
+ 3Mzo00 — iV 3Maoos + iV3Mao10 + Maors — V3Maiag + iMyios + 3Maiz0 — iv/3 M35
— iV/3M3990 — Mo + 3 Miaso + V3 Miass + 3Mis00 — 1V/3Mazos + iV 3Mazio + M3313> ;

QT1 = Mo300, QT2 = M3zo00, 2 = iMoo32-
(A.106)

An important feature here is that x, transforms under the action of S such that the space
of spinors x,r is an invariant subspace, i. e., symmetry transformations do not mix x,r

with any other xg,,v € {M;, My, M3}

We now see that any fermion bilinear of the form

—i)‘(ﬂSMw,ngg (A.107)
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M, ‘

Figure A.1: Brillouin zone and band structure in the global basis. Each of the four bands
indicated in a different color are twofold degenerate. At quarter filling, distinct Dirac
cones appear at four points (valleys) I, My, My, M3. The light blue plane indicates the
chemical potential at quarter-filling.

described by a mass matrix M,,,3, i, v, p € {0, 1,2,3} which anticommutes with 7; and
73, gaps out the Dirac fermions. The 64 masses can be classified by the irreducible rep-
resentations of the space group using the fact that the masses M, 3 transform adjointly
under the action of the operations Eq. (A.106). On carrying out the classification of mass
terms according to the irreducible representations of the space group, the analysis based

on the global basis produces identical results as those in tables. 4.3 to 4.6.

The global basis offers illuminating insights into understanding the phases, particu-
larly the semimetallic ones. Central to this is the fact that symmetry operations S do not

mix x,r with any other xg,, v € {M;, My, M3}. Thus, a spinor can be decomposed into

Xg = Prxg+ (1 — Pr)x, (A.108)
XgT' XgM

where the operator Pr projects a general spinor to the valley I". The space of spinors x,r
carries some irreps D” (in the fundamental representation) of the space group labeled by
index a. Similarly, the space of spinors x,u (spinors belonging to valleys My, My, M;) may
be decomposed into space group irreps D° labelled by b. Also, the adjoint representation

on the space of masses is decomposed into irreps D¢ labeled by ¢. We can now study
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the structure of the masses in one of the representations D¢, by exploring which product
representations DT* ® D¢ ® DY where P,Q € {a,b} contain a singlet representation.

Several interesting possibilities arise, of which two are crucially important:

1. An irreducible mass matrix M€ (c labels the irrep D¢ in the adjoint representation)
is such that there is no identity representation in the decomposable tensor product
representation D%* @ D°® D for all a, a’ representations carried by the Xgr-space.
Further, there is atleast one identity representation in D**® D¢® DY, where b, ¥/ are

¢

irreps of the x4a-space. In such a scenario, the mass M¢ acts like a “zero matrix”

on spinors X,r, and has the following structure,

r M; M, M,

r O4><4 04><4 O4><4 O4><4

. M| Osxa [ ] | |
MF—DSM - ) (A-109)
Mso| O4s W [ | [ |

M3\ 04y M | |

where B = non-zero entry. This guarantees that the Dirac cones at I' are un-
gapped, leading to a semimetallic phase, and we dub such a phase as “Gamma-
Dirac semimetal (I'-DSM)”. Examples of such semimetals are entries No. 17, 18,
20, 22, 23 and 24 in Table 4.6. As discussed in the main text, additional gapless
modes may be possible if such masses arise in a doublet or triplet representation

when the coefficients of the mass matrices satisfy special criteria (see, for example,

7.52).

2. The second interesting possibility for the mass M¢ is such that while there is no
identity representation in D** @ D¢ ®@ D® (a,da’ are representations in x,r-space)
or D"*® D°® D (b, are representations in y,y-space), but there is at least one
identity representation in D** @ D¢ ® D°. This implies that the mass M¢ mixes
Xgr With x,ar, but since mixing between spinors at I' is forbidden as is the mixing

between spinors between the M valleys, the remaining possibility is that of mixing
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between spinors at [' with those of M leading to the mass matrix structured as

T M, M, M,
r 044 [ | [ ] [ ]
. Mi| B Ous Osxa Osxa
MM-DSM - ) (A.llO)
Mol B Osxs Ogxa Ogpg

Mz \ B Ous Osxa Ogxs

This type of mass matrix has an emergent sub-lattice symmetry where
Ul M psmUst = — Mgy pew (A.111)

with
F M1 M2 M2

r laxa  Ogxa Oaxa  Osxa

USL _ Ml O4><4 _14><4 04><4 O4><4 (A.ll?)

