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Abstract

The theoretical discovery of topological insulators in 2005 has reaffirmed the importance
of band topology in condensed matter physics, which has been extended to superconduc-
tors, semimetals and developed into a major field. Furthermore, topological phases have
been discovered in strongly correlated systems and have attracted much attention. For
example, in the long-known heavy-fermion compounds SmBg and YbB1,, surface states
have been observed, and they have been established as topological insulators in strongly
correlated systems. In addition to the above topological Kondo insulators, various types
of correlation induced topological states have been studied, such as topological Mott in-
sulators, interaction-reduced classifications, topological spin liquids, and so on. Electron
correlation effects on topological states are particularly interesting because they have the
potential to induce nontrivial properties. Thus we can say that the interplay between
electron correlation and topology is one of the central subjects in modern condensed mat-
ter physics. One of the next steps in theoretical research is to investigate a variety of
correlation-induced topological phases. Based on the above background, in this thesis,
we analyze the correlation-induced topological states and their various phase transitions
by numerical calculation.

First, we explore topological states with magnetically ordered phases by taking ac-
count of crystalline symmetry, i.e. a mirror symmetry. In particular, we focus on heavy-
fermion systems, which have a nontrivial band topology due to the spin-orbit coupling and
the strong Coulomb interaction. The emergence of topological properties in the magnetic
phases has already been studied. Although in the absence of spatial symmetry, there is no
topological phase in the two-dimensional (2D) antiferromagnetic phases at half filling, we
demonstrate that a topological phase emerges in the presence of mirror symmetry. This is
explicitly shown for a 2D periodic Anderson model. Furthermore, around quarter filling,
our analysis shows that a half-metallic state emerges in the ferromagnetic phase, where a
spin-selective gap opens, resulting in nontrivial properties characterized by a Chern num-
ber. In contrast to the previously proposed models which can apply for spin-conserving
system, our scenario can even apply for a wider class of spin-nonconserving systems in
the presence of spin-orbit coupling.

Second, we explore the correlation-induced non-Hermitian topological semimetals. In
particular, we focus on the non-Hermitian band topology coming from the lifetime effects
on quasi-particles in an equilibrium system. The emergence of the non-Hermitian topo-
logical semimetals in strongly correlated system has already been studied. Despite inten-
sive studies, it remains unclear what physical properties are affected by the non-Hermitian
band structure. In particular, there are few studies elucidating the effects of the non-
Hermitian band structure on magnetic/electric responses. Based on the above background,
we analyze a diamond-lattice Hubbard model with the spatially modulated Hubbard in-
teraction. Our dynamical mean-field analysis with special emphasis on non-Hermitian
properties elucidates that the gapless nodal line changes into a symmetry-protected ex-



ceptional torus (SPET) at the Fermi level enclosing the three-dimensional open Fermi
surface, which is unique to non-Hermitian physics with chiral symmetry. Furthermore,
we also elucidate the effects of the SPETs on the magnetic response; our results based on
the random-phase approximation combined with the dynamical mean-field theory show
that SPETs enhance the magnetic susceptibility at the weakly correlated sites, exemplify-
ing effects of non-Hermitian degeneracies on responses to external fields.

Finally, we focus on the electron-nematic phase transition, such as magic-angle twisted
bilayer graphene(MA-TBG) and doped-Bi,Se3, which are candidate materials of nematic
superconductors. The relationship between electron-nematic order and unconventional
superconductivity is a pressing question in present condensed matter physics. Moti-
vated by recent studies of three-state Potts nematic states in magic-angle twisted bilayer
graphene and doped-BiySes, we analyze the impact of critical nematic fluctuations on
the low energy properties of phonons. In this study, we propose how to identify the
three-state Potts nematic fluctuations by ultrasound attenuation. The Gaussian fluctuation
analysis shows that the Landau damping term becomes isotropic due to fluctuations of the
Cs-breaking bond-order, and the nemato-elastic coupling is also shown to be isotropic.
These two features lead to an isotropic divergence of the transverse sound attenuation
coefficient and an isotropic lattice softening, in contrast to the case of the C4-breaking
bond-order which shows the strong anisotropy. Moreover, we use a mean-field approx-
imation and discuss the impurity effects. The transition temperature takes its maximum
near the filling of the van-Hove singularity, and the large density of states favors the ne-
matic phase transition. It turns out that the phase transition is of weak first-order in the
wide range of filling and, with increasing the impurity scattering, the first order transi-
tion line at low temperatures gradually shifts towards the second-order line, rendering the
transition a weak first-order in a wider range of parameters. Furthermore, it is confirmed
that the enhancement of the ultrasound attenuation coefficient will be clearly observed in
experiments in the case of a weak first-order phase transition.
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Chapter 1

Introduction to topological materials in
strongly correlated electron systems

Since the theoretical discovery of Z; topological insulators (TIs)[1-4], topological ma-
terials have been the subject of intense theoretical and experimental investigation. Fur-
thermore, the notion of band topology has been extended to strongly correlated systems,
where an interplay[S5] between topology and Coulomb interaction hosts some exotic phe-
nomena, e.g. topological Kondo insulators[6-8], topological Mott insulators[9—-13], and
the change of topological classification[14-31], etc. Electron correlation effects on topo-
logical states are particularly interesting because they have the potential to drastically
change the ground state properties. The interplay between Coulomb interaction and topol-
ogy is one of the central subjects in condensed matter physics and these two features are
important notions for understanding a variety of materials.

In recent years, their interplay has been studied from new perspectives. One direction
of researches has focused on material sciences, such as the development of functional ma-
terials and the search for new physical properties. Experimentally, in magnetic-impurity
doped topological insulators, e.g. (Cr, V)-doped (Bi,Sb),Tes,[32, 33] have been found
to show the quantum anomalous Hall effect without external magnetic fields, e.g., Chern
insulators. Chiral edge modes carry a non-dissipative current, which can be applied to
spintronics devices. Furthermore, this observation provides a concrete platform for the
exploration of exotic quantum effects such as the topological magnetoelectric effect and
the formation of axion insulators. However, several problems remain, e.g., the anomalous
quantum Hall effects realized by doping are still limited to the low temperature region of
2K. One way to solve this problem is to search topological materials that have a magnetic
order in bulk, rather than a magnetic order formation by doping.

In addition to magnetic topological insulators, with the improvement of experimental
techniques for the van der Waals layered materials, experiments with the twisted bilayer
graphene have attracted much attention for the so-called first magic angle. Various exotic
phases emerge, including the appearance of Mott insulators and unconventional super-
conducting states, which are a reminiscent feature of cuprate superconductors, quantum
Hall ferromagnetic phases, and electron-nematic phases. Conventional graphene-based
materials are dominated by p-electrons of carbon atoms, and therefore the Coulomb in-
teraction is not very important. However, in the case of twisted bilayer graphene, the
formation of the long-period moiré structure drastically changes the band structure to a
quasi-flat band, thus the effect of Coulomb interaction becomes relatively large. In ad-
dition, one of the key advantages of this system is the electrical tunability of the charge
carrier density in a flat band. This tunability enables us to study the phase diagrams of



unconventional superconductivity and correlated topological states. More experimental
and theoretical studies are needed to clarify the origin of intertwined orders.

Another direction in recent researches has focused on new theoretical interests, such as
the non-Hermitian topology inspired by the study of open or/and nonequilibrum systems,
where the interaction with environments cannot be neglected. A non-Hermitian Hamil-
tonian gives an effective description in various contexts such as open quantum systems,
photonic system[34-36]. Furthermore, as proposed by Kozii and Fu, even in equilibrium
systems, such non-Hermitian topological properties [37] can appear due to the lifetime ef-
fects originating from a single-particle self-energy [38—42]. Such a new way to describe
the quantum many-body systems is expected to provide a key to solve unsolved problems
in condensed matter physics, such as the origins for quantum oscillations in topological
Kondo insulators SmBg and YbB15.

Inspired by the above experimental and theoretical progress, we investigate the physi-
cal properties of the correlation-induced topological states and these magnetic or electron-
nematic phase transitions in this thesis. We aim to find new topological phenomena,
clarify correlation effects, and discuss the stability of these phases in terms of numerical
calculations and symmetry. To begin with, we give a brief review of theoretical and ex-
perimental backgrounds related to this thesis in the following. In Sec. 1.1, we give an
overview of introduction to the interacting topological phases and show a general interest
of research. In Sec. 1.2, we show several topological materials. In Sec. 1.3, we give an-
other theoretical perspective of interacting topological phases, referred to as the lifetime
induced non-Hermitian topological semimetals. Finally, we mention the organization of
this thesis, in Sec. 1.4.

1.1 Introduction to interacting topological phases

Originally, topological materials[3, 4] such as insulators and superconductors are char-
acterized by their metallic surface (edge) states which are protected by local symmetries
of the systems. These results are summarized into a topological periodic table, so-called
Altrand-Zirnbauer classification table [43—45]. A significant number of TIs have been
found so far this decade, including an extension from local symmetry to crystalline sym-
metry, such as topological crystalline insulators [1, 2, 46—49]. Furthermore, the notion
of topology has been generalized to gapless phases [S0-56] such as Weyl semimetals,
nodal-line semimetals, Weyl superconductor, and so on, where the relation between gap-
less points/lines and band topology is well understood from the view point of underlying
symmetry. These topological phases, whose characteristics are determined by the topo-
logical nature of the bulk wave function, are new phases of matter that are different from
the ordered phases characterized by symmetry breaking based on Landau theory. One
of the essential differences is that the topological properties do not change continuously
with external field, and disorder, etc, which is different from the symmetry-broken or-
dered phase where the order parameter changes continuously. In material science, an
important feature of such topological phases is the existence of edge/surface states that
is robust against impurities, thus the resulting nondissipative electric/spin current can be
applied to the development of new functional materials, such as spintronics. In addition,
the emergence of gapless Majorana fermions [57-62] and their non-Abelian statistics
in topological superconductors is expected to have applications in topological quantum
computation. Therefore, expanding a platform of designing such materials will be a very
important issue in condensed matter physics.



The notion of topology has been extended to strongly correlated systems, where an
interplay between topology and Coulomb interaction hosts some exotic phenomena. The
study of strong Coulomb interaction has a long history since the discovery of high-T;
cuprate superconductors. The difficulty of these many-body problems, such as Mott
insulator[63] that becomes insulating due to electron correlation and magnetic fluctua-
tions that become a driving force for unconventional superconductor[64], cannot be re-
solved by the band theory alone. The electron correlation is one of the most important
topics for understanding a variety of materials. With a long history of research, many the-
oretical concepts and treatments have been established, and interesting phenomena such
as heavy-fermion, Kondo effect, Mott transition, and quantum critical phenomena have
been studied. In such strongly correlated electron systems, many theoretical and experi-
mental researches have also been carried out from the viewpoint of topology.

To clarify the purpose of studying the topological phases in strongly correlated elec-
tron systems, we explain what are of importance and interest. They are summarized in
three points below.

* To elucidate unique topological phases in interacting systems: The ef-
fect of the interaction may cause a drastic change of electronic states,
and exotic states with no counterparts in weakly correlated systems may
be realized. An old example is the fractional quantum Hall state, which
is one of the topological ordered phases, known as a system with long-
range quantum entanglement. On the other hand, a topological Mott
insulating state has been proposed for symmetry protected topological
phase without long-range entanglement. The latter one can be under-
stood by studying the impact of electron correlation on topological in-
sulators.

* To analyze the stability against strong electron interaction: In con-
trast to the above, it is necessary to understand to what extent topolog-
ical properties can be guaranteed, and from where topological proper-
ties are broken, beyond the single particle picture. This understanding
will help to create physical platforms of topological phases that have
been difficult to realize with weakly correlated systems. For exam-
ple, in magnetic-impurity doped topological insulators have been found
to show the quantum anomalous Hall effect without external magnetic
fields.

* To unravel the mysteries of quantum states of matter: In strongly corre-
lated electron systems, the introduction of the concept of topology leads
to the solution of a long-standing mystery. To understand the origin
of a variety of materials, the notion of topology is also important. For
example, in heavy-fermion compounds SmBg and YbB1,, the topolog-
ically protected surface states have been pointed out as the origin of a
long-known mystery of a low-temperature saturation of resistivity.

To begin with, we introduce theoretical progress in electron correlation effects on
topological insulators for the last decade. In a band insulating system, the strong spin-
orbit coupling allows a non-trivial topology of the electron bands. In parallel, in Mott
insulating system, the strong spin-orbit coupling has attracted interest in the context of
many frustrated magnets[65, 66]. Motivated by the question “How these two classes
of phenomena are connected from weak to strong electron correlation with keeping on
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the strong spin-orbit coupling ?”, the interaction induced topological Mott insulator was
firstly proposed by D. Pesin and L. Balents in 2010[9]. It may be regarded as a quan-
tum spin-liquid state, where the topological Mott insulating phase is gapped in the bulk,
while gapless spinons appear on the surface. Inspired by these theoretical studies, at-
tention to interacting topological phases has increased. A number of numerical calcula-
tions were performed to investigate the interplay between strong spin-orbit coupling and
electron-electron interactions and how the interaction affects the topological insulating
phase[67-73]. In addition, an important result is the formulation of the topological num-
ber of interacting systems by V. Gurarie in 2011[74]. It was pointed out that topological
properties of a bulk wave-function adiabatically connect[74—78] to a non-interacting sys-
tem, even if the interactions are somewhat strong, as long as there is no Mott transition or
symmetry breaking.

For a better understanding, we will now introduce a concrete example of a topologi-
cal number in an interacting system with a many-body chiral symmetry discussed by V.
Gurarie[74, 79]. For interacting systems, the symmetry defined for the Bloch Hamiltonian
must be extended to a many-body Hamiltonian including the electron-electron interaction
term. A convenient way to introduce a many-body chiral symmetry is to use the electron
Green’s function, which is given by I'G(k, w)I = —G(k,w) with a wave number k, a
frequency w, and a many-body chiral operator I', I'> = 1. For example one-dimensional
system, the winding number in terms of Green’s function can be defined as follows.

o mdk D

— 7 47ti

where G (k) is defined as G(k) = G(k, w)|w—0 and a chiral matrix X for a Bloch Hamil-
tonian. If we set G~ (k) = Hj with a Bloch Hamiltonian Hj, here, we have a well-known
formula of the winding number. We note that the Green’s function formula is given for
other topological numbers in similar manners[74-78]. The most important thing to un-
derstand here is how the topological phase transition occurs. From the above equation,
we can see that there are two ways to change the winding number N. One is the case
where G (k) has poles, i.e., G~1(k) = 0, corresponding to the gap closing of a single-
particle excitation, which appears in an ordinary non-interacting system. The other is the
case where G (k) has zeros, i.e., G(k) = 0, caused by the divergence of the self-energy at
w = 0 and corresponding to the Mott transition, where the single-particle excitation gap
is closed by interactions.

The latter supports the possibility of a topological phase unique to Mott insulators, as
pointed out by D. Pesin and L. Balents[9]. But, since they used a rather special method, a
more generic treatment has been needed. Based on the understanding of topological band
theory in terms of Green’s function, the notion of topological Mott insulator has been
established by density matrix renormalization group analysis in one dimensional systems
by T. Yoshida, et. al., in 2014[10, 79]. Where the Mott transition of the topological
edge state has been pointed out. The edge Mott states arising here can be understood in
terms of the single-site Hubbard model Hy; = UnTn |» with number operators ny,| for
each spins. In the noninteracting case, the edge states are four-fold degenerate in Fig.
1.1(a), which means that the single-particle excitations are gapless, namely both charge
excitation and spin excitation are gapless. On the other hand, in the interacting case, the
four-fold degeneracy of the ground state is lifted and reduced to two-fold degeneracy in
Fig. 1.1(b). This means the gap opening in the charge excitation, i.e., a Mott insulator,
while spin excitations remain gapless, which corresponds to the edge Mott state. In the
example of the single-site Hubbard model, a finite interaction results in a Mott insulator,

G(k), (1.1)
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but this does not necessarily mean that a finite interaction results in an edge/surface Mott
transition[10-13] in a general topological insulator. It is also an open problem whether
or not the surface Mott states appear in higher dimensions, as originally proposed in
frustrated magnets[9].

(a) Weakly correlated (b) S};rongly correlated
E s 1 ‘t
Fop
oy g
ol 'q l i
4-fold degenerate 2-fold degenerate

Fig. 1.1: Interaction effects on a topological edge state in a one dimensional system. (a) Gapless
single particle excitation in noninteracting or weakly correlated topological edge state.
(b) Charge gapped and spin gapless excitations in edge Mott state.

In this section, we have described how topological properties are changed by inter-
actions. As we have shown above, electron correlation effects on the topological band
structure are now well understood. While it is important that the interaction leads to
the appearance of properties that are not present in weakly correlated systems, it is also
important that the stability against the interaction is guaranteed. The latter one is also
important for the study of topological Kondo insulators[7, 8] in heavy fermion systems
and topological insulators coexisting or competing with long-range ordered phases[68,
69, 72, 73, 80, 81, 81, 82, 82-90]. In addition, what we have discussed here will be the
basics for the following chapters. In the next section, we show the topological phases in
strongly correlated electron systems from a materials science point of view.

1.2 Topological materials with strong electron correla-
tion

In this section, we exemplify some topological materials in strongly correlated systems.

1.2.1 Heavy-fermion topological systems

Heavy-fermion materials[91-94] are a class of strongly correlated electron systems con-
taining localized f-electrons which are surrounded by conducting d-electrons. In heavy-
fermion metals, the effective electron mass is about 1000 times larger than the original
one, resulting in magnetism, superconductivity, non-Fermi liquid, and quantum critical
phenomena. This variety is understood by the competitive phenomena between the Kondo
effect, where the conduction electrons screen the localized magnetic moment, and the
RKKY (Rudermann Kittel Kasuya Yoshida) interaction, where the interaction between
localized moments mediated by conduction electrons gives rise to magnetic phase transi-
tions. A characteristic feature of heavy-fermion systems is that the energy scale changes
to a small Kondo temperature Tx ~ 10 K instead of the Fermi temperature T ~ 10* K
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of ordinary metals. This leads to dramatic changes in physical properties depending on
pressure and magnetic field at low temperature regions.

As mentioned in the previous section, nontrivial topology enriches quantum states of
matter to go beyond the classification into metals and insulators in terms of conventional
band theory. In many cases, to realize such a topological phase, strong spin-orbit cou-
pling is required. Heavier elements are preferred over lighter elements such as graphene
which was originally proposed as a quantum spin Hall insulator[1, 2]. Heavy-fermion
systems are also ideal platforms of exploring the non-trivial topological properties due to
the strong spin-orbit coupling. We now give typical examples for the interplay of heavy-
fermion and topology.

The topological Kondo insulator is a particularly simple type of topological materi-
als in heavy-fermion systems[6—8]. Originally, the Kondo insulators, first discovered 40
years ago[95], have been known as a narrow gap semiconductor. While these materials
have the strong electron-correlation, their low-energy properties can be regarded as adi-
abatically connected to non-interacting band insulators, where the hybridization between
highly renormalized f-electrons and conducting d-electrons forms the excitation gaps of
quasi-particles. It has been pointed out that the typical Kondo insulators can also be topo-
logically classified[6]. In particular, SmBg[96, 97] and YbB1,[98] have attracted much
attention as a promising candidate for the topological Kondo insulator. The topologically
protected surface states have been pointed out as the origin of a long-known mystery of a
low-temperature saturation[99] of the electrical resistivity.

While the origin of the saturation has been revealed to be topologically protected sur-
face states, quantum oscillation in the bulk has been reported in many experiments[100—
104]. Namely, this means that electrically, it is a highly resistive insulator, but magnet-
ically, it behaves like a metal, making its origin a great mystery. Moreover, the specific
heat and thermal conductivity measurements[105, 106] suggest the existence of a charge
neutral fermion[106] in the bulk YbB1,. Although many interesting theories have been
proposed, motivated by these interesting experiments, the origin of the metallic behavior
has not yet been understood.

In order to solve such difficult problems, a deeper understanding of the interplay be-
tween the electron correlation and topology is needed. For example, theory of lifetime-
induced non-Hermitian topological semimetalls may explain such in-gap state. About this
theory, we give more details later in Sec. 1.3. In addition to the topological Kondo in-
sulator, recent studies have revealed another kind of topological state called Weyl-Kondo
semimetals such as the noncentrosymmetric material Ce3BizPd3[107, 108], and the cen-
trosymmetric material YbPtBi[109] under the magnetic field. Some of more interest-
ing points are the study of electron correlation on topological transport properties[110,
111] and the study of Weyl semimetals near the magnetic field-induced quantum criti-
cal point[112]. The strong electron-correlation enriches topological states of matter and
causes exotic phases with no counterpart of weakly correlated system.

1.2.2 Magnetic topological insulators

We have introduced correlation-induced topological states in the absence of long-range
ordered phase. On the other hand, the interplay of magnetism and topology is also an
important topic[68, 69, 72, 73, 80-90] from the perspective of materials science, such as
the development of functional materials and the search for new physical properties. The
magnetic topological insulators[32, 33] have attracted much attention to show the quan-
tum anomalous Hall effect, where a non-dissipative topological current can be applied
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to spintronics devices. Moreover, this observation provides a concrete platform for the
exploration of exotic quantum effects such as the topological magnetoelectric effect and
the formation of axion insulators. Experimentally, it has been realized as a ferromagnetic
(FM) topological insulator made by doping magnetic impurities into the topological in-
sulator, such as (Cr, V)-doped (Bi,Sb); Tes and Mn-doped BipyTes[32, 33]. The important
point is to open an exchange gap in the surface state by breaking the time-reversal sym-
metry, namely realizing a quantum anomalous Hall insulator. Two mechanisms have been
considered as a possible origin for ferromagnetism: the carrier-mediated RKKY mech-
anism and the local valence-electron-mediated Bloembergen-Rowland mechanism[33].
However, several problems remain, e.g., the anomalous quantum Hall effects realized by
doping are still limited to the low temperature region of 2K and the inhomogeneity of
the magnetism reduces the efficiency of realization and application. One way to solve
this problem is to search topological materials that have a magnetic order in bulk, rather
than a magnetic order formation by doping. How to design such an intrinsic magnetic
topological insulator is a very important issue in topological material science.

