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Introduction

One of the main aims of condensed matter physics is the description of different
phases of matter. During the 1930s, Landau developed a successful theory that ex-
plained phase transitions in terms of symmetry breaking [1]. Within his framework,
phase transitions can be monitored by an order parameter which acquires an expec-
tation value that breaks some symmetry and distinguishes both phases. Taking a
ferromagnet as an example, a non-zero value of magnetization implies that there is a
preferred direction in space, thus, breaking full spin rotation SU(2) symmetry. The
only setback of the theory is that it only distinguishes phases of matter in terms of
symmetry breaking; it is thus blind to different phases of matter that preserve the
same symmetries.

However, in the decade of 1980, Von Klitzing’s work on the 2D electron gas under
large magnetic fields defied the Landau theory [2]. He discovered those systems
displayed plateaus of quantized Hall resistance in units of h/e? as a function of the
applied magnetic field. The system, however, did not go through a phase transition
as described by Landau theory, so a new framework had to be developed. In 1982,
Thouless et al derived a Kubo formula for the Hall conductivity in a 2D electron
gas [3]. They related the Hall conductivity to a change in phase of the wavefunctions
in a loop around the BZ. Due to gauge symmetry, the change in phase has to be
of the form 27C, with C' an integer number, named Chern number, a topological
quantity. They also proved that this number could not change unless gaps are closed,
thus explaining the robustness of the plateaus in von Kitzing’s experiment.

The field of topological insulators (TT) took off when Haldane realized that the
QHE in a 2D electron gas under high magnetic fields could arise on lattice systems
in the absence of an external magnetic field [4]. Based on a simple hexagonal lattice
system with first nearest neighbors hopping, he added a time reversal symmetry
(TRS) breaking, second nearest-negihbors complex hopping that drives the system
from having Chern number 0 to Chern number 1. This model is a lattice realization
of the QHE, with C' boundary modes (edge states) that are protected against back-
scattering due to the chiral nature of the states (they are forced to move on a definite
direction in the edge).
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Based on this model, Kane and Mele [5] derived a TRS-preserving model by
coupling two copies of the topological Haldane model in each spin sector with opposite
Chern numbers. Because TRS prevents TRS-related partners to mix, their model
realized a spin Chern insulator, in the boundary of which TRS-related partners would
propagate as do electrons in the QHE. Thus, they named this effect as quantum spin
Hall effect (QSHE). The main advantage of this model is that the hopping driving
the topological transition can be assigned to a physical effect, the spin-orbit coupling
(SOC). This model, though, cannot have indefinitely many edge states. Due to TRS,
there cannot be a net current; states have to move on opposing directions in the
boundary. States with opppsite spin polarization have opposite Chern numbers, so
there will be a net spin current, and states with different spin polarizations cannot
backscatter. However, if we add an extra edge state (one of each spin polarization,
so as not to break TRS), states that have the same polarization can scatter between
themselves and open a gap in the surface. This is why the topological classification
of the Kane-Mele model is twofold; it can either be topologically trivial (even number
of edge states) or topologically non-trivial (odd number of edge states. This can be
encoded in a new topological invariant, the v;, = 0 invariant, which represents the
parity of the number of edge states. Later on, Fu and Kane [6] developed a method
for computing this topological invariant by means of the Pfafﬁan[].

In 2007, Fu and Kane [7] proved that the topological properties observed in 2D
systems could be promoted to 3D. Analogous to 2D TIs that have gapped bulk and
conducting edge states, they found a type of 3D insulators that have conduction
states in the 2D boundary. Similarly to the results in 2D QSHE, 3D TIs’ surface
states are robust and protected against backscattering by TRS. However, these states
live on a much larger surface, making them good conductors that could be exploited
for electronic applications [§]. Moreover, since the desired electronic properties are
linked to a topological invariant, they will be robust against (a certain amount of)
disorder, such as doping or temperature.

The computation of the topological invariants by means of the Pfaffian proved to
be hard in general, since it is necessary to have a smooth continuous gauge in the
whole BZ. However, in the presence of inversion symmetry, they were able to map
the topological invariant to the inversion symmetry eigenvalues. For the particular
case of a 3D T1, it is sufficient to compute the inversion symmetry eigenvalues of the
filled bands. If there is an odd number of bands with eigenvalue -1, then the bands
have an odd (non-trivial) Z, topological invariant.

Apart from being useful to diagnose, crystal symmetries can also create (and
protect) different topological phases of matter. This work was started by Fu in
2011 [9]. He extended the notion of TIs to topological crystalline insulators (TCIs),

det(w(T;)

1Defining wymn (k) = (Um,—k| © |un k), the topological invariant is defined as §; = )



systems in which crystalline symmetries stabilize topology. These systems would be
rendered trivial without the protection of crystal symmetries, thus, topological surface
states can only exist in facets where the symmetries are preserved. As a paradigmatic
example, take the mirror Chern insulator. This system has topological bands in the
different subspaces of mirror symmetry, namely Chern number C' = n and C = —n,
with n an integer number. Then, in facets where the mirror symmetry is preserved,
there will be two counterpropagating states, belonging to the two different eigenvalue
subspaces of the mirror symmetry. However, in facets that do not preserve the mirror
symmetry, bands will not be distinguished and the total Chern number will add up
to 0 (C' =0).

The connection between topology and symmetry has been elucidated by the re-
cently formulated theory of topological quantum chemistry (TQC) [10-13] and sym-
metry indicator formalism [14,|15]. It maps the symmetry properties of Bloch wave-
functions in reciprocal space to real space Wannier functions, which are localized
around the atoms. The topological properties of an occupied set of bands can be
characterized by the localization properties of those Wannier functions. A topolog-
ically trivial set of bands arises from exponentially localized, symemtry preserving
Wannier functions. On the other hand, a set of bands arising from Wannier functions
that do no satisfy one of these two properties must be topologically non-trivial. The
set of bands that arise from exponentially localized, symmetric Wannier functions
transforms under a representation of the symmetry space group called band repre-
sentation (BR). Following the works of Zak et al [16-H19], they showed that all BRs
can be formed as a stacking of elementary band representations (EBR), which form a
basis of trivial insulators. Thus, following TQC, a topological insulator is one whose
BR cannot be decomposed as a sum of EBRs. TQC has also allowed for the discovery
of new topological phases of matter, such as higher order TIs (d-dimensional systems
with anomalous states in d-2, d-3 boundaries) and fragile topological phases (can be
trivialized by the addition of topologically trivial bands). In this thesis, we will re-
view the basic aspects of the theory solving step by step a very well known material,
graphene. It will also be used to diagnose a mirror Chern insulator phase in PbTe,
based on an old tight binding model [20-22]. There are few material realizations
of the diverse topological phases of matter that have been theoretically predicted.
The lack of materials is due to the expensive calculations required to diagnose them.
However, the application of TQC has allowed for high-throughput searches of topo-
logical materials, rising the number of known topological insulators from hundreds to
thousands [23}24].

At the same time, there has been an increased interest in semimetallic systems.
These systems, which lay in the boundary of metals and insulators, got under the
spotlight after the synthesis of graphene, a 2D, one atom thick semimetal wherein
electrons have a linear energy-momentum dispersion and behave as if they were mass-
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less. The interest in this type of materials grew when the first Weyl semimetal was
both predicted and confirmed experimentally in the TaAs family [25-28]. In Weyl
semimetals conduction and valence bands meet at a finite number of points (Weyl
nodes) inside the Brillouin Zone (BZ). Unlike TIs, they do not have a gap in the whole
BZ, but, like TIs, they have non-trivial topological properties. In fact, Weyl nodes
act as sources of Berry curvature, which translate into anomalous open surface states
connecting their projection onto a surface. These are so-called Fermi arcs, and have
a wide variety of properties [29-37] and promising applications [38-40]. Remarkably,
any system with broken inversion or TRS can host these crossings, with no extra
symmetry needed. In 2016, Bradlyn et al [32] proved that when non-symmorphic
crystal symmetries are taken into account, Weyl nodes can be generalized. Instead
of 2-band crossings, 3, 6 and 8-band degeneracies can be stabilized. These multifold
fermions, display larger Berry curvatures, with a larger number of Fermi arcs too. As
an important remark, these multifold fermions do not have an analogue in high energy
physics, being only present in condensed matter systems where the symmetries are
lowered with respect to vacuum. We will present our work on CoS,, a ferromagnetic
metal in which we found Weyl nodes and Fermi arcs, as well as a magnetic 4-fold
fermion. We also found Nodal lines, the 1-dimensional generalization of crossings,
that also have protected surface states. As aforementioned, the lack of symmetries
has implications in topology too. We explore this issue by studying the response of
a chiral magnet to time dependent strain. We find a new, purely 3-dimensional Hall
viscosity, which gives rise to a dissipationless force. This viscosity has implications in
the phonon spectrum of magnetic materials in tetrahedral point group, such as the
family of MnslrSi chiral magnets.

This thesis is focused on the role of symmetries in topological materials. It is di-
vided in six chapters. In the first chapter, we review basic aspects of electronic band
theory and topology. In the second chapter, we describe the recently introduced for-
malism of Topological Quantum Chemistry (TQC), [41] that generalizes the relation
between topology and crystal symmetry. We use it to solve the well known exam-
ple of graphene. We apply the described method of TQC and symmetry indicators
to PbTe in the third chapter, a material that was predicted to host Dirac fermions
in an anti-phase boundary in 1986, which translates to a mirror Chern insulator in
modern terms. Next we study the role of TRS breaking in our recent discovery of
Weyl nodes and Nodal lines on ferromagnetic pyrite CoS, in chapter four. We also
found surface drumhead states and Fermi arcs. At the end of the chapter, we show
the results of the collaboration with the experimental team that found the Fermi arcs
using ARPES. In the last chapter, we show the effect that strain has on a topological
chiral metal. Apart from breaking crystal symmetries and TRS, we find a novel,
non-dissipative viscosity coefficient in 3D, the first pure 3D Hall viscosity. We also
compute its numeric value on a toy model, as a proxy for chiral magnetic metals.



Finally, we summarize the main results of this thesis and the future work.



Chapter 1

Fundamentals of Topological Band
Theory

1.1 Fundamentals of Electronic Band Theory

To study the macroscopical properties of solids from first principles (ab initio), we
solve the microscopic Schrédinger equation of the crystal. As a first approach, we can
think of solids as being formed by small units of repetition, where the relevant unit
of measure is Angstrom, with atoms sitting inside. This unit cell is then repeated
manyE] times in 1, 2 or 3 dimensions. Looking away from the boundaries, in the bulk,
there is translational symmetry, which we will exploit to simplify the problem. If we
focus on the bulk region, we have a system that can be solved; the nuclei of the atoms
will create a periodic Coulomb potential in which we will insert electrons. We can
then write the Hamiltonian of the system:

Np,

R =
HI‘ZWW BRI S m
Z Zﬁ+%OC+VF(Bvﬁ"')
z;éj it |1 J

where N,,, N, represent the number of nuclei and electrons. The first two terms cor-
respond to the kinetic energy of nuclei and electrons, while the next three represent
the Coulomb interaction between nuclei, electron-nuclei and electron-electron respec-
tively. Vsoc, represents the Spin-Orbit Coupling, a relativistic effect that will have

I Macroscopic systems are formed by ~ 1023 unit cells

7
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important consequences. The last term, Vi, represents different external fields (mag-
netic, electric) and internal ones, such as spin polarization (intrinsic magnetization).
This last term will be very important in the particular physics of magnets as we will
see later on.

In a system with IV, electrons and N,, nuclei in 3D, we will have 3(N.+ N,,) degrees
of freedom, which for real materials is an untractable big number. As a consequence,
we need to make approximations to solve the problem. The first simplification one can
apply is the Born-Oppenheimer approximation [42], in which we assume that the nu-
clei and electron description can be separated. This follows from the big difference in
mass between nuclei and electrons. We thus neglect the many-body nature of the first
two Coulomb terms, namely V,,, = >, 4 |RZ ZR | and Ve = =), 4 |R =t It is also
standard to work in the limit of lowest temperature, T — 0, named frozen nuclei ap-
proximation. Considering these two approximations, V,,,, reduces to a constant while
Vye can be treated as a background (periodic) Coulomb potential. These approxima-
tions allows for a decoupling of the degrees of freedom V(R;, 7;,t) = Y({R;}, t)p({r;}).
Vsoc and Ve are not many-body terms, so the we will now focus our attention on the
Vie = Z#] ‘r — term.

The assumptlons we made so far have been based on the real physical problem;
nuclei are really close to their equilibrium position (when cold) and they are much
heavier than electrons, so they move much slower. If we want to transform V.
to a one-body operator, though, we will have to make further assumptions. The
most straightforward way to tackle this is to do a mean-field approximation. In this
scenario, we treat the interaction between electrons as if there was a background
effective potential created by N, — 1 electrons in which the remaining electron moves.

We can now rewrite the Hamiltonian of a single particle as follows:

1
Hy), = %Vf + Ve (1) + Veoc + Ve (1.2)

where V,,,, and V,,. have been absorbed in Vg, as well as the approximated V... Notice
that we dropped the subindex ‘e’ from the mass in the kinetic term; we are dealing
with an effective theory now, so the particles that are described this way aren’t
electrons anymore. We will see that in some cases the theory is successful enough
to make the parallelism between these quasiparticles and real electrons. We have
now reduced the many-body problem to many one body problems, which consists on
solving the following eigensystem:

Hip |gi) = Ei|gi) - (1.3)

If we neglect the Vsoe term, wavefunctions ¢;(r) = (r|g;) are scalar functions.
However, the addition of Vsoc makes it necessary to introduce spinors, vectors of
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2-components in the spin Hilbert space, (p;(r), xi(r))". This way, all terms other
than Vgoc act the same on both spins (proportional to the identity Pauli matrix in
spin space, o), while Vsoc o o - (VVeg(r)) X p manifestly mixes spins.