M2 O4><4 04><4 _14><4 O4><4

M3 O4><4 04><4 04><4 _14><4

which guarantees that there are at least 8 zero eigenvalues leading to (at least) 8
gapless modes for any such mass. Note that the gapless modes will be a linear
combination of spinors from all the valleys and, in particular will depend on the
non-zero entries denoted by M. Such semimetals are dubbed ”M-Dirac semimetals

(M-DSM)”. In Table 4.6, the entries 19 and 21 are of this type.

A.11 Spinless fermions on a honeycomb lattice with

m-flux at 1/4-th filling

In this section, we revisit the physics of spinless fermions hopping on a honeycomb lattice
with a m-flux through each of the honeycomb plaquettes. We adopt the unit cell shown
in Fig. A.2, and choose a more convenient gauge for obtaining the w-flux (this enables an
efficient implementation of lattice symmetries). We obtain four bands, each of which is
two-fold degenerate. At quarter filling, we obtain two Dirac cones located at the I' point

of the hexagonal Brillouin zone as shown in Fig. A.1. The low energy physics is described
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D 4

Figure A.2: Honeycomb lattice with w-flux. (Left) Unit cell consisting of 8 sites adopted
for the analysis. Fermions hop to nearest neighbors where red links shown have a hopping
amplitude with a negative sign. (Right) Band structure showing four bands, each of which
is two-fold degenerate. The light blue plane shows the quarter-filled chemical potential.

by a four-component spinor y, with a Lagrangian density similar to Eq. (A.103) with,
Vo = Moz, vy = =Moo, 73 = Moy (A.113)

where

M,, =0,0,. (A.114)

where 0, are Pauli matrices defined just below Eq. (A.105). The system has an emergent
global SU(2) symmetry generated by My, € {1,2,3} which is the analog of the chiral
symmetry discussed near Eq. (3.9).

A fermion bilinear of the form
— X Yo M 3 Xx (A.115)

described by a mass matrix M3, € {0,1,2,3} which anticommutes with ~; and 72,
gaps out the Dirac fermions. The space of these mass matrices can be reduced in the

irreps of the space group, resulting the phases described below.
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A.11.1 Integer Chern insulator

This mass transforms as a one-dimensional irrep, breaking time reversal and reflection

symmetries of the lattice while preserving all the proper rotational symmetries of the

hexagonal lattice

Aoy

resulting in a mass term

AICI = _Z<>_<TI’X7T> .

(A.116)

It is clear that the SU(4) symmetric ICI found in Eq. (5.1) is a “larger dimensional”

realization of such a phase with a larger value of the Chern-Simons level.

A.11.2 Stripy density waves

The remainder of the three masses organize as a triplet under the space group sym-

metries, preserving time reversal but breaking rotational and translational symmetries.

Tig’
1 \%Mlg + \/LgMQJS - \/LEM?,:«:
2 —\%Mlz + \%M% - \%Msy,
3 \/%Mzzz + \%Mw

The three components of the masses correspond to the fermion bilinears

L 1 1 1
— (X (—Mm + %Mm — %Mso) Xr)s

o 1 1 1
—i(Xr <——M10 + —=Myy — %M?,o) Xr)s

—i(Xr (\/%Mzo + %M%) Xr)

(A.117)

any one of which produces a stripy density wave similar to that shown in Fig. 5.2. The

mass matrices that appear here are orthogonal linear combinations of the chiral symmetry

generators discussed just below Eq. (A.113). Indeed, it is evident that the chiral masses

shown in Eq. (5.5) correspond to this case.
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A.12 A model with j =1/2 spins

In this section, we construct a model on a honeycomb lattice where the spin-orbit coupling
is realized in a j = 1/2 system, i. e., as a system with spin-1/2 degrees of freedom.
Although this model is not directly motivated by a material system, it is nevertheless
useful to study, in a simpler setting, the conceptual underpinnings of how spin-orbit
coupling produces interesting new phenomena. The model is defined using Fig. 2.2 where
each lattice site has two j = 1/2 orbitals. The hopping Hamiltonian is same as that in
Eq. (2.26), with the key difference that Uy = {7,, 7, 7.} (7; here are the Pauli matrices
acting on the j-1/2 space) respectively when rr’ is the x,y, z type link shown in Fig. 2.2.
This system has the following microscopic symmetries among those listed in table. 2.1

and time reversal,
1. Lattice translations as in T; and Ty
2. Cj rotations
3. o4 dihedral reflection
4. Time reversal T, with T? = —1

The interesting aspect of this model is that by carrying out transformations similar to
those discussed in appendix A.4, one can arrive at a system with a m-flux through each
honeycomb plaquette, and a global SU(2) flavor symmetry. In other words, this model is
the “SU(2) version” of the SU(4) model discussed in the main text.