Concerning nontrivial properties in bulk FM phases, a spin-selective topological in-
sulator was proposed for heavy-fermion systems[88]. This is a half-metallic FM phase
[113—117] around quarter filling, where the minority spin sector acquires a gap while the
majority band remains gapless, which is called a spin-selective gap. If the insulating sec-
tor has a nontrivial topological number, we have an spin-selective topological insulator,
which is a unique topological insulator embedded in a metallic phase. Unfortunately,
however, it has been shown that this phase emerges only in spin-conserving systems and
is not generally compatible with the presence of spin-orbit coupling, which is necessary
for topological properties.

In the ferromagnetic phase, the problem has been how to realize a class A, namely
Chern insulator without time-reversal symmetry. On the other hand, magnetic topological
insulators based on magnetic symmetry have been proposed, and antiferromagnetic (AF)
topological insulators[80] are a typical example. In such AF topological insulators, the
primitive-lattice translation symmetry is broken by the collinear antiferromagnetic order,
where the unit cell is doubled. The AF order breaks time-reversal (@) and primitive-lattice
translational (T} /) symmetries but preserves their combined symmetry Sy = @T; (k).
Under this symmetry, we can define a Z, topological number[118], which is related to
the strong index of three-dimensional topological insulators[43—45]. Recently it is found
that the van der Waals layered compound MnBiyTe4[119] could be a possible candidate
for AF topological insulators. Note, however, that this Z, number is allowed only for
three-dimensional systems, as confirmed by the periodic table[43—45, 118, 120, 121].

1.2.3 Electron-nematic phases

In this subsection, we show the electron-nematic phases in twisted bilayer graphene and
doped-Bi;Ses, which are also topological materials in strongly correlated systems. After
we first give an introduction about interests of electron-nematic states, we show these
materials.

The stability of Fermi surface to interactions is an important notion[ 122] to understand
the origin of a variety of quantum states of matter in strongly correlated systems. In
1958, based on Landau Fermi liquids theory, I. Pomeranchuk has firstly discussed the
stability condition of the isotropic Fermi surface against interactions and the possibility of
the spontaneous deformation of the Fermi surface, namely Pomeranchuk instability[123].
The electron-nematic states, specifically referred to as d-wave Pomeranchuk instability
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in the case of an isotropic Fermi surface, are a translationally invariant metallic state
with a spontaneously generated spatial anisotropy. Originally, the notion of the nematic
electron liquid [124] was proposed as a quantum counterpart of classical nematic liquid
crystals in a stripe charge ordered state in cuprate with the spontaneous C4 breaking of
the Fermi surface. This is a kind of charge order, and in terms of multipole, it belongs
to a class called electric quadrupoles. Generally, electron-nematic states are the state
which spontaneously breaks a certain point group symmetry, e.g., C4- or Cs-rotational
symmetry.

One of the most interesting feature of electron-nematic states is that it is intertwined
with other ordered phases, including magnetic and superconducting ordered states. Re-
cent discoveries of electron-nematic phases have suggested that the superconducting pair-
ing mechanism may be closely related to nematicity in some correlated electron sys-
tems, such as cuprates, iron-based compounds, heavy-fermions, doped-Bi;Ses, magic-
angle twisted-bilayer graphene (MA-TBG), and so on. Obviously, the relation between
electron-nematic order and unconventional superconductivity[64] is a pressing question
in present condensed matter physics[125-127].

To highlight the purpose of studying electron-nematic phases, we explain what are of
importance and interest. They are summarized in three points below.

* To elucidate quantum criticality unique to electron-nematicity: To in-
vestigate the low energy properties of quantum phase transitions and
quantum criticality is interesting problem in itself, as exemplified by
bond orders, orbital orders. The electron-nematic quantum criticality
leads to an unusual non-Fermi liquid behavior[125, 128—130], beyond
the standard Hertz-Millis-Moriya description[129, 131-133]. Further-
more, because the nematic order parameter couples linearly to acoustic
phonon, phonon modes affect the thermodynamic and transport proper-
ties [134-136].

* To reveal the microscopic origins of unconventional superconductors:
Recent studies have elucidated that critical order parameter fluctuations
[137-140], namely charge-, orbital-, spin-, and multipole- fluctuations,
lead to various unconventional superconductors. As an important is-
sue to investigate the microscopic mechanism of unconventional super-
conductor, the electron-nematicity has attracted much attention in many
exotic superconductors. One of the great interests is why the electron-
nematic states emerge so ubiquitously in many unconventional super-
conductors.

* To clarify the notion of the order by fluctuation: Order parameter fluc-
tuation enriches quantum states of matter. The vestigial order[126, 127,
141-144], which is caused by symmetry breaking order parameter fluc-
tuation, is one of the theoretical concepts to understand the intertwined
ordered states. It is an important issue to clarify in which materials these
ordered phases are realized.

TBG is an interesting material whose topology and interaction can be varied by a
new control parameter, the twist angle. While ordinary graphene based materials are
composed of carbon, a light element, MATBG has strong electron-electron interaction due
to the quasi-flat band structure caused by the moiré interference pattern. Notably, some
exotic phenomena[145-158] are reported such as unconventional superconductors near
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Mott insulating phases, quantum Hall ferromagnetism and electron-nematic phases, at the
first magic angle. The closer relationship[144, 159—-163] between the electron correlation
and the topological properties is very important to understand physical properties of this
material.

In the case of MA-TBG, an electron-nematic state, which breaks the lattice C3, sym-
metry, has been detected by scanning tunneling microscopy[164—166] and transport mea-
surements [167]. This Cs,-broken electron-nematic state, referred to as a three-state Potts
nematic state, is of interest for its competition with nematic superconductivity[167] and
for the mystery of the Landau level degeneracy[167-169] in different regions of its phase
diagram[165, 167]. From a theoretical point of view[162, 169-174], it has been pointed
out that unique properties of the moiré phonon, which reflect a non-rigid crystal[175, 176],
assist a nematic phase transition[171] and microscopic origin of this nematic state is at-
tributed to the interference of the valley+spin fluctuation[174].

Moreover, in the case of doped-BiySes, which is a candidate material of nematic su-
perconductors and topological superconductors [177-185], a three-state Potts nematic
state has been reported[186—188] above the superconducting transition temperature. Al-
though this seems to contradict the nematic superconductivity for which an order param-
eter is accompanied with a breaking of the lattice point group symmetry, it is pointed out
that this nematic state is a vestige[126] of the nematic superconductivity[127, 143, 188]
caused by the strong superconducting fluctuation. Besides the relationship between ne-
maticity and superconductivity, it is also important to identify the critical behavior of
electron-nematic states and to distinguish whether it is intrinsic (i.e. induced sponta-
neously) or extrinsic (i.e. due to trivial strains or the structural distortion). Despite a lot
of research, the identification of such a three-state Potts nematic state and the clarification
of whether it is induced spontaneously or from trivial strains are not an easy task.

1.3 New theoretical perspective of non-Hermitian topol-
ogy

In this section, we give an brief introduction to non-Hermitian physics in equilibrium
strongly correlated electron systems.

Recent studies have revealed another kind of interesting topological phase described
by a non-Hermitian Hamiltonian [34-36, 189-195, 195-209]. In standard textbooks of
quantum mechanics, we learn that the Hamiltonian is represented by a Hermitian oper-
ator. The Hermiticity of the Hamiltonian ensures that the eigenvalues of a Hamiltonian
are real and bounded below in closed systems. This situation is also true when consid-
ering quantum many-body systems, but in open or/and nonequilibrium systems, where
the interaction with environments cannot be neglected, non-Hermitian operators give an
effective description[34-36].

Non-Hermitian phenomena have been studied and realized in various contexts (e.g.
photonic systems, open quantum systems, etc). Moreover, motivated by recent develop-
ment of topological band theory, the interplay between topology and non-Hermiticity
has also attracted much attention in a non-Hermitian extension of topological insula-
tors/semimetals.
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Non-Hermitian band theory in strongly correlated systems

A unique feature of non-Hermitian systems is that the energy spectrum becomes complex
number. When discussing topological natures of the energy band, the gap structure be-
comes important. Two types of gap structures[203, 209], i.e. point gap and line gap, are
defined in non-Hermitian systems. When the complex spectrum does not cross a refer-
ence point (line) in the complex-energy plane, a point (line) gap is open. While the point
gap is closed, the line gap is always closed, but conversely, when the point gap is open,
the line gap is not always open.

It is well known that the topological structure in gapped systems also plays an im-
portant role in gapless topological systems. A topologically protected gapless structure,
i.e. point or line, is caused by a change of some topological number. For example Weyl
points in three-dimensions are protected by the Chern number in embedded some two-
dimensional systems. In non-Hermitian systems, due to the gap structure on the com-
plex energy plane, such a gapless structure or a band degeneracy appears in two dis-
tinct situations: when the line gap is open and when it is closed[210]. While the for-
mer includes band degeneracies such as Dirac/Wely points in Hermitian systems, the
latter shows band degeneracies which have no Hermitian counterpart, e.g. exceptional
points[201, 210, 211].

A distinctive property of an exceptional point is swapping of eigenenergies and eigen-
states upon its encirclement, and it is characterized by the non-zero winding number on
the complex energy plane. It is also a topologically stable band degeneracy and is robust
to perturbations. Such emergent exceptional points of non-Hermitian effective Hamil-
tonian give rise to an open Fermi surface[210, 212-227] such as a “Fermi arc” in the
energy spectrum. More precisely, these exceptional points always appear in pairs, and
a Fermi arc appears in the bulk band structure to connect the exceptional points. This is
one of the unique properties of non-Hermitian systems. Experimentally, Weyl exceptional
ring[215] and a bulk Fermi arc accompanied with a pair of exceptional points[214] have
been observed in optical wavequide array or photonic crystal slab.

Furthermore, it has been pointed out that the symmetry enriches[210, 224-227] the
possible shapes of exceptional points and the Fermi arcs. To date, various non-Hermitian
topological semi-metals have been proposed [215-224]. For example, in two dimensions,
the exceptional points form symmetry-protected exceptional rings and they induce Fermi
planes, which have also been experimentally observed in a two-dimensional photonic
crystal slab[194] with PT symmetry. In three dimensions, they form symmetry-protected
exceptional surfaces enclosing the region where the band gap becomes pure-imaginary.

Even in equilibrium systems, as pointed out by V. Kozii and L. Fu[37], non-Hermitian
band structures are naturally formed by the quasi-particle lifetime originating from the
self-energy of electron Green’s functions. If we describe the energy spectrum of quasi-
particles having the complex self-energy in terms of an effective Hamiltonian defined
as Heg(k) = Hy + ZR(w + i6, k) with the complex self-energy XR(w + id, k), non-
Hermitian physics related to exceptional points and the bulk Fermi arc naturally show
up in strongly correlated systems, such as the Kondo lattice model, the periodic An-
derson model [38-42, 228-236]. One of the most important points is that the bulk
Fermi arc structure can be observed in the single-particle spectral function A(w, k) =
—LImTrGR(w + i6, k) with the reterded Green’s function

GR(w+ib,k) = [(w+i6)1— Heg(k)] . (1.2)

The non-Hermitian perspective in equilibrium system has attracted much attention
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because of the potential to solve open questions in condensed matter physics, such as the
mystery of quantum oscillation in bulk Kondo insulators[236]. In spite of the intensive
studies, it remains unclear what physical properties are affected by the non-Hermitian
band structure. In particular, there are few studies elucidating effects of the non-Hermitian
band structure on magnetic/electric responses.

1.4 Overview of the thesis

In this thesis, we investigate physical properties of the correlation-induced topological
states and their various phase transitions. We first overview the contents of this thesis.

In Chapter 2, we explore the topological semimetallic states in 2D antiferromagneti-
cally/ferromagnetically ordered heavy-fermion systems to take into account crystal sym-
metries and demonstrate how they can emerge by using the Hartree-Fock approximation.
We show that antiferromagnetic topological insulating phases are stabilized at half-filling
of periodic Anderson model. We also show topological half-metallic ferromagnetic states
stabilized around quarter filling. Our scenario can even apply for spin-nonconserving
systems in the presence of spin-orbit coupling.

In Chapter 3, we investigate emergent non-Hermitian properties in strongly correlated
nodal-line semimetals with chiral symmetry, and discuss their impact on bulk quantities
such as the magnetic susceptibility. We elucidate the emergence of the Fermi volume
enclosed by a symmetry-protected exceptional torus for a diamond lattice model with
spatially modulated Hubbard interaction by employing the dynamical mean-field approx-
imation combined with iterated perturbation theory. Furthermore, in order to investigate
the effect of low energy states induced by non-Hermiticity on physical quantities, we cal-
culate a sublattice dependent magnetic susceptibility. Specifically, we find that, due to
the emergence of the Fermi volume, the magnetic susceptibility for B-sublattice becomes
larger than that for A-sublattice, although the interaction strength is opposite. For this
counterintuitive response to the homogeneous magnetic field, the chiral symmetry is es-
sential, leading to the enhancement of local density of state at the Fermi level only for
B-sublattice.

In Chapter 4, we investigate the impact of critical nematic fluctuations on acoustic
phonon, which in turn enables us to identify the nematic properties by ultrasound attenu-
ation experiments. We propose to detect the intrinsic three-state Potts nematic phase tran-
sition by measuring the ultrasound attenuation of the transverse acoustic phonon. Namely
ultrasound attenuation coefficient shows an isotropic divergence and the sound velocity
renormalization also shows an isotropic angle dependence. In addition, we determine the
phase diagram by an extended Hubbard model in a mean-field approximation to investi-
gate the critical properties. The order of phase transition is of weak first-order. Further-
more, it is confirmed that the enhancement of the ultrasound attenuation coefficient can
be observed in the case of a weak first-order phase transitions.

Finally, we conclude this thesis and explain our outlook in Chapter 5.

16



Chapter 2

Topological properties of magnetically
ordered heavy-fermion systems in the
presence of mirror symmetry

2.1 Introduction to this chapter

In this chapter, we focus on the topological properties in long-range-ordered phases such
as ferromagnetic (FM) and antiferromagnetic (AFM) phases. The emergence of topo-
logical properties in the magnetic phases has already been studied. Magnetic topolog-
ical insulators have attracted much attention in terms of the emergence of chiral edge
modes and their applications to low-power electronics/spintronics devices. As we have
mentioned in Sec. 1.2.2, it has been observed that magnetic-impurity doped topological
insulators become ideal Chern insulators. However, there have been still some problems
to be solved, such as low transition temperatures and non-uniformity of the sample in the
case of magnetically doped insulators. One solution is to search for bulk-magnetic topo-
logical insulators. Therefore, epanding the platform of magnetic topological insulators
has been required. Here, we focus on heavy-fermion systems, which are expected to have
topological properties and various magnetic orders.

For example, an antiferromagnetic topological insulator (AFTI) [80], which is char-
acterized by the combined symmetry of time-reversal and lattice translation, has been
proposed for three-dimensional (3D) systems. However, this topological state is allowed
only for 3D systems[118, 120, 121]. We here attempt to solve this problem and demon-
strate that we can realize AFTIs even in two-dimensional (2D) systems by taking into
account a mirror symmetry. Moreover, in a bulk FM phase, a spin-selevtive topological
insulator (SSTI), which is a topological insulator in half-metallic states, was proposed for
heavy-fermion systems [88]. This half-metallic FM phase [113-117] is stabilized around
quarter filling, where one spin sector acquires a gap while the other remains gapless,
which is called a spin-selective gap. SSTI is characterized by a nontrivial topology in the
insulating sector. However, as pointed out in previous studies, spin conservation is im-
portant, and the problem is that it cannot be applied in the presence of general spin-orbit
coupling. Here, we will overcome this difficulty and propose a way to realize an SSTI for
a spin-nonconserving system in the presence of spin-orbit coupling.

We explore the above-mentioned topological states in 2D magnetically ordered phases
by using an effective model of the topological Kondo insulator for heavy-fermion systems,
and demonstrate how they can emerge by using the Hartree-Fock (HF) approximation.
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Our main idea for realizing such topological states in 2D magnetic phases is to take into
account crystal symmetries, in particular, a mirror symmetry. We address two kinds of
magnetic phases: a 2D AFM phase at half filling and a half-metallic FM phase around
quarter filling. By taking into account the mirror symmetry, we elucidate the remarkable
facts that a 2D AFM phase can have a topologically nontrivial structure specified by a
mirror Chern number and that a half-metallic FM phase can have a topologically non-
trivial structure specified by a Chern number. An important point is that these states can
appear for spin-nonconserving systems.

This chapter is organized as follows. In Sec. 2.2, we introduce the topological periodic
Anderson model and the method to calculate the Chern number. In Sec. 2.3, we show
the numerical results for magnetically ordered topological insulating/half-metallic states.
We then discuss the results for an AFTT at half filling in Sec. 2.3.1, and a half-metallic
FM topological state near quarter filling in Sec. 2.3.2. In Sec. 2.3.3, we briefly commnet
on the electron correlation effect on our topological phases. Sec. 2.4 is devoted to the
summary of this chapter. Finally, in Sec. 2.5, we note for some formulas.

2.2 Mean-field theory of topological periodic Anderson
model on the square lattice

We explore the topological properties of the heavy-fermion systems by employing a 2D
periodic Anderson model with nonlocal d-f hybridization 16, 8, 237, 238]. Specifically,
we analyze the following topological periodic Anderson model showing band inversion
at X points [239-242] due to next-nearest-neighbor (n.n.n.) hopping, which is important
for describing bulk SmBg. In addition to the strong interaction Uy between f-electrons,
we also consider the interaction U, between d-electrons. The Hamiltonian reads

Periodic Anderson model

d
+ €k d
= ) (a4 f) (V’:r ) (fk) + Z Upnjing,  (2.1a)

k =d,f)
with
eﬁ = [—2t;(cosky + cosky,) — 4t; cos ky cos ko, (2.1b)
ef; = [ef — 2tf(cos kx + cosky) — 4t} cos ky cos k|, (2.1¢)
Vi = —2[oxsinky (Vi + Vacosky) + oy sinky(Vq + V cosky)], (2.1d)

where ek(ek) is the dispersion of d-(f-) electrons, Vj is a Fourier component of the
nonlocal d-f hybridization, and k is a wave number.

The annihilation operators are defined as dj; = (dkT dp i) T and fr = ( frer fx i)T.
The basis function for this model is (de di, fr. f i)T, where 0;(i = 0, x, y, z) are the Pauli
matrices for spins. Here, ¢y, ¢, t[’i, and tj, are hopping parameters, V; and V, denote the
d-f hybridization, and €y is the difference between the d- and f-electron energies. We
consider the above model on a 2D square lattice in the x-y plane, which is a 2D version of

I'Spatial inversion symmetry prohibits a local hybridization between orbitals of different parity.
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the topological crystalline insulator with non-trivial mirror chern number[237, 238]. The
system has inversion symmetry, so that the hybridization has odd parity, V), = —V_y.

In order to study the ground state of the model in Eq. (2.1), we employ the following
HF approximation for the Coulomb term:

npng o~ ng(ngy) + (nig)ngy — (ngy) (ng)), (2.2)

where nf (« = d, f) is the number operator. Here, (- - - ) denotes the expectation value at
Zero temperature.
We introduce the mirror operation M, which inverts the z-axis,

M, = im,Q0, 2.3)

where 7;(i = 0, x, y, z) are the Pauli matrices for two-orbitals, d- and f-electrons. In order
to consider the magnetically ordered topological insulating states with a mirror symmetry,
we introduce the corresponding topological number. First, recall that the Chern number
in multiband systems is given as

1
- ¥ /S (Vi x Ajldkydk,, 2.4)

where A;(k) = —i{u;(k)|Vi|u;(k)) is the U(1) Berry connection, where |u;(k))
is a Bloch state with occupied band index i, which is an eigenstate of H.(k).

In the mirror-symmetric system, all the eigenstates are characterized by their mirror
parities and divided into two subspaces as

H(k) = (HMz:O-i-i(k) ’HMZ_O—i(k)) . (2.5)

The net Chern number C and the mirror Chern number C,, are defined by the Chern
numbers C_; obtained in each mirror subspace, namely,

C = CMm=+i+Cp=—i (2.6a)
Cn = (Cr=ti— Cam=—i)/2. (2.6b)

2.3 Numerical results of magnetically ordered topologi-
cal states

We here discuss the obtained results for the magnetic phases at half filling and around
quarter filling separately. The values of the parameters we employ in the following are
tg = 1 (energy unit), t; = —0.5,tr = —t4/5, t} = —t/,/5,U; = 2. Unless otherwise
noted we set (Vq, V) = (0.1, —0.4). The choice of these parameters will be explained
below. The magnetic properties of the system are studied by the HF method and the Chern
number is calculated by the Fukui-Hatsugai method[243], which is efficient for numerical
calculations.
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2.3.1 Antiferromagnetic topological insulator/semimetal

For a heavy-fermion system at half filling, there are some AFM phases and a Kondo
insulating phase in the ordinary Doniac phase diagram. In contrast to a previous study
[80], we here demonstrate that the AFTI can emerge in 2D mirror-symmetric systems.
The model we employ here is a topological mirror Kondo insulator introduced in Refs
[237, 238, 244], which is a mirror-symmetric extension of the topological Kondo insula-
tor. This model was previously used to address a nonmagnetic Kondo insulating phase.
The net Chern number is zero, C = 0, because of the time-reversal symmetry, but there is
still a possibility of having a non-zero mirror Chern number C,, # 0. We elucidate below
that the system can change from a paramagnetic phase to an AFM phase without breaking
its mirror symmetry, thus leading to an AFTI. The AFM phase, where the magnetization
is along the z-axis in our case, breaks a space translation symmetry Tj /5, and thus the
period of the unit cell is doubled. Time-reversal symmetry is also broken by the magneti-
zation, but we show that the net Chern number is zero by using the combined symmetry
S = OT; /; of the time-reversal © and primitive-lattice translation T7 /5.