1.2 Periodic Crystal Potential and Bloch theorem

We have greatly reduced the difficulty of solving our problem, but we have done it so
far in a very general way. We will now exploit the translational symmetry crystals to
find general results.

1.2.1 Crystal lattice: Real and Reciprocal Spaces

Crystals are formed by a periodic repetition of identical unit cells in 3 space direction.
Then, R,, labels the position of all each unit cell. The R, points form a lattice, which
can be described by means of some basis vectors, a;, in the following wayft

Rn = N1y + ngas + nsas (14)

where a; are 3 vectors that serve as a basis for the lattice (not all co-planar) and n;
are integer numbers. The set of all R vectors (n1,ng, n3) is defined as Bravais lattice.

When dealing with periodic lattices, the standard way to exploit translational
symmetry is by means of Fourier analysis, working on reciprocal space. Then, the
periodicity of the lattice in real space transforms into periodicity in reciprocal space.
The basis vectors of this reciprocal lattice (b;) are defined through real space lattice
vectors as

a; - bj = 27'('52‘]‘ (15)

where §;; is Kronecker’s delta, which is 1 when ¢ = j and 0 otherwise. In 3 space
dimensions, the standard way to define the bj basis vectors is the following:

a» X a
blzgﬁ—?’
a; -ax X ag
as X a
by = 27—~ L (1.6)
a; -as X ag
a; X as
b; =2r——.
a; -az X ag

Thus, the reciprocal lattice is defined as

2Tn 3 space dimensions.



Chapter 1. Fundamentals of Topological Band Theory 10

Gm = m1b1 + mgbg + m3b3. (17)

From Fourier analysis we know that we can always express real space periodic
functions as reciprocal space periodic functions via the relation:

fE+R)=f(r) — [f@x)=) 97f(G). (1.8)
G

Then, we can apply it to the space-dependent functions relevant to our problem:;
the Hamiltonian and its eigenvectors.

1.2.2 Bloch Theorem

Even though the effective potential can have a complicated structure, it follows from
the periodicity of the system that it must display the same translational symmetry.
Let’s forget for the time being about the external field term Vi’ so that the only
remaining potential is the Coulomb potential created by the ions, which must have
the same periodicity as the lattice. Let’s start by reviewing the properties of the
translation operator.

We define the translation operator T as the one that has the following action on
a space-dependent function:

~

T(R)f(r) = f(r+R). (1.9)

Notice that it doesn’t matter the order in which translations are applied, since

TrTwr f(r) = Taf(r+R) = fr+ R +R) =

| v (1.10)
= fe+R+R) =Tr f(r + R) = T/ T f(x)

so the composition of translations is commutative. If translations form a group, we
can apply the group theory to simplify the underlaying problem. We will now check
if the translation operator also satisfies the properties of a group:

o [dentity
Tof(x) = f(x +0) = f(r) (1.11)

so Tp leaves f invariant and, thus, is the identity element.

3We will include it later, without lose of generality.
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o [nverse o X
T rTrf(r) = Trf(r +R) = f(r + R~ R) = f(r), (1.12)

so T_g is the inverse element for each TR.

o Associative

Tr (TR’TR"f<r)) =fr+R+R'+R") = (TRTR’) T f(r) (1.13)

o (losed
TRIwr = TRN, (114)

with R” = R + R’ also a Bravais lattice vector.

This operation satisfies all properties of a group, plus commutativity, so that trans-
lations form an Abelian group. In group theory, these groups have the special property
that all of its irreducible representations are 1 dimensional. Thus, we can assign a
1x1 matrix to each translation such that these matrices (or matrix representations,
matrix representatives) satisfy the algebra of the group.

From group theory, we know that the representation for such groups are complex
exponentials [43]. Let’s define our representation as

PX(Tr) = ¥R, (1.15)

where k is a vector that, for the moment, labels the different irreducible representa-
tions of the translation group. It is straightforward to see that this representation
complies with all the requirements aforementioned. Let us now apply these group
theory tools to our problem.

Since the Hamiltonian H;, is periodic, we conclude that

Tw (Hy,(r)¥(r)) = H,(r+ R)¥(r+ R) = Hy,(r)¥(r + R) = Hy,(r)Tr¥(r), (1.16)

so that [TR,H] = (0. Thus, we can diagonalize at the same time the translation
and Hamiltonian operators. In the group theory, this implies the eigenstates of the
Hamiltonian will transform under the irreducible representations of the translation
group. Then, if ¥y (r) is an eigenstate of the Hamiltonian, under translation operator
the eigenstate will transform according to an irreducible representation p*¥ of the
translation group:

Trk(r) = Ui (r + R) = p* (T ) i(r) = ¥R uy(r) (1.17)
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which is the definition of Bloch’s theorem from a group theory perspective. Follow-
ing this result, we can further decompose the eigenstate of the Hamiltonian in the
following form

Uy (r) = e®Tuy(r), with uy(r + R) = uy(r), (1.18)

whith Wy (r) being the Bloch wavefunction.
We will now apply periodic boundary conditionsﬂ in the direction of the lattice
vectors:

U (r + Niay) = U(r). (1.19)

where N; is the number of unit cells in the i*" direction.
Following previous derivations, we get:

\I/k(l' + Nlaz) = eik'(”Niai)uk(r + Nzaz) = 6ik'(r+Niai)uk(I‘) = eik'ruk(r) = \I/k(I').
(1.20)
If we write k = ), #;b;, then:
6z'k~(NiaZ-) _ 17 N 6i(Ijbj)‘(Niai) _ 627riNiacj6ij _ eZwiNixi - 1. (121)

From here we extract that the only allowed values for k are z; = %, with m an
integer number in {0, N; — 1}E|. Notice that there are exactly as many different values
of k as there are unit cells in real space N; Ny N3, so we haven’t lost any information
in the process. All values of k lie within the cell created by reciprocal basis vectors
which is called First Brillouin Zone (FBZ or BZ when the context is clear), and it
will be of great importance through the work, since all bulk properties come from the
information that we can extract from this region]

So far we have showed that the vector k can be used to label states that diagonalize
simultaneously both the Hamiltonian and translation operator, but we haven’t given
any physical interpretation. If we compute the expected value of momentum operator
—1hV on a Bloch wavefunction, we get

— ihV Uy (r) = —iAVe®  uy (r) = AkU(r) + ™"V (r). (1.22)

4This is the standard way to describe bulk periodic systems, we will have to revisit the point
when discussing finite systems.

5Notice that the case where m = N; is the same as the m = 0 case.

5The rest of Brillouin zones are copies of the first, due to periodicity, that’s why we only study
the first one.
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We can see here that the vector k behaves in the same way as the wavevector of
wavefunctions, so that the hk term seems to be the linear momentum of a wavefunc-
tion. However, there is an extra term, e’**Vu(r), which does not vanish and breaks
the analogy. The standard procedure is then to interpret it as the electron crystal
momentum.

Taking into account all this, we can rewrite the Hamiltonian eigenproblem in the
new basis to find

2
2h_m (—iV 4+ k)* + Vg (1) | wc(r) = Erctne(r) (1.23)
where Vgoc is included inside Vg.

When we solve the eigensystem, the resulting energies come in packages; densely
populated groups of energies that are split between themselves by a finite amount.
Each level has a finite width in energy and is called a band [44]. Although a good
visualization of the energy states, this gives us very limited information on the system.
We can choose, however, to plot the energy bands as a function of momentum. This
gives further information that, as we will see later, will be of crucial importance in
terms of symmetry and, in general, in terms of topology.

1.3 Computing Methods

In this section we will review the two main methods employed in this thesis to solve
the electronic structure of materials: Density Functional Theory (DFT) and tight
binding (TB) method.

1.3.1 Density Functional Theory

Simplifying the many-body problem Hamiltonian to a single particle picture has been
a drastic approximation, especially the mean-field treatment of V... However, in 1964,
Hohenberg and Kohn [45] proved that the exact energy E of the ground state system
can be written as a functional of the exact electron density n, E[n]. The power of
this result is that the electron density doesn’t understand about many-body or single-
body physics; Kohn and Sham then proposed [46] that we can choose a single-body
problem that has the exact same density as the many-body one and get the exact
energy.

The only thing left to find is the auxiliary system that mimics the properties of
the real many-body system. However Hohenberg and Kohn only proved that such
functional exists, not its actual functional form. The exact Hamiltonian reads
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H=T+ Ve =T+ Vg + Vi, (1.24)

with 7 = — M J2¥2 describing the kinetic term, Vi = & [ drdr' =70 RNl the
Hartree term and the last term, the exchange correlation functlonal Wthh is the
exact term minus the Hartree one, V., — Vg.

We can then write the expected value of the ground state energy as a functional
of the electron density. If we denote by ¢; the occupied states (and n = >, ¢F¢;),
then the energy functional takes the following form:

= fawor (v )or G faar™ 0

r—r|
Following the Kohn Sham scheme mentioned earlier, we can rewrite the equations
in terms of an effective potential, v.g, that encodes all the interactions:

! dEyc[n]
o =€ [ dr’ n(r) =, 1.26
Veff €/r|r—r’|+ 5n ( )
From here we get the Kohn-Sham equations,
h2
<—2m VQ + Ueﬁ[no]) ¢z = engz (127)

Thus, the many-body problem has been reduced to a 1-body problem that has
the same exact electron density and ground state energy. There are several approx-
imation schemes one can use that perform well at describing real materials though.
Local (Spin) Density Approximation (L(S)DA) [46], which uses the exact exchange
correlation term for the free electron gas, has succeeded in predicting the electronic
properties of materials where electrons are mostly free, such as graphene, with very
delocalized electrons coming from carbon p, orbitals. The General Gradient Approx-
imation (GGA) [47] and its generalizations (MBJ) [48] have succeeded in accurately
predicting the value of the gap for several insulators. As we will see explicitly in the
case of PbTe, the correct prediction of the gap can drastically change the properties
of a material, especially the topological ones.

DFT is the standard method to compute electronic structures of materials. There
is a numerical algorithmic procedure that, starting from an initial guess, finally con-
verges in an iterative way. In what follows, we describe the procedure of numerically
solving the equations.

e We start with an initial guess for the electron density, ng. There are many
schemes to choose the first electron density, such as a random combination of
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atomic orbitals or the most common one in electronic bandstructure codes (such
as VASP), which is based on a superposition of spheric atomic densities.

Then, we choose the Ey. and construct the effective potential veg[n].

We now solve the Kohn Sham equation (see Eq. [1.27) and find the eigenstates
;-

From these eigenstates, we construct the new electronic density, ny = Y, ¢;1*¢;.

We now compare ng and ny. If the difference is below a certain threshold, then
we decide that the process converged and we take n; as the electronic density
solution. In case this condiciton is not satisfied, we will go to the second step
and solve the Kohn-Sham equation again until it converges.

Throughout this thesis, we will mainly use the Vienna ab initio simulation package
(VASP) [49-52] and Quantum Espresso (QE) [53-55].

Before finishing this part, we will introduce a technique that is widely used as a
simplification for faster convergence, the Pseudopotential approximation. Since the
main properties of solids stem from the states close to the Fermi level, it is safe to
integrate out the electrons that are very low in energy, the core electrons. Then,
we consider the core electrons to be frozen, and we neglect them. We are left with
valence electrons then. The ab initio codes we use in this thesis are plane-wave based;
they expand the Kohn-Sham orbitals in terms of planes waves with a fixed cutoff
energy. When considering valence electrons, they are from high atomic levels, so they
oscillate rapidly near the origin (this is in order to satisfy the orthogonality relations
of atomic orbitals). These functions are numerically expensive to represent in terms
of plane-waves, due to the large cutoff required. Then, by using pseudopotentials we
can regularize the highly oscillating functions near the origin while keeping it exact
beyond some specific distance called the cutoff radius.

The effectiveness of the pseudopotentials is also affected by the surrounding crys-
tal structure, thus there is no a unique choice of pseudopotential that works for a
particular atom in all situations, and we must be careful to check different ones and
compare the results.

1.3.2 Tight Binding

Other than ab initio methods, we can also think of other ways to get energy bands that
reproduce key properties of the systems we want to study at a qualitative level. This
proves to be a good approach for topological phases, which are equivalent to simpler
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systems if they are adiabatically connected| This is the reason why the tight binding
method is extensively used throughout all topology literature as an easy method to
visualize complex topological non-trivial systems. In this section, we review the main
aspects of the method.

First, we assume that atoms have a finite set of orbitals sitting at the atomic
positions that are mainly decoupled from the orbitals in other sites (atomic insulator
limit) and we start considering all possible tunnelings between neighboring sites. Let
us analyze the case where we have n, atomic orbitals per atom, and n, atomic sites
per unit cell. For simplicity of notation, we denote by n the tuple (n,,ns), which
labels all states inside a unit cell.