We continue to discuss this model in the global basis. The band structure of this
model is identical to that shown in Fig. A.1, the difference being that each band is non-
degenerate. At quarter filling, the physics can be described by four Dirac cones, one each
located at I', M, My, M3. We get a Dirac action similar to Eq. (A.103), with x, as in
Eq. (A.102) where x4, v € {I', My, My, M3} are 2-component spinors. The Dirac gamma

matrices are

Yo = Moo, vy = Mooz, 75 = — Moo (A.118)
and
M/.Ll/p = 0,00+ (A119>

where Pauli matrices o, are described just below Eq. (A.105)
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The symmetry transformations are described by

1 . )
Qc, =3 (Mooo + Z\/3]\4003 — Mo1o — 2\/§M013

+ iMoo — V'3 Mgz + Moso + iV/3Moss — Moo

— Z'\/5]\4103 + Mo + Z'\/gM'n:s + 1 Mg

— \/§M123 + Myso + i\/§M133 — 1M

+ VBMagz — iMayg + V3Mar3 + Magg

+ V3 Mags + i Moz — V/3Mass + Mg

(A.120)
+iV/3Msgs + Msyg + V3 May3 — iMsgg

+\/§M323 + M330 + Z'\/5]\/[333)

1
Oy, == (—Mosa + Mi12 + Moz — Mspe)

2
Qr, =M3po
Qr, =Mo3o
Qr =1 Mooz

Again, we see that the spinors x,r (see Eq. (A.108)) form an invariant subspace under the
action of the symmetries above. One, therefore, expects to obtain semimetallic phases
when the mass matrices of the type M3, 1, v € {0, 1,2, 3} that gap out (see Eq. (A.107))
the Dirac Lagrangian Eq. (A.103) defined by Eq. (A.118) are resolved into irreducible
components. Below we briefly describe seven irreducible masses and the resulting phases

obtained by such an analysis.

A.12.1 Chiral masses

Integer Chern insulator

Cg (o) T1 T2 T A°

I X |V | VX 1 | Moos

This mass is SU(2) symmetric and produces a fully gapped state. Viewed on the lattice,
it produces spin-independent second neighbour hoppings akin to the Haldane honeycomb

model as in Fig. 5.1 with an effective Chern-Simons action described by Eq. (5.2).
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Stripy Density Wave Phase

ge
Cs|og | T, | Ty | T 1 Mo
X | X | X | X |V 2 | =Moo

3 | —Msos

This is again an SU(2) invariant mass that results in a stripy density wave similar to the
SU(4) invariant case found in Eq. (5.5).

The two cases described above exhaust the chiral masses.

A.12.2 SU(2) Flavor masses

Quantum dipolar Hall mass

ge
Cs|loq | T, | Ty | T 1 | My
X | X | X | X |V 2 | —Moss

3| —Mos

This mass produces spin-dependent second neighbour hopping that produces a uniform
SU(2) flux in a second-neighbor triangle, gapping out the system. The phase with this
mass is described by a mutual Chern-Simons theory like Eq. (6.5) resulting in dipole-

filtered edge states and is analogous to the phase discussed in Sec. 6.1.2.

A.12.3 Mixed masses

Ferromagnetic insulator

C3 g4 T1 TQ T A°

AL LA A LI RN e e+

This mass manifests as a uniform magnetic field in the direction perpendicular to the
honeycomb and fully gap out the Dirac fermions. The analogous state correponding to

this in the SU(4) case is discussed in Sec. 7.1.2.
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Ferromagnetic semimetal — I'-Dirac Semimetal

80
C3 (o} T1 Tg T
1 M\;ég, _ M\/ggg
2
X | X | vV | vV | X
M, 2 Mag:
2 \/;Msos + 78

The doublet mass produces a local magnetic field in the plane of the honeycomb lat-
tice and the components rotate into each other under lattice symmetries; this phase is
analogous to the ferro spin-octupolar semimetallic phase discussed in Sec. 7.2.5. For any
generic linear combination of the masses, the Dirac cone at the I' point remains ungapped,
while for special linear combinations of the two masses, there is one additional gapless

mode as discussed in Sec. 7.2.5. This is a semimetallic phase of [-DSM type.

