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ABSTRACT

Topological band theory studies the behavior of non-interacting electrons
in solids that is protected by topological invariants and is therefore robust
against system perturbations. Among many topics that are important for
characterizing topological phases of matter, two are greatly relevant for the
present work. The first is the stability of topological insulators against ad-
dition of trivial bands. Previous studies have identified fragile topological
bands, which in contrast to stable topological bands, can be made trivial by
adding a filled trivial band (in the language of fermionic band structures). In
this thesis, we refine the notion of stability by defining delicate topological
bands: they can be trivialized even by adding an empty trivial band above
the Fermi level. Crucially, this weaker stability condition allows us to define
new topological invariants that otherwise would not be recognized as topo-
logically protected. The second important topic for topological insulators is
the attempt to describe them in terms of Wannier orbitals. It is known that
stable and fragile topology forms an obstruction to make these orbitals expo-
nentially localized and locally symmetric. We show that delicate topology
does not exhibit this ‘strong’ obstruction. Instead, its exponentially localized
and symmetric Wannier orbitals can not be localized within one unit cell,
which prevents the delicate topological insulator from being deformed to a
trivial one. We call such Wannier orbitals multicellular.

In this thesis, we introduce the concepts of delicate and multicellular topol-
ogy on the case of crystalline Hopf insulators: two-band three-dimensional
insulators invariant under rotation symmetry. We identify the topological
invariants characterizing this insulator, the Hopf and the returning Thouless
pump (RTP) invariants, and show that they are delicate and multicellular.
Moreover, the RTP invariant realizes symmetry-protected delicate topology:
it can be trivialized only by addition of trivial bands of specific symmetry
representations, while addition of other trivial bands preserves the invariant.
This allows us to generalize delicate topological insulators characterized by
RTP invariants to Hamiltonians with more than two bands, a step that is
important for future materialization of delicate topology. For the specific
delicate topological invariants, Hopf and RTP, we derive their bulk-boundary
correspondence which realizes a novel way of separating non-trivial bands.
For instance, the Hopf invariant induces bands carrying opposite Chern
numbers on the opposite surfaces of a finite geometry. This corresponds to
a spatial separation of bands with opposite Chern numbers, as opposed to
energetic separation of such bands in a Chern insulator. The RTP invariant
realizes the first example of ‘conditionally robust” surface states which are
present only at sharp boundaries. Furthermore, we prove that the Hopf and
RTP invariants are not completely independent but are related modulo the
order of protecting rotation symmetry. This property of delicate topological
invariants resembles a similar relation between the Chern number and rota-
tion eigenvalues of stable topological bands. Finally, we discuss an example
of a mirror-protected delicate semimetal, showing that the concept of delicate
topology can be generalized beyond insulating band structures. Our work
on delicate topological phases introduces a new branch in topological band
theory and paves the way for further investigation and materialization of
delicate topology.
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INTRODUCTION

In mathematics, topology studies properties that are invariant under con-
tinuous transformations. Two objects, which can be continuously deformed
into each other are thus called topologically equivalent, while if such con-
tinuous deformation does not exist, the objects are topologically distinct.
To bring some intuition to this concept, let us consider a simple example
from everyday life. Imagine looking at a map and trying to find two cities
between which we can commute by a car. We can say that these cities must
be located on the same island. On the other hand, traveling to a city on
a different island requires entering another means of transport which we
define as a discontinuous transformation. This construction gives a natural
definition of an equivalence class as a set of all cities on the same island;
more formally an equivalence class corresponding to a given object consists
of all objects that are topologically equivalent to the first one. All elements of
an equivalence class share the same topological property (e.g. the name of
the hosting island for topologically equivalent cities). Topology has found
numerous applications in diverse areas of applied and fundamental sciences.
For instance, in robotics the equivalence classes of paths in a space with
obstacles are used to efficiently plan the motion of robots [1, 2]. Knot theory,
which studies topological equivalence of knots, found its applications in
biochemistry in the study of DNA and protein structures [3, 4]. Topology is
an important tool in condensed matter physics, where it is used to describe
topological defects [5] or spin textures [6-8]. One direction of research which
has flourished in the past twenty years is topological band theory [9].

Band theory [10, 11] describes the behavior of electrons in solids, assum-
ing a single-particle picture of weakly-interacting electrons. It predicts the
allowed energies of electrons which are called energy bands; these bands are
separated by forbidden regions, the gaps, and together they form a band
structure. If the Fermi level, indicating the level to which the band structure
is filled with electrons, lies inside of a gap, this band structure describes an
insulator. Otherwise, if the Fermi level intersects an energy band, it is a metal.
In the framework of topological band theory, two insulating band structures
are said to belong to the same equivalence class, if the corresponding single-
particle Hamiltonians can be continuously deformed into each other without
the band gap being closed, in other words without an insulator turning
into a metal. This means that topologically distinct insulators are separated
by a phase transition across a metallic phase. Every equivalence class of
insulating Hamiltonians is characterized by topological invariants, that are
computed over the occupied eigenstates and take integer values. A hallmark
of a topological insulator is the presence of conducting states localized on
its surface [12, 13]; the number of these surface states corresponds to the
value of a topological invariant. This relation is known under the name of
the bulk-boundary correspondence.



INTRODUCTION

The history of topological band structures dates back to the discovery of
the quantum Hall effect [14], which showed plateaus of quantized Hall con-
ductivity as a function of applied magnetic field. A theoretical explanation
of this effect was proposed by Halperin [15]. Namely, the bulk electrons in
the presence of a magnetic field form flat bands called Landau levels [16].
Assuming that the Fermi level lies between two Landau levels, the bulk of the
sample is insulating. At the boundary, the Landau levels asymptotically ap-
proach infinite energy and therefore cross the Fermi level. These conducting
surface states lead to a quantized Hall conductivity. In agreement with the
bulk-boundary correspondence, the bulk Landau levels form a topological
band structure and carry a topological invariant, called the Chern number
[17]. The concept of topological insulators was finally established (although
not yet named so at that time) when Haldane showed that an insulating band
structure can carry a non-zero Chern number and host conducting surface
states in the absence of an external magnetic field but due to the intrinsic
magnetic structure [18].

For a long time, the quantum Hall effect was the only experimental re-
alization of a topological band structure, until a time-reversal symmetric
topological insulator was theoretically predicted [13, 19] and then realized
in a real material [20, 21]. Crucially, this introduced the notion of symmetry
protected topological insulators, which is based on a more relaxed definition
of topologically distinct phases. Specifically, two insulators are topologically
distinct if any deformation from one to another either closes the band gap or
breaks the protecting symmetry, for instance time-reversal symmetry. Within
this relaxed definition, topological phases protected by internal symmetries,
such as time-reversal, particle-hole or chiral, were studied in different spacial
dimensions and their classification was summarized under the so-called pe-
riodic table of topological insulators and superconductors [22, 23]. A further
relaxation of the definition allowed to study topological insulators protected
by crystalline symmetries, such as spatial inversion [24], mirror [25, 26],
rotation [27] or non-symmorphic [28] symmetries. The general framework of
symmetry indicators and topological quantum chemistry allows to diagnose
a topological insulator based on the symmetry representations in its band
structure [29—34]. On the one hand, the crystalline topological insulators
present more difficulties in observing the bulk-boundary correspondence, as
it is only valid at the surfaces that respect the protecting symmetry [24, 25].
On the other hand, their discovery greatly enhanced material realizations of
topological insulators [35—40] as crystalline symmetries are widespread in
natural materials.

Another important outcome of the symmetry indicators framework was
a further refinement of the definition of topological band structures. It was
shown [41—43] that topological insulators can be of two types. They are
called stable if they remain topological after a set of topological bands is
enlarged by adding a trivial electronic band (that carries a zero topological
invariant). Otherwise, when insulators become trivial after such enlarge-
ment they are called fragile. Many known topological insulators, such as
Chern insulators, are stable, while a more relaxed condition on stability of
topological bands resulted in novel topological phases [44—46] as well as
a reevaluation of the already known models [47, 48]. Examples of fragile
topological insulators were found in various meta-materials [49-51] as well
as real materials [52]. Although fragile topology does not manifest the same
bulk-boundary correspondence as stable topology [47], there are approaches
to determine its boundary signatures. For example, in some cases fragile
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topological insulators possess fractional corner charges due to the filling
anomaly [53]. Alternatively, gapless states appear on their boundary in the
presence of twisted boundary conditions [51, 54].

In this thesis, we proceed even further in relaxing the definition of topolog-
ical band structures and introduce the notion of delicate topology. In order
to compare it with fragile topology, we note that a set of topological bands
(which are assumed to be occupied in electronic systems) is complemented
by a set of empty bands above the Fermi level; together these bands span
the entire Hilbert space. The fragile topology, while being trivialized after
enlarging the set of occupied bands, is insensitive to the enlargement of the
empty bands. Delicate topology, on the contrary, can be trivialized by adding
trivial bands to either the set of occupied bands, or to the empty bands. Thus,
it manifests an even more relaxed way of defining topological insulators.
Although delicate topological insulators are more difficult to realize in exper-
iments, we show that they introduce so far unknown topological invariants
and boundary signatures.

The discussion in this thesis is structured as follows. First, in Chapter 2 we
review important concepts of the topological band theory that are necessary
to understand the new results presented in the following chapters. These re-
sults are split into two parts. In Part I, we study a specific example of delicate
topological insulators, named crystalline Hopf insulator, which is described
by a two-band Hamiltonian over a three-dimensional space and is invariant
under rotation symmetry. We assume that all stable topological invariants
vanish. We start by considering a continuous momentum model in Chapter 3
and showing that a delicate topological phase can be obtained by gapping a
semimetallic phase which acts as a dipole source of Berry curvature. After
regularizing the continuous model on a lattice in Chapter 4, we investigate its
topological classification and show that the rotation symmetry protects new
topological invariants, equal to the differences in electric polarization along
rotation-invariant lines. These invariants complement the Hopf invariant
which is known to characterize topology of two-band 3D Hamiltonians in the
absence of point group symmetries [55]. Viewing momentum components
perpendicular to the rotation axis as adiabatic parameters, we see that the
polarization difference invariant corresponds to a Thouless pump over half
of the adiabatic cycle. In the absence of stable topology, this pump is reverted
back on the second half of the cycle, and therefore we name the polarization
difference invariant ‘returning Thouless pump” (RTP).

For both topological invariants, Hopf and RTP, we derive the bulk-
boundary correspondence in Chapter 5. We show that the Hopf invariant
manifests in the equal in value Chern number assigned to states localized on
the top boundary of a finite sample, while the bottom boundary carries an
opposite Chern number. Thus, the Hopf insulator establishes a new way of
separating bands with opposite Chern number: in real space. In contrast,
in Chern insulators bands with opposite Chern numbers are separated
along the energy axis. The RTP invariants induce a similar spatial separation
of anomalous symmetry eigenvalues, the so-called angular momentum
anomaly. We indicate two consequences of this anomalous behavior. First, the
existence of conducting surface states at sharp symmetric boundaries of the
crystalline Hopf insulator. Importantly, in the absence of rotation symmetry
even the sharp boundaries are generally gapped. Second, anomalous
symmetry eigenvalues on the surface result in anomalous Berry-Zak phases
computed along specific symmetric paths that take different values from
analogous Berry-Zak phases computed for the bulk bands. In Chapter 6,
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we further prove that the RTP and the Hopf invariants are not completely
independent, namely a specific linear combination of these invariants
vanishes modulo the order of the rotation symmetry. This property can
be viewed as a delicate topology analog of a similar relation in rotation
symmetric Chern insulators; there, the Chern number is related modulo the
rotation order to the symmetry eigenvalues of the occupied bands [56].

In Part II we discuss the delicacy of the crystalline Hopf insulators. In
Chapter 7, we show that both invariants are destroyed by addition of trivial
bands, while the RTP invariants are destroyed only by addition of bands
with specific symmetry eigenvalues. This is a manifestation of symmetry-
protected delicate topology, which provides a way to generalize this delicate
invariant to Hamiltonians with more than two bands. It is known that stable
and fragile topology introduce an obstruction to describe an insulator in
terms of exponentially localized and locally symmetric Wannier orbitals. We
show in Chapter 8, that the studied delicate topological insulators realize
a milder obstruction: their Wannier orbitals can be made exponentially
localized, but necessarily spread over several unit cells. We call this property
multicellularity. Finally, in Chapter 9 we summarize the main results of the
thesis and give an outlook on potential future developments in the field.



BASICS OF TOPOLOGICAL BAND THEORY

Before presenting the original results of this thesis, we review some concepts
of the topological band theory which are important for the following chap-
ters. First, in Sec. 2.1, after specifying the tight-binding notations that are
used throughout the thesis, we briefly explain the notions of topologically
equivalent and inequivalent insulating Hamiltonians. We illustrate these
ideas on the widely known Chern insulator. We also present several methods
to distinguish topologically inequivalent Chern insulators, namely by com-
puting their topological invariants called Chern numbers, by studying their
Wilson loop spectra or by observing a phase transition across a semimetallic
phase. We introduce a real space description of insulators in terms of Wannier
orbitals and show that a non-zero Chern number introduces an obstruction
to exponentially localize these orbitals in the Chern insulator. Using the same
example of the Chern insulator we describe how the bulk topological invari-
ant leads to conducting states localized on the boundary — the bulk-boundary
correspondence. Additionally we introduce another topological insulator, the
Hopf insulator, which forms the basis for this thesis.

In Sec. 2.2 of this chapter, we overview the role of symmetries in topo-
logical phases. On the one hand, symmetry constraints introduce symmetry
protected topological invariants. We review the classification of symmetry
protected topological phases in 10 classes of internal symmetries and dis-
cuss crystalline topological insulators, whose invariants are protected by
crystalline symmetries. On the other hand, symmetry eigenvalues of the
occupied bands can be used as indicators of existing topological invariants.
Topological quantum chemistry provides a tool to determine topological
Hamiltonians based on symmetry representations of their valence eigen-
states. We briefly overview this method. Topological invariants protected by
crystalline symmetry can have different stability under addition of trivial
bands; in this sense previous works distinguish between stable and fragile
topology, which we introduce in this chapter. Finally, we give a very short
outlook on the results of this thesis by discussing delicate topology, which
realizes a different level of stability than fragile topology.

CHAPTER CONTENTS

2.1 Topological insulators 6

2.1.1  Tight-binding formalism 6

2.1.2 Topological equivalence 8

2.1.3 Chern insulators 9

2.1.4 Real space picture 14
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2.1.6 Hopf insulators 19
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2.2.4 Stable and fragile topology 33
2.2.5 Delicate topology 33

2.1 TOPOLOGICAL INSULATORS

In this thesis, we focus our attention (with a sole exception discussed in
Sec. 7.4) on topological properties of insulating Hamiltonians; Fermi level
in their band structures lies within a band gap. We define two Hamiltoni-
ans with gapped band structures as topologically equivalent if they can be
deformed into each other without closing the band gap throughout the de-
formation. If in every possible deformation the band gap necessarily closes,
the Hamiltonians are said to be topologically distinct.

2.1.1  Tight-binding formalism

To formalize this definition we use the tight-binding formalism [57-59] in which
a solid is described by a set of orbitals ¢g , = |R, )), labeled by a Bravais
lattice vector R = Z?Zl n;a;, with d denoting the number of space dimensions,
n; € Z and a; denoting linearly independent primitive translation vectors,
and by an index « =1, ... N distinguishing N linearly-independent orbitals
within a primitive unit cell [cf. Fig. 2.1(a) for an illustration]; J¢ is the
tight-binding Hilbert space spanned by ¢g .. The tight-binding Hamiltonian
is written in a basis of these orbitals: its diagonal matrix elements describe
onsite energies of the corresponding orbitals, while the off-diagonal terms
describe the probability that an electron hops from one orbital to another.

According to the Bloch theorem [10, 11], discrete translational symmetry
makes the crystal momentum k a good quantum number that is used to
index the Bloch states (in this thesis we use the units where i =e=c =1
and identify the wave vector k with the crystal momentum k). Momenta k
are defined up to a reciprocal lattice vector G;, determined from the primitive
translation vectors as a; - G; = 2716;;, such that all unique momenta form
the Brillouin zone (BZ) [illustrated in Fig. 2.1(b)]. It is convenient to write
the tight-binding Hamiltonian in the k-dependent basis that spans the same
tight-binding Hilbert space J#

ko)) = Y &R (BEm) R, 1)), (2.1)
R

with the choice of gauge that explicitly includes the spatial information
about the basis orbitals in terms of their positions r, within a representative
unit cell [60]. This choice of gauge allows assigning a physical meaning to
geometric quantities computed for Hamiltonian eigenstates over momentum
space; more precisely, the 27t-normalized Berry-Zak phase defined in the
further discussion in Eq. (2.30) can be interpreted as an electric polarization,
as we elaborate in Sec. 2.1.4.2. In the introduced k-dependent basis we can
define the Bloch eigenstates to be

ik)) = Y_uj (k) |k, a)), (2.2)
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Figure 2.1: (a) Bravais lattice in 2-dimensional space given by the primitive translation
vectors a1, ap. Linearly independent orbitals ¢;, i = 1,...4 are illustrated within the
primitive unit cell. (b) Crystal momentum k is defined over the BZ and is invariant
under translation by reciprocal lattice vectors G1, G».

where the coefficients in front of the basis states form the eigenvectors of the
Hamiltonian matrix h(k):

Note that both the tight-binding Hamiltonian h(k) and its eigenvectors
]u]'(k)> are defined in the intra-cell Hilbert space 7, which is spanned by
basis orbitals lying within one primitive unit cell ¢, = |a) fora =1,...N.
To distinguish the states living in the larger vs. the smaller Hilbert space, we
denote them with different bra/ket symbols, i.e.,

|A)) e vs.  |A) € K. (2.4)

The corresponding inner products are similarly denoted as ((A|B)) vs. (A|B).

Because of the gauge convention in Eq. (2.1), the tight-binding Hamiltonian
and its eigenvectors ]u]-(k)> are k-aperiodic for generic values of r, [60]. In
particular, the Hamiltonian transforms under translation by a reciprocal
lattice vector G as

h(k+G) = V(G) h(k)V(G), (2.5)
[V(G)]up = exp(iG - 1a)up. (2.6)

At the same time the Bloch function

¥ik(R ) = ((Ra|pjx)) = eik'(RH“)u}’-‘(k)/ (2.7)

can be chosen to be k-periodic, as the non-periodicity of the intra-cell com-
ponent of the Bloch function u%(k) and the plane wave cancel each other.
Assuming a periodic gauge of the Bloch functions ¥; x, aperiodicity of the
intra-cell component can be expressed as

uj(k+G) = e_iG'r“u;‘(k). (2.8)

An alternative gauge convention deals with strictly k-periodic Hamiltoni-
ans and intra-cell wave functions by choosing the k-dependent basis to be

k) = Y e*RIR,a)). (2.9)
R

7
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In this case the Hamiltonian and the intra-cell wave functions are periodic in
k (assuming that the full Bloch function is periodic in k):

h(k) |a;(k)) = E;j(k) [#;(k)),
h(k+G) =h(k), |ij(k+G))=|a;(k)). (2.10)

The Hamiltonians and the intra-cell wave functions in the two conventions
are related by

h(k) = V (k) 'h(k)V(k), (2.11a)
|”j(k)> =V(k)™! |ﬁ](k)> , (2.11b)

where in Eq. (2.11b) we assumed a periodic gauge of the Bloch functions 9; x.
Although this convention does not allow to interpret the Berry-Zak phase
in terms of electric polarization, we will use it in some parts of the thesis
to provide a geometrical meaning to the discussed topological invariants.
As the relation between the two conventions is known, we will be able to
show for the studied topological insulators that the topological invariants
coincide in both conventions, and hence, the corresponding Hamiltonians
are topologically equivalent.

2.1.2  Topological equivalence

In the just introduced tight-binding formalism, the band structures are given
by tight-binding eigenenergies {E ]-(k)} j=1,..N that are functions of momen-
tum k € BZ. We assume N, valence bands to be filled with electrons and
the rest N; = N — N, conduction bands to be empty. The studied band
structure describes an insulator if the gap between the top-most valence
band Ey, (k) and the lower-most conduction band Ey, 11(k) is non-zero
for all k € BZ, A(k) = En,41(k) — En,(k) # 0. An example of an in-
sulating band structure is shown in Fig. 2.2(a). All gapped Hamiltonians
h(k) = L, uj(k)) Ej(k) (u;(k)|, with En, 1 (k) — E, (k) # 0, that can be
deformed into each other in such a way that their gap never closes through-
out the deformation are said to be topologically equivalent [9]. All gapped
Hamiltonians are characterized by a topological invariant — an integer-valued
quantity computed using the valence eigenvectors |u j(k)),j=1,...Ny. The
topological invariant takes the same value for all Hamiltonians belonging to
the same topological equivalence class and takes different values for Hamil-
tonians that are topologically inequivalent. In the following we present two
examples of topological insulators, the Chern insulator in Sec. 2.1.3 and
the Hopf insulator in Sec. 2.1.6, and define the corresponding topological
invariants.

Before we do this, let us remark that in some situations, discussion of
topological properties and invariants can be simplified if a given model
Hamiltonian /(k) is replaced by a topologically equivalent to it Hamiltonian
haa (k) with a flattened spectrum. All valence eigenenergies of the flattened
Hamiltonian are equal to —1, while all conduction eigenenergies are +1
[cf. Fig. 2.2(b) for illustration]. To see that for every gapped Hamiltonian
there exists a topologically equivalent flattened Hamiltonian, consider a
deformation, in which all eigenvectors |u j(k)) remain unchanged, while all
valence eigenenergies are continuously deformed to —1 and all conduction
eigenenergies to +1. Clearly, the gap never closes throughout this deforma-
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ol ®) [z

k k

Figure 2.2: (a) Example of an insulating band structure with a non-zero band gap
A(k) at all k € BZ. (b) Band structure of a flattened Hamiltonian with all valence (con-
duction) eigenenergies being —1 (4-1). If the eigenstates corresponding to the bands
in panels (a) and (b) are the same, the corresponding Hamiltonians are topologically
equivalent.

tion, and hence the Hamiltonians are topologically equivalent. The original
and flattened Hamiltonians can be expressed as

7

N
h(k) = Z; uj(k)) Ej(k) (u;(k)
=

Ny
har(k) =1 —2 Z% |uj(k)) (uj(k)|, (2.12)
j=

where 1 is a N X N unit matrix.

2.1.3 Chern insulators

2.1.3.1 Lattice model

To illustrate the notions of a topological insulator and a characterizing it
topological invariant, we consider an example of a Chern insulator which can
be defined in 2D space. At the beginning, we focus on the simplest two-band
model at half filling defined on a square lattice with a lattice constant a = 1
[61]. In a k-dependent basis the Hamiltonian is given by

h(k) = sinky oy + sinky 0y + (M + cos ky + cosky )0z, (2.13)

where ky € [~7, 7] and k, € [, 7t] cover the 2D BZ, 0; for i = x,y,z are
Pauli matrices and M is a continuous tuning parameter. We may ask, which
parameter intervals define topologically equivalent Hamiltonians? First, we
obtain the band structure by computing the eigenenergies of the model

Ei = i\/sin2 ky + sin® ky + (M + cos ky + cos ky )2. (2.14)

At half filling the lower band is filled with electrons, and the upper is
empty [in the following we denote the valence (resp. conduction) band
with the subscript v (resp. c)]. The gap between these two bands closes at
critical parameter values M = —2,0,2, meaning that for M between two
neighboring critical values, the corresponding Hamiltonians are deformable
into each other without closing the band gap and are therefore topologically
equivalent. This means that the characterizing topological invariant takes the
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Figure 2.3: (a) Phase diagram of the Chern insulator given by the Hamiltonian in
Eq. (2.13). The model describes two topological phases with Chern number ¢ = +1
for parameters in the interval M € (—2,0) and ¥ = —1 for M € (0,2). (b) Brillouin
zone of a 2D Chern insulator (2.13); the edges of the BZ that are separated by a
reciprocal lattice vector G; are pairwise identified (denoted by solid black lines
resp. dashed black lines). (c) When the BZ is folded to glue two edges denoted by
solid lines it forms a cylinder. (d) After the second folding and glueing the dashed
edges the BZ forms a 2D torus.

same value for these Hamiltonians. This invariant is called the Chern number
and is defined as an integral over the entire BZ of a geometrical quantity
Fay(k) called the Berry curvature

d’k

€ = / E]:xy(k)' (2.15)
BZ

The Berry curvature in its turn is defined via the Berry connection A(k)

computed for a given valence eigenvector |u,(k)) as:

Fay(k) = ox Ay (k) — 0y Ax(k), (2.16a)
Ay (k) = i (0 () |30 (k) ) (2.16b)

Importantly, Berry curvature is a gauge invariant quantity, meaning that
it does not change if the eigenvector undergoes a gauge transformation
lup(k)) — ePX) |u,y(k)), and therefore the Chern number is also gauge
invariant. Computing the Chern number for the given model (2.13) as a
function of the tuning parameter M we get a phase diagram presented in
Fig. 2.3(a). We see that indeed the Chern number is constant within every
interval bounded by the critical parameter values and it changes its value
when the Hamiltonian is tuned across a gapless phase. We call an insulator
topological if it carries a non-zero value of the characterizing topological
invariant, the Chern number in the considered example, and call an insulator
trivial if all characterizing topological invariants are zero.

Before we discuss how the Chern number can be defined in a more
general case not limited to two energy bands, let us show how a two-band
model provides an intuitive geometrical meaning for the Chern number.
For this, it is convenient to use the convention for the k-dependent basis,
in which the Hamiltonian is periodic (2.9); recall that the Hamiltonians in
periodic and non-periodic conventions are related by Eq. (2.11). We note
that the Berry curvature (2.16a) is generally different in the two conventions
[62]. Nevertheless, the difference integrated over the BZ vanishes, leading
to the same Chern number in both conventions. This means that the two
Hamiltonians in different conventions are topologically equivalent.

Every two-band gapped periodic-in-k Hamiltonian can be written in the
form

h(k) = Eo(k) |10 (k)) (i1o(k)| + Ec (k) | (k) (iic (k)| (2.17)
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To recognize a geometrical meaning of the Chern number, it is convenient to
flatten the energy spectrum and get a topologically equivalent Hamiltonian

Rgae (k) = 1 — 2|y (k) (iiy (k)| . (2.18)

We see that a two-band Hamiltonian is defined by |ii,(k)), a spinor living
on the Bloch sphere S2. At the same time, the BZ is topologically equivalent
to a 2D torus [63]. This follows from the periodicity of the Hamiltonian in
the reciprocal space, which allows us to identify a momentum shifted by a
reciprocal lattice vector with itself, k + G1 = k and k + G, = k. In Fig. 2.3(b-
d) we illustrate how the BZ, whose edges are pairwise identified, folds into a
torus. With these geometrical observations, the Hamiltonian /g, (k) can be
viewed as a map from the 2D torus to the Bloch sphere. Since the torus does
not have a boundary, its image on the Bloch sphere does not have a boundary
too. Therefore, the torus wraps around the sphere integer number of times;
no deformation of the Hamiltonian map that does not close the band gap
can change the wrapping number. We conclude, that this wrapping number
defines the topological invariant for the map /g, (k), which is nothing else
but the Chern number [17]. The geometrical meaning of the Chern number
suggests an intuitive explanation of its quantization.

The Chern number is not limited to two-band models and can be defined
for N, valence bands separated by a gap from the conduction bands. For
this we need to introduce a non-Abelian Berry connection computed between
different eigenstates in the valence subspace [64, 65]

Al (k) = i<uj(k)’8yu]v(k)>. (2.19)
Corresponding non-Abelian Berry curvature is defined as
]-"]]1, =0y A]] — 9y A]] [Ajj,,A{,j/], (2.20)

where we implicitly assume the dependence on k. The Chern number of all
valence bands is defined as

2
€ = /d k Tr Fay(k (2.21)

where Tr denotes the trace over the valence band indices j,j’ € 1,... N,. After
some manipulations with the Berry curvature trace, the Chern number can
be rewritten as a sum of individual contributions from all valence bands

/d k A]] Aﬂ] . (2.22)
= 1Bz

Importantly, each single contribution from an eigenvector with index j is not
quantized to an integer. Nevertheless, the sum over all valence bands results
in an integer-valued invariant. The necessary condition for the Chern number
of a set of bands to be well-defined and quantized is the energetic separation
of these bands from other bands in the spectrum. The multi-band Chern
number also has a geometrical meaning. It says how many times the BZ
wraps around the manifold formed by all multi-band flattened Hamiltonians
[66]. Due to the larger number of bands this manifold is more complicated
than the simple Bloch sphere and is described by a mathematical object called
Grassmannian [67]. The maps from the BZ torus to the Grassmannian are
characterized by homotopy groups [63].
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2.1.3.2 Continuous momentum expansion

In this section we discuss in more details what happens at the topological
phase transition when the band gap closes and the Chern number changes
its value. For this we focus on the phase transition that happens at M = -2,
during which the band gap closes at k = (0,0) [cf. Fig. 2.3(b) for the BZ]. It
turns out that to determine the change in the Chern number it is enough
to consider the behavior of the model at momenta k in the vicinity of the
band touching point. We can claim that this single band touching point is
responsible for the entire change in the Chern number computed over the
entire BZ, as at other momenta far from k = (0,0) the gap remains open
throughout the entire deformation [61].

Expanding the lattice Hamiltonian at small momenta k = (0,0) + x and
parameter value M = —2 + m we get the k - p Hamiltonian

h(x) = Kxox + Ky0y + Mo, (2.23)

which takes the form of a Dirac Hamiltonian with a mass term m and a
continuous momentum x € IR?. As expected, the k - p Hamiltonian is gapless
at m = 0 and has a band gap for m < 0 and m > 0.

Contribution to the Chern number from the vicinity of the band touching
point can be quantified by a continuous Chern number defined as

d*x

t.

geont. _ e ]:xy(K), (2.24)
R2

with the Berry curvature calculated for the valence eigenvector of the k - p

Hamiltonian (2.23). After diagonalizing Eq. (2.23) and computing the Berry
curvature using Eq. (2.16) we get

m
Fay(x) = 20m2 + 232 (2.25)

which integrated over IR? gives the continuous Chern number
(gCOl’It. — Sgnm' i 6
e (226)

We note that the value of the continuous Chern number is not quantized,
which is the consequence of integration over part of the BZ. Contributions
from the Berry curvature at momenta far away from the band touching
point comprise the missing values. Adding these values to the continuous
Chern number results in an integer. Despite a non-quantized value, Eq. (2.26)
immediately shows that the band touching at k = (0,0) at parameter value
M = —2 changes the Chern number by ¢ [m > 0] — € [m < 0] =1
and therefore intermediates a trivial phase at M < —2 and a topological
phase at M > —2.

Following the tuning parameter M we perform the same analysis at M = 0,
where the bands touch at two momenta k = (0, 77) and (7,0). Expanding
the Hamiltonian in the vicinity of each of them we see that each contributes
a change in the Chern number by —1 resulting in the total change by —2.
Finally, at M = 2 the band touching point at k = (77, 7r) changes the Chern
number by 1 resulting in a topologically trivial phase with Chern number
¢ =0.

The introduced method of determining the change in the topological
invariant by expanding the lattice Hamiltonian at small momenta is universal.
In this thesis, we use it to determine the change in delicate topological
invariants, as presented in details in Chapter 3.
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2.1.3.3 Berry-Zak phase

In this section we reformulate the Chern number in terms of Berry-Zak phases
which is an important concept for this thesis. Additionally, this will allow
us to determine a physical meaning of the Chern number as a a quantized
charge pump over an adiabatic cycle, called the Thouless pump, as we discuss
in the later Sec. 2.1.4.3.

We start by rewriting the Chern number given in Eq. (2.15) as an integral
over the BZ of a curl of the Berry connection

@ = / [V  A(K)], . (2.27)

Applying the Stokes’ theorem [68] we can express it as an integral of the
Berry connection over the BZ border

/dkA {/+ / - / —/]dk~A(k), (2.28)

aBZ T Y2+Gq 11+G2 T2

where 7;(;) denote a path along the reciprocal vector Gy() as specified
in Fig. 2.4(a). At this moment we need to make a remark that the Berry
connection itself is not gauge-invariant, and to compute the Chern number
using Eq. (2.28) we need to fix the gauge to be smooth over the BZ. Moreover,
the gauge of the valence eigenvector can be chosen smooth over the BZ and
also periodic with respect to one reciprocal lattice vector [69], let us choose
it to be G,. Then the integral of the Berry connection over paths 7; and
Y1 + G cancel each other and we arrive at the Chern number

in/dk‘A(k‘FGl) - %/dk-.A(k), (2-29)

expressed as a difference between two quantities called Berry-Zak phases.
Importantly, a Berry-Zak phase, defined as an integral of the Berry connection
over a closed loop 7 in the BZ [0, 71]

%, = / dk - A(k), (2.30)

is a gauge invariant quantity, defined modulo 27r. Periodicity of gauge-
invariant quantities over the BZ ensures that two Berry-Zak phases computed
along the opposite edges of the BZ may differ by an integer multiple of 2.
This agrees with the fact that the Chern number is quantized to integers. Note
that ambiguity of the Berry-Zak phase by 27t does not contradict the fact that
the difference in Eq. (2.29) is well defined without any ambiguity. Indeed, this
difference is fixed given that the valence eigenvector has a smooth gauge over
the entire BZ. In other words, the Chern number measures how the Berry-Zak
phase computed along a line parallel to the reciprocal vector G, changes
when this line advances in the direction of G; while keeping the gauge
smooth [cf. Fig. 2.4(b) for illustration]. Note, that if one can find a gauge that
is smooth and periodic over the BZ (with periodicity in both directions), the
Berry-Zak phases computed along related by a reciprocal vector paths are
equal to each other, and hence the Chern number computed using Eq. (2.29)
vanishes. This shows that a non-zero Chern number introduces an obstruction
to find a smooth and periodic gauge [72]. This leads to an obstruction to describe
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Figure 2.4: (a) Two closed paths in the BZ parallel to reciprocal lattice vectors G and
G, are denoted by red (1) and blue (,) oriented lines, respectively. (b) Berry-Zak
phase 2 computed along a path parallel to G, as a function of momentum ky along
G1. The winding number of the Berry-Zak phase normalized by 27t gives the Chern
number.

a Chern insulator in terms of exponentially localized orbitals in real space as
will be discussed in Sec. 2.1.4.1.

Berry-Zak phases can as well be defined for a set of N, valence bands.
For this, one defines a Wilson loop as a path ordered exponent of the Berry
connection integral along a closed loop in the BZ [73]

W, = Texp i/dk~A , (2.31)
0

where T is the path-ordering operator and A is the non-Abelian Berry con-
nection defined for N, valence bands in Eq. (2.19). Berry-Zak phases of the
valence bands are defined as phases of the Wilson loop eigenvalues. The
Chern number of these bands can be computed in analogy with Eq. (2.29) by
summing up the contribution from all Berry-Zak phases. It can be equiva-
lently expressed in terms of Wilson loops as

¢ = % [Imlog det W, g, — Imlogdet W,,] . (2.32)

2.1.4 Real space picture

2.1.4.1  Wannier orbitals

So far we described topological insulators in momentum space in terms of
Bloch functions. However, solids allow for an alternative description in terms
of Wannier orbitals — linear combinations of the Bloch functions localized in
real space [60, 74]. As we will see by the end of this section, the Wannier
description of topological insulators differs from that of trivial insulators. To
construct a Wannier orbital we gather Bloch functions at all momenta in the
BZ and take the Fourier transform
Cdk

Wir(Ra) = @e_ik'R%‘,k(Rrw)

Ak —ik-(R—R—ry),,&
:/@3 k(R-R “>“j (k), (2.33)

where d denotes the number of spatial dimensions and |BZ| denotes the
volume of the Brillouin zone. The Wannier orbitals in the tight-binding
formalism are defined over a set of discrete sites (specified by a Bravais
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vector R and a position of the basis orbital r,) rather than over continuous
space. Wannier orbitals with different indices R are related to each other by

a lattice translation. With the normalization <u i (k) ’u I (k)> = J;; it follows

that the Wannier orbitals are orthonormal ((W;, R|er, R)) = 0ji0p p'-

The Wannier orbitals are not uniquely defined and depend on the gauge
choice of the Bloch functions. The allowed gauge transformations are
u?‘(k) — ePi (k)u;.x(k), where f;(k) are real analytic functions that transform
under reciprocal lattice translations as B;(k + G) = B;(k) + 27l with | € Z.
When B(k) does not wind around the BZ, meaning [ = 0, the spread of the
Wannier orbital may change, but its positional center remains fixed. If, on
contrary, B(k) winds in the direction of G; with I # 0 (so-called large gauge
transformation), the center of the Wannier orbital will shift in the direction
of the corresponding lattice vector Ry (with G1 - Ry = 1) by [ unit cells.

One may ask for a Wannier orbital computed using Eq. (2.33), how well
is it localized. If the gauge of the Bloch function ¢;x (R, &) can be chosen to
be smooth and periodic over the entire BZ, the Wannier orbital, as a Fourier
transform of a smooth and periodic function is necessarily exponentially
localized. In this case, Marzari and Vanderbilt proposed a method to find a
gauge in which the Wannier orbitals are maximally localized [75, 76]. As was
discussed in Sec. 2.1.3.3, a non-zero Chern number imposes an obstruction to
find a smooth and periodic gauge for the valence Bloch function. Therefore,
the Wannier orbitals of the Chern insulator decay at most polynomially from
their charge center [72, 77]. As we will outline in Sec. 2.2.3, the obstruction
to construct exponentially localized Wannier orbitals is also present for
symmetry protected topological insulators (defined in Sec. 2.2) if the sought
Wannier orbitals are required to respect the protecting symmetry [31, 78,
79]. However, delicate topological insulators, which are the topic of this
thesis, manifest a milder form of obstruction. Their Wannier orbitals are
exponentially localized but can not be compressed within one unit cell. A
more detailed discussion is presented in Sec. 2.2.5 and Chapter 8.

Independent of the value of a topological invariant, it is always possible to
find a gauge that is smooth and periodic in one direction, for example along
ky, while it can exhibit gauge discontinuities in other directions, generally
denoted as k; and called a reduced momentum. [We call the BZ projection
which is spanned by reduced momenta k the reduced Brillouin zone (rBZ).]
We utilize this gauge and construct a hybrid Bloch-Wannier function [8o, 81]
that is exponentially localized as a Wannier orbital in x direction and remains
delocalized as a Bloch function in k| direction. For this the Bloch functions
are Fourier transformed only in k, direction:

7T/ ay
a g iR
Vj,Rx,kL (Rx’ kL,IX) = ﬁ / dkxe ZkXRij,k(RXI kJJ 0‘)

—7T/ay
7T/ ay

= 25 ke e (RemRex) 8 () (2.34)

27 * JA 34
—7t/ay

where ay is the lattice constant in x direction. In this expression, we for sim-
plicity assumed a lattice, whose primitive translation vectors are orthogonal
to each other. Equation (2.34) can be generalized to the case of non-orthogonal
translation vectors [60] but this generalization is not relevant for this thesis.
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2.1.4.2 Electric polarization

The momentum space quantities discussed in Sec. 2.1.3.3 have a direct
relation to real-space properties of the Wannier orbitals. This introduces
additional physical meaning to the Berry-Zak phases and the Chern number.
To simplify the discussion in this section, we assume a topological insulator
to be defined on a lattice given by d orthogonal primitive translation vectors
and with lattice constants a4;, i = 1,...d in these directions. The BZ in this
case is spanned by d momentum components, taking values in intervals
[—7t/a;, w/a;].

The main result of the geometric theory of polarization [82-85] says that
the normalized BZ integral of the Berry connection is related, modulo a
Bravais-lattice vector, to the position of the charge center of the corresponding
Wannier orbital, with the charge center given by the expectation value of the
discrete position operator:

dk

[BZ] (u(k)|iViu(k)) =r ((Wo| R |[Wa)), (2.35)

where ‘=g’ means ‘equal modulo Bravais lattice vector’. In the tight-binding
basis, the discrete position operator can be decomposed as:

R =) IR a))(R+r.){(R,al, (2.36)
R«

with r, being an intra-cell position coordinate of the orbital a. To simplify the
notation, we dropped the band index j from both the Bloch and the Wannier
state. Equation (2.35) is a tight-binding analog of the expression derived in
Refs. [83, 86] for Bloch/Wannier functions defined over continuous real space.
Importantly, Eq. (2.35) only holds with u”(k) satisfying the transformation
relation given by (2.8), which implies that u(k) is aperiodic in reciprocal-
lattice translations for generic values of 7.

Details 2.1 To prove Eq. (2.35), we use the definition Qf the Wannier function [Eq. (2.33)] and
explicitly allow for a gauge transformation u®(k) — ¢/#(X)y? (k). Then

((Wo|R[Wo)) = }_ Wo(R, a)(R + o) Wo(R, ) =
Rx

31431/ . .
_ /d|§§|zk Y (e BRI KRR (R 4 p,)
- R

il
% eik/(R+ra)+iﬁ(k')uu(k/)
Bk s ; i
orar o —ip(k)—ik-(Rtra) [_iv7 ok - (Rt7a)
/ BZ]2 Igu (k)e [—iV e ]
x PRy (k). (2.37)
Because ¢,/ and any gauge function eiPK) are periodic-in-k’ by construction, one may integrate
by parts without acquiring a boundary term:

F PkdK e i i Bk
237 :/ u(k e—zk(R+rA)—zﬁ(k)ezk (R+rq)+ip(K")
(237) BZ[2 RZa (k)
x [iVu (k') —u*(K)VB(K)] . (2.38)
After carrying out the sum over R with the Dirac-delta-function identity:
Yo" = [BZ|5(k), (2:39)
R
we get
3k .
(238) = | gz [(u(R)[iVieu(k)) = Vip(k)], (2.40)

where the first term gives the desired relation (2.35) and the second term introduces a modulo-R
ambiguity, as the gauge phase (k) can (in principle) wind nontrivially over the Brillouin torus.
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The sum over charge centers of all valence bands can be interpreted (in
the units with e = 1) as the electric polarization of the solid, which in the
geometric theory of polarization takes the form:

No ddk
P =gr ]; Wio| R [Wio) Z/ |BZ| k)|iViuj(k)). (2.41)

An analogous to Eq. (2.35) relation connects the Berry-Zak phase with the
charge center of a hybrid Bloch-Wannier function

o [ dis a0 |95 () =a (Viok, | Peo 2P, Viow D) (242)

Py, = 2 |Rx, ki, a)) (R, k1, af,
Ry,

where % is a component of the discrete position operator R = (£,7,...) and
Py, is the projector onto the Hilbert space sector with momentum k| € rBZ.
Note that the charge center of a hybrid Bloch-Wannier function depends
on the reduced momentum k |, along which the function is delocalized. If
we view k| as external parameters and the Hamiltonian h(ky, k) as an
effectively 1D Hamiltonian, the Berry-Zak phase computed for a valence
eigenvector of this Hamiltonian (along the only momentum ky) is equal
modulo the lattice constant to the charge center of the corresponding 1D
Wannier orbital. The sum over charge centers of all valence Bloch-Wannier
functions can be interpreted as an electric polarization of the 1D Hamiltonian
and we get

Px(k1) =a % ;/dkx/lx(k)- (2.43)

2.1.4.3 Thouless pump

The relation (2.43) introduced in the previous section provides additional
physical interpretation to the Chern number. As we showed in Sec. 2.1.3.3,
the Chern number can be expressed as a difference in Berry-Zak phases
computed along opposite edges of the BZ and summed over all valence
eigenvectors [cf. Eq. (2.32)]. Again, we interprete the Chern Hamiltonian
(defined on a rectangular lattice) as a 1D Hamiltonian that depends on
momentum ky, while k; is viewed as a cyclic adiabatic parameter. Then
the Chern number is expressed as a change in 1D polarization while the
adiabatic parameter goes over the full cycle from —7/ay to 7t/ay

€ = —y [(2y(rt/ax) — Py(—m/ay)]. (2.44)

In other words there is a charge pump from one unit cell to the neighboring
unit cell equal in magnitude to the Chern number, when the adiabatic

parameter k, translates over the full cycle. This charge pump was first
studied by Thouless in Ref. [87] and therefore got the name of the Thouless

pump.
2.1.5 Bulk-boundary correspondence
One of the most important observations of the topological band theory is the

bulk-boundary correspondence, which relates topological invariants computed
in the bulk with the topological states on the surface [9, 88, 89]. In the case of
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the Chern insulator, this correspondence manifests in chiral surface states [15]
whose number is equal to the Chern number. These states are dissipationless
and robust under surface deformations, and their presence explains the
quantum Hall conductivity [14], which is proportional to the Chern number
0y = €e*/h [17]. One way to derive the bulk-boundary correspondence is
by employing the relation (2.32), which expresses the Chern number via the
Berry-Zak phases of the valence bands, and applying the argument presented
in Ref. [88]. In this section, we outline this derivation for the Chern insulator,
while the argument goes through for other topological insulators as well.

As we already showed in Sec. 2.1.4.2, the Berry-Zak phase computed
along the k, direction is given by the expectation value of the position
operator projected onto k | sector of the Hilbert space P £P; [cf. Eq. (2.42)].
A stronger statement is true, namely the Berry-Zak phases of all valence
eigenvectors define the spectrum of the position operator projected onto the
valence subspace with momentum k; [90, 91]

Pyy XPyk, (2.45)

with the corresponding projector expressed in terms of Bloch or hybrid
Bloch-Wannier functions as

Pok, = 2 L Virok ) {ViRok, | / ks i) (D] - (2.46)

The eigenvectors of the projected position operator are the hybrid Bloch-
Wannier states defined in Eq. (2.34)

Py XPy | |Vj/szkL>> = [f](kj_) + Ry ’V}Rx/kl>>’ forj=1,...Ny,

(2.47)
and the eigenvalues are related modulo the lattice constant to the Berry-Zak
phase of the corresponding Bloch function %;(k | ) =g, 5= [ dky A% (k). The
projected position operator is symmetric under discrete translations by a
lattice constant 4, in x direction. Therefore, if ¥(k ) is its eigenvalue then
%(k )+ Ry for Ry = nay, n € Z is also its eigenvalue. The eigenvalues of
the projected position operator form a ladder-like structure illustrated in
Fig. 2.5(a).

A non-zero value of the Chern number ensures a protected spectral flow in
each unit cell of this ladder structure, namely that ¢” equals to the net number
of eigenvalues that shift by one unit cell while momentum k, changes by
minus a reciprocal vector [an illustration for ¢’ = 1 is shown in Fig. 2.5(a)].
Note, that the minus sign in the change in k, appears as we flipped the role
of momentum components ky and k;, comparing to Eq. (2.44) for the Chern
number. It was shown in Ref. [88] that the spectrum of the projected position
operator can be continuously deformed to the energy spectrum of a flattened
Hamiltonian with a single boundary; this semi-infinite geometry is illustrated
in Fig. 2.5(b). After such deformation, the eigenvalues %;(k,) + Ry that are
positioned in unit cells within the Chern insulator or out51de of it (labeled
by |Ry| > 1) are mapped onto the bulk energy eigenvalues of the flattened
spectrum +1, while the eigenvalues ¥;(ky) at the boundary unit cell (labeled
by Ry = 0) are mapped onto the boundary spectrum. Therefore, the protected
spectral flow in the projected position operator spectrum corresponds to
protected chiral surface states that interpolate between the valence and the
conduction band. The energy spectrum obtained after the deformation is
illustrated in Fig. 2.5(c). The number of the surface bands equals to the Chern
number.



2.1 TOPOLOGICAL INSULATORS
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Figure 2.5: (a) Spectrum of the projected position operator Py 2P, of a Chern
insulator with Chern number ¢’ = 1. In every unit cell (labeled by Ry) the eigenvalues
exhibit a spectral flow when momentum k, moves over the BZ. (b) Semi-infinite
geometry of a Chern insulator with a boundary at x = 0. (c) Spectrum of a flattened
semi-infinite Chern Hamiltonian. Number of chiral surface states (red line) equals to
the Chern number. According to Ref. [88], projected position operator spectrum (a)
can be continuously deformed to a semi-infinite Chern insulator energy spectrum (c).
This proves the bulk-boundary correspondence for the Chern insulator.

2.1.6 Hopf insulators

In this section we present another example of a topological insulator that
is particularly important for this thesis: the Hopf insulator, defined over a
3D space [55, 92, 93]. Contrary to the Chern insulators, that are defined
for an arbitrary number of bands, the Hopf insulators are restricted to two-
band Hamiltonians, with a single valence and a single conduction bands
separated by a gap. This impossibility to enlarge the Hilbert space by adding
another valence or conduction band while keeping the topological invariant
well-defined is a defining property of delicate topology, a crucial concept of
this thesis. The differences between delicate topology and the established
notions of stable and fragile topology are briefly discussed in Sec. 2.2.5, while
Chapter 7 in Part II of this thesis presents our results on delicate topology in
details.

2.1.6.1 Topological classification

To see why a two band 3D Hamiltonian is topological, recall from the
discussion in Sec. 2.1.3.1 that a two-band Hamiltonian with a flattened
spectrum can be viewed as a map from the BZ to the Bloch sphere spanned
by the valence eigenvector |ii,(k)). Here, we again chose the convention for
the k-dependent basis in which the Hamiltonian is periodic over the BZ;
we prove that the Hamiltonians in both conventions are equivalent in the
next Sec. 2.1.6.2. In 3D the BZ forms a 3-torus T°. Is a map from T° to S?
characterized by a topological invariant?

We first answer this question in the case when the Hamiltonian belongs
to the trivial first Chern class, meaning that the Chern numbers computed
on all 2D subtori of the 3D BZ are zero. In this case, the Hamiltonian
can be continuously deformed to have the same value on the boundary
of the BZ. In algebraic topology, this allows to identify all points on the
boundary of the BZ [94] meaning that the boundary is given by a single
point and the BZ forms a sphere S°. This suggests that a 3D two-band
Hamiltonian with a trivial first Chern class is topologically equivalent to
a seminal Hopf map from S® to S? studied in mathematics long time ago
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Figure 2.6: Relation between the Hopf invariant and the linking of preimages. (a)
The Bloch sphere (S?) represents the space of (spectrally flattened) gapped two-
band Hamiltonians. (b) For a Hamiltonian with trivial Hopf invariant, and for two
arbitrarily chosen points on the Bloch sphere: b, b’ € $2 [indicated by red and blue
dots on panel (a)], we plot their respective preimages inside the Brillouin zone
(black frame), i.e., the collection of momenta k where hg, (k) ~ b and hgy (k) ~ V'
respectively. We see that the linking number is zero. Panel (c) shows the linked
preimages with co-aligned orientations corresponding to a Hamiltonian with the Hopf
invariant x = 1. On panel (d) the linked preimages have counter-aligned orientation
and the Hopf invariant is x = —1. The definition of the preimage orientation is given
in Sec. 6.5.2.

[05]. To formulate the geometric invariant which characterizes topology of
this map, we notice that a set of points that is mapped onto a single point
on the Bloch sphere generically forms a 1D loop; this follows from the
difference between dimensions of the two manifolds $° and $2. Therefore,
preimages of two distinct points on the Bloch sphere form two loops, which
can link with each other [cf. Fig. 2.6]. At the same time this link can not be
removed by a continuous deformation, since the two loops are mapped onto
different points on the sphere and hence can not cross. Thus, we conclude
that the linking number of two preimage loops is a topological invariant which
characterizes the Hopf map [93, 95, 96]; it is called the Hopf invariant and
is denoted by x. The sign of the linking number depends on the relative
orientations of the preimages [cf. Fig. 2.6(c,d)]. The procedure to define these
orientations is described in details in Sec. 6.5.2.

The linking number gives a geometric intuition for the Hopf invariant,
however, it is not very useful for numerical computations. Wilczek and Zee
showed that the Hopf invariant can be computed as an integral of the Chern-
Simons form over the map domain, which is the BZ for the Hopf Hamiltonian:

[ prE
X_47T/BZd kF-A, (2.48)

where the Berry connection vector is computed for the valence band |ii,(k))
using Eq. (2.16b) and the Berry curvature pseudovector is defined as

]:}t = eyw\av-A)\r (2.49)

where € is the fully antisymmetric Levi-Civita symbol.* Importantly, although
the Chern-Simons form F - A d3k is not gauge-invariant, the Hopf invariant
of a two-band Hamiltonian (2.48) is gauge invariant. The same integral
computed for a more-than-two-band Hamiltonian loses its gauge-invariance
which renders the Hopf invariant ill-defined. From this follows, that discrete
translational symmetry is necessary to protect topology of the Hopf insulator.
Indeed, translational symmetry forbids enlargement of the unit cell that

Berry curvature Fy, defined in Eq. (2.16a) conicides with the z component of the pseudovector
in Eq. (2.49). This relation is discussed in more details in Dets. 2.2.
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would lead to an increased number of basis orbitals and hence more than
two bands in the Hamiltonian. This is in sharp contrast with the Chern
insulator, which is robust under breaking the translational symmetry. This
symmetry only acts as a helping tool that allows computing the Chern
number over the momentum space (as discussed in Sec. 2.1.3).

How does the topological classification of the Hopf insulator changes if
the assumption of the trivial first Chern class is relaxed? This question was
answered by Pontrjagin in Ref. [97], where he showed that the topological
classification of a map from T? to S? is given by four invariants. Three of
these invariants are the Chern numbers computed on the three 2D subtori
of the BZ. The fourth invariant is an integer number defined modulo twice
the greater common divisor of the three Chern numbers [98, 99]. In the case
when all the three Chern numbers are zero, the fourth invariant coincides
with the Hopf invariant (2.48) defined modulo nothing. In this thesis, we
restrict ourselves to Hamiltonians with a trivial first Chern class and will
only discuss the Hopf invariant (2.48).

2.1.6.2 Equivalence of the Hopf invariant in periodic and non-periodic tight-
binding Hamiltonian

So far, we assumed the k-dependent basis convention in which the Hopf
Hamiltonian is periodic over the BZ. Finally, let us show that the Hopf
invariant, defined using Eq. (2.48) is quantized also in the non-periodic tight-
binding Hamiltonian convention, and that it takes the same value in both
conventions: x[u(k)] = x[i(k)].

In order to appreciate this, we consider a continuous interpolation between
Hamiltonians in the periodic and non-periodic conventions and show that
the Hopf invariant is quantized throughout the interpolation, and therefore
does not change. The desired interpolation parametrized by a real variable
t € [0,1] is given by

h(k,t) = V(tk) " th(k)V(tk), (2.50)

which satisfies /(k,0) = h(k) (periodic) and h(k,1) = h(k) (non-periodic)
with [V (tk)]ap = exp(itk - 4)04p. One can view this interpolation as a contin-
uous shift of the basis orbitals from the spatial origin within the unit cell to
their actual positions r,. Throughout this interpolation, both the energy spec-
trum and the translational symmetry are invariant; the spectral invariance
implies that the assumed gap does not close.

Crucially, the Chern-Simons form F - A d3k remains k-periodic for any
t € [0,1]. To see this, take into account the relation between intra-cell wave
functions throughout the interpolation

u(k,t) = V(tk) (k). (2.51)
This implies that the Berry connections are related as

Alu(k,t)] = (u(k,t)|iViu(k,t))
= Ala(k)] +t (a(k)| #|a(k)), (2.52)

where [?],5 = r40,p is the matrix with positions of the basis orbitals on the
diagonal. The periodicity of |ii(k)) implies that A[u(k,t)] is periodic-in-k
for all t € [0,1], and hence also its curl F (the Berry curvature). Therefore
the Chern-Simons form is periodic throughout the interpolation.

To derive the difference in the Hopf invariant (computed as an integral of
the Chern-Simons form) between the two conventions, we adopt the notation
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of differential forms [100]: we take A = A - dk to be the Berry connection
one-form, and its exterior derivative 7 = d.A to be the Berry curvature
two-form. The Chern-Simons three-form in these notations can be simply
written as FAA [see Dets. 2.2 for a componentwise definition of the wedge
product]. Now we can write the difference in the Hopf invariants as

xlu(k)] — x[a(k)]
/]—"( AA(K 1) — /.F(k,O)AA(k,O)
BZ BZ

X

= F(k,t)NA(k,t)
9(BZx0,1])

= / F(k, AF(k, 1), (2.53)
BZx[0,1]

where in the second row we used the just-proven fact that the Chern-Simons
form is periodic-in-k, and hence its integration over two BZs at t = 0
and t = 1 taken with opposite orientations can be enlarged to integration
over the boundary of BZ x [0,1]. In the third row we applied the Stokes’
theorem and expressed the external derivative of the Chern-Simons form
d(F NA) = FAF, which is proportional to the second Chern character
chy(F) = (1/21)(i/27)?F A F [68]. Importantly, for two-band Hamiltonians
the second Chern character vanishes (the proof of this statement is given in
Appendix A.2.4), which allows us to conclude that the Hopf invariant does
not change and hence remains quantized throughout the interpolation. We
conclude that Eq. (2.48) can be used to compute the Hopf invariant in both
Bloch conventions.

Details 2.2 Componentwise definition of the wedge product is the following:

3!
FANA= ﬁ}—[“ﬁ A, dxo dxg dxy, (2.54)
where {x,}3_, are right-handed coordinates on the 3-sphere.

In this definition, our convention to denote objects related to the Berry curvature is as follows:
the components of the Berry curvature 2-form are F,5 = dy.Ag — dp.Ax (with two indices), from
which one obtains components of the Berry pseudovector (2.49) in 3D as F, = %e,xl;,yfm (with
a single index). We further use the plain calligraphic symbol F to indicate the complete Berry
curvature 2-form, and the bold version F to denote the complete Berry curvature pseudovector.
Components of the exterior product of a p-form a and g-form b are given by [100]

+q)!
(aAD)a py.s = (pp![ﬁ) .. pby..0] (2.55)
Square brackets around indices indicate the fully antisymmetric component; in particular, we
have

1
]:[lx/SA'y] = § (.FM;Ay*f,W.A5+]‘—57Aa *.FﬂaAyﬁ*frm.Aﬁ*]:yﬁAa) (2.56)

in the case of Eq. (2.54). Note that we do not distinguish between covariant and contravariant
indices, and place both in the subscript.

2.2 SYMMETRIES IN TOPOLOGICAL INSULATORS

So far, we considered topological insulators in the absence of any symmetry
with a sole exception of the lattice translation symmetry, which is neces-
sary for defining the reciprocal space and the expressions for topological
invariants (2.21) and (2.48). We note, that even the translational symmetry is
not necessary for defining the Chern insulator and the Chern Hamiltonian
with small enough disorder is topologically equivalent to the translationally
symmetric Chern Hamiltonian. Nevertheless, symmetries are ubiquitous in
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solids and play an important role in topological insulators, as we show in
this section.

2.2.1  Symmetry-protected topological insulators

Let us consider a set of Hamiltonians that are invariant under some symmetry
operation. The symmetry condition restricts this set comparing to the set
of all Hamiltonians. Consequently, two Hamiltonians that are equivalent
in the absence of symmetries can become topologically inequivalent when
the symmetry is present. This happens if the gap-preserving deformation
connecting the Hamiltonians passes through a non-symmetric ‘sector” of
the Hamiltonian set. We define symmetry-protected topological insulators that
can not be deformed to a trivial insulator without closing the band gap
and without breaking the protecting symmetry throughout the deformation.
One can distinguish two types of protecting symmetries. The first is internal
symmetries that are local in space and impose particular constraints on the
energy spectrum. The second type is crystalline symmetries that act nontrivially
in space; they are represented by a unitary matrix and therefore allow to
decompose the Hamiltonian into a block structure with each block describing
states with specific symmetry eigenvalues. We discuss separately how the
two types of symmetries modify the topological classification.

2.2.1.1 Internal symmetries and the 10-fold way

Time-reversal symmetry (©) is the first example of internal symmetries and
it is given by an antiunitary operator. In momentum space it imposes the
following constraint on the Hamiltonian

Oh(k)O™' = h(—k), ©%=+1. (2.57)

The time-reversal symmetry squares to +1 (resp. —1) for particles with
integer (resp. half-integer) spin. When ®? = —1 the eigenstates of the time-
reversal symmetric Hamiltonian obey the Kramers theorem [101] and form
the Kramers pairs of states with the same energy, related to each other by
the reversal of time. In momentum space the states forming a Kramers pair
have opposite momenta. Therefore, at time-reversal invariant momenta each
energy is doubly degenerate.