We assume that the nesting vector is Q = (7, 77) for the AFM phase, which is justified
for (¢!, t}, V2) = (0,0,0), see below. The mean-field Hamiltonian is given by

d 4 pd Vv

HZIf = (ek +_|_ int f k f ) , (273)

Vi €5 T iy

with
el = [~2ty(cosky + cos ky)17x — 4t} cos ky cos ky1o)op, (2.7b)
e£ = [Gfl’]() — th(cos ky 4 cosky )1y — 4t} cos ky cos ky11o] 0o, (2.7¢)
Vi = =2[sinky - 0x(Viypx + Varg cosky) + sink, - o (Vix + Varjg cosky)],

(2.7d)

(ng) 0 0 0

0 (B 0 0
eo=Uu 04 , (2.7¢)

int w 0 0 <n61Ttx>

0 0 0 (nht)

where & = d, f, and 7;(i = 0, x, y, z) are the Pauli matrices for sublattice indices. The
‘pasis function is (df, d? , d‘f, d? , f{‘, ff f f, f f )T. The mirror operation in the sublattice
is

MZ — iTZ ® UZ ® 770. (28)

Symplified model calculation: Case of (/,, t}, V) = (0,0,0)

In order to see the essence of the results more clearly, we start with a simplified model hav-
ing only nearest-neighbor (n.n.) hopping and hybridization, i.e., (¢}, t}, V») = (0,0,0).
We first determine the easy axis of the magnetization by using second-order perturbation
theory in the strong correlation limit. As a result, we conclude that the z-direction is the
easy axis. The detail of the derivation is given in Sec. 2.5.2. It turns out that the magnetic
moments of f- and d-electrons align antiparallel at each site in the z-direction, as shown
in Fig. 2.1(a).
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Fig. 2.1: Magnetic and topological properties for a simplified model with only n.n. hopping and
interaction, (t/, t}, V2) = (0,0,0) and (Uy, V1) = (2.0,0.1), obtained with the HF ap-
proximation: (a) spin configuration of the AFM phase, (b) staggered magnetic moments,
(c) indirect gap and direct gap, (d) Chern number for each sector. In (b), the red dashed
line denotes a spontaneous symmetry breaking (SSB) transition, the black dashed line
denotes a topological phase transition (TPT), and there is a small hysteresis loop because
of the first-order transition. In (c), the indirect gap is the band gap between the con-
duction and valence bands min (Egonduction — pvalence) (k js not necessarily equal to k')
while the direct gap is the band gap at wave number k min(E,‘ionduCﬁ"“ — Ezaler‘ce),
where indirectgap < directgap. We have a TI for Uy < 1.42, an AFTI for
142 < Uy < 2.72, and an AF trivial insulator (AFI) for 2.72 < Uy. Except when
Uy = 2.72, the system is an insulator because of the finite indirect gap. Reprinted figure
with premission from [245] Copyright 2018 by the Journal of the Physical Society of
Japan.

The mean-field results for (U, V;) = (2,0.1) are summarized in Figs. 2.1 (b)- 2.1
(d). Note that the results are not sensitive to the value of V;. We obtain an AFTI phase
as shown in Fig. 2.1(b). At Uy = 2.72, there is a first-order magnetic phase transition,
and the spin configuration for Uf > 2.72 in Fig. 2.1(a), where d- and f-electrons align in
the opposite directions, is in accordance with the second-order perturbation analysis. We
show the direct and indirect gaps in Fig. 2.1(c). The former is important for determining
the topological structure, and we confirm that there is indeed a finite direct gap in the
AFM phase. Note that the phase transition in Fig. 2.1(c) is a Lifshitz transition, where gap
closing seems to occur at a single point. However, this is an accidental phenomenon due
to our choice of parameters. It is seen that the AFTI phase extends between Uy = 1.42
and Uf = 2.72, where the mirror Chern number takes a value of C,; = 1 in Fig. 2.1(d)
with the finite magnetization in Fig. 2.1(b). In the strong interaction region, there is a
topological phase transition to a trivial phase at Uy = 2.72, where both the direct and
indirect gaps are closed. As seen from Fig. 2.1(d), the transition is accompanied by a
change in the mirror Chern number from C,, = 1 to C,;; = 0 while the net Chern number
is zero. This topological phase transition is triggered by the competition between the two
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types of gap. Namely, in the weak interaction region, the topologically nontrivial gap
due to the nonlocal hybridization V; is dominant, while in the strong interaction region,
the topologically trivial gap with the AFM order is dominant. The competition between
the two different states gives rise to a topological phase transition accompanied by gap
closing. We show details of competing behaviour in the next subsection.

Competition between two types of energy gap: Case of (t/, t}, V2) =(0,0,0)
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Fig. 2.2: Uy dependences of gap structure for a simplified model with only n.n. hopping and
interaction, (t/, t}, V2) = (0,0,0) and (Uy, V1) = (2.0,0.1), obtained with the HF
approximation. Energy spectra: (a) llf =0, (b) Uf = 2.5, (¢) llf = 2.65, (d) llf =
3.0, (e) Uy = 3.6. The red dashed line denotes the position of the chemical potential.
Corresponding wave number that brings about the lowest direct gap: (f) Uy = 0, (g)
Uy =25, (h) Uf = 2.65, (i) Uy = 3.0, (j) Ug = 3.6. Reprinted figure with premission
from [245] Copyright 2018 by the Journal of the Physical Society of Japan.

Here, we investigate the competition between two types of gap, topologically triv-
ial and nontrivial gaps, in a simplified model with only n.n. hopping and interaction,

22



(t), t}, V2) = (0,0,0) and (U, V) = (2.0,0.1). There are two origins of this competi-

tion, one is the shift of the f-band Uf<n640”3“> and the other is the change in the nonlocal
hybridization V.

We first note that the Hamiltonian [Eq. (2.7)] can be block-diagonalized for two mir-
ror sectors in the presence of mirror symmetry. We focus on one of the mirror sectors
because both have the same band structure. The sector M, = —i is constructed from
(d?,d?,ff,ff) while the sector M, = —i is constructed from (df,df,ff,fTB). At
llf = 0, a band inversion occurs between the second and third bands from the bottom in
Fig. 2.2(a). Here, for simplicity, four bands are labeled as follows; the first and fourth
bands from the bottom originate from d-electrons, whereas the second and third bands
originate from f-electrons. The insulating phases are classified according to the band
structure; (i) a band inversion occurs between the second and third bands, and the chem-
ical potential lies between these d- and f-bands, (ii) a band inversion does not occur and
the chemical potential lies between the d- and f-bands, and (iii) the chemical potential
lies between different d-bands. The first type (i) has the nontrivial topological structure
shown in Figs. 2.2(a)- 2.2(c), whereas the second type (ii) in Fig. 2.2(d) and the third
type (iii) in Fig. 2.2(e) do not have nontrivial topological structures.

Next, we discuss the shift of the f-band, which is the Hartree shift due to the interac-
tion Uf. To this end, it is sufficient to consider the Hartree shift in sublattices A and B
only for one of the mirror sectors. The linear dependence of the direct gap on U after the
TPT in Fig. 2.1(c) can be understood by this Hartree shift, as described below. Before the
TPT, the chemical potential is between the inverted d- and f-bands but after the TPT, the
chemical potential is between the non-inverted d- and f-bands or between the d-bands.
In the region where the chemical potential lies between the inverted d- and f-bands, the
direct gap proportional to the Hartree shift for one of the f-bands causes the linear de-
pendence on Uy as seen in Fig. 2.1(c). On the other hand, when the chemical potential
lies between different d-bands, the direct gap is not affected by the Hartree shift for the f-
band, leading to an almost unchanged gap size. Since the direct gap caused by the Hartree
shift does not have a topologically nontrivial structure, the system is topologically trivial.

The above explanation becomes much clearer if we take into account the effect of the
nonlocal hybridization V}, which is an odd function of k. An important point is that Vj
vanishes at the X points (Vx—x = 0), which allows us to understand the characteristic
behavior, in particular, in the region before the TPT in Fig. 2.1(c). By calculating the
wave number dependence of the gap size, we determine the wave number that gives the
smallest direct gap in Figs. 2.2(f)-2.2(j). At Uy = 0, this wave number is located in the
middle between the I' and X points. With increasing Uy, the band structure around the
Fermi level is changed by the Hartree shift as in Figs. 2.2(b), and 2.2(c) and the above-
mentioned wave number approaches the X point in Fig. 2.2, making the gap size smaller.
This is because around the X point the hybridization Vj becomes small, and therefore
the direct gap rapidly decreases around the TPT in Fig. 2.1(c). Just after the TPT, the
above wave number is still located around the X point in Figs. 2.2(i) and 2.2(j). Thus, the
direct gap is caused only by the Hartree shift, giving rise to a linear dependence on Uy, as
already mentioned above.

2D effective model for SmBg: Case of (1/,, t}, V») = (—0.5,0.1,—0.4)

We now investigate the model with a specific choice of the parameters, (t/, t}, V) =
(—0.5,0.1,—0.4). Importantly, these parameters can describe band inversions for the

23



m— 1 — 3 L1
0.5V = I 1 |
11 I =
0.4 (mg)— 1 I/II/ I . Cn ZT I :
mg— 144 | 5 - I I C,=0
03 17/ | O p-oreemeemeee- T I ~m
. TI : AIFTS : AFS .1 oy = : I :
- | '2 = ~
0.1 SSB : ‘N = -3 Cm 3 : !Cm=_4
|| —p 1 . (- I
0 —P‘T/!I ...... ITPT ..... -1-() l 2 ,% 4 5
2 ;
0 1 2 3 4 5 (d) U.f'/rﬂ’
(b) Ur'/ Ly A-site B-site A-site B-site
0.4 rd ~_ indirect gap— | d i —% - od — 5 L
: | direct gap — o A G
AN Fryir& T i
[ 1 (S———— . & S, A ¥ A—— il | Yy | ; f
B 1t 2 3 4 9  AENI AFM-II
Us/ty

Fig. 2.3: Magnetic and topological properties for the effective model of SmBe, (t/, t’f, V) =
(—0.5,0.1,—0.4) and (Uy, V1) = (2.0,0.1) at half filling: (a) staggered magnetic mo-
ments, (b) indirect gap and direct gap, (¢c) Chern number for each sector, (d) spin config-
urations of the two AFM phases. In (a), there is a small hysteresis loop because of the
first-order transition. In (b), the region where the indirect gap is closed is semimetallic,
and the points where the direct gap is closed denote the topological phase transitions. In
(c), there are two Chern numbers for two mirror sectors, and the change in the Chern
numbers signals the topological phase transition. We have an AF topological semimetal
(AFSM) for 1.8 < Uy < 3.25 and an AF trivial semimetal (AFS) for Uy < 3.25.
Reprinted figure with premission from [245] Copyright 2018 by the Journal of the Phys-
ical Society of Japan.

X points in the 3D Brillouin zone (see Appendix 2.5.1), leading to a strong topological
insulator phase, as observed for SmBg via angle-resolved photoemission spectroscopy
measurements [96, 97]. The results obtained for topological and magnetic properties
at half filling are shown in Fig. 2.3(a). A prominent feature in this model is that the
system becomes metallic where the indirect gap is closed in the AFM phase even at half
filling, as seen in Fig. 2.3(b). Note, however, that the topological properties still remain
intact in this region because the direct gap is not closed. Namely, the Chern number
is still well defined [Fig. 2.3(c)] in the region where the direct gap is open. Thus, the
topological properties remain even in a “metal”, and such a metal adiabatically connected
to a topological insulator is called a topological semimetal. Note that this definition of a
semimetal is standard in condensed matter but slightly different from that for Dirac/Weyl
semimetals, which are zero-gap semiconductors by definition. Finally, there are several
topological phase transitions between different Chern numbers, as seen in Fig. 2.3(c).
This spin configuration is of the AFM-II type in Fig. 2.3(d).

Summarizing all these results, we arrive at the phase diagram shown in Fig. 2.4(a).
The horizontal axis denotes the strength of the interaction Uy and the vertical axis the
strength of hybridization V7. There are two AFM phases in Fig. 2.4(a). The above
analysis for the dashed blue line in Fig. 2.4(a) (V; = 0.1, V, = —0.4) also applies to the
region | V1| < |V;| where the spin configuration is of the AFM-II type. In the AFM phase
for these parameters, a semimetallic AFM topological phase is realized, which we refer
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Fig. 2.4: Phase diagram of mirror-symmetric AFTT at half filling as a function of the interaction
Uf and hybridization Vi: (a) Uy = 2, (b) U; = 0. The white (dashed) line denotes
the topological (insulator-metal) phase transition line and the black dashed line separates
two AFM phases, i.e., AFM-I and AFM-II. We set V, = —0.4. In the metallic region,
the indirect gap is closed; thus, there is a Fermi surface. However, the direct gap at the
same wave number k is not closed; thus, the Chern number is still well defined. The
white numbers are mirror Chern numbers. The mirror Chern numbers are 4, 3, 2, 0, -1,
and -2 in two figures. The color plot shows the strength of the magnetization. Reprinted
figure with premission from [245] Copyright 2018 by the Journal of the Physical Society
of Japan.

to as an AFM topological semimetal. The mirror Chern number has various values in the
phase diagram, which is due to the presence of n.n.n. hopping and hybridization, and is
enriched by U;. The changes in the mirror Chern number are driven by the shift of the
f-band. In general, a complex band structure brings about various topological numbers
(mirror Chern numbers), for example, see Refs. [30] and [244].

For reference, we show the phase diagram for U; = 0. The obtained phase diagram
is shown in Fig. 2.4(b). In contrast to the case with finite U; shown in Fig. 2.4(a),
the phase diagram is much simpler and we also find nontrivial topological states in a
wider region. Comparing the two phase diagrams, the both band structures have the
non-trivial topology in paramagnetic phases, but in the ordered phase, the situation is
different. When we change U}, various topological phase transition occur even within the
antiferromagnetic phase. Thus we conclude that finite U, is detrimental to topological
properties in AFM phases. The reason why these deferences occur that a finite value of
U, contributes to opening the gap between the d-bands, which leads to the topologically
trivial band structure in the AFM phase, as shown in the simplified model (see Figs. 2.2).

Here some comments on the difference between the current results and the previous
ones are in order. So far, topological properties with the AFM order have been studied in
Refs. [73, 84-87], focusing on the systems with spin U(1) symmetry. The Hamiltonian
with spin U(1) symmetry can be block-diagonalized for two spin sectors. In such a case,
the topology of the AFM phase is characterized by the spin Chern number. In the presence
of spin-orbit coupling, however, such U(1) symmetry may disappear generally. Here, we
stress that the AFTI in our analysis is more generic in the sense that our scenario does
not require spin U (1) symmetry. AFM systems respecting mirror symmetry with strong
spin-orbit coupling are candidates for the AFTI proposed in this chapter.
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2.3.2 Ferromagnetic topological half-metal

We now move on to an intriguing topological half-metallic state. Around quarter filling in
the Kondo lattice system, it has been known that a half-metallic FM phase dubbed a spin-
selective Kondo insulator [113—117] appears, where a spin-selective gap opens, namely,
one spin sector is metallic while the other is insulating. This has been demonstrated for
spin-conserving systems and has been extended later to a topological version referred
to as a spin-selective topological insulator (SSTI) [88], where the insulating sector has
topologically nontrivial properties. A crucial problem in the previous proposals is that all
the results on the SSTI rely on spin U (1) symmetry, which will disappear in the presence
of spin-orbit coupling in general. Thus, one might naively think that the SSTI cannot
appear in reality. To overcome this difficulty, we here demonstrate that by using a mirror
symmetry, such a topological half-metallic state can indeed exist in the 2D FM phase.

()4(a) (b)
mz — — 1 L P i
0.3 ém ))_ f UF0 *—H M=+i
a i -2 f._ I M‘;,:_] —
02pme — Jf 1Ci- 0.002 i
0.1 -4 HE
[0 50 » 2"
1)) — e 80 —
0 1 2 3 4 5 Uf=4 i ﬁ?_:ﬂ =
U/t ' : ~1 —
c f7d 0.002 :
0.2 ( )a B “— U
0. &P y
0 be—————————:ovennrcccuerecr...d 0 ¥ o o
0 1 Zb p 3 4 5 i TR E_l 0 | )
' nergy
(d) | (€) _

filling (+) — _ B
illing (1) — f 8 f—:—

<

0 1 2 3 4 5
Ustty

Fig. 2.5: Magnetic and topological properties around quarter filling for (U, Uf) = (0,4) and
filling of 0.335: (a) magnetization of f- (d-) electrons, where the Chern number for the
gapped sector is plotted in the inset. (b) DOS at Uy = 0 and Uy = 4, (¢) gap of
insulating sector, (d) electron filling for each mirror sector, (e) spin configurations. In
(a), the red (blue) line represents d- (f-) electron magnetization and the black line the
total magnetization. For all Uy, the system has the same Chern number C_; = —3 in the
mirror sector M, = —i. In (b), we show the DOS for the sector of M, = +i (M, = —1i)
by the blue (red) line, where the chemical potential y is indicated by the dashed black
line. In (c), the blue line is the gap of the mirror sector M, = —i. In the region of
Uf > 2.3, the sector M, = —i is an insulator. We have a metallic state at Uf = 0, while
at Uy = 4, we have the SSTI, where the sector M; = +i (M, = —i) is a metal (an
insulator). Reprinted figure with premission from [245] Copyright 2018 by the Journal
of the Physical Society of Japan.

In Figs. 2.5 and 2.6(a), we show the results obtained around quarter filling. At a filling
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Fig. 2.6: Phase diagram of mirror-selective topological insulator around quarter filling: (a) Uy =
0, (b) U; = 2. The white (dashed) line denotes the topological (insulator-metal) phase
transition line and the black dashed line separates two FM phases, i.e., FM-I and FM-II.
In the half-metallic region, the sector M, = —i has a finite gap and the sector M, = +i
is metallic. The white numbers are mirror Chern numbers of the sector M, = —i in
the whole region. The blue dashed line represents the filling of 0.335. The color plot
shows the strength of the magnetization. Reprinted figure with premission from [245]
Copyright 2018 by the Journal of the Physical Society of Japan.

of 0.335 and U; = 0, a FM phase emerges, as seen in Fig. 2.5(a), where the magnetization
has a hysteresis loop. From the density of states (DOS) shown in Fig. 2.5(b), we find that
the system is metallic at Uy = 0, whereas the system is half-metallic at Uy = 4 with

the M, = i sector being metallic while the M, = —i sector is insulating, as seen
in Fig. 2.5(c). This mirror-selective gap gives rise to the nontrivial topological number
C_; = —3in Fig. 2.5(a), resulting in a mirror-selective topological insulator where the

filling of the insulating sector is always half, as seen in Fig. 2.5(d). This spin configuration
in Fig. 2.5(e) is of the FM-I type.

All these results are put together in the phase diagram of Fig. 2.6(a), shown as func-
tions of the strength of the interaction Uy and the filling in the system. There are two
FM phases having different types of spin configuration in Fig. 2.5(e) and the system has
competition between two magnetic orders. We also study the case including the finite
interaction Uy, as shown in Fig. 2.6(b). At U; = 2, there is no topological phase, in
contrast to the above-mentioned case of U; = 0, which shows a nontrivial topological
phase in some parameter region. In both cases, the direct gap is open even in the metallic
phase and the band structure has a non-trivial topology, but in the ordered phase, the sit-
uation is different. Whereas the half-metallic FM phase is stabilized by the finite U, the
finite U, deforms the band structure into a topologically trivial in this mean-field calcula-
tion. The topological properties have a strong dependence on the band structure and spin
configuration under the ferromagnetic ordered states. Summarizing, we find the mirror-
selective topological insulator in a half-metallic FM phase, which can emerge for spin
nonconserving systems, in contrast to the previous proposals.

2.3.3 Electron correlation effect: beyond mean-field description

So far, we have discussed the nontrivial topological states in the AFM phase and the half-
metallic FM phase in the HF approximation. One may ask what will happen if electron
correlations are taken into account beyond the HF treatment. Here, we argue that the
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topological properties obtained from the mean-field Hamiltonian can persist even if we
consider electron correlations by, for example, dynamical mean-field theory, provided the
Mott transition is absent according to Refs. [74, 77, 246-248]. Recall that the Chern
number of each mirror sector is given in terms of the Green’s function as

dwd?k _ _ _
Co = T Tr[e""? Gp0,G, * Gody G, ' Go0,Gy 1, (2.9)

where €,y is a totally antisymmetric Levi-Civita tensor, and (do, 91, 92) = (9w, Ok, E)ky),
k = (w, k). Summation is assumed over repeated indices , v, p = 0,1, 2. o specifies the
mirror parity and G, is the full single-particle Green’s function, which is related to the
free Green’s function Gy via Gy ! (iw, k) = G, (iw, k) — L (iw, k), where Z¢(iw, k)
is the self-energy. In the present treatment, G, is a 4 X 4 (2 X 2) matrix in the AFM
(half-metallic FM) case. According to Refs.[77, 248], the Chern number is determined
by the topological Hamiltonian h&ff(k) = —G;1(0,k) = —G_, (0, k) + Z(0, k). This
is because the Chern number does not change under the smooth deformation as

Go(iw, k,A) = (1 = A\)Gy(iw, k) + Aliw + G;1(0,k)] 7L, (2.10)

where A € [0,1], provided detG, # 0 and detG,! # 0 are satisfied. The cases of
detG, = 0 and detG, ! = 0 respectively correspond to the gap closing or the emergence
of Mott insulators with Im[%(0, k)] — —oo. Therefore, provided the Mott transition does
not occur, the electron correlation effect on the AFM (half-metallic FM) phase can be
treated with the renormalized band insulator, and thus the HF results may not be changed
qualitatively, although the phase diagram should be modified quantitatively.

2.4 Summary

In this chapter, we have explored two topological states in the AFM/FM phases by taking
account of the mirror symmetry in heavy-fermion systems. Concretely, in reference to
topological crystalline insulators, we have proposed 2D topological crystalline insulat-
ing states in magnetically ordered phases for interacting systems. In particular, we have
shown that in the AFM phase at half filling there is a topological state characterized by
a mirror Chern number. In the case of a SmBg film, an AFM topological semimetallic
phase is expected. We have also shown that in the half-metallic FM phase around quarter
filling, the spin-selective topological insulating state characterized by a Chern number is
realized.

In contrast to the previous studies, which assumed spin U(1) symmetry to obtain
such topological properties in the magnetic phases, our proposal is that these phases can
be realized even in the absence of spin U(1) symmetry by taking into account crystalline
symmetry in magnetic phases. Generally, spin U(1) symmetry is not preserved in the
presence of spin-orbit coupling; thus, the present scenario without respecting spin U(1)
symmetry will provide a feasible platform to realize magnetic topological insulators for
2D systems.