At first glance, a sensible choice of basis for the crystal would be to consider
N1 NyN3n atomic orbitals sitting at the different unit cells of the crystal, ¢k (r) =
¢"(r — R) (due to periodicity). However, the basis functions are not eigenstates of
the translation operator or the Hamiltonian. This can be solved by constructing
Bloch wavefunctions out of these localized orbitals in the following way:

Op(r) =Y e BIgt(r — (R+r,)) = (rjnk) (1.28)

where r, denotes the position of the orbital with respect to the origin of the cell. In
what follows, as introduced in the last step, we will use Dirac notation. We can now
express the tight binding Hamiltonian as a n x n, k-dependent matrix in the following
way

Hrp(k)mn = (mk| H |nk) (1.29)

Notice that we haven’t lost any degree of freedom. We went from a Hamiltonian,
which in the basis of localized functions was a Ny NoN3n x NyNyN3n matrix to a k
dependent (N7 Ny N3 k values) n x n matrix. As you can see, the problem just became
more easily treatable. We will see examples of tight binding models in following
sections and chapters.

1.4 Wannier functions
So far, to solve the problem we have exploited translational symmetry in reciprocal

space rather than in real space. In that case, we got a basis of Bloch wavefunctions
U, (k) that are eigenstates of the Hamiltonian both with definite energy E,(k) and

"Two systems are topologically equivalent if it can be found an adiabatic deformation that turns
one into the other. In the context of topological insulators, preserving the gap is standardly what is
referred to as adiabatic deformation.
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crystal momentum k. These wavefunctions, however, are poorly localized in real
space (they are plane waves). So we can try to find another basis that describes the
same physics, but that is localized in real space. As we will see later, this basis will
have important prediction capabilities for topological phases.

The standard way to construct a basis in real space out of a basis on recipro-
cal space is to Fourier antitransform (the opposite way we did when defining Bloch
wavefunctions for the tight binding basis):

IRn) = / dke ™ B kn) . (1.30)

As we can infer from Eq. [I.30] after the transformation we will have a basis of
functions such that we get n functions per real space unit cell R.

An important property of Wannier functions is that they are not unique. Wave-
functions are defined up to a phase factor e, which does not change the energies.
This is the definition of a gauge symmetry, which we can exploit. In the particular
case of m occupied bands, we can apply any U(n) unitary transformation to ¥,,(k),
at any k, such that the energy spectrum of the m bands remains unchanged. This
gauge choice translates into a different set of Wannier functions that will have different
properties, in particular, with respect to localization. Then, the accurate definition
of Wannier functions would be:

|IRn) = /dke‘ik’RUnm(k) lkm) , (1.31)

where U,,,,(k) is a unitary n X n matrix, that can be written as a function of k.

It is known from Fourier analysis that a necessary condition for a function to be
localized in real space is that the function has to be smooth in reciprocal space. In
fact, the smoother the function in reciprocal space, the more localized it will be in
real space. This is how we can exploit the gauge symmetry. Through a procedure
nowadays named as “Wannierization” [56], we can choose the U,,,(k) matrices to
make the Bloch wavefunctions as smooth as possible, making the Wannier functions,
thus, maximally localized]

Throughout this thesis, we will make use of the Wannierization procedure to con-
struct maximally localized Wannier functions out of Bloch wavefunctions, to then
obtain an effective TB model that reproduces the electronic properties the systems.
Even though ab initio calculations are computationally expensive, from a coarse
grained grid of k-points in the Brillouin zone we can interpolate the Hamiltonian
to a finer grid through the Wannierization process as follows.

8In this context, maximally localized implies that the tail of the Wannier functions has to decay
exponentially with the distance, instead of polynomially.
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Once obtained the |Rn) Wannier functions out of the |kn) Bloch wavefunctions,
we can construct Bloch wavefunctions out of those Wannier functions again,

|kn) = Z ™R |Rn), (1.32)
R

and write the interpolated Hamiltonian in the Wannier basis:

HY (k) = (kn| H [km) = > ™" (On| H [Rm), (1.33)

where there are as many R terms as k-points in the original ab initio calculation. This
is however computationally inexpensive, and, given that the Wannierization process
is accurate, will give us the possibility to explore the electronic bands in very fine
meshes of momentum space.

To end the section, it is important to mention that there is an intermediate step
between Bloch wavefunctions and Wannier functions. We can define the so called
Hybrid Wannier functions; wavefunctions that are localized on one direction but still
Bloch wavefunctions in the other directions:

‘R”kj_n> = /dk|6ik|'R ‘kH, kJ_n> . (1.34)

These functions are called Hybrid Wannier functions and will have an important
role in diagnosing topology.

1.5 Topology: Zak phase, Chern number and Wil-
son loop

In periodic systems that can be described by the previosuly introduced machinery,
there is a special quantity one can compute that is related to topology: the Zak
phaseﬂ In the following section, we will derive the main results regarding Zak phase
and its generalizations, the Wilson Loops.

Let us start with the simplest case; a system that is periodic on 1 direction and has
1 band. Then, the eigenstates of the system can be denoted by the crystal momentum
k (not a vector, but a number). We define the Berry connection as

9For the sake of clarity, we will keep the name of Zak phase during the whole section. In the
topological physics field, however, it is customary to interchange Zak’s and Berry’s name when
referring to this and related quantities. That is why in following chapters we will refer to these
quantities as Berry phase.



19 Inigo Robredo. Topological Materials from a Symmetry Perspective

A(K) = i (K % "y (1.35)

Notice that this quantity is not a gauge invariant quantity. In fact, if we change
k) — ¢?®) k), we get that the Berry connection changes by a total derivative,
A(k) = A(k) + 2, which means that it is gauge covariant. However, if we integrate
it along the whole BZ

/ " diA(k) = ¢. (1.36)

we get a gauge invariant quantity ¢ which is known as Berry phase, or Zak phase
in the context of band theory. Because it is gauge invariant, this quantity can have
physically measurable consequences.

Actually, in 1D systems, ¢ is related to the expected value for the position of
the Wannier function of the band in real space, in other words, the center of charge.
Notice that the operator inside the bracket is the definition of the position operator
in momentum space (with a missing 2r factor). Then, the relationship between Zak
phase and Wannier Charge Center (WCC) is the following

_9
o

There is a huge variety of Wannier functions that we can construct depending on
the gauge we choose. All of them, though, share the same center, since the Zak phase
is gauge invariant. Then, if we can relate physical properties to the WCCs, we won’t
need to go through the whole computation of Wannier functions. As we will see in
following sections/chapters, the WCCs are intimately related to the topology of the
bands.

The values of this phase can be constrained by symmetries. As an example, if
we have a symmetry that takes k to —k (inversion, mirror, Cs...), it will take ¢ to
—¢. Since the phase ¢ is only defined modulo 27, this symmetry forces the Berry
phase to be either 0 or w. This particular result will be useful when we study the
Su-Schrieffer-Heeger model and Nodal line semimetals.

The Berry connection can be easily generalized to a set of more bands, realizing
the so called Non-Abelian Berry connection

Zo

(1.37)

A (k) = i (mk| % Ink), (1.38)

and non-abelian Zak phases,

1 21

= 1.
Dmn o /. dk A (k), (1.39)
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which are the eigenvalues of the ¢,,, matrix.

We can also generalize it to the case of greater dimension and construct another
important object for topology: the Berry curvature. In 2D, starting as before, we can
construct the non-Abelian Berry connection:

A (k) =i (mk| Vi |nk) . (1.40)

We can also define a Zak phase with the path of integration being any closed loop
in the 2D BZ:

1
Prmn = o is dk - Ay (k). (1.41)

Applying Stokes’ theorem:

1 1
mn = — P dk - An(k)=— [ dSVyi X A, (k). 1.42
b == ¢ 19 = 5= [ ASVicx A (K) (1.42)
We translated the computation of the phase along the line to the computation
of the flux of Vi X A,,,(k) to the enclosing surface S. This tensor is called Berry

curvature:

Qun (k) = Vie X Apn (k). (1.43)

One interesting calculation would be to compute the Zak phase by integrating the
Berry curvature on the whole 2D BZ. For the case of one band we have:

1
=5 /SdS Q(k) = 27C, (1.44)

where C'is a well known quantity in topology; the first Chern number. If we generalize
it to multiple bands it will read:

C = 2iTr (/S ds an(k)) . (1.45)

(0

Since the 2D BZ has no boundary (it is a 2-Torus), applying Stokes’ theorem the
other way round, the Berry phase vanishes as the boundary vanishes. This would
mean that the Berry phase of all 2D periodic systems had to vanish, which we know
not to be true (Topological Insulators). The problem, then, has to lie in the applica-
bility of Stokes’ theorem. In other words, a non-zero Chern number is an obstruction
to apply Stokes’ theorem, which cannot be applied if we cannot build a smooth gauge
in the whole region of integration, in this case, the BZ. So the Chern number is an
obstruction to find a smooth gauge on the 2D BZ.
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In terms of Wannier functions, this has a very interesting consequence; in order to
find maximally localized Wannier functions it is necessary to find a smooth gauge in
the whole BZ. Then, since having a non-zero Chern number forbids the construction
of such gauge, having a non-zero Chern number is an obstruction to find maximally
localized Wannier functions. This is the first example of how topology obstructs the
construction of maximally localized Wannier functions, and why the Wannier function
formalism is useful to diagnose topology, as we will see later in the description of the
theory of Topological Quantum Chemistry [41].

Apart from computing the Chern number by integrating the Berry curvature to
the whole BZ, we can compute the Wilson Loops, which are computationally more
efficient and have a close relation to the bulk-boundary correspondence of Topological
Insulators. In this context, we can define the Wilson loop as the calculation of Zak
phases integrating on one momentum direction as a function of the other momentum
direction:

1

2T
k) = 5= [ dis (ko) (1.46)

As it shown in Fig. (a), starting from kY point, we compute the Berry phase
integrating on ko. We then plot the resulting phases as a function of momentum ;.
Notice that the spectrum of the Zak phase ¢ is periodic both in ¢ (because phases
are only defined mod 27) and k; (the BZ is periodic in both k; and k). Then, we can
have two qualitatively different plots, as shown in Figs. (b-c). In Fig. (b), the
phase ¢ always stays close to 0. We can adiabatically deform that path to be always
exactly at 0. As we argued in Sec. [I.4] the Berry phase is related to the expected
value of the center of Wannier functions. If we only localize on one direction (as in
this case, integrating only on ks), we get Hybrid Wannier Charge Centers (HWCCs).
Then, a flat Wilson Loop spectrum (¢;(ky) = 0) translates into a Hybrid Wannier
function being located at the origin for every value of k.

On Fig. (c) we have a qualitatively different case. Now we cannot deform
the Wilson loop spectrum to be exactly at 0. Starting at the origin, as k; varies, it
moves from the origin of one unit cell to the origin of the next one. Thus, when trying
to compute the center of the Wannier function on the other direction (k;) we would
meet an obstruction. Indeed, as k; goes over a whole cycle, the Zak phase changes
an integer number of times 27, one in this case. This is another way to compute the
Chern number; the winding of the HWCCs is the Chern number. Connecting with
the definition of Chern number, the winding of HWCCs represents an obstruction to
computing maximally localized Wannier functions.

This can be generalized to the multiband case. We can plot the partial phases,
i.e., the eigenvalues of the phase matrix in Eq. to see the partial windings, with
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Figure 1.1: Wilson loop in the case of a single band. (a) Zak phase integration in
the ks direction, as a function of £?. (b) and (c) Wilson Loop calculation. (b) Chern
number C' = 0 Wilson Loop. (¢) Chern number C' = 1 Wilson loop.

the net Chern number being the sum of all partial phases, i.e., the trace of the Zak
phase matrix.

In the next section we will see examples of how these quantities are computed in
real models and the consequences on the surface spectrum.

1.6 Su-Schrieffer-Heeger model

In this section we will solve the Su-Schrieffer—Heeger (SSH) model, the simplest model
with edge states in 1D. We start by defining the system as shown in Fig. [1.2] The
lattice is formed by two s orbitals placed at the 2c Wyckoff position, in the coordinates
—z and x, which we denote as sites A and B, and the orbitals at the nth unit cell
as [na) and |ng). We choose a = 1 for simplicity. Then, following the tight binding
procedure described in Sec. we construct the basis of Bloch wavefunctions:

1 .
|ka) = _N Z e~ ik(n—2) n4)

) (1.47)

|kB> _ \/_N Z e—ik(n+x) |nB> :

with N the number of unit cells.
Setting the on-site energies to 0, the only energetic terms are the nearest neighbors
(NN) hopings t and #', which are defined as:
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Figure 1.2: Crystal structure of the SSH model. Solid points represent orbital posi-
tions and solid lines represent tight binding hopping parameters. Red points represent
the location of inversion symmetry centers.

(nal Hmp) = tpm +t'0nt1,m. (1.48)

The hopping ¢ will be referred to as intracell hopping (connects two sites in the
same unit cell) and t' as intercell hopping (connects sites at two different unit cells).
The Hamiltonian in reciprocal space then will be off-diagonal, with components

1 ) )
(ka| H |kp) = I Zezk(n—z)e—zk(m+x) (na| H |mp) =

n,m

1 ik 2x) / 1 1 —ik(2z+1) 1 —ik(2z+1) (1'49)
so, the resulting Hamiltonian in momentum space reads
)= (o T ) (1.50)

We now diagonalize it following standard methods and we obtain the eigenvalues

Ei(k) = £/t2 + 12 4 2tt' cos(k), (1.51)
and eigenvectors

+e—) ' (1.52)

k - e—ikx7
) =5 ( =
The spectrum becomes gapless at k = % for t = t'. We will now study analytically
two limits; ¢ = 0 and ¢t = 0.
In the case of t' = 0, the eigenvalues and eigenstates become
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Figure 1.3: Limit cases of the SSH model. (a) Trivial case. The crystal becomes a
succession of isolated dimers. (b) Non-trivial case. The dimers connect neighboring

cells, so there will be an edge state when making the model finite. Notice that a
redefinition of the origin would reverse the definition of trivial and non-trivial.