So far, when considering gapped single particle Hamiltonians we were
referring to them as insulators. At the same time, Bogoliubov-de Gennes
(BdG) Hamiltonians of superconductors also form a gapped single-particle
spectrum, and therefore, one can study topological classification of BAG
Hamiltonians in the same way as of insulators [102]. Due to the redundancy
of the BdG basis, BAG Hamiltonians are invariant under the particle-hole sym-
metry (), which is another internal symmetry and is given by an antiunitary
operator which anticommutes with the Hamiltonian. In momentum space
the particle-hole symmetry imposes the following constraint

Ph(k)P~ = —h(-k), P*==+1. (2.58)

Different sign of the squared particle-hole operator corresponds to different
pairing in the superconductor. Particle-hole symmetry guarantees that for
every state with energy E and momentum k in the spectrum, there exists a
state with opposite energy —E and momentum —k.

Finally, the combination of the time-reversal and the particle-hole sym-
metry called chiral symmetry (€ = O) is also an internal symmetry. As a
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Table 2.1: Topological classification of insulators and superconductors in 10 Altland-
Zirnbauer (AZ) symmetry classes

AZ symmetry topological classification for d =
class 0% g2 ¢ 0 1 2 3 4 5 6 7
A X X X Z o0 Z o0 Z o0 Z 0
ATl X X 1 o zZz 0 Z 0 Z 0 Z
Al +1 x X Z 0 0 0 Z 0 Z, Zp
BDI +1 +1 1 Z, Z 0 0 0 Z 0 Z
D x 41 X Zy, Zo Z 0 0 0 Z 0
DIII -1 +1 1 0o Z, Z, Z 0 0 0 Z
All -1 x x zZ 0 Z, Z, Z 0 0 0
CII -1 -1 1 0o Z 0 Z, Z, Z 0 0
C x =1 x 0 0 Z 0O Z, “Z, Z 0
CI +1 -1 1 0 0 © 0 Zp, Z, Z

product of two antiunitary operators, it is unitary itself and anticommutes
with the Hamiltonian. In momentum space it imposes the following con-
straint

Ch(k)e ! = —hn(k). (2.59)

Note, that as a unitary operator the chiral symmetry always squares to
¢2 = +1. A given Hamiltonian can be invariant under chiral symmetry
even if both time-reversal and particle-hole symmetries are not obeyed. The
spectrum of a chiral symmetric Hamiltonian is symmetric with respect to
Zero energy.

All possible internal symmetries form 10 Altland-Zirnbauer symmetry classes
[103, 104]: 9 of them are formed by all possible configurations of the time-
reversal and particle-hole symmetries, while an additional class corresponds
to chiral symmetry in the absence of time-reversal and particle-hole sym-
metries. All 10 classes are listed in the first four columns of Table 2.1. A
stepping stone in the theory of topological insulators and superconductors
was the derivation of a topological classification for gapped single-particle
Hamiltonians in all 10 symmetry classes [22, 23], also called the 10-fold way.
This classification was obtained in all d-dimensional spaces. For each sym-
metry class and space dimension d, the classification predicts the group that
is formed by all possible topological invariants. We present this classification
in Table 2.1; the classification Z is given by an integer-valued topological
invariant, Z, is given by an invariant which takes only two values 0 and 1
(one agrees to call a Hamiltonian carrying a zero invariant trivial and a unit
invariant topological), the classification given by 0 implies that no topological
invariant can be defined and all Hamiltonians in the corresponding symme-
try class and space dimension are topologically equivalent to each other. We
can notice that the table has a periodic structure: topological classification
of a d-dimensional Hamiltonian in one symmetry class coincides with the
topological classification of a d — 1-dimensional Hamiltonian in a symmetry
class specified by the upper row. For this reason, the table was named the
periodic table of topological insulators and superconductors.

The presented classification includes the Chern insulator, introduced in
Sec. 2.1.3. The Chern insulator is defined in a 2-dimensional space in the
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absence of any symmetry which corresponds to the Altland-Zirnbauer class
A. According to the Table 2.1, the topological classification of this insulator
is given by an integer-valued invariant, which is precisely the Chern number
defined in Eq. (2.21).

Let us look at the entry in the table that corresponds to a 3D Hamiltonian
in the symmetry class A (with no internal symmetry) discussed in Sec. 2.1.6.
We see that the topological classification is trivial and no topological invariant
can be defined. Does this contradict to the discussion of the Hopf insulators
characterized by the Hopf invariant? The answer is no, as the periodic table
assumes the freedom to extend the Hilbert space by additional trivial bands
(the topological invariants carried by these bands is zero). In this sense,
all 3D Hamiltonians in the symmetry class A are topologically equivalent
to each other. However, if we restrict the Hamiltonians to have only two
bands and do not allow enlarging the Hilbert space, these Hamiltonians are
characterized by the Hopf invariant. Therefore, the Hopf insulators are not
captured by the 10-fold way classification.

The periodic table 2.1 lists only so-called strong topological invariants, the
invariants that are intrinsic in the corresponding dimension d and can not
be defined in a < d-dimensional Hamiltonian of the same symmetry class.
As was shown in Ref. [22], in addition to strong topological invariants, a d-
dimensional Hamiltonian possesses weak topological invariants inherited from
all < d-dimensional Hamiltonians. For instance, a 3D Hamiltonian in class
A is characterized by Chern numbers that are computed on 2-dimensional
subtori of its 3-dimensional BZ, these Chern numbers are weak topological
invariants. As we discussed in Sec. 2.1.6.1, the presence of these weak Chern
numbers alter the topological classification of two-band Hamiltonians; in this
thesis we assume all weak Chern numbers of 3D Hamiltonians in class A to
be zero.

2.2.1.2  Crystalline topological insulators

In addition to the internal symmetries defined in the previous section, a
solid may possess crystalline symmetries such as spatial inversion, mirrors
and rotations. These symmetries are represented by unitary operators and
additionally act nontrivially on the spatial coordinates. In momentum space
a crystalline symmetry C constraints the Hamiltonian as

Rch(k)R:' = h(Ck), (2.60)

where R¢ denotes the unitary representation of the symmetry C.

Crystalline symmetries can also protect topological invariants giving rise
to crystalline topological insulators [24—28, 105]. One mechanism for defining
such a topological invariant [106] stems from the fact that at C-invariant
submanifold of the BZ, i.e. {k|Ck = k + G}, the Hamiltonian commutes
with a unitary operator Rc. Therefore it decomposes into a block-diagonal
structure with each block describing bands of the same symmetry represen-
tation. For valence bands that have a specific symmetry representation on the
symmetry-invariant manifold, one can define a topological invariant from
Table 2.1, which corresponds to the dimension d of this manifold and the
internal symmetry class of the relevant block of the Hamiltonian h (k).

To see more clearly how this works, let us present an example of a mirror
protected topological invariant, called mirror Chern number. This invariant
was first introduced in Ref. [25] and later was predicted to protect conducting
surface states in SnTe [107]. These predictions were experimentally confirmed
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Figure 2.7: (a) Energy spectrum of a 3D mirror Chern insulator finite in z-direction
restricted to ky = 0 line. The mirror Chern number is 6); = 2. Gray areas denote
the bulk spectrum, while red lines denote the topological surface states protected by
mirror symmetry. Mirror eigenvalue of each surface band is shown next to it. (b) BZ
of a 2D time-reversal invariant topological insulator. Blue oriented line 7y shows the
integration path for the Z; topological invariant (2.63). The simpler way to compute
the invariant in the presence of inversion symmetry is to take a product of inversion
eigenvalues at time-reversal invariant momenta I1; denoted with red points.

in Refs. [35, 108]. To define a mirror Chern number we consider a 3D Hamil-
tonian that is symmetric under the mirror symmetry with respect to the
(x = 0) plane, denoted by My. One of the mirror-invariant submanifolds
of the BZ forms a 2D plane at ky = 0. At this plane the Hamiltonian is
split into two blocks corresponding to mirror eigenvalues £i, assuming the
particles to be spinful. For valence bands in each block we can define a Chern
number, which is a suitable topological invariant for 2D Hamiltonians in the
symmetry class A

‘Kjﬁ = / dkzyikz Tr []-'f (0,ky, k)], (2.61)
where the Berry curvature matrix ;" is computed for all valence bands with
mirror eigenvalue +i. Assuming that the model is additionally symmetric
under time-reversal symmetry, all Chern numbers on the 2D cuts of the BZ
vanish. Nevertheless, we can still define a topological invariant protected by
the mirror symmetry — the mirror Chern number

Cn = (Cpp — Cpp) /2. (2.62)

In Sec. 2.1.5 we saw that a topological invariant computed in the bulk
of a topological insulator is reflected in conducting states on the boundary.
Crystalline-symmetry-protected topological invariants also feature conduct-
ing surface states given that the surface is invariant under the protecting
symmetry [106]. In this way, the mirror Chern number fixes the number of
counter-propagating chiral modes with different mirror eigenvalues along
the ky = 0 line on the boundaries orthogonal to the y and z axes [as illus-
trated in Fig. 2.7(a) for € = 2]. The Dirac crossing of two surface modes is
protected by the mirror symmetry and can not be gapped if the symmetry
is preserved and the bulk gap remains open. Away from the k, = 0 line the
surface is generally gapped, meaning that any boundary that is mapped
onto itself by the mirror hosts | 4| Dirac points located at a mirror-invariant
k-line.

2.2.2  Symmetry indicators

In the previous section we saw how symmetries, internal and crystalline,
can protect topological phases. Crystalline symmetries have another impor-
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tant role in topological insulators. Namely, for some topological invariants
defined in one of the Altland-Zirnbauer classes of internal symmetries, if
the corresponding Hamiltonian is also invariant under particular crystalline
symmetry, the symmetry eigenvalues of the valence bands can be used to
(partially) determine the topological invariant [24, 56, 109, 110]. First, this
simplifies the computation of topological invariants. Second, the idea that
information about symmetry eigenvalues can indicate a topological insulator
lies in the foundation of the topological quantum chemistry (TQC) (reviewed
in Sec. 2.2.3), which massively expanded the amount of known topological
materials and led to the discovery of new concepts, such as fragile topology
(reviewed in Sec. 2.2.4). We illustrate the idea of symmetry indicators on two
examples in different symmetry classes.

2.2.2.1 Inversion symmetry indicates time-reversal protected topological invariant

First, we consider an example of a topological invariant, that is completely
defined by crystalline symmetry eigenvalues. The relevant Hamiltonians are
defined in the 2D space and belong to the AIl symmetry class with only time-
reversal symmetry that squares to ® = —1. The topological classification of
such Hamiltonians is given by a Z, invariant. The first model that realizes
a time-reversal symmetric topological insulator was proposed in Refs. [13, 19]
and was subsequently realized in HgTe/CdTe quantum wells [20, 21]. The
Z, topological invariant is defined as

1= L f dk - Vi log [P(k) +id] mod 2, (2.63)
27 Jy

where P(k) = Pf[(u;(k)| ®[uj(k))], Pf denotes a Pfaffian, infinitesimally
small real number ¢ is introduced for convergence of the integral and closed
loop v surrounds half of the BZ such that if k is inside of the loop, —k lies
outside of it [see blue line in Fig. 2.7(b) illustrating such loop in a square
lattice]. Computing the invariant using this formula is not very practical.
Although, later Fu and Kane [111] introduced a simpler expression for
the time-reversal protected Z, invariant in terms of Berry-Zak phases, the
simplest way to compute this invariant exists in the presence of the inversion
symmetry. As was shown in Ref. [109], the sought invariant can be computed
from the inversion eigenvalues of the valence bands at all time-reversal
invariant momenta (TRIM) in the BZ

(71)12 H 517
i€TRIM
Ny /2

6 = [ &i(1), (2.64)
j=1

where ¢ ]-(Hi) is the inversion eigenvalue of a band with index j at a TRIM
point I'l; € BZ [red points in Fig. 2.7(b)] and bands with indices 2j — 1 and 2j
are Kramers partners of each other. We see that the topological invariant is
simply the product of the symmetry eigenvalues at specific points in the BZ.

2.2.2.2  Rotation symmetry indicates Chern number modulo the order of rotation

Let us consider another example when rotation eigenvalues indicate a
nonzero value of the Chern number. In this case, the eigenvalues do not
give the full information about the topological invariant and define it only
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modulo the order of the rotation symmetry. The discussion in this section
closely follows Ref. [56], which derived this result for the first time.

We assume that a single particle 2D Hamiltonian is invariant under the
n-fold rotation symmetry C,, where n can take values 2, 3,4, 6 that are com-
patible with a commensurate lattice. Together with translation symmetries,
the rotation symmetry generate the plane group p#n, n = 2,3, 4, 6. Rotation
symmetry puts the following constraint on the Hamiltonian

Re,h(k)R¢, = h(Cyk), (265)

where R¢, denotes the representation of the rotation symmetry in the space
of single-particle Hamiltonians. Within the 2D BZ we can define the high-
symmetry momenta, which remain invariant under a symmetry operation
from the point group generated by C,. These are all Cj;-invariant momenta,
for 1 < m < n dividing n. For the plane groups pn = 2,3,4,6 all high-
symmetry momenta are illustrated in Fig. 2.8. At a C;-invariant momentum,
the Hamiltonian obeys the following commutation relation

[V(Gk)Re,,, h(k)] =0, (2.66)

where matrix V(Gy), Gx = Cpk — k defined in Eq. (2.6) accounts for possible
non-periodicity of the Hamiltonian under reciprocal lattice translations. This
means that the eigenvectors of the Hamiltonian at the Cy;-invariant momenta
are also the eigenvectors of the itinerant rotation operator V(Gy)Rc, with
eigenvalues

ﬁm,](k) = <M](ka)| Rcm u](k)> . (2.67)
Fang et. al. in Ref. [56] derived the following expressions for the Chern
numbers in terms of these rotation eigenvalues

- ¢, NZ) — — — —
for Cp: €™ = 1 162,j(T)02,;(X)p2,(Y)p2,j(M), (2.68a)
j=1
. Nv
for Cy: /2 = TT(=1)"04,1(T)p2,;(X)pa (M), (2.68b)
j=1
) Ny
for Cg: e 0/% = [T(=1)Fp3,(T)p3,(K)ps,;(K'), (2.68¢)
=1
i€ Nv
for Co:  ¢7/% = TT(—1)Fp6,j(T)p3,(K)pa (M), (2.68d)
=1

where F is equal to twice the spin of the particle. Relation (2.68a) was initially
derived in Ref. [24] for inversion as protecting symmetry; in genuinely 2D
systems inversion acts in the same way as the two-fold rotation. In Dets. 2.3
for the representative case of C3 symmetry we outline the derivation of
Eq. 2.68 presented in Ref. [56].

Details 2.3 We start proving Eq. (2.68c) by noticing that the trace of the Berry curvature computed
for valence states of a C3 invariant Hamiltonian is itself invariant under C; operation:

Tr[Fay (k)] = Tr[Fay (C3k)]. (2.69)

This means that one third of the Chern number can be computed as the integral of the Berry
curvature over one third of the BZ [blue region in Fig. 2.8(c)], which after a series of rotations by
27t /3 reconstructs the entire BZ. Applying the Stokes’ theorem to this integral we can re-express
it as a line-integral of the Berry connection [the integration path is shown in Fig. 2.8(c) with an
oriented blue line]. In the mutli-band case this integral is replaced by the phase of the Wilson
loop determinant [cf. Eq. (2.31) for the definition of the Wilson loop]. Then the Chern number is
given by

23 = det Wiy 10 ke (2.70)
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Figure 2.8: Rotation-invariant momenta in the BZ of a Hamiltonian symmetric under
(@) p2, (b) p4, (c) p3, or (d) p6 plane group. (c) Blue area denotes one third of the BZ
which reconstructs the full BZ after a series of rotations by 27t/3; Berry curvature
integrated over this area gives one third of the Chern number. Blue oriented line
denotes the path for the Wilson loop operator used in the derivation of Eq. (2.68c¢).

The path TKK'K"T consists of four pieces, along each of them one can compute a Wilson line as

I,

Wi, = Texp |:i /dk».A:| , (2.71)
I

with Iy, T1, € {T,K,K’,K”}. The Wilson loop is given by the product of all sequential Wilson

lines )
P = det Wi g Wien o Wie ek Wicer] (2.72)

Next, we use how the Wilson line transforms under rotation
WenttyeCutt; = P (M) Winye1r, i (TTh), (2.73)

where by g, (IT) we denote the diagonal matrix consisting of m-fold rotation eigenvalues at
Cp-invariant momentum IT [given by Eq. (2.67)] of all bands included in the Wilson loop; here
these are all valence eigenstates of the Hamiltonian. Then

(2.72) = det [‘53 (F) Wrx ﬁ;l (K) WK”(—K’

X 3 (K,)WK'FK//PA; (KN)WKeF} . (2.74)
Using that determinant of a matrix product is a product of determinants we rewrite
(2.74) = det [ﬁ3 (r)ﬁ3(K/)ﬁ§2 (K)} det [W]"HKWKNHK/ Wy xn WK&F]; (2.75)

where we took into account that points K and K are equivalent modulo a reciprocal lattice
vector and therefore rotation eigenvalues at these points are equal. Expression under the second
determinant equals the unity matrix as the Wilson loops computed along the same path in
opposite directions cancel each other. In the expression under the first determinant we use that
the eigenvalue of the rotation by 27t amounts to the phase factor (—1)F with F = 0 (F = 1) for
spinless (spinful) particles. Then p32(K) = (—1)Fp3(K). Explicitly writing the determinant of
the diagonal matrices p as the product of the diagonal elements we get Eq. (2.68c).

2.2.3 Topological quantum chemistry

We saw in Secs. 2.2.1.2 and 2.2.2 that crystalline symmetries play a two-
fold role in the theory of topological insulators. On the one hand, they can
protect new topological invariants, on the other hand they can indicate non-
trivial values of existing topological invariants. Looking at the presented case
studies, one may ask: given a tight-binding model of a specific material, can
we say whether this material is topological by knowing its symmetry space
group and how its eigenstates transform under the elements of this group.
The answer to this question was given in the framework of the topological
quantum chemistry (TQC) [29—-31] which we overview in this section following
Ref. [34].

The main idea behind the TQC is to define a set of all possible band
structures (together with the corresponding symmetry representations) that
correspond to an atomic limit in which the electrons are tightly localized to
atomic or molecular orbitals in real space. A given material is topological if
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its valence bands can not be decomposed into a direct sum of atomic limits.
Next, we formally introduce this method using the mathematical language
of band representations (BRs) [112, 113]. Before we start, let us emphasize
that TQC does not give a complete classification of crystalline topological
insulators. It may happen that a non-trivial band structure is compatible
with an atomic limit and therefore will be missed by the TQC classification
scheme. However, despite being incomplete, TQC has proved its effectiveness
in predicting topological materials [37—40] and led to a discovery of such
important concepts as higher order topology [114, 115] and fragile topology
[41, 43]. The later is important for this thesis and is reviewed in Sec. 2.2.4.

2.2.3.1 Symmetry groups

We start by reviewing the most important notions of the group theory.
Assume that a studied Hamiltonian is symmetric under operations that form
a space group G. Each element of this group can be decomposed into a point
group operation p (inversion, rotation or mirror) and a translation by a vector
v; we use the following notations ¢ = {p|v} € G. For each point in the real
space r we define a site-symmetry or site stabilizer group G, C G that consists
of symmetry opertations that leave the site r invariant

Gr = {glgr =r}. (2.76)

We define a Wyckoff position to be a set of sites whose stabilizer groups are
conjugate to each other. In other words, r; and r; belong to the same Wyckoff
position if 3¢ € G such that ¢G,, ¢! = G,. Site stabilizer groups of all sites
in the same Wyckoff position are isomorphic to each other and also to some
point group. We call a Wyckoff position maximal if its site-symmetry group
is not a subgroup of any other site-symmetry group. We also define an orbit
of r as a set of sites obtained from r by acting with the elements of the space
group {gr|lg € G}.

In momentum space a symmetry operation g € G acts as gk = pk, meaning
that the translation part of the operation is dropped. For each momentum in
the BZ we define a little group G, C G that consists of symmetry operations
that leave this momentum invariant up to translations by reciprocal lattice
vectors

Gk = {glgk = k +n;G;}. (2.77)

2.2.3.2 Band representations

Now we are ready to construct a band representation (BR) — a representation of
the space group induced from a site stabilizer group representation. A band
representation carries the information about how a band that corresponds to
a localized orbital in the real space transforms under symmetry operations.
As we see in the next section, band representations act as a reference to
determine whether a given band structure is topological.

We start with a site-stabilizer group for an arbitrarily chosen site G, and
find its representation in the basis of Wannier orbitals localized at 7. A sym-
metry operation g € G, acts on these orbitals according to the representation

p(8):
dim(p)
g Wire)) = 21 [p(8)]ji Wi1,0)), (2.78)
]:

where subscripts i, j index the basis Wannier orbitals, 1 indicates that the
orbitals are localized at the site ¥; = r (sites with other than 1 indices
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will be defined shortly) and 0 indicates localization of the orbitals in the
primitive unit cell. Note that these Wannier orbitals are different from the
Wannier orbitals of a given Hamiltonian defined in Eq. (2.33); here, the
Wannier orbitals are exponentially localized functions that form a basis for
the symmetry representation.

To derive representation of the full symmetry group G induced from the
representation of G, we use that the full group can be generated from the
stabilizer group through a coset decomposition

A

G = U gu(gr X T)/ (2.79)

a=1

where T is the subgroup of translations, X denotes the semidirect product of
subgroups and g, € G, g1 = 1. Action of g, on the site r generates all sites in

the orbit of r within the primitive unit cell {r; = 1,1, = gor,..., 74 = gar}.

Action of the symmetry operations g, and lattice translations on the basis
Wannier orbitals |Wj19)) generate Wannier orbitals localized at all sites
belonging to the orbit of r

|Wia,R>> = {gﬂ|R} IWi1,0>>/ (2.80)

where index a denotes the site from the set {r, = ga"}le and R denotes the
unit cell at which the Wannier orbital is localized. These Wannier orbitals
form a basis for the representation of G induced from G,. Performing the
induction procedure (cf. Ref. [34] for details) we get the representation of a
symmetry h = {p|v} € G

o6 ()] iary iy = [P(ga {LIRIHLIR ™ Y gp)]i, (2.81)
~ ij ifge gr
P2 — {[P(g”f 8
0 else
which acts on the Wannier orbitals as
dim(p)
pg(h) Wiar)) = Y [0(&)]ji Wip prsay))s (2.82)
=1

where A, = hr; — r, while the index b and g € G, are uniquely defined
from the coset decomposition hg, = {1|A;;}gs8-

How does the band representation act in momentum space? To answer
this question, we construct basis functions in momentum space as a Fourier
transform of the basis Wannier orbitals

Yiak)) = L Wiar)) (283)
R
The band representation of the symmetry & € G acts on these functions as
] dim(p)
0g () [Piax)) = e PR Do 5™ [o()]ji [jn k) ) (2.84)
j=1

where again b and g are defined from the coset decomposition. In momentum
space representation pg forms non-zero blocks of size Adim(p) x A dim(p)
between momenta k and ik, we denote these blocks as p’é(h). If k is left
invariant under &, which happens when # is in the little group of k, I € Gy,
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then the p’é (h) block is on the diagonal of pg; it defines a representation of
G denoted as pg | Gg. The set of little group representations pg | Gy at each
k carries an important information about the band representation pg and
it is often enough to distinguish a topological insulator from a trivial one,
despite that it looses information about connectivity of representations at
different k.

As the last step before we introduce the method to distinguish a topological
insulator, we define the building blocks of band representations — elementary
band representations (EBRs). We say that two band representations pg and
og are symmetry equivalent if and only if there exist a unitary matrix-valued
function S(k, t, g) for all ¢ € G, such that

S(k,0,8) = pg(g),
S(k,1,8) = 0g(8),
S(k,t,g) is a BR Vt € [0,1]. (2.85)

A band representation is said to be composite if it is symmetry equivalent to
a direct sum of other band representations. The elementary band representa-
tions are those that are not composite. It was shown [31] that all EBRs can
be induced from irreducible representations of the site stabilizer groups of
the maximal Wyckoff positions and that there is a finite amount of EBRs. An
arbitrary band representation can be expressed as a direct sum of EBRs.

2.2.3.3 Non-band-representations are topological

In the theory of TQC a trivial tight-binding model is said to have valence
bands that admit a description in terms of exponentially localized Wannier
orbitals that are consistent with the symmetries of the model. In momentum
space these orbitals form a direct sum of band representations. Therefore,
any set of bands that can not be expressed as a sum of elementary band rep-
resentations is topological. In this sense, the Wannier orbitals computed for
topological bands according to Eq. (2.33) can not be continuously deformed
to exponentially localized Wannier orbitals (2.80) that form a basis of band
representations.

A sufficient condition for a set of bands to be topological is when its
little group representations can not be expressed as a direct sum of little
group representations of EBRs. Such bands are called symmetry-indicated
topological bands; the specific examples were discussed in Sec. 2.2.2. To
formulate the statement more formally, we define a vector space with the
basis given by all irreducible representations of little groups at all symmetry-
equivalent classes of momenta in the BZ [k]; we denote the elements of this
basis as p;(x), where i enumerates the irreducible representation of a little
group G- Every set of bands can be mapped to a vector in this vector space

v =) Vilk)Pilk) (2.86)
i,[K]

with non-negative integers v;};) indicating the number of bands that trans-
form under irreducible representation p;;) at momenta within the equiva-
lence class [k]. EBRs are mapped onto a set of vectors e,, where a runs over
all EBRs. We construct a non-negative-integer-valued matrix E = (e, e, ... )
by stacking all EBR vectors in the horizontal direction. To find whether the
bands mapped onto vector v are topological we search for a non-negative-
integer-valued vector n, such that:

En =v. (2.87)
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Vector n gives the multiplicities with which the EBRs must be summed in or-
der to result in bands v. If such non-negative-integer vector can not be found,
the bands are topological. We note that since irreducible representations of
little groups do not carry complete informations about a band representation,
it is possible that Eq. (2.87) admits a non-negative-integer-valued solution,
but the studied set of bands is topological. In this case to identify topological
bands one needs to use the complete information about the symmetry group
representation. The details about this procedure can be found in Refs. [31,

341
2.2.4 Stable and fragile topology

When trying to solve Eq. (2.87) to find whether the set of bands is topological,
there can be different reasons for the absence of a non-negative integer
solution. First, there can be no integer-valued solution and second, as was
realized in Ref. [41], there can exist an integer-valued solution with some
of the integers in the vector n being negative. In both cases the bands are
topological, but they have different level of stability. If no integer-valued
solution exists, the topology of the bands is stable: a direct sum of the
studied bands with any trivial band that forms a band representation remains
topological. On the other hand, if an integer-valued # is found, the vector v
corresponding to the studied bands can be expressed as

0= Z”a+ ey, — Zna, ey, (2.88)
ay a_

where n,,,n, € Z=°. The bands are topological as they do not admit
description in terms of exponentially localized symmetric Wannier orbitals.
However, their topology is fragile in a sense that a direct sum of these bands
with EBRs e, can be expressed as a sum of EBRs with positive integer
coefficients and therefore can be made trivial [41—43].

Fragile topological bands have found their realization in real materials [52].
However, the signatures of fragile bands in crystalline solids may be hindered
by the presence of trivial low energy modes, which may trivialize topology
of the valence bands. Other platforms which do not have this problem are
metamaterials, such as photonic crystals or acoustic metamaterials. They
were also shown to host fragile topological bands [49—51]. Finally, fragile
topology was shown to appear in flat bands of the magic angle twisted
bilayer graphene [44, 116, 117].

2.2.5 Delicate topology

In the theory of topological quantum chemistry band representations are
taken as a definition of a trivial band. The main result of this thesis is that
even among band representations there are topological bands. To see this
we introduce a different definition of a trivial band: a band representation
induced from a Wannier orbital that is localized within a single unit cell, i.e. a
tightly-bound band representation. In the tight binding formalism this can be
any orbital that forms the tight-binding basis of the studied Hilbert space. We
call such band representations basis band representations (BBRs). Contrary to
the band representations, which are equipped with the equivalency relation
(2.85) and therefore form equivalence classes of band representations, basis
band representations are strictly defined by the basis Wannier orbitals that
are specified by their localization centers and the representation of the site
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Figure 2.9: Topological stability of (a) fragile vs. (b) delicate topology. The blocks
[colored according to legend in (c)] below/above the Fermi energy (dashed blue lines)
are valence/conduction bands, with addition indicated by stacking and topological
equivalence by ‘~’. In panel (a) the complement to fragile topological bands could be
fragile topological, obstructed atomic limit, or fully trivial.

stabilizer group. The formal definition of the BBR for specific symmetry
groups Pn for n = 2,3,4, 6 is given in Chapter 4 of Part L.

A band representation is topological if it can not be continuously deformed
to a basis band representation. In this case, the defining Wannier orbital is
exponentially localized but can not be localized within one unit cell, instead
it spreads over several unit cells, and therefore is called multicellular. We
discuss in details what can lead to such multicellular obstruction of the
Wannier representation in Part II, Chapter 8 of this thesis.

We may also ask how stable are these topological band representations
under a direct sum with trivial bands. The answer is that they are delicate,
which is a new level of stability that complements stable and fragile topology.
To define this we need to distinguish between valence band representations
that are assumed to be topological and the complementary conduction band
representations that are separated from the valence bands by a gap. Delicate
topological bands lose their topology in two situations: if the trivial bands
are added to the valence bands or if they are added to the conduction bands
[cf. Fig. 2.9(b) for an illustration]. This distinguishes delicate topology from
fragile, for which topological bands retain their topology if the conduction
subspace is enlarged with additional trivial bands [cf. Fig. 2.9(a)]. An exten-
sive discussion of delicate topology is presented in Part II, Chapter 7 of the
thesis.
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2.2 SYMMETRIES IN TOPOLOGICAL INSULATORS

In this part, we investigate the Hopf insulator in the presence of crystalline
symmetry. As we discussed in Sec. 2.1.6 the Hopf insulators are described by
two-band insulating Hamiltonians defined over the 3D momentum space [55,
92, 93]. Their topological classification was derived by Pontrjagin [97] and is
given by four quantized invariants [98, 99], three of which are Chern invari-
ants defined on two-dimensional sub-tori of the BZ, while the fourth can be
identified as the integer (Z) valued Hopf invariant (2.48) if the Chern class
is trivial. However, Pontrjagin’s classification has never been generalized to
include crystallographic point-group symmetries, i.e., crystalline symmetries
beyond discrete translations.

As we partially saw in Sec. 2.2, crystallographic point-group symmetries
have had a transformative role in the topological classification of band
structures, rendering some topological invariants to vanish [56], as well as
introducing new topological invariants [56, 91, 107, 114, 115, 118, 119]. One
approach to characterize band topology is based on the analysis of crys-
talline symmetry representations of one-particle Bloch states [29—31, 41] as
was introduced in Sec. 2.2.3. This approach led to a successful prediction
of numerous new topological materials [37-39]; however, by design, these
symmetry-representation-based filtering schemes do not identify topologi-
cally nontrivial band structures that are band representations [112, 113], i.e,,
band structures admitting a description by a set of exponentially-localized,
locally-symmetric crystalline (Wannier) orbitals [43, 47, 120], of which the
Hopf insulator [55] is an example.

In this part of the thesis, we show that the presence of crystalline symmetry
also extends the characterization of two-band, insulating Hamiltonians with
trivial first Chern class beyond the Z-valued Hopf invariant. In particular, if
the valence and the conduction bands transform differently under rotation,
additional Z-valued topological invariants can be defined: each of them is
given by a 27t-quantized difference in Berry-Zak phase between two rotation-
invariant lines (in the Brillouin zone) separated by half a reciprocal-lattice
vector, with the Zak phase reverting to its original value over a full reciprocal
vector. By viewing two of three independent momentum coordinates as
adiabatic parameters, this Zak-phase reversion can be interpreted as an adia-
batic evolution of the electric polarization defined for a single-momentum
Hamiltonian: a unit charge is pumped across one (or more) real-space lattice
periods within half an adiabatic cycle, and is then pumped back in the next
half of the cycle. In analogy with the quantized charge pumping first investi-
gated by Thouless [87] and reviewed in Sec. 2.1.4.3, we call this Zak-phase
reversion a returning Thouless pump (RTP). We refer to the corresponding
rotation-symmetry-enriched topological two-band Hamiltonians as crystalline
Hopf insulators.

We classify two-band, insulating Hamiltonians (with trivial Chern class)
by the Hopf and the rotation-protected RTP invariants, for all crystallograph-
ically allowed orders of rotation: n = 2,3,4,6. We discover that these invari-
ants are not independent: the RTP invariants determine the Hopf invariant
modulo 7, resembling in spirit a known relation between rotation-symmetry
representations and the Chern number [56], discussed in Sec. 2.2.2.2. At
the same time, the RTP invariants characterize qualitatively distinct phases
beyond the Pontrjagin classification; as proof of principle we demonstrate a
model that carries vanishing Chern and Hopf invariants but nonvanishing
RTP invariants.

Both the Hopf and RTP invariants lead to potentially measurable surface
signatures which are qualitatively unique among the known topological
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insulators. The Hopf invariant results in teleportation of Berry curvature on
the surface of the Hopf insulator. The paradigm of topological insulators
asserts that an energy gap separates conduction and valence bands with
opposite topological invariants. Here, we propose that equal-energy bands
with opposite Chern invariants can be spatially separated — onto opposite
facets of a finite crystalline Hopf insulator. On a single facet, the Chern
number computed for all surface states is in one-to-one correspondence with
the bulk Hopf invariant. By ‘facet’, we mean a crystalline surface retaining
two of three independent translational symmetries of the bulk space group;
by ‘all surface states’, we mean all surface-localized states irrespective of
whether they are occupied or unoccupied by fermions. At the same time the
Hopf invariant does not guarantee a conducting boundary and the boundary
spectrum can be gapped by some boundary deformation.

In its turn the RTP leads to anomalous values for the angular momentum of
all surface states that are localized to a single, rotation-invariant crystalline
facet. By ‘anomalous’, we mean that these angular-momentum values are
non-identical to the angular momentum of bulk valence states, and also
non-identical to the angular momentum of bulk conduction states. Such an
angular-momentum anomaly is physically manifested in two ways.

(i) For open boundaries with sharply-terminated hoppings, the anomaly
implies the existence of facet-localized states along any line in the sur-
face Brillouin zone connecting a certain pair of rotation-invariant reduced
momenta. These states energetically connect the bulk valence and bulk con-
duction bands in a manner that is robust against continuous, gap-preserving
deformations of the bulk Hamiltonian; however, the energetic connection
crucially relies on the sharpness of the boundary condition, namely that
Hamiltonian matrix elements are everywhere identical as in the bulk, except
for those hopping matrix elements crossing a facet; these exceptions are set to
zero. Such conditionally robust surface states have no analog in stable [17, 19,
119] and fragile [41, 43, 45, 47, 120] topological insulators, and are unique to
delicate topological insulators (a notion introduced in Sec. 2.2.5). In Chapter 7
of Part II we argue that the crystalline Hopf insulators are delicate.

(ii) For a general choice of the Hamiltonian termination, facet-localized
states are characterized by Berry-Zak phases that are quantized to a rational
multiple of 271, which is distinct from the Berry-Zak phases of bulk states in
both the bulk conduction and the bulk valence bands. How surface states
can be topologically distinct from bulk states may be rationalized in a slab
geometry with two facets: the Zak phase of top-facet-localized states are
‘conjugate’ to the Zak phase of the bottom-facet-localized states, such that the
totality of states localized to both facets are topologically equivalent to the
bulk states. Colloquially, in analogy with the Berry curvature teleportation
in Hopf insulators, one may say that topologically ‘interesting” bands have
arisen from being physically separated across the bulk of the slab; such a
hallmark of delicate topological insulators stands in stark contrast to the
conventional wisdom of energetically separating topologically-interesting
bands across a bulk energy gap.

We structure the discussion in this part as follows. We start by showing that
the crystalline Hopf insulator originates from a unique semi-metallic phase
— characterized by a band-touching point that acts as a rotation-symmetric,
dipolar source of Berry curvature. This result is formulated in the first chapter
in terms of k - p Hamiltonians and is consequently regularized on a lattice
in the second chapter. In the same chapter we formalize the notion of the
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returning Thouless pump (RTP), explain why it is quantized and present
several models illustrating crystalline Hopf insulators. In the next chapter

we establish the boundary signatures of the bulk Hopf and RTP invariants.

Finally, in the last chapter we show that the Hopf and RTP invariants are not
independent but are related modulo # for all Pn space groups.
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5 BULK-BOUNDARY CORRESPONDENCE 73

6 RELATING THE RTP AND HOPF INVARIANTS 101
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BERRY-DIPOLE BAND DEGENERACY

One convenient strategy to realize known topological insulators has been
to perturb topological semi-metallic phases so as to develop an energy gap
(cf. discussion in Sec. 2.1.3.2 as well as Refs. [13, 121] and chapter 8 of
Ref. [61]). We show here that crystalline Hopf insulators can be realized by
perturbing a rotation-symmetric semi-metallic phase with a band touching
(at an isolated k-point) that acts as a dipolar source of Berry curvature. We
present a k - p Hamiltonian for such a Berry dipole in Sec. 3.1, then argue in
Sec. 3.2 that a Berry-dipole band degeneracy mediates a topological phase
transition. In the following Chapter 4, we move from k - p Hamiltonians to
tight-binding lattice models showing that a Berry dipole mediates a quantized
change of the integer-valued Hopf and RTP invariants.

The Berry dipole Hamiltonian offers several advantages for studying
crystalline Hopf insulators, namely (a) it affords a clean, analytic derivation
of the simultaneous change in Hopf and RTP invariants across a Berry-
dipole phase-transition point, and (b) it gives a practical strategy to construct
tight-binding-model Hamiltonians of crystalline Hopf insulators [presented
in Sec. 4.4 of the next Chapter]. The price to pay for these advantages is
that a Berry-dipole phase transition lies in a region of the phase diagram
that is ‘hard to reach’, i.e., per codimension counting [122, 123], a generic
band degeneracy in a 4-dimensional momentum-parameter space for Wigner-
Dyson class A extends over 1-dimensional nodal lines. Therefore, the Berry
dipole, which constitutes a single gapless point in the 4-dimensional space,
requires certain amount of fine-tuned parameters as we discuss in Sec. 3.3.
If one is interested in realizing delicate topology for realistic Hamiltonians,
it pays to explore the phase diagram in the vicinity of the fine-tuned Berry-
dipolar form of the Hamiltonian. It turns out the vicinity contains a variety
of topological (semi)metallic phases, discussed in Sec. 3.4.

CHAPTER CONTENTS

3.1 Rotation-symmetric k-p model of a Berry dipole 41

3.2 Berry dipole as a topological phase transition = 44

3.3 The Berry dipole is "hard to reach’ 48

3.4 Semimetals intermediating crystalline Hopf insulators 50

3.1 ROTATION-SYMMETRIC kp MODEL OF A BERRY DIPOLE

In contrast to a Weyl point [Fig. 3.1(a)], the Berry curvature integrated over a
sphere enclosing the Berry dipole necessarily vanishes. We define the Berry
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Figure 3.1: Berry-curvature vector fields of (a) an isotropic Weyl point with positive
chirality, and of (b) a rotation-symmetric Berry dipole in Eq. (3.3) with spin Al= —1.
Both vector fields are plotted over a sphere centered at the band-touching point.

dipole such that the Berry flux through a hemisphere oriented parallel to the
dipole axis is quantized to integer multiplies of 27t [Fig. 3.1(b)],

¥ — / F.dS e2nz, (3.1)

hemisphere

where F is the Berry curvature of the valence band and 4§ is an infinitesimal
surface element normal to the hemisphere. We say that the Berry dipole is
of the d-th order if the absolute value of the flux |¥| through a hemisphere
equals 27td.

We further restrict our attention to rotation-symmetric Berry-dipoles, for
which the dipole axis coincides with a rotation axis of symmetry. We assume
that a two-band Hamiltonian is symmetric under continuous rotations with
respect to the z-axis:

Roh(k) R, = h(6k),
_i0AL/ 2.0 (3-2)
Rg=e e,

with 0k being the momentum vector obtained from k by a counterclockwise
rotation of (ky, ky) by an arbitrary angle 6, Ry being the matrix representation
of a rotation by angle 6, and A¢ (assumed #0) is the integer-valued Berry-
dipole spin, in units where 71 = 1.

To study the prospective gapped phases obtained by lifting the Berry-
dipole band degeneracy, we construct a two-band k - p Hamiltonian that
depends on a tuning parameter ¢. At ¢ # 0 the two energy bands are
separated by a finite gap, which closes for ¢ = 0 when the bands form
a Berry dipole. A simple realization of a rotation-symmetric Berry-dipole
Hamiltonian is encoded with a spinor

1AL
g(k) _ (gl (k)> _ (k—sgn(A€)> c CZ/ (33)
Ga(k) vk, +i¢

with ki = ky & ik, and helicity v € {—1,+1} (cf. Dets. 3.3 for a geometric
interpretation of v). The spinor serves as an input for the

spinor-form Hamiltonian: h(k) = [C*(k)ag(k)] .o, (3-4)

with o = (o, 0y, 02) being the vector of Pauli matrices. We have obtained
Eq. (3.3) by first assuming that ¢ has a multi-variable Taylor expansion in all
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momentum components and in the tuning parameter ¢, then deriving [in
Appendix A.1] the lowest-order form for { such that the k-p-Hamiltonian in
Eq. (3.4) fulfills the symmetry condition in Eq. (3.2). If one further allows for
continuous deformations of the Hamiltonian that preserve its ‘topology” (as
formulated more precise in Appendix A.1.3), { can be simplified to the form
shown in Eq. (3.3).

We note that a Hamiltonian with rotation symmetry given by Eq. (3.2) can
as well be constructed with the spinor

vk, +i¢p
i(k) = a |, (3:5)
(ksgn(AZ))

as shown in Appendix A.1. Spinor-form Hamiltonians [Eq. (3.4)] constructed
with spinors given by Eqs. (3.3) resp. (3.5) differ by symmetry eigenvalues of
their eigenstates. Namely, define an angular momentum ¢, (/) of the valence
(conduction) eigenstate as

Ro [tty(c) (0,0, k=) ) = ¢*'s0

1ty (0,0, kz)> . (3.6)

Then for the Hamiltonian defined through spinor (3.3) the difference ¢, — ¢;
coincides with the Berry-dipole spin A/. This corresponds to a valence
(conduction) state at rotation axis being induced from the first (second) basis
orbital, where these orbitals define a basis of the Hamiltonian and the rotation
matrix. For the Hamiltonian defined though spinor (3.5), one instead finds
that the difference /. — ¢, = —A/{, meaning that the valence (conduction)
state is induced by the second (first) basis orbital. The two classes of models
are related by flipping the sign of their energy bands. Throughout Chapter 3
we will present results for the Hamiltonian given by the spinor (3.3) and
comment on their applicability to the spinor (3.5).

The energy-momentum dispersion of each band of the spinor-form Hamil-
tonian (indexed by %) is simply the squared norm of the spinor multiplied
by £1 [cf. Dets. 3.1 for the derivation]:

Es(k) = £[{(K)|>. (3.7)

The particular form of the Hamiltonian defined by Egs. (3.3) and (3.4) im-
plies that the energy gap grows quadratically with the k,-component of
momentum and with the parameter ¢. Furthermore, the Berry-dipole spin
Al determines the exponent of k4 to be |A/|, and therefore the energy gap
grows with 2|A/|-th power of the momentum distance from the rotation
axis. In certain parts of our discussion, it will be convenient to consider the
spectrally flattened" spinor-form Hamiltonian,

1
heat(k) = ———=h(k), .
ﬂat( ) ||€(k)||2 ( ) (3 9)
which is defined for all (k, ¢) # (0,0), and for which the spectrum is simply
Efat(k) = £1.
We derive in Appendix A.2.1 that for Hamiltonians given by Egs. (3.3)
and (3.4) the Berry-dipole spin A¢ determines the Berry flux through the
upper hemisphere as

B dipol
w (B e — _omar, (3.0

For traceless, two-band Hamiltonians that are not of the spinor form, the spectral flattening is
instead defined as
h(k)

hgat (k) = T{h(k)].

(3-8)
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implying that the absolute value of the Berry-dipole spin equals the order
of the Berry dipole |A¢| = d.> To derive the Berry flux for the Hamiltonian
defined through the spinor (3.5), observe that this spinor can be brought to
the form (3.3) by first flipping the order of the basis orbitals (i.e., rotating the
Hilbert space with Pauli matrix oy) and by subsequently changing the sign
of the Berry-dipole spin. The order of the basis orbitals (i.e., the rotation of
the Hilbert space) does not affect the Berry flux, and therefore

Berry dipole
¥ (e o) = 2mad. (3.11)

Recalling the expression for the valence and conduction angular momenta
(3.6), we conclude that the Berry flux through the upper hemisphere of both
spinor-form Hamiltonians is given by

tation- .
¥ (oo = o(t — 1) 612

Details 3.1 To prove Eq. (3.7), first recall the completeness relation for the Pauli matrices:
%Z,-E (0.,2) U[’Yﬁaim- = OusOpy [124], where ¢ is the Kronecker symbol and oY is the identity
matrix. This is equivalent to
Y a,i/jvfy& = 204508y — Oaplys. (3.13a)
ie{x,yz}

Since the two-band Hamiltonian in Eq. (3.4) is traceless, the two eigenvalues have the same
magnitude but opposite sign: £E. The determinant (being the product of eigenvalues) is then
found as deth = —E2. Simultaneously, for a Pauli-matrix Hamiltonian h = Y;c (., .y hic”, the

determinant is also expressed as deth = — Yic(y, h?. For the spinor-form Hamiltonian,
hi = g;ai /jg p; therefore, matching the two expressions for det’ results in

* i x (3-13a) *
= {2 }gu%gﬁ%g%é& =000 (200508 — 0updys) LpLs, (3.13b)
ic{xyz

where summation over repeated indices &, 8,7, is implied. From the last expression, E? =
(Cix)? follows easily, which is equivalent to Eq. (3.7).

3.2 BERRY DIPOLE AS A TOPOLOGICAL PHASE TRANSITION

While the Hamiltonian given in Egs. (3.3) and (3.4) has been defined for k €
IR3, the fact that each Hamiltonian matrix element is a low-order polynomial
in k allows us to interpret the same Hamiltonian as a small-momentum,
truncated Taylor expansion of a tight-binding Hamiltonian defined over the
Brillouin zone. Tuning ¢ through zero makes the energy gap close at an
isolated point k = 0, then subsequently reopens the gap; throughout this
tuning, the rotation-symmetry representations at k = 0 are not inverted.
We will find that the parameter ¢ = 0 marks a critical point between two
gapped phases that are distinguished by the Hopf and Returning-Thouless-
pump topological invariants, both of which are integers defined for the
tight-binding Hamiltonian.

To demonstrate why the Berry dipole intermediates a change in the Hopf
invariant, we utilize the linking-number interpretation of the Hopf invari-
ant, introduced in Sec. 2.1.6 and illustrated in Fig. 2.6. This interpretation
applies to two-band Hamiltonians with trivial Chern class, which is assumed
throughout this thesis. In the k - p model, the linking number is not well-
defined since the preimage manifolds are noncompact, forming a family of

We note that the hemisphere Berry flux quantization holds for the Hamiltonian (3.3, 3.4) due to
the accidental z-mirror symmetry at the critical parameter ¢ = 0, that is discussed in Sec. 3.3.
We expect that this symmetry is broken in the higher-order in k expansion of the spinor (3.3).
Therefore, quantization (3.10) holds only for small spheres surrounding the Berry dipole, for
which the lowest-in-k expansion of the spinor gives a good approximation of the Hamiltonian.
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infinite (and for ¢ # 0 non-intersecting) straight lines in R3, as proven in
Dets. 3.2 and illustrated representatively by two lines in Fig. 3.2(a) for the case
Al =1 and v = 1. The geometric constellation of the preimages motivates
the adopted name helicity for the parameter v € {—1,+1} as discussed in
Dets. 3.3. [The red line is the preimage of h « (1,0,0), and the cyan line a
preimage of h o< (—1,0,0), where h = h - ¢ is the Berry-dipole Hamiltonian.]
Given any two distinct points on the two-sphere, a change in their associated
linking number (as attributed to the Berry-dipole band touching) remains
well-defined. For instance, comparing Figs. 3.2(a) and (c) (for ¢ < 0 and
¢ > 0, respectively) shows that the red and cyan lines ‘pass through” each
other as ¢ is tuned through zero, which can be interpreted as a unit change
in the linking number. The sense of this interpretation is that no matter how
we ‘close off” the cyan and red lines at k-infinity, their linking number must
change by unity under the “passing through’.

Details 3.2 According to the correspondence S? ~ CP! (the complex projective plane), points
on the Bloch sphere are in one-to-one correspondence with rays in the Hilbert space C? [68].
Therefore, for any two k-points (k; and k) in the preimage of a single Bloch-sphere point, the
corresponding spinors { (k1) and {(ky), as given by the Hamiltonian in Eq. (3.4), are related to
each other by rescaling with a non-zero complex number. Such rescaling keeps the ratio of the
two spinor components invariant; specifying the preimage is equivalent to fixing a constant
c € Cin {1(k) = cl>(k). Plugging in the spinor components of a first-order Berry dipole
from Eq. (3.3) for the case |Af| = 1, one obtains k; ik, = c(vk, + i¢), where the sign on the
left-hand side equals — sgn(Af). This may be viewed as a straight k-line (parametrized by k)

which intersects the k; = 0 plane at point ky =+ iky = ic¢. Note that the inclination of the straight
line, as captured by d(k, & ik,)/dk, = cv, is independent of the tuning parameter ¢.

Details 3.3 Let us comment on the meaning of the name helicity for the parameter v € {—1,+1}
in the spinor function (3.3). If we extract the polar coordinate of any particular preimage line,
6(k;) = arg[kx (k) + iky(k.)] (where polar coordinate 6 and the radial coordinate k are defined
via ky = kcos 6 and k, = ksin6), as a function of k, [the dependence being emphasized by the
round brackets: ‘(k;)’], then
[de(k,a
sgn

ik } = sgn[¢v]. (3.14)

Pictorially, as one moves along the positive k, direction, we observe all preimage lines to wind
in the positive direction around the k; axis when sgn[¢v] = +1 (resp. in the negative direction
when sgn[¢v] = —1), indicating a notion of handedness. [Note that these conclusions are
derived for a Hamiltonian given by Egs. (3.3) and (3.4) with the Berry-dipole spin fixed to
Al = 1; the sign of Eq. (3.14) is flipped for Al = —1.]

To diagnose a change in the Hopf invariant of the tight-binding Hamilto-
nian, we look at changes in the continuum Hopf number (of the k - p Hamilto-
nian), defined as an integral of the Chern-Simons three-form:

1
ot — - /d3k]:. A F=VixAlk) (3.15)
R3

with A(k) = (u,(k)|iVku,(k)) the Berry connection of the intra-cell wave
function |u,(k)) (the subscript ‘v” stands for ‘valence band’), and F (k) the
corresponding Berry curvature.

The continuum analog of the RTP invariant is given by the Berry-Zak
phase computed along the rotation axis:

oo

geeont. _ / A2(0,0,k,)dks, (3.16)

—00

where A; is the z component of the Berry connection. We refer to Eq. (3.16)
as the continuum Zak phase. Let us clarify that the quantity is indeed a phase,
meaning it is well-defined modulo integer multiples of 27r. This holds under
the conditions that the wave function is differentiable everywhere on the
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Figure 3.2: Panels (a-b) characterize the Hamiltonian of Eqs. (3.3—3.4) with Al =
v = +1 and ¢ = —0.8; for panels (c-d), we maintain A/ = v = +1 but change
¢ = +0.8. For both Hamiltonians, the corresponding momentum surfaces where
the z-component of kg, (k) vanishes [k, . (k) = 0] form hyperboloids illustrated in
panels (a) and (c) respectively. The coloring of the surfaces indicates the values of
hfiat,x and hgay,, according to an inset in panel (a). The cyan and red lines indicate the
momenta where the Hamiltonian hg,, o« (1,0,0) and hg,, « (—1,0,0), respectively.
The gray semicircle represents a 2D radial cut given by ¢ = 0, 6, € [0, 1] and
|k| € [0,R], with spherical coordinates (|k|, 6y, ¢x) specified in the main text. The
vector field of hy, (k) is illustrated over the gray semicircle in panels (b) and (d), for
¢ = —0.8 and +0.8 respectively. The colored line in panel (b) [and also (d)] denotes
momenta where the radial cut is intersected by the hyperboloid; the color scheme
follows again the legend in panel (a).
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k-line, and moreover coincides at k, — £oo, allowing to ‘compactify’ the k-
line by identifying the points at infinity. Under these conditions, as we show
in Dets. 3.4, gauge transformations can at most change the value of 2" by
an integer multiple of 271. A stronger statement, namely that 27" /27 is
integer-valued, follows from the Hamiltonian matrix being diagonal along
the rotation-invariant k-line, according to the rotation constraint in Eq. (3.2).
Indeed, the diagonal constraint ensures the existence of a gauge where the
wave function is constant along the rotation-invariant k-line, and hence the
Berry connection vanishes at each point on said line.

Details 3.4 Under a gauge transformation |u(k)) — e~ #() |u(k)), the Berry connection trans-
forms as A, — A, + Ok, B. If the resultant wave function is to remain differentiable with respect

to k, and periodic over the compactified k, axis, then /27t must be a differentiable function of
k. with [ (9, B) dk./2m being an integer-valued winding number.

Changes in the continuum Hopf number x*°"* and Zak phase 2" /27
across a gapless point are quantized to integer values, assuming that the
k - p Hamiltonian is a small-momentum expansion of a tight-binding Hamil-
tonian. In the next section, we will identify 6y € Z as the change in
the Hopf invariant of the tight-binding model, and 62 cont. /2.7 € Z as the
corresponding change in the RTP invariant. Assuming the gapless point is
described by the Berry-dipole Hamiltonian [Egs. (3.3),(3.4)], ™ and Z"<ont
are modified by

SO = —vAlL, (3-17)
seont — oy, (3.18)

as ¢ is tuned from negative to positive values. Note that although the con-
tinuum Zak phase is defined only modulo 27, the change in the Zak phase
across a Berry dipole (3.18) is well defined modulo nothing if we require a
wave function to be smooth for all (k,¢) # (0,0).

In analogy with the derivation of Eq. (3.11), we argue that the change in
the continuum Hopf number over a Berry dipole given by the spinor (3.5)
has an opposite sign than for the spinor (3.3), 6x°°"* = vAl. Therefore, more
generally for both spinors (3.3) and (3.5) this change is determined by the
difference in angular momenta between the conduction and the valence band,
defined in Eq. (3.6):

XM = —v (L. — Ly). (3.19)

The change in the continuum Zak phase given by Eq. (3.18) is valid for
Hamiltonians defined through both spinors (3.3) and (3.5).

Equation (3.18) can be directly derived after noticing that the valence
intra-cell wave function of the Hamiltonian in Eq. (3.4) can be analytically
expressed as

|y (k) = eP*)ic, 0% (k) /1|Z (k) |, (3.20)

with ¢ given in Eq. (3.3) and a phase (k;) chosen to ensure a smooth wave
function along the compactified k,-axis.3 Plugging this wave function in the
definition of the continuum Zak phase in Eq. (3.16) gives the change in the
Zak phase according to Eq. (3.18).

Details 3.5 The Berry connection computed in the gauge specified in Eq. (3.20) is A;(0,0,k;) =
—v¢p/ (k2 + ¢?) — 9. B(k.), which plugged into the definition of the continuum Zak phase in

Eq. (3.16) gives 2" = —7 [14 v sgn(¢)]. Hence, when ¢ changes sign from negative to
positive, the continuum Zak phase changes according to Eq. (3.18).

3 To guarantee this, we choose the phase B(k;), which depends smoothly on k;, such that
B(—o0) =0and (o) = 7.
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The quantized jump of the Hopf number expressed in Eq. (3.17) is derived
generally in Appendix A.2.3. For the particular case of A{ =1 and v =1, we
present here a pictorial argument for Y = +1/2, with the sign changing
across ¢ = 0. We utilize Wilczek and Zee’s [68, 96] correspondence of the
unit Hopf invariant with a ‘self-eating, rotating” skyrmion texture for the
pseudospin vector h associated with the Hamiltonian h(k) = h(k) - . By “self-
eating” and ‘rotating’, we mean that the skyrmion’s ‘worldline’ forms a loop
in k-space, with the skyrmion pseudospin texture (in a plane orthogonal
to the loop) rotating by 27 as k is advanced along the loop, as illustrated
in Fig. 1 of Ref. [96]. Analogously, we now argue that x"* = +1/2 for
the Berry-dipole transition is associated with ‘half” a self-eating, rotating
skyrmion: consider a 2-dimensional radial cut given by ¢, = 0, 6 € [0, 7]
and |k| € [0, R], where (|k|, 0, ¢x) are spherical coordinates in the k-space*
and R is a large radius. The pseudospin texture on this cut forms half of a
skyrmion, as h(k) covers half of the Bloch two-sphere when k is swept over
the cut [cf. Fig. 3.2(b)]. Indeed the vectors on the edge of the cut are mapped
to the great circle of the two-sphere with h, = 0, while all vectors within
the cut cover the hemisphere given by h, < 0 for ¢ < 0, and the hemisphere
given by h, > 0 for ¢ > 0 [cf. Fig. 3.2(d)]. Whether it is the hemisphere with
hy < 0 or with hy > 0, determines the sign of )(CO’”' = +£1/2. The sense in
which this half-skyrmion is ‘rotating’ is illustrated in Fig. 3.2(a,c), where the
hyperboloid is the preimage of the Bloch-sphere equator (h; = 0): each point
on the hyperboloid is colored according to the angle 6., between the (fy, hy)-
vector and the hy-axis (hy = (/W2 + h; cos fyy), following a color-coding
scheme in the inset of Fig. 3.2(a). For any point on the hyperboloid, we see
that 6, changes by 27t as we encircle the rotation axis while circumnavigating
the hyperboloid sheet at a fixed ‘elevation’ k.

The presented results demonstrate that the Berry-dipole transition alters
the value of the topological numbers in Egs. (3.15) and (3.16). In the following
Chapter 4, we show how the k - p model of the Berry dipole arises as the
small-momentum expansion of a tight-binding Hamiltonian on a lattice. Such
a lattice regularization makes precise the notion of ‘closing off” the infinite
preimage lines.

3.3 THE BERRY DIPOLE IS "HARD TO REACH’

To interpolate from an insulating, rotation-symmetric Hamiltonian to a
Berry-dipole Hamiltonian requires fine-tuning more Hamiltonian parameters
than would otherwise be needed to interpolate to a generic, non-insulating,
rotation-symmetric Hamiltonian. How many more parameters exactly? We
address this question in this section, wherein we also attribute the additional
fine-tuning to an ‘emergent’ mirror symmetry of the Berry-dipole k - p
Hamiltonian (that is absent in the tight-binding Hamiltonian).

Let us construct a rotation-symmetric k - p Hamiltonian exhibiting a Berry
dipole. For concreteness, we choose the Berry dipole spin to be A/ = 1
(which corresponds to the unit difference between angular momenta of the

4 We specify the spherical coordinates to be ky = |k|sin 6y cos @i, k, = |k|sin ) sin ¢, and
k; = |k| cos O.
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basis orbitals), and then a general rotation-symmetric Hamiltonian has the
form

(k) = £(k)os + FR) 0+ g(k)ez, 0 = 2,

f(k) =ak_+pk_(k; —b) € C; ks = ky ik, (3-21)
g(k) =a(k: — b)z +ckik_+d €R,

with «, B being complex constants, and 4, b, c, d real constants. Equation (3.21)
reduces to the Hamiltonian of a Berry dipole centered at the momentum
origin [Eqs. (3.3,3.4) with ¢ = 0] if the above k - p parameters take the
particular values:

Berry dipole: b=d=a=0, c=-a=p/2=1 (3.22)

Even after allowing for simple generalizations of the Berry-dipole Hamilto-
nian, we find it necessary to tune at least three real parameters to attain a
Berry-dipole Hamiltonian from Eq. (3.21).