All numerical calculations have been done in the HF approximation. We also have
discussed the correlation effects qualitatively and shown that the topological properties
of these states may not change in the presence of correlation effects. Nevertheless, more
elaborate calculations should be carried out to confirm this conclusion. In addition, a 3D
version of the mirror-selective topological insulator has been discussed [249]. It might
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be interesting to study how our mirror-selective topological insulator extends to three
dimensions by increasing the thickness of the layers. Moreover, resent experiments have
shown a metallic AFM phase with pressurized SmBg[250-254]. From the first-principle
calculation[255], it has been pointed out that this metallic AFM phase would serve as a
better candidate for a AFTI with Z; number and A-type AF configuration is proposed for
its ground state. Motivated by these studies, we have also discussed the possibility of the
realization of the mirror symmetric AFTI phase[256].

2.5 Appendix for this chapter: Derivation of some mod-
els

2.5.1 Three-dimensional effective model of SmB,

The 3D effective model Hamiltonian [237, 238, 244] reads

d v
He= Y £) (;g j) (%) @.11)

k k

with
el = [—2ty(cosky + cos ky 4 cosk;)

—4t),(cos ky cos ky + cos ky cos k; + cos k; cos k)]0, (2.11b)
e£ = lef — 2tf(cosky + cosky + cosk;)

—4t}(cos kx cosky, + cosk, cosk; + cos k; cos k)] op, (2.11¢)
Vi = —2[oxsinky (Vi + Va(cosky 4 cosk;))

+0y sinky (Vi + Va(cosk; + cosky)) 4 0z sink, (V1 + Vo (cos ky + cosky))],

(2.11d)

where ei(e{) is the dispersion of d-(f-) electrons, Vj is the Fourier component of the
nonlocal d-f hybridization, and k is the wave number. The annihilation operators are
defined as dy = (dir dg i)T, fv = (fir fx i)T. The basis function for this model
is (dy,dy, fr, f i)T, where 0;(i = 0,x,y,z) are the Pauli matrices for spins. The con-
crete values of the parameters we employ are t; = 1 (energy unit), t(/jl = —05,tf =
—t4/5, t} = —t/;/5. Note that this model has three band inversions at X points [239-
242] as shown in Fig. 4.4. Our 2D effective model is introduced to properly take into
account this inversion property.
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Fig. 2.7: Energy spectrum of the model for 3D SmBg. The thick lines are the band structures of
d- and f-electrons, (V3,V2) = (0.1, —0.4). The thin lines show the bare energies of d-
and f-bands for the same parameters but with vanishing hybridization (V;, V,) = (0,0).
The band inversion at the X point is realized. Reprinted figure with premission from
[245] Copyright 2018 by the Journal of the Physical Society of Japan.

2.5.2 Effective spin model: Strong correlation limit

Here, we determine the magnetization axis by using second-order perturbation theory to
clarify whether the magnetization is mirror-symmetric or not. For simplicity, we use the
model with V, = 0, t/, = 0, t} = 0 at half filling. Starting from the strong correlation
limit Uy > 1, we use the normalized hybridization V3 / Uy as a perturbation parameter.
We use the following relations between the spins SY (x = d, f and i = x,y,z) of d-
/f-electrons and the fermionic operators d;, and fjg with spin indices o =1, ] and site
indices i, j:

1
sti-sly = 5 ¥ (dhdiofiofio + dludioffiv) (2.12a)
T 2.5,
1
54,/ = 2 ( dbdio fh fio + dbdio £, f]-,,) ) (2.12b)
1
shosl = 5% (dhdieflhfio— dbdififio), (2.120)
P25
ol = ¥ (dhdieflfio + dldioffiv) - (2.12d)

o=T

The hybridization term then results in the following exchange interaction via the second-
order perturbation:

H = Y Jitst sl TS Sl + st sl

zi—1
iex
+ Z] 1 1 S ]Zysyz 1 S ] zz 1 S;
i€x
]x d . of JY cd jz cd  of
+ Z deX] Sx] 1"‘]de Sy] 1+IdeZ] Sz] 1
j€y
YISt SL TS Sl st St 2.13)
df Xj— yj—1 df-zj— j’ :
j€y
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where ]Zi}‘ (i = x,y and &« = x,v,z) are the coupling constants between d- and f-
electrons. For the spin configuration along the x-axis, the coupling constants satisfy

]Zi’} = Jar > O,]Z, = —Jar < 0, and ]Z, = —Jar < 0, while for the y-axis, they
satisfy ]5} = —Jar < O,]g, = Jar > O,][Zc = —Jar < 0 (see Table. A-1), and
Jaf = ZVf(% + ufl— ef) > 0, where €y is the chemical potential of f-electrons. From

only this constraint, we cannot yet determine the spin configuration at the ground state.
When t;3 = tgy = 0, the spins can be polarized along the x- or y-direction without
energy loss.

We then consider another perturbation expansion in £ ¢ / Uy for Uy > 1. Itinduces the

AFM interaction | ffS{ . S{ (Jrr < 0), giving rise to frustration in these cases. As a result,
the easy axis of the magnetization is the z-axis, preserving the mirror symmetry, and the
ground state of this model prefers the configuration having the staggered AFM order in
Fig. 2.8, where all other magnetic configurations are frustrated. Those for d-electrons and
f-electrons align in the opposite directions at the same site.

Table 2.1: Exchange couplings obtained for the spin-half 2D periodic Anderson model with non-
local d-f hybridization using second-order perturbation theory from the strong cor-
relation limit. jficf' ]Z 12 and J3 5 are coupling constants for the effective spin model,
where superscripts X, i, and z specify the quantization axis for the spin. There are two
spin configurations along the x- and y-axes. + (—) means an antiferromagnetic (AF)
[ferromagnetic (F)] coupling.

G |5 1 Ty
x-axis | +(AF) | —(F) —(F)
y-axis | —(F) | +(AF) | —(AF)

A o ==
| S ——————

Fig. 2.8: Spin configuration in real space, where all the spins align along the z-axis. The blue (red)
lines denote the d- (f-) level and the bold black/gray arrows denote spins. The dashed
blue (orange) lines indicate the AF (F) coupling, where we consider the perturbation in
V1 /Uy and t¢/Uy. There is no frustration and a configuration having a staggered AFM
phase is realized, where f- and d-electrons align antiparallel at each site. Reprinted
figure with premission from [245] Copyright 2018 by the Journal of the Physical Society
of Japan.
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We further consider the perturbation expansion in t;/Uy; for U; > 1 because d-
electrons have reasonably strong correlation. It turns out that this term induces the AFM
interaction ]dde . S]”.l( Jaa < 0) with no frustration in this order if the easy axis of mag-
netization is the z-axis. In this situation, the coupling constants are modified as [ =

2V12(Ud;+€f + ﬁ) > 0 but the sign is unchanged. We thus conclude that the easy axis

of the magnetization is the z-axis and a staggered AFM phase, where f- and d-electrons
align antiparallel at each site, is realized.
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Chapter 3

Chiral-symmetry protected exceptional
torus in correlated nodal-line
semi-metals

3.1 Introduction to this chapter

In this chapter, we investigate emergent non-Hermitian properties in strongly correlated
nodal-line semimetals(NLSMs) with chiral symmetry. As we have mentioned in Sec.
1.3, non-Hermitian topological semimetals in strongly correlated electron systems have
attracted attention as a new type of correlation-induced topological states. Furthermore,
the notion of non-Hermiticity has a potential to solve the problem of quantum oscillations
in Kondo insulators, and further analysis is required. There have been many analyses
of the emergence of effective non-Hermitian band structures in conventional equilibrium
systems, especially in heavy-fermion systems. However, these analyses have been limited
to the calculation of the spectral function. Thus, in spite of the intensive studies, it remains
unclear what physical properties are affected by the non-Hermitian band structure. In
particular, there are few studies elucidating effects of the non-Hermitian band structure
on magnetic and/or electric responses.

Motivated by these situations, we investigate emergent non-Hermitian properties with
chiral symmetry protected NLSMs, and discuss their impact on bulk quantities such as
the magnetic susceptibility. The chiral-symmetric NLSMs provide a feasible platform to
study non-Hermiticity and symmetry-protected topological degeneracy. Specifically, em-
ploying the dynamical mean-field theory[257-261] combined with the iterated perturba-
tion theory[259-261] (DMFT+IPT), we elucidate the emergence of symmetry-protected
exceptional torus (SPETs) for a Hubbard model of the diamond lattice. These SPETs
induce a sharp peak of the local density of states at the Fermi energy only for one of the
sublattices having weak correlation, which results in the local magnetic susceptibility of
strong sublattice dependence. To our best knowledge, this is the first result exemplify-
ing how the non-Hermitian degeneracies affect magnetic responses. We stress that the
chiral symmetry is essential for the above behaviors. Recently, the emergence of SPETSs
with PT (product of parity and time-reversal) symmetry has been reported by analyzing a
noninteracting non-Hermitian Hamiltonian[224]. In contrast to such a case, SPETs with
chiral symmetry are fixed to the Fermi level, which induces the Fermi volumes (i.e., low

energy excitations enclosed by SPETS) in the Brillouin zone .

ISPETs with CP (product of parity and particle-hole) symmetry are fixed to the Fermi level. However,
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This chapter is organized as follows. In Sec. 3.2, we describe our setup and give a
brief explanation of our approach. From Sec. 3.2.1 to Sec. 3.2.3, we derive DMFT formu-
lation on the diamond lattice Hubbard model. In Sec. 3.3, we show the phenomenology
of the chiral-symmetry protected non-Hermitian degeneracies. In Sec. 3.4, we show the
DMEFT results for the interaction driven exceptional torus. We study the emergence of ex-
ceptional torus at the Fermi level and its impact on bulk properties thorough the magnetic
susceptibility. Sec. 3.5 is devoted to the summary of this chapter. Finally, in Sec. 3.6, we
note for some formulas.

3.2 Dynamical mean-field theory on the diamond lattice
Hubbard model

3.2.1 Hubbard model on the diamond lattice

We study the two-band Hubbard model with spatially modulated on-site Hubbard inter-
actions on the diamond lattice (see Fig.3.1);

a At A . 1. 1
H = Z ti]'C;raUlex/U + Z u,x(l’lmT — §)<ni“¢ - E), 3.1)
(i, ja’)o i

where ¢f (et

o ) creates (annihilates) a fermion at the i-th site of sublattice a(= A, B)
with spin ¢ and 7, = CA,J-rM@im- t € R is a hopping parameter and U, € IR is an on-
site interaction. The first term of the above Hamiltonian describes hopping of fermions
between neighboring sites in the diamond-lattice whose primitive vectors are a;, (i =
1,2,3): a1 = 5(0,1,1), a2 = 5(1,0,1), a3 = 5(1,1,0). The noninteracting term
denotes the NLSM, which is protected by the chiral (sublattice) symmetry. Details are
given in later this section and it is summarized in Fig. 3.2. We note that the many-body
Hamiltonian Eq. (3.1) preserves the many-body chiral symmetry at half filling which is
defined by Eqgs. (3.12) and (3.13). We expect that our toy model can be realized for cold
atoms because in such systems the spatially modulated interactions are fabricated by the
optical Feshbach resonance [262, 263]. As pointed out in Ref. [224], PT symmetry may
induce SPETSs for the NLSMs with gain and loss, which indicates the presence of SPETs
for corresponding correlated systems. We stress, however, that the crucial difference
from the PT symmetric case is that for our system with many-body chiral symmetry, the
low energy excitations induced by the SPETs appear strictly at the Fermi level, which
enhances the magnetic susceptibility.

Topological characterization of nodal-line semimetal

Now we introduce the tight-binding model /1 (k) of Eq. (3.1), as follows

0 Dy Tea
h(k) = (D?; 0), Dk:t0+j_§3tjel aj, (3.2)

Here, the Pauli matrices T’s act on the sublattice space and t; with i = 0,1,2,3 denotes
the nearest neighbor hopping indicated by silver (gold) bonds in Fig.3.1. The nodal-line

the system with CP symmetry is realized for superconductors.
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Fig. 3.1: Sketch of the diamond lattice. Blue (red) spheres denote the A- (B-) sublattice. a; (i =
1,2,3) denote primitive lattice vectors. Reprinted figure with premission from [264]
Copyright 2019 by the American Physical Society.

structure of the noninteracting Hamiltonian can be understood by stacking of the one-
dimensional topological insulators with chiral symmetry. The noninteracting Hamiltonian
h(k) has the chiral symmetry: {h(k), 3} = 0, where 73 is the chiral matrix which acts
on the sublattice degrees of freedom in two sublattice system. To see the topological
properties of the Dirac line node, we calculate the winding number along the blue line in
Fig. 3.2(a). The definition of the winding number is:

1 27 1
= — dk,0 InDy, = — Dilik.—27 —argDylr.— 2] (3.3
Vi ky 20 |, WOkInDi = o largDicli,—2r — argDlk.——2x]- (3.3)
We note that the period in the k, direction is 47t. The structure of the argument of Dy
on ky = 7t plane is shown in Fig. 3.2(b) and the winding number is shown in Fig. 3.2(c).
The change of winding number signals the bulk gapless structure and the Dirac line node
structure appears in the three-dimensional BZ.

3.2.2 DMFT+IPT method for many-body chiral symmetric system

In the following, we demonstrate the correlation-induced SPETs by spatially modulated
interactions in three dimensional systems. We employ the DMFT+IPT method to analyze
correlation effects and clarify how SPETs affect low-energy properties. In order to treat
inhomogenity with the DMFT framework, we employ the sublattice method[261]. In the
DMFT framework, the lattice model is mapped to an effective impurity model described
by

Zgg = / DCouoDeonee™ e, (3.4)
B P
b= = [ dr [ dt e (1) (7~ T)etna (7)
ag
B 1 1
U, /O A (0w () — 5) (10a) (1) = 3), (3.5)
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Fig. 3.2: The topological properties of noninteracting Hamiltonian are shown here. (a): The Fermi
surface (the black line) at the noninteracting case in the three-dimensional BZ. (b): The
argument of the off-diagonal element Dy on k;, = 7t plane and the blue arrow means the
path of integral. (c): The winding number Vk, k=7 ON the blue arrow of (a). In panel (b),
we plotted the Arg Dy, where Arg means the principal value of the argument within the
interval (—7t, 7t]. Reprinted figure with premission from [264] Copyright 2019 by the
American Physical Society.

where Gy (T) is the noninteracting Green’s function of the effective impurity model for
the sublattice «, imaginary time T, inverse temperature 3 and o, is a Grassmannian vari-
able corresponding to the creation operator. G, (T) is obtained by solving the following
self-consistent equation:

-1

- ! ! — 23 (w),  (3.6)

(w) = N; (w+ 0+ p) 1 — (k) — 2R (w)

4949

where the Fourier representation of noninteracting Hamiltonian 4 (k) is given by a 2 x 2
matrix which is constructed from two sublattices and 8 (w) := diag(Z8 _(w), =R (w))
denotes the self-energy of the retarded Green’s function describing electrons on sublattice
.

In order to solve the self-consistent equation in Eq. (3.6), we employ the IPT method
which is particularly efficient for a particle-hole symmetric system[261]. The second-
order self-energy is calculated as Z,%)(T) = —U2Gur(T)Ga—o(—T)Gu—o(—T). Here,
we consider the spin symmetric case G,| = G,¢. Thus, the retarded self-energy is written
as

2P w) = / dx / dy / dzpQ (x)pd ()p(2)
SOFCDFE) +FEFF(-2) .

w—x—Yy+z+id ’

where p%(w) = —1Im [trgw(w + id)] is the density of state (DOS) and 6 = 0+. By

using the IPT solver we can provide real-frequency self-energies and Green’s function
without a numerical analytic-continuation.
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3.2.3 Random phase approximation for the magneic susceptibility

From obtained Green’s function with DMFT+IPT, we compute the magnetic suscep-
tibility as follows. Based on the random-phase approximation (RPA), we obtain the
site-resolved spin susceptibility x% = (X5 + xREA) /2, x5 = (xBEA + xR0A) /2
(the factor 1/2 means the square of spin 1/2 times spin degrees of freedom 2) with

XX (g ien) = (1 — x°U) X0, where 2x2 matrices xR (x°) are the RPA sus-
ceptibility (susceptibility with bubble approximation). U denotes the interaction matrix,

U := diag(Uy, Ug). Matrix elements Xg g are defined as
0 T S .
Xap(d iem) = N Y Gupl(g +k,iwn + ien)Gpa (k, iwy), (3.8)
kn

where €, = 2mnT, m € Z and Gaﬁ(k, iwy,) is lattice Green’s function obtained from

DMFT. Here, we have used the relation G, (k,iw;,) f dx A"‘ kg; . The magnetic

susceptibility is given by the g = 0 and €, = 0 component of X,X(q, zem) x=A,B.

3.3 Overview of the symmetry protection of exceptional
torus for chiral symmetry

In this section, we give a short review of chiral symmetry-protected non-Hermitian degen-
eracies. Let us analyze a generic system with chiral symmetry which has two bands. The
non-Hermitian effective Hamiltonian, describing the single-particle excitations, is defined
as Hege(w, k) := h(k) + ZR(w + i6, k), where the Hermitian matrix h(k) denotes the
one-body part of the Hamiltonian, and =R (w + i3, k) denotes the self-energy with an
infinitesimal positive constant . For a non-Hermitian 2 X 2 Hamiltonian, we can write an
effective Hamiltonian of the form:

Effective non-Hermitian Hamiltonian

Hegr = [bo(k) + ido (k)]0 + [b(k) +id(k)] - T, (3.9)

with two real d-vectors b(k) := (by(k),
(d1(k),d(k),ds(k)) and real numbers by (k),d

CES.

k(’z() 3(k)) and d(k) :=

o(k), where T’s are Pauli matri-

We immediately find the eigenenergies of the form

Ei(k) = bo(k)+id0(k)i\/bz(k)—dz(k)+2ib(k)~d(k). (3.10)

In order for the effective Hamiltonian to possess band touching points, two real d-vectors
need to satisfy

b*(k) = d*(k), b(k)-d(k) =0. (3.11)
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If the solution has non-zero vectors, then these equations describe exceptional points
where the theory becomes defective, i.e., the Hamiltonian cannot be diagonalized and
lacks a complete basis of eigenvectors.

To highlight the symmetry protection in our case, we first introduce the definition of
the many-body chiral symmetry in Sec. 3.3.1. Second, we show the many-body chiral
symmetry in terms of the Green’s function in Sec. 3.3.2. Finally, we discuss the symmetry
protection of the many-body chiral symmetry in the strongly correlated system in Sec.
3.3.3.

3.3.1 Definition of the many-body chiral symmetry

The definition of many-body chiral symmetry [74, 79] for the many-body Hamiltonian H
1s:

Utaar = A, (3.12)

where H is many-body Hamiltonian and Ur is the chiral operator which is a unitary
operator U% = 1. Ut transforms a creation and annihilation operator cjn and ¢;,, (where i
labels the sites of a lattice and n labels the internal degrees of freedom such as sublattice
and spin, etc), as follows: Ultéfnllr = Y . Ur ymCim and U;éinur =Y. éjmul’: e
where the unitary matrix Up) is the chiral matrix of the noninteracting Hamiltonian hij
satisfying thij Ur = —h;; wAith LI% = 1. Here 1 denotes the identity matrix. The explicit
form of the chiral operator Ur is defined for systems composed of two sublattices, as
follows:

8 At A At A
Ur = H(CJ'ST +5gn(s)Cjst) (€, +580(5) sy ), (3.13)
Js

where sgn(s) takes 1 and —1 for s = A and s = B, respectively. From the above chiral
transformation, it is straightforward to see that:

Ufel Ur = sgn(s)éisy, Uf¢iseUr = sgn(s)él,. (3.14)
We note that the chiral matrix Uy = 713, where the Pauli matrix T3 acts on the sublattice
space.

3.3.2 Green’s function formula of the many-body chiral symmetry

In terms of Green’s function, we obtain the following relation:

Many-body chiral symmetry in terms of Green ’ s function

Glw+is) = —UfG'(—w +id)Ur, (3.15)

where U is the chiral matrix and G(w + i) is the single-particle Green’s function.

To obtain above Eq. (3.15), we introduce the reterded and advanced Green’s functions

(GR(t), GA(1)):

Gr(t) = —if(t)[(ca(t)e}(0)) + (€5 (0)éa(t))], (3.16)
’ 5(0)éa(£))], (3.17)



where a and b denote the set of indices, lattice site 7 and internal degrees of freedom #;
éa := C;y and 6(t) is a step function. Now we assume that t > 0. Then we obtain the
following relation:

(Ea(t)E}(0)) = Tefe PHelle,(0)e= e} (0)]
= Trle PAUL M e, (0)Ute ™t Uref (0) U UL,
= Uf Uy Trle P el (0)e 1My, (0),
= U, UrppTe[eh (0)e e, (0)e e P,
= Uty Ur (€ (0)ea (—1)). (3.18)

Here, we have used the following relations:

et = (B, o PR = (fe PR, (3.19)
Ure,Uf = uf el UrefUf = Uf 00, (3.20)
(M*|AIN*) = (N|AT|M), (3.21)

where |M) and |N) denote general eigenstates of the many-body Hamiltonian. In a sim-
ilar way, we have

(€ (0)ea(t)) = Uy Uy (Ew (—1)E(0)): (3.22)
As a result, we obtain GR(t) = —U;EGA(—t) Ur and the Fourier representation is:
Glw+is) = —ULG(—w —id)Ur, (3.23)

where G(w + id) is Green’s function.
To go from Eq. (3.23) to Eq. (3.27), we have used the following relation:

Gh(w+id) = Gulw —id). (3.24)

This relation is understood by the Lehmann representation of the Green’s function, as
follows:
eP(EN—Em) 4 1

z+En—Em

Gu(z) = Y OB (N|és| M) (M[e|N), (3.25)
NM

where z € C, e = Yy e PEN, and Ex(€ R) is the energy for the many-body Hamil-

tonian. So the Hermitian conjugate of the Green’s function is obtained:

B(EN—Em) 4 1
Ghy(z) = Y ePO-En.S
5

e (NIaIM) MmN

_ Z SBO—Ey) eB(EN—EmM) 4 1
NM z*+En— Em

= Gul(2), (3.26)

(NJéa| M) (M]E,|N),

where we have used Eq. (3.18) to go from the first line to the second line. We thus obtain
Eq. (3.24).