E:t =1
1 ) .
’k:i:> — E (efzk:wj :l:ezkz) .

Considering the system at half-filling (one occupied band), we compute the Zak
phase as described in Sec.

(1.53)

2T 2T
¢:z'/ i <k|%lk) :i/ di(—iz + iz) = 0. (1.54)
0 0

Remember that the Zak phase in 1D was equivalent to the center of charge of the
Wannier function. This implies that, in this case, the center of the charge would be
in the bond of the dimer depicted in Fig. (a), which coincides with an inversion
symmetry center and is the origin of the unit cell. This was the physically expected
result. If we cut the model following the unit cell definition of Fig. [1.2] there would
not be edge states, since all orbitals would be dimerized.

In the case of t = 0, the eigenvalues and eigenstates become

E, =%
1 . )
‘ki> - (efzkx’ iezk(erl)) )

V2

Considering the system at half-filling as before, we compute the Zak phase

(1.55)

—1

¢:—¢/0 "k <k|d%|k> :7/0 dk(i(—z 4+ 41) =T (1.56)

In this case, the Wannier charge center is located at the other inversion center,
the one in the boundary of the unit cell. Now, if we construct a finite version of the
system (following the same definition of the unit cell), then we will cut the system
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through a Wannier charge center. Thus, in this case the system will have an edge
state in each of the ends of the chain. We could also see it in another way. If the
only hopping is ¢/, then, when we make the model finite, there will be two orbitals
sitting at the edges, with no tunneling hoppings. Then, the energy of those orbitals
is forced to be 0 (the on-site energies are 0) and they will be localized at the edges.

This edge state is protected by symmetry in the following sense: due to inversion
symmetry (k to —k), the Zak phase is forced to be either 0 or 7. Then, if there is a
state located at the boundary in the case where the Zak phase is 7, we cannot remove
the state from there unless we break inversion symmetry.

We are then inclined to label these two phases as trivial (# = 0) and topological
(t = 0), following that the topological one has a non-trivial Zak phase and edge states.
We can, though, change the origin of the cell from one inversion point to the other
one, as shown in Fig. [I.3] If we were to compute the Zak phases in both cases now,
we would encounter the contrary; ¢ = 0 is the trivial case and ¢ = 0 the topological
one. Thus, we cannot say that the surface states are topological. However, they are
inversion symmetry protected once we fix the definition of a unit cell. Then, if we
had an analogous system in a 2D or 3D material, provided that we define the unit
cell in a particular way, we could find surface states that are protected symmetry. As
we will see later on, this is the case of drumhead states in Nodal line semimetals.



Chapter 2

Topological Quantum Chemistry

In general, the relevant electronic transport properties of a crystal stem from the
available electronic states close to the Fermi level. For instance, the metallic behavior
of a system can be described from the size of the gap between valence and conduction
states. In the last decades, thanks to the development of new techniques that can
probe states several electronvolts below the Fermi level, there has been an increased
interest in describing the properties of electronic bands as a whole.

There are several ways in which we can define the concept of band. The standard
way is in terms of energies; we solve the Schrodinger equation as described in Sec.
to get both eigenstates and eigenvalues. The eigenvalues will form dense packages
that span an energy window. If we label the energies by the corresponding wave
vector k of the Bloch wavefunction, we can define bands as a function that maps k
to energies, E,(k), where n is the band index.

Considering the symmetry of the crystal we can define the concept of band in an
different way. Bloch wavefunctions with wavevector k will transform under irreducible
representations of the symmetry group that leaves k invariant. Thus, we can define a
band by a vector containing the irreducible representations of the Bloch wavefunctions
across the BZ. This is the definition of band representation (BR). Note that this is a
global description of the band in reciprocal space and, thus, the Bloch wavefunction
is not a well suited basis to describe it. Instead, it is preferred to describe it in terms
of localized orbitals in real space (Wannier functions). These Wannier functions will
encode the symmetries of the system and span the bands, in an analogous way to
Bloch wavefunctions.

During his research, Zak et al |[17519,57] developed the formalism of BRs. They
discovered a special class of BRs that could not be further decomposed into smaller
BRs. They named them elementary band presentations (EBR), and they form a
basis for all possible BRs. If we consider time reversal symmetry in addition to the
crystalline symmetries, we can extend the concept of EBR to physical EBR (PEBR).

26



27 Inigo Robredo. Topological Materials from a Symmetry Perspective

Later, Zak and Michel examined the connectivity of the (P)EBR{]| and claimed
that all of them were connected [16,/58]. However, it has been recently proven that
this is not the case [41]. In fact, if a (P)EBR happens to be disconnected?] then
at least one of the disconnected sets is not a (P)EBR, and cannot come from a set
of localized orbitals. This is one sufficient condition for a set of bands to have a
topologically non-trivial [13,59-61] gap, which translates into the impossibility to find
maximally localized Wannier functions that respect the symmetries of the system. In
the course of this research, the theory of Topological Quantum Chemistry (TQC) was
developed, which we present in this chapter. This formalism can predict whether a
material in a particular space group (SG) can hold topological band gaps by analyzing
the symmetry of the bands and how atoms are arranged in a lattice.

Before the introduction of TQC, diagnosing the topology of bands was not an easy
task, given the complexity of numerical calculations of topological invariants. In a
hallmark paper by Fu and Kane [7], they found a connection between the Z, index of
2D TTs and inversion symmetry eigenvalues. It consists on computing the symmetry
eigenvalues of the occupied set of bands. In case there is and odd (even) number of
negative eigenvalues, the bands will also have an odd (even) topological Z; index.
This is the first example of a symmetry indicator (SI); a symmetry calculation that
diagnoses non-trivial topology. The theory of SIs has been recently generalized by
Song et al in Ref. |15], where they developed explicit formulas that map symmetry
eigenvalues to topological invariants in all non-magnetic SGs. In the same paper,
they also tabulate the relation between the topological invariants and the topological
systems that are characterized by them (such as mirror Chern insulators or higher
order TIs).

The full discussion of TQC, results and applications can be found in a recent
series of papers [12,/13,/41}(62-64], with the very recent addition of magnetic space
groups (MSG) [65]. In this chapter, we introduce the main concepts and results of
the theory by solving two widely known examples, spinless and spinful graphene.
We will try to describe the theory in a self-contained way, thus providing a brief,
practical explanation of the tools and concepts before using them, such as general
group theory and the Bilbao Crystallographic Server [66-69], where all elementary
band representations are tabulated.

The chapter is organized as follows: in Sec. we review the basic aspects of the
hexagonal lattice and present our convention. In Sec. we compute the symmetry
transformation properties of p orbitals at carbon atom sites of graphene. In Sec.

'The connectivity represents the number of energy bands that are connected together throughout
the whole BZ and cannot be disconnected without breaking the crystal symmetry. In a more
graphical sense, a set of connected bands is the one that can be drawn without lifting the pencil.

2A set of bands are disconnected if there is a direct gap (not necessarily indirect) in the whole
BZ that breaks them into different sets.
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Figure 2.1: Hexagonal lattice on the 6mm (17) wallpaper group.

we show the procedure of induction of a BR. In Sec. [2.4] we compute the little groups
for the high-symmetry points in the BZ. In Sec. we analyze the cases of graphene,
both spinless and spinful. In Sec. we analyze the connectivity of the (P)EBRs
induced in graphene. Finally, in Section we summarize the main results.

2.1 Hexagonal lattice

In this section we review some basic aspects of the hexagonal lattice and present our
conventions.

Taking as origin the center of the hexagonal tiles, and the z, y axes as shown in
Figure , the vectors describing the Bravais lattice are:

+

=
<>

o (2.1)

=

€y = Y,

N — DN =

oSS

where we have taken length units such that the norm of the vectors, i.e. the lattice
constant, is 1. The generators of the symmetry (point) group of the lattice are {C3|0},
{C5|0} and {m,1|0}ff} Their effect on the basis vectors is shown in Fig. [2.2]

3Here, by 11 we denote the mirror plane which is perpendicular to the direction e; — ey, in this
case, orthogonal to the y axis

4We could have used {C3]0} as the generator of all the rotations in this group. However, for
reasons that will be clear later, we use a different set of generators.
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Figure 2.2: Action of the symmetry operators on the basis vectors.

Cs:  (e1,e3) = (—eq, €1 —€y)
CQ . (81,82) — (—81, —82) (22)

mii: (er,ex) — (ez,e1).
Before proceeding, let’s define some important conceptsﬂ:

Definition 1. (Orbit of ¢). The orbit of q is the set of all positions in the same unit
cell related to ¢ by the elements of the symmetry group G, i.e., Orb, = {gqlg € G}.

Definition 2. (Stabilizer group/Site-symmetry group). The stabilizer group or site-
symmetry group of a position ¢ is the set of symmetry operations g € G that leave
q fixed. It is denoted by G, = {g]gq = ¢} C G. There are two important points to
take into account:

e (7, can include elements { R|r'} with non-zero translations, 7 # 0.

e Since any site-symmetry group leaves a point invariant, it is isomorphic to a
crystallographic point group (there are 32 crystallographic point groups).

Definition 3. (Wyckoff position). A Wyckoff position is any position in the unit
cell of the crystal. Besides this general definition, there are special Wyckoff positions,
which are positions that are left invariant by some symmetry operations, such as
mirror planes and rotation axis.

Definition 4. (Maximal Wyckoff position). A Mazimal Wyckoff position is a Wyckoff
position whose site-symmetry group is a maximal subgroup of the Point Group of the
crystal. In other words, Maximal Wyckoff positions have the larger site-symmetry
groups out of all positions in the unit cell. They are the maximal symmetric positions.
In real materials, atoms tend to sit in these.

5See Apeendix [A| for a more complete set of definitions.
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Figure 2.3: Maximal Wyckoff positions for the wallpaper group 17.

Definition 5. (Coset representatives). The coset representatives of a site-symmetry
group can be defined as the set of elements that generate the orbit of a Wyckoff
position.

Now that we have defined the relevant concepts, we can start to analyze the
symmetry of different Wyckoff positions. In what follows, we compute some site-
symmetry groups for special Wyckoff positions (see Fig. [2.3)).

o ¢=(e; —ey)/2=e,/2 (blue cross)

{m11|0} : (el, 62) — (—62, —€1>
€1 — € €1 — €

q= 9 9 =dq
_ (2.3)
{Co[11} 1 (er,e2) = (—e1, —e2) + (e1 — e)
_61—62 —€1+62+e _6_61—62_
q= 9 5 1 2 = 5 =gq.

Thus the generators for the site-symmetry group at ¢ = <52 are the following:

{ma1]0}, {C2[11}, (2.4)
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which generate a group isomorphic to Cy,.
e ¢ = (e; + ey) /3 (green square)

{mi1[0} = (e1,€2) = (e2,€1)
(61 + 82) N (61 + 62)

q= 3 3 =q
{03|0]_} : (61, 82) — (—62, e — 62) + (62)
(e1 + e3) —ey+e; — ey
3 3

_ (e; + es) _

3

In this case, the site-symmetry group is isomorphic to Ogvﬁ.

e ¢ =0 (red dot)

In this case all elements in the point group leave this point invariant, and the
stabilizer group at ¢ = 0 is isomorphic to the point group Cg,.

e g=z(e1+ey), x€(0,3) (line connecting the dot and the square)

In this case we consider the line that goes from the origin to one of the vertices
of the hexagon. This set of points is left unchanged by the mirror plane m,j.
The position ¢ = (z,x) interpolates between the origin and the corner of the
lattice. Note that the element m;7 is common to the site-symmetry groups of

the origin and the vertex of the hexagon.

2.1.1 Orbits for the different ¢ points

Let’s compute now the orbits of the points we have just discussed. For this, we only
need to consider symmetry operations that do not belong to the site-symmetry group.
However, there is an ambiguity as to which of them to choose, because there are more

than necessarym. The ones we choose are the coset 'r’epresentatives.ﬂ

6See Appendix

"Imagine that our full group has 15 elements and that our site-symmetry group has 5. Then, the

8See Apeendix [A| for a more formal definition.

orbit of that point will have 15/5=3 positions, i.e., we need 3 out of the 15-5=10 remaining elements
to generate the orbit. The other 7 elements will generate the same positions in the orbit.
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o g=(e1—e)/2=¢,/2

Since the site-symmetry group for this point contains as generators the mirror
plane and the C5 axis, we will use the C'3 axis to generate the orbit:

{10}, —5) = (5:0)
1 1 ] (2.6)
{G5104(5,—5) = (0,3)

So the orbit of ¢ is composed by 3 points. We call these the 3¢ Wyckoff positions.

*g=(e1tey)/3

In this case, the site-symmetry group contains the mirror plane and the C3 axis,
so we need to consider the Cy axis:

(0} 5) = (5. —3) 2.1

These positions are labeled as 2b Wyckoff positions.

e =20

Since the site-symmetry group at this point is the whole point group, there are
no other position in its orbit. This position is denoted as 1la.

« g=z(eiter)

The site symmetry group for this set of points contains just the mirror plane,
so any combination of the axes (the Cy and Cj axes) will generate a position
in the orbit. In this case, there will be 6 positions in the orbit, which coincide
with the ones generated by the Cj axis.