Details 3.6 The said generalizations are the following. First, the sign of the Hamiltonian is of
little significance; second, the momenta can be rescaled while preserving rotation symmetry;

third, the bands are allowed to touch at an arbitrary point along the k,-axis. The resulting more
general Berry-dipole Hamiltonian has the form

h(k) = ' (k)og(k) - o,

@(k)—( k- ) (3.23)
Ak, —b)

with parameters Z,A € Cand b € R.

To tune the Hamiltonian given by Eq. (3.21) to the Berry-dipole Hamiltonian (3.23), one needs
to tune two real parameters to d = & = 0. Parameters § and c, related to the free parameters of
the Berry-dipole Hamiltonian as 8 = £2ZA* € C and ¢ = +|Z|? € R, are kept free. However,
the real parameter 2 must be tuned to the value fixed by the free parameters g and ¢, namely
a = —|B/2/%/c. Thus, in total, we require fine tuning of three real parameters.

The necessity of fine-tuning can be partially justified by certain symmetries
of the Berry-dipole k - p Hamiltonian that are generically absent in the tight-
binding Hamiltonian. Since the k - p Hamiltonian is obtained by truncating a
Taylor expansion of the tight-binding Hamiltonian, these ‘certain symmetries’
apply to low-order terms in the expansion but are generically broken at
higher order. To the extent that the low-energy physics of insulators is
determined by Bloch states in a small k-region containing the band-touching
point, one may refer to these ‘symmetries” as emergent.

One of these emergent symmetries constrains the Berry-dipolar Hamilto-

nian [Egs. (3.3-3.4)] as
ozh(k i kz ¢)oz = h(ky, —kz; —¢), (3-24)

which might be viewed as a 7rt-rotation symmetry in the 4D (k, ¢)-space.
[Cf. Dets. 3.7 for the proof of Eq. (3.24).] At the phase-transition point (¢ = 0),
the 7r-rotation reduces to a mirror symmetry that inverts k, in k-space, and
correspondingly inverts the rotational axis in real space.> (In short, we call
this symmetry over the 3D k-space a z-mirror symmetry.) An alternative view
of Eq. (3.24) is that ¢ parametrizes a Hamiltonian perturbation that breaks
the z-mirror symmetry. One may further verify that the z-mirror symmetry
fixes the complex k - p parameter « in Eq. (3.21) to zero, as is true for the
Berry-dipole Hamiltonian.

For rotation-symmetric k - p Hamiltonians, composing a z-mirror reflection with a two-fold
rotation (about z) gives a spatial-inversion operation.
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Details 3.7 To see that the Berry-dipole Hamiltonian obeys the constraint (3.24), note that the
spinor-form Hamiltonian (3.4) can be written in terms of spinor components as

hksg) = (z;l(k;fpnz “latk9)  20(9) (k) ) ,
205 (k;9)oa(kig) =161k p)* + |02 (K; @) 2
where {(k;¢) = (1(k;¢),32(k;$))T. Components of the spinor (3.3) satisfy the relations

Ci2)(k1, —kz; —¢) = (=)C1(2) (kL kz; ¢). Plugging the spinor components evaluated at (k 1, —kz;
—¢) into Eq. (3.25), we see that Eq. (3.24) holds.

(3-25)

Identifying the 4D m-rotation symmetry confers two other advantages: the
first is that it inspires a strategy to realize crystalline Hopf insulators that
is alluded to in Sec. 3.4.1; the second is that it explains why the continuum
Hopf number [Eq. (3.15)] and continuum Zak phase [Eq. (3.16)] attain the
half-integer values for the spinor-form Hamiltonians [Egs. (3.3-3.4)]:

X" (ks 9)] = — A sgnlgl, (5.26)
¢Jé'PCOI’lt. 1
[k )] = —Jvsgnigl (5.26b)

Equation (3.26a) was argued pictorially in Sec. 3.2 and is proven in Ap-
pendix A.2.3, while Eq. (3.26b) can be proven in analogy with the argument
in Sec. 3.2 and Dets. 3.5, with the modified assumption that the intra-cell
function is symmetric under the 7r-rotation. The 4D m-rotation symmetry
constrains the continuum topological numbers as:

X (k)] = —x"[h(k; —¢)], (3.27a)
gcont' grcont.
5 [hk9)] == [h(k;—9)], (327b)

where the square brackets indicate arguments of x*°"* and of 2°°" /27, here
treated as functionals. To rationalize Egs. (3.27), we equate the Hopf number
and the Zak phase of two equal Hamiltonians h(k; ¢) and o:h(k |, —kz; —¢)o
[related by Eq. (3.24)]. Interpreting the conjugation of the Hamiltonian with
0, matrices (and the associated reversal of sign of k;) as the z-mirror crystal-
lographic operation, we obtain Egs. (3.27) by (a) the interpretation of the Zak
phase as a positional z-polarization which is odd under z-mirror operation,
and by (b) the fact (proven in Sec. 4.5) that the Hopf invariant is odd under
improper crystallographic spacetime operations — of which z-mirror is a case
in point.® Coupling Eq. (3.27) with the guaranteed integer-quantization of
changes to the continuum topological numbers across the phase-transition
point (¢ = 0) (which were discussed in Sec. 3.2), one derives that the contin-
uum topological numbers are indeed quantized to half-integer values as ¢
approaches zero from both positive and negative directions.

3.4 SEMIMETALS INTERMEDIATING CRYSTALLINE HOPF INSULATORS

In this section we explore semi-metallic phases in the vicinity of the Berry
dipole that are ‘easier-to-reach’ as they do not require fine tuning. In Sec. 3.4.1
we show that a rotation-symmetric interpolation? from trivial to crystalline

6 Any crystallographic spacetime operation has a four-dimensional matrix action on the four-
vector of spacetime, with the matrix M a direct sum O(3) ® O(1); O(1) = {1, —1} simply
distinguishes if the operation reverses time or not. We say the spacetime operation is proper if
det[M] =1, and improper if det[M] = —1.

7 If h(k;t) interpolates between a trivial insulator h(k;0) to a crystalline Hopf insulator h(k;1),
we say the interpolation is rotation-symmetric if the Hamiltonian is rotation-symmetric for all
te[0,1].
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Hopf insulator is typically intermediated by a topological-semimetallic phase
that involves either Weyl-point or nodal-line degeneracies. The basic prop-
erties of these intermediate topological-semimetallic phases are illustrated
by a model k - p Hamiltonian in Sec. 3.4.2, which is a first step toward more
naturalistic/material-realistic models of delicate topology.

The emergent mirror symmetry discussed in the previous section offers a
symmetrically-distinct route to a crystalline Hopf insulator. This stems from
the observation that the mirror-symmetric Berry-dipole band-touching point
can be continuously expanded (in k-space) to a mirror-symmetric topological
nodal-loop. Thus, an alternative strategy to realize a crystalline Hopf insulator
is to begin from a mirror-symmetric topological-nodal-line semimetal and
break the mirror symmetry in a manner to be ascertained.

3.4.1 Topological semimetals are ‘easier to reach’

To understand the generic phase transition between distinct crystalline Hopf
insulators, note that the considered symmetry setting (Wigner-Dyson class A
with rotation symmetry) imposes no local-in-k constraint on the k - p/tight-
binding Hamiltonian % (k) at generic k. This implies [122, 123] that the generic
number of real parameters needed to tune to an energy degeneracy (or two-
band touching) is three; the number ® = 3 is sometimes referred to as the
codimension of an eigenvalue degeneracy. One implication is that the generic
band degeneracy in three momentum dimensions is a Weyl point [125],
i.e., a band-touching point in k-space acting as a monopole source of Berry
curvature [70].

If the three-dimensional k-space is supplemented with a tuning parameter
¢, the generic band-degeneracy in the four-dimensional (k, ¢)-space is a one-
dimensional line. Without additional symmetries and without fine-tuning,
such a line generically forms a contractible loop with a nonzero projection
[$1,¢2] on the ¢-axis; such loop can be interpreted as the concatenation
of world-lines of at-least-two Weyl k-points (of opposite monopole charge)
which are created at an earlier ‘time’ ¢ and annihilated at a later ¢,. In other
words, for any ¢ in the (open) interval (¢, ¢7), the k-space Hamiltonian
corresponds to a Weyl semimetal (WSM). We will refer to the union of these
world-lines as a Weyl-point trajectory (WPT). By enclosing the trajectory with a
momentum 3-sphere S3, the WPT can be ascribed a topological charge given
by an element of the third homotopy group of the classifying space of two-
band Hamiltonians: 713(S?) = Z, i.e., the Hopf invariant on the enclosing
sphere. If this invariant is nontrivial, then the two insulating phases for
¢ < ¢1 resp. ¢ > ¢y exhibit a different value of the Hopf invariant.

Reading the above argument ‘backwards’, one finds that two rotation-
symmetric Hamiltonians with distinct Hopf invariants are generically inter-
mediated by an extended WSM region. The exceptions require to either:

(i) continuously shrink the WPT to a single point (a Berry dipole!) on a
rotation-invariant k-line, or

(if) continuously deform the WPT such that it lies entirely within the k-space
at fixed “time’ ¢ = ¢y.

Observe that a WPT occurring ‘instantaneously’ is simply a topological
nodal-line degeneracy. While both options generically require to fine-tune
the rotation-symmetric Hamiltonian in Wigner-Dyson symmetry class A,
option (ii) can also arise in a non-generic/higher-symmetry scenario where
the Hamiltonian is z-mirror-symmetric at ¢ = ¢g but z-mirror-asymmetric
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at ¢ # ¢o; this is consistent with a previous observation that a non-trivial
Hopf invariant requires breaking all improper crystallographic symmetries,
including all mirror symmetries.

3.4.2 Case study of intermediate topological semimetals

We illustrate options (i—ii) with a model k - p Hamiltonian:
h(k;m) = 2k, (kxox — kyoy) — 2Bk (kxoy + kyoy)

+ 10 +12) — ok ] oz, (-28)
where m is a real-valued tuning parameter which we will shortly relate to the
parameter ¢ in the Berry-dipole Hamiltonian. The Hamiltonian in Eq. (3.28)
is invariant under mirror symmetry M; : (kx, ky, k) — (kx, ky, —k;) repre-
sented by 0, and rotation symmetry Cy : (ki k—,k;) — (ki e k_,k,)
represented by Rc, = exp(ifo;/2). The mirror symmetry implies that the
Oxy (02) term is odd (even) in k;, and the Cg-symmetry then guarantees that
(up to unimportant terms proportional to the identity matrix) the expres-
sion in Eq. (3.28) with free coefficients «, 3, v, 6 and m is the most general
symmetry-compatible Hamiltonian up to quadratic order in the momentum
components.

By employing a rotation of the in-plane coordinates (ky, k;), and after
rescaling k, relative to the in-plane coordinates, we can generally achieve
a = |y| = |0] =1 and B = 0. We further assume -, > 0, leading to

ho(k;m) = 2k, (ke — kyoy) + (k§ KK m) 0., (3.29)

in which case the model is a Weyl semimtal (WSM) with a pair of Weyl points
located at k = (0,0, i\/m ) for m < 0,and a nodal-line semimetal (NLSM)
with a nodal ring of radius /m located at the k; = 0 plane for m > 0 [126].
Notably, the critical point m = 0 is a Berry dipole, described by the spinor
C(k)" = (kg +iky, k-), suggesting that the outlined model is close to the
Hopf-insulating phase.

We now consider breaking of the M, and Cy symmetry, and study the
fate of the semi-metallic phases and of the Berry dipole. Multiple additional
terms can be added to the Hamiltonian; for simplicity, we consider only two,

hperp.(k; A, B) = +2A (kyoy + kyox) + 2Boy, (3.30)

which illustrate the generic behavior of the Berry dipole under perturbations.
The B term breaks both mirror and rotation symmetries, while the A term
breaks only the mirror symmetry. As a function of parameters (m, A, B), the
combined Hamiltonian /g (k; m) + hperp.(k; A, B) has a rich phase diagram
illustrated in Fig. 3.3, which we now discuss in detail.

First, for B = 0 (when rotation symmetry is preserved) there is a WSM
phase at m < 0, and a NLSM phase at A = 0,m > 0. The union of both
gapless phases separates two gapped regions, which we now argue to be
topologically distinct. Observe that the trajectory marked by ‘2’ (dashed
green line), parametrized as A = ¢ and m = ¢?, corresponds exactly to
the Hamiltonian in Eq. (3.4) with spinor {(k)" = (ky + iky, k- + i¢), which
exhibits a single gapless point: a Berry dipole. It is stated in Eq. (3.17) (and
derived in Appendix A.2.3) that the Berry dipole carries a non-trivial Hopf
charge; therefore, the two insulating phases are characterized by a different
value of the Hopf invariant, which changes by —1 along the trajectory ‘2".
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Figure 3.3: Phase diagram of the Hamiltonian in Eq. (3.29) with the perturbations in
Eq. (3.30) that break both M, and C4, symmetry. (a) For B = 0 (rotation symmetry
preserved) there is a Weyl semimetal (WSM, cyan) phase at m < 0, and a nodal-line
semimetal (NLSM, red) phase at A = 0,m > 0. The gapless phases separate two
gapped regions (white) that have different values of the Hopf invariant. The trajectory
‘2’ (dashed green line), described by A = ¢ and m = ¢?, reproduces the spinor-form
Hamiltonian in Egs. (3.4) and (3.3). However, a more generic trajectory connecting
the two gapped regions either exhibits an extended WSM phase (path ‘1") or passes
through the NLSM phase (path “3"). (b) For B # 0, the NLSM phase expands into a
Weyl semimetal. In this case, arbitrary trajectory connecting the two gapped regions
passes through an extended WSM phase. Paths ‘4" and ‘5’ are discussed in the text of

A

Sec. 3.4.2. The change in the Hopf invariant along the trajectories ‘1’—'5” amounts to
ox = -1

However, the Berry-dipole transition is fine-tuned: small deviations (indicated
by path ‘1’ resp. ‘3") result in an intermediate semi-metallic phase that is
either a WSM or NLSM. In these cases, the change of the Hopf invariant is
facilitated by the non-trivial Hopf charge carried by the WPT in the four-
dimensional (k, ¢)-space, representing an “expanded” analog of the Berry
dipole.

The inclusion of finite B # 0 transforms the NLSM phase into a WSM
region, bounded by lines |A| < |B|/y/m. Therefore, when moving from the
gapped phase at A > 0 to the gapped phase at A < 0, one always needs
to pass through an extended WSM phase where a pair of Weyl points are
first created and later annihilated. [One rationalization is that the mirror
symmetry needed to protect the NLSM is broken throughout the phase
diagram in Fig. 3.3(b).] The corresponding WPT is nearly vertical (i.e, along
the k,-axis) in the k-space for small m/B (path ‘4’) and nearly horizontal
[i.e., inside the (ky, k,)-plane] for large m/B (path ‘5’). Setting m = cos t and
B = sint with t € [0, Z] allows us to ‘rotate’ the WPT trajectory in the (k, A)
space from lying in (ky, k,)-plane (phase transition via NLSM) to lying in
(kz, A)-plane (phase transition via extended WSM region with Weyl points
along the rotation axis). We have thus shown on a concrete model how the
Berry-dipole transition is generically altered into a NLSM or an extended
WSM phase.
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In this chapter we extend the notion of the Berry dipole from k - p models to
Pn-symmetric tight-binding Hamiltonians (n € {2, 3,4, 6}), with Pn being the
space group whose order-n point group is generated by an n-fold rotation.
These tight-binding Hamiltonians will be formulated in Sec. 4.1. In Sec. 4.2
we define the lattice analogs of the continuum Hopf number and Zak phase.
The lattice analog of a nontrivial continuum Zak phase will be interpreted
as a ‘returning’ Thouless pump (RTP), by analogy with charge pumping in
one-momentum-parameter Hamiltonians. In Sec. 4.3, we discuss the changes
in the Hopf and in the RTP invariants across the possible Berry-dipole band
touching points. In particular, we show how the individual contributions
from each touching point add up for a resulting change in a lattice invariant.
We proceed with Sec. 4.4 by presenting representative models of crystalline
Hopf insulators for all Pn space groups (as summarized in Table 4.2). These
models illustrate how crystallographic symmetry enriches the topological
classification of two-band Hamiltonians. Are crystallographic symmetries
always compatible with a non-trivial Hopf invariant? We conclude this
chapter with Sec. 4.5, where we determine the symmetries that set the Hopf
invariant to zero.
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4.1 Pn-sYMMETRIC TIGHT-BINDING HAMILTONIANS

We consider a class of Pn-symmetric tight-binding Hamiltonian whose
Hilbert space is specified by two representative tight-binding-basis orbitals:
@1 and ¢,, with ¢ unrelated to ¢, by any space-group operation.” Mod-
ulo Bravais-lattice translations, ¢, is defined to have a positional center (or
Wyckoff position) ro = (t4,1,2a)-

We assume the site-stabilizer group of r, (G;,) to be isomorphic to the
order-n-rotational point group C,; in short, we say that r, is a Cy-invariant

Our considerations can be generalized to any G-symmetric tight-binding Hamiltonian, with G
any space group (double or not, magnetic or not) that contains Pn as a subgroup, such that ¢;
is unrelated to ¢, by elements in G.
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(a) lc 1b 1b lc
la [1d la la 1b la

P2 P4 P3 P6

Figure 4.1: For each of the space groups Pn (n € {2,4,3,6}), we show (a) all C-
invariant Wyckoff positions in the primitive unit cell, and (b) all Cy-invariant
momentum-lines in the Brillouin zone (BZ), with m a nontrivial divisor of n, as
well as all Cy;-invariant momentum-points in the reduced Brillouin zone (rBZ); rBZ
is obtained from BZ by projection in the direction of the rotation axis.

Wryckoff position. All Cy-invariant Wyckoff positions for space groups Pn,
n € {2,3,4,6} are presented in Fig. 4.1(a) as red lines, indicating that r, |
are symmetry-fixed but z, are not.

We further assume ¢, transforms under a one-dimensional representation
ei2mLa/n of C,, for both & = 1,2. We refer to L, € {0,1,...,n —1} as the on-
site angular momenta.? Mod-n integer-valued angular momenta most directly
apply to bosonic particles, with the caveat that ‘insulating Hamiltonians’
should be interpreted more generally as single-boson Hamiltonians with a
spectral gap separating the two bands. The ultra-cold atomic realization of
the Hopf invariant in Ref. [127] is a case in point.

Mod-n integer-valued angular momenta also apply to three categories of
single-fermion Hamiltonians:

(i) In the absence of spin-orbit-coupling, the wave function at each k factorizes
into a tensor product of orbital and spin wave functions. Assuming the spin
SU(2) symmetry is not spontaneously broken by magnetism, the spin wave
function plays a trivial ‘spectator role” and is removed from the Hilbert
space under consideration. A ‘two-band Hamiltonian’ is then implicitly the
restriction of a spin-dependent Hamiltonian to its action on the orbital wave
function; a conduction band (given by a single linearly-independent Bloch-
type orbital wave function) is implicitly a shorthand for an energy-degenerate
conduction band (given by two linearly-independent, spin-dependent Bloch
functions), and likewise for the valence band.

(ii) If the spin SU(2) symmetry is spontaneously broken down to a subgroup
H C SU(2), with H containing U(1) as a subgroup (meaning one component
of spin is conserved, say, S;), then the Hilbert space decomposes into two

For the purpose of introducing notation used throughout the text, £, is an example of a mod-p
quantity, p € Z:
integer mod p € {0,1,...,p — 1}, (4.12)

and we will denote a mod-p equivalence between two integer-valued quantities by ‘="

a=pb meaning amodp =bmod p. (4.1b)
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S;-labeled sectors, and our ‘two-band Hamiltonian” should be interpreted
as a mean-field Hamiltonian applying to either of these sectors. In each
sector, one can remove the spectator spin quantum number, such that all
angular momenta are integer-valued. For instance, the Hopf insulator could
be realized in a spin-U(1)-symmetric ferromagnetic insulator.

(i7i) If the spin SU(2) symmetry is spontaneously broken down to H with no
U(1) subgroup, then the mean-field Hamiltonian essentially has a interaction-
induced spin-orbit coupling, which can be addressed in essentially the same
manner as a single-particle, non-symmetry-breaking Hamiltonian whose
spin-orbit coupling has a relativistic origin. In both cases, the spin quantum
number is not a spectator variable, and one should begin by considering
half-integer-spin representations of the site stabilizer. However, our restriction
to one-dimensional representations of the site stabilizer allow to redefine the
n-fold rotation operator by an overall multiplicative phase factor, such that
all eigenvalues of the redefined rotation operator are shifted toward mod-n
integer-valued angular momenta. A ‘two-band Hamiltonian’ is then unam-
biguously ‘two-band’, with the spin-orbit coupling needing to be sufficiently
strong that the bands closest to the Fermi level are spin-split.

By applying all Bravais-lattice translations to the representative basis
orbital ¢,, one generates an infinite set of Wannier orbitals that forms a
representation space of Pn [compare with the basis defined in Eq. (2.80)]. The
band representation induced from ¢, [see Sec. 2.2.3.2 for the definition of the
band representation] is equipped with the equivalence relation as specified
in Eq. (2.85). Under this equivalence, the center of the representative orbital
z, can be continuously deformed along the rotation axis, and the support
of the representative Wannier orbital can be continuously deformed from
one-site-localized to exponentially-localized. Then the equivalence class is
fully specified by the data (£, ) with £ an on-site angular momentum and
r, position in the plane perpendicular to the rotation axis. Henceforth, we
will often apply the figure-of-speech of a band representation induced from an
(L, r )-orbital, and denote the corresponding equivalence class by BR(L, 7 ).

In the particular case that the representative Wannier orbital is a tight-
binding-basis orbital ¢, with on-site angular momentum £, and Wyckoff
position r,, the induced representation will be referred to as a basis band
representation and denoted by BBR|¢,|. Importantly, contrary to a band rep-
resentation, a basis band representation comes without equivalence relation
(2.85), and therefore it is a refined notion of a band representation car-
rying two pieces of additional data: (a) the z, coordinate of the Wyckoff
position, and (b) the fact that the representative Wannier orbital ¢, is not
just exponentially-localized but also compactly supported on a single ‘site’.
BBR[¢,] is a member of the equivalence class BR(L,, 7y, 1 ). Data (a), despite
being irrelevant to the symmetry representation, are of paramount relevance
to the returning Thouless pump - a topological invariant that we define in
the next section.

The sum of basis band representations induced from ¢; and ¢, defines
the Hilbert space of our tight-binding Hamiltonian. The two Bloch states
attained from the Wannier basis as specified by Eq. (2.1) may be viewed
as basis vectors for a two-by-two k-dependent tight-binding Hamiltonian
h(k). Because the Wyckoff positions of ¢; and ¢, are not necessarily equal
(modulo lattice translations), the tight-binding Hamiltonian is not necessarily
periodic, but transforms under reciprocal lattice translations as given by

Eq. (2.5).
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The Pn symmetry constrains the Hamiltonian as
Re,h(k)Rc! = h(Cyk), (4.2)

with R¢, a rotation matrix that is more generally defined as

ei27r£1/m 0
Rc, = < ) (4-3)

0 ei27‘f£2 /m

for 1 < m < n being any non-unit, positive divisor of n; the diagonal
elements of the rotation matrix specified by the on-site angular momenta of
the two representative basis orbitals.

An important concept that underlies the returning Thouless pump (to
be formally defined in the next section) is that individual Bloch states can
carry an angular momentum. To elaborate, we focus on Bloch states with
momenta on any of the vertical Cy,-invariant k-lines in the BZ. Each such line
is denoted 13, where the reduced momentum I1 is the projection of 7 onto
the 2D plane perpendicular to the rotation axis. Analogously, the projection
of the 3D BZ will be referred to as the reduced BZ (rBZ). For each of the
space groups Pn, n € {2,3,4,6}, all rotation-invariant k-lines are presented
in Fig. 4.1(b). Note that when m < n, the C;,-invariant k-lines form an n/m-
fold multiplet (n/m-plet, in short) of C;-related k-lines. Therefore, we will
sometimes speak of the set of rotation-inequivalent rotation-invariant k-lines,
which includes only one k-line per each n/m-plet.

For any k € 77, the Hamiltonian satisfies the commutation relation [note
the similarity with the rotation-symmetric Chern insulator discussed in
Sec. 2.2.2.2]:

Cp-invariant k-line vy : [h(IL k2), Vg Rc,,] =0,

G = CpIl —1I1. (4-4)

Hence, for a Hamiltonian restricted to a rotation-invariant line, we can define
an itinerant rotation matrix

R, (IT) = Vg, Re,, (4.5)

whose two eigenvalues

Pm,a(I1) = exp [i <27:n£“ R Gn) } = exp <127r£~ma(H)> (4.6)

determine the symmetry of extended/itinerant basis Bloch states. The eigen-
values of R¢, are a function of the on-site angular momenta and Wyckoff
positions, because Vi, and R, are both diagonal matrices with eigenval-
ues /a1 "Gl and ¢2Te/M  respectively. The logarithm of ;. (IT) defines a
mod-m itinerant angular momentum

Lo(IT) = Lo + m% mod m, (4.7)
which sums two contributions: the first from rotating the representative
basis orbital ¢, about its positional center, and the second from rotating the
plane-wave phase factor ¢/X(R+72) in the definition of the Bloch state.

The commutation relation Eq. (4.4) guarantees that the Hamiltonian matrix
and the itinerant rotation matrix have common eigenstates at C,;-invariant
k-lines. The eigenvalue of the itinerant rotation matrix corresponding to the
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valence state of the Hamiltonian defines the itinerant angular momentum of
the valence band £, (IT), which at a fixed reduced momentum IT coincides
either with £ (IT) or with £, (IT), with a possibly different choice at different
IT. Defined in a similar way is the itinerant angular momentum of the
conduction band L, (I1), which coincides with £,(IT) or £;(IT), respectively.

In this thesis, we restrict ourselves to tight-binding insulating Hamiltonians
with trivial Chern class. A theorem proven in Ref. [120] ensures that the
bulk valence band, being nondegenerate at each k and with trivial Chern
class, is a band representation; this also holds for the bulk conduction band.
It follows that our models would be missed under classification schemes
in which band representations are deemed trivial, such as the methods of
band structure combinatorics [30], topological quantum chemistry [31], and
symmetry indicators [29].

To remind ourselves that the valence band is a band representation, we
sometimes refer to the valence band as a valence band representation (VBR).
Note however that the valence band is generically not a basis band repre-
sentation, even if the two are symmetry-equivalent. The inter-orbital matrix
elements of the tight-binding Hamiltonian prevent the valence band from
being continuously deformable to a basis band representation.

4.2 RTP AND HOPF INVARIANTS FOR TIGHT-BINDING HAMILTONIANS

We are ready to discuss the lattice analogs of the continuum Hopf number
and Zak phase discussed in Sec. 3.2 of the previous chapter. The Hopf
invariant was already defined in Sec. 2.1.6 as

1
X:—R/aﬁk}"-A. (4.8)
BZ

As a reminder, it differs from its continuum analog (3.15) in two aspects: (i)
the integration domain is changed from the 3-dimensional real space to the
BZ, and (ii) the intra-cell wave function |u,(k)), used to compute the Berry
connection and curvature, is now an eigenstate of the lattice tight-binding
Hamiltonian.

According to the geometric theory of polarization [71, 83] and similar to
the discussion presented in Sec. 2.1.4.2, the Zak phase of the valence-band
wave function [computed over a k-line with a fixed reduced momentum
k| = (kx,ky)]is equal (up to a factor 27) to the 1D electric polarization for a
one-momentum-parameter Hamiltonian, obtained by restricting /1(k) to the
same k-line:

1 7T
P(k,) = ELHAZ(kL,kZ)de. (4.9)

Unlike the Hopf invariant, this direct analog of the continuum Zak phase
is not quantized, and therefore does not constitute a topological invariant.
Instead, we define a topological invariant as a difference in polarization
between two inequivalent rotation invariant lines. To guarantee the quantiza-
tion of the polarization difference, we additionally assume two conditions
introduced in details below. The first condition [Eq. (4.10)] ensures that the
polarization along a chosen line is fixed modulo integer to the z position
of one of the basis orbitals, while the second condition [Eq. (4.16)] fixes the
orbitals to be the same at both rotation invariant lines. This is enough for the
difference in polarization to be integer-valued [Eq. (4.18)].
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Suppose that at a Cy-invariant reduced momentum II, the itinerant angu-
lar momenta of the valence band £,(IT) and of the conduction band L. (IT)
are distinct. In the sense that {L£,(IT)} N {L(IT)} = &, we call this a

mutually-disjoint condition at TT: ~ AL(IT) # 0.

~ ~ ~ (4.10)

where AL(IT) = L(IT) — L,(IT) mod m.
It follows from this condition that the tight-binding Hamiltonian h(k) is
diagonal along the line vy in a basis that simultaneously diagonalizes the rotation
matrix [cf. Eq. (4.2)].

Let us not forget that i(k),p is a two-by-two matrix with row index «a
corresponding to a basis Bloch state that linearly combines the represen-
tative tight-binding-basis orbital ¢, with all its Bravais-lattice translations
[cf. Eq. (2.1)]. Each of the two basis Bloch states may be said to be purely of
one orbital character; clearly, there are only two orbital characters in a two-
band Hamiltonian. The above-positioned, italicized statement may then be
equivalently stated as: any Bloch energy eigenstate (with momentum k € 1)
is (up to a trivial U(1) phase) a basis Bloch state with momentum k, and is
thus purely of one orbital character. Because the Hamiltonian is assumed to
be insulating, the orbital character is constant along any rotation-invariant
k-line 7. If the valence-band wave function along -y is of the @,-character,
then the polarization at I1 is fixed, up to an integer, to the z-coordinate of
¢a’'s Wyckoff position:

911 Of @p-character = 2(I1) =1" z,. (4.11)

We have added a superscript to =" to remind ourselves that the equivalence
modulo integers is robust under continuous deformations of the Hamilto-
nian that preserves both the bulk energy gap and the Pn symmetry. For a
derivation of the intuitive result in Eq. (4.11), see Dets. 4.1.

Details 4.1 As was shown in Sec. 2.1.4.2, the geometric theory of polarization gives the following
relation

95 G ko) ik Ke))
=1 <<Vj,kp0| Py 2P, !Vj,kl,0>>/ (4.12)

where the lattice constant in z-direction assumed to be unit, |V L/0>> are the hybrid Bloch-
Wannier states localized in z-direction, defined as in Eq. (2.34), P is the projector onto states
with reduced momentum k |, and the position operator in the z-direction can be decomposed

as
=%

R

R, a'))(Rz + 2y ) ((R, o[ (4.13)

Along the rotation-invariant lines ¢y with distinct itinerant angular momenta, the two
basis orbitals do not hybridize, and hence, the valence hybrid state is simply the basis state
[Voi,)) = [I1, Rz, a)). Plugging this state at R, = 0 into Eq. (4.12) we can straightforwardly
compute that the right-side of the equation is equal to the z position of the basis orbital ¢, and
we get

1
P(IT) = 5 / dk (1t (11, k2) |i0g, 1o (T k2)) =1 Za. (4.14)

If on the contrary we choose to work in the periodic convention for the tight-binding Hamil-
tonian (introduced in Eq. (2.9)), the position operator in z-direction will lose the information
about the spacial positions of the basis orbitals:

2=Y |R&MRA((R,a|. (4.15)
R/
In this case the geometric phase defined by Eq. (4.9) is not equal to the position of the basis

orbital z,, but instead acquires an integer value.

Let us assume that the mutually-disjoint condition is satisfied at a pair of
rotation-invariant reduced momenta I'l; and Il,. Two possibilities emerge:
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either (a) the valence-band wave functions along 711, and <, are of the
same orbital character, or (b) they are not. Utilizing the Greek word ‘isos’
meaning ‘equal to’, we say in case (a) that the iso-orbital condition holds at
[Ty and IT,. An instructive restatement of the iso-orbital condition is that
there exists a single basis band representation BBR[¢,] induced from a tight-
binding-basis orbital ¢, (« € {1,2}), such that the restriction of the valence
band representation VBR to 1y, equals’ the restriction of BBR[¢4] to 7r1,,
and likewise for yr1, — 1,4

iso-orbital condition at 1Ty and IT, : Ja € {1,2} s.t.

(4.16)

VBR| = BBR[p,]

my

and VBR

Ty

= BBR[¢4]

1,

1,

It follows from Eq. (4.11) that the polarizations at both Il; and II, are
symmetry-fixed to z,, modulo integers. This contrasts with case (b), where
one of the two polarizations is symmetry-fixed to z;, and the other to z;. In
the absence of fine-tuning, one expects that z; # zp, because by assumption
no space-group symmetry relates the two tight-binding-basis orbitals.>
Since our interest is to formulate an invariant difference in polarizations,
let us assume that both mutually-disjoint and iso-orbital conditions hold:

RTP invariant : AP n, = Z (1) — 2 (1), (4.17)

mutually-disjoint condition: Eq. (4.10)

Agznlnz €EZ <= (4.18)

iso-orbital condition: Eq. (4.16)

It is worth emphasizing that the integer-valued polarization difference is
uniquely defined, because the triviality of the first Chern class allows to find
a global smooth gauge for the intra-cell wave function |u,(k)) (cf. Refs. [128-
130] and footnote 12 in Ref. [120]), so that the polarization Z (k) is a
continuous and periodic function over the rBZ.

A nonzero value of this polarization difference can be interpreted as a
returning Thouless pump (RTP) in a 2D sub-torus of the BZ containing the lines
711, and 71y, For this interpretation, we view the Hamiltonian as having
only one momentum component k, and view the perpendicular momentum
component k| as an external adiabatic parameter. A%y, 11, # 0 then means
that a charge is pumped across Ay 1,-number of lattice periods in the
z-direction, when k is advanced from Il; to Ily. The assumption of a trivial
first Chern class ensures that the pumped charge is reverted back in the
second half of the adiabatic cycle. Henceforth, we refer to the quantized
polarization difference as the RTP invariant.

The RTP invariant is well-defined for any pair of ‘mutually-disjoint’ re-
duced momenta that also satisfies the iso-orbital condition (4.16). It turns out
that a combination of symmetry (Pn), topology (triviality of Chern class) and

To formalize being ‘equal’, one may say that the projector to all Bloch states (on the BZ-line
7 at fixed reduced momentum IT) are equal for VBR and for BBR[¢,]. Note that equality
of the sum of projectors over a k-line 71 implies equality of projectors at each point k €
individually.

If this equality holds at all rotation-invariant lines -1, we say that the valence band representation
VBR is symmetry-equivalent to the basis band representation BBR[¢,]. In other words, both band
representations belong to the equivalent class BR(Lq, 74 1 ), cf. Sec. 4.1.

Depending on the context, there may exist chemical principles (beyond symmetry principles)
that approximately enforce z; = z;. For instance, this is true of crystals containing a single
atom within each primitive unit cell, with both tight-binding-basis orbitals chosen to be atomic
orbitals.
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Hilbert-space constraint (two-band Hamiltonian) imposes that the iso-orbital
condition holds for any ‘mutually-disjoint’ pair in space groups Pn with
n = 3,4,6, as is proven in Appendix B.3. This has implications — for the
mod-n relation between the Hopf and RTP invariants — that are discussed in
Sec. 6.3.2, wherein we also discuss the exceptional case of P2.

For any Pn-symmetric two-band tight-binding Hilbert space induced by
any pair of basis orbitals on C,-symmetric Wyckoff positions, we have ex-
haustively identified all possible pairs of reduced momenta which satisfy
the mutually-disjoint condition [the first line in Eq. (4.18)]. We summarize
in Table 4.1 the itinerant angular momentum difference L,(IT) — £,(I7)
(mod m) between two basis Bloch states for (i) all rotation-invariant lines
at (ii) all space groups Pn, n € {2,3,4,6}, given (iii) any difference of the
on-site angular momenta, AL = £, — £1, and (iv) any positional difference:
Ary, =1y, —ry, [projected to the (x,y)-plane] of the two tight-binding-basis
orbitals. All these options [with the sole exception of AL = 0,Ar; = (0,0),
which is not listed in the table] exhibit at least two rotation-invariant reduced
momenta with non-zero values of £,(IT) — £;(IT) (mod ). These momenta
thus have non-zero itinerant angular momentum differences between conduc-
tion and valence states AL (IT) = Lc(I1) — L,(IT) (mod m) and therefore
satisfy the mutually-disjoint condition.

To recapitulate, Table 4.1 tells us where (in the BZ) one might in principle
find a nontrivial RTP, given a certain tight-binding Hilbert space. To derive
the tight-binding Hamiltonian that realizes an RTP, our strategy (elucidated
in Sec. 4.4) is to design Berry-dipole band-touching points along any rotation-
invariant k-line specified in Table 4.1.

Table 4.1: Itinerant angular momenta differences £, (I1) — £;(I1) mod m at all Cy,-
invariant reduced momenta IT (value of m given in brackets) [cf. Fig. 4.1(b)] for
space groups Pn, n € {2,3,4,6}, and for basis orbitals with all possible differences
in angular momentum AL = £, — £; and with relative displacement Ar; =ry | —
r,| = Y;Ar| ;a; where a;, i = 1,2 are primitive lattice translation vectors. For P2 and
P4 symmetries we choose a1 = (1,0) and a = (0, 1), while for P3 and P6 symmetries
a = ?(\@,1) and ap = TS V/3,—1). We omit the cases AL = 0 with Ar, = (0,0),
when the itinerant angular momenta of the two bands coincide at all IT.

Group AL Ary =(Ary1,Ar] ) L,(IT) — £4(IT) mod m

for C,;-invariant I'T

I[(G) X&) Y(G&) M&)

P2 0 (0,1/2) 0 0 1 1
(1/2,0) 0 1 0 1

(1/2,1/2) 0 1 1 0

1 (0,0) 1 1 1 1

(0,1/2) 1 1 0 0

(1/2,0) 1 0 1 0

(1/2,1/2) 1 0 0 1

I'(C3) K(C3) K/(Gy)
P3 0 (1 /3,1/3) 0 1 2
(2/3,-1/3) 0 2 1

1 (0,0) 1 1 1
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P6 1 (0,0) 1 1 1
2 (0,0) 2 2 0

3 (0,0) 3 0 1

—2  (0,0) 4 1 0

-1 (0,0) 5 2 1

4.3 CHANGE IN RTP AND HOPF INVARIANTS ACROSS BERRY DIPOLE

Both the Hopf and the RTP invariants of a lattice tight-binding Hamiltonian
can be altered across critical phase-transition points where the conduction
and valence bands touch (as a Berry dipole) along one (or more) rotation-
invariant k-line(s).

For any Berry-dipole band touching at C,-invariant momentum k', we
assume that the tight-binding Hamiltonian (k) has a convergent, multi-
variable Taylor expansion in (k — k'), such that the truncated Taylor expan-
sion is a k - p Hamiltonian of the spinor-form [cf. Eq. (3.4)], with spinor
given by Eq. (3.3) for a certain Berry-dipole spin [Al(k') € Z] and a cer-
tain Berry-dipole helicity [v(k') = +1] that both depend on the particular
band touching k. For this to be possible, we additionally assume that the
valence band is of a @ character at k' — this guarantees that the valence
band in the k - p expansion is also of the first orbital character, as required
for the Hamiltonian defined through the spinor (3.3). In this expression, the
Berry-dipole helicity depends on details of the Hamiltonian hopping matrix
elements. At the same time, comparison of the symmetry constraints Eq. (3.2)
and Egs. (4.4—4.6) allows to equate (modulo m) the Berry-dipole spin with
the difference in itinerant angular momenta of the basis Bloch states:

AU(K) = Lo(I1Y) = L1 (IT) = AL(IT), (4.19)

with TTt the projection of k' onto the (ky, ky)-plane; as we show in Ap-
pendix A.1.5, to the lowest-in-k order, A¢(k") of corresponding continuum
expansion is chosen to be the smallest (in absolute value) integer that obeys
this constraint. The second equality in Eq. (4.19) follows from the assumption
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that the valence band is of ¢; character, and hence conduction band is of ¢,
character, at k.

Recall from Sec. 3.2 that the Berry dipole results in an integer-valued
change of the continuum Hopf number 5™ = —Alv according to
Eq. (3.17). Recall that x°°"* can be viewed as a momentum-local contribution
to the Hopf invariant — a BZ-integral of the Chern-Simons three-form.
Suppose our tight-binding Hamiltonian depends on a non-momentum
variable ® € R, and that for an isolated value of ® = ®,, the conduction
and valence bands touch as Berry dipoles at T momenta, {kt}tzl,._,T. The
net change in the Hopf invariant is then obtained by summing over all k":

T
Sx =Y 6xO(kY), oxmt (k') = —v(kY)AL(K') € Z. (4.20)
t=1

If k! is a C,-invariant momentum in a Prn-symmetric BZ with m < n, then
k' belongs to an n/m-plet of dipole-band-touching momenta which are
mutually related by C, symmetry, and 6" is identical for each member
of this n/m-plet. This follows from the fact that the Berry-connection vector
A transforms as a vector under spatial operations, Berry-curvature vector
F = V X A transforms as a pseudo-vector, and hence the Chern-Simons
three-form F - A transforms as a pseudo-scalar.
Details 4.2 If the valence band is instead of a ¢, character, the k - p expansion in the spinor-form
Hamiltonian will be defined via the spinor given in Eq. (3.5). In this case, the local contributions
to the Hopf invariant will instead be given by

Sxcont (kY = v(kh)AL(kY). (4.21)

Both Egs. (4.20) and (4.21) can be formulated with the same sign on the right-hand side if we
employ the difference £, — £, (instead of Al = ¢, — £1) at k', as in Eq. (3.19).

Recall that a Berry-dipole band touching at k' changes also the continuum
Zak phase by 6 2™ = —27v according to Eq. (3.18). §2°°°"" can be viewed
as a momentum-local contribution to the RTP invariant A&y 1y, if k'isa
point on either of the rotation-invariant lines: vy;, and 7y,. The net change
in the RTP invariant across the critical parameter value ®. is contributed by
all dipole-band-touching points within either line:

AP, = Y, vk — Y u(kh. (4.22)

ke, k'€,

If k' belongs to a n/m-plet, then v is identical for each member of this
multiplet. This is because .A transforms as a vector under spatial operations,
and in particular A, transforms as a scalar under rotations with axes parallel
to z.

Let us begin from a canonical trivial phase with only on-site energies and
zero "hopping’ matrix elements of the real-space tight-binding Hamiltonian.
In such a phase, both valence and conduction bands are basis band represen-
tations, and the Hopf and RTP invariants vanish. By tuning the Hamiltonian,
we then transit to a different gapped phase via a Berry-dipole critical
point, with both Hopf and RTP invariants simultaneously modified through
Egs. (4.20) and (4.22). One can eliminate the Berry-dipole helicity v(k') from
both equations, thus expressing the Hopf invariant in terms of the RTP
invariants — this is done in Chapter 6. A phase transition involving multiple
Berry dipoles can in principle leave the Hopf invariant unchanged, while
altering the RTP invariant. This happens when the individual band-touching
contributions in Eq. (4.20) cancel each other.
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We name insulators that are classified by both Hopf and RTP invariants as
crystalline Hopf insulators. In the next section we illustrate the richness of their
classification by means of explicit tight-binding models. The RTP invariant,
in contrast to the Hopf invariant, admits generalization to more than two
bands as will be discussed in details in Sec. 7.3 of Chapter 7. Therefore,
we adopt the name of RTP insulator to define a two-or-more band insulator
characterized by at least one non-zero RTP invariant.

4.4 MODELS OF CRYSTALLINE HOPF INSULATORS

In this section we illustrate the concept of crystalline Hopf insulators on
several explicit tight-binding models. In Secs. 4.4.1, we present an example
model for which the Hopf invariant remains zero although the RTP invariants
are nontrivial. In Sec. 4.4.2, we introduce a model that exhibits two phases
with the same non-vanishing value of the Hopf invariant but which are
topologically distinguished by the RTP invariant. Based on these examples,
we claim that rotational symmetry enriches the topological classification of
Hopf insulators through the introduction of the RTP invariants. We also note
a relation between the Hopf and the RTP invariants that holds in both models.
This relation is formally generalized and proven in Chapter 6. Finally, in
Sec. 4.4.3 we present several representative tight-binding models, that possess
quantized values of the Hopf and RTP invariants, in all space groups Pn. All
the presented models are summarized in Table 4.2 and their phase diagrams
are presented in Table 5.1.

4.4.1 Hopf-less RTP insulator

We present a model that has a trivial Hopf invariant but non-trivial RTP
invariants. The existence of such a model demonstrates that in the pres-
ence of crystalline symmetries the topological classification of two-band
Hamiltonians (with trivial first Chern class) is not exhausted by the Hopf
invariant.

One way to realize a tight-binding model with the above-mentioned prop-
erty is to start with a trivial insulator and induce a phase transition via a pair
of Berry dipoles at two rotation-invariant points k! € ., K € 11,, that
lie on two rotation-invariant lines in the BZ. For simplicity, we assume that
both T, ( = 1,2) are invariant (modulo lattice translations) under n-fold
rotation, with 7 the order of the maximal point group of Pn. The changes in
the Hopf invariant attributed to the two Berry dipoles are chosen to cancel
each other: 6y (k') = —dx(k?). The model can nonetheless acquire a nonzero
RTP invariant A %1y 11,, if the corresponding changes in polarization at these
points have opposite signs, 6 7 (I1;) = —02(I1p).

With the RTP-protecting symmetry chosen to be a 4-fold rotation Cy,
represented by R¢, = diag(1,i), a model with the required characteristics is
achieved by the Hamiltonian

h(k) = " (k)ol(k)] o, G(k) = (51,82) "
C1(k) = sinky —isinky, (4-23)
0o(k) = sink; 4 i® [@ + cosk;(cosky + cosky )],

with ¢ = (oy,0y,0;) a vector of the Pauli matrices and ® € R a tuning

parameter. The model is defined on a tetragonal lattice in r = (x,y, z) space,
and we rescale the dimensionless lattice constants/periods in both the vertical
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Figure 4.2: Phase diagram (a) of the model with zero Hopf invariant [defined in
Eq. (4.23)], and (c) of the Moore-Ran-Wen (MRW) model [described by Eq. (4.24)].
Both models belong to space group P4, with £; = 0 and £, = 1 orbitals set along the
same Cy4 rotation axis. The three rows corresponds to the values of the Hopf invariant
(x) and of two quantized polarization differences between points I' and X (AZrx)
resp. between I and M (A1) in the reduced Brillouin zone. (b,d) For each phase in
the phase diagram (a) resp. (c), the z-component of the polarization as a function of
momentum along path IXMI is shown for a representative value of the parameter ®.

and the in-plane direction to 1, such that the first Brillouin zone is given by
|kxy,z| < 7. The presented model has a pair of basis orbitals {@j}j=1.2 placed
along a rotational axis passing through the center of the unit cell, which
transform under rotations like a spinless s and p; = pyx + ipy orbital (i.e.,
they carry angular momenta £; = 0 and £; = 1, respectively).

Owing to the trivial value of the Chern number on all subplanes of the BZ,
the eigenstates of the Hamiltonian (4.23) can be expressed as periodic and
analytic functions of k over the Brillouin torus. We adopt the gauge in which
the valence (conduction) eigenstates are given by |uy) = i0,(*/||C|| (|uc) =
¢/11¢]), with (k) an analytic and periodic function specified in Eq. (4.23).
One easily verifies that the valence and conduction wave functions along
each rotation-invariant line transform under rotation with itinerant angular
momenta L, = 0 resp. £, = 1, implying that the mutually-disjoint condition
is fulfilled. The RTP invariants are the polarization differences between
pairs of Cy,-invariant reduced momenta I' = (0,0) and M = (7, ) and
Cy.-invariant reduced momentum X = (7,0), (0, 7r). All possible pairwise
differences in polarization can be expressed as a linear combination of two
independent ones: AZrx and AZr.

To verify that the Hamiltonian indeed enters the phase with zero Hopf
invariant but non-trivial RTP, we analyze in detail the phase transition
at ®. = —2. For large negative parameter values ® — —oo, the valence
band is k-independent and the Hopf invariant and the differences in polar-
ization are all zero. Increasing ® to —2, the gap closes simultaneously at
two BZ points (T',0) and (M, 7). Expanding the Hamiltonian in Eq. (4.23)
around (I,0) [resp. (M, )], to quadratic order in ¢ = ® — P, and in
k = k— (T,0) [resp. k = k— (M, )], we get {(k) = (k_, Kk, — 2ip)"
[resp. {(x) = (—k_, —k; — 2i¢) " ]. These spinor functions are topologically
equivalent to the form in Eq. (3.3) with A¢ =1 and v = —1 [resp. v = +1].
According to Egs. (3.17) and (4.20) the Hopf invariant does not change
through this phase transition while from Eq. (3.18) the polarization exhibits
a positive (resp. negative) unit jump at I' (resp. M). This produces two
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nonzero topological invariants AZrx = —1 and A%\ = —2, as governed
by Eq. (4.22).

Upon further increasing @, the model defined by Eq. (4.23) exhibits two
more phase transitions (namely at parameter values ® € {0,+2}), and
eventually returns to the trivial phase, as summarized by the phase diagram
in Fig. 4.2(a). To illustrate the quantization of the RTP invariants we plot in
Fig. 4.2(b) the electric polarization of the valence band [Eq. (4.9)] as a function
of rBZ momentum on a path connecting rotation-invariant momenta I', M
and X for a representative parameter value in each topological phase.

4.4.2  RTP invariant distinguishes between insulators with the same Hopf invariant

We now consider the possibility that the RTP invariant distinguishes two
topological insulators with the same and nontrivial value of the Hopf invari-
ant. For this purpose we re-examine the role of symmetries of the canonical
Moore-Ran-Wen (MRW) model of the Hopf insulator [55],

hk) = [t k)oc(k)| o, 2lk) = (@1,8)

C1(k) = sinky —isinky,

{o(k) = sink; +i ( 2 Coskl-—f—CI)) .

i=x,Y,z

(4-24)

The tight-binding basis vectors coincide with those of the previous model
in Sec. 4.4.1, hence the MRW model is classified by the same topological
invariants AZrx and AZry in addition to the Hopf invariant x.

By applying Egs. (3.17) and (4.20) to the phase transitions exhibited by
the MRW model at ® € {—3,—1,1,3}, we get the phase diagram given in
Fig. 4.2(c); the polarization as a function of rBZ momentum for all represen-
tative parameter values is numerically plotted in Fig. 4.2(d). We observe that
two phases with —3 < ® < —1, resp. 1 < ® < 3, have the same value of
the Hopf invariant x = —1. However, the two phases are distinguished by
the RTP invariants, i.e., it is impossible to deform one phase into the other
without closing the energy gap or breaking P4 symmetry.

In addition to refining the topological classification, the RTP invariant also
explains the existence of mid-gap surface states at open boundaries with
sharply terminated hoppings, as elaborated in Sec. 5.3. Such surface states
were first numerically observed in Ref. [55]; however, since the crystalline
symmetries and the RTP invariants of the model have previously not been
analyzed, the appearance of these surface states lacked explanation. We are
proposing in Sec. 5.3, that the RTP invariants not only guarantee that surface
states interpolate across the bulk gap for sharply-terminated boundaries, but
also put some restrictions on the shape-topology of the Fermi surface (of
surface states) over the rBZ.

From the colored panels in Fig. 4.2(a) and (c), one can deduce a pattern
among the Hopf and RTP invariants that holds for both Hopfless and MRW
models [cf. Egs. (4.23) resp. (4.24)]:

X =1 28Zrx + APrm. (4-25)

This Hopf-RTP relation can be rationalized by noticing that all phase transi-
tions in both models occur via Berry dipoles at rotation-invariant momenta;
each Berry dipole is responsible for an increment to the Hopf and RTP
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invariants given by Egs. (3.17) and (3.18). This suggests a more general Hopf-
RTP relation that depends on the itinerant-angular-momentum difference
between the valence and conduction bands, which reduces to Eq. (4.25) in the
case when the itinerant-angular-momentum difference is unity. This general
relation is derived in Chapter 6 for all space groups Pn and all possible com-
binations of tight-binding-basis orbitals. We will further reveal in that chapter
that the Hopf-RTP relation holds whether or not the band-topology-altering
band touchings are of the Berry-dipolar form.

4.4.3 Representative models of crystalline Hopf insulators in all Pn space groups

Adopting the tight-binding Hilbert spaces described in Sec. 4.1, we will
construct tight-binding Hamiltonians in the spinor form given by Eq. (3.4)
with different choices of the spinor functions {(k, ®). All the constructed
Hamiltonians below have a trivial first Chern class and a valence band
representation which is symmetry-equivalent to® a basis band representation,
i.e., a band representation induced from either of the tight-binding-basis
orbitals.

As shown in Appendix A.1.1, the rotation-symmetry condition in Eq. (4.2)
is equivalent to the following condition on the spinor function:

Re, (k)2 (k) = eiﬁ(k)g(cnk)/ (4.26)

with B(k) being an arbitrary phase factor. To construct a Hamiltonian that
transforms under reciprocal lattice translations according to Eq. (2.5), we
choose each spinor component to transform as

Zj(k+G) =e"C7ig(k) (4-27)

for bothj=1,27

To find model Hamiltonians that realize non-trivial RTP and Hopf in-
variants, we look for spinor functions that vanish [{(k?, ®°) = (0,0)"] at a
rotation-invariant point k” at an isolated parameter value ®Y; in the vicinity
of kO, we want the effective k - p Hamiltonian to have the Berry-dipolar form
given by Eq. (3.3). We can then claim with certainty that after reopening the
gap the values of the Hopf and the RTP invariants will change according to
Egs. (3.17, 3.18).

In Table 4.2, we list representative spinors for several choices of the space
group symmetry Pn and of the basis orbitals, the latter specified by the
difference in on-site angular momenta AL = £, — £; and in the positional
centers Ar| = rp | —rq . The phase diagrams showing the values of the
Hopf and RTP invariants as a function of parameter ® in the constructed
models are listed in Table 5.1.

A few comments are in order:

(i) A tight-binding Hamiltonian with a fixed value for AL and Ar is compati-
ble with multiple choices of the basis orbitals whose on-site angular momenta
and Wyckoff positions differ by AL and Ar, respectively, as long as both
Wyckoff positions are C,-invariant. However, in deriving the specific forms
for the spinor ¢ in Table 4.2, we have assumed that the tight-binding-basis

6 Symmetry-equivalent to, but not continuously deformable to; cf. end of Sec. 4.1 for the definition of
these two distinct notions.

7 To see this, we use completeness of the Pauli matrices (3.13a) to rewrite the spinor form
Hamiltonian (3.4) as hapg (k) = 204 (k)*{p (k) — 04p|2]?. Taking into account Eq. (4.27) we see that
this Hamiltonian transforms under reciprocal lattice translation according to Eq. (2.5).
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Table 4.2: Glossary of representative Hamiltonians of crystalline Hopf insulators.
The model Hamiltonians, with the indicated space group symmetry Pn and basis
orbitals ¢1, characterized by their angular momentum difference AL = Ly — £4
and real-space position difference Ar = (Ar,,0), Ar, = ry | — 1y, are of the
form h(k) = [{T(k)o¢(k)] - ¢ with the spinor components {(k) = [¢;(k), l2(k)]"
listed in the table. Notations in the table: t(a) = /3 (sin(7a/3), — cos(ma/3)) ",
k| = (ky, ky)T. The ‘Hopf-less model’ of Sec. 4.4.1 is not included in the table, while
the ‘MRW model’ of Sec. 4.4.2 corresponds to the second listed model. In the presented
models the reciprocal lattice vectors in (ky, ky) plane are G1,; = (1,0), Go,; = (0,1)
in the case of P2 and P4 space groups and Gy | = 2%(1, V3), Gy, = 2%(1, —+/3) in
the case of P3 and P6 space groups.

SG AL Ar | C(k)
kx ky ky

s ke o o ketky . ke—ky
P4 0 (l l) eikx;rky c057c057+lsm7‘sm75m 7 Sin ——
7 . .
272 sink, 41 <Z,-:W,Z cosk; + d>>

sinky —isink,
sink; +1i <Z,»:W/Z cosk; + <I>>

11 ety
(E/E) e

. kxtk .. kx—k
sin =5+ +isin =¥ :|

sink, + i (Zi:w,Z cosk; + d))

2 (0 0) -sin ks ;ky sin @ + isink, sink,
! sink, +1 (Z,:W/Z cosk; + @)
P3 0 (l,l) 1+2exp{fi%kx}cos{§ky}
53 e ik [sin ko +i (22:1 V3sin{t(2a) -k, } + J cosk; + dD)]
i Yooie "% expfit(2a) -k.}
1 o) | T ewliC k.
sink; +i (Yo_; v3sin {#(2a) -k, } + § cosk; + ®

i 0 e 8003 explit(a) - k. }
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orbital ¢; has trivial on-site angular momentum £ = 0 and a Cy-invariant
Wyckoff position with reduced coordinate 1 ; = (0,0).8

(i) Table 4.2 does not explicitly present P2-symmetric models. However, a
representative P2-symmetric model can be obtained simply by perturbatively
lowering the symmetry of the explicitly-given P4-symmetric models, e.g., by
applying a small uniaxial compression in one of the directions perpendicular
to the rotation axis, while maintaining the bulk energy gap.

(iii) In Table 4.2, we have listed only models with positive values for the
difference in on-site angular momenta: AL > 0 for a given difference in
Wyckoff position Ar; . Model Hamiltonians with the same Ar, but with
negative AL can be obtained from the tabulated model Hamiltonians by
applying complex conjugation composed with the inversion k — —k:

hone(k) = hyp(—k). (4.28)

h_ar and hpp can be viewed as two Hamiltonians related by time reversal,
which inverts angular momenta while preserving real-spatial positions, as
argued in Dets. 4.3. Because time reversal also inverts the Berry-curvature
vector, the polarization and the Hopf invariant of a pair of time-reversal-
related Hamiltonians are related as

PG hpg) = P(—ILh_ar),  xlhacl = —xlh—ac)- (4.29)

Details 4.3 To see that h_pp and hap are related by time reversal, recall that a two-band
Hamiltonian /5. (k) is expressed in the basis of orbitals ¢1,. Adopting the complex-conjugate
orbitals ¢7 ,, the time-reversal operator [understood as a linear map from the Hilbert space
spanned by orbitals (¢1, ¢2) to the Hilbert space spanned by (¢j, ¢3)] is represented as complex
conjugation; therefore, the time-reversal-related Hamiltonian is 1S, (k) = I} . (—k). Additionally,
time-reversal flips the on-site angular momenta, but preserves the real-space coordinates: if the
basis vectors @j, are characterized by the onsite angular momenta difference AL and position
difference Ar, then ¢f, are characterized by —AL and Ar. In other words, it must be that

K, (k) = h_a (k). The sought Eq. (4.28) follows by combining the previous two.

4.5 INCOMPATIBILITY CRITERION FOR THE HOPF INVARIANT

In the last section of this chapter we show that a nontrivial Hopf invariant
is incompatible with certain crystallographic spacetime symmetries, as
summarized by the following criterion:

Hopf incompatibility criterion: Let |u(k)) be a nondegenerate energy
band of a tight-binding Hamiltonian with the symmetry of a symmorphic
magnetic space group G in three spatial dimensions. Assuming |u(k)) has
trivial first Chern class on all planes, the Hopf invariant [cf. Eq. (4.8)] of
band |u(k)) vanishes if G contains either of these elements: (i) an element
that inverts the arrow of time but preserves the orientation of space, or (ii) an
element that preserves the arrow of time but inverts the orientation of space.

In the following we first provide an intuitive understanding of this criterion
in Sec. 4.5.1. After that we proceed to formally prove the criterion in Sec. 4.5.2.