Stripy spin density wave semimetal (M-Dirac Semimetal)

3‘0
Cg o4 T1 T2 T 1 M\/%B—Mj%?’
X | X | x| x|X 2 | —tom — M
3 | —Mos _ Msis
V2 V2

This mass produces a spin density wave of the stripy kind similar to that discussed in
Eq. (7.47). Interestingly, this produces a semimetallic phase of the M-DSM kind, precisely
as discussed for the SU(4) case in Eq. (7.47).

Stripy spin density wave semimetal — (I'-Dirac Semimetal)

T.°
Csloq| T, | Ty | T 1 M\/%S_‘_Mj%s
X | X | X | X | X 9 M\}%:I,_M\/l%g
3 M313_M013
V2 V2

This is a triplet mass that produces a stripy magnetic field; the key difference between
the one just discussed above, is that this possesses an isolated Dirac cone, where a single

Dirac cone at I' is always left ungapped. This is similar to the SU(4) case discussed in
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Eq. (7.50) that produces a stripy spin-octupolar density wave. For the SU(2) case one
has a stripy density wave. Again, just as in the case discussed in Eq. (7.50), there are

special linear combinations of the masses that obtain additional gapless modes.
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A.13 Derivation of the effective action for the CDW

order parameter

With the action for the CDW order parameter coupled to the fermions given by Eq. 8.11,

the partition function is

Z = /CD&@X@X exp(—S[A, X, x]) (A.121)

Now, integrating out the fermions, we get
z = /@& exp(—S.sf[A]), (A.122)
where Ses¢ [&] is the effective action for the CDW order parameter field and is given by

S.;f[A] = —N; trin ( —if —igA - 5) +/d3x£b. (A.123)

Thus, Sess is proportional to Ny and in the Ny — oo limit, the partition function
is dominated by the saddle point value of Scs;. In the following, We first evaluate S,y

with mean field approximation till order 1/Ny.

To evaluate S.rr, we first calculate the fermionic determinant. For this, we first

perform the following transformation on the spinors x
x — U x, (A.124)

such that

A x{x = |AXGx (A.125)

173



Then, the determinant is

= —trln [—id — igA (]
= —tr(log(—i@)) — trln ( 1+ iig\ﬁfﬁ )

i
= - i v tr d3k3 (ig]AQ\C:L)Q” + O (1/Ng) (V = volume of space-time)
2n (2m) (k?)
- X (a) et o0
_ (—1)42/%@ < 1+ 7 Lf' ) +O(1/Ny)
_ _zv(;Tﬁ)3 % [ 32A2A — 29315\% ] +0O(1/Ny)
= Vv [ _%Z|A|2A+§_;|A|ﬂ + O (1/Ny) (A.126)

Here, A is the ultraviolet momentum cutoff. With this, the effective action for the CDW

order parameter is

2 3
S.lA] =V {Ib+—g—2|A|2A+g—|A|3 (A.127)
s 3m
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A.14 Evolution of the Band structures in 7,,-\ Phase

Diagram
The \ = 0 line

Fig A.3 shows the band structures at different points on the A = 0 line of the Tm-\ phase
diagram in Fig. 6a of the main text. At 7,, = 0 on this line, there are two flat bands, each
of which are six-fold degenerate. As 7, is increased, six 2-fold degenerate bands appear.
Finally at 7,,, = 1, there are four bands with the lowest and the top bands being 2-fold
and the rest being 4-fold degenerate.

The 7,, = 0 line

The energy spectrum along the 7,,, = 0 line is shown in Fig. A.4. The band structure for
A =0is (cf. the A =0,7,, = 0 line in Fig. A.3) has two six-fold degenerate bands. As \

is increased, six 2-fold degenerate bands appear, two of them being completely flat.

The 7, =1 line

The evolution of energy spectrum along the 7, = 1 line is shown in Fig. A.5. The band
structure for A = 0 on this line is has four bands (cf. X\ = 0,7,, = 1 in Fig. A.3). For
large values of \, the J = 3/2 and the J = 1/2 bands are separated. For A =20,7, = 1,

only the lowest J = 3/2 bands are shown.