Combining Eq. (3.24) and Eq. (3.23), we arrive at the many-body chiral symmetry in
terms of Green’s function:

Glw+is) = —UfG'(w —id)Ur, (3.27)
as shown in Eq. (3.15).
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3.3.3 Effective non-Hermitian Hamiltonian representation of the many-
body chiral symmetry
The effective Hamiltonian Heg(w, k) is defined by the single-particle Green’s function:

G Y w+id) = wl — hy — Z(w + 8, k) = wl — Hege(w, k). In terms of Heg(w, k),
we can rewrite the constraint of the many-body chiral symmetry of the form:

Many-body chiral symmetry in terms of effective non-Hermitian Hamiltonian

Heg(w, k) = —UfH(—w, k)Ur. (3.28)

In particular, at w = 0, this constraint is reduced to
He(0,k) = —UFH (0, k)Ur, (3.29)

which we refer to as extended chiral symmetry. In our model, the chiral matrix is written
as Ut := T3. From this constraint, each term of the effective Hamiltonian is divided into
symmetric or anti-symmetric sectors as,

+b;7;, 1 =0,3
. —id;T;, 1 =0,3
UElide] Uy = {idjril,l gi:mg , (3.31)

where four parameters b;(i = 1,2) and d;(i = 0, 3) respect the chiral symmetry. We note
bp=bs=dy =dp, =0.

Finally, considering the many-body chiral symmetry, the effective Hamiltonian Heg (0, k)
is expanded by Pauli matrices T’s as follows.

Emergence of the exceptional ring/torus

Hei(0,k) = bi(k)T + ba(k)12 + i{do(k) 0 + d3 (k). (3.32)

Thus, the second condition (band touching condition) of Eq. (3.11) is satisfied au-
tomatically by the chiral symmetry. The manifold consisting of defective points is de-
termined by the single constraint b?(k) = d?(k). The number of conditions for band
degeneracy is reduced to one. As a result, a (d — 1)-dimensional exceptional manifold
emerges in the d-dimensional system when d > 0 [226]. Thus, we can obtain an excep-
tional ring and torus in two- and three- dimensional systems with chiral symmetry.

Note that the Fermi surface emerges in the region surrounded by exceptional manifold,
called Femi volumes[225], which are open regions of vanishing real part of the energy gap
and have the same dimension as the system itself.

3.4 DMEFT results for the interaction driven exceptional
torus

Having finished general arguments on chiral symmetric SPETs in the previous section,
we now present the DMFT results in this section. We first show that SPETs with chiral
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Fig. 3.3: Left panel: the Fermi surface (the black line) at the noninteracting case in the three-
dimensional BZ. Right panel: the SPET (the orange surface) for (U4 /t, Ug/t) = (8,0)
and T/t = 0.8. In the left figure, the orange line (blue plane) represents the three-
dimensional BZ (ky, — k plane). Reprinted figure with premission from [264] Copyright
2019 by the American Physical Society.

symmetry emerges from DMFT+IPT calculation. Secondly, based on the RPA approxi-
mation, we numerically elucidate that low energy excitations accompanying the SPETs
enhance the magnetic susceptibility.

The effective Hamiltonian Heg (0, k), which has the many-body chiral symmetry (Eq.
3.28), is expanded in terms of the Pauli matrices T’s as follows:

Heff(O,k) = Zdo(k)’l’o+[b(k)+ld(k)] - T, (3.33)
b(k) = (bi(k),b2(k),0), (3.34)
d(k) = (0,0,ds(k)), (3.35)

as we have shown in Eq. (3.32). The above vectors b and d are given by

bi(k) +iby(k) = to+ Y. tie*, (3.36)
j=1,2,3
do(k)1o +d3 (k)3 = ImXR(0+ 0, k). (3.37)

Intuitively, the origin of the non-Hermiticity is coming from the difference of the lifetime
of the quasi-particles. Here, the Pauli matrices T’s act on the sublattice space and ¢; with
i = 0,1,2,3 denotes the nearest neighbor hopping indicated by silver (gold) bonds in
Fig.3.1. In this case, by using the above effective Hamiltonian, the Green’s function is
written as

G(w, k)™ = (w+i6)T9 — Heg(w, k). (3.38)

3.4.1 Emergence of the interaction-driven SPET: Energy spectrum
and spectral function

We investigate the diamond lattice with isotropic hopping t; = t,i = 0,1,2,3 for Up =
0. First, we show the noninteracting Fermi surface. In the left panel of Fig.3.3, we
can confirm that the diamond lattice shows nodal-line semi-metals. Introducing on the
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interaction, the nodal line changes to the SPET (see right panel of Fig. 3.3). The SPET
are given by the defective points of the effective non-Hermitian Hamiltonian. The real
and imaginary parts of energy dispersion are shown in Fig. 3.4. On the cutting plane
(kxy — kz), we confirm that the band touching region of the real part appears in Fig. 3.4(a)
and it is enclosed by the defective points, i.e. the real part [Fig. 3.4(b)] and the imaginary
part [Fig. 3.4(b)] of the energy dispersion has simultaneously the gapless structure on
its points. We note that the change of the energy dispersion with/without interaction are
shown in Fig. 3.4(c) and Fig. 3.4(d). At first glance, it looks like a modest change, but
at point X, for example, we can see how the cross section of the gapless line originally
becomes the cross section of the gapless volume. Thus we conclude that, inside of the
SPET, the gap becomes pure imaginary and the low energy excitations appear as a Fermi
volume inside of the SPET.

4 - .
— (c)
3 +
2t
/ |Re E(U =80
17 band-1
53] R .
5 0F band-2 1
[ Re E (U, =0)
17 band-1
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_2 t
_3 +
I X W K L I
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Fig. 3.4: The energy dispersion of non-Hermitian Hamiltonian Heg(0, k) = h(k) + X(0) with
(Ua/t,Ug/t, T/t) = (8,0,0.8). (a) and (b) [(c) and (d)] are the real and imaginary
part of Heg(0, k) on the ky, — k plane [high symmetric line]. In panel (c), solid (dotted)
lines denote the dispersion with U4 = 8t (U4 = 0). Reprinted figure with premission
from [264] Copyright 2019 by the American Physical Society.

The emergence of Fermi volume which is surrounded by SPET can be seen via the
momentum-resolved spectral function A(k,w) = —%Im [trGR(k, w)] [Fig. 3.5(a)].

Away from the Fermi level, these low energy excitations are smoothly connected with the
renormalized bands see [Fig. 3.5(b)]. Here is a brief comment on Fig. 3.5(b). Although
Fig. 3.5(b) seems to suggest that the region of high spectral weight between the X and
W points has finite width in energy, we have confirmed that this width hardly depends on
the interaction strength. This means that it is not originating from the interaction-driven
SPET. The emergent Fermi volume, which is formed mainly by the contribution of the
noninteracting B-sublattice, gives rise to a peak structure in the LDOS for the B-sublattice
at zero energy as seen in Fig. 3.5(c). Note that these characteristic features come from
largely different lifetimes for the two sublattices. The peak structure of LDOS is not
limited to the diamond lattice but generally applies for two-sublattice chiral symmetric
system. We discuss the relationship between the origin of the peak structure and the
many-body chiral symmetric system in Sec. 3.4.2. The appearance of SPET and the peak
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structure of LDOS originate from the sublattice-dependent Hubbard interaction.
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Fig. 3.5: (a) [(b)]: Momentum-resolved spectral weight A(k,w = 0) at ky-k, plane [A(k, w)
at high symmetric points] of NLSM with (U4 /t,Ug/t) = (8,0) at temperature
T/t = 0.8. In panel (a), orange lines illustrate the BZ, the effective Hamiltonian be-
comes defective at the blue dots and the color plot indicates the strength of spectral
weight. In panel (b), the blue line denotes the energy spectrum of free diamond lat-
tice. (c): Density of states for each sublattice for (U, /t, Up/t) = (8,0) at temperature
T/t = 0.8. (d): Color map of the zero-th Chern number for ImER (w = 0) = —0.92
at kyy-k, plane. Here, the zero-th Chern number at each point is indicated by a number
enclosed with a box and SPETs are represented with black line. Reprinted figure with
premission from [264] Copyright 2019 by the American Physical Society.

Next, we check topological properties of the system. We show that a zero-th Chern
number can be introduced for the occupation number of the following Hermitian Hamil-
tonian [210, 226]

A(k) = —iH (KT, (3.39)
Hl(k) = Heff(olk)_[trHeff(O/k)/N]]l/ (3.40)

with N = dimH,/(0, k). Exceptional points are consistent with the change of the Chern
number in Fig.3.5(d). The radius of SPETs is related to the difference in the imaginary
part of self-energy r = [ImXK(w) — ImER (w)]/2 at w = 0 between A- and B- sublat-
tices (see inset of Fig.3.5(c)). We show the size of SPET as functions of A-site interaction
U, /t and temperature T/t in Fig.4.3. We confirm that the radius of SPET is enhanced
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Fig. 3.6: Left panel: Color plot of the imaginary part of the self-energy —ImZﬁ (w = 0) as func-
tions of temperature T/t and interaction U 4 /t. Right panel: Color plot of the renormal-
ization factor z, = [1 — dReZR(w)/dw] ! as functions of temperature T /¢ and inter-
action U4 /t. These data are obtained for the isotropic diamond lattice at U/t = 0. We
note that the imaginary part of the self-energy determines the radius of SPETSs; the ra-
diusisr = —ImZﬁ (w = 0) /2. Reprinted figure with premission from [264] Copyright
2019 by the American Physical Society.

with increasing A-site interaction or temperature. However the renormalization factor of
the A-site Green’s function hardly depends on temperature in Fig.4.3.

SPET of anisotropic diamond lattice for Up = 0

We proceed to investigate the anisotropic diamond lattice with tg/t; # 1,i = 1,2,3,t; =
t. With increasing the parameter of hopping with 1 < to/t; < 3, the topological phase
transition occurs and we obtain various shapes of SPETs in Appendix 3.6.1. We show
the Fermi surface of nodal line semimetals with fo/f; = 2 in Fig.3.7 in the noninter-
acting case. Considering spatially modulated on-site Coulomb interactions, we obtain
SPETs and momentum-resolved spectral weight in Fig.3.7 with (U4 /t, Ug/t) = (12,0)
at temperature T/t = 1.

We stress that in contrast to the PT symmetric case[224], the band touching region
inside of the SPETSs emerges at v = O (in this case it is called the Fermi volume) because
of the chiral symmetry. This is understood by the prohibition of real coefficients of Pauli
matrix Tp in an effective Hamiltonian although the PT symmetric system does not prohibit
it. As discussed momentarily below, the Fermi volume inside of SPETsS affects low-energy
physical properties of the system.

3.4.2 LDOS structure in SPET

As shown in the previous subsection, the emergent Fermi volume, forming by noninter-
acting B-sublattice, gives rise to a peak structure in the LDOS. Beyond the above limited
analysis with Upg = 0, it is generally expected that the emergence of SPET and the Fermi
volume are not limited to the Ug=0 case. Now we demonstrate what happens when the
Up is finite. We also use the isotropic diamond lattice for Ug = U 4 /2. According to the
DMEFT calculation, the LDOS structure and difference in the imaginary part of self-energy
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Fig. 3.7: The left (middle) panel: Noninteracting Fermi surface of NLSM (ET with
(Ua/t,Up/t) = (12,0) at temperature T/t = 1) in the case of anisotropic diamond
lattice to/t; = 2,(i = 1,2,3). The right panel: Momentum-resolved spectral weight
A(k,w = 0) on k;-kyy plane with (U, /t, Ug/t) = (12,0) at temperature T/t = 1.
The orange lines illustrate the BZ at kxy-kZ plane and the effective Hamiltonian becomes
defective at the blue dots in the right panel. Reprinted figure with premission from [264]
Copyright 2019 by the American Physical Society.

ImER(w = 0) — Im=& (w = 0) are shown in Figs. 3.8(a) and 3.8(b). Compared to Fig.
3.5(c), the divergent peak structure does not appear, but the situation where the LDOS is
higher in the weakly interacting B-sublattice than the strongly interacting A-sublattice.
Moreover a similar dependence of interaction and temperature is observed in difference
in the imaginary part of self-energy, which induces a non-Hermitian band structure.

In the following subsection, we discuss the origin of LDOS structure.

LDOS structure

pa(lw=0) < pplw=0), (3.41)

where oy = Y rcpz Au(k,w = 0), « = A, B. Although the on-site Hubbard

interactions U, is larger than Up, pp(w = 0) becomes larger than p4(w = 0) at

finite temperature

To obtain the above Eq. (3.41), we discuss the sublattice dependent LDOS structure.
Here, we consider the two-sublattice system with many-body chiral symmetry[226] and
spin U(1) symmetry. The full Green’s function is written in a 2 X 2 matrix which is
constructed from two sublattices, as follows,

Gk,w) = [wl—h(k)—=R(kw)] ",
 (w-3R D\
_ ( e w—zg) , (3.42)

where h(k) and XX (k, w) are Hamiltonian and self-energy,

R
h(k) = (1;)72 %"),ZR(k,w): <ZOA ZOIE)’ (3.43)

Dy is the Fourier component of tight-binding model as shown in Eq. (3.36) for example,
and Zf are self-energy of each sublattice, « = A, B. We obtain full Green’s functions of
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Fig. 3.8: Density of states and difference in the imaginary part of self-energy with Up = U4 /2.
(a) Density of states for each sublattice for (Ua/t,Ug/t) = (9,4.5) at temperature
T/t = 0.5. The inset shows the self-energy =X (w) and X (w) as a function of w. (b)
Color plot of the difference in the imaginary part of the self-energy ImE(w = 0) —
ImZﬁ(w = O) as functions of temperature T/t and interaction U 4 /¢ for the isotropic
diamond lattice at Ug = U4 /2.The imaginary part of the self-energy determines the
radius of SPETs. We note that the imaginary part of the self-energy determines the
radius of SPETS; the radius is ¥ = [ImX{(w = 0) — ImEZR (w = 0)]/2. Reprinted
figure with premission from [264] Copyright 2019 by the American Physical Society.

each subalttice,

w— xR
Gaalk, = B , 3.44
aalk @) = TSR (w — 28) ~ Dy G40
—ZR
Grp(k,w) = WA . (3.45)

(w —X%)(w — X§) — [Dg?

To discuss the structure of LDOS, we consider the v = 0 component of spectral function
for each sublattice,

Ap(kyw=0) = —%ImGAA(k,w:O),
1 —ImX2&(0
S —— 15( ) - (3.46)
7 Im2K (0)ImER (0) + | Dy
1
AB(k,aJ:O) = —;ImGBB(k,w:O),
—ImX& (0
_ 1 m¥, (0) (3.47)

7 ImER (0)Im=R(0) + |Dg[?

where A, (k, w) is the spectral function of « sublattice, « = A, B. Now we consider the
imbalance of self-energy at the Fermi level such as

~ImZE(w=0) > —ImZX(w=0), (3.48)
ImZE(w =0)] > |ImZE(w =0)|, (3.49)
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where, due to the positivity of the spectral function, ImX,(w = 0) is always negative,
« = A, B. The relation between spectral functions of two sublattices is obtained as,

Aplk,w=0) < Ag(k,w=0). (3.50)

The above inequality is valid for all wave vectors in BZ. Finally, the LDOS is obtained
from the summation of spectral function for all wave vectors and we show the relationship
between LDOS of each sublattice, as follows,

pa(w=0) < pp(w=0), (3.51)

where 0y = Y rcpz Au(k,w = 0), « = A, B. The inequality means the imbalance
of LDOS for each sublattice [see Figs. 3.5(c) and 3.8(a)]. In our case, the origin of
self-energy is only on-site Coulomb interaction and the relation for the imbalance of self-
energy Eq.(3.49) is the same as the imbalance of on-site Hubbard interactions U4 > Up
at finite temperature. We show examples of the imbalance of self-energy in the inset
of Figs. 3.5(c) and 3.8(a). As a result, in the many-body chiral symmetric system with
spin U(1) symmetry, considering the spatially modulated on-site Hubbard interactions,
the peak structure or the imbalance of LDOS structure always appears at on the Fermi
level at finite temperatures.

3.4.3 Effects of SPETSs on the magnetic susceptibility

We show that the SPETs induce a nontrivial response to the magnetic field; the low
energy excitations enclosed by the SPETs make the magnetic susceptibility of the B-
sublattice larger than that of the A-sublattice, although the interaction strength is opposite
(Uap > Upg). The mechanisms are as follows. As seen in Fig.3.5(c), at w = 0, the
LDOS for B-sublattice becomes larger than that for A-sublattice because of SPETs as
shown in Eq. (3.41). This fact indicates that the response to the Zeeman splitting for
B-sublattice becomes larger than that for A-sublattice. Therefore, the magnetic moment
of B-sublattice can becomes larger than that of A-sublattice.

The numerical data supporting the above scenario are shown in Fig. 3.9(a) and (b).
The former (the latter) data are obtained at Ug = U, /2 (Ug = 0). In Fig. 3.9(a), we
can see that the magnetic susceptibility for B-sublattice becomes larger than that for A-
sublattice, corresponding to the emergence of the low energy excitations enclosed by the
SPETsS (for the LDOS at Ug = U 4 /2 and for the self-energy as shown in Figs. 3.8(a) and
3.8(b). We can also observe similar behaviors at Up = 0 although the region of x5 > x4
is narrow in this extreme limit. We stress that essential ingredients are the difference in the
lifetime of the self-energy and the chiral symmetry. Therefore, the above enhancement is
generic and considered to be observed for any two-sublattice model where the self-energy
satisfies [ImZ& (w = 0)| > [Im=R(w = 0)].

3.5 Summary

In this chapter, we have studied chiral-symmetric correlated NLSMs in three dimensions
with special emphasis on non-Hermitian properties. Concretely, we have elucidated the
emergence of SPETs for a diamond lattice model with spatially modulated Hubbard in-
teraction. Essential difference from the case for NLSMs with PT symmetry studied so far
is that the present SPETs with chiral symmetry and the associated low energy excitations
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Fig. 3.9: The magnetic susceptibility for each sublattice x5(q = 0,ie,, = 0), « = A,B as
functions of temperature T/t and interaction U 4 /. Panel (a) [(b)] are obtained at Up =
U, /2 (at Ug = 0) with RPA. Reprinted figure with premission from [264] Copyright
2019 by the American Physical Society.

(i.e., Fermi volumes) are fixed to the Fermi level. Furthermore, we have elucidated that
these low energy excitations result in counterintuitive behaviors which are the first results
exemplifying the effects of SPETs on magnetic responses. Specifically, by employing
by DMFT and RPA, we have found that due to the Fermi volumes, magnetic suscepti-
bility for B-sublattice becomes larger than that for A-sublattice, although the interaction
strength is opposite (U4 > Up). For this counterintuitive response to the homogeneous
magnetic field, the chiral symmetry is essential which leads to the enhancement of LDOS
at the Fermi level only for B-sublattice.

One may wonder whether SPETSs persist when we go beyond the DMFT-IPT[259—
261]. We consider that they persist because of the following reasons. (i) It is well-known
that the IPT method gives qualitatively correct results for systems with particle-hole sym-
metry. Indeed, the DMFT combined with the numerical renormalization group method
elucidates the emergence of symmetry-protected exceptional rings for two-dimensional
systems with chiral symmetry[226] which can be regarded as a cross section of SPETs
in three dimensions. (i) The chiral symmetry ensures that the spatial fluctuations do not
destroy the SPETs. The symmetry constraint in Eq. (3.28) for w = 0 ensures that the
effective Hamiltonian can be written in the form of Eq. (3.32), indicating that the SPETs
persist even in the presence of spatial fluctuations. The details study on this point is left
for future work.

We finish this chapter with comments on future studies. Important open questions are
(1) finding experimental setups or candidate materials showing SPETSs and (ii) elucidating
how to observe the unique magnetic response elucidated in this chapter. Concerning the
toy model analyzed in this chapter, we expect that it can be realized for cold atoms by
employing optical Feshbach resonance[262, 263]. In such systems, the unique magnetic
response might be observed by noise correlations or Bragg scattering of light which have
been employed to observe the spin correlation functions[265, 266]. In addition, eluci-
dating effects of non-Hermitian band structures on magnetic responses for other cases of
symmetry remains an important future work.
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3.6 Appendix for this chapter: Numerical data

3.6.1 SPET of the anisotropic diamond lattice

We show the results of anisotropic diamond lattices in Fig. 3.10. The shape of SPETs
is determined from the band touching point of Eqs. (3.10) and (3.37). The topological
phase transition occurs between to/t; = 1.49 and ty/t; = 1.5, between ty/t; = 2.5 and
to/t; = 3.0.

Fig. 3.10: SPETs for anisotropic diamond lattices with to/t; # 1,i = 1,2,3,t; = 1 and
ImZﬁ (w = 0) = —1 in three-dimensional BZ. Reprinted figure with premission from
[264] Copyright 2019 by the American Physical Society.
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Chapter 4

Probing three-state Potts nematic
fluctuations by ultrasound attenuation

4.1 Introduction to this chapter

Electron-nematic states, which break a certain point group symmetry of the electronic sys-
tem, have attracted much attention because of the appearance in many unconventional su-
perconductors ubiquitously. To reveal the relationship between electron-nematic state and
unconventional superconductivity has been a central subject in present condensed matter
physics. For example, in iron-based superconductors, it has been shown that the lattice
Cy-breaking electron nematic state originates from an orbital order and its orbital fluc-
tuation leads to unconventional superconductivity. In many materials, such as cuprates,
iron-based compounds, heavy-fermions, doped-Bi;Ses, and magic-angle twisted-bilayer
graphene (MA-TBG), various electron-nematic states have been reported. As we have
mentioned in Sec. 1.2.3, one of the most interesting features of electron-nematic states is
that these are intertwined with other ordered phases and topological phases.

Since the experimental discovery of unconventional superconducting states near Mott
insulating phases, MA-TBG has attracted much attention for the interplay[145-158] be-
tween band topology and strong Coulomb interaction caused by the moiré interference
pattern. In this material a lattice C3-breaking electron-nematic state[164—167], which is
referred to as a three-state Potts nematic states, has also been reported, and it is of in-
terest for its competition with nematic superconductivity[167] and for the mystery of the
Landau level degeneracy[167-169]. But, no clear evidence of intrinsic phase transition
has been found, and the phase diagram is still unclear. The three-state Potts nematic state
has also been reported in doped-BirSe3[186—188] above the superconducting transition
temperature, which is also a candidate material of nematic superconductors[177-185].
Theoretically, an exotic scenario has been proposed as the electron-nematic state caused
by the strong superconducting fluctuation, referred to as a vestigial nematic state[126,
127, 143, 188], but there is no strong evidence to support it. Besides revealing the micro-
scopic origin of nematicity and the relation with superconductivity, one of the important
problems is to identify the critical behavior of electron-nematic states and to distinguish
whether it is intrinsic (i.e. induced spontaneously) or extrinsic (i.e. due to trivial strains,
the structural distortion or an effect of the substrate).