4.5.1 Intuitive understanding of the criterion

The incompatibility criterion for a nontrivial Hopf invariant can intuitively
be understood in the following way. Since the Berry connection A (k) forms

r1,; = (0,0) implies that {; is periodic in reciprocal-vector translations orthogonal to the k;-axis,
according to Eq. (4.27).
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part of the matrix elements of the position operator in the basis of Bloch
functions [131], A transforms under spatial symmetries like a vector, and is
moreover even under time reversal. (There is a separate gauge-dependent
component of A that does not transform as a vector, but this component
vanishes when integrated over the Brillouin zone, owing to the triviality of
the first Chern class.) Likewise, the curvature F (k) = Vj x A transforms
like a pseudovector that is odd under time reversal [132]. In combination,
F-A transforms as a pseudoscalar that is odd under time reversal, and
therefore its integral over the BZ vanishes. The Hopf incompatibility criterion
is a straightforward consequence of these transformation properties.

In the following we provide some clarifying remarks:

(a) We restrict the above criterion to symmorphic magnetic space groups G,
because to our knowledge there exists no unit-rank band in a nonsymmor-
phic space group. (For a band whose projector is periodic and analytic in
k throughout the BZ, the rank of a band is the number of linearly indepen-
dent Bloch functions at every k, e.g., the Hopf-insulating conduction and
valence bands each has unit rank.) For nonsymmorphic space groups with
a nonsymmorphic symmetry element (screw or glide), the non-existence
of unit-rank bands has been proven.® For nonsymmorphic space groups
without a nonsymmorphic element, the non-existence of unit-rank bands has
not been generally proven, though this seems empirically to be true for a
wide variety of space groups [135-137].

(b) Possible magnetic space groups G which are not ruled out by the Hopf
incompatibility criterion are restricted to Type I (colorless groups) derived
from chiral non-magnetic space groups, and to Type III (black-and-white
groups with ordinary Bravais lattice) with symmetry elements that include
space inversion and time reversal only in combination.

(c) The criterion is valid for both integer-spin and half-integer-spin energy
bands. This suggests that a Hopf insulator can be sought in electronic systems
with and without spin-orbit coupling as well as in bosonic metamaterials.

(d) Finally, let us note that the presented proof of the incompatibility criterion
explicitly assumes vanishing Cher numbers, and does not generalize to the
case of Hopf-Chern insulators with non-vanishing Chern numbers.

4.5.2  Formal proof of the Hopf incompatibility criterion

In order to prove the incompatibility criterion formulated at the begin-
ning of this Appendix we assume that the tight-binding Hamiltonian has
exponentially-decaying matrix elements in real space, and therefore the
Fourier transform of the Hamiltonian is an analytic function of k throughout
the Brillouin zone (BZ).

To prove the criterion, we need to address the transformation of A(k)
under a symmetry g € G:

A(Sggvk) = gA(k) + Sggvvkﬁgf (4-30)

where s, = £1 indicates the reversal of time, and ¢ € O(3) is the matrix
representation of ¢ € G acting on spatial coordinates. The second term on the

For band representations, this has been proven by Michel and Zak [133]; more generally, this
has been proven in the Supplementary Material of Ref. [134].
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right-hand side of Eq. (4.30) is derived from the symmetry constraint between
tight-binding wave functions at symmetry-related momenta k < so ¢k,

Ry [u(k)) = es®) Ju(segk)), (4.31)

where R, is a matrix representation of ¢ that is antiunitary if ¢ inverts time,
and unitary otherwise. Crucially, the U(1) phase B¢ (k) in Eq. (4.31) encodes
the change of the Wannier-center position due to g [120] and cannot generally
be made k-independent [24, 56]. On the other hand, the transformation of
the curvature does not involve ¢ and is exactly as claimed in the intuitive
argument from Sec. 4.5.1,

T(Sggvk) =S¢ det[¢] §F (k). (4-32)

Combining Eq. (4.30) with Eq. (4.32) we derive that the Hopf invariant is
proportional to

[akF - Al = [akF - A

sgdk
— 5 det[g] / dkF - Al + det[g] / dkF - VcBq, (4.33)

where the first step corresponds to a change of coordinates, and in the second
step we used the invariance of the dot product under rotations.

Next we would like to prove that the last term in this expression vanishes.
Having trivial first Chern class means that |u(k)) can be made an analytic and
periodic function of k throughout the BZ [128]. Applying these properties to
Eq. (4.31), we deduce that the phase factor ¢/fs(¥) can also be made analytic
and periodic. The phase B is then also analytic, but can in principle wind
by integer multiples of 277 if k is advanced by a reciprocal vector G. Without
loss of generality, we may separate B¢(k) = B¢(k) + k - R, into a periodic
component [B¢(k) = Bg(k + G)] and a winding component, with Rg a
k-independent Bravais-lattice vector.

The term in Eq. (4.33) that is proportional to B, may be expressed via
Leibniz rule as

JakF Vs = [ ki (BoF) — [ dkBeVi-Fi (439)

the first term on the right-hand side is seen to vanish by applying Stoke’s
theorem and the periodicity of both B, and F; the second term on the right-
hand side vanishes because the curvature is generally divergence-free for
a nondegenerate energy band of a tight-binding Hamiltonian (assumed to
be analytic in k). Similarly, the winding component of B, leads to a term in
Eq. (4.33) that is proportional to [ dkF - Rq, with R, that is k-independent.
This quantity vanishes because the first Chern number has been assumed to
vanish on any 2D cut of the BZ. Equation 4.33 therefore reduces to

X = sgdet[§]x, (4.35)

implying that x transforms as a pseudoscalar that is odd under time reversal,
and therefore vanishes if s¢ det[¢] = —1 for some g € G.



BULK-BOUNDARY CORRESPONDENCE

In this chapter we derive the bulk-boundary correspondence for both the
Hopf and the RTP invariants of the crystalline Hopf insulators.

We start in Sec. 5.1 with the bulk-boundary correspondence of the Hopf
invariant. Contrary to some expectations [92, 93, 138], the Hopf invariant
does not protect conducting surface states. In other words, all surfaces
of a Hopf insulator (with or without crystalline symmetry) can be made
insulating while preserving the bulk gap. What then is ‘topological” about
such surface states which can be spectrally disconnected from the bulk
states? We demonstrate that the faceted Chern number — defined as the first
Chern number of all bands localized to a single surface facet, independent of
their filling — is in one-to-one correspondence with the integer-valued, bulk
homotopy invariant yx.

The key notion that underlies the bulk-boundary correspondence of RTP
insulators is that of an angular-momentum anomaly associated with a rotation-
symmetric boundary — roughly speaking, the itinerant angular momenta of
the surface states are non-identical to the itinerant angular momenta of the
bulk-conduction or bulk-valence states. This anomaly of the surface states
derives from a nontrivial RTP invariant in the bulk, as proven in Sec. 5.2.

The surface states having anomalous values of itinerant angular momenta
has two implications that we explore subsequently. First, in Sec. 5.3 we
show that, in the presence of an open boundary with sharply terminated
hoppings, the surface-state energies necessarily interpolate across the bulk
gap to connect the bulk-valence and bulk-conduction bands, ensuring that
there are gapless excitations no matter where the Fermi level is positioned
within the bulk energy gap.

When the boundary is not sharp, this interpolation across the bulk energy
gap is not guaranteed by a nontrivial RTP invariant. Nevertheless, Sec. 5.4
shows that a more general topological feature survives that is encoded
not in the energy dispersion but rather in the wave function of surface-
localized states. Namely, the Berry-Zak phase of surface states along a certain
symmetrically-chosen loop in the rBZ is quantized to rational multiples of
27, and moreover these quantized values for the Berry-Zak phase are non-
identical to the Berry-Zak phases of the bulk Bloch states along an equivalent
loop in the bulk BZ. We call this a Zak-phase anomaly.

Throughout this chapter, bulk objects refer to the crystalline interior which
has the symmetry of a 3D space group, up to exponentially-weak corrections
due to a surface termination. The surface is assumed to form a crystalline
facet that is symmetric under two out of three translational symmetries and a
point group symmetries of the space group.

CHAPTER CONTENTS

73



74

BULK-BOUNDARY CORRESPONDENCE

5.1 Faceted Chern number 74

5.2 Angular-momentum anomaly 79

5.3 Conditionally-robust surface states at sharp boundaries 87
5.4 Zak-phase anomaly 92

5.1 FACETED CHERN NUMBER

We start this section by drawing an analogy between the Hopf invariant and
the charge polarization and providing an intuitive argument why the Hopf
invariant leads to a surface localized Chern number. In the geometric theory
of polarization [71, 83, 139], the charge polarization is proportional to [, \A;
analogously, one may view [, A -V x.A as proportional to a real-space
polarization of Berry curvature [140-142]. Just as the charge polarization is
revealed by the charge that accumulates at a surface termination [143], a
Berry-curvature polarization of x contributes (—x/2)e?/h to the geometric
component (0y,) of the surface anomalous Hall conductance (SAHC) [144-
146]. Crucially, the bulk conduction and valence bands individually and
equally contribute (—x/2)e?/h, owing to the fundamental antisymmetry
of all Pauli-matrix Hamiltonians: oyh(k)o, = —h*(k). If all bands in the
Hilbert space are accounted for, the net contribution to ij should vanish

[145], hence there should exist surface band(s) which contribute ye?/h to Oyx-
This argument is confirmed numerically in Fig. 5.1(c) for the MRW model
(4.24) with x = —1 and will be demystified in this section.

We show that such nontrivial surface bands originate from a bulk-to-
boundary flow of Berry curvature — at the critical point between the triv-
ial and Hopf insulator. Such flow does not occur via the Callan-Harvey
anomaly inflow mechanism [147, 148], which is understood through chiral
zero modes of the Dirac equation with a mass coupling to a domain wall
[149, 150]. Instead, the surface states of the Hopf insulator arise as non-chiral,
Schrodinger-type modes on the domain wall of a generalized Weyl equation
— describing a Berry dipole introduced in Chapter 3. A single surface facet of
a Hopf-insulating crystal is undescribable by a 2D lattice model of a Chern
insulator, because the conjugate surface states (with opposite Chern number)

@ _ | ©

05,=-0.9999
05,=0.4999
05,=0.5000

42 44 46 48 5

Figure 5.1: (a) Red line depicts the top-oo1-surface states of the Hopf insulator in
the MRW tight-binding model (4.24) with x = —1 (specified by parameter ® = —2)
and open boundary conditions. (b) Surface band of (a) is detached by modifying the
surface Hamiltonian. (c) For a fifty-cell-tall ooz slab, we plot the layer-resolved SAHC
[Eq. (12) in Ref. [140]] of the bulk valence band (blue), bulk conduction band (red),
and surface band (black) illustrated in (b). Summing the layer-resolved SAHC over

ten layers approximates oy, [e?/h] to exponential accuracy.
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lie on the opposite facet of a finite slab — realizing a nonlocal ‘teleportation” of
Berry curvature.

5.1.1 Faceted Chern number as a topological invariant

We propose the faceted Chern number %7 as a topological invariant for any
three-spatial-dimensional Hamiltonian that is a two-by-two matrix at each
keBZ, with a spectral gap (at each k) separating a valence and conduction
bulk band with trivial first Chern class. For such category of Hamiltonians
which include the Hopf insulator, we consider a surface termination whose
reduced Brillouin zone (rBZ) is a 2D cut of BZ.

The triviality of the first Chern class implies any surface-localized mode is
continuously deformable to a flat-band dispersion [88, 120] and is therefore
detachable from bulk bands. To ‘detach” means to energetically separate a
surface band from bulk bands while preserving all crystallographic spacetime
symmetries of the surface, such that the projector to the surface-band wave
function is continuous throughout rBZ, as illustrated in Fig. 5.1(a-b). (In
contrast, the surface states of a 3D Chern insulator [151] are un-detachable
[60].) The conceptually simplest formulation of the faceted Chern number
is as a rBZ-integral of the normal to facet component of Berry curvature
computed for the surface-band wave function:

1

— . 7142
[y Te[F (k) - 7)d“k, (5.1)

with 71 the outward-normal vector for a chosen facet, and Tr a trace over all
surface bands, independent of electron filling. In Sec. 5.1.3 we present a more
general formulation of ¢} that is well-defined without need of detachment.

Let us demonstrate that ¢ is invariant under continuous deformation
of the surface-terminated Hamiltonian, so long as both bulk gap and bulk
translational symmetry are maintained. Since surface bands are detachable,
their wave function is exponentially localized to the surface, and therefore
their net Chern number cannot change under a bulk deformation alone. What
remains is to prove the absence of a continuous deformation between two
Hamiltonians with the same bulk but with distinct faceted Chern numbers:
Cr > ‘5; Assume to the contrary that such a deformation exists and is
parametrized by t € [0, 1]. It is simplest to view ¢, %f as applying to the
top facet of a finite slab, with periodic boundary conditions in two surface-
parallel directions. As t is varied, we hypothesize that (¢ — ‘5}) quanta of
Berry curvature can leave the top facet and enter the bulk [141, 142]. Since
the bulk Hamiltonians at t = 0 and ¢ = 1 are indistinguishable, this Berry
curvature must finally end up at the bottom facet of the slab. There must
then exist an adiabatic cycle for a bulk Hamiltonian h(kx,ky,kz,t) that is
periodic in f, such that (¢7 — ¢ ]ﬁ) quanta of Berry curvature is translated
by a surface-normal lattice vector over one cycle. If this translation occurs
through the valence (resp. conduction) band of h(k,t), then (¢; — ¢ }) is
identifiable as the second Chern number %, of the valence (resp. conduction)
band; %; is defined [152] as the (k, t)-integral of the second Chern character.
The wrongness of our hypothesis becomes self-evident, because the second
Chern character necessarily vanishes for a non-degenerate band of a two-
band Hamiltonian, as shown in Appendix A.2.4.

The above argument relied on identifying %, as the number of Berry-
curvature quanta pumped by one lattice vector in an adiabatic cycle. Indeed,
if h(k,t) — with trivial first Chern class and 4, # 0 — were diagonalized
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with open boundary conditions in the z-direction, then the boundary theory
describes (3+1)D Weyl fermions with a net chiral charge [153] equal to 3, in
the three-dimensional, momentum-like space of (kx, ky, t) [142]. (These Weyl
fermions may be derived in a continuum model — as chiral zero modes of
the (4+1)D Dirac equation with a domain wall [147, 152].) Let us view the
boundary theory as (2+1)D fermions tuned by ¢: over one t-cycle, ¢, quanta
of Berry curvature must be transferred at critical closings of the boundary
energy gap. Since the full Hamiltonian (that operates on both boundary and
bulk Hilbert spaces) is periodic in ¢, there must be a compensating pump
of curvature through the bulk to exactly cancel the transfer of curvature at
the boundary. Such a cancellation occurs between two systems of differing
dimensionality, and has the same origin as the Callan-Harvey anomaly inflow
[147, 148, 154]. We have proven that €, # 0 implies a Berry-curvature pump
in the bulk; the converse statement — that a pump implies %, # 0 — has been
proven by formulating the Chern-Simons magnetoelectric polarizability in
terms of ‘hybrid Wannier sheets’ [141, 142].

Our argument for the invariance of ¢y shows that the Callan-Harvey
effect does not explain the Berry curvature on the Hopf-insulator surface. (In
contrast, the Callan-Harvey effect is responsible for the SAHC of the ‘layered
Haldane model’ [142].) Understanding the Hopf insulator not only reveals
a new mechanism for a bulk-to-boundary flow of Berry curvature, but also
leads to the bulk-boundary correspondence x = ¢%.

5.1.2  Bulk-to-boundary flow of Berry curvature

In the continuum perspective, the advertised mechanism may be understood
in terms of non-chiral domain-wall modes of a generalized Weyl equation:
(i0f — h)yp = 0 with the Hamiltonian describing the critical transition medi-
ated by a Berry dipole. This Hamiltonian is specified by Egs. (3.3) and (3.4)
where we set A =1 and v = 1, and it is invariant under rotation symmetry
as given by Eq. (3.2). At the parameter value ¢ = 0 the gap closes and the
Hamiltonian describes the Berry dipole, while at ¢ # 0 the phase is gapped.

As was discussed in Sec. 3.2 phase transition over such Berry dipole
induces a minus unit change in the Hopf invariant §x = —1. We note, that
away from criticality the pseudospin texture

<uv(c) (ks, ky,O)’ o |ty (kx,ky,0)> (5.2)

of the valence (resp. conduction) band is skyrmionic (resp. antiskyrmionic)
over the (ky, ky) plane, as illustrated in Fig. 5.2(b). (In comparison, the
meronic spin texture [20] of a (2 4+ 1) D massive Dirac fermion is ‘half’ of a
skyrmion.) To see this, we use the valence eigenstate in the gauge defined in
Eq. (3.20) with B(k;) = 0. In the limit of k| = 0 (k; = o) the pseudospin is
pointing up (down) for the valence band and opposite for the conduction
band.

To manifest the nontrivial boundary mode that develops at criticality,
we solve the generalized Weyl equation with k,——id; and ¢(z) having a
domain-wall profile. It is analytically convenient to choose ¢(z) = ¢’z that
is linear in the interval |z|<A (with A>>|¢'|~1/2), with ¢ tapering off to a
constant outside this interval, as depicted in Fig. 5.2(a). Then a Gaussian-
localized, spin-polarized mode ¢, exists with a Schrodinger-type dispersion
Ey:

52
Yy =rpe 92 By = (kR 4+ —|¢')), (5.3)
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@@ ¢>0 (b)E

kx

ky

Figure 5.2: (a) The spin-polarized wave function 1 localized to a domain wall of
¢(z), its pseudospin is constant and denoted by a red arrow. (b) For the continuum
Berry dipole Hamiltonian, the constant pseudospin texture (5.2) of the electron-like,
domain-wall mode ¢, (middle green band) is contrasted with those of the two bulk
modes (top yellow and bottom blue) which form a (anti)skyrmion structure. From
this follows a unit difference in the Chern number associated with a bulk vs. domain
wall mode.

with ozx+ = £x+. The mass and pseudospin depend on sign[¢']: = —1; we
refer to modes with positive (resp. negative) mass with respect to (ky, ky) as
electron-like (resp. hole-like).

The contrasting pseudospin textures — constant for the domain-wall mode
but (anti)skyrmionic for the bulk modes — imply that the integrated Berry
curvature vanishes for both electron- and hole-like domain-wall modes, but
equals 427t (resp. —2m) for the electron-like (resp. hole-like) bulk mode.
We will see that the differential curvature — between electron-like bulk and
electron-like domain-wall modes — is maintained upon regularizing our
continuum model on a lattice. The Hopf insulator is a lattice regularization
satisfying that all bulk modes have trivial first Chern number, meaning
that regularization adds —27t (resp. 27r) to the Berry-curvature integral for
the electron-like (resp. hole-like) band. This implies that the regularized
domain-wall mode has a nontrivial first Chern number = —#, where = +
(resp. § = —) corresponds to the electron-like (resp. hole-like) mode. We
see that this Chern number depends on the orientation of the domain wall,
like how the faceted Chern number depends on the facet orientation 7 [cf.
Eq. (5.1)]

Since ¢ = 0 describes a Berry dipole and not a monopole, a regularization
can be found without any fermion doubling [153], meaning that the energy
gap of the lattice model closes at a single isolated wavevector (the BZ center)
when ¢ = 0. A lattice regularization satisfying the above-stated properties is
given by the Moore-Ran-Wen tight-binding model [55] given in Eq. (4.24).

If x = ¢ is proven for the Moore-Ran-Wen model, the correspondence
would extend to the entire homotopy class of translation-invariant, two-
by-two Hamiltonians. This is because x and % are individually invariant
under any continuous, bulk-gap-preserving deformations that preserve the
bulk-translational symmetry; this fact is well-known for x [55, 97] and has
been proven above for ;. As we showed in Sec. 4.5, Hamiltonians with
nonzero x may have any non-translational symmetry that does not invert
the pseudoscalar: y— —y. Particularly, the Moore-Ran-Wen regularization
retains an order-four rotational symmetry [cf. Sec. 4.4.2], which allows us to
utilize our rotation-symmetric domain-wall analysis.
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Considering the top surface of the MRW model as a domain wall with # =
+ we conclude that the surface band carries a Chern number ¢y = —1. At the
same time, the domain wall separates two phases that can be transformed
into each other across a Berry dipole with A¢ =1 and v = 1 and hence their
Hopf invariants differ by 6y = —1. Assuming that the domain wall separates
the MRW model from the vacuum with x = 0, the bulk of the MRW model
carries a Hopf invariant y = —1. Thus we arrive at ¢y = x = —1 for the top
surface. Bearing in mind that the surface-normal vector # flips between top
and bottom surface [cf. Eq. (5.1)] and so does the orientation of the domain
wall, we conclude that the equality ¢y = x = —1 works for both surfaces.
The generalization to ¢y = x = N is attained by substituting k; — Nk;
(N € Z) in the Moore-Ran-Wen model, such that ¢ = 0 marks a critical point
with |N| Berry dipoles. We remark that the full subspace of surface states
(on a single facet) has a net Chern number = ¢7%; in contrast, the full Hilbert
space of any strictly-2D, tight-binding Hamiltonian must have vanishing
net Chern number. The absence of a strictly-2D description also applies to
Z,-topological-insulating surface states, but in the latter case it is because an
odd number of gapless, chiral fermions [147] violates the fermion-doubling
theorem [153, 155].

5.1.3 Wannier cut method

It is possible to formulate ¢ without detaching surface bands, but defining
it for all hybrid Bloch-Wannier functions [defined in Eq. (2.34)] localized
near the surface. For this we define the faceted projector onto Ny hybrid
Bloch-Wannier bands, closest to a chosen facet by means of the Wannier cut
method introduced in [156]. We consider a finite in z-direction and infinite
in (x,y)-plane slab, with unit cells in z-direction labeled by R, =1, ...\,
and in the following referred to as layers. For large enough N the top and
bottom facets are separated by a large enough distance, such that the overlap
between the hybrid states at the top and at the bottom facets is negligible.
First, we define the projector onto 2\y < A states at the top and bottom
facets. In a finite slab with periodic boundary conditions, one can define
bulk-like hybrid functions Vj r.(ki, Rz, «) by replacing an integral over
momentum k; by a finite sum in Eq. (2.34). For large enough N, bulk-like
hybrid functions in a finite geometry and bulk hybrid functions in an infinite
geometry converge to each other. Moreover, the hybrid functions of a finite
slab with open boundary conditions, computed far enough from the facets,
can be described by the bulk-like hybrid functions Vj,k L R.(ki,R;a) up to
exponentially small corrections. Then the projector onto top and bottom
facets at each reduced momentum k; can be expressed as:

Ny+N. No—Ny

Pap(k ) =Tk, — Y, Y Wik r)){Vik, g,
j=1 Re=Np+1

. (5-4)

The first term on the right-hand side is the projector onto all Ny x (N, + N;)
states of a finite slab with reduced momentum k , where to keep the method
general we assume that the model has N, valence and N, conduction bands.
This projector is given by the identity matrix in the sector corresponding
to the reduced vector k| and is zero at k', # k. From this term, we
subtract projectors onto a set of bulk-like hybrid states (in both the valence
and conduction subspaces), that are localized to the bulk of the finite slab.
Because of the exponential localization of the hybrid states in the z-direction,
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we approximate V; . (ki, Rz, a) ~ 0 for |R; — R;| > R, which holds up
to exponentially small corrections for a large enough cut-off scale Ry. Then
for large enough Ny > Rg and Ny — 2Ny > Ry, Py (K1) has finite support
on two regions, located respectively near the bottom and the top facet. Note
Pie, (k1 ), being the difference between two projection matrices, is itself a
projector.

To define the projector onto the bottom facet we additionally ‘sandwich’
Eq. (5.4) by a projector onto the bottom half of the slab:

Py(ky) = P Py (k)P (5:5)

where at each k| -sector P|(k;) = (1 ®> p (5.6)
0 O

and 1 and O respectively denote the identity and the zero matrices of the size
No/2 x (Ny + N¢), where for simplicity we assumed that N is even. Then
P, defines the projector onto first \jy/2 layers of the slab.

We define ¢¢[N| as the first Chern number of the Ny Bloch-Wannier
bands whose eigenvalues lie closest to z = 0. Viewed as a sequence in
Ny, €¢[Ny] has a unique accumulation point (:= ) because all bulk
eigenbands have trivial first Chern class. This formulation manifests the
unique definition of ¢%; in particular, 6% is invariant if a Chern-insulating
layer is adsorbed onto the surface.

What does x = ¢ imply for the magnetoelectric response of the Hopf
insulator? It is known that the geometric contribution to the frozen-lattice,
orbital magnetoelectric polarizability [60, 140, 144, 146, 152, 157] equals (/27
mod 1)e?/h, with the ‘axion angle’ [158] 6 equal to an integrated Chern-
Simons three-form of the Berry connection [140, 152]. For the considered
class of Hamiltonians, 6 is gauge-invariant and simplifies to 7y, thus the
Hopf insulator exemplifies the simplest axion insulator [24, 60, 110, 115, 140,
152] with only a Pauli-matrix Hamiltonian. The possibilities for SAHC on
different facets of a Hopf-insulator crystallite are rich, and depend on the
energy dispersion of surface bands as well as the electrochemical potential;
the latter is tunable by differential doping or gating. Partially-filled surface
bands on any facet behaves like a 2D anomalous Hall metal [159]. The
detachability of surface bands allows also for complete filling and depletion,
e.g., if the topologically nontrivial surface band is completely filled on the
oo1 facets and completely depleted on the 010 and 100, then |%| number
of chiral "hinge’ modes [149, 160-162] will run around the edges of the oo1
facet — a manifestation of higher-order topology.

5.2 ANGULAR-MOMENTUM ANOMALY

Here, we formulate the angular-momentum anomaly for a two-band, Pn-
symmetric, insulating Hamiltonian with trivial Chern class and a non-zero
RTP invariant. Firstly in Sec. 5.2.1, a sketchy formulation is given to quickly
convey the essence of the anomaly. The admitted vagueness in Sec. 5.2.1 will
be dispelled Sec. 5.2.2 by a detailed exposition of the projected position oper-
ator, conjoined with a case study of the P4-symmetric Moore-Ran-Wen model.
Much of this subsection will rely on model-dependent, pictorial illustrations;
a more formal, model-independent proof is presented in Sec. 5.2.3.
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5.2.1 Angular-momentum anomaly: sketchy introduction

By assumption, there exists a pair of rotation-invariant reduced momenta,
labeled A and E, where both mutually-disjoint and iso-orbital conditions
are fulfilled [cf. Eq. (4.18)]. This implies that the difference in polarization
between A and E is quantized to integer values. For convenience, the labels
for the reduced momenta are chosen such that the RTP invariant AZpx=
[defined in Eq. (4.17)] is positive.

Our goal is to elucidate what implications this bulk invariant has for a
pn-symmetric facet, with the pn plane group being a subgroup (of the 3D
space group Pn) that is generated by C, rotation as well as translations in the
directions perpendicular to the rotation axis. For concreteness, we consider a
RTP insulator on a semi-infinite geometry defined for z > 0, with the z-axis
coinciding with the rotation axis; the boundary at z = 0 forms a ‘bottom’
pn-symmetric facet.

The angular-momentum anomaly is a property of the itinerant angular
momenta of the Hilbert space associated with this semi-infinite geometry.
Roughly speaking, a nontrivial RTP invariant guarantees that certain minimal
number of bands of states localized to the surface have itinerant angular
momenta that are distinct from those of the bulk bands; this minimal number
of ‘anomalous’ bands is nothing more than the absolute value of the RTP
invariant itself.

To characterize what exactly makes an ‘anomalous’ band distinct from
a bulk band, we will need to define four numbers that count Bloch states
with certain itinerant angular momenta. Firstly, let us define f f(b)ZU(A)
as the number of (linearly independent) rotation-invariant Bloch states® in
our Hilbert space that (i) have reduced momentum A, (ii) has support in
the proximity of the bottom facet [hence the subscript (b)], and (iii) have
itinerant angular momentum coinciding with that of the bulk-valence band
[Zv (A)]. We take a ‘state’ localized near a surface to mean an eigenstate of the
projected position operator in a semi-infinite geometry, with an eigenvalue
that is close to the spatial coordinate of the surface; this will be formalized
below in Sec. 5.2.2. Such a state is thus not necessarily an eigenstate of the
Hamiltonian. We define f(b)ZC(A) almost identically as § f(b)zv(/\), except

in (iii) we replace ‘bulk-valence’ withibulk—conduction’, and ZU — EC. Lastly,
we define two other numbers f¢y,)Lc0(Z) for states satisfying (i~iii) with
A — E.

We propose that these counting numbers are related to the bulk RTP
invariant as

—t ) Lo(A) + t 1) Lo(E) = ) Le(A) — ) Lo(E) = APz (57)

We call this relation an angular-momentum anomaly. Our emphasis on the
‘bottom facet” is merely to fix a sign convention; if we had chosen instead a pn-
symmetric facet at the ‘top’ of a semi-infinite bulk, then Eq. (5.7) holds with
replaced subscript (b) — (t) on the left-hand side and AP g — —A Pz on
the right-hand side.

The condition AP,z > 0 implies there are at least |AP\z|-number of
‘anomalous’ surface-localized bands (2) whose itinerant angular momentum
at A is identical to that of the bulk-conduction band, but distinct from that
of the bulk-valence band, and (b) whose itinerant angular momentum at &

Whenever we discuss a 3D Hamiltonian in semi-infinite geometry (z > 0) or slab geometry
(z1 < z < z3), we use the term Bloch state to describe any state with a well-defined in-plane
(reduced) momentum k| = (kx, ky).
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Figure 5.3: For a P4-symmetric Hamiltonian with the RTP invariant APz = Y5 —
P\ = +1, we plot the spectrum of the projected position operators PZP and QZQ,
along a straight-line path AZ in rBZ. In panel (a) we focus only on the bulk-like
polarization bands; whereas in (b) and (c) we recognize both bulk-like and surface-
like polarization bands. The color indicates the orbital decomposition of the wave
function into the basis orbitals, with blue and red tones indicating the wave function
overlap with ¢ resp. ¢;. In this particular model, a rotation-invariant Bloch-Wannier
state that overlaps with ¢ (resp. ¢») has a bulk-valence-like (resp. bulk-conduction-
like) itinerant angular momentum, thus it is possible to infer the four numbers
(t f(b)EC,U(E), i f(b>£~c,z,(A)) from the above plots. The dashed black line in panels (b)
and (c) indicates (an arbitrary) partitioning of the polarization bands into bulk-like
vs. surface-like, and serves an argument presented in the text of Sec. 5.2.2.

is identical to that of the bulk-valence band but distinct from that of the
bulk-conduction band. The sense in which the angular-momentum values of
surface-localized bands are anomalous is that they could neither derive from
bulk conduction states alone, nor could they derive from bulk valence states
alone.

5.2.2  Angular-momentum anomaly: precise formulation and case study

Let us elaborate on the meaning of ‘states localized near a surface’ as eigen-
states of the projected position operator in a semi-infinite geometry. We have
already shown in Sec. 2.1.5 that the eigenstates of the projected position op-
erators in an infinite geometry are the hybrid Bloch-Wannier functions. The
corresponding eigenvalues {Z;(k )} define the charge centers of the hybrid
bands in the direction of localization z that depend on k| ; they form a ladder
structure in z-direction due to the discrete translation symmetry as illustrated
in Fig. 5.3(a). In the context of two-band, insulating Hamiltonians, there is
only a single Bloch-Wannier state with a given k in any unit-length interval
of the z-axis, and the dispersive function z;(k ) can be identified, modulo
one, with the polarization function & (k| ) [83], as discussed in Sec. 2.1.4.2.
We describe all Bloch-Wannier eigenstates corresponding to Z;(k ) as be-
longing to the j-th polarization band, in analogy with how eigenstates of a
discrete-translation-invariant Hamiltonian can be sorted into energy bands.
The positive value AP g = Pz — P, > 0 implies that the ladder-rung
function z;(k, ) is displaced at k| = E relative to A by a positive number
APz € Z7 of unit cells, as illustrated for APxz = 1 in Fig. 5.3(a).

What implications does this bulk displacement have for surface-localized
states in our semi-infinite slab geometry? Let us assume the Hamiltonian
matrix elements are terminated near the surface at z = 0 such that a Fermi
level exists within the bulk energy gap and does not intersect any surface-
localized energy eigenstates; the specific values of these matrix elements
are not essential to our argument. Then one can define a projector P to all

81



82

BULK-BOUNDARY CORRESPONDENCE

occupied states, with the restriction of P[i (to a reduced-momentum sector)
being a smooth function of k| ; likewise, Q projects to all unoccupied states.
The ‘smooth-in-k | * condition would fail if the Fermi level crossed a surface
state — in such a scenario the surface state would discontinuously move from
projector P to Q as the state’s energy passes through the Fermi level. We
show in Fig. 5.3(b) and (c) the spectrum of PZP and QZQ respectively, with
each curved line associated with a polarization band.?

Let us sort polarization bands into two categories: bulk-like vs. surface-like.
Being ‘bulk-like” means to be indistinguishable from bulk polarization bands
up to corrections that are exponentially small for large z > 0. Let us then pick
a polarization band of PZP that lies sufficiently far away from the surface to
be bulk-like. (Which particular band is picked is not essential.) This chosen
band serves as a cutoff: every polarization band lying above the chosen band
(on the z-axis) is also categorized as bulk-like; every polarization band lying
below the chosen band is then surface-like. We repeat this sorting for the
polarization bands of QZQ. The net result is illustrated in Fig. 5.3(b,c), with
bulk-like and surface-like bands separated by a dashed line.

To reveal the angular-momentum anomaly, we first count how many
bulk-like Bloch-Wannier states (coming from both projectors P and Q) exist
with reduced momentum k; = A and bulk-valence-like itinerant angular
momentum ENU(A).3 We denote this number as ttb/jv(l\) ; likewise, we define
the number ljbfv(E) at reduced momentum k| = E. In fact, both numbers
#5Lo(A) and #,L,(E) are formally infinite, and only their difference is well-
defined. Numbers #,L:(A) and #,L.(Z) are defined similarly using the bulk-
conduction-like itinerant angular momentum.* Note that in our terminology,
every Bloch-Wannier state at each A and Z [whether surface-like or bulk
like in the partitioning via the black dashed line in Fig. 5.3(b,c)] can be
characterized as having either bulk-valance like or bulk-conduction-like
itinerant angular momentum.

In Fig. 5.3(b,c), any blue data-point at II = E or A corresponds to a
Bloch-Wannier state with itinerant angular momentum £, (IT). Since there
are no blue data in panel (c), Fig. 5.3(b) should convince the reader that
the difference of #,L,(IT) between the two high-symmetry points equals the
polarization difference between the two choices of 11, i.e.,

t5Lo(A) — 8y Lo(E) = APpz. (5-8a)

Similarly, for Bloch-Wannier states with bulk-conduction-like angular mo-
mentum we find [by inspecting red data in Fig. 5.3(b,c)] that

8pLe(A) — 8L (B) = —APpz. (5.8b)

The minus sign on the right-hand side of Eq. (5.8b) reflects that the RTP
invariant of the bulk conduction band is opposite in sign to the RTP invariant
of the bulk valence band.

2 We continue to call the eigenstates of PZP and of QZQ in the semi-infinite geometry (and
also in the slab geometry) as Bloch-Wannier states (and their k, -dependent eigenvalues as
polarization bands), just as we did for the case of bulk states in infinite geometry, even though
the eigenvalues Z;(k | ) (especially for the eigenstates localized near the surface) are now not
identified with the bulk polarization as in Ref. [83].

3 Since £,(A) is the itinerant angular momentum of bulk valence Bloch states with reduced
momentum A, we call this value of itinarant angular momentum in the following discussion as
bulk-valence-like at A (and similarly for k;, = E).

4 The notion of bulk-conduction-like itinerant angular momentum at A is defined similarly to
footnote 3 with using the bulk conduction Bloch states with replaced £,(A) — L(A).
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Observe that the total number of polarization bands (both bulk-like and
surface-like) with angular momentum £, (IT) cannot depend on the choice
between Il = A and Il = E [cf. Dets. 5.1 for a rigorous argument]:

thU(A) + ﬁfZ‘U(A) = ﬁbZU(E) + ﬁfZU(E) (5.9)

Combining Eq. (5.9) with Egs. (5.8) gives the angular-momentum anomaly
(5.7)-

The mismatch between the number of surface-like Bloch-Wannier bands
with bulk-valence-like itinerant angular momentum at A vs. at Z implies an
anomaly, where some of these bands must change their character between A
and E. For instance, assuming AZxz = 1, Eq. (5.7) implies the existence of
at least one anomalous surface-like polarization band whose itinerant angular
momentum is bulk-conduction-like at A and bulk-valence-like at . In our
model, the anomalous surface-like band lies at the bottom of Fig. 5.3(b)
and exhibits the largest color range. (That there exists only one, and that
it lies in the P subspace, are model-dependent details.) A non-pictorial,
model-independent proof of the angular-momentum anomaly is presented
in Sec. 5.2.3.

Importantly, the angular-momentum anomaly has implications beyond

polarization bands. This is because the surface-like polarization band(s) are
continuously deformable to surface-localized energy band(s) of a Hamilto-
nian with open boundary conditions, modulo addition or subtraction of
bands whose itinerant angular momenta are bulk-valence-like at all I1, or
bulk-conduction-like at all IT. (Examples of analogous deformations were
discussed in Ref. [88] and Ref. [163].) As a case in point, the anomalous
surface-like polarization band in Fig. 5.3(b) is continuously deformable to the
surface-localized energy band in Fig. 5.5(c). Henceforth, any statement that
applies equally well to surface-localized energy bands and surface-like polar-
ization bands is said to apply to faceted bands, e.g., the angular-momentum
anomaly holds for faceted bands. The states that make up a faceted band
will be referred to as faceted states.
Details 5.1 The set of all polarization bands (both bulk-like and surface-like, coming from
both projects P and Q) form basis vectors of the Hilbert space #emi-« in the semi-infinite
geometry. Defining #emi-oo (k1) as the restriction of the Hilbert space to a reduced-momentum
sector, continuity over the rBZ demands that the dimension of #emi-«(k ) cannot de-
pend on k,. (Strictly speaking, the dimension is infinite, and what we mean is that
dim[Hemi-oo (k1 )] — dim[Hemio (K| )] = 0 for any k; and k', .) Under our mutually-disjoint
assumption, #emi-o (I1), with IT € {A,E}, can be decomposed into two itinerant-angular-
momentum sectors:

Hemi-oo(I1) = Hemi-oo (1T Ev) © Hemi-oo(1T; EC) (5.10)

Now the dimensions of both Hilbert spaces on the right-hand side are equal by construction.
This fact, combined with the constancy of dim[.#emi-cc (k1 )] over the rBZ, implies Eq. (5.9).

5.2.3 Proof of the angular-momentum anomaly of insulators with RTP invariant

To increase the generality of the proven statement, in this section we consider
the generic case of multi-band models with N, valence and N, conduction
bulk bands, assuming that the former are enumerated by the index j €
{1,... Ny} and the latter by the index j € {N, +1,... Ny + N.}. For the RTP
invariant AZpz to be well-defined, we assume that (i) bulk states along
rotation-invariant lines y5 and g fulfill the mutually-disjoint condition,
meaning that the sets of itinerant angular momenta of all valence bands
and of all conduction bands are disjoint: {ENJ(I_I)}]I\]:”1 N {E](H)}]I\i’ﬁv]\kl =g,
for IT € {A,E}, and (i) there exist a composite band representation CBR
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such that the valence band representation, restricted to reduced momenta A
and Z equals to the restriction of CBR to these momenta. This multi-band
generalization of the RTP will be discussed in more details in Chapter 7
of Part II, while the particular case of a two-band model corresponds to
Ny = N¢ = 1; in this case the mutually-disjoint condition is fulfilled when
Lo (IT) # L. (IT) for IT € A, E and the composite band representation reduces
to a basis band representation induced from one of the basis orbitals BBR[¢].
If the valence subspace comprises of multiple bands, the electric polarization
at a reduced momentum k| is given by a sum of electric polarization of all
valence bands [as was shown in Sec. 2.1.4.2):

N, :
P2(k,) :]; 217'(/7r dke, (u5(k) |3y 1;(k)), (5.11)

where ‘u j(k)>, j=1,...Ny is a set of differentiable intra-cell functions that
span the valence subspace of a tight-binding Hamiltonian at each k. The RTP
invariant is a difference in electric polarization given by Eq. (5.11) between
reduced momenta A and &. The angular momentum anomaly (5.7) is valid
for the multi-band RTP when the number of faceted bands with valence-like
angular momentum at IT § f(b)zv(l_[) is equal to the number of states whose

itinerant angular momentum belongs to the valence set {C (I1 )}NZ’

1 we
prove this in the following.

First, using the notations introduced in Sec. 2.1.4.1, we express the RTP
invariant in terms of the hybrid Bloch-Wannier functions. For this, we express

the intra-cell function u;(k) in terms of hybrid functions

N,

u}’-‘(kL,kZ):Z:l[uf(kL,kz)}quz e hRetzdy o(ky, Rep),  (5.12)
9= z=—%

by inverting Eq. (2.34) and additionally assuming a gauge transformation
Uj, (k) that mixes bands within the valence subspace. Unitarity of the gauge
transformation implies that Eé\jzvl[lﬁ(k)} jqlU(k)]gp = 6jp. After plugging
Eq. (5.12) into the definition of the electric polarization (5.11) and performing
some algebraic transformations, we get the following expression for the
polarization:

Z U (ke kz)]jgox. [UT (k1 k2)]gi
ja= 1,71
o Ny+N;

+Z Y Z Vi o(k1, Rz, ) \2Rz

j=1R;=—0c0 a=1
Ny Ny+N, dk
Z
+2 Z /27‘[
=1 a=1 ",

2
i (ki k)

ZIX/ (513)

where the first term, responsible for the gauge freedom, is quantized to
integers. Moreover, the requirement of a global smooth gauge ensures that
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this integer is independent of k|, and therefore, this term drops in the
difference in polarization between two reduced momenta:

Ny Ny+Ne Ro

AZxa=Y Y, | L [Vikolks, Rea)|*Re
j=1 a=1 [R.=—Ry
”dk 2 |
+/ S uf(ky k)| zal | (5.14)
A

where we set the hybrid functions in unit cells |[R;| > Ry to zero; since the
hybrid functions are exponentially localized in z-direction, for large enough

Ry this does not modify the results up to exponentially small corrections.
In the following, we show that the second term in this expression vanishes.

Note, that its dependence on the basis orbitals positions z, encodes the
dependence of the electric polarization on the position of the spatial origin
and on the choice of the unit cell. We can rewrite the summation over all
valence states in terms of a projector onto valence subspace:

Ny Ny+Ne
/dk (H k) Zy
j:l a1 I 27
T dk.
o Try |Zeen Z ’”] (I7, kz)> <”j(Hrkz)‘
-7
T dk, &
= o Tr, [Zceupce ,kz)} = Z Zoy (5.15)
“n a=1
where 2.y = Y, |«) z4 (@] and in the last row we denoted the projector

onto the valence subspace in the intra-cell Hilbert space as P$e!. In the last
step, we used the fact that at reduced momenta IT € {A, &} with fulfilled
mutually-disjoint condition the valence bands form a basis of the valence
subspace. Hence, the projector is k,-independent and is equal to

peell — In, O , (5.16)
0O O

where 1y, is an identity matrix of the size N, and 0 denote zero matrices of
complementary sizes, such that the whole projector has the size N, + N.. We
see that the origin-dependent term (5.15) does not depend on the concrete
value of 11, and hence it vanishes in the Eq. (5.14). Then the RTP invariant
expressed in terms of hybrid functions is

Ny Ny+Nc¢ Ro

APps = 2 Z . ZR R, [|V]_o (8 R, a)|* — |VjAO<ArR21“)|2} - (5.17)
a=1 z=—R

As the second step of the proof, we express the number of states, localized
on the bottom facet, with valence-like itinerant angular momentum at a given
reduced momentum I1, in terms of the hybrid Bloch-Wannier functions. In
the previous sections we formulated the angular-momentum anomaly for a
semi-infinite geometry. However, here, for convenience, we consider a finite

in z-direction and infinite in (x,y)-plane slab. For large enough systems,

angular-momentum anomaly derived for the bottom facet of a finite geometry
holds as well on the bottom facet of a semi-infinite geometry. In a finite
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slab, the hybrid Bloch-Wannier functions are replaced by bulk-like hybrid
functions Vj/k R (K1, R, ) defined in Sec. 5.1.3 in the presence of periodic
boundary conditions. The hybrid functions in a finite and infinite geometry
converge to each other for large enough systems. Given the projector onto
the bottom facet (5.5),

(o) Lo (TT) = Tr [Po(T) P, (IT)], (5.18)
where N
=Y. Y Vi) (Vi k.| (5.19)
j=1Rz=—o00

is the projector onto the valence subspace of the Hilbert space. Taking the
difference between two rotation-invariant momenta and substituting the
projector onto the bottom-facet-localized states as defined using the Wannier
cut in Egs. (5.4) and (5.5), we find

() Lo(E) — o) Lo(A)
N, MNo—Ny

“n[RY L W) Vi

j=1 R.=Np+1

A
(5.20)

=
flan

where in the second line we used that the identity operators computed for A
and & cancel each other and the projector on the valence subspace P, sets the
sum over conduction hybrid states to zero. In the last step of the derivation
we use the explicit form of the projector P| which sets to zero the values of
the hybrid function at layers z > Nj/2. We compute the trace in Eq. (5.20)
and get:

Lo(Z) — ) Lo(A)
AN, NMo—Nf Ap/2

Z Z ’ kLRz kl/R;f“)|2

Br) £

M

b)
oy

a=1 R;=N;+1R= g
Ny Np+N. No—N7 min(Ny/2,R;+Rg) _ ’ A
= Z Yy X D Vi, r. (L, R, )
: a=1 :Nf+1 Rlz:RZ_RO =
A

" Ny+N. No—Nf min(Ny/2—Rz,Ryp)

Z Z | kLO kLIRZ/ )‘2

a=1 :Nf+l Rzszo

(5.21)

\
Hthz

=
faf

The summation over R; in Eq. (5.21) can be split into three contributions. (i)
For R; > Njy/2 + Ry the sum over R; has no elements as the upper limit of
the sum is lower than the lower limit. (i) For R, < Ay/2 — Ry the sum over R,
runs from —Ry to Ry and together with sum over orbital index « results in the
normalization of the hybrid functions which is equal to one. These terms are
equal at both rotation-invariant momenta A and = and therefore are canceled
after subtraction. (iii) For intermediate Ny/2 — Ry < R, < Ny/2 + Ry the
sum is truncated at AVp/2 — R; and since the hybrid functions depend only
on R, we can rewrite summations over R, and R, as

Ny/2+Ry Ny/2—R;
Y. |ijlo(kL,Rz,fX)|2
R;=Ny/2—Ro+1 R,=—Rg
Ry
= Z (Ro —Rz) ‘ ik, 0 (ki, Rz a )’ . (5-22)

R.=—Ry
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The term proportional to Ry in this sum, when summed over the orbital
index «, is constant for the same reason as described above, and therefore
it vanishes when taking the difference between rotation-invariant momenta
A and E. We arrive to the following expression for the angular momentum
difference:

= . Z Rz [’V]‘Eo(E,RZ,Ix)F — ’V]‘A()(A, RZ,DC)IZ} . (5.23)

Finally, recall that for large enough slabs the bulk-like hybrid functions
Viro(IT, Rz, &) converge to the bulk hybrid functions of infinite geometry
V]-HO(H, R, ). In the large-size limit, the right-side of Eq. (5.23) becomes
identical to the expression for the RTP invariant (5.17). This concludes the
proof of the nagular momentum anomaly (5.7).

Further implications of the anomaly are discussed in the subsequent two
subsections.

5.3 CONDITIONALLY-ROBUST SURFACE STATES AT SHARP BOUNDARIES

The RTP implies conditionally-robust surface states; namely, the interpolation
of surface-state energies across the bulk energy gap is robust against gap- and
rotation-symmetry-preserving deformations of the bulk Hamiltonian, assum-
ing that the surface Hamiltonian is rotation-symmetric and satisfies the sharp
boundary condition. ‘Sharpness’ of a boundary means that all Hamiltonian
elements are exactly as they would be in the bulk, except for hopping matrix
elements crossing a surface; these latter elements are set to zero. Examples of
such conditionally-robust surface states were numerically observed for the
rotation-symmetric Hopf-insulating models in Refs. [55, 92], but have thus
far lacked explanation.

Here, we explain the relation of these conditionally-robust surface states to
the RTP invariants. First, in Sec. 5.3.1 we use spectral properties of Toeplitz
and circulant matrices to derive a bulk-boundary correspondence for surface
states along lines connecting high-symmetry momenta in rBZ. In Sec. 5.3.2
we discus how much information the RTP invariants convey about the actual
shape-topology of the Fermi lines formed by the surface states inside rBZ.
Finally, in Sec. 5.3.3 we compare our theoretical discussion against concrete
numerical calculations performed for the MRW model.

5.3.1 Bulk-boundary correspondence at sharp boundaries

To prove this conditional robustness, we first focus on rotation-invariant
lines (denoted -7) that project onto reduced momentum IT € {A,Z}. By
restricting the bulk Hamiltonian i(k) to any of these lines, we obtain a
Hamiltonian hy(k;) that depends continuously on one parameter k. Because
of the mutually-disjoint condition (4.10) at IT, hry(k;) is a diagonal two-by-
two matrix (for all k;), in the basis that simultaneously diagonalizes the
rotation matrix. Thus, hrj(kz) = hij(k;) @ hi;(k;) can be interpreted as a
direct sum of Hamiltonians for two non-hybridizing chains, with each chain
having one orbital per primitive unit cell.
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Generally, the Hamiltonian of a one-orbital-per-cell chain with sharp
boundaries is equal to a Hermitian Toeplitz matrix.5 As was shown in
Ref. [164] for a sufficiently long chain, the spectrum of a Toeplitz matrix is
asymptotically equal to the spectrum of a corresponding circulant matrix®
which describes the same tight-binding model with periodic (instead of open)
boundary conditions. It is known that a Hamiltonian defined on a periodic
chain of length L, with one orbital per unit cell, gives a continuous energy
band in the limit L — co. In particular, there are no isolated states outside of
the (single) energy band for both {; (k) and h{;(k;). Crucially, per the result
of Ref. [164], it follows that the continuity of the spectra of h{} and h{; persists
in the presence of open boundary conditions on the chain, meaning that the
two-orbital-per-cell chain k1 has no in-gap states at sharp boundaries.

Here, the angular-momentum anomaly enters the stage. As argued in
Sec. 5.2, Eq. (5.7) with AP,z > 0 implies the existence of |A Pz |-number
of ‘anomalous’ bottom-surface-localized energy band(s) whose itinerant
angular momentum is bulk-conduction-like at A and bulk-valence-like at E.
Moreover, the absence of any discrete energy eigenvalues within the bulk
energy gap at both A and & (explained in the previous paragraph) ensures
that each of the anomalous surface-localized energy bands is energetically
attached to the bulk valence band at E, and also energetically attached
to the bulk conduction band at A. Thus, if we associate one E(k,) (i.e.,
energy vs. reduced-momentum) dispersion to each linearly-independent,
surface-localized Bloch state, it is guaranteed that at least |A Zz|-number
of surface-state dispersions interpolate across the bulk gap as the reduced
momentum is varied along any (possibly curved) line connecting A and E.
We note in passing that the conditionally robust surface states are also present
for multi-band RTP invariants, as discussed in more details in Chapter 7 of
Part II and proved in Appendix C.2.

To be more precise, let us parametrize any such a line as k, (f) with
t € [0,1] [where k, (0) = A and k, (1) = E]. Then for any fixed reference
energy E within the bulk energy gap, one can associate to each linearly-
independent Bloch state (at energy E) a scalar velocity dE;/dt, with j an
index to distinguish between multiple Bloch states crossing E [with possibly
several such states along a given band, cf. Fig. 5.4(a)]. These velocities are
related to the RTP invariant as

25 ] p (5-25)

AP pg = — ngn {dt
j

where }; sums over all states at the reference energy [denoted by green
dots in Fig. 5.4(a)]. Thus, there are minimally |A %5z |-number of Bloch
states at the reference energy, all with the same sign for the velocity. In
principle, however, this number can be increased by any even number, so
long as each added pair of Bloch states comes with opposite signs for dE;/dt.
Such possible additions are attributed to (i) non-anomalous surface-localized
energy bands whose itinerant angular momenta are either bulk-conduction-
like at both A and =, or bulk-valence-like at both A and E or to (ii) additional

Elements of a Toeplitz matrix 7 are constant along each diagonal, i.e., 7;,]- = 77,]-. Hermiticity
further implies 7;_; = 7;’:1-.

Circulant matrices form a special class of Toeplitz matrices with ¢;_ j = Con+i-j for matrices of
size n x n. Given a Toeplitz matrix A;; = a;_; we define the corresponding circulant matrix as

S L fori=j, (5.24)
i—j = .
a_jrj+an_iyj otherwise.
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Figure 5.4: (a) Spectrum of a semi-infinite RTP insulator with an RTP invariant
APpz = 1 along a path in rBZ, that starts at A, ends at & and is parametrized by a
real parameter ¢. Given any reference energy E inside the bulk energy gap, the value
of the RTP invariant is equal, up to a sign, to the sum of sgn[dE;/dt] (signs of scalar
velocities) over all surface-localized states (j) that cross E (green dots), cf. Eq. (5.25).
(b) The surface-localized states form Fermi lines (green lines) at the Fermi energy
with an orientation defined by green arrows. (c) There is an ambiguity in the exact
number and position of the Fermi lines which is assigned to (i) the possibility to add
or remove pairs of Fermi states with opposite signs of scalar velocity, and (ii) the
possibility to shift a Fermi state along the AE line without removing it. In this sense
panels (b) and (c) are topologically equivalent, and can both arise for APxz = 1.

crossings of E by the anomalous band when parameter t swipes the interval
[0,1].

Figure 5.4(a) illustrates how the counting in Eq. (5.25) is done for a
schematic energy spectrum representing the case of A%z = 1: there are five
surface-localized Bloch states at the reference energy E, of which four have
pairwise opposite signs for their scalar velocity. One pair [denoted by j = 4,5
in Fig. 5.4(a)] can be associated with a non-anomalous surface-localized
energy band ‘peeled’ off from the bulk-conduction valence band. Another
pair [denoted by j = 2,3 in Fig. 5.4(a)] is attributed to additional crossings of
energy E by the anomalous band. Contribution from these pairs vanishes in
Eq. (5.25) leading to a correct prediction of the RTP invariant.

5.3.2  Fermi-line topology

The above argument holds for any E within the bulk energy gap, and holds
in particular for E being the Fermi energy of the bulk insulating Hamiltonian
for an electronic system. This has further implications for the topology of
‘Fermi surfaces’ at sharp boundaries. Since Fermi surfaces contributed by
surface states form lines in the rBZ, we henceforth call them Fermi lines.

It is useful to equip each Fermi line with an orientation: for this we define a
right-handed (possibly non-orthogonal) system of the following three vectors:
(i) the first vector equals to #(dE/dt) (with # a unit two-vector that is locally
parallel to the rBZ-line AE, and points in the direction of increasing t), (ii) the
second vector points in the paper-to-sky direction, and (iii) the third vector is
locally tangential to the Fermi line. The orientation of the third vector is fixed
by the handedness of the frame, thus defining the orientation of the Fermi
line. For illustration, Fig. 5.4(b) presents five segments of the Fermi lines
crossing the rBZ-line AE, with orientations determined by applying the right-
hand rule to Fig. 5.4(a). Because the right-hand-rule mapping is bijective, one
can also start from the oriented Fermi-line segments in Fig. 5.4(b) to deduce
the signs of dE;/dt and therefore the RTP invariant via the rule in Eq. (5.25).

Let us now consider the inverse problem of determining Fermi lines from
the RTP invariant(s): knowing all the RTP invariants in the rBZ, can one
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infer the topology of the shape of Fermi lines, as well as their orientations?
We argue that the answer is ‘no’, i.e., that the Fermi-line topology remains
ambiguous, which can be understood as follows. For each RTP invariant
between reduced momenta IT; and Iy, one can infer that the sum of all
Fermi-level states on a possibly-curved rBZ-line (connecting I1; and I1y)
must satisfy the velocity-RTP rule in Eq. (5.25). There are two potential
sources of ambiguity. First, the oriented segments of Fermi lines crossing the
rBZ-line I'I1, are determined modulo an ambiguity in the exact positioning
of segments along II;II,; however, such smooth changes cannot induce
changes in the topology. On the other hand, the Fermi lines crossing the
rBZ-line I1I1, are fixed modulo addition/subtraction of pairs of Fermi-line
segments with opposite orientations [as illustrated in Fig. 5.4(b,c)]; as this is
a discontinuous change that alters the number of summands in Eq. (5.25), it
should be expected that it implies a change in the Fermi line topology.

The oriented Fermi-line segments, which are in the described sense am-
biguously defined over all rBZ-lines {II1I1,} on which an RTP invariant is
well-defined, can be continued and connected to form closed Fermi loops
that preserve orientation. We illustrate in Fig. 5.6(b,c) two topologically re-
constructed Fermi lines obtained in this way for the same choice of RTP
invariants, with the Fermi lines being topologically distinct from one an-
other because of the ambiguity explained here. The ambiguity due to addi-
tion/subtraction of paired Fermi-line segments translates to an ambiguity
due to addition/subtraction of ‘trivial” Fermi loops; if a Fermi loop intersects
any rBZ-line for which an RTP invariant is well-defined, the condition of
‘triviality’ means that the intersection does not modify }; sgn[dE;/dt].7

5.3.3 Sharp-boundary states and Fermi-line topology in P4-symmetric model

To illustrate the findings of this section, we focus on the same P4-symmetric
tight-binding Hilbert space that formed the basis for the Moore-Ran-Wen
model, presented in Sec. 4.4.2. To remind the reader, the mutually-disjoint
condition holds at all rotation-invariant reduced momenta {T',X,M}, and
the iso-orbital condition holds also for any pair in this set, implying an RTP
invariant is well-defined for any pair in this set. There are however only two
independent RTP invariants.

We start by looking at a semi-infinite Moore-Ran-Wen model Hamiltonian
[given in the bulk by Eq. (4.24)] with & = —2, for which the polarization pro-
trudes in the negative z-direction at C4-invariant momentum I' [orange line
in Fig. 4.2(d)]. In Fig. 5.5, we present the energy spectrum of the model, with
colors (blue vs. red) indicating the contribution of basis orbitals (with on-site
angular momentum £ = 0 vs. £ = 1) to the eigenstates. At rotation-invariant
reduced momenta, each valence (resp. conduction) bulk state has itinerant
angular momentum £, = 0 (resp. L. = 1). The itinerant angular momentum
of the anomalous surface-localized energy band is bulk-valence-like at X and
M, and bulk-conduction-like at I'. At a sharp boundary [cf. Fig. 5.5(a)] we
indeed see that, in accordance with the above argument, the surface-state
energies interpolate from the bulk-conduction band at I' to the bulk-valence
band at X; likewise, a similar interpolation occurs between I' and M.