The site-symmetry groups at any two points in the orbit of ¢ are conjugate to each
other and, hence, isomorphi(ﬂ We are interested in the maximal Wyckoff positions,

9See appendix
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which are the positions whose site-symmetry group is a maximal subgroup of the full
point group. Thus, as Cg, has only 3 maximal subgroups, Cs,, Cs,, and Cs,, the
maximal Wyckoff positions will be the ones whose site-symmetry group is isomorphic
to one of these. As we showed, the site-symmetry groups for the positions la, 2b, and
3¢ are isomorphic to the maximal subgroups of Cﬁﬂ. However, the last position for
which we computed the site-symmetry group and the orbit is not a maximal Wyckoft
position since its site-symmetry group is not maximal.

2.1.2 Adding orbitals

To respect crystal symmetry, when we add an orbital at a Wyckoff position, we have
to add the same orbital at all positions in the orbit. These orbitals, once placed
in their positions, will transform under a representation of the site-symmetry group.
Then, if we know the representation under which the orbitals in particular Wyckoff
position transform, we can get the representation of the orbitals in the rest of the
orbit by applying the following procedure.

Let pg be the representationm under which a set of orbitals in the position ¢
transform, h an element of the site-symmetry group G, and g, one of the coset
representatives. Then

hi = @1y 9ot = Ga = @1 = G "o

. (2.8)
gahQQIQa = gahQI = GJaq1 = Gu-

Thus g.hg,"' belongs to the site-symmetry group of g,. Then, if we know p,, we
also know that p, (k) = p,, (9, 1hga)E. This is precisely the definition of conjugate
groups, which proves that the site-symmetry groups of all Wyckoff positions in the
same orbit are conjugate to each other and, thus, isomorphic.

So far, we have been discussing about placing atomic orbitals. However, it is more
accurate to speak of crystal orbitals. Atomic orbitals transform under irreducible rep-
resentations of the full rotation group O(S)H. When placed on a crystal environment,

°0ne can see the reason behind Wiyckoff position naming; the number indicates multiplicity
(number of elements in the orbit) while the letters, in alphabetical order, order the positions form
more symmetric to less.

1A representation assigns a square matrix or operator p(g) to each element of the group, in such
a way that when we compose two elements the product of the two matrices is equal to the matrix
assigned to the resulting element, i.e., p(g1)p(92) = p(g192).

12Gee Appendix

13To be precise, the full rotation group would be SO(3), because rotations have determinant 1.
however, this does not cover all crystalline symmetry operations, since we are leaving out both
mirrors, inversion, and combinations of these. If we add these two, i.e., SO(3) &I ® SO(3) what we
get is the full 3D symmetry group, O(3).
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the symmetry is reduced and atomic orbitals are not orthogonal anymore. Then, one
must consider crystal orbitals, which transform under irreducible representations of
the site-symmetry group, a subgroup of the full rotation group. In general, these crys-
tal orbitals will be formed by a linear combination of atomic orbitals that transform
in the same way now that we reduced the symmetry group.

Crystal orbitals can be described by a set of Wannier states (highly localized as
explained in Sec. , one per orbital, that transform under an irreducible represen-
tation of the site-symmetry group [59,60].

2.2 Adding p orbitals at 2b positions

In this section, we will study how p orbitals transform when placed in an environment
with a reduced amount of symmetry. In this case, at Wyckoff 2b position of the space-
group P6mm (the wallpaper group 17).

2.2.1 Spinless p orbitals

Angular momentum [ = 1 orbitals or, as the are commonlly known, p orbitals, are
a basis for the 3-dimensional (I = 1) or vector (V) representation of O(3). The site-
symmetry group for Wyckoff 2b is not the whole rotation group O(3) but just one of its
subgroups, namely C5,. Thus, we want to analyze how p orbitals transform under the
point group Cj3,. Mathematically, we want to express the vector representation of O(3)
in terms of irreducible representations of Cj,,, a process that is known as subduction.
In mathematical terms, if we denote by V' the representation of O(3) under which
p orbitals transform, we want to find the corresponding subduced representation
V1G2 =V | Cs, (the down arrow represents the operation of subduction).

To determine how the three orbitals p,, p, and p, transform under the symmetries
of the group Cj3, we only need to analyze the effect of the generators, since the rest of
the elements can be obtained by matrix multiplication (group element composition).
The action of the generators is shown in Table [2.1]

Cs, ‘ E ‘ Cs ‘ mii
Dz | Pz | CPx+ 8Py | DPx
py py pr — SPg _py
Pz | Pz P- P-

Table 2.1: Effect of (5, group elements on p orbitals.

21
3

where ¢, s stand for cos(%), sin(3F). We can now construct the matrices of the
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Cs, | E C;¥ my
vV [3 0 1
P 11 1
pres | 2 -1 0
A1 11
Ay |11 4
E |2 -1 0

Table 2.2: Table of characters of the group Cs,. The first row gives the traces of the
matrices for the vector representation, while the next two correspond to the blocks
formed by p. and p,, p,. Under the solid line we have written the characters of the
irreps (irreducible representations) of Cs,.

representationﬂ:
10 0 1 0 0 cos(%)  sin(3) 0
VE)=10 1 0] Vimi)= [0 ~1 0|, V(Cs)=|—sin(}) cos(5) 0],
00 1 0 0 1 0 0 1
(2.9

It is important to note that all the symmetry elements of the group, not just
the generators, must appear in the character table. To save space, the elements that
belong to the class are written together, since they the same traces. In this case,
our group has 6 elements (E, Cg: and three mirror planes m;), but there are only
3 different classes. In this case, the three classes correspond to the identity, the Cj
rotations and the mirror planes.

Although there is an algorithmic methodﬁ to compute how a group representation
decomposes into irreducible representations (irreps) of one of its subgroups [43], in
this case it is not hard to see by simple inspection that V' = A;(p,) + E(ps, py). This
is an example where an irreducible representation of O(3) becomes reducible when
restricted to a subgroup, that is, when the symmetry is reduced.

So far, we have been working with single-valued or spinless group representations,
representations of subgroups of O(3). If we want to take spin into account, we have

4These matrices correspond to the basis of p,,p,,p.. There is another convention where we
change (py,py) — (Pz — iDy, Pz + iDy) so that the vectors in this new basis are eigenstates of L, and
p(C3) becomes diagonal, p(C3) = diag(e2™/3,e27/3 0)). On this basis the matrix for the mirror
0 10
plane is non-diagonal, (p(m;7) = (1 0 O) . The traces are invariant under such transformations,
0 01
so the character of the representation stays the same.
15Gee the explanation around Eq. 1] below.
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to extend our methods to the so called ”double-valued” representations. The reason
is that spin transforms under SU(2), which is a different groupf]

2.2.2 Spinful p orbitals

We will now focus on p, orbitals with spin up and down, also at the Wyckoff 2b posi-
tion. Angular momentum eigenstates rotate with the unitary operator exp(in - J),
where J is the total angular momentum operator, n is a unit vector in the direction of
the rotation axis and €2 is the rotation angle. Representations of SO(3) correspond to
integer total angular momentum. However, for half-odd angular momentum, a rota-
tion of 27 gives a minus sign instead of the identity. As mentioned earlier, this reflects
the fact that half-odd angular momentum states transform under representations of
SU(2). Following the procedure described in the previous section, we construct the
representation for spin up and down p, orbitals.

For a %’“ rotation around the Cj axis in the z direction, we have e'3 for the spin-up
state (s, = 3) and e’ for spin down( s, = —%) We can write this representation

in a more compact way as p(Cs) = exp(i%az) where o, is the third Pauli matrix.
We can think of a mirror plane as a m degree rotation around an axis orthogonal to
the mirror plane followed by inversion@ Spin rotates, but inversion has no effect on
it, so, for spin states, a mirror plane is equivalent to a m degree rotation around the
direction orthogonal to the mirror. In this case, the mirror is perpendicular to the y
axis. Thus the representation for the mirror plane is p(m;7) = exp (i%ay) = 10y. The
matrices for the generators will then be:

wen= (4 0e) sm= (1 3) 2.10)

Now we can write the character of this representation by computing the traces,
and compare them to the irreducible representations of the double-group. Remember
that for double groups a rotation of 27 is equal to minus the identity, so the number
of elements doubles. For each element of the ordinary group we have to include the
result of composing the element with a 27 rotation, namely £.

We can see that the representation under which our orbitals transform is an irre-
ducible representation (I's) of the site-symmetry double-group. The other two spinful

3

irreps are total angular momentum 3 representations. More precisely, the basis for

1610 fact, SU(2) is the universal covering of the (proper) rotation group SO(3). Above we argued
that the appropriate group to describe all symmetry operations is O(3), not SO(3). Then, you may
wonder why we consider SO(3) when discussing double-valued representations. Since spin is not
affected by inversion symmetry we can restrict ourselves to SO(3).

ITRemember that p, orbitals have L, =0

18In this case, as the 7 degree rotation and inversion commute, we can apply them in any order.
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p |2 1 0 2 -1 0

r, |1 -1 -4 -1 1 i

s |1 -1 i -1 1 -1
2

1 0 -2 -1 0

Table 2.3: Table of characters of the group Cs,.

[ is [2) 4 i|—32), while the basis for Ty is [2) —i|—32), made from p,, p, spin-
ful orbitalﬁ [62,/64]. The remaining combinations of p,, p, spinful orbitals, like p,,
transform under T'y. 9]

We have obtained the representations under which both spinless and spinful p,
orbitals transform under Cj, group, which is the site-symmetry group of the Wyckoff
2b position, the sites where carbon atoms lie in graphene. In what follows, we will
compute the band representations induced from these orbitals.

2.3 Inducing a Band Representation

From the Wannier states Wi, (r — tu)ﬂ we define Fourier transformed Wannier states
(Bloch waves):

1 )
din(k,r) = — ) T, (r—t,), 2.11

where ¢, are all vectors in the Bravais lattice. We have gone from a n x n, x N
(n positions in the orbit times n, orbitals per site in the orbit times N cells in the
crystal) dimensional basis to a finite n x n, basis for each k. This corresponds to
n x n, bands. These functions are a set of Bloch waves that span bands in reciprocal
space. We want to compute under which irreducible representations transform these
Bloch waves, since that is the basis to induce a Band Representation.

Here is the power of this theory: even if we don’t know the actual form of the
Hamiltonian, if it complies with the symmetries of the crystal, the eigenstates will
transform under a certain representation of the space group, what is called a band
representation [57]. Thus, we do not need to know the very specific energy spectrum

015) = (Ipa) +ilpy) ©11), [=3) = (Ip2) =i lpy)) © V)

20The combinations are (|p,) + i |py)) ® [{) and (|p.) —i|py)) @ [1).

21Here, the i index labels the orbital (s, p, d...) while «a labels the position on the orbit (1, 2,
3...). The last index is t,,, which labels the cell of the crystal. This way we have labeled all orbitals
in our crystal. We can see here how there is one Wannier function per orbital.
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to make predictions. Predictions that range from crossings at high symmetry k points
or, using the mapping between symmetry and topology, to prediction of topological
phases..

We now proceed to compute a;,(k,r) functions’ transformation properties un-
der any element h of the full group G. We can derive it from Wannier functions’
transformation propertief®?}

[oa(M)]j,iaWis(r — t,) = [p(gpa)];iWjs(r — Rty — tga). (2.12)
Then, using Eq. (2.11)):

[pc(h)]j8005(k, T) :\/_1N > e pa(h)ipiaWip(r — t,)
= D o) Wl = Rt~ )

. 1 ) -
— 72Rk-t3a[ - Z(Rk)'(Rtu+t6a) . — —
€ p(gsa)lji Ze Wig(r — Rt — tga)
VN~
:eisz.tﬁa [p(gﬁ!I)]jiajﬁ(Rk’ I‘),
(2.13)

where gso = g5 {E| — tgathga € G For each value of k on the reciprocal space,
this expression tells us how the Bloch waves transform. This is what we call a Band
Representation.

The representation pg(h) is a (n X n,) dimensional unitary square matrix at each
pair of (k, k') vectors. The only non-zero blocks are the (k, k' = Rk), as can be seen
from the above equation, since it relates the a(k) state to the a(Rk) one. This block
can be written as:

[0 (M) .00 = € [p(g5 L E| — taathga))ji- (2.14)

2.4 Little groups at k-points in the first BZ

Let’s denote by Gy the little group of a k-point in the reciprocal space. We will
see that the most interesting k-points will be the ones with highest symmetry but,
for the time being, k can have any value in the first BZ. The character of the band
representation is the set of traces of the [pg(h)];5.io matrices for each h, i.e.,

228ee Appendix |C|for a complete derivation of the transformation properties of Wannier functions.
23See Appendix [C| for further details.
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X&(h) = [p&(Wiaia = »_ e e [p(g)] = Y e tear® (g Bl — to }hga).
(2.15)
At a particular k-point, Bloch waves transform under representations of its little
group Gy. If we have the character of the representation under which they transform
at any k-point in the first BZ, we can subduce the full representation, from the full
group G to the little group, G’} Once we do this, we know the small representation
under which Bloch waves transform at each k-point. We can now ask ourselves if
this subduced representation is reducible. In general, it will be reducible, and we
will be able to express our representation as a sum of irreps of the little group@ In
mathematical terms, we want to construct:

(p1G) L G = P miok, (2.16)
where oX are irreps of the little group Gy and the m; are the multiplicities of the
representation, i.e., how many times that irrep appears in the decomposition. This
number can be easily obtained using the so called magic formula [43]:

mo= 3 R(K(h) (2.17)
h

where n is the number of elements in the group (order of the group), h are the elements
of the group, the bar indicates complex conjugate, y; denote the characters of the
irrep and yX is the character of the representation we want to decompose. We have
then shown that some properties of the bands are inherited from the way orbitals
transform in real space. Out of all the k-points inside the BZ, not all of them provide
us with the same information; points in which the small group is trivial give trivial
information. This is why we can encode the Band Representation by looking at the
transformation properties in a finite set of highly symmetric k-points.