In this chapter, we investigate the impact of critical nematic fluctuations on phonons,
which in turn enables us to identify the nematic properties by ultrasound attenuation ex-
periments. Despite a lot of research, the identification of such a three-state Potts nematic
state and the clarification of whether it is induced spontaneously or from trivial strains
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are not an easy task. We analyze the influence of the nemato-elastic coupling on the
low energy properties of phonons by a phenomenological argument using a Ginzburg-
Landau-Wilson (GL) action[267] and a model calculation based on the Hubbard model. It
is shown that nematic fluctuations induce an isotropic divergence of the transverse sound
attenuation coefficient, which is defined as the inverse of the phonon mean free path.

This chapter is organized as follows. In Sec. 4.2, we present a phenomenological
argument to see how the critical nematic fluctuation affects the properties of phonon. First,
in Sec. 4.2.1, we discuss the Landau damping for the Cs -breaking bond-order fluctuation.
Second, in Sec. 4.2.2, we analyze the influence of the nemato-elastic coupling on the
acoustic phonons. In Sec. 4.3, we present a model calculation of nematicity and discuss a
mean-field phase diagram. First, from Sec. 4.3.1 to Sec. 4.3.3, we derive the mean-field
theory of the three-state Potts neamtic phase transtion. Second, in Sec. 4.3.4, we show
the phase diagrams and, in Sec. 4.3.5, we show the sound attenuation coefficients. In Sec.
4.4, we give a brief discussion on the application of our results. Sec. 4.5 is devoted to the
summary of this chapter. Finally, in Sec. 4.6, we note for some formulas.

4.2 Phenomenological approach to the impact of critical
nematic fluctuations on phonons

In this section, we present a phenomenological theory to show how the ultrasound atten-
uation detects the critical nematic fluctuations. In the following subsection, to consider
how to capture the signature of the intrinsic nematic phase transition, we focus on the
impact of critical nematic fluctuations on low-energy properties of acoustic phonons.

First, we deal with the nematic phase transition phenomenologically. In hexagonal
lattices, such as MA-TBG and doped-Bi;Ses, the nematic order is described by a two-
component order parameter ® = (P71, P;), which belongs to a two-dimensional rep-
resentation of the point group D3[174], Dg[171] and D3,4[143], in the three-state Potts-
model class. The GL action for the nematic fluctuation[171] on the two-dimensional
system is given as follows:

GL action for the three-state Potts nematic phase transition

1 1 1
Snem|[®] = /dzrdr brcm@_ + 5”3(¢3+ +@%) + L—Lu4(d>+<l>_)2}(,4.1)

where @1 = ®q(x) £ id;(x), x = (r, T) and GL coefficients 7, u3, i4.

® is naturally parametrized as ® = ®(cos26,sin26), where the angle 6 can be
identified with the orientation of the nemetic director 7 = (cos 6, sin6) with angle 260
reflecting the invariance of 7t rotation. The cubic term reflects the hexagonal anisotropy
and is expressed as

1 1
61/[3((133_ +@%) = 8u3<1>3 cos 60, 4.2)

which is minimized at 6 = 2n7w/6 = {0,7/3,27t/3} for u3 < O and 0 = (2n +
1)7t/6 ={m/6,7/2,57/6} foruz > 0. These solutions represent threefold degenerate
nematic directors.
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When we consider the Gaussian fluctuation region, the corresponding action for ne-
matic fluctuation is given by

Scaus®] = Y@ | 2" (qien)| @, (43)
q

with ¢ = (g, i€y ), the boson Matsubara frequency €,,, and CIDZ’-‘q = ®; 4, because of
®;(x) € R. Here,

Ra' (@ iew) = (r+ &g+ D(F‘j&')) (44)

is the matrix of the d-wave density correlation function, where » o< T,9 — T measures the
distance from the mean-field transition temperature Ty, with the mean-field correlation

l€m|
Ty(q)

length &y and the damping rate I';(g). The Landau damping term! D ( ) depends on

the type of order parameter and the microscopic details of the system.

In the following subsection, we derive the functional form of D (1"‘;”17') ) coming from

the Cs-breaking bond-order (see Eq. (4.5)), which is an example of the three-state Potts
nematic order. Remarkably, we find that the Cs-breaking case has an isotropic angular
dependence of the Landau damping, in sharp contrast to the strong angle dependence of
the Landau damping in the case of the C4-breaking bond-order[135, 268] which is an
example of the Ising nematic order.

4.2.1 Phenomenology of a C;-breaking bond-order fluctuation

According to the standard Hertz-Millis-Moriya description[129, 131-133], the dynam-
ics of a ferroic order parameter which couples to an itinerant electron system is over-
damped at low frequency. This is based on the simplest treatment of the critical order
parameter fluctuation. On the other hand, the dynamics of electron-nematicity is more
complicated[ 125, 128, 129]. For example, in isotropic Fermi liquids, the order parameter
fluctuation of the d-wave Pomeranchuk instability is decomposed into a ballistic (z = 2)
transverse mode and an overdamped (z = 3) longitudinal mode, where z is a dynamical
critical exponent?. This nature leads to various intriguing properties unique to the nematic
quantum critical point such as an unusual non-Fermi liquid behavior[130, 269, 270] and
the multiscale quantum criticality[271]. Moreover, in lattice systems with Cy-breaking
bond-order fluctuation, the appearance of a ballistic mode and its effect on the critical
properties have been discussed[ 135, 268].

In this subsection, we derive the functional form of the Landau damping D <1J§E”‘1|) > ,

as follows:

IThe Landau damping term appears as a self-energy correction due to the coupling between the nematic
fluctuations to the itinerant electron system. The critical dynamics is generated by the excitation of particle-
hole pairs in the Fermi sea and the dynamical critical exponent is determined by this frequency dependent
term. We note that Landau damping requires electrons to scatter along the Fermi surface.

2
2 A ballistic mode (an overdamped mode) shows D « %(D o %) with a dynamical exponent z = 2
(z = 3). The former is called as a ballistic mode without damping, while the latter involves overdamping

due to the particle-hole pair creation.
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Gaussian fluctuation theory

_ 2.2 * __Po | W]
SGauss|®] = ;q’q [T+Coq Dq]q)q/ D, = 2 vglq|’ (4.5)

with ¢ = (q,i€en), the boson Matsubara frequency €, the density of states at
the Fermi level py and the Fermi velocity vg, where r « T,9 — T measures the
distance from the mean-field transition temperature T, with the mean-field corre-
lation length &g.

The coupling term between the nematic fluctuation and the electrons

Let us begin by asking what happens for the dynamics of the nematic fluctuation for
the Cs-breaking bond-order case which is one of the microscopic origins of electron-
nematicity. For simplicity, we assume a circular Fermi surface around the I" point and
the single band system in a C3 symmetric lattice. The interaction between the nematic
fluctuation (P14, P24) and the electrons (ci, cy) resulting from the Hubbard-Stratonovich
transformation is given by

Hcoup & Z [dlkq)lq + deq)Zq] Cz+q/zcqu/2/ (4.6)
qk

where form factors of a two-dimensional representation are dqj ~ (l%% — lAci) = cos 20
and dop, ~ 2(kvky) = sin26) with the wave vector of electron k = |k|(ky, ky) =
|k|(cos By, sin 0y ). Tt reflects a two-dimensional representation of a C3 symmetric lattice,
meaning that two waves, dxz_yz-wave and dy,-wave, cannot be treated separately. Fur-
thermore, the order parameter is parametrized as ® = ®(cos 26, sin 20) with the nematic
director 1 = (cos 6, sin 0) and its angle 6. The coupling term is expressed in terms of the
relative angle between the wave vector and the nematic director (Bk — 9) as follows,

Heoup o ) Dgcos2(6) — 9)c£+q/zck_q/2, 4.7)
q.k

where we have used @1, = @, cos 260, Oy; = P, sin 26 and the coupling term vanishes
atf, — 0 = +m/4.

Nematic polarization for a circular Fermi surface

The low-energy contribution of a nematic polarization matrix X;] = % Y dind ik Gka+q
with 7,7 = 1,2 and an electron Green’s function G, V= jw, — e — U, the energy

dispersion €; = k?/2m and the electron mass 7, determines the dynamical properties of
the nematic polarization
g y y did:
ij o ij b ik%jk
Dq/iem - Xq/iefn Xq,() Zempo /kFS iem - ka . q’
i€m /2” Aoy dirdji
0

- m Py , 4.8
UFWPO 271 i€y /vg|q| — cos (O —Gq) 4.8)
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with pg is the density of states at the Fermi level, the Fermi velocity v and the boson
Matsubara frequency €,,. Now we set ) = (0 — 0,) and rewrite each component of
dikdjk as,

diedie = cos? 20, = cos? (2y + 204)

~ cos? 20, cos? 21 + sin’ 20, sin? 24, 4.9)
dokdoy = sin® 20 = sin” (24 + 26,)
~ cos? 20, sin® 2¢p + sin? 20, cos? 21, (4.10)
1 1
didor = 5 sin46, = 5 sin (41/) + 49!1)
1 1 1
~ 50540, sindy + 5 sin 46, cos dyp = 5 sin 4, (2cos® 2¢p — 1)4.11)

where we have ignored terms proportional to sin 21 cos 21, because they vanish after 1
integral. Combined with the above equations, the dynamical part of nematic polarization
Dg = Xq — Xgq,0 is calculated as,

’ 2 dy  digdjk
7o— o 000 L
Dy = —iapo 0 27mia—cost’ 12
witha = %’ﬁ]l’ the shorthand notation g = (g, i€y, ) and
D}I1 = iapo{cos2 20, [ngn(a) — 21'11] + sin? 26, [Zia} },
(4.13)
D;z = iapo{c052 20, [Zia} + sin? 20, [ngn(a) - 21'(1} },
(4.14)
: . . . 1. .
D}iz = zapo{sm49q [zSgn(a) - Zza} —5 sin 46, [zSgn(a)] },
(4.15)

with D,}z = D%l. We have used the following equations in the above calculations,

27 dip cos? 2y

le(a) = = 0o 2mia—cosy’
2
= (14 24%) [%Sgﬂ(a) - 24 la—so — iSgn(a) — 2ia, (4.16)
27 in2
Is(a) = Ay sin” 2

0 2mia—cosy’
- 2ai[1—|—2a2—2|a|\/1—|-a2]|a_>0 5 2ia. 4.17)
Here, 2 — 0 means the static limit (|e;;| > vg|q|) and we evaluate the leading order

component of 4 in the above integral. After using the above integration to Eq. (4.12), the
dynamical part of the nematic polarization matrix in the static region (|€,,| > vg|q|) is,

A apo (1 0\ ra o] ( cosdb, sindd,
by = =5 (0 1) o3 2”}(sin49q —cos4p, ) *I®)
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At first glance, this would seemingly break the C3-symmetry, but later calculations show
that the Csz-rotation symmetry is preserved when the angle of the nematic directors is
taken into account.

Next, we express the above function in terms of the angle of nematic director 6 and
consider the dynamical part of Eq. (4.3),

T A . A cos 20
@, D,®; = @, ( cos26 sin26 ) D, ( sin 20 )CIDZ,

|€m| lem|? ]
= —Dyp0 cos? (20, —20) —2—"""_ cos (40, — 40) | D,
0 g < 2 (oplgD? = q
(4.19)

where ®; = ®;(cos26,sin26) and P, is the norm of ®;. Thus the Gaussian action
including the above discussion is rewritten as

Scauss[®] = L@ | (r+ )1+ Dy @;, (4.20)
q
®ID,®; = —CD(q)po[ €nl o2 (20, — 20) — 2'6L|22 cos (46, — 49)} ®*(q).
L vrlq| (velql)

4.21)

where r « T,9 — T measures the distance from the mean-field transition temperature T,
where the mean-field correlation length is ¢p.

Result: Isotropic angular dependence of the Landau damping

The orientations of the nematic directors are restricted to three directions by the cubic term
in Eq. (4.1) as follows, 0 = {0,27t/3,47/3} forus < 0and 0 = {—m/6,71/2,77/6}
for u3 > 0. Precisely speaking, the damping term preserves this Z3 symmetry in disor-
dered state, thus we need to treat three angles equivalently in the above Eq. (4.21).

cos? (20, — 20)

1 2 5 21 47
— g[cos (204) + cos” (26, — ?) + cos? (20, — ?)], (4.22)
17, 1, 3 ., 1
= 3 [cos (204) + 5 Cos (204) + 5 sin (29,,)] =5 (4.23)

Eventually, within this treatment, there is no anisotropy of Landau damping in the three-
state Potts nematic case, and thus we arrive at the following action with the single com-
ponent scalar field ®

Saunl®] = Lolg )X @] @), (4.24)

~1 R |€m] ) 495
Xd (Q) r qu rd(q) ( )

with @ = ®(cos26,sin20) and the damping rate T, '(q) = 2vF 0|g|~'. We conclude
that the Cs-breaking bond-order fluctuation leads to an isotropic angular dependence of
the Landau damping as shown in Eq. (4.5).
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Comparison with the Ising nematic order

The above results are quite contrasted to the Ising nematic case where the nematic director
is forced to be 6 = {0, 7r/2} for dxz,yz—wave. In that case, the term D (H;&'» in Eq.
(4.4) is expressed as the following anisotropic form[135, 268] as

€m] |€m] 2 |‘€m|2
Dl——~) = cos“20, —2—————cos40,|, (4.26)
(rdw)) "O[vpm 77 “(oplql)? 1

which leads to the angle dependent dynamics of nematic fluctuation. It is possible to
understand from the coupling term in Eq. (4.7) what is responsible for these differences
between the three-state Potts nematicity and the Ising nematicity, as follows. The dy-
namics of nematic fluctuation is damped due to particle-hole pair excitations close the
Fermi surface, which is a source of the Landau damping. It requires electrons to scatter
along the Fermi surface. One of the unique properties of bond-orders is the presence of
the nodal structure in the form factor[135, 268]. This implies that a particle-hole pair
creation is prohibited at certain directions, leading to a large anisotropy in physical quan-
tities. For example, in the case of the Ising nematicity, the nematic director is forced to be
6 = {0, 7t/2} for d,2_p-waves, so that the coupling term vanishes at 6 = /4 in Eq.
(4.7). On the contrary, the three-state Potts nematic case of our interest does not have such
a specific direction of vanishing coupling because nematic directors are not orthogonal to
each other, as we have discussed in this subsection.

4.2.2 Probing the nematicity through acoustic phonons

In addition to the angle dependence of the Landau damping D ({:—&B) in Eq. (4.4), there

is a unique character in the nematic order; the nematic order parameter couples linearly
to acoustic phonon modes[134—-136, 143, 171, 272, 273]. This is essentially different
from the cases of other ferroic orders, e.g., ferromagnetism or superconductivity whose
order parameters only couple to the totally symmetric mode of phonon in quadratic order.
Because of this specific form of coupling, the unique properties are reflected in the trans-
verse acoustic phonon. As a result, through the linear nemato-elastic coupling, phonon
modes affect the thermodynamic and transport properties near the nematic quantum criti-
cal point.

Despite a lot of research, an identification of the electron-nematic phase transition
and clarifying whether it is induced spontaneously or from trivial strains is not an easy
task. The ultrasound attenuation of acoustic phonons is one of the good techniques of
identifying the electron-nematic phase transition and its critical behavior. It is also pointed
out that the selection rules of ultrasound attenuation coefficients can determine the Ising
nematic phase transition[134]. In this section, we focus on the impact of nemato-elastic
coupling on the acoustic phonons.

Acoustic phonon

First we consider the dynamical properties of two acoustic phonon modes, a transverse
(T) and a longitudinal (L) one with sound velocity UT(L)- The displacement field u

is decomposed into two modes u,—7,; = i€, with ér = (—sinf,,cosby,), é; =
(cosby,sinf,) and 6; = tan ~1(g,/qx). The elastic action for two acoustic phonon
modes reads[267],
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The elastic action for the acoustic phonon

Sphlu] = Z Y iu(q) )i, (q), (4.27)
2,57
Ku(q) = K;(tO)(‘J)_5Ky(‘7)/ (4.28)

with ¢ = (q, i€y ), the full (bare) inverse propagator KV(KISO)), the phonon self-
energy 0Ky, the boson Matsubara frequency €, = 27tTm and the mass density

O.

The bare inverse propagator has the form
K = &+ (4.29)

The sound attenuation coefficient[274] a, is defined as the inverse of the phonon mean-
free path, as follows

1
- — lim —1I KR 4.
au(q) lim vywm (g, w), (4.30)

where Kﬁ (g, w) is the retarded function of the full inverse propagator.

Nemato-elastic coupling

In general, the lowest order of the symmetry-allowed nemato-elastic coupling[143, 171]
in the free energy is

Fram pi[®, 8] = —x [ dr(ene — €)1 + 2642, (4.31)

with the coupling constant « and the strain tensor €;; = %(aiu i+ ajui). Considering the

nemato-elastic coupling Spem —ph = foﬁ dTFnemfph’ we calculate the effective action for
phonons coupled with nematic fluctuation.

Nemato-elastic coupling

Snem_ph|®,u] = —KZi%[ﬁL(q)—ﬁT(q)}Cb*(q). (4.32)
q

Here, we derive the nemato-elastic coupling (see Eq. (4.37)). In terms of 7y (q) and
iiT(q), the nemato-elastic action reads

al = — . g . cos20, sin26 P1(—9q)
Snem—ph[q)/ ] = K;( uL(q) MT(C]) )l|q| ( —Sil’lzgq COSZGZ ) ( cpz(_q) )’
= <L (o) arle) )ilal (o) )@ la)
q
(4.33)
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where 0, shows the propagating direction of a wave vector 4. In the second line, we have
used ® = ®(cos 26, sin 20) with the angle of nematic director 6.

In the case of the Ising nematicity, the nematic director is forced to be 8 = {0, t/2}
for d x2—y2-Wave. Even if we treat the two angles equally, the anisotropy of the nemato-
elastic coupling remains, as follows,

cos? (205 —20) — cos? (204), (4.34)
sin” (20, —20) — sin® (26,). (4.35)

This form is the same as in Ref. [135]. However, in the case of the three-state Potts
nematicity, treating the three angles equally does not show any anisotropy. Thus we
conclude that Z3 symmetry leads to an isotropic angular dependence of the nemato-elastic
coupling.

cos? (205 —20) — %, sin’ (204 —20) — % (4.36)

Treating the three angles equally does not show anisotropy, with a similar argument as
before, and thus we obtain the following form

Snempnl0] = —x L il [, ()~ i) 0 ). @

Therefore we conclude that the nemato-elastic coupling has an isotropic angular depen-
dence.

Result: Phonon’s properties affected by the nematio-elastic coupling

After integrating out the nematic order parameter field in the total action Sgot = SGauss[P] +
Sph[#] + Snem—ph [P, #], an additional contribution to the phonon Green’s function in Eq.
(4.28) is

2.2
5Ku(q) = =T x4(q)- (4.38)

20
Indeed, up to the leading order correction, we can confirm that the self-energy has no
anisotropy.
As a consequence, we obtain the full inverse propagator for phonons in Eq. (4.28),
which gives rise to the renormalization of sound velocities as,

1 v%,qz ’
K2 R
= o1 g Rexf (@@ = 0). (4.39)
H

Note that a sound velocity renormalization implies a lattice softening. They are tied to-
gether in the following equation v, = /¢, /p, where the corresponding elastic constants
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are cy. In the same way, sound attenuation coefficients are

_ : R
wu(q) = —(}Jlirb v;wlm&K” (q,w),
— lim 5T R(g,w — 0) (4.40)
w0 2005w Xa 'l ' '
2
. < 1la (4.41)

2005, 72 %'

with 75 = % Thus a,(q) o r~2. The symmetry-allowed coupling term leads to the

isotropic divergence of transverse (longitudinal) sound attenuation ap () o (T. — T)~2
and an isotropic lattice softening.

In addition to the above equation, there is another relevant term[134, 275] which is
induced by the deformation potential,

Frem—ph® 4] = ') @;(q+4q)Pa(q")[ilqlur(q)], (4.42)
9.9

where the longitudinal sound modes couple to the quadratic term of nematic fields. It
originates from a change in volume due to the effective nematic-nematic interaction.
This term also leads to the divergent contribution to the longitudinal sound attenua-
tion a; o (T, — T)~2. Note that the latter term is essentially the same as in weak
ferromagnetism[275] for sound attenuation near the ferromagnetic transition in metals.
3

Comparison with the Ising nematic case

Some comments are in order here on the comparison with the Ising nematic case. In the
case of the Ising nematicity, the nematic director is forced to be 6 = {0, 71/2}. Even if
we treat the two angles equally, the anisotropy of the nemato-elastic coupling remains, as
follows

Stsng[®@,#] = —x Y_ilql|L(q) cos (26,) — air(g) sin (26,)| @ (g).
q
(4.44)

As pointed out in previous studies, this leads to the angle dependent damping properties of
acoustic phonons[134] or the mass term anisotropy of the Ising nematic fluctuation[135].

We conclude that the unique properties to observe the three-state Potts nematic or-
der: (1) the nematic fluctuation affects the transverse acoustic phonon, (ii) the ultrasound
attenuation coefficients show an isotropic divergence which is proportional to the mo-
mentum |¢| and (iii) the sound velocity renormalization also shows an isotropic angle

3Paulson and Schrieffer considered that the deformation potential of the effective exchange interaction
J gives an interaction between a phonon and the electron spins of the form

Ha-ginlM,u] = =] [ V-u(r)M(r) - M(1), (4.43)

where M (r) = ¢t (r)o(r) is the electron spin density. They pointed out that a; o w?(T — T.) ~27 above
T..
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dependence. We therefore propose to detect the three-state Potts nematic order by the
measurement of the isotropic divergence of transverse sound attenuation coefficient and
the isotropic sound velocity renormalization. The isotropic nature of these properties is
in contrast to the Ising nematic case where such quantities are anisotropic and subject to
selection rules[134]. Note that the vanishing anisotropy of the acoustic phonon velocity
is consistent with Cowley’s classification[276].