Now let us illustrate for the present RTP invariants [shown for the studied
model in Fig. 5.6(a) with the arrows denoting the direction in which the polar-

7 An example of a nontrivial loop is any that encircles only one rotation-invariant reduced
momentum I, assuming I is mutually-disjoint and belongs to an iso-orbital subset. An
example of a trivial loop is any that encircles no such IT.
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Figure 5.5: Spectrum of a semi-infinite MRW model with parameter ® = -2
[Eq. (4.24)] defined for z > 0. The shades of blue vs. red denote contributions
to the eigenstates from the basis orbitals with angular momentum £ =0vs. £ = 1.
At rotation-invariant reduced momenta the states are purely represented by or-
bitals with £ = 0 or 1. (a) Sharp boundary possessing a gapless surface state. (b)
A surface-localized potential V = —1.3 added to both orbitals in the bottom layer
of the semi-infinite system opens a gap in the surface spectrum. (c) There exist a
Hamiltonian perturbation that detaches the surface state from the rest of the spectrum.
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Figure 5.6: (a), (d) RTP invariants in the top right quadrant of the rBZ for the MRW
model with parameter values (a) & = —2 and (d) & = 2. Arrows denote the direction
along which the polarization is changing by the shown values. (b), (c), (e) Fermi lines
are denoted by green lines and their orientations by green arrows. Green shaded areas
correspond to momenta in rBZ at which the surface-localized states are occupied. In
panel (b) we show the minimal number of Fermi lines that is compatible with the RTP
invariants for the MRW model with ® = —2. Another possible topology of Fermi
lines is shown in panel (c), which differs from panel (b) by the addition/subtraction
of Fermi loops that intersect the XM rBZ lines twice and with opposite orientations.
In both (b) and (c), the surface-band state at I' (at X and M) is empty (occupied). (e)
The areas of occupied surface states enclose different high-symmetry momenta in
rBZ when the model parameter is changed to ® = 2 and the RTP invariants acquire
different values.
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ization difference is calculated and the values equal to A& in this direction]
the possible topology of Fermi lines. In Fig. 5.6(b), we draw the minimal num-
ber of (oriented) Fermi lines compatible with the RTP invariants A%y 11,
I3, I, € {T, X, M}, IT; # IIp, within one quadrant of rBZ (denoted by green
arrows). The Fermi lines at other quadrants can be obtained by a four-fold
rotation of the displayed pattern around I'. The area where the surface states
are occupied with electrons is denoted by a green shade. Importantly, the
RTP invariant defines only the minimal amount of Fermi lines that cross a
given line connecting two rotation-invariant reduced momenta. As we show
in Fig. 5.6(c), the connectivity of the Fermi lines can change, for instance, due
to the addition of trivial Fermi loops located between X and M, which do
not enclose any rotation-invariant reduced momentum and which contribute
to the summation in Eq. (5.25) with a pair of states of opposite scalar velocity.
However, the ambiguity in connecting the Fermi lines does not change the
fact that for the given RTP invariants, the reduced momenta X and M are
surrounded by areas with one more occupied surface state than in the area
around the reduced momentum TI'.

Reduced momenta around which the surface states are occupied can
change when the values of the RTP invariant change. To see this, consider
the MRW model with the parameter value ® = 2. The corresponding values
of the topological invariants can be read from Fig. 5.6(d); in particular, note
that the Hopf invariant coincides with the one for the previously considered
parameter, i.e., x[® = —2] = x[® = 2] = —1. We see in Fig. 5.6(e) that with
the new parameter value the areas with occupied surface states surround
reduced momenta I' and X, instead of M and X.

We emphasize that the assumption of a sharp boundary is essential for
the robust surface states as it allows to use certain spectral properties of
Toeplitz matrices. For non-sharp boundaries, the anomalous surface bands
can be detached from the bulk bands. Because the energy eigenvalues of each
anomalous surface band form a sheet over the rBZ, it is in principle possible
that none of the sheets intersect the Fermi level, implying the existence
of an energy gap to surface-state excitations.® To illustrate this point for
the MRW model, we added to the bottom layer of the sharply-terminated
tight-binding Hamiltonian an on-site potential that does not discriminate
between s and p4 orbitals. This leads to an energetic detachment of the
anomalous surface-localized energy bands from the bulk-conduction band in
Fig. 5.5(b), thus confirming that surface states are not robust for an arbitrary
surface termination.? Finally, we show in Fig. 5.5(c) that the anomalous
surface-localized energy band can be energetically detached from both bulk-
conduction and bulk-valence bands for a particular, rotation-invariant surface
termination. However, despite the complete detachment, the itinerant angular
momenta of the surface energy bands remain anomalous. This has non-trivial
implications for their Zak phase, which we explore in the next subsection.

5.4 ZAK-PHASE ANOMALY

The angular-momentum anomaly at two rotation-invariant momenta A
and E implies the existence of “anomalous’ faceted band(s) whose itinerant
angular momentum is bulk-valence-like at one rotation-invariant, reduced

This however does not rule out the existence of ‘gapless’ excitations due to higher-order topology
[115, 165] — a concept explored for delicate topological insulators in Ref. [166].

This is how we actually constructed the projectors P and Q with smooth-in-k | restrictions P|x N
and Q|x, when generating the data in Fig. 5.3.
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momentum, say A, and bulk-conduction-like at another, say =. This implies
that there exists a symmetrically-chosen loop (to be specified below) in the
reduced Brillouin zone which passes through both momenta, such that the
Zak phase of the faceted band(s) (henceforth called the faceted Zak phase) is
topologically distinct from both the bulk-conduction Zak phase and the bulk-
valence Zak phase on the corresponding BZ loop. We call this distinction of
Zak phases the Zak-phase anomaly.

Our discussion is structured as follows. First, in Sec. 5.4.1, we define the
faceted Zak phase. Then we proceed with Sec. 5.4.2 to define the bulk-Zak
phases. Having all the definitions at hand, in Sec. 5.4.3 we exemplify the Zak-
phase anomaly through the P4-symmetric Moore-Ran-Wen model. Finally,
in Sec. 5.4.4, we precisely formulate the Zak-phase anomaly for all Pn space
groups. We clarify what we mean by two Zak phases being ‘distinct’, and we
summarize in Table 5.2 all the ‘symmetrically-chosen rBZ loop” for which
the Zak-phase anomaly exists.

5.4.1 Faceted Zak phase

The faceted Zak phase is simplest to conceptualize in the case where the
faceted band is a single surface-localized energy band that is completely
detached from both the bulk-conduction and the bulk-valence bands, as
illustrated in Fig. 5.5(c) for the P4-symmetric MRW model under non-sharp
boundary conditions. Letting |v(k )) denote the intra-cell'® wave function
of the detached band, we define the faceted Zak phase as a line integral of the
associated Berry connection over a symmetrically-chosen loop S in the rBZ
(dk, denotes a line element along this loop):

%= [k, - A,
S

AL = (A Ay), Aylo(ky)] =i(o(ky)|9u0(ky)) . (5.26)

The path S is chosen so that the faceted Zak phase is quantized to integer
multiples of 27t /n owing to the Pn symmetry. A few representative examples
of symmetrically-chosen loops are illustrated in Fig. 5.7, but a full disclosure
on the general form of the loops for any Pn symmetry is deferred to Sec. 5.4.4.
We emphasize that the faceted Zak phase inputs the wave functions of surface
states independent of whether the states are occupied by fermions.

More generally, one may deal with any number of surface-localized energy
bands (as long as they are detached from the bulk energy bands), or any
number of surface-like polarization bands. Then the faceted Zak phases are
obtained as the phases of the eigenvalues of a Wilson-loop matrix; this matrix
is a path-ordered exponential of the non-Abelian Berry connection:

We = Texp {i/‘dkl . AL[U(kL)]] ,
5 (5-27)

Al = i<vj(kL)‘aﬂvj’(ki)> '

where T is the path-ordering operator, and j,j’ are band indices of the
surface bands. An algorithm to extract the intra-cell wave functions |vj(k 1))
for surface-like polarization bands was introduced in Ref. [167] and was
reviewed pedagogically in Sec. 5.1.3.

10 For the semi-infinite geometry, the ‘cell’ is infinite in the z-direction.
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Figure 5.7: An (incomplete) list of symmetrically-chosen rBZ-loops for which a
Zak-phase anomaly may exist. (a) Cp-related-, (b) Cs-related- and (c) Cy-related-
two-segment loops. (d) and (e) Two exceptional four-segment loops, described in

Sec. 5.4.4.

5.4.2 Zak phase of the bulk bands

The Zak-phase anomaly states that the faceted Zak phase is topologically
distinct from the bulk-conduction Zak phase as well as from the bulk-valence
Zak phase, which inputs the wave function of the bulk-conduction resp. the
bulk-valence band:

%= [ dki ALk k), = o (528)
S(kz)

The line integral is over a loop S(k;) contained within a plane of fixed k; if
projected in the k, direction, S(k;) coincides with S defined for the faceted
Zak phase. Note that 2,y can depend on k; through S(k:) for a general
two-band Hamiltonian. However, the C;,, symmetry [in combination with the
fact that S(k;) is a symmetrically chosen path] imply that the admissible
values of Z; are quantized to integer multiples of 27t/n, which reduces the
prospective k,-dependence to discontinuous jumps. But such discontinu-
ities are forbidden under the assumption that the two-band Hamiltonian is
insulating, hence the bulk Zak phase ultimately has no k, dependence.

5.4.3 Case study: P4-symmetric Moore-Ran-Wen model

Let us illustrate the Zak-phase anomaly with the P4-symmetric MRW model
Hamiltonian given in Eq. (4.24). We focus on the parameter range —3 <
® < —1 where the polarization protrudes (in the negative z-direction) at
I', as illustrated in Fig. 4.2(d); this implies RTP invariants A%rx = 1 and
APry = 1. The corresponding energetically detached anomalous surface
band is illustrated in Fig. 5.5(c) for a suitable choice of a non-sharp boundary.

According to our formulation of the Zak-phase anomaly, we expect that the
faceted Zak phase, computed for the anomalous surface band in Fig. 5.5(c),
is distinct from the bulk Zak phases. Based on the just-mentioned RTP
invariants, we further expect this mismatch of Zak phases for an rBZ-loop
Sy passing through momenta I' and X, as well as an rBZ-loop Sy passing
through I and M. For this mismatch to be quantized to integer multiples of
27t /4, the rBZ-loops must be chosen symmetrically: we choose S, (resp. Sy)
such that half the loop is mapped to the other half by a two-fold (resp. four-
fold) rotation in the rBZ, as illustrated in Fig. 5.7(a, ¢). While S; = XTI'(C2X)
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can be chosen as a straight loop, S4 = MI'(C4M) necessarily has kinks at
the four-fold-invariant momenta.”* The advantage of these C,,-related loops
(m = 2,4) is that the Zak phase for a nondegenerate energy band is quantized
to rational multiples of 277 and fully determined by the itinerant angular
momenta at I', X and M, according to a theorem in Ref. [134] (cf. Sec. IVD1
therein):

Zrex),; LX) = L;(T)

oy 1 5 , (5.29a)
2Mr(cm),j E]-(M) - E]-(l")
T —1 4 s (529b)

where j € {v,c, f} respectively denotes the bulk-valence, the bulk-
conduction, and the faceted Zak phase.

Let us offer a hand-waving argument that captures the essential intuition
of the above results. The Zak phase for MI'(C4M) can be expressed as a sum
of two contributions: Zyir(c,m) = wmr + Wr(c,m), With wyr [resp. wrcvl
the contribution from the oriented line MT [resp. I'(C4M)]. Note that Wr(c,M)
receives as input the wave function along I'(C4;M), which is related by four-
fold symmetry to the wave function along MI'. However, MI' is mapped
by four-fold rotation to the inverse of I'(C4M), i.e., T(C4M) with opposite
orientation. It follows that the contribution to Zyr(c,m) from an infinitesimal
line element along MI" cancels the contribution from a rotation-related line
element along I'(C4M); the only nontrivial contributions to 2ur(cym) arise
from applying four-fold rotation to the Bloch states at rotation-invariant
momenta, thus giving Eq. (5.29b). This sketchy explanation is formalized in
Appendix C.1.1.

Equations (5.29) can be applied to calculate the bulk-conduction Zak phase,
the bulk-valence Zak phase, as well as the faceted Zak phase. For the bulk Zak
phases, we input into the formula the values of itinerant angular momenta
in the second row of the P4 segment of Table 4.1. To compute the faceted
Zak phase, we apply that the itinerant angular momentum of the anomalous
surface band is bulk-valence-like at X and M and bulk-conduction-like at I'
according to the angular-momentum anomaly [cf. Sec. 5.2]. The final result
of these computations confirms a mismatch between the bulk and faceted
Zak phases, namely:

for XT'(CoX): 25, =0, 2.=0, fo:n,

(5:30)
for M['(CM) : 2, =0, 2. =0, Z5=23m1/2,

with all equalities understood to hold modulo 277. Similar computations can

be performed for different choices of the parameter ® in the MRW model,

with the resultant values of the Zak phases summarized in the second row

and last column of Table 5.2.

5.4.4 Zak-phase anomaly: main result

Having obtained some intuition about the Zak-phase anomaly in specific
models, we now prove it in a more general setting. Let us first specify
the symmetrically-chosen loops for which a Zak-phase anomaly exists in
correspondence with a nontrivial RTP invariant in general Pn symmetric

Compare also to similar consideration of Berry phases on Cz-related paths by Ref. [43] within
the context of fragile topology.
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Table 5.1: Summary of the phase diagram and the Hopf-RTP relation [cf. Eq. (6.5)] for
the tight-binding models presented in Table 4.2. The MRW model corresponds to the
second listed model. The column ‘Phase diagram’ specifies the values of the Hopf
and RTP invariants in each phase of the given tight-binding models, specified by the

values of the model parameter ®.

Model symmetry Hopf-RTP relation
SG AL Ar, Hopf-RTP relation Phase diagram
x[0T2T2T0
P4 0 (%/%) X =4 2APxm Ayx:j{o 1]-1 0}
11 3@
x[0TaT2T1T0
_ Azrx [0]1]-1]0]0
1 (0,0) X=4 8P +20Frx L7000
3-113¢@
0[-1]o1]0
(%/%) X =4 APyr A%Iﬂo 101 0}
3-113¢2
x[o]2To]=2]0]
2 (0,0 X =4 20 Pyr APyr[0]-1[0]1]0]
31132
0l1[1T0
P3 0 (%/%) X =3 APyrg A*D}K’i{() 1]-1 o}
90 9 @
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Table 5.2: Summary of the bulk-boundary correspondence [cf. Egs. (5.32), (5.34)
and (5.36)] for the tight-binding models presented in Table 4.2. The MRW model
corresponds to the second listed model. The column ‘Loop’ lists all k-loops going
through at least one pair of rotation-invariant momenta for which the RTP invariant is
nontrivial and a Zak-phase anomaly exists. The bulk Zak phases are given in columns
‘%" and Z’; the faceted Zak phase is given in the column “Z%(®)’ as a function of
the parameter ®. G; = (27,0) is one of the reciprocal lattice vectors in the reduced
BZ.

Model symmetry Bulk-boundary correspondence

SG AL Ar, Loop 2 2 Z(P)
P4 0 (L) IMT+G)XT 0 0 [o[=[<]0]

XF(C2X) 0 0 0 m T 0 0

1 0,0
(0,0) M (CM) 0 0 0 [37/2] 0 [7/2] 0
3 -1 1 3 @
(%,%) MI(C,M) 0 T [0 [3x/2[ 0 [3a/2] 0 ]
3 1 1 3 o
2 (0,0 MI(CsM) 0 0 [o]afo]~]o0]
3 01 1 3 @

P3 0 (}3) K'K(G'K) 0 3 [0 [wpfms] o]

KT(C5K) 0 0 0 [ 0 [4x/3[27/3] 0

1 (0,0) K'T(CsK') 0 0 0 [2n/3/47/3] 0 | 0

-6.75 -2.25 225 6.75 P

P6 1 (0,0) KI'(C3K) 0 0 g 4/3] 0 271'/327;/3 g
MI(GM) 0 0 il
0 2 1 6 7 @

2 (0,0) KI(CsK) 0 0 [0 pepl 0]

105 15 75 @
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models. We assume that the RTP invariant A&,z > 0 for two rotation-
invariant reduced momenta A and &. The associated little groups are denoted
by Ga and Gz, with both groups being subgroups of the cyclic, order-n group
Cy, which is isomorphic to the point group of Pn.

Suppose there is an integer m that satisfies the following two properties:

(i) m > 1 and divides the order of Gy, for both IT € {A, E}.

(ii) The itinerant angular momenta of bulk-conduction and bulk-valence
bands are distinct modulo m:

Ec(n) Fm Ev(n)/ (5.31)
for both IT € {A, E}.

If there are multiple values of m satisfying (i—ii), for concreteness we choose
the largest such value for m. Then the Zak-phase anomaly exists for a suitably
chosen oriented loop in rBZ. This loop is defined as a (possibly bent) path
that concatenates two segments, EA and A(E + G), such that one segment is,
up to a translation by a reciprocal lattice vector and with reversed orientation,
equal to the C, rotation of the other segment: A(E + G) = C,(AE) + G'. For
brevity, we call such path as a Cy,-related-two-segment loop. In Fig. 5.7(a—), we
illustrate a representative C,,-related-two-segment loop for all m = 2,3,4.">

Let us formulate the Zak-phase anomaly for these two-segment loops,
supposing that the faceted-band subspace consists of N linearly-independent
Bloch states that are smoothly defined over the rBZ. We emphasize that this
discussion equally applies to a set of surface-localized energy bands detached
from the rest of the spectrum or of surface-like polarization bands defined
by the partitioning illustrated in Fig. 5.3(b,c).

Parallel transport (within the faceted-band subspace, along a rBZ loop) is
encoded in V faceted Zak phases {Q’;}{\zf 1» which are computed by diagonal-
izing the N-by-N Wilson-loop matrix in Eq. (5.27). For a generically chosen
rBZ-loop, the N phases take generic values without preference for rational
multiples of 27r. However, for the Cy,-related-two-segment rBZ-loops, we pro-
pose that A2\ z-number of the faceted Zak phases (denoted {3’;}}1:1 AP \z)
are symmetry-fixed to a rational multiple of 27t /n that depends on the itin-
erant angular momenta of the bulk-valence and bulk-conduction bands:

2 F(E) = Lo(A
ﬁq LolB) = Le(A) )m c(A), (5.32)

This result derives ultimately from the angular-momentum anomaly, which
guarantees the existence of at least AXpz-number of anomalous faceted

bands with itinerant angular momenta that are bulk-conduction-like at A
and bulk-valence-like at Z:

Lf(A) =Le(A);  Lf(E) = Lo(B). (5:33)

Application of a theorem from Sec. IVD1 in Ref. [134] (which relates itin-
erant angular momenta to Zak phases) gives us Eq. (5.32), as elaborated in

12 A Cg-related-two-segment loop does not exist because there is only a single Cg-invariant reduced

momentum — the rBZ center. For Hamiltonians with six-fold symmetry, a nontrivial RTP can
arise solely from a subgroup (e.g., P2 or P3) of the full space group.
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Appendix C.1.1. Equation (5.32) should be contrasted with the Zak phases of
the bulk-valence and bulk-conduction bands:

2% _, Lo(8) — Lo(A)
27 m !

_ . (5-34)
% L(®) - L) 7
2 ¢ m ’

which also follow directly from applying the just-stated theorem to the itin-
erant angular momenta of each individual bulk band. Both bulk Zak phases
are distinct from each of the anomalous faceted Zak phase, as can be proven
by the method of contradiction. Indeed, assuming that 27 =2, 2, Eq. (5.34)
implies that £,(A) = L¢(A) which contradicts the initial assumption (5.31).
Similarly we can prove that 27 =, 2; leads to a contradiction.

By going through all possible RTP invariants in all possible Pn-symmetric
two-band Hamiltonians, we find only two exceptions to the rule that an
integer m exists satisfying (i—ii). In both these exceptions (to be elaborated
below), we propose that the Zak-phase anomaly exists for a four-segment loop
going through four rotation-invariant reduced momenta {Q), A, Q + G,Z},
with ) and G specified below.

Exception 1: A P4-symmetric tight-binding Hilbert space that is a sum of two
basis band representations, induced from two orbitals with onsite angular
momentum difference AL = 0 and centered at C4-invariant Wyckoff positions
with relative distance Ar; = (1/2,1/2) [for example at positions 1a and 1b
defined in Fig. 4.1(a)]. According to Table 4.1, the mutually-disjoint condition
in this case is fulfilled only at reduced momenta X and M, hence there is
only one independent RTP invariant AZ’xy. In the first row of Table 4.2, we
present a model Hamiltonian that realizes Exception 1, with a one-parameter
phase diagram summearized in the first row of Table 5.1. The itinerant angular
momenta of the bulk bands satisfy

Lo(X) #2 Le(X),

Lo(M) #4 Lc(M)
but L,(M) =5 L(M)

, (5-35)

7

implying that the choice m = 4 violates the property (i) at X, while
the choice m = 2 violates the property (i) at M. One may verify
that a Zak-phase anomaly does not exist for a Cj-related-two-segment
loop MX(M + G), but it exists for four-segment loop going through
{O=T,A=M,Q+G =T+ (27,0),E = X}, as illustrated in Fig. 5.7(d).

Exception 2: A P4-symmetric tight-binding Hilbert space that is identical
to Exception 1, except the onsite angular momenta difference is AL = 2.
In analogy with the first exception, we find the appropriate four-segment
rBZ-loop that goes through {0 =M,A =T,Q+ G =M+ (—27,0),E = X},
as illustrated in Fig. 5.7(e).

In both Exceptions, the mutually-disjoint condition holds at A and =, but
not at (). [As a reminder, the last statement means that the itinerant angular
momentum at () is identical for both bulk-valence and bulk-conduction
states: £,(Q) = L(Q) = L(Q).]

By generalizing techniques developed in Ref. [134], we derive in App. C.1.2
a relation between the Zak phases (for these four-segment rBZ-loops) and the
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itinerant angular momenta of the bulk bands. We find that A% z-number

of the faceted Zak phases (denoted {Qj} }iz1,.a2,-) are symmetry-fixed
to a rational multiple of 271/n that depends on the bulk itinerant angular
momenta as:

2T EQ) = LA L(Q) = Lo(E
2% L0t E0) L) a6

where 711, (z) denotes the maximal order of rotation symmetry of the little
group G, (z). This rational value is distinct (mod 27) from the symmetry-
fixed values of the bulk-valence and bulk-conduction Zak phases:

% _ L(Q) - Lo(A) N L(Q) - Ly(8)
2 ! _oma o mz ’ (5.36b)
2 L) =LA N L(Q) — L(E)
2 ! ma mg '

Once again, we can show by contradiction that the faceted Zak phase is
always distinct from the bulk-valence and bulk-conduction Zak phases.

To illustrate the Zak-phase anomaly for a four-segment loop, we employ
a model Hamiltonian presented in the first row of Table 4.2, and substitute
the bulk values of itinerant angular momenta into Egs. (5.36), to derive
the faceted and bulk Zak phases detailed in the first row of Table 5.2. The
remaining entries in Table 5.2 summarize the Zak-phase anomaly for various
two-segment loops, and for all remaining tight-binding models in Table 4.2
whose phase diagrams are listed in Table 5.1.



RELATING THE RTP AND HOPF INVARIANTS

By considering the k - p description near Berry-dipolar band-touching points,
we have previously argued in Sec. 4.3 that the RTP and Hopf invariants are
not completely independent; a specific relation [cf. Eq. (4.25)] between the
two invariants was extracted heuristically for a class of Hamiltonians with
P4 symmetry. In this chapter, we derive this P4 result more systematically,
and further generalize the Hopf-RTP relation to all Pn space groups, with
the main result encapsulated in Eqs. (6.3-6.5) of Sec. 6.1. Representative case
studies from all Pn space groups are presented in Sec. 6.2 to corroborate the
Hopf-RTP relation.

We prove the Hopf-RTP relation in three different ways, with each offering
distinct insights:

(i) In Sec. 6.3, we prove the relation assuming that all phase transitions are
mediated by Berry dipoles (by generalizing the arguments in Sec. 4.3).

(ii) In Sec. 6.4, we relax the just-mentioned assumption, and prove the
Hopf-RTP relation more generally by relating the angular-momentum
anomaly of RTP invariants to the bulk-boundary correspondence of Hopf
insulators (formulated in Chapter 5).

(iif) In Sec. 6.5, we prove the relation purely from a bulk perspective, by
utilizing the Hopf-Chern relation from Ref. [168].
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6.1 MAIN RESULT: HOPF-RTP RELATION

Let us first formulate the RTP invariants in the most general context of a
two-band, Pn-symmetric, insulating Hamiltonian with trivial first Chern
class.

Consider a subset of rotation-invariant reduced momenta {1_[]- } =1, ] 1N
the rBZ. For the polarization difference between any pair j,j’ in this subset
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to be quantized to integer values, it is necessary that:

(i) The itinerant angular momenta of both bulk-conduction and bulk-valence
bands satisfy the mutually-disjoint condition for all j:

AL(T1j) = L(TT) — Lo(I1;) mod myy; # 0. (6.1)

(ii) For all j, the restriction of the valence band representation (VBR) to git
is identical to the restriction of a basis band representation to T

Ja e {1,2} st. Vje{1,...,].}, VBR| =BBR|[¢,]

’Yl‘l]- “mj

(6.2)

Here, BBR[¢,] denotes the basis band representation induced from tight-
binding-basis orbital ¢, with positional center r, = (r, |,zy). Note the
equality in Eq. (6.2) holds with the same basis band representation (specified
by « =1,2) for all j.

One may view condition (ii) as a generalization of the iso-orbital condition in
Eq. (4.16) for any number of rotation-invariant reduced momenta. Conditions
(iii) jointly imply that the polarizations at all I'l; are symmetry-fixed, modulo
integers, to z,.

We take the order (J,) of the subset to be maximal, in the sense that every
rotation-invariant reduced momentum satisfying the iso-orbital condition for
BBR[¢,] and the mutually-disjoint condition should be included in the subset.
Consequently, if the subset contains a Cy,-invariant reduced momentum I1;,
it also contains all momenta from the corresponding n/m-plet obtained from
I1; by a C, rotation. Because there are only two basis band representations
in a two-band Hamiltonian, all ‘mutually-disjoint” rotation-invariant reduced
momenta in the rBZ are sortable into at most two maximal ‘iso-orbital’
subsets.

6.1.1  Pn-symmetric Hopf-RTP relation for n = 3,4,6

For space groups Pn (n = 3,4, 6), a combination of symmetry (Pn), topology
(triviality of Chern class) and Hilbert-space constraint (two-band Hamilto-
nian) ensures that all reduced momenta in the rBZ satisfying the mutually-
disjoint condition belong to a single iso-orbital subset {Hj} j=1..J, as shown
in Appendix B.3. Then the RTP invariants relate to the Hopf invariant and
the itinerant-angular-momenta differences through

I
For Pn (n=3,4,6), x=n)_ AL(IL) AP, (6.3)
j=2

Within the momenta subset, the choice of I'l; can be made arbitrarily without
affecting the above relation modulo #.

6.1.2 P2-symmetric Hopf-RTP relation

For space group P2, depending on the equivalence class® of the Hamiltonian,
either

Two Hamiltonians are equivalent if they can be continuously deformed into one another while
preserving gap and P2 symmetry.



6.2 MODEL HAMILTONIANS EXEMPLIFYING THE HOPF-RTP RELATION

(P2-I) the rBZ contains only a single maximal momentum subset satisfying
(i—ii), in which case one may also apply the formula (6.3) with n = 2, or

(P2-II) the four rotation-inequivalent rotation-invariant momenta of the rBZ
can be divided into two maximal subsets, with one subset {1_[]11 } =101
satisfying (i-ii) for BBR[¢1], and the other {I—[JZ2 }i=1,..J, satisfying (i~ii) for
BBR[¢]. It is shown in Appendix B.3 that neither J; nor J, can be odd,
lest the first Chern invariant in the (ky, k,)-plane is also odd. Focusing on
Hamiltonians with trivial first Chern class restricts our consideration then to
J1 = J» = 2, with the following, modified Hopf-RTP relation:

2
For P2-Il, x =2 ) AP (6.4)

a=1

Within any maximal iso-orbital momenta subset indexed by «, the choice
of I can be made arbitrarily without affecting the above relation modulo
2. A representative P2-symmetric model of class P2-I can be obtained by
lowering the symmetry of either of the P4-symmetric models presented in
the second and third rows of Tab. 4.2, while an example realization of a class
P2-II Hamiltonian is presented in Sec. 6.2.2.

6.1.3 Summarizing Hopf-RTP relation for all Pn space groups

The previously-presented Hopf-RTP relations can be viewed as particular
instances of a summarizing Hopf-RTP relation:

2 L
For any Pn, x =u Zl ‘ZZ AL(IT]) AQZH%H%, (6.5)
a=1 j,=

with one of {]i, ]2} possibly being zero.

6.2 MODEL HAMILTONIANS EXEMPLIFYING THE HOPF-RTP RELATION
6.2.1 Examples for Pn (n = 3,4, 6) models

For each Pn-symmetric (n = 3,4, 6) model Hamiltonian presented in Tab. 4.2,
we display in Table 5.1 the particular forms of the Hopf-RTP relation, derived
from Eq. (6.3) by inputting the model-dependent itinerant angular momenta
listed in Table 4.1. Additionally, Table 5.1 provides a phase diagram with
the values of the Hopf and RTP invariants for each phase, corroborating the
relation between the invariants.

While the Tables only explicitly describe models whose tight-binding-basis
orbitals differ in on-site angular momenta by 0 < AL < n/2, models with
AL < 0 can be obtained from the tabulated models by time reversal. One
may verify that if the Hopf-RTP relation [Eq. (6.3)] holds for a model hp . (k),
it holds consistently for the time-reversed model h_5 . (k) [related by time
reversal to 11 - (—k) via Eq. (4.28)].

Details 6.1 For this consistency check, we utilize that the Hopf invariant and the polariza-
tion transform under time reversal as in Eq. (4.29), while the difference in itinerant angular

momentum changes as B B
AL(~TLh_pg) =m— AL(G har) (66)

for a Cjy-invariant momentum I1. This equality can be derived from Eq. (4.7) with the observation
that G_r1 = Cy(—II) +IT = —Gry, and that time reversal inverts on-site angular momenta
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while preserving Wyckoff positions. Combining these time-reversal relations into the statements
of the Hopf-RTP relation [Eq. (6.3)], we get

EQ.(63) o, &
—Xlhac]l =0T = Y AL( hag) APy [hac]
=

J
Egs. (6.6,4.29) ~
= =) [mj - AE(*Hj;h—Aﬁ)] AP 11,1y [h-ac]
=2

7 Eq. (4.29)

=n ) AL(I;h_ar) AP hoac] =n xlh-acl 6.7)
i=2

To derive the third row, we used that Cj-invariant momenta always appear in n/m-plets

with equal values of polarization, and therefore we deduced, that the term ) m jA@,nl,,nj

will contribute multiples of # to the sum. To derive the fourth row, we used that a maximal
subset {IT;};—;. j satisfying mutually disjoint and iso-orbital conditions in a #[AL] model is in
one-to-one correspondence with a maximal iso-orbital subset {—~IT;};_;. j in a h[~AL] model.
Therefore one may relabel reduced momenta in the sum and arrive at the fourth row of Eq. (6.7).
Using the fact that the Hopf invariant changes sign under time reversal (4.29), we conclude that
if the Hopf-RTP relation holds for /5. then it must also hold for h_x..

6.2.2 Model Hamiltonian in class P2—II

To exemplify the Hopf-RTP relation in Eq. (6.4), we construct an explicit
model with a valence band representation that is not symmetry-equivalent to
a basis band representation. To do so, we start with the P4-symmetric MRW
model [Eq. (4.24)] and add a term that reduces the symmetry to P2:

B = (1 — cosky)os, (6.8)

which closes the bulk energy gap along two out of the four rotation-invariant
lines (yx and ypm) for 0.5 < f < 12.5. After the gap reopens, the valence band
representation satisfies

VBR — BBR[g]

Yy

U
Yy (6.9)

7

T™MUY X

VBR = BBR[¢,]

T™MU X

while the triviality of the Chern class is preserved. Since the mutually-disjoint
condition is fulfilled at all rotation-invariant momenta, the complete set of
RTP invariants is A Zry, APxm € Z. For the presented model, the Hopf-RTP
relation reads

X =2 APry + APyix- (6.10)

6.3 HOPF-RTP RELATION FROM BERRY DIPOLES
6.3.1 Berry-dipole transitions lead to Eq. (6.3)

Our goal here is to prove the Hopf-RTP relation in Eq. (6.3), assuming that one
begins from a canonical trivial phase and that all subsequent band touchings
are Berry-dipolar. By ‘canonical trivial’, we mean a phase with only on-site
energies and zero ‘hopping’ matrix elements of the real-space tight-binding
Hamiltonian. In such a phase, the Hopf and RTP invariants vanish, and
both bulk-valence and bulk-conduction bands are basis band representations.
In the following proof we assume the valence band representation to be



63 HOPF-RTP RELATION FROM BERRY DIPOLES

induced from basis orbital ¢;, and the conduction band representation from
@2. Then the itinerant angular momenta of the valence and conduction bands
are compatible with the Berry dipole k - p Hamiltonian of the form given
by Egs. (3.3) and (3.4). We comment on the opposite choice of the orbitals
inducing valence and conduction bands at the end of this section.

Let us modify the Hamiltonian and transit to a distinct gapped
phase via a Berry-dipole critical point. We assume that a Berry-dipole
band touching occurs at an (n/m)-multiplet of Cy-invariant momenta
{k' = (1T, k) } =1, n/m- As explained in Sec. 4.3 [Eq. (4.20)], the Hopf
invariant changes by an integer value:

n/m
Sy =— Y v(kh)ae(kt) = —%v(kl)M(kl), (6.11a)
t=1

with helicity v(k') = +1 and spin Al(k') € Z being parameters of the
Berry-dipole k - p Hamiltonian [cf. Eq. (3.3)] and k! being a representative
momentum of the n/m-multiplet. At the same time, according to Eq. (3.18),
the Zak phase at reduced momentum IT; must change by —27tv(k'), implying
(by the geometric theory of polarization) that the polarization at IT* changes
by 62 (I1') = —v(k'). Combining the last two equalities relates the change
in the Hopf invariant to the change in polarization:

ox = %M(kl) s2(ITh). (6.11b)

The integer-valued A/(k') defined through the continuous-rotation-invariant,
Berry-dipole Hamiltonian can be identified, modulo m, as the difference in
itinerant angular momenta between conduction and valence states at k! [cf.
Eq. (4.19)]. N

One may therefore substitute A/ — AL in Eq. (6.11b) if we relax the
equality to an equivalence modulo n:

oX =n AL(Hl o2 (1Y) ZAE (I1). (6.11¢)

In the last equality, we extended the expression to sum over all Cy, -invariant
(mr7 > 1) momenta I1, with the understanding that values of I1 not belong-
ing to the (n/m)-multiplet do not contribute to the sum, as the change in
polarization 62 (I1) is zero for these non-belongers.

Next, we apply that differences § & in polarization are unaffected by the
choice of spatial origin, hence one may as well redefine the polarization
P — P = P — z1, with z; the z-coordinate of the positional center of basis
orbital ¢y:

5x =n y_AL(TT) §[2(I1) — z1]. (6.11d)
1T

Beginning from the canonical trivial phase and tuning a Hamiltonian pa-
rameter, the net change of the Hopf/RTP invariants after a series of band
touchings is simply a sum of changes attributed to each band touching, and
moreover Jx is linearly related to 6[Z?(IT) — z1] [cf. Eq. (6.11d)]. This implies
the Hopf invariant is related to the polarization as

X =n ZAZ(H)[QZ(H) —z1). (6.11€)
II

By our assumption that the Hamiltonian has a RTP, there exists at least
one rotation-invariant momentum (call it I[T') where the mutually-disjoint
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condition is satisfied: AL(IT') # 0; the polarization 2 (IT') must then equal
z1 modulo integer, according to an argument presented below Eq. (4.9). By
replacing z; in Eq. (6.11e) by Z(IT') (mod 1), one arrives at

X =nY_AL(IT)[2(1T) — 2(I1')] + (integer) ) AL(IT). (6.11f)
IT IT

The sum Y;; AZ(IT) in the last term may be recognized, modulo 7, as the
first Chern invariant over a 2D subtorus (of the BZ) parametrized by k, and
ky [cf. Appendix B.1 for details]. But this Chern invariant vanishes by our
assumption that the first Chern class is trivial. Therefore, we can simply drop
the last term in Eq. (6.11f) under the equivalence modulo #:

X =n Y ALAD)AP ;AP = 2(10) — 2(I1). (6.119)
1T

Assuming that there is only one maximal iso-orbital subset {1_[]- } j=1..J, the
above equation is equivalent to Eq. (6.3). To recognize this equivalence,
note in the summation over all rotation-invariant reduced momenta, that
AE(H) # 0 only when II belongs to the subset {H]-}]-Zlu_], and one may
as well choose IT" = II; (a representative member of this subset) without
changing the relation modulo 7.

Let us finally show, that the derived result does not depend on the choice
of the orbital inducing the valence band representation. Indeed, if instead
of ¢1 we choose it to be ¢, the spinor of a Berry dipole k - p Hamiltonian
compatible with the itinerant angular momenta of the valence and conduction
bands is given by Eq. (3.5). As was discussed in Sec. 3.2, the change in
the Hopf invariant in this case is of an opposite sign than in Eq. (6.11a).
Simultaneously, the differences in itinerant angular momenta between the
basis Bloch functions and between conduction and valence bands are related
with an extra minus sign AL (IT) =, — (EZ(H) — L (H)) Therefore, for a

k - p expansion around 1, Al =, —AL(IT), and Eq. (6.11¢) holds without
modifications.

Note that so far we did not reproduce Eq. (6.4) which applies for the
exceptional P2-symmetric case, which leads us to raise the following question:
could there have been two maximal iso-orbital subsets within the described
construction? The answer is that not under our assumption that all band touchings
are Berry-dipolar, as we proceed to clarify.

6.3.2 Beyond the Berry-dipole assumption

We have just derived the Hopf-RTP relation Eq. (6.3) based on an assumption
that the only band touchings are Berry dipoles. What Hamiltonian phases
are missed under this assumption? Could it be that the Hopf-RTP relation
takes a different form in these ‘missed phases’? The short answer is that
there are no ‘missed phases’ for space groups P(n = 3,4,6); however, there
exists ‘missed phases’ for P2, for which a more general Hopf-RTP relation in
Eq. (6.5) holds.

What exactly distinguishes the ‘missed phases’ from the phases that are not
missed? To pin this down, one needs to appreciate that a Berry-dipole band
touching does not transform the band representation of the bulk-valence
subspace into a distinct band representation. In more detail, if one begins
from the canonical trivial phase with the bulk-valence band being a basis
band representation BBR|¢g;], with ¢; a basis orbital with on-site angular
momentum L; and Wyckoff position r;, then any subsequent Berry-dipole
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band touchings will not change the fact that the bulk-valence band is a band
representation induced from an (£;,r; | )-orbital; the z-coordinate of the
Wyckoff position will, however, generically differ. This follows from three
facts:

(i) Recall that the Berry dipole is, by definition, a dipolar source of Berry
curvature with zero monopole charge. Hence Fact 1 (topological formulation):
a Berry dipole cannot change the first Chern class of the bulk-valence band. A
theorem proven in Ref. [120] tells that a unit-rank Pn-symmetric band
with trivial first Chern class is simply a band representation of Pn. By
“unit-rank’, we mean that the band is given by a single linearly-independent
Bloch function ¢ over the Brillouin torus, as is certainly true for the
bulk-valence band of a two-band Hamiltonian. Thus an equivalent statement
is Fact 1 (crystallographic formulation): a Berry-dipole transition preserves the
band-representability of a unit-rank bulk-valence band.

(if) Because a Berry-dipole band touching occurs at an isolated k-point, while
the itinerant angular momentum is a property of a k-line, a Berry-dipole
touching cannot change the itinerant angular momenta of the bulk-valence
band. Hence Fact 2: the bulk valence band has exactly the same itinerant angular
momenta as a basis band representation induced from ;.

(iii) Fact 3 (crystallographic formulation): two unit-rank band representations of
Pn are equivalent as band representations if and only if they have exactly the same
itinerant angular momenta. To be equivalent as unit-rank band representations
of Pn means that their corresponding representative Wannier orbitals have
identical on-site angular momenta £ and xy-projected Wyckoff positions
r|; we have been denoting equivalence classes of band representations
by BR(L,r,). Applying the same theorem in Ref. [120], an equivalent
restatement is Fact 3 (topological formulation): given a Pn-symmetric, unit-rank
band with trivial Chern class, its itinerant angular momenta are in a one-to-one
correspondence with an equivalence class of band representations. Fact 3 is proven
in App. B.2, and contrasts with the other known fact that if the Chern class
is nontrivial, the Chern invariants are not in one-to-one correspondence with
the itinerant angular momenta [56].

Synthesizing these three facts, we find that in any Hamiltonian phase con-
nected to the canonical trivial phase via Berry-dipole transitions, the valence
band is a band representation in the same equivalence class BR(Lj, r; 1 ) as
for BBR[¢;]. Thus we must admit the possibility of ‘missed phases” where the
bulk-valence band is a band representation but is not symmetry-equivalent
to either of BBR[¢;].

Actually, for two-band Hamiltonians with space groups Pn (n = 3,4,6),
the triviality of the first Chern class and the Hilbert-space constraint of a
two-band Hamiltonian altogether imply that the valence band representation
is symmetry-equivalent to one of BBR[g;], as proven in Appendix B.3. This
suggests that Eq. (6.3) holds without exceptions for the Pn (n = 3,4, 6) space
groups. This is true, and the most direct way to prove this is by the methods
of Sec. 6.4 or Sec. 6.5. On the other hand, a trivial Chern class in the P2 space
group does not imply the bulk-valence band is symmetry-equivalent to one
of BBR[¢;]. Thus the more general Hopf-RTP relation in Eq. (6.5) is only
needed for the P2 space group. For models in class P2-I this general relation
coincides with Eq. (6.3), as for Pn (n = 3,4, 6), while for models in class
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P2-II it takes the form in Eq. (6.4). This latter relation is proven separately in
Sec. 6.4.3.

64 HOPF-RTP RELATION FROM BULK-BOUNDARY CORRESPONDENCE

Having discussed the bulk-boundary correspondence of the crystalline Hopf
insulator, we employ the faceted Chern number [introduced in Sec. 5.1] and
the angular-momentum anomaly [introduced in Sec. 5.2] to prove the general,
mod-n Hopf-RTP relation in Eq. (6.5). To make the proof self-contained,
we recapitulate in Sec. 6.4.1 a few salient features of the bulk-boundary
correspondence. Subsequently, in Secs. 6.4.2 and 6.4.3, we relate the surface
signatures of both Hopf and RTP invariants, and then derive the relation
between their bulk counterparts. Throughout this section, we consider a
semi-infinite geometry where the insulator occupies a space with z > 0; our
boundary will be the bottom (z = 0) facet.

6.4.1  Recapitulation: Bulk-boundary correspondence of the crystalline Hopf insula-
tor

In the presence of a non-zero Hopf invariant, the totality of all surface-
localized states (occupied and unoccupied) possesses a faceted Chern number
that is equal to the bulk Hopf invariant

Cr =X (6.12)

We note that this equality holds in the convention of the surface normal
vector #1 pointing outside of the sample. For the bottom facet this means that
the normal vector is oriented opposite to the unit vector along the z-axis:
il = —e,.

There exists at most two maximal subsets of rotation-invariant reduced
momenta in the rBZ satisfying the mutually-disjoint (6.1) and iso-orbital (6.2)
conditions. We denote them as {IIj }j —1,.,,, with #=1,2 a subset index.
Picking I'T{ as a representative member in each subset, a complete set of inde-
pendent RTP invariants is given by {AQZH%H} Yh=2..11 U{A‘@Iﬁn]z. Y22

An angular-momentum anomaly is associélted with each of thze indepen-
dent RTP invariants A@H%H}ga [cf. Sec. 5.2]. To recapitulate what this means:

defining N (IT) [resp. Ny(IT)] as the total number of faceted states whose
itinerant angular momenta are bulk-conduction-like (resp. bulk-valence-like)
at I'l, then

1Ya
o / (6.13)

with the total number of faceted bands being independent of I1:

Niot = Nop(TT) + No(T0). (6.14)

According to Appendix B.3, a maximal subset containing only one element (i.e., one reduced
momentum) is incompatible with the Hamiltonian having trivial Chern class, therefore there is
at least one well-defined RTP invariant for each non-empty maximal subset.
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6.4.2 Hopf-RTP relation for a valence band that is symmetry-equivalent to a basis
band representation

Assuming that the valence band is symmetry-equivalent to a basis band rep-
resentation, there is only one maximal subset of reduced momenta {H]-} j=1..]
fulfilling the mutually-disjoint and iso-orbital conditions, and therefore a
complete set of independent RTP invariants is given by {A 2,11, }j=..J-

Our next step is to relate the surface signatures of the RTP and Hopf
invariants, by utilizing a relation between Chern numbers and rotation eigen-
values derived in Ref. [56] for pn-symmetric Hamiltonians and reviewed in
Sec. 2.2.2.2. A simple manipulation of their relation (detailed in Appendix B.1)
allows to express the faceted Chern number, modulo 7, as the sum of itiner-
ant angular momenta of all faceted states at all rotation-invariant reduced
momenta:

Niot ~ ~
Cr=n—y. Y, Li(I), L;{II)e{0,1,...,myg—1}. (6.15a)
i=1 Ileall

By ‘all rotation-invariant reduced momenta’, we mean not just C,-invariant
momenta, but also any Cj,,-invariant momentum with 1 < myy < n, where
myy is the order of the little group of I1. Note that each C,;-invariant
momentum appears as a member of an n/myr-plet of symmetry-related
momenta; in Eq. (6.15a) we include all members of each multiplet. Each of
Zi(H) should be understood as mod-myy variables taking values in {0,1,...,
myy — 1}. The minus sign in Eq. (6.15a) [which is absent in Eq. (B.1) in the
appendix] reflects the fact that the facet normal is oriented opposite to the
rotation axis 2. One may then apply Eq. (6.14) to separate faceted states
into two categories, namely with bulk-valence-like vs. bulk-conduction-like
itinerant angular momenta:

G =~ ¥ [No(Lo(I) + N Ee(T)) (6.15b)
Tleall

For IT not belonging to the maximal subset £, (IT) = L(IT), meaning that
partitioning of Nt into N5 (IT) and N, (IT) is not unique. However, the equal-
ity of itinerant angular momenta ensures that the derivation goes through
irrespective of the chosen partitioning. A convenient choice which helps to
derive the subsequent Eq. (6.15¢) is to set N (IT) = Ny (ITy) for all TI
not belonging to the maximal subset and Il; being the chosen representative
number of the maximal subset. Inserting the angular-momentum-anomaly
[Eq. (6.13)] in Eq. (6.15b), we obtain

%f =n _|:NU(H1) ( Z EU(H)> +M(H1) < Z Zc(“))

] ITeall ITeall (6.15C)
YA, (L) - £y |
=2

The first two sums on the right-hand side are nZ multiples of the
Chern numbers of the bulk-valence resp. bulk-conduction bands. Indeed,
(=) Lrican £o(IT) [resp. (=) Lrican £c(I1)] equals (modulo n) the Chern
number in the (ky, ky,)-plane of the bulk-valence [resp. bulk-conduction]
band, as derived in App. B.1. Our assumption that the Hamiltonian has
trivial Chern class implies that the first two sums in Eq. (6.15¢) are zero
modulo n. The third and only remaining term on the right-hand side of
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Eq. (6.15¢) represents the effect of the anomaly in replacing angular momenta
which are bulk-conduction-like with those that are bulk-valence-like, or vice
versa (depending on the sign of the RTP invariant.) A simple rewriting gives:

J -
Cr=n) AP AL(TL), (6.15d)
j=2

with AL(TT) = L(TT) — L,(IT) (mod myy). The fact that all C,-invariant
momenta from an n/myr-plet are present in the sum ensures that a possible
multiples-of-myy difference between AL(IT) and L.(I1) — £, (I1) does not
modify Eq. (6.15d) modulo n.

Using the equality between the faceted Chern number and the bulk Hopf
invariant x = €5 [cf. Eq. (6.12)], we arrive at the mod-n Hopf-RTP relation
in Eq. (6.3). We also emphasize that, in contrast to Sec. 6.3, the present
derivation made no assumption whatsoever concerning the phase transitions
encountered when reaching the final Hamiltonian from the ‘canonical trivial’
phase.

6.4.3 Hopf-RTP relation for a valence band that is not symmetry-equivalent to a
basis band representation

We show in Appendix B.3 that of the Pn groups, it is only the P2 group that
allows for crystalline Hopf insulators whose valence band representation is
not symmetry-equivalent to a basis band representation. This case arises only
when the mutually-disjoint condition is satisfied for all rotation-invariant
momenta:

VI, AL(TL) =1, (6.16)

jr
and when the two maximal subsets of reduced momenta (fulfilling the
iso-orbital condition) each have exactly two elements, which we denote as
{T1§,T15 } 4=1,2; there are then only two RTP invariants {A«@Hgng ta=12-

To prove the Hopf-RTP relation (6.4), we again express the faceted Chern
number in terms of the itinerant angular momenta of the faceted states,
i.e., we utilize Eq. (6.15a) with n = myy = 2 for all I'. Because each term is
integer-valued, one may freely alter plus and minus signs [in Eq. (6.15a)]
without modifying the equality modulo 2. Next we insert into Eq. (6.15a) the
angular-momentum-anomaly [Egs. 6.13], obtaining:

2
Cr =2 ), |No(IT})
a=1

2

2
‘ Zv(l_lf‘) + (v —=0)
= (6.17)

+ Y AP AL(TIS).

a=1

As elaborated in Dets. 6.2, the square-bracketed terms in the first line of
Eq. (6.17) sum to an even integer and therefore can be dropped from the
modulo 2 equality. Then, bearing in mind that x = ¢ and AL =1 [cf.
Eq. (6.16)], the desired Hopf-RTP relation (6.4) follows from Eq. (6.17).

Details 6.2 To reveal that the square-bracketed sum in Eq. (6.17) is indeed even, we rewrite the
bracketed terms as

2 2 ~
3 3 { AT 2.1 + [Ae() - Ao £, + (0 =0 (6.182)

. 7 ]
a=1j=1

The first term is proportional to Y rjcan L,(IT), which has the same parity as the first Chern
number of the bulk-valence band; hence this term vanishes (modulo 2) under our assumption
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that the Hamiltonian has trivial first Chern class. Likewise, the analogous term with [v — ¢]
vanishes modulo 2, and we are left with

¥ [{AG(T) — AT } £, + (A1) — N (T } 2.

j=1
_zi [{No) = Mo } 20 (T2) + { =N (1) + N1 } £e(112)] (6.18b)

In obtaining the last row, we used that N, (IT) = Nt — Ny (IT) and that Nyt appearing twice
and with opposite signs in the second curly-bracketed term is canceled out in the expression.
Combining both terms in Eq. (6.18b), we get

2
) {Nv(H%) —NU(H%)} AL(ITF) = {N (T1}) — N, (T12) } Z 1=50. (6.18¢)

j=1

65 HOPF-RTP RELATION FROM HOPF-CHERN RELATION

An alternative proof of the Hopf-RTP relation derives solely from the bulk
properties of the crystalline Hopf insulator and employ the Hopf-Chern
relation that was originally introduced for the Hopf map by Whitehead in
Ref. [168]. For simplicity, here we only focus on the case of the valence band
representation being symmetry-equivalent to a basis band representation,
as detailed in Sec. 6.1 and prove the relation (6.3). We structure this section
as follows. We first review the original Hopf-Chern relation in Sec. 6.5.1.
We then extend its applicability to k-periodic tight-binding Hamiltonians
in Sec. 6.5.2 and to k-nonperiodic Hamiltonians in Sec. 6.5.3, then finally
we apply the Hopf-Chern relation to derive the Hopf-RTP relation (6.3) in
Sec. 6.5.4.

6.5.1  Hopf-Chern relation for the Hopf map

Let us review Whitehead’s equivalent formulation [168] of the Hopf invariant
of the Hopf map. It says that the Hopf invariant of a map

3 82,

y() —b

(6.19)

is given by the Chern number ¢y computed on the oriented surface X
stretched over an inverse image (dX = 7) of a given base point b on the
2-sphere

X =Cxp), 0%(b) =(b). (6.20)

We call this relation between the invariants the Hopf-Chern relation. As the
boundary 9[X(b)] is mapped to the fixed base point b on the 2-sphere, it can
be treated as a closed surface with a well-defined Chern number.

6.5.2  Hopf-Chern relation for k-periodic Hamiltonians

The Hopf-Chern relation can be directly applied to compute the Hopf in-
variant of a two-band Hamiltonian /i(k) defined over the Brillouin torus
(meaning /1(k) = ii(k + G) for any reciprocal lattice vector G), assuming that
h(k) is in the trivial first Chern class.

To see this, consider a flattened Hamiltonian 7. (k) = (k) /Ey (k) =
Bt (k) - & which defines a map figy : T3 — S? with the 3-torus given by
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momenta in the first BZ and the 2-sphere given by a normalized vector of the
coefficients in a Pauli matrix decomposition of a flattened Hamiltonian (as
discussed in Sec. 2.1.6). Given the vanishing Chern numbers %; = 0 on the
three BZ subtori, there exists a continuous deformation that deforms ilﬂat(k)
on the boundary of the first BZ to a constant. From the topological perspec-
tive, this allows us to identify the whole boundary as a single point [94],
turning the first BZ into a 3-sphere. Such a deformation does not modify
neither the Hopf invariant, nor the Chern number computed over the surface
bounded by a preimage. Therefore, the Hopf-Chern relation, that is valid for
a map from a 3-sphere is also valid for a map from a 3-torus, given by the
Hopf insulator Hamiltonian.

To understand how the Hopf-Chern relation (6.20) can be applied to the
Hopf insulator, consider some base point on a 2-sphere b € S? [green point in
Fig. 6.1(b)]. The inverse image fzﬁalt(b) C T® [green path in Fig. 6.1(a)] is not
necessarily path-connected, but it can be decomposed into path-connected
components, ﬁg;t(b) = U;vi, where v; are generically one-dimensional
(possibly non-contractible) closed loops [93]. Generically, each loop 7; can
be uniquely assigned an orientation by the following procedure. Consider an
arbitrary reference point kg € 7; and define a plane passing through this
point and normal to 7; at kg. Choose two orthogonal basis vectors in this
plane, labeled &; and &;. Then, in this plane, a circle infinitesimally close to 7;
[blue line in Fig. 6.1(a)] is parametrized by k(0) = ko + €[é1 cos(6) + &, sin(0)]
with 6 € [0,277] and € — 0. By considering the generic linear-order expansion
of hg,(k) around the reference point, it follows that the image of k(6)
under the Hamiltonian map B is necessarily a closed loop that winds
around the base point b [blue line in Fig. 6.1(b)]. The orientation of v; at
ko is defined as (ko) = +(—)&; X &, for a clockwise (counterclockwise)
winding of f1q.¢[k(0)]. Note that this definition does not depend on the choice
of the basis vectors &; and &;. Indeed, let us assume that we have picked
another pair of basis vectors &| = &; and &, = —&,. Then for the same 6
parametrization, momentum k() will rotate in the opposite direction, and
therefore the image T, [k(0)] will also rotate in the opposite direction. At
the same time the cross product 2] x &, = —&; X &,. Overall, the value of the
preimage orientation will not change. In Fig. 6.1(a) the orientations of v; are
shown by green arrows.

Let us make three remarks on the presented definition of the orientation
of the inverse images 7;:

(a) The orientation cannot discontinuously flip along <y;, as that would require
ha¢[k(0)] to pass through b while adjusting the reference point ko. However,
this cannot happen because the circle k() never crosses ; (the inverse image
of b).

(b) Recall that a solid angle enclosed by a path on the Bloch sphere is equal to
twice the Berry phase picked by the corresponding state [70]. In the present
situation, the clockwise (counterclockwise) winding of g,[k(#)] implies a
negative (positive) Berry phase on path k(). Therefore, the orientation T
indicates the direction in which the component of Berry curvature F parallel
with v; is negative.

(c) Finally, while the connected component <; might form a non-contractible
loop in the BZ along one momentum direction, the number of lines that
are oriented along this k-direction minus the number of lines oriented in
the opposite direction is equal to the Chern number of the corresponding
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02D

Figure 6.1: Characterizing a continuous map (the Hamiltonian) hg,; from the (Brillouin
zone) torus T° to the (Bloch) sphere $2. For a chosen base point b € 52 [green dot
in (b)], the inverse image hﬁalt(b) is a collection of closed loops 7; [green lines in (a)]
with orientation T defined by the arrows. The orientation is defined by considering an
infinitesimal circle k(@) around a reference point ky € 7;, and by checking whether
the image hg,;[k(0)] winds (counter)clockwise around b [blue line in (b)]. The paths
7; can be inscribed a (Seifert) surface Z; [light green sheet in (a)] with an orientation
[® vs. ® in (a)] inherited from the orientation of the corresponding boundary loop
via the right-hand rule.

perpendicular sheet. Since we assume Hopf insulators with C; = 0, each non-
contractible path v; that is oriented along one of k-axes can be paired with
another path(s) oriented in the opposite direction, as illustrated in Fig. 6.1(a).
This rule is rigorously proved in Dets. 6.3.

Having fixed the orientation of y;, we can define an oriented surface Z; (the
Seifert surface) that has the oriented loop 7; as a boundary [light green area in
Fig. 6.1(a)]. The surface X; always exists for contractible paths [169], while for
non-contractible paths it exists if one considers a collections of several paths
with opposite orientation [cf. remark (c) above]. The orientation of the Seifert
surface X; is inherited from the orientation T (ko) at kg € 7; by applying
the right-hand rule near the boundary. Conveniently, for the union of the
inscribed surfaces, |J; £; = £(b), the boundary fulfills 9[X(b)] = fzaalt(b) with
matching orientation. The orientation of the surface fixes the overall sign of
the Chern number in Eq. (6.20).

There is one additional subtlety in Hopf-Chern relation when one ac-
counts for the crystallographic point group of a k-periodic Hamiltonian. For
generic Hamiltonians without point-group symmetry, the preimage lines
typically avoid crossing each other, as illustrated in Fig. 6.1(a). In other words,
Hamiltonians where preimage lines cross or overlap require fine-tuning of
Hamiltonian parameters. On the other hand, with point-group symmetry, it
is possible for two or more preimage lines to cross and even overlap/merge
completely, without fine-tuning of Hamiltonian parameters. In such ‘degener-
ate’” cases, multiple Seifert surfaces become path-connected. The Hopf-Chern
relation still holds by summing Chern numbers over all Seifert surfaces. To
distinguish a completely-degenerate preimage line from a nondegenerate
one, we characterize each line by a positive-integer-valued multiplicity, which
is given by the (unoriented) winding number of the map fq.[k(0)]. Explicit
examples of nontrivial multiplicity in rotation-symmetric Hamiltonians will
be discussed in Sec. 6.5.4.

Details 6.3 We prove the remark (c) for preimages winding along k, direction of the torus.
The proof is the same for winding in other two directions. By assumption, the first Chern
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number vanishes on the T2 subtorus of the BZ, parametrized by (ky, ky) ; k; is defined by the
right-hand rule. The Chern number is given by the following integral of the Berry curvature:
C = (27{)*1 sz F.dkxdky. Recall that the first Chern number ¢ of a pseudospinor Hamiltonian
defined on T? tells how many times this manifold wraps around the Bloch sphere under the
Hamiltonian map % : T2 — S? [cf. Sec. 2.1.3.1]. If ¥ = 0, then any point xo on the Bloch
sphere must be visited an even number of times as one sweeps through T2, i.e., the preimage
of xo consists of an even number of points {ky,..., kon} in T2. Let us define dy, € 5% as
an infinitesimal outward (i.e., positively) oriented disk centered at xp, and 6Q)y, > 0 as the
solid angle subtended by dy,. The preimage of dy, comprises 2N disks {Ds, ..., Doy} encircling
{k1, ..., kan}, respectively, with orientations inherited from T2. We now assign each D;an index,
ind[D;] = #1, by checking whether 1(dD;) (with the orientation of the boundary determined
by right-hand rule) is parallel or antiparallel to the oriented boundary (9dy,) C S? [i.e., whether
it winds (counter-)clockwise around xp]. Applying the solid-angle interpretation of the Berry
phase for pseudospinor Hamiltonians [70], the Berry curvature integrated over the oriented disk
Dj equals ind[D;]6Q)y, /2. (This equality also manifests that —ind[D;] = — sgn[F;(k;)], which
is the preimage orientation as elaborated in the remark (b) above.) Because dy, is covered by
the map (1 : T> — S?) a number of times equal to the Chern number (assumed zero), the
net Berry curvature integrated over {Dj, ..., Doy} must vanish, implying that N of the disks
{D3, ..., Dan} have index opposite to the remaining N disks.