2.5 Example of band representation

In this section we will explicitly compute the band representation arising from spinless
and spinful p, orbitals in graphene. We will see how, even if we are not using any

24This is a rigorous mathematical procedure, common in group theory. In practice, it is like
constructing the table of characters for the big group and remove the elements that do not belong
to the little group.

25Here, the term “sum” has to be understood as sum of representations. For example, a 1-
dimensional representation ”plus” a 2-dimensional representation gives a 3-dimensional one.



Chapter 2. Topological Quantum Chemistry 40

specific Hamiltonian, we can predict that spinless graphene has Dirac cones, while
spinful does not, and that spinful graphene is always topological.

2.5.1 Spinful graphene

Graphene is described by carbon atoms sitting at 2b Wyckoff positions, with coor-
dinates ¢; = (%, %) and ¢ = (—%, —%) The site-symmetry group of this site is
isomorphic to Cs, and we choose the representation of the generators to be (see Sec.
2.2.2)):

p(C3) = exp <igoz>, p(myi) = io,. (2.18)

The coset representatives are chosen to be g; = {F|0}, go = {C3]0}. The first
thing we need to compute are the £3,. The action of an element of the full group will
have the following form:

hga = {Eltgatas, 95 {El = tsathgats = 1 = 901 = @1, (2.19)

where the vector tg, represents the possibility of an element to take some Wyckoft
away to another cell. Tt can be shown that (see Appendix :

t/ga = hqa — Q5. (220)

We will use this last equation to compute the fga for the different generators.

e {C5]0}

tﬁa_:hqa_qﬂl 1 L1y (1 2 L1y
b= et (3:3) - (3:3) = (5-5) - (3:3) =0
et (5o1)- (52 - (32)+ (14) -0

(2.21)

Once determined that ¢z, exists for a certain 3, there is no other 5 for which
ts, makes sense. We can see in Fig. how t;; connects two ¢; positions
in different cells, due to the action of the C3 axis. But this C5 axis does not
connect a position q, to a position qs, so to; does not exist. What this really
means is that when constructing the representation for the C'3 axis with indices
(7B, i), the block with o = 1, § = 2 will be full of zeroes, while the block with
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Figure 2.4: Action of the C3 axis on Wyckoff positions. In green, the original positions.
In blue, the new position after the action of the rotation. In red, the unit cells.

a =1, f = 1 will be the representation of some element of the site-symmetry
group of position ¢;. But this element can only be the one we obtained before,
g= ggl{E| — t5a }hga. We can use this equation to find this g element:

g = {E|0} H{E| -t H{Cs|0H{ E[0} = {E] — 01H{C5|0} = {C5[01}

922 = {C|0} B — tnH{C5|0H{Cal0} = {Cs[01}. (2.22)

So we can construct now the representation of this element. We will write it
by blocks, each block defined by coordinates (3, a) being a matrix with indices

(4,7). Using Eq. (2.14):

ei(Cgk)EQ 0 i e'i(C3k)82 ei%az 0
[Plé({csm})]jﬁ,w = ( 0 e i(Csk)ex ®e'37" = 0 e—i(Csk)ezgifo: |

(2.23)
where the product is tensor product.

o {m1/0}

Following the same procedure as before:
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tu = (a0} (3.3) = (3:3) = ©0
toa = (a0} (3.3 ) = (5.3 ) = ©.0)

The no-null blocks will be diagonal and, in this case, both t,3 are zero. Let’s
find the elements ¢:

(2.24)

g1 = {E|0}_1{E| — ti H{mi1|0H{ E]0} = {E|0}{m1|0} = {m,1|0}

g2 = {Ca]0} H{E| — toa H{mu1 [0}{Co[0} = {Co|0} {E] - 522}{6*2|0}{mﬁ(|0} T {ma10},
2.25

where in the last step we have used the commutation relation of the C; axis
and the mirror plane, but notice that, in double groups, C3 = F = —F # E.
We are able to build the representation for this element:

ob(maloblinn = (g §) i = (" ) )

—10,

o {C5|0}

So far, we have found that the induced representations are diagonal, giving
us the feeling that it could be reducible. This has happened because the el-
ements for which we have been constructing the representation were in the
site-symmetry group, or differ by an integer lattice translation. However, we
will find now that, since C5 is not contained in the site-symmetry group, the
representation will be off-diagonal, and, thus, will make this representation ir-
reducible. Let’s compute the representation for Cs.

ta= (G0} (53) - (~3:-3) = ©0
t1 = {C5]0} (—%—%) - (%%) — (0,0).

We see that, in this case, the non-vanishing blocks are the ones with coordinates
a=1,=2and a =2, § = 1. So the representation will be off-diagonal. Let’s
compute the elements g:

(2.27)
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g1 = {Cs|0} H{E| — t }H{Co|0}H{ E|0} = {E|0}

_ 2.28
g1 = {EI0} M {E| — £} (3]0} {40} = {Eo}. (2:28)
So, the representation for this element is:
. 0 —I .
[p6({C2|0})] 58,60 = I = —10y @ 0y, (2.29)

where [ is the 2x2 identity.

2.5.2 Spinless graphene

Having determined the spinful representation, it is easy to see what the spinless
representation is, by just getting rid of the spin degree of freedom. Now, the 4x4
matrices are 2x2 matrices:

i(Csk)-e2
c y ) (2.30)

o CaiNln = (70 e
b(maloblse = (5 7). (2.31)

scinl = (1 ) (2.32)

Now that we have the representation under which Bloch waves transform at any
k-point, we can see which symmetry enforced degeneracies we will have, by looking
at the dimension of the subduced representation at different k-points. Let’s see what
happens at the k = (3, %) point.

The little group of the k = (%, %) point is formed by a Cj axis and a mirror
plane (isomorph to C3,), but the mirror plane is not m; but my;. We can compute
explicitly the representation of this mirror plane to obtain the character to define
its representation, but it is not necessary. Following the argument we gave before,
the representation of an element that is not part of the site-symmetry group is off
diagonal when we induce it, since it mixes the two positions. Thus, the trace of
the representation of the mirror plane mq; will be 0. Because the (3 axis is in the
little group, (Csk)es = K - ey and we can compute the trace of the C5 axis matrix:
[PE({C5]0})]aa = 2cos(K - €3) = 2cos(4F) = —1. So our representation has the
following character in Cl,:
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Cs, | E CF my
p& 12 -1 0
A1 1 1
Ay |11 A
E |2 -1 0

Table 2.4: Table of characters of the group Cs,.

ey

E Cf Cy,C, C&f my m Cy Cf
oo | 4 2 0 0 4 -2 0

2 -1 V3

2 2 -1 =3

2

o -2 2 0

1 0 —/3
1 0 V3
) 0 0

O O OO
o OO
1
[\

Table 2.5: Table of characters of the group Cy,.

We see that this representation is already an irreducible representation of Cs,,
i.e., there will be a band crossing at the k-point of the two bands that are doubly
degenerate due to trivial spin degeneracy. And this crossing is protected by symmetry.
We have found the famous Dirac cones of spinless graphene.

2.6 Subducing the Band Representation

We will focus now on spinful graphene, since it is the one that can display topological
properties. We will subduce now the representation at different, high-symmetry points
in the first Brillouin Zone, which are I';, K and M (see Fig. .

2.6.1 I point

The little group at this point is the full point group, Cg,. This group contains Cj
axis, Cy axis, planes and Cg axis also. We have not computed the representation
for the (g axis, but we can obtain it from the representations of 2 and Cj axis by
combining them (a 6 axis is a Cy axis minus a C5 axis). We can see the character of
the representation in Table (2.5)).

Just by inspection of the table we get that the representation is reducible, in fact,
pg = F7 ) Fg.
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Figure 2.5: First Brillouin Zone for graphene.

Cs | E C3i m; F Cg[ My

pEl4 -1 0 4 -1 0

Ky |1 -1 4 -1 1 i

Ks|1 -1 i -1 1 -
2

K 1 0 -2 -1 0

Table 2.6: Table of characters of the group Cs,,.

2.6.2 K point

The little group of this point is C3,. We compute the character of the representation
as before:

In this case we find that (see Table [2.6)):

We see that if we have SOC, the Dirac cones break, since there is no 4-dimensional
representation; the 2 dimensional spinless breaks into two 1 dimensional irreps (Ky, Ks)
and a 2 dimensional one (Kj).
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OQU E C;: mq1 miq1 E
K14 0 0 0 -4
M2 0 0 0 -2

Table 2.7: Table of characters of the group Cs,.

Cs | F m m
/2 0 -2 0
2 0 -2 0
Ay [ 1 4 -1 i
OV R S |

Table 2.8: Table of characters of the group C.

2.6.3 M point

In this case, the little group is Cy, Looking at the character table (see Table [2.7]), we
see that we have no more work to do, since there is only one representation of the
double group, Ms;, so the subduced representation will be a sum of two M;5. We can
still carry out the calculation to check that it is true. Explicitly:

P = My @ Ms. (2.34)

2.6.4 High-symmetry lines

We can use this machinery to see how this crossings will split when we get a bit away
from the high symmetry points. If we follow the high-symmetry lines depicted in Fig.
2.5 (in red), we see that the little group for all the points that lie in any of the lines
is (s, i.e., a mirror plane. Let’s start by computing how our degeneracies break down
when moving away from the I' point to the K point.

In Table , we can see the traces of the relevant representations at I' for
the symmetries of the line that connect I' and K. Since there are only 2 symemtry
operations, there can only be 2 irreps. In this case, both A irreps are 1 dimensional,
so both I'; and 'y representations split into unidimensional ones, which is the sum of
both A irreps. We can repeat this procedure for all irreps at high-symmetry points
to obtain:
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Figure 2.6: Different connectivities allowed by compatibility relations: (a) Connected
set of bands, (b) disconnected set of bands.

L7 = As® Ay
[y — Asd Ay
Ky — As
Ky — Ay
Ko — A3 ® Ay
Ms; — As @ Ay.

(2.35)

Now we can try connect bands. The only restriction is that a band cannot change
the representation along a high-symmetry line, so a band that comes from a As at
the I' point cannot arrive at a A4 at K point. Following this, we get the qualitative
pictures on Fig. [2.6[ (a) and (b).

We see in Fig. 2.6/ (a) that the bands are connected, in the sense that we can draw
them in a single trace. However, since Group Theory does not give us any prediction
on the energetics, we can have another picture, as displayed in Fig. [2.6] (b).

The first one is an Elementary Band Representation, i.e., it is not the sum of
smaller dimensional band representations. But in Fig. [2.6 (b) we see that the EBR
is disconnected now. Since they both together form an EBR, it cannot be that both
of them are EBRs independently. So it must happen that at least one of them is
not a BR, i.e., not Wannier representable and, thus, topological. Therefore, graphene
with SOC is topological in both cases; either as a topological insulator (disconnected
EBR) or as a topological semimetal (symmetry protected degeneracy at the Femrmi
level).
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2.7 Conclusions

In this chapter we reviewed the recently developed formalism of topological quan-
tum chemistry. We showed how we can predict topological phases from symmetry
arguments. The formalism can be used for diagnosing topology too, as we will show
in the following chapter. We will apply the mechanism described here to identify a
topological material through its symmetry properties, PbTe, which is a mirror Chern
insulator for some experimental structures in the literature.



Chapter 3

Mirror Chern insulator PbTe

As an application of previously described formalism of Topological Quantum Chem-
istry, a high-throughput calculation of all high—qualityﬂ stoichiometric materials in
the Inorganic Crystal Structure Database (ICSD) [23] was performed. In this chapter
we will focus our attention on PbTe, that was predicted to be topologically non-trivial
for some crystal structures. We will start by reviewing the formalism of symmetry in-
dicators (TI). Then, we focus on an old simplified tight binding model of PbTe which
was predicted to host four Dirac fermions on a two-dimensional antiphase bound-
ary [20-22], hereafter referred to as Fradkin Dagotto Boyanovski (FDB) model. Next,
we will modify the model in order to respect all symmetries of the crystal SG F'm3m
(225). In particular, we will show that our improved TB model captures the tran-
sition between a trivial insulator and a mirror Chern and higher-order topological
insulator (HOTT), with symmetry indicated topological index vz, = 4. We will prove
that the four Dirac cones in the FDB model at an antiphase domain wall are the
boundary modes of this mirror and higher-order topological insulator. Finally, we
will demonstrate that any symmetric completion of the FDB model has vz, = 4, with
mirror Chern number v, .. = 2 and higher-order “S,” invariant dg, = 1 [15}/70,71]
(here my1y denotes the mirror about & — ¢ , and Sy signifies a fourfold rotoinversion).
Finally, we will connect these results to the recent prediction [72,/73] that PbTe may
be, in some cases, a TCI/HOTI. In doing so, we will see the relevance of careful
structural determination for finding small-gap topological materials.

3.1 Symmetry Indicators

In the previous chapter we showed how the formalism of topological quantum chem-
istry is used to determine the possible symemtry configurations of the bands starting

ICrystals with very accurate measurements of atomic positions and structure

49
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from localized orbitals in real space. We found that if an EBR is split, then at least on
set of bands has to be topological. This is a particular example of symmetry-indicated
topology. The theory, however, does not predict the precise topological phase of the
system. The first quantitative mapping between symmetry and topology was intro-
duced by Fu and Kane [7]. Using the so-called Fu-Kane criterion (or formula), they
related the Z, topological index to a Zy symmetry index, based on inversion eigen-
values of filled bands. An odd number of negative inversion eigenvalues in the set of
occupied bands translates into non-trivial Zy topological index. This work has been
recently generalized into symmetry indicator formalism [14,[15]. We will now review
the basic aspects of the formalism.