4.3 Model calculation of the electron-nematic phase tran-
sition

Let us move on to the model calculation of the nematic phase originating from a bond
order on the honeycomb lattice. In this section, we use the mean-field approximation
by taking into account the higher order terms up to the sixth order coefficients in Eq.
(4.1). Since the critical properties near the phase transition are evaluated in the mean-
field approximation, the power of divergence may be changed in the presence of strong
fluctuations, but the stability and the extent of the ordered phase are expected to remain
qualitatively unchanged even with the inclusion of such effects of the mode coupling.

4.3.1 Extended Hubbard model on the honeycomb lattice

We here consider the extended Hubbard model on the emergent honeycomb lattice in Eq.
(4.45). In a TBG, a slight mismatch in the lattice periods of two graphene layers gives
rise to a long-period moiré interference pattern. The regions that locally apear to be AB-
stacked bilayer grahene and BA-stacked bilayer graphene form the emergent honeycomb
lattice in Fig.4.1(a). Furthermore, it is pointed out that the Wannier state[ 154, 155, 157]
is centered at the AB or BA spot in the moiré pattern, while the maximum amplitude
is at three AA spots. Because of the three-peak form of Wannier state, the Coulomb
interaction between the neighboring sites is as important as the on-site interaction[155].
The extended Hubbard model on the emergent honeycomb lattice reads

Extended Hubbard model

1 ABt BAt \ g Ciot,
H = N 2 < CkC(T CkC(T > Hia CB%T + Hint + Himp/
kéo kéo
1
24

T Y VapehoCaoChorchor, (4.45)

b oo’

with creation and annihilation operators ck o Ckg - the spin index o, the sublattice

index « € {AB,BA}, the valley index ¢ € {+, —}, the unit cell index i, and its
shorthand notation a = (i, , ).

The long-range interaction comes from the three-peak structure of Wannier orbitals
in MA-TBG[154, 155, 157]. Here Hka is a 2 x 2 Hamiltonian for each valley ¢ and
0. Since our mean-field analysis aims at showing the critical properties of the nematic
fluctuation and order of the metallic phase, we use a reduced tight-binding model with
only the nearest-neighbor hopping term on the honeycomb lattice and deal with all spin
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and valley degrees of freedom on an equal footing*. The tight-binding model on the
honeycomb lattice are written as

0 1+ e ka4 pmikea)
t(l +eik-a1 +ezk-a2) 0 4

with the nearest-neighbor hopping strength ¢ and the primitive lattice vectors on the hon-
eycomb lattice: aq, ap in Fig.4.1(a). Although the band structure is somewhat different
from the Bistritzer-MacDonald model and other tight-binding models[152—158], our sim-
ple model captures the essential properties around VH filling, including the correlated
insulating phase near half-filling. Imposing valley-U(1) symmetry, we introduce two or-
bitals which do not hybridize with each other. Each valley for { = 41 is independent in
the non-interacting Hamiltonian. Although the Coulomb interaction term may have both
contributions from the intra-valley and the inter-valley interaction, the obtained form fac-
tor from the DW-equation method[174] has no inter-valley component. In our mean-field
calculation, we analyze all spin and valley degrees of freedom on an equal footing in the
following section. As is known, in order to reproduce the correlated insulating phase near
VH filling®, which is not expected in ordinary single layer graphene, valley degrees of
freedom are needed. In this paper, however, we focus on the nematic metallic phase with
the C3-breaking Fermi surface, in line with the transport measurement in Ref. [167].

The third term Himp in Eq. (4.45) represents the spin-independent short-range isotropic
impurity scattering,

Hi (4.46)

Himp = Yt 80, (4.47)
goni
where the random impurity potential #'™P obeys the Gaussian ensemble
im imp im 2
<ul. p> = 0, <ui pu]. p> = nimp|u] 51'/]' (4.48)
with 7imp and u being the impurity concentration and the strength of the impurity po-
tential. We resort to the Born approximation, which results in the impurity-averaged
self-energy
o . T A o
Zﬁi"};(zwn) = ni|u|2N Y G(k, iw,) = iTsign(wy)]1, (4.49)
k
where iw,, is the Matsubara frequency and I is the strength of the impurity scattering. In
this calculation, we use Eq. (4.49) or its retarded representation. With this approximation,

the impurity-averaged Green’s function is solved as G~ (k) = Gy L(k) — Simp (k).

Derivation of forward-scattering interaction

Now we focus on the electron-nematic phase transition near the van-Hove (VH) filling
where the nematicity can be seen in the experiment, as claimed in a previous theoretical

“The valley degrees of freedom in some moiré materials are not the same as those used in semiconduc-
tors but a kind of orbital degree of freedom due to the folding of Brillouin zone and originating from the
K and K’ valleys of graphene before twisting. It has also been pointed out that these two orbitals do not
hybridize, because the hybridization of original K and K’ points requires a large momentum transfer which
greatly exceeds the scale of the moiré Brillouin zone after the folding. In the Bistritzer-MacDonald model
or some effective tight-binding models, it has been pointed out that the two orbital degrees of freedom
decouple from each other, referred to as a valley-U(1) symmetry.

3In many theoretical studies, it has been pointed out that one of the essential features to explain the cor-
related insulating phase is the emergence of additional degrees of freedom arising from the moiré structure,
namely valley degrees of freedom, compared to the case of single-layer graphene.
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Fig. 4.1: (a) The primitive lattice vectors on the honeycomb lattice: a; = (%2, %), a; = (0,1)
with vectors of the nearest-neighbor bond 7 = (—#,—%),Tz = (%, 0),73
(— 5 \@, 2) The basis function of E(or Eg) representation of form factor: (b) dy2y,

wave, (c) dyy-wave. Reprinted figure with premission from [277] Copyright 2022 by the
American Physical Society.

study[174]. These authors showed that the C3-breaking bond ordered state is stabilized
near VH filling by using the so-called DW equation method beyond our mean-field de-
scription. Based on this work[174], we restrict ourselves to the d-wave forward scattering
channel of electron-electron interactions only. Here, we derive the forward-scattering in-
teraction®[278-282] from an extended Hubbard model on the emergent honeycomb lattice
in Eq. (4.45). The microscopic forward-scattering interaction obtained is

Forward-scattering channel

Ho = —8% L 2 (nf™ (@) (-q)), (4.50)

¢oi=12 q

with creation and annihilation operators ck o Ckg »» the spin index o, the sublattice
index « € {AB,BA}, the valley index { € {+, —}, and the coupling constant
g = ZV% (VnN: the nearest-neighbor repulsive interaction).

This is derived in the following way. The interaction term is shown in terms of the

% Yk E;(* ffgjzg ,lng/zg, where E;‘(* are form

Blo _
d;-wave density operator nE (q) =
factors in a two- dlmensmnal E representation. Considering the nearest-neighbor (NN)

direct channel on the multi-orbital Hubbard model, the interaction term is given by

Hine = —ZZVabcchchba, 4.51)
ab oo’
VNN
= SN L LT (@ea(d)op(—q), (4.52)
w#ﬁq
YApEA(9) = (e—zq-n+e—iq'f2+e—iq'fa), (4.53)

The forward-scattering interaction means a scattering channel between quasiparticles whose initial and
final momenta are unchanged. So-called d-wave Pomeranchuk instability or bond ordered states are driven
by the forward scattering channel.
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where a = (i, &, ) denotes the unit cell index i, the sublattice index « € {AB,BA}, the
valley index ¢ € {+, —} and the density operator p,(9) = Yoz o Lk ci‘fq Ucig.
We change the ordering of fermion operators in the NN direct channel as

NN at g Pt Bl
Z ’YAB,BA(PZ)Cm+p200p100p3—pza/0p30/

pip2ps3
NN N act B¢ B&t af
T k; YasBa (K =K )y 200k g /200K - 4/20K 192007 (4.54)
q

where we have ignored the inter-valley component and consider only ¢ = ¢’. Now we
decouple YNN. (k — k') as YNNG \ (k — k') = 3sisp + %E}(*E}c, + %Ei*Ei,, where sy,
E,lc, Ei are the form factors in Fig.4.1(b) and (c), such as

Sk — eik-Tl _|_eik~T2 _|_eik-T3I
. 1 . 1 .
El — ikt _ Z ik _ T ik
R C 2° 26
3 3
E = __‘é_elk'fur—\é_elk'fs. (4.55)

We can rewrite Eq. (4.54) in terms of the density operator, which is in the E-representation
of the point group D3,

VNN AB AB AB AB
HEP = -8 ¥ (n @) ()] + n* () [ ()],
¢o kK q
with

ABéor, 1 i« ABEt  BACZ
ng o (q) = N;E;{ Chet /20 k1 /20" (4.56a)

Finally, we have Hiy = H/B 4+ HB4 as shown in Eq. (4.50).

int int

E | C5; | Cyy | linear quadratic
Al 1] 1] -1 x% + 2
Ay | 1] 1 -1

E|[2]-1] 0 |(xy) | (x*—vy?xy)

Table 4.1: The character table of the D3 point group.

In the D3 point group case[155], form factors result from TABLE.4.1. The real part
of néng(q) corresponds to the d-wave components of the density operator, referred to

as nematic fields, whereas the imaginary part of nngU(q) corresponds to the p-wave
components, referred to as loop-current fields[174]. We note that, if we consider the Dg
point group case[158] which is another symmetry of MA-TBG, nematic fields appear
irrespective of loop-current fields.

4.3.2 Effective action describing the three-state Potts nematic phase
transition

To construct the mean-field theory, we introduce the two-component nematic order pa-
rameter field ®(q), with ® = (P, P;) and we derive the following effective action in
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Eq. (4.57) from the extended Hubbard model in Eqs.(4.45) and (4.50).The effective action
is given by the two-component order parameter ® = (D1, P,),

Effective action for the three-state Potts nematicity

1 .
Sel®] = Y ~i(—q);(q) — T[N, ], (4.57)
igaqg AL
. ®;(—q) ( 0 Ei
Mii"k_f = ((~iwn — w1+ 74,) O+ g k-4 Zl: VBN (E;{ g)
(4.58)

with the chemical potential y, the spin index o, the valley index ¢ € {+ -}
q = (q,iwyn), k = (k,iwy) and the form factor E; in Eqs.(4.55), where we
have neglected any loop-current order and only considered the (d X2y d xy)—wave
components for simplicity.

\. .

First, we rewrite the grand-canonical partition function Z in the functional-integral
form[267],

7 = / D(e, c)e Sl (4.59)
D(e,c) = [] deguecdcqucos (4.60)
quio

with the Grassmannian variables ¢, ¢, where the action S is defined as

S = So[f C] + Sint[é C] 4.61)
_ 6 B
= L L8 g | (w1000 + R a) 0] by,
igogk aff
—g g (q)ng (=), (4.62)
ifoq

with the chemical potential y, the shorthand notation g = (g, iwy), k = (k, iwy,) and the
d;-wave density operator

L, ABE 1 *-ABC BA¢
E (q) - N; E} Ck+q/2<fck q/20’ (4'63)
BAZo 1 i AT BAZ
NE, (q) - NZ kCk—q/20 k+q/20° (4.64)
k

Next, we perform the Hubbard-Stratonovich transformation by using the two-component
complex field (¥, ¥), with ¥ = (¥1,¥2), ¥; € C, and ¥ = ¥*, as follows

Sint = —— (Fi(—)ne () + Fi(—)ng 7 () ) + = Y Wil
t igoq ﬁN< F ) Z(J’qu
1 _
= ) chﬂga[ (k, q)]cf_ggg"' P Z Yi(—q)¥i(q), (4.65)
ll;(qu 0(,8 lgg'q
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where V! 5 (k,q) is an (&, B) component of the matrix V' (k,q). In terms of form factors
E;( in Eq. (4.55), it is expressed,

N 1 g
Vitkq) = ——— ( E;‘(‘PO Ec¥i(=q) ) (4.66)

VBN i(—9) 0

with g = (g, iwy), k = (k,iwy,), where oy, 0y are Pauli matrices and ¢, ¢ are Grassman-
nian variables corresponding to creation and annihilation operators.

We now divide ¥ into nematic fields ®;(q) and loop-current fields ®/(q), where
®i(q) = Re¥i(g) € R and ®)(q) = Im¥;(q) € R. In the following calculation,
for simplicity, we only consider an electron-nematic order and in this case the matrix
Vi(k, q) is written as

i _ _®i(=q) (0 E

The total action in this system is given by the two-component real field ® = (P, O,),

Stot[€, ¢, ®] = Sol¢, ] + Sint[€, ¢, @], (4.68)
with
Solc,c] = Z Z k+2(§a [ Wy y)éaﬁ + ﬂia,aﬁ)(sq,o} Cllj—%g’;’(r' (4.69)
i¢ogk af

After integrating out the electron degrees of freedom ¢, ¢, we have an effective action for
the nematic field ®

Se|®] = —ZCD Trln[Mgaqk q} (4.70)
1§Uq
M}qu = Gy 5k+q/z,k—q/z—i_212‘7i(k,q), (4.71)

where we have introduced the non-interacting Green’s function GJ 1 (k) = iw, 1 — 7:[;”2 -
This leads to Eq. (4.57).

4.3.3 Ginzburg-Landau expansion for the three-state Potts nematic-
ity

In terms of the order parameter field ®, the partition function is expressed in a functional

integral form,

Z = 7, / Do Sei®], 4.72)

Do =

1—[ dq)lqzxéachanCU
7_( 7

(4.73)
quéo

with Zg = [D(g,c)e %0le¢ = ¢=P_ the thermodynamic potential Qg. The Landau
free energy is given by

exp (—Fnem/T) = / Do Setil®], (4.74)
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In terms of the order parameter field @, the Landau free energy is obtained from the GL
expansion up to the sixth order terms, as follows

Ginzburg-Landau expansion

1 1 1
Frem|[®@0] = 5r®4 @+ gug(cbi + %) + Zu4(<1>+c1>,)2
1 1

o E”5(®4¢ + P, )+gu6q>iq>i,

(4.75)

with @ = ®1(0) £i®P;,(0), the uniform (g = 0) and static (i, = 0) component
@, = ®(q = 0), and coefficients u, and r = 1/g — u, defined as

Upip = — Ztr[Gk ko)} - (4.76)

kzwn
= § D™ [efe + (0 o] @

with the Fermi distribution function f(€), where we have used the non-interacting
formula in Egs. (4.80) and (4.83) with T Y, [¢'(k)]"*! = L3 f(e') at the
second line.

Here, we derive the GL expansion in Eq. (4.75). For simplicity, we approximate the
2 x 2 Dirac Hamiltonian with chiral symmetry on the honeycomb lattice,

*
n, = (P Sk ) ) 4.78
g ( €k M (79
N 1 1 1
U, = E ( o0 it ), (4.79)
where a phase factor is introduced as 0, = é—ﬁ with €, = (1 + e~ ka1 e’ik"”),

the hopping parameter ¢ and the chemical potential . The band representation of the
non-interacting Green’s function and the interaction vertex in Eq. (4.71) is given by

A v (8 0 )yt
Golk) = Uy ( . > 0, (4.80)
k
i Lo 10 i i
Vilk,q) = —Wuk{( 0 —1 ) [qu)i(—‘ﬂ —Pk¢§(—Q)]
0 —i i i @ on
+ (i 0 )[_qu’i(—ﬂl)erkq)i(—Q)]}ukr (4.81)
where [g°] ™! = iwy F |ex| — p is the electron Green’s function, wy is the fermion

Matsubara frequency and we have introduced the d- and p- wave components of the form
factor E;_in Egs.(4.55),

d = Re|Epe |, p = Im|Eje %], (4.82)

If the system has space inversion symmetry, the p-wave component of the nematic field
vanishes. Now we focus on the d-wave component, for which the matrix V'(k,q) is
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obtained in a diagonal form

~ diq),'(— )A 1 0 ~
Vik,q) = k—quk(O _1)%

VBN

= 9'(k,q)®i(—q), (4.83)

where we have introduced the shorthand notation of the interaction vertex 9’ (k, q).

As described in Sec. 4.3.2, we have used the effective action in Eq. (4.71). In terms of
the order parameter field @ = (®q, P, ), the partition function is expressed in a functional
integral form,

Z = Z / DdeScLl®] (4.84)
Saf@] = Y sWiel. (4.85)
n=1, 6

We expand the above GL action up to the sixth order terms in the nematic order parameter,
by using the following relation as

TrlnM = Trln(—éo_l) — Z %Tr(éoff)n, (4.86)
n=1

where M is shown in Eq.(4.71). The first order term of @ is
1

Tr(GV) = TN ,Z [Gk] " [@i(k,q)}

D;(—q), (4.87)
ke @

p

where this integration becomes zero because Gy has the C3 symmetry. The second order
term, which is shown in Figs. (4.2)(a), is

ey = LS omo) aso
X;j = %k%; tr [ék+q/zﬁi(k1q)ék—q/zﬁj(kr—CI)] (4.89)

Thus the Gaussian term is
SChsl®] = %[xf(q)]ij@i(—q)@j(q), (4.90)
hﬁ@hzzé%—d»w+%fmﬁﬁi (491)

where ¢ = ZV% is a coupling constant, the dynamical part of nematic fluctuation are
defined as

A

Dgiw, = Xgiwn — X0, (4.92)

where r = 1/g — X},l:o o T,o — T measures the distance from the mean-field transition
temperature T,y and the mean-field correlation length is ¢o.
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Fig. 4.2: Diagramatic representation of GL coefficients for the second order term (a), the third
order term (b), and the fourth order term (c). The solid line means the electron Green’s
function and the broken line means the nematic interaction. The black circle means the
vertex v and its labels i, j, m, n.

In a similar way, we evaluate the coefficients up to the sixth order and it is graphically
shown in Figs. (4.2). GL coefficients u, 1 comes from uniform contributions of the
(n 4 1)-th order term in the non-interacting Dirac dispersion,

Upi1 = — Z tr[G rﬂ, (4.93)
kzwn
170" o"
— _Z n—H [ ef( ;—)+(_1)n+1%f(€,:) . (4.94)

where we have used the non-interacting formula in Eqgs. (4.80) and (4.83) with

TZM®W1=;§?@L (4.95)

iwy

at the second line. If we treat the impurity effect in a Born approximation, the electron
Green’s function is evaluated as G~1(k) = Gy (k) — Zimp(k) and the self-energy is
obtained in Eq. (4.49).

As a consequence, we arrive at the following GL action up to the sixth order,

. 1 1
SaL[®@+(q = 0,iwy = 0)] = (BN) [Ercmcp, +cus(@F + 03) +
1

1
+ 3ous(@E O+ DLt ) + cued] @3] (4.96)

1 2 A2
ZM4CI>+CD,

where x = (r,7), P+ = ®1 £ i®; and r = 1/¢ — up. The Landau free energy is
obtained from exp (—Fhem/T) = [ DdeSeit [Pl = o= 5eit[P£(0)] 45 shown in Eq. (4.75).
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Fig. 4.3: Phase diagram of a nematic bond-ordered state. We use Vxn/t = 4.5. T}t (TCan) is
the first (second) order phase transition point, and uz = 0 (14 = 0) is zeros of u3 ().
The three arrowheads surrounded by the circle represent the set of the orientation of the
nematic director. The set of the orientation changes on the zeros of u3. We calculate this
by using a square mesh of 500 x 500 in the Brillouin zone. The phase transition line TSt
is defined by Frem [®1, 2] = 0 and 0Fpem [P1, P2]/0P; = 0 with i = 1,2. Reprinted
figure with premission from [277] Copyright 2022 by the American Physical Society.

4.3.4 Numerical results (i): Mean-field phase diagram
Parameters in the Landau free energy

Now we determine Landau free energy coefficients up to the sixth order (7, u, - - , ug)
numerically. 7 The electron-nematic phase transition shown here is described by a spon-
taneous distortion of the Fermi surface, caused by Cs-breaking hopping anisotropy. In
addition, due to the symmetry of spin and valley, we perform a mean-field analysis deal-
ing with all spin and valley degrees of freedom on an equal footing. In the following
section, without loss of generality, we focus on one spin and one valley degrees of free-
dom. We summarize the mean-field phase diagram (T, N), with the temperature T and
the filling N, determined by the Landau free energy in Fig. 4.3. The transition is of purely
second order at the VH filling (Ny ~ 1.25) because of us = 0 and ug > 0. We note
that N = 2 corresponds to the full filling and N = 1 corresponds to the charge-neutral
point. The important feature is that the transition is of weak first-order in a wide range
of filling. “Weak first-order” means that the character of the phase transition is first order
but the transition temperature is close to the second order transition temperature which is
defined by up = 0. In general, first-order transitions are not accompanied by a divergence
of the susceptibility, but a remnant of critical fluctuations can nevertheless be observed
due to the vicinity of the second order instability, as we will show below.

In this analysis, we focus around VH filling as shown in Figs.4.4(a) (this is correspond

7In this calculation, we use the band representation of the non-interacting Green’s function. The («, §)-

component is expressed as [Qk} 5 =), [Uk} [Uﬂ g/,Z i1 » where the non-interacting Hamiltonian Hj
o ary ,)/ sbem

B
and the unitary matrix Uy, as follows: H; Uy = Uy Dy, a diagonal matrix Dy, = diag{eZ}, 7y-th component

: Y Y _ L
of eigenvalue € and 1/gk,iwm = Wy — €.
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Fig. 4.4: The Hartree-Fock results in the disordered phase and the nematic phase; (a)The density
of states, and the particle number N. (b)The band structure along the high-symmetric
line of the Brillouin zone. (c¢)The Fermi surface. The data are plotted for the disordered
phase (¥ = (0,0), T/t = 0.15) and the nematic phase (¥ = (0.12,0), T/t = 0.05).
We use Vnn/t = 4.5, N = 1.2. We note that N = 2 corresponds to the full filling and
N = 1 corresponds to the charge-neutral point. Reprinted figure with premission from
[277] Copyright 2022 by the American Physical Society.

to N = 1.2). We note the band structure in Figs.4.4(b). Introducing on the interaction, a
finite value of the order parameter yields a deformation of the Fermi surface which breaks
the C3, symmetry as shown in Figs.4.4(c). This is obtained from Hartree-Fock approx-
imation and the derivation is summarized in Appendix 4.6.1. We show the temperature
dependence of the order parameters in Fig. 4.5. Although, in the vicinity of VH filling,
the transition is of almost second order with a continuous change of the order parameter
in Fig. 4.5(a), for other fillings, the transition is of weak first-order with a small discon-
tinuous change of the order parameter in Fig. 4.5(b). In this weak first-order region, we
expect a nearly diverging behavior of the nematic susceptibility.