6.5.3 Hopf-Chern relation for k-nonperiodic Hamiltonians

So far we showed that the Hopf-Chern relation can be used to compute the
Hopf invariant of a k-periodic Hamiltonian /. Here we extend our discussion
to k-nonperiodic Hamiltonians 4 (k) which relate to h(k)

h(k) = V(k)h(k)V (k)~! (6.21)

by conjugation with a diagonal unitary matrix with diagonal elements:
V,p(k) = e'¥5,5 encoding the spatial positioning of basis orbitals within
each primitive unit cell [cf. Sec. 2.1.1 for more details on the two formalisms].

In Sec. 2.1.6.2 we demonstrated that a generalization of the Hopf invariant
exists for the k-nonperiodic Hamiltonian, and can be computed by integrating
the Chern-Simons three-form of the Berry gauge field [cf. Eq. (4.8)]. Here
we show that it can equivalently be computed via a restricted form of the
Hopf-Chern relation, where we consider only the preimages of the poles of
the Bloch 2-sphere.

To show this, consider a continuous interpolation between the periodic
and non-periodic Hamiltonians (that was already introduced in Eq. (2.50))
hi(k) = V(tk)"'h(k)V(tk) which at t = 0 gives ho(k) = h(k) and at t = 1
gives hy(k) = h(k). Translational symmetry and the energy gap persist
throughout this interpolation.

If h;(k) were diagonal at a particular k and ¢, it would remain diagonal
at that k and for any t € [0,1], since the matrix V(tk) is also diagonal.
Conversely, if h¢(k) had off-diagonal elements at a particular k and ¢, its off-
diagonal elements can never vanish at that k and for any ¢. (The reason is that
the off-diagonal component of the Hamiltonian is of the form dyoy + dy0oy
with (dy, dy) a real two-vector, and conjugation by V = ¢973/2 merely rotates
the two-vector by the angle 6.) Restriction of the base point in the Hopf-
Chern relation to the north and south pole, ensures that the corresponding
Hamiltonian is diagonal. Thus the inverse image of either pole remains
the same for all t. This and the fact that the Berry curvature is a periodic
quantity in any convention, F (k + G) = F(k), leads to a well defined and
t-independent Chern number computed on the corresponding Seifert surface,
meaning that Cz(b) = Cy(p) when b is the north or the south pole of the
2-sphere. From this we conclude that the Hopf-Chern relation can be applied
to compute the Hopf invariant in both conventions.
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6.5.4 Proving the Hopf-RTP relation

6.5.4.1 Symmetry defines preimage lines of the south pole

Now let us apply the Hopf-Chern relation to a Hopf insulator with rotation
symmetry. We assume that the model has space group symmetry Pn and the
valence (conduction) band is symmetry-equivalent to a basis band represen-
tation induced from a basis orbital ¢; (¢;) centered at position r{ (rp) with
on-site angular momentum £ (£;). In this discussion we assume that the
valence band representation is symmetry-equivalent to a basis band represen-
tation. On the one hand, lifting this assumption complicates the discussion
without bringing further insights. On the other hand, the Hopf-RTP relation
in the case of valence band representation non-symmetry-equivalent to a
basis band representation was already proven using the boundary properties
in Sec. 6.4.3.

Our choice of the valence (conduction) band representation determines
the itinerant angular momentum of the valence (conduction) band at a Cy;-
invariant momentum IT to be ZU(C) (I1) = Ly(p) + 7% (”1(2),¢ : Gn) mod m,
where Gr; = CyI1 — I1. Then the Hamiltonian is diagonal at the rotation-
invariant lines <1 at which the mutually-disjoint condition is fulfilled
AL(IT) = Lc(IT) — L,(TT) (mod m) # 0. For the Hamiltonian with flat-
tened spectrum this means that it is hg, (IL k;) = £, which corresponds
to a mapping to a north or south pole of a 2-sphere hg,(IL k;) = (0,0, £1).
The fact that the valence band representation is symmetry-equivalent to a
basis band representation guarantees that all 17 lines with fulfilled mutually-
disjoint condition are mapped to the same point on the 2-sphere, despite the
fact that AL(IT) need not be identical for all IT. This one image point is the
south pole haat(I1, kz) = —0 for our choice of valence band representation.
From this we conclude that if we choose the south pole (S) to be the base
point for the Hopf-Chern relation, all lines 7y with AL(IT) # 0 belong to
the inverse image of S. In Fig. 6.2(a) we illustrate this for a P4 symmetric
model with basis orbitals having on-site angular momenta £1 =0, £, =0
positioned at 1| = (0,0), r,; = (1/2,1/2). The corresponding itinerant
angular momenta differences are AL(T) = 0, AC(M) = 2, AL(X) = 1, which
forces the lines yx and 7y to map to the south pole.

6.5.4.2 Orientation and multiplicity of 11 preimages

Before discussing other possible preimage lines of the south pole, let us
determine the orientation of the 7y lines. According to the comment (b) of
Sec. 6.5.2, this can be done by computing the tangential-to-y1; component
of the Berry-curvature vector. As all yy lines are vertical, their orientation
is T(IT) = —sgn(F;(IL k;))e, where &, denotes the unit vector in the z
direction of momentum space and the Berry curvature can be computed
at any k; momentum component. In the presence of rotation symmetry,
as opposed to the generic case, the rotation-invariant preimage lines are
characterized not only by orientation but also by a multiplicity introduced
in Sec. 6.5.2. The latter is defined as a number of times an image of a small
loop around the rotation-invariant line winds around the south pole on the
2-sphere. Consider a k-loop around <y line parametrized as k() = (IL k) +
g[éq cos(0) + & sin(0)], 6 € [0,27]; if the Hamiltonian in this parametrization
obeys the condition k(6 + 27t/u) = h(6) for the largest possible integer ,
we conclude that the image of a k-loop winds around the south pole y times
and the multiplicity of the inverse image is y(IT). The -y line can be viewed
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Figure 6.2: (a) Illustration of a Hopf-Chern relation in the case of a model with P4
space group and itinerant angular momenta differences AL(T) = 0, AC(M) = 2,
AL(X) = 1. The base point is chosen to be the south pole S ~ —0. The symmetry
forces the lines yx and 7y (denoted with green) to be mapped onto S. In addition
there can be other non-contractible preimages of S that appear in 4 C4 related copies.
In the presented example these four lines are degenerate along 1 (shown in green).
The green arrows show possible orientation of the lines that is compatible with
symmetries and the no-net-winding rule. Multiple arrows show the multiplicity of
the line. The oriented preimage lines are paired up to bound 4 Seifert surfaces %;,
j=1,2,3,4 (denoted by green shades). The lines with multiplicity  form a boundary
of u distinct Seifert surfaces. (b) The four degenerate preimage lines at y are not
fixed to the rotation-invariant line by symmetry and can be split into 4 C,-related
copies by a small perturbation of the Hamiltonian.

as a degenerate set of y(IT) lines, with each line having unit multiplicity
and carrying the same orientation 7(IT). The degeneracy is protected by the
rotation symmetry.

Let us relate, as best as we can, the orientations and multiplicities of the
preimage lines pj to the itinerant angular-momentum difference at I1. For
this purpose, we consider a Taylor expansion of the Hamiltonian around
ko € 11 up to the lowest order in ¥ = k — ko in the presence of rotational
symmetry. As shown in Appendix A.1.4, the expanded Hamiltonian must
fulfill

Rc, (H)hk"’(x)ﬁai (IT) = K& P (Cpxc), (6.22)

with the itinerant rotation matrix Ecm (IT) given in Eq. (A.31). For our choice
of valence (conduction) band representation we can replace £ (IT) — £ (IT)
by AL(TT) = Lc(IT) — L,(IT) (mod m) in the expression for R¢, (IT). For
all possible rotation symmetries C,;, and differences in itinerant angular
momenta AL(IT) the symmetry-allowed form of a flatted Hamiltonian
haa(x) is presented in the third column of Table 6.1 with introduced no-
tations k+ = Ky £iky and 0+ = 0y *i0y. The corresponding vector of
Hamiltonian coefficients is normalized as the corrections to the vector
hgat(k = 0) = (0,0,—1) are linear in x and therefore can be neglected
in the norm |hgu(x)| = 1+ O(k). The z-component of the Berry curvature
in a 2-band Hamiltonian can be computed as

1
Fr = Eeahchﬂat,a axhﬂat,b ayhﬂat,r:/ (6-23)

which can be simplified to
Fz = —2hqat2 (04 hfiar,+ 0—hgar,— — 9+ hfiar,— 0—hgar, 1), (6.24)

as the symmetry constraints the hg,;, component to not depend on xy,
ky; the introduced notations are 0+ = (dx Fidy)/2 and hpap+ = (Bparx F
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Table 6.1: For all differences between itinerant angular momenta of conduction and
valence bands at a given reduced momentum I1 AZ(H) = EC(H) — EU(H) (mod m),
we present a form of flattened Hamiltonian in the vicinity of kg point allowed by
the symmetry. For this Hamiltonian we compute the F, component of the Berry
curvature, and deduce the resulting orientation T = 7,8, and multiplicity p of a
corresponding inverse image 7rj. In some cases (denoted with question mark) the
orientation can not be determined solely from the itinerant angular momentum,
however, as we will see, this does not impair the proof of the Hopf-RTP relation.

m AL haat(x) + 02 F./2 T, U
2 1 (aky +bx_)oy +he.  |a|?—|b? ? 1
3 +1 mod3 akyoy +he. Flal? +1 1
4 41 mod4 axyoy +hec. Flal? +1 1
2 (ard +bx2)oy +he.  4f|lacy? —|bxs 2] ? 2
6 =£1 mod6 ak-oy+h.c. Flal? 1 1
+2 mod 6 axZoy +h.c. Fd|ax |? +1 2
3 (axy + b )oy +he. 9[|lacd 2 — k% 7] 2 3

ihflat,y ) /2. Analyzing the results of Table 6.1 we see that whenever AL #m/2
a coefficient in front of o depends only on one of x+ and the sign of F; is
determined by symmetry representation alone, it is presented in the second to
last column in Table 6.1. At the same time the power of a coefficient in front of
o gives the multiplicity of the preimage line. Assume hq, o = —0; + (ax!; +
bx" oy + h.c. The loop around kg can be parametrized with ki = ee™™,
6 € [0,27t]. We see that in this parametrization A (0 + 271/ 1) = hgato(6)
and hence the multiplicity of 17 line is y, which is listed in the last column
of Table 6.1. For the example case (outlined in the previous subsection) one
choice of preimage line orientations is shown in Fig. 6.2(b) with green arrows,
while the number of arrows denote the multiplicities of the lines.

6.5.4.3 Other non-contractible preimage lines <y;

Importantly, the BZ can contain other than < lines that are preimages of the
south pole. At this stage of the proof we focus only on the preimages that
form non-contractible loops along the k, direction in the BZ and discuss how
other preimages affect the result later in this section. In addition to 7 lines
with fulfilled mutually-disjoint condition, the preimage of the south pole can
contain two types of non-contractible lines: (i) lines that appear at generic
positions in the BZ and (ii) lines that appear at rotation-invariant momenta
Yrr with violated mutually-disjoint condition, AL(IT) = 0.

For both types of preimage lines we show, that the C,, rotation symmetry
forces them to appear in n rotation-related copies. (i) For the preimage
lines at generic positions, this follows from the symmetry condition on
the Hamiltonian chh(k)REn1 = h(Cyk), which equates the Hamiltonians
at k and at C;;k when the Hamiltonian is diagonal. (ii) If a preimage line
happened to coincide with a Cj,-invariant 1y line with violated mutually-
disjoint condition, first there will be a n/m-multiplet of preimage lines at
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all C;-related 7y lines. Second, without the mutually-disjoint condition, the
south pole preimage is not forced to lie at a Cy;-invariant line by symmetry.
Therefore, a small perturbation of the Hamiltonian can shift this preimage
line away from the rotation-invariant line. But as we already argued in the
case (i), the preimage lines at generic positions must appear in n C,-related
copies. This means that the initial preimage line, at each C,-invariant line of
a n/m-multiplet, forms m degenerate copies [cf. Fig. 6.2(b)].

We denote these additional preimage lines as <; and all n copies as Chi,
j=0,...n — 1. We remark, that the preimages of the north pole (h,; = 03)
also appear as n rotation-related copies for the same reason as for the south
pole; this property will be used at the end of this section.

6.5.4.4 Orientation of non-contractible preimage lines

Having specified all non-contractible preimages of S, we proceed by defining
their orientations. First, let us introduce a scalar orientation along k.-axis as

T, (ko) = sgn(t(ko) - ;) € {—1,1}, (6.25)

where k is a point on a considered line, and for simplicity we assume that
the line crosses each plane at fixed k, only once. Then 7, does not depend
on the specific point kg. The definition can be straightforwardly generalized
if this assumption is relaxed. We proceed to define the k,-orientations of
non-contractible lines.

In addition to the symmetry constraints defined in Sec. 6.5.4.2, the
orientations of the non-contractible lines are restricted by two more rules:

(i) Any two inverse images (y1 and 72 = C;;71) that are related by rotation
have the same k;-orientation 7;(y1) = Tz(72), because the Berry curvature
transforms as a vector under rotation.

(i) As discussed in the comment (c) in Sec. 6.5.1 the number of upwards
oriented lines must be equal to the number of downwards oriented lines,
meaning that

u(r)(y) =0. (6.26)

7, non-contractible along &

Crucially, each non-contractible preimage contributes to the sum number
of times, equal to its multiplicity. We refer to this constraint as the balanced
orientation rule.

For a set of all non-contractible preimage lines, yr1 and C},7;, the symmetry
conditions and the balanced orientation rule restrict possible orientations to a
limited number of options. For several concrete examples of the preimage ori-
entations, see Table 6.2 and Fig. 6.2(a). Although in some cases, the outlined
conditions are not enough to uniquely determine the orientations from the
symmetry representations alone, we will see that the obtained information
about orientations is enough to prove the Hopf-RTP relation.

6.5.4.5 Seifert surface and Hopf-Chern relation for hgy = —0

After determining the orientations and multiplicities of the non-contractible
preimage lines, we proceed by defining the Seifert surface stretched over
these lines. For this we arbitrarily pair up the preimage lines such that each
pair contain upwards y4; and downwards 1 ; oriented lines. This is possible
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Table 6.2: Possible preimage orientations for some crystalline Hopf models given by
the space group and the symmetry AL = £, — £ and spatial positions Ar; =1, | —
r1,| of the basis orbitals. Arrows 1 and | denote positive and negative orientations
along k, axis and the number of arrows [[T] denote multiplicity. Value in brackets
[(2)] specifies how many rotation-related lines of this type constitutes the south pole

preimage.
SG AL Ar,  AL(ID) orientations  possible
from final
symmetry orientations
P4 1 (0,00 ALT)=1 THM1t T1,M1, (2)X ]
AL(X) = or
ALM) =1 IH,MT, (2)X1, (41
P4 0 (3,3) ML) = 2)X 1, M|
AL(X) = or
ALM) =2 @)X, M1, (471
P4 1 (33) AL =1 TH M| T1,M]
AL(X) =
AL(M) =
P3 1 (0,0) AZ(F) =1 T1KHLK1T Tt KK Gl
ALX) =1
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due to validity of the balanced orientation rule. Note, that a preimage line
with multiplicity  forms a boundary of u distinct Seifert surfaces. Denoting
each distinct Seifert surface bounded by v ; and 4; as ¥;, we express the
Hopf invariant as a sum of Chern numbers Cy, over all Seifert surfaces:

x=)Cs. (6.27)

(A nontrivial Chern number over a Seifert surface is consistent with the
triviality of the first Chern class, meaning the Chern number on any 2D
sub-torus of the Brillouin zone vanishes.) The Chern number of each Seifert
surface can be computed as the difference in the Berry-Zak phases computed
along the paths

Cy, = (&, — 25,)/2m. (6.28)

Though 74; and 7 ; have opposite orientations, the corresponding two Zak
phases are computed over paths of the same orientation, hence the minus
sign in the above equation. By itself, 2, is a phase defined modulo 27;
however, given any global, differential gauge whose existence is guaranteed
by the trivial first Chern class, the difference (29, — 27, ) is uniquely defined.
Plugging Eq. (6.28) into Eq. (6.27) and taking into account the orientation
along k,-axis T, of each line y we get

x= Y wnz/r (6.29)

ioye{vivut

From this sum, we isolate the contribution from rotation-invariant lines
11 with fulfilled mutually-disjoint condition AL(TT) # 0. For each 11, we
replace Z/2m — & to remind ourselves that the normalized Zak phase
can be interpreted as the dimensionless polarization for a one-k-parameter
Hamiltonian (4.9):

x = Y u(I)m(I1)2(I1) + Y w(7)Z /2. (6.30)
yri€h L (SAL(IT)£0 all other yehgL(S)

The meaning of } ., is to sum over all components of haalt(S) with the

restriction: AL (IT) # 0; note each term appearing once in ) | appears

T€h(S)
u(IT) times in the double summation of Eq. (6.29). The second term in
Eq. (6.30) sums over all other preimage lines, not already included in the
first sum. Because 7 is not necessarily vertical, it does not necessarily have
the interpretation of a polarization. However, since along these lines the
Hamiltonian is diagonal, the valence band does not hybridize with the
conduction band and hence, 2, /27 =1 z;. Using Eq. (6.26), we can subtract
zero which is the sum over all k,-orientations (weighted with multiplicities)
of the preimage lines, multiplied by the value of z; and get

xX= ). pu(IDw(IT) (2 (11) — z1)
ri€hg ) (S);AL(IT)#0
+ Y w2z, (631)

all other y€hy L (S)

The sum in the second row vanishes modulo #, because the preimage lines
7, that do not coincide with rotation-invariant lines with mutually-disjoint
condition, necessarily come in n copies with identical k,-orientations. n copies
of an integer-valued expression (%, /27 —z1) € Z sum up to a multiple
of n. Let us further reorganize the first term in the sum by substituting the
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Figure 6.3: Illustration of contractible south pole preimages in a 2D horizontal cut
of the BZ. (a) Closed loops at generic positions that form 4 Cs-related copies. Each
of them carries an integer Chern number, therefore their contribution to the Hopf
invariant is 4Z. (b) Closed loops that encircle a Cy-invariant line yx form 2 C4-related
copies y1 and ;. The linking number of these preimage lines with the preimages of
the north pole is forced to be a multiple of 4 by rotation symmetry. (c) A 2-sphere
with the north and south pole, whose preimage lines are shown in panels (a) and (b).

product of orientation and multiplicity of the rotation-invariant preimage
lines 3(IT) 7, (I1) by the itinerant angular momentum difference AL (IT).

X =n Y AL(IT)(2(11) — z1). (6.32)
1€ (SAL(IT)#0

This transformation is allowed for the following reason. According to Table
6.1, AL = T, 4 mod m. We also know that the BZ contains n/m C,-related
copies of a Cy-invariant line, which are all part of the preimage of S.
This means that in the sum over all preimages, n/m X T, y =, n/m x AZ,
with AL € {0,1,...,m —1}. In the obtained relation (6.32), the sum
over preimage lines can be replaced by the sum over a maximal set
of reduced momenta {II;};—; ; with fulfilled mutually-disjoint and
iso-orbital conditions. In the last step of the derivation we replace
ij‘:l AE(H7)21 =y Z]I':1 AZ(H]')@(Hl), as for any arbitrarily chosen
Iy € {[1j}j=1.j, Z(I11) =1 21 and ij’:l AE(H]-) € nZ because of a trivial
Chern class of the model [cf. Appendix B.1]. With this we obtain the desired
relation (6.3).

6.5.4.6  Contractible south pole preimages do not modify relation modulo n

To finish the proof of the Hopf-RTP relation we need to take into account
other possible preimages of the south pole, that form contractible loops.
There are two types of such preimages:
(i) A closed loop at a generic position in the BZ that is repeated n times due
to C,, symmetry [cf. Fig. 6.3(a) for a P4 illustration].
(i) A closed loop that encircles a Cy;-invariant line in the BZ. This loop must
appear in n/m copies and has a C;-symmetric shape [cf. Fig. 6.3(b) for a P4
illustration].

Both types of preimages modify the Hopf-RTP relation only by multiples
of n:
(i) Assume that a closed loop carries a Chern number C’. Since the loops
appear as n copies in the BZ, each copy carries the same Chern number
C’ and together they contribute to the Hopf invariant nC’, which does not
modify the relation modulo 7.
(ii) To determine the contribution to the Hopf invariant from each of the
n/m copies of loops we consider preimages of the north pole of the 2-sphere
[cf. Fig 6.3(c)]. These preimages also come in n C,-related copies and if one
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of them happens to be linked with a component of the preimage of the
south pole, the m C,,-related copies of it will also be linked with the same
component [cf. Fig. 6.3(b)]. Since the Hopf invariant can alternatively be
calculated as the number of links between preimages of two points on the
2-sphere [as discussed in Sec. 2.1.6], we can conclude that each of n/m loops
contributes mZ value to the Hopf invariant. Therefore, all loops in total
contribute nZ and do not modify the relation modulo 7.

We conclude that we considered contributions of all possible preimages
of the south pole to the Hopf invariant and it is given by Eq. (6.3) up to
multiples of n.
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Two themes have indelibly shaped the paradigm of topological insulators,
and couched how topological properties are discussed, modelled, and mea-
sured. The first is the notion of stability of topological insulators, and the
second involves the various obstructions to forming a real-space Wannier-
function (WF) representation of the valence band [72, 77, 78, 81, 134, 170-172].
In this part of the thesis we describe an extension and fine-graining of both
themes, and show that the crystalline Hopf insulators, discussed in Part I,
realize the notions introduced here. At the same time the crystalline Hopf
insulators would be considered unstable and unobstructed according to the
presently-held paradigm.

The strongest form of stability is the notion of stable equivalence intro-
duced by K-theory [22, 30, 172-174], where the bulk/surface topological
invariant of a valence subspace is immune to addition of trivial bands.
The intermediate notion of fragility (reviewed in Sec. 2.2.4) means that the
topological property can be nullified by adding trivial bands to the va-
lence subspace, but not to the conduction subspace [41-43, 45, 47, 52, 175]
[Fig. 2.9(a)]. A distinct notion that we introduce here is delicate topology,
where the topological property can be nullified by adding trivial bands to
either valence or conduction subspace [Fig. 2.9(b)]. For symmetry-protected
delicate topology, nullification occurs only by adding trivial bands of certain
symmetry representations.

As we discussed in Sec. 2.2.3, many authors have proposed a useful defini-
tion of a trivial band to be its possession of an exponentially-localized WF
representation respecting the crystallographic spacetime symmetries [29—31,
47, 120, 174, 176]. By this definition, all stably-equivalent and fragile topo-
logical insulators present an obstruction to a WF representation. It has been
further argued through equivariant vector bundle theory that such Wannier
obstructions represent a robust property of a valence subspace summed with
an arbitrary conduction subspace [47], and therefore such obstruction cannot
exist for delicate topological insulators. Here, we introduce a distinct class of
obstructions that prevents WFs from being completely localized to a single,
primitive unit cell — we call this multicellular topology. Conversely, we adopt a
distinct notion of triviality, namely that symmetry-respecting WFs exist and
can be confined to a single cell by a continuous, adiabatic deformation of the
Hamiltonian — unicellularity.

The notions of delicate and multicellular topology are distinct and a priori
need not come together in any specific realization of a topological insulator.
In Chapter 7 of this part we argue that both the Hopf and RTP invariants are
the manifestations of delicate topology. We additionally show that the RTP
invariant realizes symmetry-protected delicate topology, in a sense that it remains
well-defined and quantized upon addition of trivial bands with certain angu-
lar momenta. This additionally provides a way to define the RTP invariant
beyond the Hopf insulators in more-than-two-band Hamiltonians. Next, in
Chapter 8 we discuss the multicellularity of delicate topological insulators.
We show that Wannier orbitals of Hopf and RTP insulators are exponentially
localized but multicellular. For given values of delicate topological invariants
one can define a grade: a lower bound on the number of unit cells that host the
multicellular Wannier orbital. Additionally, in Appendix D.3 we argue more
generally that multicellularity of Wannier functions is a delicate property.
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DELICACY OF THE HOPF AND RTP INVARIANTS

In this chapter, we discuss the following question: what happens to the
classification by the Hopf and RTP invariants when the Hilbert space is
expanded by including more trivial bands? Our analysis of the postulated
question is organized as follows. Firstly, in Sec. 7.1, we introduce the proce-
dure by which we expand a topologically-nontrivial two-band Hamiltonian
to a (>2)-band Hamiltonian. The implications of the Hopf invariant being
delicate-topological are explored in Sec. 7.2. The implications of the RTP
invariant being symmetry-protected delicate-topological as well as existence
of multi-band generalization of the RTP are explored in Sec. 7.3. Finally, in
Sec. 7.4, we show that the mirror-symmetric nodal-line semimetallic phase ex-
plored in Sec. 3.4.2 realizes the first-known example of a symmetry-protected
delicate topological semimetal.

CHAPTER CONTENTS

7.1 (>2)-band Hamiltonians from two-band Hamiltonians 127
7.2 Delicacy of the Hopf insulators =~ 128

7.3 Symmetry-protected delicacy of the RTP insulators 130

7.4 Delicacy of the nodal-line semimetal 133

7.1 (>2)-BAND HAMILTONIANS FROM TWO-BAND HAMILTONIANS

We consider a specific algorithm to produce a (>2)-band Hamiltonian from
a two-band Hamiltonian: we expand the two-band Hilbert space by adding
to it a basis band representation (of Pn) induced from a third, representative
tight-binding-basis orbital ¢3. If ¢3 is centered at a Cy-invariant Wyckoff
position r3 and forms a certain one-dimensional representation of the site-
stabilizer group Pn,,, then the Hilbert space is expanded to three bands. (The
expansion is to four or more bands if r3 is not Cy-invariant.)

By construction, a basis band representation is a tightly-bound band repre-
sentation — a band representation in which each Wannier orbital is localized
to a single site, or one-site-localized. (A ‘site’ is a notion existing only in the
tight-binding formalism, and represents the physical location of a tight-
binding-basis orbital. If r3 is C-invariant, the allowed sites are r3 plus any
Bravais-lattice vector.)

A choice is made whether to add this tightly-bound band representation to
the conduction or valence subspace; in either case, we preserve the notion of
the bulk energy gap inherited from the two-band Hamiltonian. (The choice
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between conduction vs. valence is made by tuning the on-site energies of
the tightly-bound band representation as desired.) After this addition proce-
dure, we allow any continuous, Pn-symmetric deformation of the (>2)-band
Hamiltonian that preserves the bulk gap. This procedure can be repeated to
produce a Hamiltonian with any number of conduction and valence bands.

Given that a two-band Hamiltonian is characterized by a nontrivial Hopf
or RTP invariant, one may ask if this special topological property of the
conduction and valence subspace is lost under the expansion procedure
detailed above. At this point, the notion of delicate topology emerges. The
Hopf and RTP invariants, defined respectively by Egs. (4.8) and (4.17), are
examples of delicate topological invariants. This means their status as topo-
logical invariants is lost under the addition of certain ‘trivial’ bands to
either the conduction or to the valence subspace. In the classification of
stable/fragile crystalline topological insulators, being ‘trivial” means being a
band representation. In contrast, in the more refined classification of delicate
crystalline topological insulators, being ‘trivial’ means being a tightly-bound
band representation.

However, the Hopf and RTP invariants differ in that the Hopf invariant
becomes ill-defined under the addition of any tightly-bound band represen-
tation (as elaborated in Sec. 7.2), while the RTP invariant loses its invariant
status only under the addition of particular tightly-bound band represen-
tations (cf. Sec. 7.3). This difference, and its implications, are elaborated
subsequently.

7.2 DELICACY OF THE HOPF INSULATORS

For two-band Hamiltonians with trivial first Chern class, a bulk-boundary
correspondence equates the bulk Hopf invariant with the faceted Chern
number. We will separately address whether the bulk or boundary invariant
has a natural extension to (>2)-band Hamiltonians.

7.2.1  Bulk Hopf invariant

As originally formulated [95], the Hopf invariant classifies maps from a
three-sphere (S%) to a two-sphere (S?). In our context, the two-sphere is the
Bloch sphere — the space of two-band Hamiltonians. Our assumption that
the Chern class is trivial allows to continuously deform the map such that
its restriction to a 2D subtorus (of the Brillouin torus) is a constant map. In
particular, it is possible to have the entire boundary of the (first) BZ map
to the same point on the Bloch sphere. This allows one to compactify the
boundary to a single point, 0BZ ~ pt., which deforms the BZ into a three-
sphere, BZ/~ ~ S3 (where ‘/~’ indicates a quotient modulo the equivalence
relation [177]). It follows that maps from the Brillouin three-torus to the Bloch
sphere, under the constraint of a trivial first Chern class, are topologically
equivalent to maps from a three-sphere to a two-sphere and are classified
by the Hopf invariant. By this definition, any enlargement of the two-band
Hamiltonian renders the Hopf invariant to be ill-defined.

It was shown in Ref. [55] that for two-band Hamiltonians, the Hopf in-
variant has an equivalent expression as an integral of the Chern-Simons
three-form of the Abelian Berry gauge field [cf. Eq. (4.8)]. Unlike the Hopf in-
variant, the Chern-Simons formula remains well-defined and gauge-invariant
for higher-than-two-band Hamiltonians with trivial Chern class, assuming
we limit ourselves to expanding only the conduction subspace. (The Chern-
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Simons formula is not directly applicable to the case where the valence
subspace is expanded due to the Abelian nature of the Berry gauge field in
the formula.)

One may then ask if the Chern-Simons formula remains quantized to
integers for (N; + 1)-band Hamiltonians with a (N, > 1)-band conduction
subspace and trivial first Chern class. The negative answer can be rational-
ized from algebraic-topological considerations: the space of (N, + 1)-band
Hamiltonians with a (N, > 1)-band conduction subspace is the complex
Grassmannian Gre (N, 1) = U(N; +1)/[U(N;) x U(1)] [22], where U(N¢)
is the group of unitary matrices of dimension N, and it is known [99] that
the first Chern class gives the complete classification of maps from the BZ
three-torus to Gre (N, 1) for N, > 1.

A different extension of the Hopf insulator to multi-band Hamiltonians
was proposed in Ref. [167] for the N-band Hopf insulators, where N non-
degenerate bands are separated by N — 1 energy gaps; then a Z-valued
topological invariant corresponding to the third homotopy group of the
complex flag manifold [45, 178] Flc = U(N)/U(1)*N is computed as the
quantized sum of the non-quantized integrals of the Chern-Simons 3-form
over the N individual bands. This quantity remains invariant as long as no
band degeneracy is formed between any pair of bands. In this thesis, we
instead focus on the ‘conventional” scenario where topological invariants
change only if one closes the energy gap separating the valence bands from
the conduction bands. In this case the Hopf invariant can not be defined in
more-than-two-band Hamiltonians and is delicate.

7.2.2  Faceted Chern number

We just showed that the Hopf invariant becomes ill-defined after enlargement
of the two-band Hamiltonian. Can we say something about the faceted
Chern number (5.1) when the rank of either the valence or the conduction
subspace is larger than one? As was shown in Ref. [166] [cf. Sec. IL.A.1 and
Fig. 3(b) therein], in the absence of any crystalline symmetry except the
lattice translation, the presence of multiple bands in a given subspace allows
to modify the value of the faceted Chern number by an arbitrary integer
number, depending on the number of considered faceted bands N. This is
due to the fact that the bulk bands can individually carry non-zero Chern
numbers even when the total Chern number of the corresponding subspace
is zero. Now, if we enlarge the set of surface-like polarization bands by
including one polarization band with a bulk-like non-zero Chern number,
the value of the faceted Chern number will be modified by this bulk Chern
number.

While both the Hopf invariant and the faceted Chern number lose their in-
variance for (>2)-band Hamiltonians, there is a special case of Pn-symmetric
Hamiltonians for which “¢s mod-n” remains a topological invariant. For this
to be true, the valence band representation (and also the conduction band
representation) must be symmetry-equivalent to a composite band repre-
sentation that is decomposable into N, (N.) identical band representations
BR(Lo, 7y 1) [BR(Lc, 7,1 )] In this case the rotation symmetry guarantees
that the Chern number of each individual bulk band is a multiple of n and
therefore it can modify the faceted Chern number by multiples of n which
keeps the value of € mod n. In Sec. 7.3 we define this invariant in terms of
the angular-momentum anomaly.

129



130

DELICACY OF THE HOPF AND RTP INVARIANTS

7.3 SYMMETRY-PROTECTED DELICACY OF THE RTP INSULATORS

For two-band Hamiltonians, the bulk-boundary correspondence of RTP
insulators equates the bulk RTP invariant with an anomaly associated with
the angular momentum of faceted states. We will separately address whether
the bulk invariant or the boundary anomaly has a natural extension to
(>2)-band Hamiltonians.

7.3.1  Bulk RTP invariant

The RTP invariant A&y has been defined as an integer-valued polar-
ization difference of the valence band between two rotation-invariant
reduced momenta IT and IT'. A natural way to extend the RTP invariant to
higher-than-two-band Hamiltonians is to ask whether the valence-subspace
polarization difference is fixed by symmetry to integer values if the va-
lence/conduction subspace contains more than one band. We find that the
polarization difference remains quantized if the enlarged Hamiltonian obeys
two conditions which are generalizations of Eq. (6.1) and Eq. (6.2).

(1) The enlarged Hamiltonian satisfies the mutually-disjoint condition at I1
and IT’: collecting the itinerant angular momenta of bulk-valence and

bulk-conduction states (at IT) into the respective sets {ZZ,,]-(I—I)}]IA\]:”1 and

{Zc,j(H)} ]N:f 1, we require that the two sets are disjoint:

mutually-disjoint condition at I1:

{Ev,j(n)}Nv N {ZC,]-(H)}NC - . (7.1)

j=1 j=1

This condition is required to hold for both IT and IT'.

(ii) There exists a composite basis band representation CBR, such that
the restriction of the valence band representation VBR to I1 equals the
restriction of CBR to IT, and likewise VBR |y = CBR|y. A composite basis
band representation is defined as a Whitney sum of elementary basis
band representations: CBR = EBR; @ EBR; @ ... ® EBRy,. Each of EBR,
is induced from a basis orbital with a certain site-stabilizer symmetry
representation and a certain positional center (r, | ,zq).

In general, along the rotation-invariant k-line specified by II, the tight-
binding Hamiltonian k(IT, k) is block-diagonal in the basis where the itiner-
ant rotation matrix is diagonal; what the mutually-disjoint condition (i) gives
additionally is that each block (corresponding to one angular-momentum
sector) belongs either to the conduction or to the valence subspace. This
implies that the Hilbert space spanned by the valence eigenstates of h(IL k)
is independent of k. (i—ii) jointly imply that the multi-band polarization of
the valence subspace of h(IL, k;) is equal, modulo integers, to the multi-band
polarization of the just-mentioned composite band representation as detailed
in Dets. 7.1. Since this statement holds also for I <+ IT" with the same com-
posite basis band representation, we deduce that the valence polarization of
h(I1,k;) is equal, modulo integers, to the valence polarization of h(IT', k).
Thus one concludes the polarization difference between IT and IT' is quan-
tized to integer values. This holds true whether or not the composite basis
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band representation is identical to the valence band at rotation-invariant
k-lines other than IT or IT'.

Details 7.1 The multi-band polarization can be computed via the non-Abelian Wilson loop as
P(1) = % Imlogdet W (cf. Secs. 2.1.3.3 and 2.1.4.2). The multi-band polarization of the
composite band representation simply equals ):i\]ll zy, with z, being the positional centers of
the basis orbitals which are used to construct the composite band representation. The mod-one
equality of #(I1) and Z]I.\]:”a z, is proven similar to the proof in Dets. 4.1 of Sec. 4.2 presented
for a single band. One can apply an equivalent expression of the Wilson loop in terms of the
z, and the projector p(IT, k;) to the valence subspace of h(IT,k;), as shown in Appendix C of
Ref. [91]; the mutually-disjoint condition gives that p(I1, k) = diag(1, 0) is a k.-independent
diagonal matrix, with 1 a Ny x N, identity matrix and 0 a N. X N zero matrix.

Working within the symmetry constraints of (i—ii), one can generalize the
RTP invariant to Hamiltonians of arbitrary number of bands. The stability of
the RTP invariant under symmetry-constrained Hilbert-space enlargements
is the defining property of symmetry-protected delicate topology.

To illustrate how the RTP invariant can be nullified, one can add to
the Hilbert space any basis band representation BBR[¢3] of Pn with a
Cp-invariant Wyckoff position r3 that is not Cy-invariant, in other words
1 < m < n, and with @3 forming a one-dimensional representation of Pn,,.
Such a band representation necessarily has rank r greater than one, meaning
that the Hilbert space is spanned by r independent Bloch states at each k.
However, BBR[¢3] cannot be split/decomposed into multiple band represen-
tation of smaller rank. For such band representations, one may verify (e.g.,
from the Bilbao crystallographic server [179]) that for every pair of a rank-1
elementary band representation BBR[¢;] and a rank-(r >1) elementary band
representation BBR[¢3]

JatmostoneIl, s.t. Vj=1...r, Ly(II)# Zé(H), (7.2)

where £;(I) is itinerant angular momentum of BBR[¢;] and EQ(H), j=
1...r are itinerant angular momenta of BBR[¢3]. This implies that the ad-
dition of BBR[¢3], whether it is to the conduction or valence subspace,
makes the mutually-disjoint condition unfulfillable at (at least) two rotation-
invariant reduced momenta, and hence, nullifies all RTP invariants. This
possibility shows that the RTP invariants are delicate.

7.3.2  Angular-momentum anomaly

For (>2)-band Hamiltonians with an RTP invariant A%y, that is well-
defined and greater than zero, the angular-momentum anomaly [encapsu-
lated by Eq. (5.7) and derived in Sec. 5.2.3] holds just as well as for two-band
Hamiltonians, implying the existence of at least A Z?ry,11,-number of anoma-
lous faceted bands whose itinerant angular momenta are bulk-conduction-
like at Ty and bulk-valence-like at T15.

We remind the reader that for two-band Hamiltonians, an itinerant angular
momentum is bulk-valence-like at IT if it is identical to the itinerant angular
momentum of the bulk-valence band at I1. By assumption of a two-band
Hamiltonian, the bulk-valence subspace comprises a single band, hence the
itinerant angular momentum at IT is uniquely defined.

In contrast, for an Ny-band bulk-valence subspace, there is not a unique
angular momentum, but a set {ZQ(H)}]':L...,NU of possibly non-identical
angular momenta. An itinerant angular momentum that is bulk-valence-like
is then equal to any of the N, values in this set (which potentially contains
repetitions). Likewise, one may generalize the notion of bulk-conduction-like
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to an N.-band bulk-conduction subspace. It is with these generalized notions
that the angular-momentum anomaly [encapsulated by Eq. (5.7)] holds for
(N¢ + Ny)-band Hamiltonians.

We see that specifying A%y, 11, does not uniquely specify the subspace of
faceted bands, owing to the non-uniqueness in itinerant-angular-momentum
values implicit in (the generalized notions of) ‘bulk-conduction-like” and
‘bulk-valence-like’. In other words, there are multiple, topologically-distinct
faceted subspaces consistent with a single value of A2y, 11,. This suggests
there exists a finer topological classification [of P(n>2)-symmetric (N; + Ny )-
band Hamiltonians] than is afforded by the RTP invariant A1y, alone.
We believe this to be a promising research direction.

Why did we restrict the above conjecture to Pn with n > 2? The P2 space
group is special in that there are only two irreducible representations of
the C; point group, thus being bulk-valence-like (or bulk-conduction-like)
uniquely specifies an itinerant angular momentum. This is because the
mutually-disjoint condition at IT holds only if (i) all members of the bulk-

valence-like set {Z{;(H)}jzl,...,Nv of itinerant angular momenta are equal,
(ii) all members of the bulk-conduction-like set {£}(I1)} j=1,.,N, of itinerant

angular momenta are also equal, and (iii) £1(IT) # L1(IT). It follows that the
full set of RTP invariants uniquely determines the itinerant angular momenta
of the faceted subspace.

In the general setting of (N, 4+ N;)-band Prn-symmetric Hamiltonians the
angular-momentum anomaly manifests in conditionally-robust surface states
that interpolate between valence and conduction band in the same way as
for the 2-band Hamiltonians. Our proof of the conditional-robustness of the
surface states, presented in Appendix C.2, uses certain spectral properties
of block-Toeplitz matrices and generalizes the 2-band proof presented in
Sec. 5.3.

For another physical manifestation of the angular-momentum anomaly —
the Zak-phase anomaly — to hold, the sufficient (but not necessary) condition
is to have identical itinerant angular momenta of all valence bands at 11;,
and also at I'l;; the same must be true for the conduction itinerant angular
momenta. In this case, the Zak-phase anomaly tells that N faceted bands
have a set of N Zak phases, with |A 2,11, | of them being symmetry-fixed to
a rational multiple of 27t/n, and that these symmetry-fixed Zak phases are
distinct from the bulk-valence and also from the bulk-conduction Zak phase.
This can be shown by applying the theorem from Sec. IVD1 in Ref. [134]
in the same way as it was done for the two-band case in Sec. 5.4.4 and
Appendix C.1.

Let us finally consider the faceted Chern number of the (>2)-band RTP
insulators. As we already mentioned in Sec. 7.2.2, in the special case of
identical itinerant angular momenta of the valence bands Ev,j(H) = L,(I1)

forall j =1...N, at each Il [and same for the conduction bands Zc,j(n) =

L:(IT) forall j = 1... N.], the angular-momentum anomaly leads to a faceted
Chern number defined modulo . Given the itinerant angular momenta of

the Ny faceted bands, the mod-n-Chern number is given by
N B
G =0 = L L LD
i=1 11

>
=0 ).y, AL(IT) Aﬁnﬂ;nﬁv, (7.3)
a=1jy=2
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where {H]”; } ju=1..Jas ® = 1,2, are two maximal subsets of rotation-invariant
reduced momenta satisfying conditions (6.1) and (6.2). By ‘maximal” we
mean that each set contains all reduced momenta, satisfying these conditions,
and the size of each subset is given by an integer J,. This relation is proven
in exactly the same way as the Hopf-RTP relation in Sec. 6.4. This similarity
with the Hop{-RTP relation [cf. Eq. (6.5)] of two-band Hamiltonians is not
accidental. For two-band Hamiltonians with trivial Chern class, the bulk-
boundary correspondence of Hopf insulators equates the Hopf invariant
with the faceted Chern number: x = %}. For (>2)-band Hamiltonians with
identical valence (conduction) itinerant angular momenta, the Hopf invariant
loses its invariant meaning, yet the faceted Chern number remains well-
defined modulo 7 due to the anomalous values of itinerant angular momenta.

7.4 DELICACY OF THE NODAL-LINE SEMIMETAL

In Sec. 3.4, we studied semimetallic phases in the vicinity of the Berry-dipole
band touching and particularly focused on the mirror-symmetric model

which forms a Weyl semimetal for m < 0 [with Weyl points illustrated
in Fig. 7.1(a)] and transitions via a Berry dipole at m = 0 to a nodal-line
semimetal at m > 0 [with a nodal ring illustrated in Fig. 7.1(b)].

With few exceptions [126, 180], previous analyses of the robustness of Weyl
points has been based on topological invariants which are stable topological,
i.e., characteristic of equivalence classes defined in K theory [181]. One may
therefore expect that the two Weyl points (with opposite chirality) in our
model Hamiltonian (7.4) with m < 0 pairwise annihilate upon collision at
m = 0; after all, the stable-topological invariant associated with the union of
the two Weyl points, which one may view as the Chern number of a Gaussian
surface enclosing both Weyl points, vanishes.

In spite of this vanishing Chern number, the two Weyl points do not
annihilate but instead ‘convert’ into a nodal-line ring for m > 0. This is sug-
gestive that the two Weyl points/nodal loop are associated with a non-stable
topology which prevents bands from untouching. A priori, logic permits this
topology to be either fragile or delicate; we confirm here that the topology is
delicate. Our discussion has some overlap with Ref. [126], where the model
Hamiltonian in Eq. (7.4) was first investigated in detail. The novelty of the fol-
lowing exposition lies in our embedding of a known model into the unifying
framework of delicate topological semimetals, while also demonstrating that
the returning Thouless pump, angular-momentum anomaly, conditionally-
robust surface states, and Zak-phase anomaly are generalizable concepts
with a wider applicability beyond rotation-symmetric Hamiltonians.

7.4.1  Mirror-protected delicate topological invariant in the bulk

To identify the delicate-topological invariant associated with the band touch-
ing of Eq. (7.4), it is worth recognizing that both the conduction and the
valence band carry opposite eigenvalues of the z-mirror symmetry (repre-
sented by Ry, = 03) at the reflection-invariant plane (k; = 0) — this may be
viewed as the reflection-symmetric analog of the mutually-disjoint condition
[Eg. (4.10)], which we previously formulated for rotation-invariant k-lines.
One can then consider a 2-sphere (S?) that encloses the nodes and is sym-
metric under M, [illustrated with a union of red and blue hemispheres in
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Figure 7.1: (a,b) The band degeneracy of the model in Eq. (7.4) for (a) m < 0, and
(b) m > 0. The red/blue dots indicate a Weyl node with positive/negative chirality,
and the brown loop represents a nodal-line ring. The green arrows display the Berry
curvature field, whereas the bright green sheet indicates the z-mirror-invariant plane.
The colored hemispheres each exhibit a non-trivial and quantized value of the Chern
number. This Chern number is a symmetry-protected delicate topological invariant,
which obstructs the annihilation of the Weyl points when they collide for m = 0. (c)
For m > 0 (when nodal-line ring is present), we enclose the band degeneracy with a
z-mirror-symmetric cylinder that projects onto a circular path ygU7yp in the reduced
Brillouin zone (rBZ). The valence band has the same orbital character at both points
A and B; however the polarization increases by 1 along the red path g (projection
of the semi-cylinder with positive Chern number) and drops by 1 along g, thus
exhibiting a returning Thouless pump (RTP). The mirror-eigenvalue anomaly on the
circular path yrUvp (with mirror-invariant points A and B) in the presence of sharp
boundary condition enforces the existence of two surface Fermi arcs (orange lines)
which both terminate at the rBZ projection of the nodal-line ring (brown segment
located between points A and B. The Fermi arcs terminate at projections of band
nodes elsewhere in rBZ (of which only a part in the (ky, k;)-plane is shown).

Fig. 7.1(a,b)], and argue as follows: (1) because of the mirror symmetry, the
information about the continuous Hamiltonian on S is fully encoded on one
[e.g., the upper (k; > 0)] hemisphere, and (2) due to the mutually-disjoint
condition, the spectrally-flattened Hamiltonian [cf. Eq. (3.8)] over the sphere’s
equator [a circle in the k, = 0 plane illustrated with black line in Fig. 7.1(a,b)]
is simply o%; this implies that the equator maps to a single point on the Bloch
sphere and allows to treat the hemisphere as if it were a closed 2-sphere for
the purpose of topological classification. The Hamiltonian on this abstract
2-sphere exhibits an integer “‘wrapping’ number around the Bloch sphere,
which translates into an integer-valued Chern number on the upper hemi-
sphere. One easily verifies that for the situation with a pair of M,-related
Weyl points, this wrapping number simply equals the net Berry-monopole
charge of Weyl points in the upper hemisphere [cf. Fig. 1(a) in Ref. [126]]. As
a consequence, the colliding Weyl points cannot annihilate: opening of an
energy gap inside the 2-sphere would contradict the existence of a non-trivial
topological invariant on the 2-sphere.

It was further proven in the Supplemental material of Ref. [126], using
relative homotopy groups [94], that the quantization of the Chern number
persists in (>2)-band Hamiltonians - if and only if the conduction/valence
bands obey the mutually-disjoint condition of M, eigenvalues.* In the lan-
guage we have formulated here, the Chern number on the upper hemisphere,
which enforces the conversion of the Weyl-point pair into a nodal-line ring, is
a symmetry-protected delicate topological invariant. One can thus interpret
such (>2)-band gapless models as a (symmetry-protected) delicate topological
semimetal. The bulk Chern number over the hemisphere is equivalent to a

1 The term ‘mutually-disjoint” was not used in the previous work [126].
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reflection-symmetric analog of the returning Thouless pump, as we now
demonstrate. For this purpose, instead of enclosing the band degeneracy
with an M;-symmetric 2-sphere, here we enclose it with an M,-symmetric
cylinder with the cylindrical axis in a direction (say, y) orthogonal to z. One
may view the cylinder as an M,-symmetric ‘inflation” of the 2-sphere, as
illustrated in Fig. 7.1(c). Because of the mutually-disjoint condition, the bulk
valence band (restricted to the mirror-invariant k-plane) has overlap with
one and only one basis orbital. This implies that an analog of the iso-orbital
condition [Eq. (4.16)] is satisfied for pair of mirror-invariant k-lines within
this mirror-invariant k-plane — including those two k-lines that lie at the
intersection of the cylinder with the (k; = 0)-plane, and project onto mirror-
invariant points [A and B in Fig. 7.1(c)] in the 2D rBZ. The projection of the
cylinder forms a circular path yrU~p in rBZ, which we decompose into two
z-mirror-related semicircular segments: ygr and 7.

Because of the non-trivial first Chern number on the red semi-cylinder
(equalling the net Berry-monopole charge of all Weyl points in the upper
hemisphere), the k | -dependent polarization grows by one primitive lattice
period (in the direction parallel to the surface normal) as k;, € rBZ is
continuously advanced along yr. The polarization subsequently reverts to
the original value after further moving along g — manifesting a returning
Thouless pump (RTP) along the closed path yrU7g.

7.4.2  Bulk-boundary correspondence of mirror-protected returning Thouless pump

Let us explain the boundary correspondents of the bulk delicate topolog-
ical invariant associated with these band degeneracies. For this purpose,
it is convenient to interpret the cylinder as the Brillouin zone (BZ') of a
2D-translation-invariant, mirror-symmetric Hamiltonian 4’; 1/’ is obtained by
restricting the flattened 3D Hamiltonian [Eq. (3.8)] to the cylinder, and inter-
preting the azimuthal coordinate of the cylinder as a linear momentum coor-
dinate of BZ'; BZ' projects in the y-direction to a 1D reduced Brillouin zone
denoted rBZ’. Much like how the angular-momentum anomaly [Eq. (5.7)] is
the boundary correspondent of the bulk rotation-protected RTP, we claim
that the restricted Hamiltonian /' exhibits an analogous mirror-eigenvalue
anomaly as the boundary correspondent to the mirror-protected RTP, under
open boundary conditions that are z-mirror-symmetric.

For concreteness, we assume a half-infinite geometry with facet normal in
the y-direction — which is also the direction of the cylindrical axis. What the
mirror-eigenvalue anomaly means is that for at least one faceted band, the
mirror eigenvalues at mirror-invariant points of rBZ’ [A and B in Fig. 7.1(c)]
are opposite in sign; this can be proven with essentially the same techniques
as those in Sec. 5.2.3. This alternation of mirror eigenvalues guarantees the
Zak phase anomaly along a path that passes through the mirror-invariant
points A and B and consists of two mirror-related sectors. One example of
such path is yrU+p illustrated in Fig. 7.1(c). The Zak-phase theorem proven
in Ref. [91] guarantees the existence of at least one symmetry-quantized 7
Berry-Zak phase in the spectrum of the (possibly non-Abelian) Wilson loop
computed along yrU7p, for the (possibly multi-band) faceted subspace —
contrasting to the vanishing Berry-Zak phase of the bulk conduction and
bulk valence band computed along any path in 3D BZ which projects onto
YrU7B in rBZ. This is the mirror-symmetric analog of the Zak-phase anomaly
[Egs. (5.32) and (5.34)] that we have previously formulated for rotation
symmetry.
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A further implication of the mirror-eigenvalue anomaly is the existence
of conditionally-robust edge states over rBZ'; this means that edge-state
energies of i’ necessarily interpolate across the bulk energy gap of i’ under
sharp boundary conditions; a proof of this would utilize spectral properties
of Toeplitz matrices [cf. Appendix C.2], in close analogy with the demonstra-
tion of rotation-symmetric conditionally-robust surface states presented in
Sec. 5.3.

Conditionally-robust edge states of &’ imply conditionally-robust surface
Fermi arcs [orange lines in Fig. 7.1(c)] of the 3D Hamiltonian subject to sharp
boundary conditions, with one arc crossing each of the semicircles yg and
7B in the 2D rBZ; this holds for both the Weyl semimetal and the nodal-ring
semimetal phase of the Hamiltonian in Eq. (7.4). This clarifies the origin of
Fermi arcs that were observed numerically (but remained unexplained) in
Fig. 2 of Ref. [126] under sharp boundary conditions. It is worth emphasizing
that the surface Fermi arcs are not topologically guaranteed under non-sharp
boundary conditions — a point not articulated in Ref. [126].



MULTICELLULARITY OF DELICATE TOPOLOGICAL
INSULATORS

Stable and fragile topology enforce an obstruction to find an exponentially
localized and locally-symmetric Wannier representation. As was already ar-
gued, such Wannier obstruction is absent for delicate topology. In this chapter
we show that both the Hopf and the RTP invariants, studied in the previous
chapters, obstruct the valence subspace (and also the conduction subspace)
of the crystalline Hopf insulator from being continuously deformable to a
tightly-bound band representation. The obstruction against being tightly-
bound holds despite both the conduction as well as the valence bands being
band representations. A different way to state this is that despite the Wannier
orbitals being exponentially-localized and locally-symmetric, some of the
Wannier orbitals necessarily have support across multiple primitive unit cells.
Such obstructed band representations are described as multicellular.

Our exposition of multicellularity is organized in the present chapter as
follows. First, in Sec. 8.1 we elaborate on the definition of the trivial band
which is induced from a unicellular Wannier orbital. We also comment on the
allowed continuous deformations of the Hamiltonian. Next, in Sec. 8.2, we
show that each of the studied delicate topological invariants (Hopf and RTP)
individually leads to multicellular Wannier functions. Then in Sec. 8.3 we
introduce a grading of multicellularity, defined to be the smallest number of
primitive unit cells that a representative Wannier orbital can be confined to, if
allowing for any continuous deformation of the Hamiltonian that preserves
the energy gap and symmetry. We emphasize that the set of insulators
with multicellular Wannier orbitals is distinct from the set of obstructed
atomic limits, whose orbitals are tightly localized but centered away from
the tight-binding basis sites. We elaborate on this in Appendix D.1, where
we show an example of an obstructed atomic limit that is unicellular and of
a multicellular insulator that is not an obstructed atomic limit.
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8.1 An elaboration on the definition of unicellularity 137
8.2 Multicellularity of the RTP and Hopf invariants 139
8.3 Graded multicellularity 140

8.1 AN ELABORATION ON THE DEFINITION OF UNICELLULARITY

At the onset, let us state the definition of a unicellular band, which is a
set of symmetry-respecting, exponentially-localized Wannier orbitals that
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span the band’s Hilbert space, and each Wannier orbital can be confined to
a single primitive unit cell by a continuous, adiabatic deformation of the
Hamiltonian.

For a given Hamiltonian acting on the Hilbert space specified by the basis
orbitals R, a)) [cf. Sec. 2.1.1] a collection of N, occupied bands, labeled by
j€{1,2,...,Ny}, has the following Wannier representation [cf. Sec. 2.1.4.1
for the definitions]

W (R, @) = <<R,tx‘Wj/R>>. (8.1)

Ny
We call a collection of Wannier orbitals {‘Wj,R >>} ) unicellular if only
j=

R = R components are non-zero in the Wannier orbital, i.e., they acquire the
form
WjR(R,oc) = dgrw;j(a). (8.2)

A few clarifying remarks are in order:

(@) Recall that a primitive unit cell is a finite region of space that, when trans-
lated by the Bravais-lattice vectors, covers all space (R?) without overlapping.
While the volume of this finite region is uniquely defined by the Bravais
lattice, its boundary is not. In the definition of unicellularity, we assume that
we can find a unit cell such that all V representative, valence-band Wannier
orbitals are strictly localized within it. [A representative set of valence-band
Wannier orbitals are a minimal set of Wannier orbitals which generate an
infinite set of Wannier orbitals (under Bravais-lattice translations) that span
the valence band.]

(b) One could adopt a generalized (i.e., less restrictive) definition of unicellu-
larity, namely that Wannier orbitals can be constructed such that each one of
them can be confined to an appropriately chosen unit cell, while not requir-
ing these choices of unit cells to be equal to each other. We emphasize that
(unless explicitly stated otherwise, see e.g. Dets. D.1 in Appendix D.2) we
adopt the “strict” definition of unicellularity from (a) throughout this chapter.

(c) With regard to ‘continuous, adiabatic deformation of the Hamiltonian’, in
addition to deformations of the matrix elements for a fixed tight-binding
basis, we also allow for deformations of the tight-binding Hilbert space that
maintains a pre-specified crystallographic space group G. To clarify what this
means, note that the basis states |R, «)) are themselves band representations
of G. We allow to deform the tight-binding Hilbert space in two ways.

(c-i) Firstly, consider the set of all basis vectors lying on the same position
R + r,, which span a finite-dimensional Hilbert space .#%,,; because the
tight-binding Hilbert space is a band representation of G, #z,,, must
form a representation of the site stabilizer Gr.,,. We allow for any unitary
transformation within %z, .

(c-ii) Secondly, we allow to continuously displace the basis Wannier centers
as ry — rq + Arg. Its effect on the momentum-dependent Hamiltonian is a
unitary transformation:

hk) — e FAP (k) ek AT, (8.3)
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with [Af]up = J,pArs. Being unitary, such a deformation will not affect
energies, and is automatically adiabatic. We only allow displacements that
preserve the band-representability of the tight-binding Hilbert space.

Example of a deformation of the type (c-ii).— Let us consider the uniaxial tight-
binding models [one example of such model is the P4 symmetric MRW
model introduced in Eq. (4.24) of Sec. 4.4.2], where all of {R + r,} lie on
rotation-invariant axes. In the MRW model, r, = 0 for all «, hence h(k) is
periodic, and the polarization &2 (I1) at C,-invariant reduced momenta are
quantized to integers, as verifiable in Fig. 4.2(d). An allowed deformation
that maintains rotational symmetry is to move a basis orbital along a rota-
tional axis; to maintain translational symmetry, all basis orbitals related by a
Bravais-lattice translation must simultaneously be moved. It would follow
that 2(I1) =1 Y, [r]: is not generally integer-valued, with [r,], here refer-
ring to the coordinate on the rotational axis. Yet, differences in Z(I1) over
distinct Cy,-invariant wavevectors remain quantized, and hence the returning
Thouless pump (RTP) remains well-defined.

8.2 MULTICELLULARITY OF THE RTP AND HOPF INVARIANTS

Let us argue that the RTP invariant guarantees multicellular Wannier orbitals.
In two-band models, interpreting the polarization #?(k ) as the charge
center of a hybrid Bloch-Wannier function [cf. Sec. 2.1.4.2], we conclude that
a non-zero RTP invariant A%y, 11, # 0 ensures that the center of the hybrid
function at I1; and I, are positioned in different unit cells. Taking into
account that the Wannier orbitals are related to the hybrid functions by a
Fourier transform over the rBZ, a non-zero weight of the hybrid function
at two unit cells ensures a non-zero weight of the corresponding Wannier
orbital at these unit cells; therefore, the Wannier orbital is multicellular.
This pictorial argument is generalized for the multi-band RTP invariant in
Appendix D.2, where it is shown that a non-zero value of the RTP invariant
is incompatible with a unicellular Wannier function.

Now we prove that a non-zero Hopf invariant x #0 implies multicellularity
independently from the RTP invariant. Note, that this is true in the absence of
crystalline symmetries (except of translations which are necessary to ensure
the restriction to two-band Hamitlonians). We prove multicellularity of the
Hopf insulators by contradiction. Assume that the valence-band Wannier
orbital is localizable to one unit cell, i.e., Wy (R, &) = dRr ko (), with |ky) a
pseudo-spinor wave function that corresponds to a single point on the Bloch
sphere S2. The Fourier transform of Wy(R, «) is then k-independent, namely
luy(k)) = |Kp). It is an eigenvector of a Hamiltonian that represents the
trivial, constant map from the BZ to S? in contradiction with the assumed
non-trivial Hopf invariant.