A.15 Properties of gapped phases

SU(8) Dirac theory at the P; point

At Pj5 point of the phase diagram in Fig. 9.1 and Fig. 9.6 of the main text, the low-energy
effective theory is described by massless Dirac fermions with internal SU(8) symmetry.

Below we sketch the derivation of the Dirac theory. The details can be found in Ref. [156].

At the P; point, the form of the Hamiltonian in Eq. 9.4 of the main text, when
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A=00, 1,=00, r=0,7,=0 A=00, 1,=02,r=0,71,=0

r K M T r K M r

A=00, T,=05, r=0,7,=0 A=00, 1,=067, r=0,7,=0

r K M r r K M r
A=00, 1,=08, r=0,1,=0 A=00, 1,=10, r=0,7,=0
/\/\

_~ o

r K M r r K M r
Figure A.3: Evolution of band structure along the A = 0 line of the phase diagram in
Fig. 6 of the main text.

projected to the low-energy j = 3/2 orbitals, is given by

%Ps = —i Z @Z)T(T,O)Uxi/J(r,,d/) + Z ¢T(rad)UY¢<r/7d/)

\/g (r,a;r’ 0" YeX —bonds (r,a5r! ")€Y —bonds

+ Y ), | + e

(r,a5r! 0" YEZ—bonds

(A.128)

Here, 1); is a 4-component annihilation operator corresponding to the four j = 3/2
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A=03, 1,=00, r=0,7,=0 A=10, 1,=00, r=0,7,=0

el
I K M I [ K M I

A=135, 1,=00, r=0,7,=0 A=40, 1,=00, r=0,7,=0

o
——

Figure A.4: Evolution of band structure along the 7,,, = 0 line of the phase diagram in
Fig. 6 of the main text.

orbitals at the site 7. The Ux, Uy, Uy are 4 x 4 Hermitian matrices, which are given by

Uy = —p¥ (A.129)
Uy = —p%, (A.130)
Uy = —pSs. (A.131)

Here, p = +1 for the phase diagram in Fig. 9.1(a) and p = —1 for Fig. 9.6.

Projecting this Hamiltonian in Eq A.128 to the two lowest two bands which touch

linearly at the Fermi energy, we get the SU(8) symmetric Dirac Hamiltonian given by

Hpirae = pvp/d2r XT<I') (—ta107 — iaedy) X(1), (A.132)
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A=03, 1,=10, r=0,7,=0 A=14, 1,=10,r=0,7,=0

S
—— —
\/—\_/\/
T T~ ——_
r K M r r K M r
A=40,1,=10, r=0,71,=0 A=200, 7,=10, r=0,7,=0

—_— —

\/W’

X0
=——— (D

r K M r r K M r

Figure A.5: Band structures along the 7, = 1 line of the phase diagram in Fig. 6 of the
main text. All the bands are 2-fold degenerate. For A = 20, only four bands are shown
leaving out higher energy J = 1/2 orbitals.

with

a; =Yg ® 73R 0y (A.133)

(6] :E()@T(]@O'Q. (A134)

Here, v is the Fermi velocity, which is related to the gradient of the linearly dispersing
bands at the Dirac points. x(r) is the 16-component Dirac spinor at the position r. Both
7; and o; (for i = 1,2,3) are the Pauli matrices with 75 and oy being the 2 x 2 identity

matrix. The generators of the SU(8) symmetry are the set of 63 matrices given by

{30, 8i} ® {1300, 1102, 7202}, X ® To0 (A.135)

fori=1,---15.
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The topological gapped phase

On moving left from the P; point along the A = oo line by reducing the value of 7, from

1, the effective hopping Hamiltonian in the j = 3/2 sector is given by

& ~
%top = _ﬁ Z wT(rvd)H;‘)i’l/J(r/ad/)? (A136>

(r,a507 ")
with
. 1 1
Hy =Ux +(1—1y,) {520 + G (—\/§Z4 + 25”
- 1 1
Hy = Uy + (1 — 1) {520 + 2 <\/§Z4 n z5>]

= Uy +(1—7) BEO _ %25)] | (A.137)

On projecting this Hamiltonian to the lowest two bands, we get the following effective

low-energy Hamiltonian
Hiop = Hpirae + (1 — 7o) HY + (1 — 7). (A.138)