Following TQC formalism, symmetry data of occupied bands can be described by
its band representation, an array containing the irreducible representations at high
symmetry momenta. We define {BS} as the set of all possible gapped band structure
described by band representations. The authors of [41] tabulated all possible atomic
insulators (Al) starting from localized orbitals in real space, which form a linear space
we denote as {Al}. Then, topologically non-trivial band structures are those that
belong to {BS} while not belonging to {AI}. This can be mathematically expressed
as the quotient space Xps = {BS}/{Al}. Xps is always a finitely group of the form Z,,
with n = 2,3,4,6,8,12. Each generator of Xgg is called a symmetry indicator. Even
though the authors of Ref. [14] derived the group structure of Xgg for all 230 non-
magnetic space groups, they did not give the explicit formulas for the generators or the
mapping between generators and topological invariants. This work has been recently
developed by the authors in Ref. [15], where they provide explicit formulas to compute
the generators (symmetry indicators) based on the band representations. They also
compute the mapping between symmetry indicators and topological invariants, which
determine the topological features of the band structure.

It is worth noting that this system has both advantages and disadvantages. On
the one hand, the diagnose power is limited; topological phases can be diagnosed as
trivial if the required symmetries are not present. As an example, a strong 3D T1T is
protected by TRS and can be diagnosed by inversion symmetry if present, but the 3D
TT topological phase can exit regardless of inversion symmetry. However, symmetry
indicators have proved useful for high-throughput ab-initio calculations of tens of
thousands of materials, revealing that more than 27% of all materials in Nature are
topological [23].

3.2 Effective Tight Binding model

Let us start as did the authors of Ref. [20] considering the rocksalt structure of PbTe
(see Fig. (a)), in the space group F'm3m (225), a centrosymmetric, symmorphic
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Figure 3.1: (a) PbTe crystal structure. It has the same structure as rocksalt (NaCl),
in SG Fm3m (225). (b) Brillouin Zone for SG Fm3m (225) [67-69].

space group with a face-centered-cubic (FCC) Bravais lattice and octahedral point
group (see Fig. B.1] (b)). We take the following basis for the Bravais lattice [}

ty = (0,1/2,1/2), t2 = (1/2,0,1/2), t5 = (1/2,1/2,0). (3.1)

The rocksalt structure has Te atoms located at the 4a Wyckoff position, with
reduced coordinates ¢, = (0,0,0), and Pb atoms at the 4b Wyckoff position with
reduced coordinates g, = (1/2,1/2,1/2). The point group of PbTe is generated by a
threefold rotation C' 111 about the body diagonal of the unit cell, a fourfold rotation
Cy: about the X = to+t3—1t; axis, spatial inversion I , and time-reversal symmetry T.
The original model of FDB consisted of spin-1/2 s orbitals on the 4a and 4b Wyckoff
positions as a proxy for the Te and Pb atoms (whether we start from s or p orbitals,
the sign of the inversion matrix will change, but all topological properties remain
invariant). They added a staggered on-site potential taking opposite values +m on
the Te and Pb sites, and a nearest-neighbor spin-dependent hopping. Letting 7 be
a set of Pauli matrices acting in the orbital (Te,Pb) basis, and letting o be the set
of Pauli matrices acting on spin, we can write the Bloch Hamiltonian for the FDB
model as

k
Hrpp = mt, + t1, Z 0, COS (?“) , (3.2)

H=Z,Y,z

where we have taken the liberty of restoring a neglected factor of ¢ in the hopping
term to restore TRS H Eq. is manifestly time-reversal, inversion, and C' ;11

2We set the lattice constant a = 1 for simplicity
3While this makes our Eq. formally different from the original FDB model, we view the lack
of time-reversal symmetry in Ref. to be a simple oversight.
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symmetric; each of these symmetries acts trivially in the orbital 7 space, and as a
rotation (the identity rotation for inversion) on the spin degrees of freedom. Precisely,
we have for these symmetries g that A(g) 'Hrpp(k)A(g) = Hppp(gk), with the
matrix representation A specified by

—m

A(CS,lll) = exXp m

(0p +0y,+0.)|,

A(I) = Lips, (33)

A(T) = io,K,

with K being complex conjugation.

The spectrum of this Hamiltonian consists of two sets of doubly degenerate bands
(due to IT symmetry) separated by a spectral gap which is smallest at the L point
(1/2,1/2,1/2) and given by dE, = 2m. Depending on the sign of m, there is a band
inversion at the L point: for m > 0 the valence bands carry the representation Lg of
the little group of L [with inversion eigenvalues (-1, -1)], while for m < 0 the valence
bands carry the representation Lg of the little group of L [with inversion eigenvalues
(+1,4+1)]. Because there are four L points in the FCC Brillouin zone, this is not a Zs
nontrivial T1 [7], and so we must look for nontrivial TCI invariants.

Here, however, we run into a problem: The Hamiltonian Hrpp is Cy, symmetric,
but the matrix representative of Cy, can be seen to be

A(Cyy) = iT,0, €xp (—i%a» . (3.4)

This has the unfortunate property that A(Cy,)* = +1, rather than —1 as needed
for a double-valued representation. Repairing this by multiplying by a factor of v/ is
futile, as the A(Cy, and A(T) no longer commute. Thus, the FDB Hamiltonian does
not have the symmetries of SG Fm3m.

To repair the symmetries, we seek hopping terms which vanish at the L point, are
non-vanishing elsewhere and transform in the representation given by Eq. [3.3] along
with

A(Cyy) = exp <—i%ax) . (3.5)

In this way, we will replicate the band inversion at L in our symmetric model.
Let us first fix the spin-orbit coupling (SOC) term. Noting that the matrices 7, ,, o,
transform in a pseudovector representation under rotoinversions, we need them to be
multiplied by functions of k which are also pseudovectors. Combining this observation
with time-reversal invariance and the boundary conditions on the Bloch Hamiltonian,
we find that the simplest choice of SOC term which vanishes at L is



53 Inigo Robredo. Topological Materials from a Symmetry Perspective

Hgoc =tr, Y (6””’\0#82'71 <%) sm(/@)) (3.6)

,u,l/,/\zx,y,z

For now, let us overlook the long (fifth nearest-neighbor) range of this coupling in
light of its mathematical simplicity. We may be tempted to take mr, + Hsoc as our
improved Hamiltonian; however, Hgoc vanishes along the whole I' — L line, rather
than just at the L point. To remedy this, we can add two additional spin-independent
hopping terms:

Hyop= Y {(51@(1—}—005(7@))4—527'1003 <k—2“)1 (3.7)

/"L:x7y7z

We take for our full improved Hamiltonian

Hirpp = m7, + Hsoc + Hpep. (3.8)

When m = 0 with ¢ and d5 nonzero, this model is gapless only at the L point. For
m # 0, a nonzero d; ensures that the spectrum of this Hamiltonian is gapped. We see
that there is thus an insulator-to-insulator transition driven by an inversion of bands
at the L point, just as in the original FDB model. We show the bulk spectrum for
positive and negative values of m in Fig. [3.2] (a) and Fig. [3.2| (b).
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Figure 3.2: (a) and (b) Spectrum of the iFDB Hamiltonian given in Eq. 3.8, with
parameter values t = d; = 0.5, 9; = 0.1. In (a) we take m = 0.3, while in (b) we take
m = —0.3. (c¢) Wilson loop in the ky direction evaluated in the space of the lowest
two bands of the model in Eq. with m < 0, as a function of k3, with &k, = 0. We
see that the Wilson loop phases © wind twice around the circle (—m, 7]. This implies
that the model is in a topological phase with mirror Chern number v,, ; = 2. (d)
Spectrum for the topological phase of the iFDB model for a z-normal slab. Note the
mirror-symmetry protected Dirac fermion on the I' — L line.

3.3 Topological properties

Let us now examine the topological nature of this band-inversion transition. We will
start by analyzing the band representations in the model following Refs. [11}[23/41].
Following the notation of the Bilbao Crystallographic Server [67H69], our model is
induced from orbitals transforming under the Elg representation of the point group
Oy, on the 4a site, and a second set of orbitals transforming in the same representation
on the 4b site. The four bands in our model thus transform under the composite band
representation (E1,)4a 1 G®(Ey,)4b T G. These two elementary band representations
subduce representations of the little group Gy at each of the high-symmetry momenta
I') X, W, and L in the Brillouin zone; we summarize these representations in Table
below. In the atomic limit of H;rpp, we have m > t,d1, 02, and so the valence
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EBR ' X L W
(Fr)ul G To X Ly W,
(Eig)w TG T X¢ Lg Wy

Table 3.1: Little group irreps subduced by each of the elementary band representa-
tions in our model. The first column gives the name of the elementary band repre-
sentation (EBR). The subsequent columns give the little group irreps at each of the
high-symmetry points.

bands of our model transform in the (£4b 1 G) elementary band representation, with
occupied little group representations I'g, Xg, W, Lg; this can be checked explicitly
using the representation A defined in Egs. and and taking into account
the boundary conditions |tnyng > = (7.)% " |un>, where {g;} is a basis for the
reciprocal lattice, and {n;} are integers; this expresses the “tight-binding gauge”
boundary conditions [74]. Upon inverting bands by taking ¢ > dy > 6; > 0 > m,
|m| < t, we see that the occupied band irreps at I', X, and W have not changed.
At L, however, the wave functions now transform under the Lg irrep. Examining
the full table of elementary band representations for Fm3m [67-69], we find that the
collection (I's, X4, W, Lg) of occupied little group representations cannot be subduced
by an integer sum or difference of elementary band representations; we thus conclude
that this phase of our model is a symmetry-indicated, stable topological crystalline
insulator. Going further, we can attempt to express the irrep multiplicities in this
model as a rational sum of those in elementary band representations (EBRs). Reading
off the denominator of the rational coefficients, we find that symmetry-indicated TCIs

in this space group are classified by an index v7,. The index vz, can be expressed
as [15,[70,(71]

Vzs = K1 — 2Ka4, (3.9)

where 4k, is the sum of occupied band inversion eigenvalues ans 2v/2k,4 is the sum of
occupied band ICy, eigenvalues. Note that both x; and k4 are integers |71]. For our
model, we have vz, = 4 in the topological phase, and vz, = 0 in the trivial phase.
As shown in Refs. [15]/71], a minimal model for a TCI with v, = 4 arises through a
“stacking” (in Hilbert space) of four Z, odd topological insulators. We thus expect to
find protected gapless states on symmetric surfaces of this model, as we will discuss
further below.

Furthermore, note that while the original FDB model is not 4, symmetric, it is

inversion symmetric. Thus, the sum of occupied band inversion eigenvalues kI"P? can

be computed for that model and is given by
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0 0
wros _ o m> (3.10)
4, m <0.

Next, note that IC}, is not in the little group of any of the L points. Therefore, in
any symmetric completion of the FDB model the occupied band IC}, eigenvalues do
not change as a function of m, and so neither does k4. Thus, in any symmetric com-
pletion of the FDB model, the index vz, must change by 4 as the sign of m changes.
Assuming additionally that the m > 0 phase is connected to the (unobstructed [10])
atomic limit, we deduce that the band inversion in the FDB model becomes, when
cubic symmetry is enforced, the transition between phases with vz, = 0 and vz, = 4.

As discussed in detail in Refs. [15]/71], the value of vz, does not uniquely determine
the topological phase of a system in space group F'm3m. In particular, with vz, = 4,
there are two possible types of topological phase: the first has a mirror Chern number
Vpm, = 4mod 8 associated with the m, mirror symmetry, while the second has both
a mirror Chern number v, . = 2mod8 associated with the diagonal  — § mirror
symmetry, as well as a nonvanishing higher-order topological index. It is this latter
phase which describes our current model.

We can make these statements more precise by examining the low-energy k - p
theory for the topological transition in both Hrpg and H;rpg. Starting with the
original FDB model, we find by expanding Eq. that

t
HFDB(L+k) ~ MmT, + Z §Tygﬂkﬂ' (311)
U=T,Y,2
On the other hand, performing the same expnsion of H;rpp, setting 6o = ¢, and
defining the rotated coordinates (k,, ks, k.) and spin matrices (s, Sp, S.) as in Egs.