From the discussion in Chapter 7, we see that the specific forms of mul-
ticellularity — associated with the Hopf and RTP invariants — are delicate-
topological. In fact, a stronger statement holds true, namely that any form of
multicellularity existing in principle is a delicate property. In other words,
for any fixed-band, insulating Hamiltonian (inclusive of, but going beyond,
crystalline Hopf insulators) whose valence subspace is a band representation
with a topological obstruction to being tightly-bound, this obstruction is
removable by adding a certain tightly-bound band representation to either
the conduction or the valence subspace. An argument based on the vector
bundle theory that substantiates this statement is outlined in Appendix D.3.
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83 GRADED MULTICELLULARITY

The RTP invariant suggests a refinement of multicellularity through the intro-
duction of grading. In Sec. 8.3.1, we will first define graded multicellularity in
the simplified case of an insulator whose valence subspace is composed of a
single band with trivial first Chern class (i.e., a single, analytic Bloch function
over the Brillouin torus). Such grading can meaningfully distinguish between
different crystalline Hopf insulators, as we exemplify in Sec. 8.3.2. Finally,
we extend the notion of multicellularity beyond two-band Hamiltonians in
Sec. 8.3.3.

8.3.1  Graded multicellularity in two-band Hamiltonians

The grade g € Z U {0} is the lower bound on the number of primitive
unit cells that make up a non-primitive cell," which is able to contain a
representative Wannier orbital; the lower bound is defined given that one is
allowed to continuously deform a tight-binding Hamiltonian % (k) of fixed
matrix dimension while preserving the energy gap and crystalline symmetry.
Note, that we allow to continuously and symmetrically deform the Wyckoff
positions of the tight-binding-basis orbitals, as detailed in Sec. 8.1. At the
same time for crystalline topological insulators in Wigner-Dyson classes
A, Al and All, the notion of grading is typically more useful when one
imposes a local-symmetry condition [47, 120] on the Wannier orbitals. With
this definition of grading, an insulator with g = 1 is referred to as unicellular,
while all g > 2 (including g = oo, in principle) correspond to different grades
of multicellularity.

The notion of grading depends on whether the Wannier orbitals form
an orthonormal basis for the valence band. To formalize this discussion,
it is useful to distinguish between three kinds of Wannier orbitals: (1) the
conventional orthonormal (‘on-") Wannier orbitals, (2) the generalized linear
independent (“fi-") Wannier orbitals, and (3) the further relaxed Wannier-type
orbitals.

As is well-known in the conventional case, assuming that the Chern class
is trivial, on-Wannier orbitals are obtained by inverse Fourier transform of
Bloch states [cf. Eq. (2.33)], with the (i) Bloch states depending smoothly on k,
and with (i) the intra-cell components of the Bloch states being orthonormal
at each k:

(u (k)

As respective consequences of (i—ii), the on-Wannier orbitals are (i) exponen-
tially localized, and (ii) obey the orthonormality relation

on
(Wi
where R, R’ are Bravais-lattice vectors. In contrast, one may drop the normal-

ization of the intra-cell components of the Bloch states but retain the weaker
condition of orthogonality and completeness at each k, resulting in linear

u]‘?,”(k)> =8, jf =1, No+Ne. (8.42)

IR >> = 0jjiOR R'/ (8.4b)

v+N,

) Ny+Ne
independent { ]uf(k))} o Then the inverse Fourier transform generates
]:

fi-Wannier orbitals, which loose their normalization and orthogonality but

A non-primitive cell is a path-connected volume of space that, when translated through all
vectors of a Bravais lattice, does not cover all of space without either overlapping itself or leaving
voids [10].
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form a complete and linear independent basis of the Hilbert space. Similar
to the on- case, the number of fi-Wannier orbitals matches the dimensions
of the valence resp. conduction subspace. Finally, the Wannier-type orbitals
N
{ ‘thylge >> } - considered by Ref. [172] constitute a potentially overdetermined
: j=
basis with N > N, + N, i.e., either the valence subspace or the conduction
subspace (or both) are potentially represented by more Bloch states (and
consequently, after applying the inverse Fourier transform, by more Wan-
nier orbitals) than is the actual dimension of the respective band subspace.
In this case, the only retained property is the completeness of the intra-cell

components { |u;yp e(k)>};\il of the Bloch states at each k.

Either kind of the Wannier representations is often required to be
exponentially-localized, meaning that the amplitudes of the Wannier orbital
can be bounded by e IRI/m with some width r, > 0. A more stringent
requirement is for the Wannier representation to be compactly supported,
meaning that each Wannier orbital |Wj/R>> has non-vanishing amplitude
on a finite number of sites that appear within a bounded region in space.
Clearly, the grade g could only be finite for the compactly supported Wannier
orbitals.

One may ask if the graded multicellularity is more fruitfully defined in
terms of the on-Wannier orbitals, the fi-Wannier orbitals, or the Wannier-type
orbitals. To place this question in a wider context, let us first review several
basic relations between the existence of the various kinds of Wannier orbitals.
In subsequent paragraphs, we review non-trivial results of three works [172,
182, 183] that have explored related themes.

First, note that having an exponentially-localized on-Wannier representa-
tion is a more stringent condition than having an exponentially-localized fi-
Wannier representation, and having either of them is more stringent than hav-
ing an exponentially-localized Wannier-type representation. The analogous
relations between the existence of on-Wannier/ i-Wannier/ Wannier-type rep-
resentations also hold if we replace in the previous sentence ‘exponentially-
localized’ by ‘compactly supported’. More interestingly, if the valence sub-
space of a k-periodic tight-binding Hamiltonian is diagonalized by (un-

normalized) intra-cell functions {|u][l(k)>} LN that are vector-valued
j=1,...Ny

polynomial functions of {e*}_ xy,2 With no zeros, the inverse Fourier trans-
form of the intra-cell functions constitute representative compactly-supported
i-Wannier orbitals. Since the normalization H |u][1(k)> H of a vector-valued
polynomial is also guaranteed to be analytic with no zeros, the inverse Fourier
transform of |u]ﬁ(k)> / H |u]ﬁ(k)> H = |u;-’"(k)> is an exponentially-localized on-
Wannier orbital. Conversely, the non-existence of an exponentially-localized
on-Wannier representation implies the non-existence of a compactly sup-
ported fi-Wannier representation.

Let us next summarize the non-trivial results found by Refs. [172, 182, 183].
Assuming that the valence bands support an exponentially-localized Wannier-
type (resp. exponentially-localized on-Wannier) representation, Ref. [172]
(Ref. [183]) analyzed within the context of topological band theory whether
the representation is compactly supported. In both cases, a non-trivial value of
a topological invariant was found to obstruct the existence of a compactly
supported Wannier representation (of the respective kind).

Namely, N. Read (generalizing an earlier work with J. Dubail [182]) showed
in Ref. [172] that stable topological bands (i.e., bands belonging to a non-
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trivial stable equivalence class in algebraic K-theory) in all Altland-Zirnbauer
symmetry classes and in real-spatial dimensions d > 2 [22, 23] do not admit
a (symmetric) compactly-supported Wannier-type representation, unless the
nontriviality of the topological band is due solely to weak topological invari-
ants existing already for d = 1. This obstruction is equivalent to saying that
not all representative Wannier-type orbitals (respecting an Altland-Zirnbauer
symmetry) can have finite extent, i.e., the ‘grading’ is infinite, if the notion
of grade were generalized to apply to any band subspace (not just band
representations), and if the lower bound on the number of primitive cells is
defined in the stable-equivalence class (as opposed to an equivalence class of
h(k) with fixed matrix dimension).

More recently, Schindler and Bernevig in Ref. [183] showed that certain
obstructed atomic insulators [31] (wWhose valence subspaces are band rep-
resentations but whose conduction subspaces are fragile) do not admit a
compactly-supported on-Wannier representation. This statement holds (in
this case for the conventional on-Wannier orbitals) even if one allows for the
matrix dimension of h(k) to increase, so long as the conduction subspace
remains fragile.

We thus find that in all the previous studies, the categorization into com-
pact vs. non-compact has been used as a real-space-centric diagnostic for
trivial vs. nontrivial band structures in the stable or fragile topological clas-
sification. (Here we view the Schindler-Bernevig model as a generalized
example of fragile topology.)

Here, we opt for the ‘middle ground” with respect to the three kinds of
Wannier orbitals, by adopting the - case. Namely, what we propose is that:

(a) delicate topological insulators can have compactly-supported fi-Wannier
orbitals, and that

(b) the grade g, as defined for fi-Wannier orbitals, offers a finer-grained notion
of compactness, with different finite values of g distinguishing different
categories of delicate topological insulators.

Presently, we do not know if the analog of g, defined for conventional on-
Wannier orbitals, can take finite values for delicate topological insulators. For
the models presented here, the on-Wannier orbitals are infinite in extent.

8.3.2  Graded multicellularity: case studies

To exemplify Proposals (a-b) formulated in the last paragraph of Sec. 8.3.1,
we proceed to briefly investigate bounds on the grade giopf of the Hopf
insulator if we allow for continuous Hamiltonian deformation that may break
any point group symmetry, and on the grade grrp of an RTP insulator in the
presence of rotation symmetry.

We begin with the case of the Hopf insulator. On one hand, based on
the homotopic inequivalence of the Hopf-insulating Hamiltonian map to
a constant map, it was shown in Sec. 8.2 that the Hopf insulator is not
unicellular, implying a lower bound on the grade: gyops > 2. On the other
hand, one may consider the concrete MRW model of the Hopf insulator [55]
[corresponding to the entry “P4, AL =1, Ar; = (0,0)” in Table 4.2 and the
Hopf invariant x = —1 or 2] with non-normalized valence intra-cell function:

sinky + isinky,

fi _
uv(k)> ' sin k, —i ( Y. cosks+ <I>> ' ®5)

=xy,z
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Its inverse Fourier transform yields an fi-Wannier orbital supported over
seven primitive unit cells: a ‘central” cell, together with six ‘adjacent’ cells
that are attributable to the appearance of e***+¥2 in Eq. (8.5). Combining both
results, we get that the grade for all Hamiltonians with the Hopf invariant
x = —1 (and also x = 2) is bounded by

2 < GHopt < 7- (8.6a)

The second example that we use to illustrate these ideas is the crystalline
Hopf insulator characterized by RTP invariants A%y and by Hopf in-
variant x [recall that the invariants are constrained through Eq. (6.5)]. For
simplicity, let us assume that all rotation-invariant reduced momenta are
encompassed in a single iso-orbital subset — which per Table 4.1 implies that
Ar; = (0,0), i.e., both basis orbitals lie along the same rotation axis. Because
the polarization 2;(ky, k,) extends over at least [14+ maxyyy{|A P17 }]
rotation-invariant primitive unit layers, the -Wannier orbital extends over at
least the same number of primitive unit cells, giving the (rather generous)
lower bound

gre > 1+ II%I?_I)/({lA@H H/|} (8.6b)

for the grade of RTP insulators.

In fact, a more restrictive lower bound than Eq. (8.6b) can be deduced
by further considering the spread of the fi-Wannier orbital in directions
perpendicular to the rotation axis. Let us allude to the fact that, owing to the
non-trivial value of any RTP invariant, (1) the valence band representation
(VBR) of an RTP insulator is not continuously deformable into a basis band
representation (BBR). However, it follows from the rotation eigenvalues of
the valence band (under the stated assumption of a single all-encompassing
iso-orbital subset) that (2) the VBR is symmetry-equivalent to a BBR spanned
by one of the basis orbitals (let’s say BBR[¢1]).

We now argue as follows. First, the fact (1) implies that VBR must contain
some contribution from orbital ¢, in some unit cells. However, the symmetry
equivalence of VBR to BBR[¢1], stated by fact (2), implies that the fi-Wannier
orbital transforms under C, with the angular momentum L£; of orbital ¢;.
This transformation rule precludes the @, contribution from orbitals along
the rotation axis. It can then be seen that the minimal way for the f-Wannier
orbital to acquire a contribution from ¢, orbitals while exhibiting the angular
momentum £; is due to an n-plet of sites that transform cyclically into
each other under C, in at least one of the [1+ maxyy 1y {|A 211y }] rotation-
invariant primitive unit layers. Therefore, under the stated assumptions
(namely: space group Pn, an all-encompassing iso-orbital subset, and at least
one RTP invariant with non-zero value), we find

gRTP > 1+ rﬁlﬁﬂ)}{lAﬁnn/\}. (8.6¢)

In particular, for the non-trivial phases of the MRW model (which fulfill the
stated assumption with n = 4 and maxpyy{|AZr|} = 1), in combination
with the argument presented before Eq. (8.6a), we obtain that

5< gmrw <7. (8.6d)
8.3.3 Grading of models with >2 bands

We finally generalize the definition of graded multicellularity to delicate
topological insulators with an Ny-band valence subspace, i.e., the valence
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subspace is spanned by N, > 1 linearly independent Bloch states at each k.
For this purpose, it is convenient to adopt in the present subsection certain
bundle-theoretic language: we view the valence subspace as a rank-N, vector
bundle, with an Ny-(complex)-dimensional vector space associated with each
k of the base space (our Brillouin torus). In constructing the fi-Wannier or-
bitals, we must first decompose the rank-N, bundle into N, unit-rank bundles
(i.e., line bundles); this decomposition amounts to choosing N, orthogonal

(but not necessarily normalized) intra-cell functions { |u][‘ (k)) } N which

j=1,...Ny
span the Ny-dimensional vector space at each k.
The inverse Fourier transform of |u][1(k)> defines representative (i.e.,

translation-inequivalent) fi-Wannier orbitals |Wj[iR>>, and we define the
partial grade g; of the j-th line bundle to be the number of primitive unit cells
in which |V\/][lR>> has a finite support. The total grade g is then defined as the

lower bound of the sum of the partial grades of all representative fi-Wannier
orbitals,

Ny
g—1=min)_ (gj—1), (8.7)
j=1
given that one is allowed to continuously deform the tight-binding Hamilto-
nian /(k) of fixed matrix dimension while preserving the energy gap and
crystalline symmetry.

For a concrete example, consider the case of an RTP insulator with an N-
rank valence subspace and maxpyy{|AZr|} = M, thereby generalizing
the discussion of a crystalline Hopf insulator in Sec. 8.3.2. For simplicity,
we also assume that all basis orbitals whose band representations coincide
with the valence band representation at rotation invariant momenta II are
centered at the same position z, along the rotation axis. We argue that the
total grade g obeys again the inequality (8.6b). Indeed, when one constructs
the fi-Wannier orbitals, the decomposition of the rank-N, bundle into N, line
bundles leaves us a choice as to how to distribute the M quanta of 27t Zak
phases among the N, line bundles; effectively, we must choose an integer
decomposition M = n; +ny + ...+ ny,.* This limits each partial grade to
9j > 1+ |n]- , and the total grade to g > 1 4 Z]N:”1 |n]-| > 1+ M, irrespective
of the rank of the valence subspace. We see that no matter how one performs
the distribution, the inequality (8.6b) holds.

In addition, by adopting similar assumptions and arguments that led to
Eq. (8.6¢), we anticipate that each bundle with n; # 0 must have support
on at least n unit cells within some rotation-invariant primitive unit layer.
Optimally, one can imagine these # unit cells to be the same ones for each
bundle (alternatively, one could imagine assigning all the M quanta of 27t
Zak phase into a single bundle), allowing us to generalize to the (>2)-band
case also the stricter bound in Eq. (8.6¢).

Determining the exact value of the grade for Hopf and RTP insulators
in space groups Pn, as well as of other multicellular topological insulators,
constitutes an interesting question that we leave open for future studies. We
further anticipate the grade as defined by Eq. (8.7) to be invariant under the
addition of unicellular band representations that do not trivialize the delicate
topological invariants, but further research is needed to firmly establish such
a property of graded multicellularity.

Under the simplifying assumption of equal z centers of basis orbitals, each integer n; corresponds
to a charge center jump between two rotation-invariant momenta of a corresponding j-th band
from the chosen vector bundle decomposition. These jumps are integer valued as all relevant
basis orbitals are centered at the same z position in the BZ.
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In this thesis we introduced two new concepts in topological band theory.
First, we defined delicate topology and explained its difference from fragile
and stable topology. Second, we showed that delicate topological insulators
can be described in terms of multicellular Wannier orbitals, and form an
obstruction to localize these orbitals within one unit cell. Delicate and multi-
cellular topological insulators would be missed by the modern classification
schemes, such as K-theory [22], symmetry indicators [29] or topological
quantum chemistry [31]. Here we developed novel methods, based on the
notion of band representations [112, 113], to capture delicate topological
invariants. Delicate topological insulators are the simplest topological insu-
lators, in the sense that they are realizable by two-band Hamiltonians. In
contrast, the minimal dimension of a tight-binding Hamiltonian matrix (at
each momentum) that models a topological insulator with vanishing first
Chern numbers is four in the case of stable topology, and three in the case of
fragile topology [120].

In Chapter 4, we studied two-band delicate Hamiltonians whose n-fold
rotation symmetry protects a new topological invariant — the returning
Thouless pump (RTP) — in addition to the celebrated Hopf invariant that
requires no point-group symmetry. Therefore we name these two-band
insulators crystalline Hopf insulators. The RTP describes how the Zak phase
advances by an integer multiple of 27t across half a reciprocal-lattice vector,
then retracts by the same quantity over the next half of the same reciprocal-
lattice vector. Such a Zak-phase evolution could conceivably be measured in
interferometric experiments [184] with ultra-cold atoms or molecules [127,
185].

The RTP invariant extends Pontrjagin’s seminal classification of two-band
insulating Hamiltonians in three spatial dimensions [93, 97], which, in the
case of trivial first Chern class, is given by the Hopf invariant. As proof of
principle, we have found a tight-binding model with a trivial Hopf invariant
but a nontrivial RTP invariant. In Chapter 6, we have exhaustively established
mod-n relations between the Hopf and RTP invariants for all possible n-fold
symmetric Hamiltonians (n = 2,3,4,6); such relations allow to determine
the Hopf invariant modulo #n by a measurement of the Zak phase given the a
priori knowledge of the itinerant angular momentum of bulk-conduction and
bulk-valence bands. Presently we know of no other method, even existing in
principle, to measure the Hopf invariant in condensed-matter systems.

In Chapter 5, we have proposed a bulk-boundary correspondence for
Hopf and RTP invariants. A slab geometry of a Hopf insulator realizes
teleportation of the Berry curvature from one slab surface to another, which
leads to a surface Chern number despite the vanishing Chern numbers in
the bulk. Specifically, the Chern number, computed for all occupied and
unoccupied states localized on a single surface of the Hopf insulator is equal
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in magnitude to the bulk Hopf invariant. Using these results, it was already
shown in Ref. [166], that the Hopf insulator may exhibit quantized surface
magnetism and higher-order topology. The RTP invariant in its turn reveals
itself on rotation-symmetric crystal facets: the surface-localized states carry
anomalous values of the itinerant angular momenta and of the Berry-Zak
phase. These values are thus non-identical to the itinerant angular momenta,
respectively to the Berry-Zak phase, of the bulk-conduction states, and
also non-identical to corresponding quantities of the bulk-valence states.
The itinerant angular momentum anomaly has further consequences: it
guarantees the existence of metallic surface states, if the Hamiltonian matrix
is sharply terminated at a rotation-symmetric facet. Such surface states are
robust against continuous deformations of the bulk Hamiltonian that preserve
both the bulk energy gap and Pn symmetry; however the same surface states
can in principle be removed from any energy within the bulk energy gap,
if the sharp boundary condition is relaxed. We expect the sharp boundary
to be a good approximation to the surface termination of layered materials
with weak, inter-layer, van-der-Waals coupling, such as BiSe3 [186, 187].

In Chapters 7 and 8, delicacy and multicellularity is proved for both the
Hopf and the RTP invariants of the crystalline Hopf insulators. The RTP
invariant is an example of symmetry-protected delicate topology, which
allows generalizing it to models with more than two-bands assuming that
the bulk valence and conduction bands transform differently under the
symmetry. Furthermore, adopting a generalized definition of non-orthogonal
Wannier orbitals, we introduced the notion of graded multicellularity, where
the grade specifies the minimal number of unit cells necessary to host the
multicellular Wannier function. In order to derive a lower bound, the grade
is minimized over all Hamiltonians that can be continuously deformed
into each other, while preserving the gap and the protecting symmetry. We
derived top and bottom bounds on the value of the grade in crystalline Hopf
insulators, showing that it is finite. Whether this grade remains finite for
the standard choice of orthonormal Wannier orbitals or these orbitals are
inevitably non-compact as in Ref. [183] (i.e. they extend over infinite number
of unit cells) is an interesting question for further research.

Given the novel and unconventional theoretical properties of delicate
topological insulators presented in this thesis, the biggest open question
is their materialization or experimental simulation. With this goal in mind,
one presently-achieved advancement (presented in Chapter 3) is an eluci-
dation of the topological semimetallic phases that generically intermediate
the transition from trivial to crystalline Hopf insulators. In particular, we
have found that the crystalline-Hopf phase lies in proximity to a mirror-
symmetry-protected, nodal-line semimetal previously studied in Ref. [126];
this mirror-protected semimetal is the only delicate topological semimetal
that we know presently, and demonstrates that the returning Thouless
pump (and its corresponding boundary anomalies) are generalizable con-
cepts with a wider applicability beyond rotation-symmetric Hamiltonians.*
One may then conceive the strategy of beginning from an existing Weyl or
nodal-line semimetal, then inducing an energy gap by material engineering
to enter the Hopf/RTP insulator phase. In this regard, we remark that a
delicate-topological semimetallic Hamiltonian similar to our case study in
Eq. (3.29) has been previously applied to model the ferromagnetic compound
HgCr,Se, [189]. Additionally, strain-induced conversions of mirror-related

While not directly applicable to metals, a three-band touching in the phonon band structure
was recently argued to be delicate topological [188].
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Weyl points to mirror-protected nodal loops were recently predicted [190]
for a family of two-element hexagonal compounds, including ZrTe, MoC
and WC, with the initial motivation of materializing band degeneracies with
non-Abelian topological charges [191]; it would be interesting to revisit these
materials with a focus on mirror-protected delicate topology.

A possible complication in materializing Hopf/RTP insulators is the ob-
servation that in most known tight-binding models, next-nearest-neighbor
hoppings have larger magnitude than nearest-neighbor hoppings. It is inter-
esting to analyze whether this is required by principle. If not, a theoretical
development of tight-binding Hamiltonians with larger nearest-neighbor
hoppings is an important step to expand the material options for an ex-
perimental realization. However, it is worth remarking that having larger
next-nearest-neighbor hoppings is not physically unrealistic — one would
consider materials which lie further from the tight-binding limit and closer
to the nearly-free-electron regime [10]; it may also be necessary to look for
basis Wannier orbitals which represent anisotropic hybridizations of multiple
chemical orbitals. Beyond solid-state realizations, a recent proposal [127,
185] suggests a way to realize long-ranged hoppings in periodically driven
ultra-cold dipolar molecules trapped in an optical lattice.

A second difficulty in Hopf/RTP materializations is that realistic materials
often require more than a two-band description. A generalization of the
Hopf invariant to arbitrarily many (say N) bands exists, assuming that all
N bands are energetically detached from one another [167]. Whether or
not such generalization is easier to materialize than the two-band Hopf
insulator remains to be seen. Here we showed that the RTP invariant allows
an alternative generalization to more-than-two-band Hamiltonians without
requiring all bands to be detached from each other, and hence a multi-band
RTP insulator is a more promising candidate for materialization. Symmetry
protection of the RTP invariant suggests a high-throughput algorithm of
searching for a material realization. First, one needs to identify all space
groups that are compatible with non-zero RTP invariants. For these groups,
one can search for concrete materials, invariant under elements of these
groups, in material databases [192, 193]. Among the materials with available
electronic structure, the relevant candidates are those, whose low energy
band representations fulfill the necessary conditions for quantization of
the RTP invariants (cf. Sec. 7.3.1). Computing the RTP invariants using
first-principle techniques [194] for these candidates will reveal materials in
delicate topological phases.

Another important direction of further research is finding examples of
delicate topology beyond our assumption of rotational symmetry and a
trivial Chern class. There are three possible directions of generalization.
Firstly, investigating existence of delicate topology in other Altland-Zirnbauer
symmetry classes (cf. Table 2.1) is important for a more complete classification
of delicate topological phases. Secondly, one can study delicate topological
invariants protected by other crystalline symmetries. For instance, mirror
symmetry can also protect an RTP invariant (as demonstrated by our case
study in Sec. 7.4), while it forces the Hopf invariant to be zero for 3D-
translation-invariant Hamiltonians. However, a systematic study of mirror-
protected delicate topology in all spatial dimensions is still lacking and
would be desirable. Finally, the extension of the Pontrjagin classification
in the presence of rotation symmetry could be generalized to models with
a non-trivial first Chern class. In this case, the two-band models in the
absence of point-group symmetries are classified by four invariants: three
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Chern numbers computed on two-dimensional cuts of the BZ and the fourth
invariant that takes integer values modulo twice the greatest common divisor
of the three Chern numbers [93, 95]. It is possible that some analog of the
topological invariants discussed here will likewise acquire an ambiguity
depending on the Chern class.

In summary, this thesis opens the world of novel topological phases of
matter — named delicate — which are defined under a relaxed stability condi-
tion. The discussed bulk and boundary properties of these insulators present
yet unexplored grounds within non-interacting topological band theory and
show that the classification of topological insulators is not yet complete.
Going beyond non-interacting picture, one may ask whether delicate topol-
ogy can be defined in interacting systems and how multicellularity of the
corresponding Wannier orbitals affects the range of interactions. This is an
interesting direction for future research.



Part III

APPENDIX






MORE ON BERRY DIPOLE

A.1 ROTATION-INVARIANT SPINOR-FORM HAMILTONIAN

In this Appendix, we derive a rotation-symmetric k-p Hamiltonian of the
spinor form specified by Eq. (3.4). This is achieved in two ways.

First, we derive the k-p Hamiltonian assuming the continuous rotation
symmetry, which restricts the Hamiltonian as specified in Eq. (3.2). This
discussion is organized into three parts. First, in Appendix A.1.1 we translate
the symmetry requirement of the Hamiltonian matrix #*7 (k) to a condition
on the spinor (k). In Sec. A.1.2 we derive the general symmetry-compatible
form of the spinor (k) to the lowest order in each momentum component
and in the tunable parameter ¢. Then, in Appendix A.1.3 we show how the
obtained general form can always be continuously deformed into the simple
form shown in Eq. (3.3) of the main text.

Second, we derive the symmetry-allowed k-p Hamiltonian as a Taylor
expansion of a lattice Hamiltonian around a rotation-invariant momentum.
For this, in Appendix A.1.4, we show that the k-p Hamiltonian is symmetric
under discrete rotation symmetry, specified by the itinerant rotation matrix
of the lattice Hamiltonian at the considered rotation-invariant momentum.
Finally, in Appendix A.1.5, we derive the general form of the spinor with
discrete rotation symmetry.

A.1.1  Equivalent symmetry condition on the spinor function

We first show that if the symmetry condition in Eq. (3.2) is applied to
spinor-form Hamiltonians [Eq. (3.4)], then this is equivalent to the following
condition on the spinor function:

Ref(k) = PRIz (0k), Rg=e /02720, (A1)

where B is an arbitrary k-dependent phase. To show this, recall that conjuga-
tion of a Pauli matrix o; with exp(iwo;) gives

exp (iwoz )ojexp(—iwoz) = T(2w);jo;

cosw —sinw 0
with T(w)=|sinw cosw O0]- (A.2)
0 0 1
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By choosing the particular value w = —6Af/2 we obtain Ryo;R, =
T(—0Al);io;. The application of this relation to the spinor-form Hamiltonian

in Eq. (3.4) gives
Roh(k)Ry " = [{To;g] T(—0AL) 0

=[¢tT (0AL)i07C]0;
= [("Ry'oRg] -

(A-3)

where the last line reminds us that the function ¢ (in all of the consecutive
expressions) is to be evaluated at k. Separately, the symmetry condition in
Eq. (3.2) applied to the spinor-form Hamiltonian in Eq. (3.4) implies

Roh(k)Ry' = [{Yel] - o (A4)

ie., evaluated at 0k. The relation in Eq. (A.1) follows from comparing
Egs. (A.3) and (A.4) after considering that

{tog=¢c'og & (=cef (A:5)

with B an arbitrary phase factor (compare also to the first part of Dets. 3.2).
The equivalence in Eq. (A.5) follows because {To{ can be interpreted as
the expectation value of spin for spinor ¢, and the expectation value of all
spin components can agree for a pair of spinors only if they differ by an
unobservable phase factor.

A.1.2  General form of the spinor function

To ensure that h(k) is analytic in k, we impose that {(k) is also analytic
and hence admits convergent Taylor expansions in k. Given the symmetry
condition (A.1) on the spinor function {(k), we aim to find the most general
symmetry-compatible choice of the spinor up to linear order in (ky, ky, k),
with the motivation that k = 0 marks a prospective band-touching point.
The zeroth-order-in-k term is parametrized by an additional real parameter
¢, such that {(k =0,¢ = 0) = 0:

g(o)(k, )= <A1k+ + Bik— + Ci(k; + i) + Dy (k; — lgb)) ) (A.6)
Arky + Bok— + Cz(kz + Z(P) + Dz(kz — l(P)

where ki = ky +ik,, and A]-, B;, C]-, D; (j = 1,2) are complex coefficients. We
derive constraints on these coefficients by plugging the ansatz into Eq. (A.1).
Note that one side of the equation is multiplied by the phase ¢/f(¥), which
is required to be analytic such that {(k) is also analytic. In the following,
we assume it to be k-independent, f(k) = B, as all k-dependent terms
will contribute to higher orders in (k,¢). Since the variables ki, k, &+ i¢
are independent of each other, we proceed by equating the coefficients that
multiply them on the left vs. the right side of the equation.

We proceed in steps as follows.
(1) Equate the coefficients in front of k, + i¢ and k, — i¢, get:

Cre— 0002 — ¢ B, Crel®/2 — Celf, (A.7a)
Dye~8/2 — . b, Dyel®A/2 — Dyelf, (A.7b)
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If we assume that B # £60Al/2, then C;, = Dj, = 0, implying that the
spinor dependence on k; and ¢ is of higher order. We ignore such a possibility
as it requires fine tuning, leaving us with the following two possibilities:
either B = 0Al/2 or B = —0AL/2. We opt for the first of the two options,
and comment on the other choice at the end of this section. In that case, we
find that

D;=C; =0, (A.8)

while C; and D, are arbitrary.

(if) Equate the coefficients in front of k,:
Ay [e—ieM/z _ ez‘GM/ZeiB] —0, (A.9a)
Az /21— o] — 0. (A.gb)

From this we conclude that

Ay =0,

. (A.10)
A1 #0, ifAl=-1.
Both coefficients vanish if A¢ # —1, (cf. implications below).
(iif) Similarly equate the coefficients in front of k_ to get:
B, =0,
2 (A.11)

By £0, ifAl=1.

It follows from Egs. (A.10) and (A.11) that if |[A¢| # 1 then all linear terms
in k4 vanish. In that case, we are led to include higher-order terms in the
ansatz (A.6).

The possible second-order contributions in k+ are

(A.12)

é(l) (ko ko) = (le%_ + Mlkz_ + N1k+k> '

sz%_ + Mzkz_ + Nok4k_

with six complex coefficients. We deduce the coefficients in front of the
quadratic terms in the same way as for the linear terms.

(i) First, equate coefficients in front of k4 k_:
NlefiGAE/Z _ NleiGAZ/ZI (A.13a)
NzeiGAf/2 _ NzeiQAf/Z‘ (A13b)

From this we conclude that Ny = 0, while N, can take arbitrary values.
Therefore, independent of the Berry-dipole spin A/, the second component
of the spinor generically depends on the quadratic form k. k_ = k2 + kf.

(if) Equate coefficients in front of ki:

Ly { o~ i0AL/2 _ eieM/zeize] —0, (A.14a)
L, £i08¢/2 [1 _ eiZG} —0. (A.14b)
This gives
L, =0,
(A.15)

Ly #0, ifAl=—-2.
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(iii) Similarly for coefficients in front of k> we get:

M, =0,

) (A.16)
M; #0, if Al =2.

For |Al| = 2 Egs. (A.15) and (A.16) define quadratic dependence on k. in
the first component of the spinor. However, for |A¢| > 2 these contributions
vanish and we need to consider still higher orders in k.

In the following we derive the lowest-in-k4 term that is allowed by a given
Berry-dipole spin A/ in the first component of the spinor. To achieve this, we
first derive all allowed terms of the form k% k! with p, g being non-negative
integers (the set IN U {0}), and then among these terms find the one with the
lowest order p + 4.

(i) Equate coefficients in front of k”_k” in the first component of the spinor:
o—10AL/2 _ LiOAL/2 ,i0(p—q) (A17)

This equation is fulfilled if § — p = A¢, and hence, the allowed terms have

the form k% k" A% with both p,p+ Al € N U{0}. This pair of conditions can
be expressed compactly as p > max{0, —Al}.

(i)) To find among all allowed terms the one with the lowest order, we need
to find
p« = argmin (2p + Al), (A.18a)
p>max{0,—Al}

which, depending on the sign of A/, is

A
P = 0, £>0 . (A.18b)
—ANl, A <O

Therefore, given the value A/, the first component of the spinor to the lowest
|AL]
order in k4 is (k, sgn(M))

By combining all the constraints derived for a given Berry-dipole spin A/,
we get the general form of the rotation-symmetric spinor:

1)
Lk 9) = ( 7 (s ) , (A19)
Ca(ky +i¢) + Dy (k; — i) + Nok i k—

where Zpy, Cp, Dy and N are arbitrary complex coefficients.

Let us conclude the discussion by analyzing how the result changes if we
instead adopt the second option of the phase, B = —0Af¢/2. Then, following
the steps that were described in this section, we derive that the spinor
function has the form

Ci(k; +i Dq(k; —i Nikik_
C(k,¢) = ( ! +l¢)/+ 1t Z4|)A)é\+ e ) . (A.20)
ZA( (ksgn(AE))

To understand the difference between the two Hamiltonians, respectively
defined through spinors (A.19) and (A.20), we note that the conduction
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band of the spinor-form Hamiltonian [Eq. (3.4)] is proportional to the spinor
|uc(k)) o< {(k), while the valence band can be expressed as |uy (k)) o 0y, ¢* (k).
We can define an angular momentum £, of the valence (conduction) eigen-
state at the rotation axis as

Ro o 00,4 = e

1) (0,0, kz)> . (A.21)

Both the Hamiltonian (k) and the rotation matrix Ry are expressed in a basis
given by the orbitals @1, ¢o; since the rotation matrix is diagonal in this basis,
these orbitals get a factor e~ /2!/2 resp. ¢/A¢/2 under rotation by an angle 6
and therefore have angular momenta /() = — (+)AL/2. Since valence and
conduction bands at rotation axis diagonalize the rotation matrix, the set
{ly, L.} coincides with the set {+A//2}, meaning that at rotation axis the
valence and conduction bands are of a single orbital character. Computing the
valence and conduction angular momenta for the spinor (A.19), we observe
that a valence (resp. conduction) band has angular momentum ¢, = —A//2
(resp. £ = Af/2), meaning that it is of the ¢; (resp. ¢y) character. For
the spinor (A.20), the valence (resp. conduction) angular momentum has
opposite sign and the corresponding band is of the ¢, (resp. ¢1) character.

To relate the valence (resp. conduction) band given by spinor (A.20) to
the valence (resp. conduction) band given by spinor (A.19), it is enough to
flip the order of the basis orbitals and change the sign of the Berry-dipole
spin in the rotation matrix written in the new basis. This deformation allows
us to extend the results presented for the spinor (3.3) in Chapter 3 to the
spinor (3.5), which are the simplified forms of the spinors (A.19) and (A.20),
respectively.

A.1.3  Continuous deformation of the spinor to simplified form

Consider a Hamiltonian h(k,¢) [cf. Eq. (3.4)] encoded by the spinor in
Eq. (A.19). Let us first argue what are the allowed continuous deformations
of this Hamiltonian that preserve its rotation symmetry and ‘topology’, in a
sense that will be made increasingly precise.

Let us assume the energy bands of h(k,¢) touch at (k,¢) = (0,0) and
nowhere else in the (k, ¢)-space, which we take to be isomorphic to R*.
For any constant-¢ slice of (k, ¢)-space, one can define a three-parameter
Hamiltonian h(k) and its associated continuum Hopf and Zak numbers
[cf. Egs. (3.15) and (3.16)]. These numbers are the k - p analogs of the Hopf
and RTP-Zak invariants for tight-binding Hamiltonians. Assuming that /(k)
is a truncated Taylor expansion of a tight-binding Hamiltonian, changes
in the continuum Hopf/Zak numbers (as ¢ is tuned through zero) equal
changes in the lattice Hopf/RTP invariants (of the tight-binding Hamiltonian
which regularizes the k - p Hamiltonian). In particular, this implies

§Xcont. — Xcont.(¢ — 0+) _ Xcont.(¢ — 0—) cZ. (A.ZZ)

This integer quantization holds under continuous deformation of the k - p
Hamiltonian h(k, ¢; t) parametrized by t € [0, 1], if we impose for all ¢ that
the energy gap closes only at (k,¢) = (0,0).

This freedom given to us by the t parameter allows us to bring the spinor
derived in Eq. (A.19) to a simpler form. The condition that the gap closes only
at (k,¢) = (0,0) can be enforced by insisting that |Zxs| # 0 and |Cy| # |Da|.
Indeed, the gap closes if and only if = 0. Imposing that the first component
of { vanishes implies k_ ¢ a) = 0, and hence also Nok k- = 0. Then
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the second component of { equal to zero is equivalent to Cy(k; + i¢p) =
—Dsy(k; — i¢p), which implies that (|Cy| — |Dz|)v/k2 + ¢*> = 0. This means
that when |C;| # |Da|, the spinor turns to zero only at (k,¢) = (0,0).

Hence, we are allowed to continuously adjust the coefficients to certain
preferred values as long as we avoid |Z,| = 0 (and also avoid |C| = |Ds|)
throughout the interpolation. Since this constraint on our interpolation does
not involve N, we can always set this parameter to zero. We may as well
take Zp¢ = 1. The selected values of C; and D; depend on the ratio between
their magnitudes. We choose C; = 1, D; = 0 if |C3| > |Dy| and C; = 0
D, = —1if |C;| < |Dy|. There exists a continuous deformation of the spinor-
form Hamiltonian from arbitrary initial values of the coefficients to the
specified ones without closing the energy gap and without breaking the
rotation symmetry (and thus without altering the topological invariants of
the corresponding Berry dipole). The final form of the spinor is

|al]
Gk, ¢) = ((k‘si“m@) ) (A.23)
vk, +i¢p

where
v=sgn(|C| —|Dyf) € {-1,1}. (A.24)

This is the form of the spinor utilized throughout the main text, beginning
from Eq. (3.3). A similar deformation performed on the spinor in Eq. (A.20)

leads to
vk, +ip
C(k,¢) = <( ) - (A.25)

L]
sgn(AE))
A.1.4 Symmetry of k - p-expansion of a lattice Hamiltonian

In this Appendix we derive the rotation-symmetry constraint of a lattice
Hamiltonian expanded for small k around a rotation-symmetric point in the
BZ. A lattice Hamiltonian obeys the following symmetry condition:

R, h(k)RG! = h(Cuk). (A.26)

We now expand the Hamiltonian around point ki = (IL k;) where the
reduced momentum I1 is shifted by a reciprocal lattice vector after m-fold
rotation, C;;I1 = IT 4 Gy. Adopting the local momentum x = k — krj, we
obtain
Re, bkt +#)Rc! = h(Cukrr + Cut)

= h(kn + G+ CmK). (A.27)
We use that the Hamiltonians at momenta shifted by a reciprocal lattice
vector are related by

h(k+G) =V;'h(k)V, , (A.28)
with [Vglap = exp(ira - G)dup. Applying this relation to Eq. (A.27) we get
VGHRC,,,h(kH + K)(VGHRCm)il = h(kl—[ + CmK). (A.29)

We now expand the Hamiltonian at small x around kr; and denote this
expansion as h*? (x). Using the itinerant rotation matrix defined in Eq. (4.5),
we get the symmetry condition on the k - p-Hamiltonian

R, (IDKEP ()R (IT) = X7 (Crrc). (A.30)
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The itinerant rotation matrix can be written as

. L2(I0) — £4(1T) UZ>,

Re,, (IT) = exp (—z — (A.31)

Therefore, the Berry-dipole spin Af in the k - p expansion around kyy is
given modulo the order of rotation symmetry m by the itinerant angular
momentum difference £, (IT) — £ (IT) between the basis Bloch states.

A.1.5 Spinor function of k- p-expansion of a lattice Hamiltonian

In this Appendix we derive a spinor in the lowest order in (x,¢) that is
allowed by the discrete rotation symmetry (A.30) of a k - p Hamiltonian
around momentum ky; and of the spinor form (3.4). To fix the notations,
we assume that at rotation-invariant line <y [line projected onto II in the
(kx, ky) plane] the valence band coincides with a band representation induced
from the first basis orbital ¢;. (We will comment on the opposite choice,
when the orbital ¢, induces the valence band representation, at the end of
this Appendix.) This means that the valence (conduction) itinerant angular
momentum ZU(C) (IT) is equal to the itinerant angular momentum of the first

(second) basis orbital Zl(z) (IT), and the itinerant rotation matrix in Eq. (A.31)
can be rewritten as

Re, (1) = exp (—me) az), (A32)

where AL(IT) = L(T1) — L,(IT) (mod m). The sought spinor is then con-
tinuously deformable to

G, 9) =

AL(IT) m—AL(T)
<AK + By ) : (A33)

UKy + i

where v € {—1,1} is defined as in Sec. A.1.3. Depending on the value of
AL(IT), we can further deform the first component of the spinor (A.33) to

Kéz(n) if AC(IT) <m/2 or { AL = m/2
Al > |B
am=1 AEIBE s
KA e AZ(TT) > m/2 or AL =m/2
Al < |B]

Throughout these deformations the gap does not close and therefore the
value of the continuum Hopf and Zak phase numbers do not change. By
identifying the power of the x in Eq. (A.34) with the absolute value of the
Berry-dipole spin |A/| [as in Eq. (A.23)] and the sign of x4 with minus the
sign of the Berry-dipole spin, we conclude that to the lowest order in «, the
Berry-dipole spin Af obtained from a Taylor expansion of a lattice model is
the lowest-in-absolute-value integer that obeys the constraint

Al mod m = AL(IT). (A.35)

In the following we proceed to prove the deformability of a symmetry-
constrained spinor

Rc, (T (x,¢) = ePW7(Cprc, p) (A.36)
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to the form given in Egs. (A.33) and (A.34). The main difference from the
proof given in Appendix A.1.2 is that the symmetry is lowered from SO(2)
to Cy; and as a consequence the Berry-dipole spin is changed from being an
integer Al € Z to AL(TT) € Z,,. As we show in the following, this modulo
m ambiguity is a source of a modified expression for the first component of
the spinor in Eq. (A.33).

(i) As the first step, we determine the dependence of the spinor on x, and
¢. We start as in Appendix A.1.2, by assuming the linear dependence on
(k; £ i¢) and equating the coefficients in front of independent variables.
We again conclude, that to have a non-constant dependence on x; and ¢,
the phase § must be equal to +7AL(IT)/m. The initial assumption that
the valence band of the lattice model at rotation-invariant line g is purely
of the ¢; character trivially implies that the valence (conduction) band
of the k - p expansion at ¥k = 0 is of a @1 (¢2) character. The conduction
band of a spinor-form Hamiltonian is proportional to ¢, therefore, to
ensure the aforementioned orbital characters, the dependence on x, and
¢ must be present only in the second component of the spinor. This is
true when g = mAL(IT)/m, and then the second spinor component is

Oa(r,¢) = C- (12 +i¢p) + D - (kz — ip) + f (x4, x-).

(i1) We proceed to determine the spinor dependence on x+. First, with the
chosen B, the second component of the spinor must not change when the
momentum is rotated,

Ga(x, @) = C2(Cunre, ). (A.37)

Therefore, to the lowest order in %, {»(x,¢) = C(k; + i) + D(x; — i) +
Nryx_.

(iii) The first component of the spinor, which to the lowest order in (x, ¢)
depends only on x4, transforms under rotation as

i (ky, k) = 2ZBLAN/my (€ e Crurcl). (A.38)

We want to find the lowest powers of Kﬁ_ and 7 which are allowed by
the symmetry to constitute ;. For the former term, Eq. (A.38) has the

form «f, = «/ exp (iZn[AE(H) + p]/m). By solving it for the lowest pos-

sible p > 0 we get p = m — AL(TI). Similarly, the lowest possible g = AL (IT).
From the steps (i-iii), we get the following spinor

ARAEID | gym=BL() )

‘ , (A-39)
C(x; + ip) + D(x; — i¢p) + N x—

C(KAP)—(

(iv) With the same argument as presented in Appendix A.1.3, we can
continuously deform this spinor to the form given in Eq. (A.33), without
altering the Hopf and Zak phase numbers.

(v) Let us finally show, that the spinor (A.33) can be further deformed to have
the first component given by Eq. (A.34). We first consider AL(IT) # m/2,

and see that one of the terms Ax*“!") and BKT_AE(H) is of higher order

than another, and therefore can be neglected. After that, the coefficient in
front of the remaining term can be deformed to be A = 1 resp. to B =1,
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without closing the gap.

(vi) Alternatively, when AL(IT) = /2, the two just discussed terms are of
the same order m/2 and none of them can be neglected. However, we can
continuously deform these terms to a simpler form without closing the gap.
Importantly, if |A| # |B|, the gap closes only at x; = x_ = k; = ¢ = 0.
Therefore, we can deform the coefficients A and B, while keeping the sign
of their relative magnitude sgn(|A| — |B|) constant. This means that for
|A| > |B| we can deform the coefficients to be A = 1 and B = 0, while for
|A| < |B| the resulting coefficients are A = 0 and B = 1. Thus, we arrive to
the first component of the spinor given in Eq. (A.34).

Let us finally discuss what happens if we choose the valence band to
coincide at rotation-invariant line 17 with the band representation induced
from the second orbital ¢;. In this case the itinerant rotation matrix can be
written as

Rc,, (IT) = exp (inAE(H) O'Z) , (A.40)

m

and the Berry-dipole spin fulfills the constraint
Al mod m = m — AL(IT). (A.41)

To ensure the correct orbital characters of the valence and conduction bands,
the dependence on %, and ¢ must enter only the first component of the
spinor, for which the phase 8 must again be fixed to 77AL(IT)/m. Similar
derivation as presented above shows that the spinor which defines a k - p
Hamiltonian can be deformed to ox{(x, ¢) with {(x,¢) given in Egs. (A.33)
and (A.34).

A.2 ANALYTIC RESULTS FOR SPINOR-FORM BERRY DIPOLE

In this Appendix we derive and list several analytic results related to the
Berry-dipole Hamiltonian specified by Egs. (3.3) and (3.4) of the main text.
Our discussion is organized into several parts as follows. First, in Ap-
pendix A.2.1 we analyze the flux through a hemisphere associated with
the Berry-dipole Hamiltonian, deriving in particular the result in Eq. (3.10)
of Sec. 3.1. We continue in Appendix A.2.2 with listing for the same class
of Hamiltonians the expressions for the Berry connection, Berry curvature,
and Chern-Simons form. This discussion is followed in Appendix A.2.3 with
a derivation of the change of the continuum Hopf number across a Berry-
dipole gap closing, which depends on the Berry-dipole spin as captured by
Eq. (3.17) in Sec. 3.2. In the course of the latter derivation, we utilize that
the second Chern character of arbitrary two-band Hamiltonians necessarily
vanishes. This property, which we also used in Sec. 2.1.6.2, is finally derived
in Appendix A.2.4.

A.2.1  Berry flux associated with a Berry dipole

In this Appendix we derive that, for a rotation-symmetric Berry dipole given
by the spinor function in Eq. (3.3) with ¢ = 0, the Berry flux ¥ through the
upper hemisphere is quantized, and given by Eq. (3.10), i.e., it is negatively
proportional to the Berry-dipole spin A¢. The discussion is organized into
two parts: we first explain why the flux through the hemisphere is quantized
for ¢ = 0 at all, and afterwards we proceed with the actual integration.
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To understand the quantization of the flux through the hemisphere, note
that the second component of the spinor in Eq. (3.3) [which is the same as
Eq. (A.23) in the previous Appendix] vanishes for k, = ¢ = 0. Setting ¢ to
0 [which is assumed throughout the present discussion], we find that the
valence-band state is, up to an unimportant phase factor, constant throughout
the plane k; = 0 with the momentum origin k = 0 removed (we refer to this
plane as the punctured equatorial plane P):

ioyC* (ky, ky,0) 0
Uy (ky, ky,0)) = =22V 7 : (A.42)
b b = im0\
It follows that the spectrally flattened Hamiltonian
h(ky, ky,0)

=1 — 2 |uy(ky, ky, 0)) {uy(ky, ky, 0)
—deth(ky, ky,0) o Ky 0)) Gty O)

=0z (A.43)

is constant inside P [126]. This implies that any two-dimensional sheet with
boundary in P wraps around the Bloch sphere integer number of times."
The integer-valued ‘wrapping number” around the Bloch sphere is known to
be in a one-to-one correspondence with the quantized Berry-flux through
the sheet [195]; it thus follows that the considered Berry-flux through the
sheet with boundary in P must also be quantized.

We next show that the quantized flux is specifically equal to —27tA/ if
the Berry-dipole spin equals Al. A particularly simple choice of a sheet
with boundary at the equatorial plane, that we considered in the main text
[cf. Eq. (3.1)], is the upper hemisphere. However, for the purpose of analytic
integration, another choice is more convenient, namely the closed surface on
which the spinor function { (k) has norm equal to 1, i.e.,

N
M:{k’ (k§+k§) +k§:1,kz>o}. (A.44)

We choose again the gauge of the valence state |u,(k)) to be governed by
the left-side of the proportionality symbol in Eq. (A.42), where the norm
|¢(k)|| = 1 now drops from the expressions. We parametrize the points on
the surface M with spherical coordinates 6 € [0, 71/2] and ¢ € [0,27] as

1 1

ky = (sin®) 131 cos ¢, k, = (sin) > sing, k; = cos6. (A.45)
The normalized valence state on M in the specified gauge is
(0,90 = V%0 ). (A46)
— sin fe!de

The flux through the surface M [which we know to be equal to the flux
through the hemisphere due to the vanishing divergence Vy - F = 0 for
the momenta (with gapped spectrum) between M and the hemisphere], is
computed as

tation- .
¥ (Soanen) = [ op o F Vr00e DT (Ag7)

Mathematically, one defines an equivalence ‘~’ that identifies all the points on the boundary
of the sheet as the same point; this operation preserves the continuity of the Hamiltonian h.
The quotient space “hemisphere/~" is homeomorphic to S?. The wrapping of sphere (the
compactified sheet) around another (the Bloch) sphere is known to be characterized by the
homotopy group m3(S?) = Z.
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with the shorthand ¢ = ||{(k)||, and the delta function constraining the
integral to the desired surface. Transforming the integrand to the right-
handed coordinate system (g, 6, ¢), then integrating over o, one obtains

ion- dod¢
rotation-sym.\ __ .
T (Berry dipole) - /M F-Vko V0 Vi0 X Vig' (A.48)
The Berry-curvature vector is given by
|Viut) = Vo [0ou) + V8 |0gu) + Vi |0pu) , (A.49)

F (k) = i{Vu| x |Vyu) = —2Im (3gu|9y1) Vi x Vi + ...

where “...” denotes terms involving a cross product with Vj¢. Substituting
this expression into (A.48), we find that the Jacobian determinant cancels
out,

27 /2
¥ (G ) = [do [ do [~21m (gue]oguo)]
0 0
/2
— 2 / d60 [~ Alsin20] = —27AL, (A.50)
0

The final results is precisely Eq. (3.10) of the main text.

A.2.2  Expressions for Berry connection, Berry curvature,
and Chern-Simons 3-form

Without a detailed derivation, we proceed to list several analytical results for
rotation-symmetric Berry dipole with spin A/ € Z. We assume the gauge in
which the normalized eigenstate corresponding to the valence band is given

by
uy (k) = iy ¢ (k) /(g (k)| (A.51)

_ 1 ( vk, — i )
[(k% n k;)m” Iy 4)2} 3 \= [kx + sgn(AL) ik, |A]

Substituting this spinor function into the definition of the Berry connection
A(k) = (uy(k)|iViuy(k)) we get the following components:

(A0) (K2 + K2) 1811
.Ax =+ (k% n kﬁ)‘Aﬂ i k% n (PZ ky, (A52a)

1 (AL) (K3 + k3 )laf=1 5 Aab
T RAR)ET R o)

_ v
T TR R (520
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where we used sgn (Af)|Al| = Al. For components of the gauge-invariant
Berry curvature F (k) = Vi x A(k) we find

F - _Z(AZ) [kekz — v sgn (AOky¢] (K3 j; ki)‘MFl’ Ao
{(k% +k2) 1A+ k2 + 4>2}
2(AL) [kyk: 4+ v sgn (AL)kxp] (K2 + ki)\Aa_l
(3 +13)1840 4+ k2 + 4»2}2
2(A0)|AL|(kE + ¢2) (k2 + K2)IA0-1

-FZ = - 2 . (A53C)
(2 + )M+ 2 + 92|

Fy =

, (A.53b)

Finally, for the Chern-Simons form we obtain
2w (AL) |AL] @ (K3 + k2 )1a0=1

FA —
(5 + )M+ 2+ 92|

(A.54)

For the purpose of the next subsection, it is convenient to switch to the
standard cylindrical coordinates k ~ (k,, k¢, k), leading to

2|AL)-1

0

2 1 5@ dkpdk pdk; (A.55)
(651 + 12+ ¢2)

o Afk 22AAlK

where d3k = dkydkydk; = ko dkpdk pdk..

A.2.3  Change of Hopf invariant across Berry-dipole transition

We now derive Eq. (3.17) of the main text. We achieve this in two ways:
first, we follow the analytic results of the previous subsection to carry out
the integration explicitly; subsequently we present an alternative proof that
does not rely on the knowledge of the complicated expressions in Egs. (A.52-
A.55). The latter derivation requires certain familiarity with the language
of differential forms, in particular with the 2-form formulation of the Berry
curvature.

We depart from Eq. (A.55), expressed in the cylindrical coordinates, and
plug it into Eq. (3.15) which defines the Hopf number of a continuum
model. Noting that the integration over dk, yields a factor 27t, we proceed
to integrate over k, to find

1
cont. _ _ ~ 3 .
XSO = 4HZ/]RSko'-'A

U(PAE /+oodk /+oodk 2|A€‘k‘12)m€‘_1
B z P 2
27T —00 0 (k‘lZ)‘Af‘ +k§+¢2)
—+o0

VAL [T 1
- 2 /—oo dkz kzlAZ‘ +k2+ 2
1Y 4 ¢ kp:()

VAL [t 1
27T —0o0 Zk% + (PZ ’

(A.56)

The antiderivative of the integrated function is ﬁ arctan (%) , leading to

1
X = — oAl sgn(9). (A57)
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We find that the change in the continuum Hopf number as ¢ changes sign
from negative to positive is 5y = —vA/, as advertised in Eq. (3.17) of the
main text.

Alternatively, we can derive the desired result as follows. Note that the
change Jx“°"" is defined as a difference in the Chern-Simons form integrals
[Eq. (3.15)] at two fixed values of the parameter ¢ > 0 and ¢ < 0. This change
can be equivalently computed as an integral of the Chern-Simons form over
the 3-sphere enclosing the Berry-dipole degeneracy in the four-dimensional
(k, ¢)-space, i.e.,

cont. _ 1

ox P ji JFA A
1 3!

=iz f;ﬁ ﬁ}—[“ﬂ A, dxg dxgdxy, (A.58)
where {x“};z:l are right-handed coordinates on the 3-sphere [cf. Dets. 2.2
for differential form notations]. Such deformation of the integration domain
is possible without changing the invariant by virtue of the Stokes’ theorem,
because the differential of the Chern-Simons 3-form (this differential is
proportional to the second Chern character [63])

chy(F) «xd(dANA)=FAF (A.59)

is zero for two-band Hamiltonians (the proof of this statement is postponed to
Appendix A.2.4), and therefore the integral of A F over a 4-dimensional
space without singularities also vanishes.

For the same reason, to simplify the calculation, we can slightly modify
the surface of integration from a 3-sphere to a diffeomorphic 3-manifold on
which the spinor function {(k, ¢) is normalized to unity: ||{(k, ¢)| = 1. We
use 3-spherical coordinates to parametrize this manifold as ¢ = cos ¢, k; =
singcosf, k, = (sinysin 0)/ 180 sin ¢, and ky = (sinysinf)'/ 1A cos ¢,
with the 3-spherical angles running through intervals ¢ € [0, 7t], 6 € [0, 77,
¢ € [0,27]. The spinor function on the defined 3-manifold

: ; —iAlg
sin ¢ sin fe ) (A.60)

vsincos +icos

C(p,0,9) = (

is indeed normalized, [|{(¢,0, ¢)|| = 1. We adopt the gauge choice of
Eq. (A.51), in which the conduction eigenstate is uc(¢,6, ¢) = C(¥,6, ¢).
We opt to explicitly analyze the change in the Hopf invariant only for the
conduction band, and then extend the result to the valence band, as both
bands of a two-band Hamiltonian possess the same Hopf invariant, owing to
a symmetry oyh(k)o, = —h*(k) of any Hamiltonian that is a sum of Pauli
matrices.
The Chern-Simons 3-form on this 3-manifold is found

FNA=3FpA, dxadxpdxy
=3 (i0,5"0p0) (i2%9,)C") dxadxgdx,, (A.61)
where {x,}3_, = (¢,0, ) are coordinates on the 3-manifold. We find
i(T9yg = vcosH,

ig+a9§ = —vsinycosPsind, (A.62)
i§+8¢§ = Alsin? psin® 6
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for the components of the Berry connection, and

iawngae@ = —i89§+8¢§ = vsinztpsine,
10y 9,0 = —id,0 0yl = Alsiny cos Ppsin® 6, (A.63)
i89§+8(p§ = —i8¢§+89C = Alsin psin @ cos 0

for the components of the Berry curvature. After we insert these components
to Eq. (A.61) and perform the antisymmetrization as in Eq. (2.56), we finally
obtain the Chern-Simons 3-form

FANA=20Alsin?Ppsin@dypddde (A.64)

on the considered 3-manifold. The integration over the 3-manifold is straight-
forward, resulting in the change of the continuum Hopf number

T T 27
Sxeont: — _41? /dq;/d@/dqo 20A/lsin® 1 sin (A.65)
o 0 0

= —vAl, (A.66)

which is again the result given in Eq. (3.17).

A.2.4 Vanishing of the second Chern character for two-band Hamiltonians

In this part of the present Appendix, we move beyond Berry-dipole Hamil-
tonians, and review a particular property that applies to arbitrary smooth
two-band Hamiltonian /(k, ¢). Namely, while the second Chern class nec-
essarily vanishes for each fibre of a line bundle [196] (i.e., for any single
non-degenerate energy band), this is not generally true of the second Chern
character.” Nevertheless, we show here that the second Chern character van-
ishes for each fibre of a line bundle (i.e., for any single non-degenerate
energy band at each k point) corresponding to the valence band of a two-band
Hamiltonian h(k, ¢) = h(k, ) - o, with h # 0. Note that the vanishing of the
second Chern character is a local property of the (k, ¢)-space Hamiltonian,
and is (for the case of crystalline models) valid irrespective of whether the
Hamiltonian is periodic over the Brillouin zone. We have applied this result
in a proof of the quantization of the Hopf invariant in Sec 2.1.6.2 and in the
analytic considerations presented in Appendix A.2.3.

To reveal this local property, we normalize h/||h|| = #. It is well-known
that Berry curvature plays the role of the skyrmion density [68], Fup o

eijkniaa /o ﬁﬂk . Then the second Chern character e« FAF [63] has components

(FA ]:)“/575 [ (A.67)

Y- sgn(o)eikermntt’ Qun’) (@ )y (3m™) @sy™)
GES,

where &, is the permutation group of four elements, ¢ is any of the permuta-
tions of the four Greek indices, and we introduced primed notation &’ = ¢(«)
(and similar for , y, ) to achieve brevity.