Here, # pirqc is given by Eq. A.132. The F$Y and ' are given by

F) = /er X' (Z1m100 — om0 + Ts7003) X, (A.139)
and
H' = X" (—i0, 00, —i0,0a,) X, (A.140)
with
1 V3
da, = — X3T3071 + %2357000 + 32357003 (A.141)
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5 4

Figure A.6: A single hexagon of a honeycomb lattice showing the three kinds of next
nearest neighbour bonds (green bonds). The six sites are labelled with integers from 1 to
6.

and

3 1
5Oéy Z—(217'102 - E27'2(72) + —(2147101 - Z247'2(71) - 5(2147'203 - E247'103)

V6 2v/2

1
— ——(X15m101 + Laseor) +

932 (157203 + Xa57103) (A.142)

1
23
The term #4 is the ferro-quadrupolar quantum Hall mass listed in Ref.[156] whose edge
modes are protected by the time reversal (TR) symmetry. Thus, the phase obtained by
moving left from the P; point in the phase diagram in Fig. 9.1(a) is a Z topological
insulator. The presence of #’ does not change the topological character of this phase
since this term does not break the TR symmetry and can be tuned to zero without closing

the fermionic energy gap.

The non-topological phase

On moving down vertically from the P; point along the 7,,, = 1 line, we encounter the
non-topological gapped phase. This can be understood by doing a similar analysis as
done for the previous gapped phase. For very large values of X and 7, = 1, the effective

Hamiltonian is given by

/ 1 = /
Honontop = —E | > wT(r,a)Uﬁi/w(r’,a’)—i—X > @i, ) Hiw (o) + hee.

(r,85r’,0") ({r,ar’0"))

(A.143)

Where the U;’;:i are the matrices defined in Eq. A.129 and }:[1;’3/, are the hopping matrices
on the next-nearest(NNN) bonds of the lattice. On the three kinds of NNN bonds shown

180



in Fig A.6, the I:Iij matrices are given by

= 1 1
Hig == —=%1 + = (=T = V3%15 — Ty
13 W 1+6 14 \/_15 23
= 1 1
— =% + < (Tis — Daa + V355 )
35 23 2T > 24 25
= 1 1
Hyi =— —=334+ = (=212 + 22 A.144
51 We 3 6( 12 34) ( )

On projecting this Hamiltonian to the lowest two bands near the Dirac points, we get
the following low-energy theory

1 1
genon—top = #pirac + X%T()f) + X%H. (A145)

Here, #H pjrqc is the SU(8) symmetric Dirac Hamiltonian. The 72 is given by
#HP = /d2x X" Yusm303X (A.146)

The #? is one of the topological masses proximate to the SU(8) Dirac semi-metal.
The edge modes of this topological symmetry is protected by a U(1) symmetry which is
generated by Y45. But the term #” breaks this U(1) symmetry and destroys the edge

modes. This explains the existence of the non-topological phase in the phase diagram.

Phase transition lines in 7,,-\ plane with p==1

On the phase transition line, the P;P; line, between the two gapped phases shown in
Fig. 6a of the main text, the lowest two bands touch each other linearly at the I' point as
shown in inset VI of the same figure. One can find the low-energy theory for this point
of the phase diagram by projecting the Hamiltonian to the two lowest band that touch
at the I' point. The resultant theory is given by

%I‘ = —iUF/de X; (7’30’181 + 7'00'282) XT- (A147)

Here, xr is a 4-component spinor which comes from the two-fold degenerate Dirac cone
at the I' point. This Hamiltonian has an emergent SU(2) symmetry which is generated

by {1300, T102, 202} /2.
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Similarly, on the P3Py, line of the phase of Fig. 11, the lower two bands touch each
other linearly at the three M points. The low-energy theory at any point on this line is
given by

%M = Z/dzl' X}Lw ('UI]I3><3 & 7'30'181 + Uyﬂgxg & 700'282) XM - (A148)

Here, xs is a 12-component spinor that comes from the three two-fold degenerate
Dirac cones at the three M points. v, and v, are the Fermi velocities along the two
Cartesian directions. The values of these two numbers depend on the position on the
phase transition line. 3.3 is the three dimensional identity matrix that acts on the space
of the three M valleys. This Hamiltonian has an internal SU(6) symmetry which are

generated by the set of Hermitian matrices given by
{I3x3, i} @ {7300, 102, 202},  A; ® 1900 (A.149)

where the A; are the eight 3 x 3 Gell-Mann matrices that generate an SU(3).
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