Impurity effects for the mean-field phase diagram

Next, we show how weak impurity scattering modifies the mean-field phase diagram. In
graphene-based materials, it is known that there are impurity effects due to the substrate
and disorder effects due to sample inhomogeneity. Here, for simplicity, we treat the im-
purity effect at the level of the Born approximation introduced in Eq. (4.49). In Fig. 4.6,
the mean-field phase diagrams for disordered cases (I' = 0.05 and I' = 0.09) are shown.
First, we observe that the transition temperature of the three-state Potts nematic state is
suppressed with increasing the impurity scattering. Second, the first order transition line
at low temperatures gradually approaches the second-order one, rendering the transition
a weak first-order. Thus we conclude that the transition becomes weakly first-order in the
presence of the weak impurity scattering.

As described above, we have used the mean-field approximation for the free energy
and the critical properties. In general, it is known that phase transitions and critical prop-
erties can be modified by introducing mode-coupling effects between fluctuations, such
as third- and fourth-order terms of GL action. In addition, due to the peculiarities of the
three-state Potts model, the classical phase transition at finite temperature is known to be
a second-order transition in two spatial dimensions[283, 284], and it is expected that the
first-order transition discussed here will be further close to the second-order transition if
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Fig. 4.5: Nematic order parameters (P1,®P;) and r « T,y — T measures the distance from the
mean-field transition temperature TCan' The three arrowheads surrounded by the circle
represent the set of the orientation of the nematic director. Tclst (Tcznd) is the first (second)
order phase transition point. (a) N = 1.25 which is very close to the VHs. (b) N = 1.2
which clearly shows the first order phase transition. Reprinted figure with premission
from [277] Copyright 2022 by the American Physical Society.

we take into account the mode-coupling effect[129, 131-133]. Of course, in the case of
quantum phase transitions[285-287], the order of the phase transition is not well under-
stood, and it is an open question what happens for the order of the phase transition when
the nematic phase transition is accompanied by loop-current order or when the impurity
vertex corrections are applied. In our analysis, the critical properties near the phase tran-
sition point are due to the mean-field approximation, but the stability and the extent of the
ordered phase are expected to remain qualitatively unchanged even if the effects of such
fluctuations are included.

Before closing this subsection, we comment on the connection between the calculation
and experimental observations. In Ref. [167], the authors obtained the phase diagram by
changing the filling with a gate voltage, where the electron-nematic state is realized only
in a narrow filling range. This observation is consistent with the fact that the electron-
nematic state is stable only near the VHs in our mean-field calculations.

4.3.5 Numerical results (ii): Sound attenuation coefficients

Next, we show the sound attenuation coefficients and the sound wave velocity for the
transverse acoustic phonons, which are modified by the Fermi surface fluctuation. The
inverse propagator of acoustic phonon has the following form, as we have discussed in
Sec. 4.2.2,

Ku(g) = K(g) —6Ku(q), (4.97)
K]SO) = efnJrvf,qz, (4.98)

with g = (g, ien), the full (bare) inverse propagator Ky(KLO)), the phonon self-energy
0K, the boson Matsubara frequency €, = 27tTm and the mass density p.
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The dominant contribution to the phonon self-energy in Eq. (4.28) is given by the
nematic fluctuation,

2.2 K22

-1
1 d(q)z—%[rJrC%q“rrIZ”q')] . @99

5Ky,nem(‘])

An additional contribution to the phonon Green’s function is given by the bubble diagrams
with electron-phonon vertices,

1
5Ky,el—ph(q) = 2p tr[Gk+q/2wquk q/zw;: 6]] (4.100)
with
of - __8ph ( 0 AEk u(—1q) >’
ki VBN \ AEq, - é.(—q

e
0
_1 ,
AE, = ( 7 ) ek M (ig . ay) ( ) kax(ig . ap),  (4.101)
2

with ér = (—sin 6y, cos8,) ;. = (cosb,,sinb,), 6; = tan ~1(g,/gx). The derivation
of the above equations is in Appendix 4.6.2. The phonon self-energy (5Ky,e1—ph(Q) due
to the electron-phonon couplings and 6K} nem(q) due to the nemato-elastic couplings
in Eq. (4.28)) are obtained numarically. The sound velocity and the sound attenuation
coefficient, which is defined as the inverse of the phonon mean-free path, are summarized
as follows

RedKR(g,w — 0) 1
* A _ R
v, = Uy \/1 — 27 , au(g) = —(}Jlinm vy_wlmK (g, w).

o
WIN|—

(4.102)
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Using these self-energies 6K, we calculate the normalized sound velocities Unem / Uel—ph
and the normalized sound attenuation coefficients nem /®e1—ph, Which quantify the con-
tribution of the nematic fluctuation (Unem, &nem) to the electron-phonon coupling (vel,ph,
Xel—ph)- The temperature dependencies of the transverse sound velocity and the trans-
verse sound attenuation coefficient for several impurity scatterings are shown in Fig. 4.7.
The parameter region is in the weak first-order phase transition for N = 1.2. We note
that the ratio of the sound velocity Unem / Vel pp takes about 0.8 at Tcls"c for the choice of
parameters.

It is confirmed that the ultrasound attenuation coefficient is enhanced by a factor of
about 100 around the first-order transition temperature T2 even if the impurity effect is
present in Fig. 4.7 (I' = 0.05). Furthermore, in the region where the impurity scattering
is much stronger in Fig. 4.7 (I' = 0.09), the ultrasound attenuation coefficient is still
enhanced by a factor of 10 for the same parameters as above. These results suggest that
the weak first-order phase transition occurs and that the effect of nematic fluctuations can
be observed in the phonon damping even in the presence of impurities.
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Fig. 4.7: Temperature dependence of the sound velocities Unem / Vep—ph and the sound attenuation
coefficients dnem / Xep—ph for the transverse acoustic wave for N = 1.2. TgSt (TCan)
is the first (second) order phase transition point. The points make only sense above
the transition temperature for T > T}, Reprinted figure with premission from [277]
Copyright 2022 by the American Physical Society.

4.4 Discussion

Here some additional comments are in order on the characteristic properties discussed in
the previous sections.
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Superlattice effects

In this chapter, we have focused on the long-wavelength limit of acoustic phonons with
linear dispersions. Here we comment on the phonon modes in MA-TBG, which are com-
plicated due to the superlattice structure. One of the unique properties of such moiré
phonon modes, which reflects a non-rigid crystal[175, 176], is the appearance of rota-
tion tensors in addition to the ordinary strain tensors in the elastic degrees of freedom.
While for a rigid crystal the velocity of longitudinal phonons is much larger than that of
transverse phonons, for twisted bilayer graphene having a non-rigid crystal property, the
velocity of transverse phonons may exceed that of longitudinal phonons due to the cou-
pling between the strain tensor and the rotation tensor[171, 175, 176]. Although there are
such quantitative differences, as far as the acoustic phonons in the long-wavelength limit
are concerned, there is no qualitative change in their linear-dispersion properties. Thus
we believe, even in the moiré materials, that our theory can be applied to the low-energy
properties of acoustic phonons with linear dispersions. It is also important to consider
the effect of the rotation tensor to the nematicity as discussed in Ref. [171]. Since the
electron-nematic order parameter does not couple to the rotation tensor in the leading or-
der correction, we have not considered it in this paper. Nevertheless, the detailed study
including the higher order corrections to phonons and nematicity is important, which is
left for future work.

Impurity effects

In MA-TBG, it is known that there are impurity effects due to the substrate and disorder
effects due to sample inhomogeneity and inhomogeneity of moiré structures. In this chap-
ter, we have treated the disorder effect at the level of the Born approximation. In addition
to the discussions in Sec. II. C and Sec. III. C, it is also important to consider sev-
eral scattering mechanisms. In this connection, we comment here on the impurity effects
beyond the Born approximation in Eq. (4.49). We expect that the impurity vertex correc-
tion changes the dynamical critical exponent, leading to the change of the wavenumber
dependence of the ultrasound attenuation coefficients from |g| to |g]?.

The damping rate I';(g) in Eq. (4.5) depends on the dynamical critical exponent z as,

Ti(q) = yalq/ (4.103)

where z = 3 for a usual ferroic order in clean systems. One of the unique properties of
the electron-nematic state is that the sound attenuation coefficient in Eq. (4.41) reflects
the damping rate of nematic fluctuations, as follows,

KZ 1 qZ B KZ 1|q|472
200, 2 Ty(q) ~ 20057 74

ocy(q) ~ (4.104)

We discuss how the impurity effect would modify the above nematic fluctuations via
a possible change in the exponent z. It is known that for charge density fluctuations, a
diffusion pole appears from vertex corrections for the impurity scattering[129, 288-290]
, and the dynamical critical exponent becomes z = 48. This is related to the conservation
law of electric charge, and such a diffusive mode appears when there is charge U(1)-
gauge symmetry. On the other hand, in the present case of electric quadrupoles (the

lex]

8 A leading order contribution from a diffusion pole has the form D, \qu in ordinary charge density

fluctuations.
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electric quadrupole density is not a conserved quantity[268, 291]), it is expected that the
normal diffusion mode does not appear due to impurity effects[292], and we expect the
relaxation mode[293]° with z = 2, etc. In this case, the dynamical critical exponent may
be changed to a value other than z = 3, unlike the usual charge density fluctuation and this
change will be probed through the wavenumber dependence of the ultrasound attenuation
coefficient. To identify the correct dynamical exponent is an open problem and a further
analysis will be required.

Candidate materials for experiments

Here are some comments on candidate materials. A three-state Potts nematic order has
been reported for doped-BirSe3[186—188]. Even in these materials, as the 2D nematic
ordered state which breaks the in-plane Cs,-symmetry is stacked in the z-direction, the
formulation developed here can be applied to phonon modes propagating in the plane with
a slight modification. In these materials, it has been suggested that a vestigial nematic
order[143] is caused by nematic superconducting fluctuations, rather than the bond-order
discussed here. Nevertheless, a similar treatment can be applied, and thus we expect the
isotropic divergence of sound attenuation and the isotropic lattice softening for transverse
modes within the GL theory discussed here. The scenario presented here is useful to
probe the nematic fluctuation, predicting a weak first-order transition like behavior.

In the case of MA-TBG, an electron-nematic state has been reported at several fill-
ings by scanning tunneling microscopy[164—166], transport measurement[167] and the
quantum oscillation[167, 168]. Our mean-field analysis for the Cs-breaking bond or-
der is based on Ref. [174]. It is shown that the Csz-breaking intra-valley bond ordered
state is stabilized near the VH filling and the other magnetically ordered states are sup-
pressed by using the so-called DW equation method including the Aslamazov-Larkin ver-
tex correction[174]. Besides the weak-coupling approaches[162, 174], there are some
theoretical proposals such as an orbital order and a vestigial nematic order in the strong
coupling theory[294]. We think that our phenomenological theory can also be applied to
the above scenarios with a slight modification. The detailed study on this point is left for
future work.

Unfortunately, MA-TBG does not allow us to conduct usual sound attenuation exper-
iments due to its purely 2D character, but this does not change the fact that the mean-
free path | = a~—! of phonons becomes isotropically shorter. In this 2D case, experi-
ments using optical methods such as Brillouin scattering[295] and double resonant Ra-
man scattering[296] provide alternative probes to detect the nematic fluctuation. For these
experiments, the formulation developed here can be applied with a slight modification to
identify such a three-state Potts nematic state and figure out whether it is induced sponta-
neously or from trivial strain.

4.5 Summary

In this chapter, we have analyzed the impact of the nemato-elastic coupling on the low
energy properties of phonons by a phenomenological argument and a model calculation.
Phenomenological analysis has clarified that the Landau damping term becomes isotropic
due to fluctuations of the C3-breaking bond-order in the Gaussian fluctuation region, and

9The relaxation mode appears in a dirty ferromagnetic quantum critical point with the spin-orbit cou-
pling.
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the nemato-elastic coupling is also isotropic. As a result, we have proposed to detect the
intrinsic three-state Potts nematic phase transition by measuring the ultrasound attenu-
ation of the transverse acoustic phonon. Namely the ultrasound attenuation coefficient
shows an isotropic divergence which is proportional to the momentum |g| and the sound
velocity renormalization also show an isotropic angle dependence. Both features are quite
contrasted to the strong anisotropy in the case of the C4-breaking nematic case.

We have determined the phase diagram by an extended Hubbard model in a mean-field
approximation to investigate the critical properties. According to the mean-field approx-
imation, the transition temperature takes its maximum near VHs, and the large density
of states favors the nematic phase transition. The order of phase transition is of weak
first-order in a wide range of band filling and, with increasing the impurity scattering, the
first order transition line at low temperatures gets closer to the second-order line, making
the transition weakly first-order in a wider parameter region. Furthermore, it has been
confirmed that the enhancement of the ultrasound attenuation coefficient can be observed
in the case of a weak first-order phase transition. Even if the effect of mode coupling
between the nematic fluctuations is considered, the qualitative features of the isotropic
sound attenuation coefficients and the phase diagram are expected to be unchanged, but
the order of the transition could be changed to the second as expected for a classical phase
transition of three-state Potts nematicity in 2D.

4.6 Appendix for this chapter: Derivations of some for-
mulas

4.6.1 Hartree-Fock approximation of a bond-order

Here, we derive the mean-field theory of the three-state Potts nematic phase transition
following Ref. [282] and show the Fermi surface and DOS in Sec. 4.3.4. The effective

model containing the quadrupole-quadrupole interaction is shown in Eq. (4.50) and in

Appendix 4.3.1. After introducing the mean-field decoupling nzg = nifi <ni§> +

pcﬁ> wp < wp

(n),) and ignoring the second order correction (1, — (1, )), we arrive at

HYY = —Z[fkk' neni? + fi o (P ong }——kak/ ne) (ng?),
kK’ k, k'

_ At Bt 0 AP\ (el ) Ly aaB a8 4.105
Z( Ck Ck ) ABA C’é Z o (ni”), (4.105)
k k k

k

with fi v = g(E}* E,lc/ +E2* Ei/), a coupling constant § = %VNN, the mean-field AP =
% Yo frr <nE,A> and form factors Ej_in Eq. (4.55). The two-component complex order
parameter (¥, ¥) with ¥ = (¥, ¥») contributes to the above mean-field as,

M = S T[E B + B R )

- [E}(*‘Yl + Ei*‘fz], (4.106)

76



where the order parameters are defined as ¥1(5) = —§ Zk ( EA> Moreover, the
energy shift resulting from the mean-field theory is
=Y AP ) = =) [E}c*‘i’l + Ei*‘i’z} (n®),
k k
_ N YiY, + Y% 4.107
= E 111+ T12]. (4.107)
For example, for a tight-binding model on the honeycomb lattice
~0 0 t(l + e*ik'ul + e*ik‘tlz)
— , . 4.1
the mean-field term induces the hopping anisotropy as
AME 0 Ef*¥1 + EZ* Yo
H = ( E,IC‘I’T " Ei‘yé 0 . (4.109)

Finally, we obtain the mean-field Hamiltonian, ﬁkMF

4.6.2 Electron-phonon coupling from the bond-length change

To calculate the sound attenuation coefficients and the sound wave renormalization, we
derive an electron-acoustic phonon coupling for arbitrary filling of the honeycomb lattice.
The electron-phonon coupling arises from the lattice modulation by phonons, which leads
to a change in the nearest neighbor hopping ¢, the so-called bond-length change[297-299].

Here, we derive the electron-phonon coupling in Eq. (4.100) from a change in the
bond length[297-299]. We assume that the electron-phonon coupling arises from the
lattice modulation by phonons, which leads to a change in the nearest neighbor hopping
t.

Hep pn = Zg Z[ua rz)—uﬁ(ri+5)]2cg;cga, (4.110)

7,60

where u,(r;) is the lattice displacement vector at r;, J is the nearest neighbor lattice
vector, g(6) = V() = gnndnn With the hopping amplitude ¢(J) between sites #; and
r; + 0. The Fourier representation of the electron-phonon coupling is

Hepn = Z Z[“Aq_”qulq T'}
X [CAkJrq/ZCBk q/Ze +CBk+q/chk q/2¢

1 1
_ 8ph v Ex_g/2 Ek+q/2 t
e Z-qu- Ei —qu- E CAk+q/2CBk—0I/2

(k+‘1/2)"fi} ,

—q/2 k+q/2
1% 1%
8ph [ Exlg Exlgr \1 4
+ Z UAg - F2* 1 — Upg - F2* ]CBkJrq/zCAqu/z;
- k+q/2 k—q/2

8ph [ oP AC t

8h I
+ B Zug)P-E,t—l—quC-AE,t,q}c;gkw/chk_q/z, @.111)
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. . . 1
where we have introduced displacement fields of an optical phonon u9F = ﬁ(” Ag —

q
?C \% (u Aqgtu Bq) in the long-wave length limit. The

vectors Ey and AEy , are obtained from the Taylor expansion for small g as follows,
Exig/2 — Ex—g/2 = Ex + AE ;- - - and By = (E, E3),

up,) and an acoustic phonon u

1y 1y
AEy, = (_i@ )e’k'“l(iq-a1)+< N )elk'“z(iq-az). 4.112)
2 2

Finally, the electron-phonon coupling term for acoustic phonons resulting from the
bond-length change is

Sel—phl€, ¢, 1L, fiT]

Z//ch+zéa ‘7)] o 12070 (=4)s (4.113)

ico

with the displacement field of acoustic phonons u, -1 = 7€, where ér = (—sin t4, cos Gq)
and é, = (cos 0, sin 0,) with 6, = tan ~1(g,/qx) and

~H . gph ( 0 AElt,q éy(—I]) )
W, = — ) ) 4.114
k.q /,3N AEk,q'ey(_Q) 0 ( )

After integrating out the electron degrees of freedom, we have a self-energy correction to
the phonon action in Eq. (4.28),

1 A A, A A
OKiel-pn(@) = —5; /q tr[Gk+q/2w,f,qu_q/2w,f’_q]. (4.115)

This is shown in Eq. (4.100).
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Chapter 5

Conclusion

In this thesis, we have studied physical properties of the correlation-induced topological
states and their various phase transitions.

In Chapter 2, we have explored 2D topological crystalline insulating/half-metallic
states in magnetically ordered heavy-fermion systems. On the basis of the Hartree-Fock
calculation, we have shown the stability of the AFM topological phase at half filling,
which is characterized by a mirror Chern number. Moreover, we have revealed that an
AFM topological semimetallic phase is expected in an effective model of a SmBg film.
We have also shown the stability of the spin-selective topological insulating state charac-
terized by a Chern number in the half-metallic FM phase around quarter filling. In con-
trast to the previous proposal of the spin-selective topological insulator, which assumed
spin U(1) symmetry to obtain such topological properties, we have proposed that these
phases can be realized even in the absence of spin U(1) symmetry by taking into account
crystalline symmetry. Generally, spin U(1) symmetry is not preserved in the presence
of spin-orbit coupling; thus, the present scenario without respecting spin U(1) symmetry
will provide a feasible platform to realize magnetic topological insulators for 2D systems.

In Chapter 3, we have elucidated the emergence of correlation-induced symmetry-
protected exceptional torus (SPET) for a diamond lattice model with spatially modulated
Hubbard interaction. The essential difference from the case for nodal-line semimetals
with PT symmetry is that the present chiral symmetry-protected exceptional torus and its
low energy excitations (i.e., Fermi volumes) are fixed to the Fermi level. Furthermore, we
have revealed that these low energy excitations result in counterintuitive behaviors, ex-
emplifying for the first time the effects of SPETs on magnetic responses. Specifically, by
employing the dynamical mean-field theory and random phase approximation, we have
found that the magnetic susceptibility for B-sublattice becomes larger than that for A-
sublattice, although the interaction strength is opposite (U4 > Upg). For this counter-
intuitive response to the homogeneous magnetic field, the chiral symmetry is essential,
leading to the enhancement of the local density of states at the Fermi level only for B-
sublattice.

In Chapter 4, we have analyzed the impact of the coupling between the nematic order
parameter and the elastic degrees of freedom on the low energy properties of phonons.
Phenomenological analysis based on the Ginzburg-Landau-Wilson action has clarified
an isotropic divergence of the transverse sound attenuation coefficient and the transverse
sound velocity renormalization. Both features are quite contrasted to the strong anisotropy
in the case of the C4-breaking nematic case. We have also determined the mean-field
phase diagram by a microscopic extended Hubbard model with impurity. The transition
temperature takes its maximum near VHs, and the large density of states favors the ne-
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matic phase transition. The order of phase transition is of weak first-order in a wide
range of band filling and, with increasing the impurity scattering, the first order transi-
tion line at low temperatures gets closer to the second-order line, making the transition
weakly first-order in a wider parameter region. Furthermore, it has been confirmed that
the enhancement of the ultrasound attenuation coefficient can be observed in the case of
a weak first-order phase transition. We have proposed to detect the intrinsic three-state
Potts nematic phase transition by measuring the ultrasound attenuation of the transverse
acoustic phonon. Namely the ultrasound attenuation coefficient shows an isotropic diver-
gence which is proportional to the momentum |g| and the sound velocity renormalization
also show an isotropic angle dependence.

In this thesis, we have contributed to a deeper understanding of correlation-induced
topological states in Chapter 3 and its magnetic phase transition in Chapter 2 or electron-
nematic phase transition in Chapter 4. Finally, we discuss our future prospects. In relation
to Chapter 2, it is important to investigate not only the ground state stability of the mag-
netic topological phase, but also its effects on transport properties and responses, and to
find alternatives to magnetic-impurity doped topological insulators. In realtion to Capter
3, in the case of chiral symmetry, a large Fermi volume has been realized, which may
have some influence on the physical properties, but it is a future issue to clarify the in-
fluence on physical quantities in the case of no symmetry and the relationship with the
mystery of quantum oscillation in bulk Kondo insulators. In relation to Chapter 4, it is
a future issue to clarify the relationship between non-Fermi liquid states, superconduct-
ing instability, which includes topological and/or nematic superconductivity, induced by
three-state Potts nematic fluctuations. The interplay between the Coulomb interaction
and the topological band structure leads to finding new physical phenomena and it will
become even more important to understand the origin of intertwined orders and a varietie
of quantum phases of matter.
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