The i’th Chern class vanishes if i is greater than the rank of the bundle [196]. However, the
vanishing of the second Chern class for line bundles does not imply the vanishing of the second
Chern character, since both quantities differ additively by a wedge product of the first Chern
character [68].
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The product of the two Levi-Civita symbols can be written [100] as a linear
combination of products of three Kronecker symbols “+45%5%5/” where
{a,b,c} (resp. {d,e, f}) is a permutation of indices {i,j, k} (resp. {I,m,n})
used in the expression above. It is easily seen that all the resulting terms
will contain at least one product of the type “(9,%8)(9,%8)” with y, v being
distinct elements of {«,B,7,d}. Since such an expression for product of
derivatives is symmetric in p <+ v, while the 4-form FAF is antisymmetric
in those same indices due to the antisymmetrization over the permutations
in &4, the corresponding term is canceled. As this argument can be repeated
for all the terms obtained by replacing the Levi-Civita symbols by Kronecker
symbols, one concludes that #AF = 0 for the valence band of a strictly
two-band model.
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B.1 CHERN NUMBER FROM ITINERANT ANGULAR MOMENTUM

In this Appendix we show that in the presence of n-fold rotational symmetry,
given itinerant angular momenta of a set of bands, £;(I1), their total Chern
number on a symmetry-preserving two-dimensional cut is constrained by

%xy =n ZZE](H)/ (B'I)
j I

where I1 runs over all rotation-invariant momenta in rBZ and j is an index
for all occupied bands.

To see that this is true we utilize the result of Ref. [56] (reviewed in
Sec. 2.2.2.2), which relates the Chern number of a rotation-symmetric model
to the rotation eigenvalues at all high-symmetry momenta:

Co: 7O/ = HPz,] 02,(X) p2,i(Y) p2,i(M), (B.2)
Cy: 2m0w/3 HPs,] 03, (K) p3,;(K'), (B.3)
Cy: €2Mu/t HP4,] 02,/(X) p4,j(M), (B.4)
Co: emPul3 Hpa,] 03,/ (K) pa,;(M). (B.5)

The rotation eigenvalue of a band can be expressed in terms of its itinerant
angular momentum as

P (1) = exp (i270L;(11) /m) (B.6)

Taking the logarithm on both sides of Eq. (B.2) [resp. Eq. (B.3)] gives im-
mediately the desired result: Eq. (B.1) for n = 2 [resp. for n = 3]. The
generalization to n = 4,6 is less obvious because the right-hand sides of
Egs. (B.3)-(B.5) involve p,, ; with m # n. Here, we utilize that n/m copies
of a Cy-invariant reduced momentum appear in rBZ of a C,-symmetric
model, and therefore such a momentum contributes n/m times to the sum
in Eq. (B.1). In contrast, it only contributes once to the products in Egs. (B.2)-
(B.5). By combining the formulas (B.2)—~(B.6) and after taking care of the
multiplicity of the high-symmetry momenta, comparison of the exponents
leads us to the conclusion summarized by Eq. (B.1).

Let us remark that when discussing the faceted Chern number in Sec. 6.4.2,
we introduce an additional minus sign: ¢y = —%%y. This is because the
faceted Chern number is computed with respect to the outward surface
normal (7), while %%, is computed with respect to the positive z-direction
(8z), and at the bottom facet the two are antiparallel (7 = —é;).
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B.2 ITINERANT ANGULAR MOMENTA DEFINE THE BAND REPRESENTA-
TION

We are here to prove a useful fact presented in Sec. 6.3.2, namely that
two rank-one band representations (BRs) of Pn are symmetry-equivalent as band
representations if and only if they have exactly the same itinerant angular momenta.

Without loss of generality, such an equivalence class of rank-one BRs is
specified by (£, r, ), with r | the (x,y)-projection of a C,-invariant Wyckoff
position r; this condition of C,-invariance is necessary [134] for the BR to be
of unit rank. What £ specifies is that for any m-fold rotation (Cy,) in the site-
stabilizer group Pn,, the corresponding operator acts on the (exponentially-
localized) representative Wannier orbital localized at Wyckoff position r and
translated by a Bravais-lattice vector R as

CmWR = eiZT(L/mWCijL(Cmrfr). (B7)

The Fourier transform of Wg defines a Bloch function ¢y that is periodic and
analytic over the Brillouin torus. Equation (B.7) then implies a corresponding
symmetry action on the Bloch function:

Conte = pm(K)pe, k0, P (k) = 2L/ mel(Cuk=k)-r. (B.8)

[cf. discussion below Eq. (4.7) for the meaning of the two exponents in
Eq. (B.8)] For any rotation-invariant reduced momentum II; with an m;-
order little group,

Conj-invariant IT; =y (I k) = 2757/ (B.9)

defines the mod-m; itinerant angular momentum E]-. All itinerant angular

momenta may be collected as (I1;, Zl, I, L 1), with the total number (J)
of rotation-invariant momenta uniquely determined by the Pn space group.
Let us then consider all possible equivalence classes of unit-rank BRs
labeled by (£,r,), and all possible itinerant angular momenta (allowed
for unit-rank BRs) labeled by (H1,£~1,. 10, Z]) Proving the italicized
statement above reduces to proving that (B.8-B.g) gives a bijective map

between N N
(‘C/TL) — (H1,£1,...,H],£]). (B.IO)

The map (B.10) is surjective, because the allowed itinerant angular momenta
of a unit-rank BR of Pn are, by construction, given by (B.8-B.9) for some
value of (L,r ).

To further show that the map (B.10) is injective, we would like to prove
that (L4, 7, ) and (L4, 1, | ) map to distinct itinerant angular momenta if
(La,7q,1) # (Ly,1p,1 ). Indeed, suppose

(Lastor) = (T, 25,118, L9),

_ % (B.11)
(Lyrp,1) > (108,25, 105, L),

If £, # Ly, Eq. (B.8) guarantees that L #+ LY for the rotation-invariant
reduced momentum at the center of the rBZ. To complete the proof of injec-
tivity, we just need to show that in the case £, = L, butr, | # ry |, the two
labels for itinerant angular momenta in Eq. (B.11) are distinct. This amounts
to showing that ei(C'”k’k)"“#ei(cmk’k)"b for at least one C,,-invariant k, ac-
cording to Eq. (B.8). Equivalently, we want to find one Cy-invariant reduced
momentum IT such that

(CmH - H) : (ra,L - rh,J_) #2570, (B.12)
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(a) Y (b)

G

Y

Figure B.1: Cj-invariant momenta in rBZ for (a) m = 2 and (b) m = 3. Two recip-
rocal lattice vectors G; = Cpll; — I1;, computed for these momenta are linearly-
independent.

with ‘" understood here to be a dot product of two-component vectors.

Fact 1: (C,,IT —IT) is necessarily a reciprocal vector of the reduced reciprocal
lattice (rRL), by our assumption that k = (I1, k) is Cj,-invariant.

Fact 2: By our assumption that the Wyckoff positions are distinct, v, | — 1, |
is not a vector of the reduced Bravais lattice that is dual to the rRL.

Fact 3: For any Pn space group, one can always find a nontrivial divisor
m (1 < m < n) of n together with two nonzero, Cy-invariant momenta
{ITy,I1;}, namely

P2: m=2 IL=X TIL=Y,
P3: m=3 II;,=K IL=K),
P4: m=2, TLH =X TIL=Y,
P6: m=3, I, =K Ih=K, (B.13)

[with {X,Y,K,K'} illustrated in Fig. B.1], such that Cull; =TI, = G;
gives two linearly-independent, primitive rRL vectors {Gi, G2}, with
corresponding primitive vectors { Ry, Ry} that satisfy the duality condition
R; - Gj = 276;; and span the reduced Bravais lattice.

The above facts imply that one can always find I1 such that Eq. (B.12) holds
true. Indeed, suppose we pick IT = I1;, then either Eq. (B.12) holds true, or
(CuIT —1II) = Gy is orthogonal to (r, ;| —r}, | ). The latter case means that
(rq,1 —1p,1) is proportional to Ry with a non-integer-valued proportionality
constant. It would then follow that a different choice for IT = IT, would
render Eq. (B.12) true. This completes the proof of injectivity, and hence also
of bijectivity of the map (B.10).

B.3 TRIVIAL FIRST CHERN CLASS RESTRICTS BAND REPRESENTATIONS

In Sec. B.3.1, we prove that for any two-band, Pn-symmetric (n = 3,4,6), in-
sulating Hamiltonian with trivial first Chern class, its valence band (and also its
conduction band) is a band representation that is symmetry-equivalent to one of the
two basis band representations. To remind the reader, a basis band represen-
tation BBR[¢,] is induced from one of the two tight-binding-basis orbitals
@1 or @3, and to be symmetry-equivalent as band representations means
there exists a space-group-equivariant isomorphism between the two corre-
sponding vector bundles. In Sec. B.3.2, we explain why the above italicized
statement does not hold for P2 symmetry.
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B.3.1 Pn symmetry (n > 2): Trivial Chern class implies symmetry equivalence to
basis band representation

Because two unit-rank band representations of Pn are symmetry-equivalent if
and only if their itinerant angular momenta coincide at all rotation-invariant
k [as proven in Appendix B.2], the above italicized statement is equivalent to:
for any two-band, Pn-symmetric (n = 3,4, 6), insulating Hamiltonian with
trivial first Chern class, its valence band is characterized by the same set of
itinerant angular momenta as one of {BBR[¢.]},—17. The last statement on
itinerant angular momenta may be translated symbolically as’

either VIT: L,(IT) = £(I1),

or VIT: Ly(IT) = Zo(IT), (B-14)

To remind the reader of the above symbolic notations: the itinerant angular
momenta of the valence (conduction) band are denoted as L, (IT), while

the itinerant angular momenta of BBR[¢,)] are denoted as 21(2) (IT). If ITis
Cp-invariant (with m the maximal rotational order of the little group), then
both EU(C)(I_I) and El(z) (IT) are mod-m quantities (€ {0,...,m —1}); at each
I, {£1(11), £5(11)} = {£,(I1), £e(ID)}.

Our proof will utilize the mod-#n relation (proven in Appendix B.1) be-
tween the Chern number and the itinerant angular momenta [cf. Eq. (B.1)].
We proceed to prove proposition (B.14) by contradiction, assuming on the
contrary that (cf. footnote 1)

AT+ Ly(TT) = Lo(IT) # £4(T0)

) ey 5 - (B.15)

and 3JIT': L,(IT") = L1(IT") # Lo(IT).
In the rBZ of a Pn symmetric model with n € {3,4,6}, one can always
find three and only three rotation-inequivalent rotation-invariant reduced
momenta {H]-} j=1,2,3/ such that Hj is Cm/.—invariant, and all rotation-invariant
momenta in the rBZ can be obtained from {H]'}]':Lm?, by a C, rotation.
Momentum IT; belongs to an (1/m;)-multiplet of reduced momenta that is
obtained by applying n-fold rotation(s) to I'l;; because the orbital inducing the
valence band representation is centered at a C,-invariant Wyckoff position,
the itinerant angular momenta at all members of the multiplet are identical.
Therefore, our assumption (B.15) can be rewritten, modulo trivial relabelling
of numeric subscripts, as

Lo(Thy) = L(Thy) # £:(TTy), (B.16)
Lo(I) = L1(IL) # L>(I1,), (B.17)
Lo(I13) = L£1(IT3)  or  L,(IT3) = Lo(113). (B.18)

First, assuming the first option in Eq. (B.18), we compute the Chern number
of the valence band in the rotation-preserving 2D cut by means of Eq. (B.1),

Cgfy :n;‘,zvﬂ_[) :n;: Ly (H)‘f‘mil[zz(l_h) — L (I1y)] (B.19)

= o [£2(Th) = i), (B.20)

Although we have phrased (B.14) using an ‘exclusive or’, the fact that BBR[¢;]| and BBR[¢;] are
not symmetry-equivalent implies that the two statements combined in the proposition (B.14) can
never be true simultaneously. Therefore, one can equivalently treat the proposition as involving
the usual “inclusive or’, the negation of which is the proposition (B.15).
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where the summation goes over all rotation-invariant momenta in the rBZ.
In the first row we used that momentum I1; is a member of an n/m;-plet,
and in the second row we used that the basis band representation has a
vanishing Chern number [120]. Because £~2(H1) £ [ (ITy) [cf. Eq. (B.16)]
and /31(2) (ILy) € {0,...,m; — 1}, their difference is nonzero and is never
a multiple of my; therefore, we conclude that the Chern number of the
valence band is necessarily non-zero, which contradicts our initial assump-
tion. If, instead, we opt for the second option in Eq. (B.18), similar steps
as in Eq. (B.20) and the fact that EZ(HZ) £ [, (ITp) [cf. Eq. (B.17)] and
51(2) (IT;) € {0, ..., my — 1} lead to a Chern number
v norx r

Gy =n o [Cl (ITz) - Ez(Hz)} #n 0, (B.21)
which again contradicts the initial assumption. This together proves the
proposition (B.14).

B.3.2 P2 symmetry: trivial Chern class does not imply symmetry equivalence to a
basis band representation

In the case of P2-symmetric Hamiltonians, the rBZ contains four (rather
than three, as above) rotation-inequivalent C-invariant reduced momenta.
We remark that the presented calculation (B.20), which results in a non-
zero value of the Chern number, also applies to the case of space group P2
when the valence itinerant angular momentum is given by Eqgs. (B.16)—(B.18)
together with £,(I1;) = Z]-(H4) given that £,(Il3) = Z]‘(H3). However
a vanishing Chern number is compatible with the following choice of the
valence itinerant angular momenta

Lo(Thy) = Lo(Th) # Ly(TTy), (B.22)
ZU(HZ) = EZ(HZ) # £~1(H2), (B.23)
Lo(Tl3) = £1(TT3) # Lo(IT3), (B.24)
Lo(Tly) = £1(Tly) # Lo(TTy). (B.25)

The Chern number in this case can be computed as

4 4 2 _
Goy =23 Lo(Ij) =2 ) L1(TL) + ) AL(ITj) =2 0, (B.26)
= = =

where we used that by assumption AL (T1;) # 0, and therefore AL (If) = 1,
j = 1,2. This scenario (dubbed ‘case P2-II) is therefore studied separately
when analyzing the relation between the Hopf and the RTP invariants in
Chapter 6.
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C.1 PROOF OF ZAK-PHASE ANOMALY

In this Appendix we provide necessary proofs in order to compete our
discussion of the Zak-phase anomaly presented in Sec. 5.4 of the main text.
As a reminder, this anomaly manifests the faceted Zak phases computed
along certain symmetrically-chosen rBZ loops, which have distinct values
from the bulk Zak phases (both conduction and valence). We subdivide this
Appendix into two parts: in Appendix C.1.1 we prove the Zak-phase anomaly
when the loop can be chosen to be two-segment, and in Appendix C.1.2 we
generalize this proof to the cases when a four-segment loop is necessary to
detect the Zak-phase anomaly.

c.1.1  Zak-phase anomaly for Cy,-related-two-segment loops

We assume that the RTP invariant AZx= > 0 for two rotation-invariant
reduced momenta A and & and that there exists an integer m > 1 such
that at both reduced momenta IT € {A, &} the mutually-disjoint condition
is fulfilled modulo m: Lc(IT) #,; L,(I1). Then the loop, on which one can
detect the Zak-phase anomaly is S = EA(E + G) [cf. Fig. C.1(a) for an
example]. This loop consists of two segments, EA and A(E + G), which are
related to each other by a C,, rotation, reversal of orientation and possibly
shift by a reciprocal lattice vector in rBZ, A(E+ G) = C,AZ + G'.

The techniques to evaluate the Zak phase for a Cy;-related-two-segment
loop, given the itinerant angular momenta at the two C;,-invariant momenta
in said loop, have been developed in Ref. [91] and Ref. [134]. We review
these techniques here as a warm-up for the more complicated case of the
four-segment loops, which require a generalization of the known techniques.
Much of the intuition behind these techniques can be conveyed by calculating
the Zak phase of a single faceted band.

c.1.1.1  Single isolated band

To compute the Zak phase of an isolated band we express it as a phase of a
corresponding Wilson loop

% = Wi = Texp i/dkL-AL[uj(kL)] . (C.1)
S

173



174

MORE ON BULK-BOUNDARY CORRESPONDENCE

(a) (b)
cz—% >=i¢ C, A A
m A ..... C :
C s .‘;”\A i
C A Fﬁ A - G’ !
" 4 Q=C, Q4G |
d

,(.C.) ........ s G @ A

E Q 1 G" =
C,i +§_)_(_j__ - .9_4___4_.9+G Q y Q+G

Figure C.1: Illustration of notations introduced in Appendix C.1 to compute the Zak
phase over a symmetrically chosen loop in rBZ. (a) Notations for a C;,;-related-two-
segment loop. (b—d) Notations for a four-segment loop. In (b) we introduce notations
for the first two segments, in (c) for the second two segments. The whole loop is
illustrated in (d).

The Zak phase along the two-segmented loop ZA(Z + G) can be written out
as

j

(E+G) A&
Wa

=

%= (E+G),j =27 Im IOgW
=2 Imlog Wé

E4+G)—A" AE

SO i T —Iyi
=2 Imlogpm,j(a) {WAFE} Pm,j(A) Wiz

o 2 [ £(2) - £(0)] C2)

where in the second row we decomposed a Wilson loop into two Wilson lines.
In the third row we related two Wilson lines, computed along symmetry re-
lated paths, via eigenvalues p,, j(IT) of the itinerant rotation matrix (4.5), and
also took into account that Wilson lines computed on two paths, which are
related to each other by a reciprocal lattice translation, are equal to each other.
In the fourth row we applied the definition of itinerant symmetry eigenvalues
in terms of itinerant angular momenta p,, ;(IT) = exp (iZNZj(H) / m) and
used that two Wilson lines computed along the same path in opposite direc-
tions canceled out. Note, that a single-band Wilson loop is a complex number
and hence all terms in Eq. (C.2) commute with each other. Substituting the
values of the itinerant angular momentum for the faceted, bulk-valence and
bulk-conduction bands, we arrive to Egs. (5.32) and (5.34).

c.1.1.2  Several faceted bands

In the case, when there are several faceted bands we need to apply the
theorem, proven in Ref. [134], in order to compute the Zak phases. Applied
to our setup, the theorem is formulated as follows.

Let us consider a set of NV faceted bands. At each reduced momentum
IT € {A, E}, determine the set of itinerant angular momenta of these bands
{Z]-(l_[) Yi=t... ;- Bach of these itinerant angular momenta takes one of the two

values Zj(H) € {L£,(IT), L,(T1)}. Next, determine a pair (IT,, £*(I1.)), such

that #£*(I1,) > #L(T1) for all IT € {A,E} and £ € {0, ...m —1}. Reduced
momentum, other than IT, we denote Ils. Then if r = #£*(I1,) + #L(I;) —
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A G
#L, Nna Npa @
# ZC A/'Cna L N2 _/\/'Cna

Table C.1: Number of bands with fixed itinerant angular momenta at a fixed rotation-
invariant point for a set of surface localized bands with N valence-bulk-like A/1?
conduction-bulk-like and M@ anomalous bands.

N > 0, there exists r Zak phases computed along a two-segmented loop
EA(E + G) that are quantized to

¥ =427 [Z(HS) — [ (H*)} /m, (C3)

with the + (resp. —) sign corresponding to I1, = A (resp. E).

The RTP invariant ensures that there will be N@ = |AZ,z| anomalous
bands with itinerant angular momenta that are bulk-conduction-like at A
and bulk-valence-like at & [cf. Eq. (5.33)]. The amount of non-anomalous
faceted bands with bulk-valence-like (bulk-conduction-like) itinerant angular
momenta at both A and E, we denote as N (N?). Then the total number of
bands with each value of itinerant angular momentum at rotation-invariant
k| -points is summarized in Table C.1. The theorem of Ref. [134] summarized
in the above paragraph, applied to these values of the itinerant angular
momenta, guarantees that the given set of faceted bands will have at least
N3 = APz Zak phases with quantized values

2 L@ - L)

5 1 - (Ca)

C.1.2  Zak-phase anomaly for four-segment loops

In this Appendix we discuss in more details the bulk-boundary correspon-
dence of the RTP between A and E reduced momenta, when

Lo(A) #my Le(N), (C.5)
Lo(E) #my Le(B), (C.6)
mu # mg. (C.7)

This happens only in two distinct P4-symmetric Hilbert spaces, that were
described in the main text. In both cases, one can construct a four-segment
loop which is a concatentation of two two-segment rBZ-loops: the first loop
QA(Q+ G) consists of two segments related by C;;, symmetry A(Q+G) =
Cim, (AQ) + G [cf. Fig. C.1(b) for an example], and second loop (Q2 + G)ZQ
consists of two segments related by Cy,;, symmetry 2Q = mz(E(Q + G)) +
G" [cf. Fig. C.1(c) for an example]. An example of the entire four-segment
loop Sy = QA(Q + G)EQ) is presented in Fig. C.1(d). Here we introduced
another rotation-invariant momentum () at which the mutually-disjoint
condition is violated £,(Q) = L.(Q) = L(Q).

We again consider a set of faceted bands with A anomalous bands and
NDa + NP non-anomalous bands. Then the Zak phases of these faceted
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bands are computed as phases of the Wilson loop eigenvalues. The Wilson
loop along our chosen loop Sy is

WQ(—E%(Q-&-G)(—AFQ

=WaczWze (are)Wa+r6)«aWaco
= {ﬁcma QW (qs6)Re,, EWac 0+a)

x ﬁCm,\ (Q)W;r\eaﬁE,},A (A)WAHQ} : (C.8)

Here we decomposed the Wilson loop into four Wilson lines, and related
every pair of Wilson lines, computed along the symmetry related paths,
via the itinerant rotation matrices (4.5). Contrary to the derivation of Ap-
pendix C.1.1 the Wilson loops and the rotation matrices are square matrices
of size Ny = N + NJ® + NP and therefore do not commute. To analyze

the eigenvalues of this matrix, first, observe that Rc, (Q) is proportional
to identity matrix; this is because an eigenvalue of EC,,, (Q) can only take
one of two values — the rotational representation of the bulk-conduction
band: ¢27£<(Q)/™ or the rotational representation of the bulk-valence band:
e2mLo(Q)/m, 1yt by assumption, the mutually-disjoint condition is violated at
Q: Lc(Q) = L,(Q) = L(Q). Thus Rc,, (Q) can only modify the Wilson loop
by a constant, multiplicative factor®

Wac g (Q+6)c A0
= {WEHQJFG)KE,,{E (E‘)WEE(Q+G)WEF)A1§E;A (A)WA%Q:|
X exp (i27‘c [Z(Q)/m/\ + E(Q)/mED (C.9)
In the following denote the Wilson lines as Z; = W, and Z; =

Wz (a+6) Which are unitary matrices. Thus eigenvalues of the matrices
RE)iA (A) (resp. Rai: (E)) and ZIREiA (A)Zq (resp. Z;RaE (£)Z?) are the
same. One can always find a projector % (resp. %,) onto the eigenspace
of ZIR:! (A)Zy (resp. ZIR:' (E)Zy) corresponding to the eigenvalue
nIA mE

01 = exp(—iZHZC(A)/mA) (resp. 02 = exp(—i27‘c£~v(3)/m5)). Denote
projectors onto the orthogonal complements as 7; = Iy, — %j, j = 1,2. Then
the Wilson loop can be rewritten as

Waeze (r6)cren

= [#:21001 + %0 N ZIRG] (N1
+ %z}ﬁgjg (E)Z22, %101
+BZR! (BB NZIRE] (M2 @1}

X exp (i27‘c [Z(Q)/mA + Z(Q)/mg]) . (C.10)

Knowing the itinerant angular momenta of the faceted bands at rotation-
invariant points A and E [cf. Table C.1], we find the ranks of the projectors
rank(%,) = NP 4+ N? and rank(%,) = N + N?. Because the dimensions
of all matrices considered are identically equal to (N} + N + N?), it

Here we disallow band representations that are not induced from the two basis orbitals ¢; and
@) to be attached to the surface. The presented proof does not go through if faceted bands are
augmented with a band representation with a different itinerant angular momentum at Q.
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follows from dimension counting that the two vector spaces projected by %;
and %, have a nonzero intersection with dimension at least equal to A/?. In
other words, any vector |v) in this at-least-A/?-dimensional subspace satisfies

P |v) = B |v) =|v), Di|v) =P |v)=0. (C.11)

It follows from the decomposition of the Wilson-loop matrix in Eq. (C.10)
that

W |v) = 0201 exp <i27'[ [E(Q)/m,\ + Z(Q)/m:}) [v), (C.12)

with an eigenvalue that does not depend on Z;. Thus we conclude that there
are at least NV2-number of Zak phases quantized to

(C.13)

P [Z(n) —Le(n) |, L£(Q) - Zv<a>] ‘

ma mz

As discussed in Sec. 5.4.4 this phase is distinct from both bulk-valence and
bulk-conduction Zak phases. This completes the proof of the Zak-phase
anomaly.

C.2 PROOF OF CONDITIONALLY-ROBUST SURFACE STATES

In this Appendix we derive the constraint on energy eigenvalues, which
we applied in Sec. 7.3.2 to infer the metallic signatures at open boundaries
with sharply terminated hoppings of RTP insulators with multiple energy
bands. The first proof we present in Sec. C.2.1 follows directly from spectral
properties of finite-dimensional, block Toepliz matrices derived in Ref. [197],
and here translated to the language of the Bloch band theory. An alternative
proof valid in the limit of an infinite-sized lattice is provided in Sec. C.2.2
within the transfer-matrix formalism, with certain restrictions on the number
of bands and the range of hopping.

c.2.1  Spectral bounds for block Toeplitz matrices

Theorem C.2.1. Consider a one-dimensional Ny-band model with a momentum-
space Bloch Hamiltonian h(k). For the purpose of this Appendix we adopt the
periodic convention, h(k) = h(k + 27). We use E,(k) to denote the eigenvalues of
the Hamiltonian, where a € {1,..., Ny} is the band index and k € [—m, 47| is
the momentum in the first Brillouin zone. We define the spectral bounds of the bulk
Hamiltonian as

Emin = sup {E € R | Va,k : Enin < Eq(k)}, (C.14)
Emax = inf {E € R | Va,k : Emin > Eq(k)} . (C.15)

Let further A be an eigenvalue of a finite chain with open boundaries, with N unit
cells, and with sharply terminated hopping. We claim that A is constrained by the
same bounds,

Emin < A < Emax- (C'16)

In other words, in the presence of the sharp boundary condition there cannot be an
edge state lying outside the energy range set by the bulk states.

Remark: In a physical setting, we usually assume h(k) to be a smooth function that
obeys the global spectral bound at every k. However, for the purpose of the proof, we
only need to assume that h(k) is L'-integrable (possibly discontinuous) and that it
obeys the spectral bound in Egs. (C.14) and (C.15) at almost every momentum k.
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Proof. For each r € Z we define the Ny, X N, matrix

Lo ik
- E/,n dke ™ n(k), (C.17)
which in the physical setting encodes the hopping amplitude between each
pair of orbitals separated by r unit cells. More generally, the matrices {7} cz
are all well-defined if /(k) is L'-integrable. The Hamiltonian of the finite
chain with A/ unit cells and with the sharp boundary condition is then given
by the block Toeplitz matrix

T T Taa

Hy=| T2 T ] (C.18)
o
Tasnv -+ T2 To

i.e, with the block structure (H); i = Ty ;.

Let further ¢(N ) = (%N ), ¢£N),. ., ¢§\/>[)) ! be an arbitrary eigenstate of
the Hamiltonian in Eq. (C.18) with eigenvalue A, i.e.,, H NP = ApWV
where each of {IPJ(N) }j\il is an Np-component vector of amplitudes of the
eigenvector within the j unit cell. We know that eigenstates of finite Hermi-

tian matrices, such as the Hamiltonian in Eq. (C.18), have finite L? norm that
can be rescaled to unity, i.e.,

2
=1, (C.19)

o0l = Sl

Ny . .
where {lp](/u\/)} L are the components of the wave function within j unit
L

cell.
We introduce the function

N
) (k) = Ze_l]klp}/\/ ), (C.20)
j=1

27

The function vV) (k) at momenta k = £ & € Z can be interpreted as the
Fourier transform of the wave function l[J(N ). Nevertheless, we here mean
to define oV) (k) for all k € [—7t, +7]. Since the sum in Eq. (C.20) is finite
and the summands are bounded by the norm in Eq. (C.19), one finds that
o) (k) is also a bounded function, thus one does not have to worry about
potential divergences. In fact, one can explicitly derive that

/jndk [0 )(k)rmW)(k)
% { N)} _lp](/N) /+ndk€i(jfj’)k
T =

which is similar to the Parseval’s identity (a remark on this is added below

[

1= S’\“ :1\“

(C.21)

-
Il
—_

the proof). We limit our attention to normalized states, ||||* = [|o||* = 1.
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We proceed to study the expression

t 18) N t
= [ g 2 5[]t
Jij'=1

cr 1 prm N ik [T (N)
o E/_ﬂ dkjjlzzlle [q;}. ] h(k) -

+7
L ke [o ] h) -0 8, Ca2)

Note that the last expression in Eq. (C.22) is a weighted (over k) expectation
value of operator /i(k) for the vector vN) (k), which we expect to be bounded
by the values in Egs. (C.14) and (C.15). To explicitly verify this, we decompose
W) (k) into the complete basis of orthonormal eigenstates {uu(k)}i\il of
h(k) at each k, i.e.,

Np
oM (k) = Y e (k) ua (k). (C23)
a=1

From Eq. (C.21) we obtain a constraint on the coefficient functions c,(k),
namely

_o|F = L [T M) T o) eyt (k) - o
1= o =5 [ ak 3 1607, (0 6) - ()
1 ey s 2
= E./_n a; M), (C24)

where * denotes complex conjugation. We therefore manipulate the last
expression in Eq. (C.22) as

©2)= o [ a3 101 w06 )

1 +7 N
= — dk
27 / 2

- a=1

(C14) 1 47 M
>
Z o) dk Z

- a=1

2
C:gN) (k)‘ Emin (C':M) Enin- (C.25)

Thus, Egs. (C.22) and (C.25) together constitute the first inequality in
Eq. (C.16). The complementary part of Eq. (C.16) follows from utilizing in
the last line of Eq. (C.25) the inequality in Eq. (C.15). This completes the
proof of the spectral bound for any finite (but arbitrarily large) system size

N. O

Before proceeding with alternative insights into the spectral bounds for
block Toeplitz matrices, let us briefly clarify why the above proof does not
generalize to a semi-infinite chain of unit cells. The crucial complication
is that for infinite-dimensional Hermitian operators there are eigenstates
that do not have a well-defined L? norm. Examples include plane waves
of an infinite chain of unit cells with no boundaries, and also the bulk
states of a semi-infinite chain which arise in the presently discussed context.
As a consequence, the limit limy/_,« W) (k) defined in Eq. (C.20) may be
non-analytic, and the manipulations in Egs. (C.21-C.25) become ill-defined.
However, if one assumes that ¢; in Eq. (C.20) exponentially decays for large
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|j|, then one can take the limit N/ — oo while keeping v(k) analytic, and the
above proof does indeed carry forward to a semi-infinite chain. Exponential
decay of wave functions in the ‘forbidden’ energy range is best illustrated by
the transfer-matrix formalism [198], which is elaborated next.

c.2.2  Spectral bounds from transfer matrix formalism

The following proof applies to a semi-infinite chain of unit cells with one
edge, and manifests a new principle that is not present in the previous
proof. Namely, suppose an energy eigenstate satisfies (i) the sharp boundary
condition, and (ii) has energy outside the energy bounds of an infinite chain
without edges [cf. Egs. (C.14) and (C.15)]; then the eigenstate amplitude
grows exponentially away from the chain edge, and is therefore not L2-
normalizable. We will demonstrate this principle, and also prove the spectral
bound under sharp boundary conditions, with the simplifying assumption
of a one-band Hamiltonian with nearest-neighbor hopping matrix elements.

Let us denote the wave function on a chain by ¥, with j =1,2,... taking
any positive-integer values denoting the coordinate of each ‘site’ on a chain.
With only nearest-neighbor hoppings given by complex matrix element b,
and an on-site potential with real matrix element a, the eigenproblem to
solve is

byj—1 + b1 = (E—a)y (C.26)

for j > 2, with the sharp boundary condition imposed by

by = (E — a)y. (C.27)

Without loss of generality, one can (1) redefine the origin on the energy axis
to remove a from Egs. (C.26) and (C.27), then (2) perform a j-dependent
phase transformation of ¢; such that b becomes real, and finally (3) rescale
the Hamiltonian by a multiplicative constant such that b = 1. Then Eq. (C.26)
can be transformed to

<¢j+1> -7 (4’]’—1) , F(E)= <_1 2E >, (C.28)
¥js2 ¥j ~E E2-1

with .7 the fransfer matrix relating the wave functions across any four adjacent
sites (not including the first two). The transfer matrix has eigenvalues

E2 E4
Ar(E) = -1+ - + T E2, A A_ =1 (C.29)

The last equality follows from .7 having unit determinant, which is a general
property of transfer matrices [198].

For E2 < 4, Ay (E) = e*2K(E) with k(E) a real number determined by E =
2 cos(k). Generally, unimodular eigenvalues of the transfer matrix translate
to Hamiltonian eigenstates whose wave functions (on two sites) are invariant
(in amplitude) upon repeated application of the transfer matrix, meaning
that these are extended, Bloch-wave states. For our model, A+ (E) is simply
the phase factor acquired by translating a plane wave with wave number
k(E) by two sites.

For E? = 4, the transfer matrix has an eigenvalue degeneracy: A+ = 1.
Introducing a small parameter ¢ in E = #2 4+ §/4 with 7 = %1, one finds
A+ =1+ /564 O(6). Thus tuning & across zero (a branch point) changes
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A4 from a unimodular phase factor to a real number that is larger than
one, and A_ into a real number less than one. In fact, since (E*/4 — E?)
is a monotone-increasing function of |E| for E2 > 4, it follows that A, is
also monotone-increasing in |E| for E2 > 4. Combining this fact with our
constraint A A_ =1, one finds A _ is monotone-decreasing in |E| but remains
positive for any finite E. Thus it may be concluded for E? > 4 that A4 > 1
and 0 < A_ < 1. For what follows, it is useful to record the left eigenvectors
of the transfer matrix corresponding to A:

2
¢i=(—Ezi\/E:—E2,E>, (C.30)

with the right eigenvectors @& satisfying the bi-orthonormality conditions:
¢k - p% =1 and gL - p} = 0. (We use “-” to denote the inner product of a
two-element row vector with a two-element column vector.)

Let us study whether a wave function satisfying the sharp boundary
condition can be normalized. The wave function on the first two sites is
constrained by the sharp boundary condition of Eq. (C.27) as i = E¢;. Let
us express the wave function on the first two sites as a linear combination of
right eigenvectors of the transfer matrix:

(ll}l) = c+<p§ + c_4>1§. (C.31)
]

The complex coefficient c is determined by utilizing the bi-orthonormality
condition:

e — gl - (ll“) - (’f +SVE 4152) p1#£0. (C32)

[17)

Since the bracketed term is strictly positive for E2 > 4, one deduces c # 0
(c— is obtained analogously, but its value is less important for our purposes.)
It follows that applying the transfer matrix r times to the wave function on
the first two sites:

(lmr) =7 <¢1> =ce(M) gl e (A9t (C33)
Poyor ¥2

gives a wave function that is exponentially growing as ¢/™+ as one moves
away for the chain edge (j = 1). The desired conclusion, then, is that
there exists no normalizable Hamiltonian eigenstate (under sharp boundary
conditions) outside the energy interval [—2,2], this interval being the energy
band of extended Hamiltonian eigenstates for an infinite chain without
edges.

To briefly rationalize why this proof works, observe that the transfer-matrix
eigenvalue |A | and coefficient |c | [cf. Eq. C.32] being monotone-increasing
functions of |E| is special: it requires that there is a single dominant energy
scale in the problem. We mean that the energy E (where one considers a
sharp boundary state) is dominant over all other relevant energy scales in the
Hamiltonian; in this model, the hopping parameter b = 1 gives the only other
(unit) energy scale to compare with E. (The on-site energy a is irrelevant.)
The existence of a single energy scale for sufficiently large |E| is of course
also true for Hamiltonians with more bands and longer-ranged hoppings,
and for this reason we expect our transfer-matrix proof of spectral bounds
will generalize. We leave this to future investigations.
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Finally, it is worth remarking that with two or more energetically separated
bulk bands, there are clearly multiple, competing energy scales when E lies
within a bulk band gap, and our argument breaks down, admitting the
possibility of surface states under sharp boundary conditions.



MORE ON MULTICELLULARITY

D.1 MULTICELLULARITY VS THE OBSTRUCTED ATOMIC LIMIT

Let us comment on the intersection between multicellular topological insula-
tors and obstructed atomic insulators, and show that neither of these notions
necessarily implies the other.

D.1.1  Multicellular topological insulators are not necessarily obstructed atomic
insulators

According to the theory of topological quantum chemistry [176], the ob-
structed atomic insulator is a band representation whose valence band is
spanned by a set of symmetric exponentially-localized Wannier orbitals
{Wj,R } j=1...N,» Whose corresponding Wannier centers do not coincide with
the ‘atomic positions’ (to be clarified below); moreover, owing to certain
crystallographic point-group symmetries that fix each Wannier center to a
high-symmetry Wyckoff position, the Wannier center cannot be smoothly
deformed to the atomic positions which are assumed to lie on a distinct
Wyckoff position. From the perspective of tight-binding models, the ‘atomic
positions” are naturally identified with the positions of basis vectors, ry,
a=1,...,Ny+ N..

According to this definition, the MRW model of the crystalline Hopf
insulator [cf. (4.24)] is not an obstructed atomic insulator, as its valence
Wannier orbitals are centered at the same Wyckoff position 1a (with site
stabilizer Cy) as the basis ‘atomic” orbitals. A second example is the Hopf
insulator without point-group symmetry. Because the Wannier center (of the
valence subspace) is movable without symmetry restriction, it is (trivially) not
an obstructed atomic insulator; yet, the Hopf insulator remains multicellular,
based on an argument presented in Sec. 8.2.

D.1.2  Obstructed atomic insulators are not necessarily multicellular

The title of this subsection is exemplified by an inversion-symmetric Su-
Schrieffer-Heeger- (SSH-) [12] type model, whose tight-binding basis is given
in each unit cell by an inversion-even s and an inversion-odd ip orbital
localized to the same inversion-invariant Wyckoff position 1a [cf. Fig. D.1(a)].
In this basis, the matrix representation of inversion (about center 1a) is
0z, while time-reversal symmetry is represented by 0,K with K being the
complex conjugation. A representative tight-binding Hamiltonian is given by

h(k) = cosko, + sinkoy, ozh(k)o, = h(—k). (D.1)

To obtain exponentially-localized Wannier orbitals for the energy bands,
we need to find eigenvectors of h(k) that are smooth and periodic over
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(a) 16 1la

'ﬁ
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Figure D.1: (a) SSH-type model with inversion-even ¢s and inversion-odd ¢;, tight-
binding basis orbitals localized at 1a Wyckoff positions. The color indicates the
amplitude of the orbital’s wave function according to the color scheme displayed
in panel (d). The primitive unit cells centered at 1a resp. 1b Wyckoff positions are
bounded by black resp. green dashed lines. (b) The valence Wannier orbital is a linear
combination of basis orbitals at neighboring sites. The coefficients ((R, x|W,)) are
presented as a function of the Bravais vector R. (c) The hybridized orbitals ¢’ | ;. p
and gof),s_ that contribute to the valence Wannier orbital are formed from basis
orbitals with coefficients denoted by colors from the color wheel (d). Their centers
can be shifted to position 10 while preserving the inversion symmetry.
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the Brillouin zone. In spite of our model Hamiltonian (k) being real, the
requirements of smoothness and periodicity can only be fulfilled by complex-
valued eigenvectors, because both valence and conduction bands of our
model Hamiltonian have a nontrivial first Stiefel-Whitney class (i.e., they
carry 7 Berry phase) [120, 199]. One choice of smooth, periodic eigenvectors

18
; k — _iik/2 sink/2 ) . k — _iik/2 cosk/2 . D.
1o (k)) = —ie <_Cosk/2 |ue(k)) = —ie sink/2 (D.2)

for the valence and conduction subspace respectively. The corresponding
valence Wannier orbital is centered at the 16 ‘mid-bond” Wyckoff position
and is formed by an inversion-odd linear combination of atomic orbitals
from two nearest-neighbor 14 sites [Fig. D.1(b)] as can be derived by using

Eq. (2.33):

dk ;
(R, a|Wo0)) = EelkRuﬁ(k)

= (5R,05a,s - 5R,—151x,s + iéR,Ofsa,ip =+ iéR,—léa,ip)/zl (D3)

To express this in simpler terms, we can define a new sp-hybridized basis
{9k s—pr PRs +p} rez such that each new basis vector is a linear combination
of the old basis vectors (on the same site):

Rs—p) = ¢1§<R,s>>+z‘R,ip>>>, (D.42)
Rs+p)) = —(IRs))—i[Rip))). (D.4b)

V2

such that the valence Wannier orbital is simply the sum:

Wa)) = é<|o,s—p>>——1,s+p>>> (D.5)

as illustrated in Fig. D.1(c). [Note Eq. (D.4) is a basis change of the type (c-i)
discussed in Sec. 8.1.]

If the unit cell is defined to be centered at the 1a “atomic” position (bounded
by black dashed lines in Fig. D.1(a)), then |W,)) would have support on
two unit cells. Crucially, if the primitive unit cell is defined to be centered
at the 16 ‘midbond’ position (bounded by green dashed lines in Fig. D.1(a)),
then |W,0)) can be continuously deformed to lie within said unit cell. To
appreciate this, observe from Fig. D.1(c) that |W,)) currently has support
only on the right and left edge of a 1b-centered unit cell. Since the two
orbitals on the right-hand side of Eq. (D.5) are not individually inversion-
symmetric, their centers are not fixed to the 1a Wyckoff position. Instead
the two orbitals are mutually related by inversion about the 1b position.
By a continuous transformation of type (c-ii) discussed in Sec. 8.1, one can
symmetrically displace the centers of {¢} :I:p} to all lie at 1b positions;
for example, Fig. D.1(c) illustrates the left-shifting of (P(l),s—p and the right-
shifting of ¢’ ; ,,. It follows that [Wy,0)) now has support only on the 1b
position with spatial coordinate —1/2, demonstrating that the SSH model is
unicellular.

In spite of the above examples, the notions of multicellular topological
insulators and obstructed atomic limits are not necessarily disjoint, and
finding an example that simultaneously manifests both notions deserves a
separate investigation.
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D.2 MULTICELLULARITY OF RTP MODELS

In this appendix, we substantiate the claim from Sec. 8.2 that Wannier
orbitals of a non-trivial RTP phase are necessarily multicellular. The proof
is by contradiction, namely we first show that unicellular Wannier orbitals
pose constraints on the Berry curvature in the momentum space, whence
the multicellularity of Wannier orbitals in RTP models will be seen as an
immediate consequence. Our discussion is split into two parts. First, we
prove in Sec. D.2.1 that Wannier orbitals in RTP models are multicellular,
while remaining agnostic about the particular shape of the Wannier orbital.
Then, in Sec. D.2.2 we prove a stronger statement, namely that if the RTP
is protected by a rotation symmetry around the z-axis, then the RTP must
necessarily extend over multiple layers in the z-direction.

D.2.1 Flatness of Berry connection in unicellular models

Based on the definition given in Eq. (8.2) we show that unicellular Wannier
orbitals W; ¢ (R, «) encode Bloch bands with flat Berry connection, Tr[F] = 0.
To see this, first note the corresponding intra-cell functions are [cf. Eq. (2.33)]

u (k) = e~k ;eik'RWj,R(O,zx)

Eq. (8.2) _jr.,.
=7 ¢ ik w;(a). (D.6)
We see that the unicellular assumption imposes the derivative to be
Vi u}?‘(k) = —iry u}’»‘(k). From this we conclude for the corresponding Berry
curvature

Ny
Te[F (k)] = i; [Vt (k)] % Vu; (k)
i

Ny Nyp+Ne

:iz

j=1 a=1

w (k)| (rxr) =0, (D7)

which vanishes due to the cross product of each position vector r, with itself.

Details D.1 We remark that this conclusion remains true if one adopts the generalized unicel-
lularity [cf. remark (b) in Sec. 8.1] of the valence Wannier orbitals. In such case V\/jR(R,tX) =
OR+R,,RWj(a), where R, indicates the various choices of the unit cell for the individual Wannier
orbitals, nevertheless each orbital type («) contributes to any Wannier orbital |W;z)) only
through a single site (the one corresponding to Bravais vector R + Ry). Then the intra-cell func-
tion is u?‘(k) = e*’vk'(R““D‘)wj(oc), and its derivative of becomes Vku}?(k) = —i(ry + Ra)u}?‘(k)
and one obtains Berry curvature

Ny Ny+N¢

Tr[F (k)] =i Z

‘2
j=1 a=1

uf (k)| [(ra + Ra) X (ra + Ra)] =0, (D.8)

which vanishes due to the cross product of each position vector (r, + R, ) with itself. Therefore,
generalized unicellular Wannier orbitals also lead to flat Berry connection; in other words, RTP
insulators are not representable by generalized unicellular Wannier orbitals. We remark that for
the proof presented in Sec. D.2.2 we did not find similar extension to generalized unicellularity —
the unicellular discussion assumed therein must be the “strict” one as defined by remark (a) in
Sec. 8.1.

It follows from the flatness of the Berry connection [Eq. (D.7)] that uni-
cellular Wannier orbitals cannot exhibit RTP. To see this, recall that the RTP
invariant corresponds to an integral of Berry curvature on certain half-sheet
inside the Brillouin zone. As the RTP feature is invariant under continuous
deformations that preserve the rotation symmetry and the bulk energy gap,
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it follows from Eq. (D.7) that RTP vanishes for all models that are deformable
into a representation with unicellular Wannier orbitals. Therefore, non-trivial
RTP implies multicellular Wannier orbitals [i.e., ones not compatible with
the ansatz in Eq. (8.2)].

Before concluding this section, we briefly remark that the same conclusion
can also be reached by adapting the homotopy argument presented in Sec. 8.2
for the multicellularity of models with non-trivial Hopf invariant. To that end,
note that the classifying space of Hamiltonians in the considered symmetry
class at a generic momentum k is M = U(N; + Np)/U(N;) x U(N,), where
U(N) is the group of rank-N unitary matrices, and as usual N, (N,) denotes
the number of conduction (valence) bands. Furthermore, for momenta along
high-symmetry lines exhibiting mutually disjoint eigenvalues of the valence
vs. conduction bands, the classifying space (i.e., space of spectrally normal-
ized Hamiltonians) constitutes a single point (—1n;,xn,) ® (+1n,xN.) = ho
in M. We now use homotopy theory to study equivalence classes of maps
from a sheet bounded by two such high-symmetry lines to M, while subject
to the constraint that the boundary of the sheet is mapped to k. It can be
shown [126] that these equivalence classes are captured by the pointed homo-
topy group (M) = Z, and that non-trivial RTP corresponds to non-trivial
elements of this group. Since unicellular Wannier orbitals (i.e., the atomic
limits) clearly correspond to the trivial element of this classification, it follows
from the homotopy theory that non-trivial elements (i.e., those exhibiting
RTP) cannot be continuously deformed into the atomic limit (i.e., they are
multicellular).

D.2.2  Multi-layered Wannier orbitals in RTP models

In this section we prove a stronger statement concerning the multicellularity
of Wannier orbitals in rotation-symmetry-protected RTP models: the Wannier
orbitals must extend over several layers along the rotation axis (without loss
of generality set along the z-direction). To prove this statements, we find
it useful to decompose all vectors into an in-plane (perpendicular to the
rotation axis, “.1”) and out-of-plane (parallel with the rotation axis, “||”)
components, b = (bL,b“) =b, + bHéZ.

We depart from the following ansatz for single-layer Wannier orbitals,
which generalizes the unicellular ansatz in Eq. (8.2),

Wir(R &) = b r wjr, (R1,a). (D.9)

The idea behind the ansatz in Eq. (D.9) is that the support of orbital « to all

Wannier orbitals {’Wj,l_? >> } {1, N}

and located at position z, within unit cell in z-direction, compatible with the
intended meaning of “single-layer Wannier orbitals”.

Starting with the Wannier orbitals of the form in Eq. (D.9), we show that
there exists a continuous deformation of the Hamiltonian that preserves
the symmetries and the energy gap such that the Berry curvature of the
corresponding Bloch states becomes oriented along the z-direction in the
entire Brillouin zone at the end of the deformation. From this we argue that
this prevents the realization of RTP models by single-layer Wannier orbitals.

Proceeding in steps, we first obtain the intra-cell functions by plugging the
ansatz (D.9) into the Fourier transform in Eq. (D.6)

is limited to a single layer labeled by R;

uj (k) = e~ tkr ZeikRi wig, (0,a). (D.10)
Ry
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Their derivatives in momentum space are

Vku}’-‘(k) = 1)_2:11'(1‘{L _ rDC)eikRLfikraijL (0, a). (D.11)
€1

We can now express the single-band Berry curvature
Fi(k) =i [V (k)]" x Viu' (k)

P = *
i Y ekReRy) [iju(Of"‘)} wig ,(0,a)
R 1R p

“(RigXRipg—ta X Rip—Ryg Xty+ty Xty)

. (R »—R *
=1 ) Z_ el (RLZ RL]) I:ijLl (0, 0():| ijJ_z (01 D()
a,R 1,R 5
: [Ru XRjpy— Ty, X Ri;—Rqx Yo, |
— 24 (82 X R 15+ R 1 x &;)] (D.12)

where in the last equality we separated the orbital position into parallel and
orthogonal to the rotation axis components r, = r, | + z4€; and used the fact
that a cross product of r, with itself is zero. In the final expression the first
three terms give contribution only to the z-component of the Berry curvature
Fj. (k) as they contain cross products of pairs of in-plane vectors. At the same
time two last terms can be made to vanish by a continuous deformation
of the Hamiltonian that preserves the symmetries and the energy gap. In
this deformation the centers of the basis orbitals are adiabatically shifted
along z-axis until z, = 0 for all «. To preserve the energy gap this must be
done while preserving the hoppings between every pair of basis orbitals.
After such a deformation we find F;(k) || &; , and the same is true after
we sum over all occupied bands j. Since the RTP invariant is equal to an
integral of Berry curvature on a sheet parallel with &, and it does not change
under continuous deformations of the Hamiltonian described above, the
Berry curvature in Eq. (D.12) cannot generate RTP. It therefore follows that
models with a non-trivial RTP invariant cannot be deformed to acquire the
Wannier representation in Eq. (D.9), i.e., their Wannier orbitals are necessarily
multi-layered in the z-direction.

D.3 MULTICELLULARITY IS DELICATE

In this appendix we outline the proof of the following statement: a multicel-
lular obstruction, that prevents the valence/conduction bands from forming
a tightly-bound band representation, is delicate. In other words, addition of
trivial bands (tightly-bound BRs) to either valence or conduction subspace
lifts the obstruction and allows deformation of the valence/conduction band
representation to a tightly-bound BR.

This follows from a few facts in space-group-equivariant vector bundle
theory that we will just state, referring the reader to Ref. [47] for the detailed
argument. For a rapid initiation to the terminology (see Ref. [200] for an
introductory discussion of band topology from the perspective of vector
bundles): an energy band can be viewed as a vector bundle [45, 47, 173, 196]
with the base space equal to the Brillouin zone and with fibres in direct
correspondence with the k-dependent Bloch functions; while ‘space-group-
equivariance’ means, in our context, that applying the rotation operator to a
Bloch function at k produces a Bloch function at C,k within the same band.
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The first fact we need, proven in Appendix G of Ref. [47], states that a
tightly-bound band representation and a non-tightly-bound representation
(with the same space group G, Wyckoff position, and site-stabilizer represen-
tation) are isomorphic as G-equivariant vector bundles (the standard notion
of isomorphism in vector bundles is explained in Ref. [196]; the notion of a
space-group-equivariant isomorphism is explained in Ref. [47]). The second
fact follows from the universal space-group-equivariant vector bundle the-
orem," which states that a G-equivariant isomorphism between two vector
bundles (¢ and ¢’) corresponds bijectively to a G-equivariant homotopy be-
tween € and ¢. Applied to our context, this means there exists a continuous,
G-symmetric deformation between a non-tightly-bound band representation
and a tightly-bound representation (with the same data specified above). If
the band representation in question is the valence band of a tight-binding
Hamiltonian, the existence of this G-equivariant isomorphism (Fact 1) is
guaranteed only if the rank of the conduction subspace is unconstrained.?
Equivalently stated (due to Fact 2), if one can arbitrarily expand the conduc-
tion subspace by adding tightly-bound band representations, a valence band
representation can always be continuously deformed to a tightly-bound band
representation while preserving space-group symmetry. This is equivalent
to stating that multicellularity of the valence Wannier orbitals is a delicate
property, exactly as advertised in the previous paragraph.

1 The universal bundle theorem in Ref. [201] applies to P-equivariant vector bundles with finite
group P. For G-equivariant vector bundles with G a space group, we observe that the translation
subgroup of G acts trivially on the bundle, hence we may directly apply the universal bundle
theorem with P identified as the (finite) point group of G.

2 We note that the presence of an antisymmetry, such as chiral or PHS, relates the conduction-
subspace bundle to the valence-subspace bundle. This possibly precludes the use of the (space-
group-equivariant) universal bundle theorem, whose application assumes that the conduction
subspace is unconstrained. Thus for chiral symmetry classes, multicellularity is not necessarily
concomitant with delicate topology; it has been suggested in Ref. [202] that multicellularity is
concomitant with stable topology.
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NOTATIONS

homeomorphism of topological spaces

zero matrix, identity matrix

equivalence modulo n:a (mod 1) =b(mod n)

label of tight-binding basis orbital

Berry-connection 1-form

Berry-connection vector

non-Abelian Berry connection

points on the Bloch sphere

phase (factor), U(1) gauge transformation
of a Bloch/continuum state

band repr. induced from an (£, r, )-orbital

basis band repr. induced from an orbital @,

volume of Brillouin zone

label for conduction and valence band

rotation symmetry of order 2,3,4,6,n

(second) Chern number

faceted Chern number

second Chern character

chiral symmetry

composite band repr.

differential

order of Berry dipole

Kronecker symbol

Dirac delta function (in k-space)

boundary operator

2D domain of integration

codimension of band node formation

unit vector

energy

reference energy

a scalar velocity of a j-th Bloch state

infinitesimally small real number

fully antisymmetric Levi-Civita symbol
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192 NOTATIONS

F = Fupdka Ndkg . Berry-curvature 2-form

F = (Fx, Fy, F:) .. Berry-curvature vector

PRy = |R ) ..... tight-binding-basis orbitals of J#

Pa =) oo tight-binding-basis orbitals of e
Voo path, 1D domain of integration

VIT < vvveveoennenennn rotation-invariant line in the BZ
ILKK,MX....... high-symmetry points in rBZ

G, Gy = CyllI —1I1  reciprocal lattice vector

G oo space group

Gry oo site-stabilizer group at r = (r, z)

& T little group of I € rBZ

§EG .. element of the space group

S o matrix repr. of g acting on spatial coordinates
R grade of multicellular (4-)Wannier orbital

G, tuning parameter in continuum Hamiltonians
D tuning parameter in lattice Hamiltonians
hoh(k) oot Hamiltonian (in momentum space)

hgar(k) coveeit. spectrally flattened Hamiltonian

(k) oo Hamiltonian in the periodic-in-k convention
h = (he, hy,hz) ..... 2-band Hamiltonian decomposed to oy -
haat €5% . 2-band Hamiltonian with flattened spectrum

decomposed to 0y, 2

HCcG ............. subgroup of a space group
Ho tight-binding Hilbert space

7 intra-cell Hilbert space

HA e finite chain Hamiltonian with N unit cells
Jo oo size of a maximal iso-orbital subset

fulfilling conditions (6.1) and (6.2)

SO Hopf invariant of lattice Hamiltonian

XMt Hopf number of continuum Hamiltonian

k = (ky, ky, kz) ... (crystal) momentum vector

ki = (ke ky) ... reduced momentum

K = (ky, Ky, Kz) eunen small momentum around band touching point
Ko radius of considered spheres in k-space
AMeZ ............ Berry-dipole spin

LAL .............. (difference of) on-site angular momentum

LAL .............. (difference of) itinerant angular momentum
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Bo(f) Lo I1) -.onn. number of bulk (faceted) states at IT with
val.-( cond.-)band-like itin. ang. momentum
me {2,3,4,6} ..... order of little-group rotation symmetry
1723y G order of little-group at red. momentum I1
My oo Z-mirror symmetry
w(y), u(IT) ........ multiplicity of preimage -y, 1y
ne{2346} ..... order of crystalline rotation symmetry
Ao unit vector normal to a surface
Ny, No oo number of conduction resp. valence bands
Nop(IT), N (TT) ... number of faceted states
with L£(IT) = L, (IT), L(IT)
ve{+1,-1} ...... Berry-dipole helicity
pto o point (as a topological space)
P particle-hole symmetry
Do electric polarization
APTL, vovvvnenns RTP invariant, #;, — %y,
Pn,n € {2,3,4,6} .. considered space groups
Pr, ...l presently considered site-stabilizer groups
pnCPn ........... plane group generated by C, rotation

and two out of three translations

PorP, ............ projector onto filled (valence) states
PZP, QzZQ ......... projected position operators in z-direction
Py, (Pigp) wvvnevn-. faceted projector onto bottom facet

(onto top and bottom facets)

Pl projector onto lower half of a finite slab
peell projector onto valence subspace in
ILE,AQ ... rotation-invariant reduced momenta in rBZ
Yoo Berry flux through a hemisphere

[Wik)) oo Bloch (eigen)state

Pip(Roa) oo, tight-binding Bloch function
W) eigenstate of an A -unit-cell Hamiltonian
(0,0,¢) coovvee.. 3-spherical coordinates

QorP, .cooovna.... projector onto empty (conduction) states

r=(x,y,z)=(r.,z) position vector
Ry = ¢70AL/20: | continuous rotation operator
for Berry-dipole Hamiltonian

Re, oo, discrete rot. operator of crystalline & (k)

m
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NOTATIONS

Re,(IT) oo,
Pma(IT) oo,
R ...,
R=(£92).......
BZ(3k,) .........
rRL ................
RTIP ...t
S~ —0y ciiiiii...
S%,8%
S
sg==+1 ...
o = (0x,0y,07)

D
tel0,1] ...,
P

Vj,kl,l_{z(kl/ RZ,OC) ..

[V(K)]up = €*7p -

itinerant rot. operator of 1 (I1+ k)

eigenvalues of R¢,, (IT)

Bravais vector

discrete position operator

(momentum in) reduced Brillouin zone

reduced reciprocal lattice

returning Thouless pump

south pole of the Bloch sphere

2-sphere, 3-sphere

momentum-loop in rBZ

reversal of time component of symmetry g

vector of Pauli matrices

Seifert surface stretched over preimage line

parametrization of homotopy & closed loops

unit vector tangent to parametrized loop

label of consecutive Berry-dipole transitions

path-ordering operator

3-torus

blocks within a block Toeplitz matrix

transfer matrix

orientation of a preimage path at ko

orientation of rot.-inv. line g

orientation along k-axis for
non-contractible along k, loops

time-reversal symmetry

(normalized) intra-cell part of Bloch state

orthogonal but not orthonormal
intra-cell part of Bloch state

Fourier transform of V)

hybrid Bloch-Wannier function localized in
z-direction

matrix relating periodic and non-periodic
tight-binding Hamiltonians

valence band repr.

conventional (orthonormal) Wannier orbital
linear independent and complete set

of (li-)Wannier orbitals



NOTATIONS
’thlylge >> ........... Wannier-type orbital
Ws oo, Wilson loop computed along S
WPT .......... ... Weyl point trajectory
Lo Berry-Zak phase
geeont. sgecont L. (change of) continuum Zak phase
Zj, Zj(k) oo eigenvalues of projected position operator

T=(0,0)" ... two-component spinor
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