BT and f13)

|
—_

|
—
—

ke | = 6 22 3 ky | . (3.12)
k - 0 L/ \k
3 NG /3 c
1 V3+V6 V2-1
Sg V2 6 24/3 Sa
Sy | = :/_% \/ng\/é é%/%l Sy |, (313)
S, o L -1 141 Se
Ve V3 V6 VB

yields, to quadratic order:

Hippp(L+k) ~ [m+ 26 (k2 4 k2 + k)], 4+ V30skeTe + 2TV37, (kasa + kuss). (3.14)
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Up to a choice of basis for the Dirac matrices, this is the Bernevig-Hughes-Zhang
model Hamiltonian for a topological insulator [75[76] (note that because of our choice
of boundary conditions and our expansion about the L point, inversion symmetry is
represented by AL(I) = 7, in the k - p expansion). Eq. is also equivalent to Eq.
if we take do = 27 = t/2. Since there are four L points, we see that this is a TCI
rather than a TT transition. Furthermore, note that the plane k, = £, corresponds to
the plane k, = 0, and is invariant under m,ip; this symmetry is represented at the L
point by the matrix AL(my30) = exp[ir/(2v/2)(s,)]. Restricting H;ppp to the mirror
plane, we find that the Hamiltonian is block diagonal in the basis of m7, eigenstates,
and describes a Chern insulator transition in each mirror subspace. Since there are
two L points in this mirror plane, we thus deduce, following Ref. [77], that this model
corresponds to a mirror Chern insulator with v, ;= 2. To verify this, we extract
the mirror Chern number from the flow of hybrid Wannier charge centers |78,/79], i.e.,
from the Wilson loop [80,81]. We show in Fig. (¢) the ko directed Wilson loop for
the occupied bands as a function of k3. We see that in the k& = 0 plane the Wilson
loop phases exhibit a nontrivial winding with winding number 2; since in the FCC
Brillouin zone this is the only mirror invariant plane [77], this signifies the mirror
Chern number vy, ;, = 2 [82].

As pointed out in Refs. [15,71,83], models in space group Fm3dml' with vz, = 4
and vy, ., = 2 also have a nontrivial higher-order index 4.5, = 1 protected by fourfold
rotoinversion symmetry. This phase has four Dirac cones on a zZ-normal surface, thus
explaining the four Dirac fermions on an antiphase boundary found in Refs. [20-22].
At the level of the tight-binding model, an antiphase domain wall is simply a boundary
between the trivial (m > 0) and topological (m < 0) phase of the model. These
domain-wall fermions are indeed of topological origin, and are symmetry protected in
any symmetric extension of the FDB model. We show the spectrum of the topological
phase of Eq. on a Z-normal slab in Fig. (d).

Finally, note that the original low-energy FDB Hamiltonian in Eq. has an
accidental mirror symmetry A(miq0) = 7, exp [im/(2v/2) (s, — sy)], which leaves the
plane k, = k, invariant. While this symmetry is inconsistent with the inversion
symmetry for the full model (and also will be broken by crytal-symmetry preserving
perturbations, including higher-order terms in the k - p expansion), it explains why
the authors of Ref. [20-22] were able to find domain-wall fermions in their model.

3.4 Ab initio results

In the previous sections, we have seen how symmetrized completions of the FDB
model of PbTe yield higher-order topological and mirror Chern insulators. Under
certain conditions, the band structure for realistic PbTe as computed with ab initio
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Figure 3.3: Bulk band structure of PbTe, calculated using the structure reported in
Reference [48]. The inset shows the small gap and band inversion at the L point.

methods realizes this same vz, = 4 symmetry-indicated phase. This can be seen by
analyzing the material catalogs of Refs. [23,(72], which both report the value of vz, = 4
for PbTe. For confirmation, we have recomputed the ab initio band structure of PbTe
using density functional theory (DFT) [45,46] as implemented in the Vienna Ab initio
Simulation Package (VASP) [49,/50]. We use the structural parameters as reported
in Ref. [84]. The interaction between ion cores and valence electrons was treated by
the projector augmented-wave method [51], the generalized gradient approximation
(GGA) for the exchange-correlation potential with the Perdew-Burke-Ernkzerhof for
solids parametrization [52], and spin-orbit coupling was taken into account by the
second variation method [85]. A Monkhorst-Pack centered at I" k-point grid of (11 x
11 x 11) for reciprocal space integration and 500 eV energy cutoff of the plane-wave
expansion have been used. We show the band structure in Fig. [3.3] with an inset
highlighting the rather small gap at L. Employing the VASPtoTrace tool |23,/67-69),
we compute the little group irreps of the occupied bands at the high-symmetry points,
shown in Table [3.2; we give the irreps of SnTe as well for comparison. By using Eq.
3.9, we see that vz, = 4 for both SnTe and PbTe. Note, in fact, that the irrep
labels for SnTe and PbTe differ only in a shift of the origin of the system by (%, %, %)
Furthermore, the topological transition to vz, = 4 in the realistic material is driven
by a band inversion of the irreps at L relative to W | just as in the FDB model. To
fully determine the topological phase, we evaluate the mirror Chern number of the
occupied bands using Quantum Espresso and Z2PACK [53-55,[79]. We find a mirror
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Figure 3.4: Hybrid Wannier charge centers for the +i mirror subspace of the occupied
bands of PbTe in the myjp-invariant plane. (a) Raw Wannier centers (Wilson loop
eigenvalues). (b) Trace of the Hybrid Wannier charge centers matrix (see Sec. [L.F).
Since the trace winds twice across the unit cell, we deduce that the mirror Chern
number v, ,, = 2.

Chern number vy,,,, = Vpp,;, = 2, just as in the iFDB modelﬁ (see Fig. [3.4).

k SnTe PbTe

I Tels, I's, Iy T, I's, I'ny
X 7X677X677X8l ){87 )g9 7X677X677X81 )587 )gg
L 1‘197 L§7 L8i L4-§57 L97 -[/787 Lg, L977 L6-§77 -[/787

W Wﬁa W77 W77 W67 W7 W77 W67 W77 W67 WG

Table 3.2: Occupied band irreps for SnTe and PbTe at the high- symmetry points.
Irreps are listed in order of increasing energy, i.e., those states closest to the Fermi
level appear at the end of the list. Note that the irreps at I' and X are identical for
the two materials.

However, it is well accepted that the mirror Chern number v, . in PbTe is zero
under ambient experimental conditions, while it is 2 for Sn'Te . To reconcile this
with the non- trivial vz, = 4 topological index, we note that in addition to the
structure used for the ab initio calculations here and in Refs. , PbTe has 41
other entries in the ICSD in the space group Fm3ml’ . A DFT analysis of

4These two mirror Chern numbers are equal due to the cubic symmetry of the system.
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other structures (for instance, the structure reported in Ref. [87]) yields a trivial index
vz, = 0 due to a band deinversion at L, in agreement with the experimental findings.
This highlights the fact that for small band-gap insulators, one must be cautious in
extracting the band topology from ab initio calculations; for PbTe in particular, the
failure of semilocal DFT to correctly produce the (correct sign of the) experimental
band gap in certain cases has been noted previously [8§].

To investigate this systematically, we have computed the band structures and
topological index vy, for all 42 entries of PbTe in the ICSD, using the Perdew-Burke-
Ernzerhof (PBE) functional. The input parameters for these compounds differ only
in the reported lattice constant ag, which range between 6.157 and 6.543 A. For the
six reported structures with ay < 6.44A, PBE predicts vz, = 4; for the remaining
with larger lattice constants we find vz, = 0. In Table we give a table summa-
rizing our DF'T calculations. Taken optimistically, this shows that PbTe is very close
to a topological phase transition, which may be tunable as a function of external
parameters such as hydrostatic pressure.

ICSD  ag(A) Top? | ICSD  ag(A) Top? | ICSD  ag(A) Top? | ICSD  ag(A) Top?
48585  6.47 NO | 194220 6.46 NO | 648586 6.458 NO | 648599 6.459 NO
38295  6.462 NO | 648616 6.462 NO | 648587 6.456 NO | 648600 6.452 NO
600522 6.461 NO | 648617 6.463 NO | 648603 6.458 NO | 600843 647 NO
96500  6.459 NO | 648589 6.461 NO | 648605 6.4591 NO | 602956 6.46 NO
96504 6.461 NO | 648590 6.445 NO | 648606 6.4603 NO | 604178 6.460 NO
96505 6.461 NO | 648591 6.46 NO | 648607 6.463 NO | 96506 6.460 NO
648592 6.460 NO | 648608 6.4564 NO | 63099 6.454 NO | 648593 6.459 NO
648612 6.452 NO | 648583 6.464 NO | 648594 6.459 NO | 182661 6.500 NO
648584 6.46 NO | 648596 6.46 NO | 182662 6.543 NO | 648614 646 NO
648597 6.439 YES | 648615 6.157 YES | 648588 6.44 YES | 63098 6.4384 YES
153711 6.4245 YES | 648613 6.439 YES

Table 3.3: Summary of computed topological phases for all reported structures of
PbTe in the ICSD [23,86]. The first column gives the ICSD id of the reported
structure. The second column gives the lattice constant ag, measured in Angstroms.
The third column indicates the computed value of the topological index vz,: “Yes”
corresponds tovz, = 4, while “No” corresponds to vz, = 0.

3.5 Conclusions

We have revisited the effective model of PbTe as presented in Refs. [20-22]. We
have shown that the domain-wall fermions in the FDB model, long derided as non-
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topological, are signatures of the topological surface states present in any symmetric
completion of the model, protected by mirror and fourfold rotoinversion symmetries.
Furthermore, we show that ab initio calculations reveal that some of the reported
structures of realistic PbTe are in this same symmetry-indicated class of materials,
at least within the GGA. This shows that PbTe is an ideal platform for exploring
structurally tunable topological behavior. Finally, while within the context of our
effective model there is no difference between an antiphase domain wall and a domain
wall with the vacuum, this is not necessarily true in a more realistic system. Given
the recent focus on defect response of higher-order topological insulators [89-91], it
would be interesting to examine this more carefully for both Sn'Te and PbTe structural
variations in future work.



Chapter 4

Time Reversal symmetry breaking:
COSQ

So far we have reviewed the theory of Topological Quantum Chemistry and applied
it to a specific case of Topological Insulator, spinful graphene and PbTe. There
are, however, topological phases of matter that are not insulationg. This is the
case of Topologicla Semimetals, systems in which degeneracies at the Fermi level
are protected by topology, symmetry or both. In this chapter we will analyze our
most recent recent work on the discovery of a new topological semimetal phase on a
ferromagnetic pyrite, CoS,. Contrary to previous chapters where we analyzed very
symmetric systems, in this case the magnetization breaks many symmetries of the
system, but we still manage to predict topological features. At the end of the chapter,
we compare our theoretical predictions to recent experimental data, which shows good
matching between theory and experiment.

4.1 Introduction

Topological semimetals are a class of materials that display protected band crossings
close to the Fermi level with nonzero Berry phase [23.[24,34,92-94]. In 3 dimensions
(3D) one can find three types of topological band crossings, namely, nodes, lines
and planes. When nodes have a linear dispersion in all directions and they carry a
topological charge, they are named Weyl nodes. Weyl nodes can only exist in systems
with broken inversion or time-reversal symmetry (TRS). They are stable even in the
absence of symmetries and have very interesting surface states called Fermi arcs, that
connect the surface projection of the nodes. From each Weyl node with topological
charge 1, there will be a Fermi arc stemming from its projection in the surface.
Important examples of inversion symmetry breaking Weyl semimetals are transition

62
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metal monophosphides [95], MoTe, [96] and TaAs [25-27]. Contrary to the prolific
discovery of inversion symmetry-broken Weyl semimetals, time reversal symmetry-
broken (magnetic) ones are still scarce. They were first predicted in pyrochlore iridates
[97], HgCraSey [98] and the Heusler family of XCoyZ (X=IVB or VB; Z=IVA or
IITA) [99], and recently measured experimentally in EuCdaAs, [100], CosSnaSy 37,
101] and CooMnGa [102]. These materials usually display a large anomalous Hall
effect [37], which is important for both electronic and spintronic devices [103], and
they played a fundamental role in the first experimental realization of the chiral
anomaly [104]. Higher order generalizations of Weyl nodes have been proposed [32]
and confirmed experimentally [105(109]. These so called multifold fermions have
higher Chern numbers, which produce more Fermi arcs in the surface. It has also
been shown that space group chirality (no inversion or mirror symmetries) has an
important effect on the connectivity of such Fermi arcs [105,[110]. Even if the search
for multifold fermions has been focused on non-magnetic materials, there has been
an increased shift of attention to magnetic systems. There are, however, few material
predictions that can host magnetic multifold fermions [111}112], thus, making it a
priority to find new material realizations of such multifold fermions.

Another notable topological feature are Nodal lines. These crossings are protected
by inversion-TRS, spin rotation or reflection symmetries [113H120]. Compared to
Weyl semimetals, Nodal line semimetals are more difficult to diagnose, since the topo-
logical invariants [121] and, thus, the surface spectrum, are protected by crystalline
symmetries, so surfaces not preserving them will not display topologically protected
surface states [122-125]. In the facets where symmetries are preserved, however, there
will appear what are known as drumhead states, a set of surface states covering the
projection of the nodal line in the surface. In the cases in which spin-orbit coupling
(SOC) can be neglected, Nodal lines protected by inversion-TRS can occur at any
point in the Brillouin zone (BZ), as well as in high symmetry planes. When includ-
ing SOC, though, inversion-TRS can no longer protect the crossings, and these will
generally be gapped. This is the case for spin rotation symmetry protected Nodal
lines too, because SOC mixes spin components and gaps the crossings. Then, in the
cases in which SOC cannot be neglected, only mirror symmetries can protect Nodal
lines. This is why there are few examples of real materials that host Nodal lines when
SOC is taken into account [122,/126], and why finding new ones is exciting both the-
oretically and experimentally. Like in Weyl semimetals, Nodal line semimetals have
recently been found to have large Spin Hall current [127], expanding the family of
topological materials promising for topological electronic applications. Generalizing
Nodal lines, non-symmorphic symmetries can force crossings on entire high symme-
try planes in the boundary of the BZ. These are named nodal planes, which give rise
to Topological Protectorates; regions of the Fermi surface that intersect the Nodal
planes. They have been predicted to be large sources of Berry curvature [128}129].
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Pyrites of the form XS, (with X being Fe, Ni and Co) are a notable family of
TRS-breaking materials that have been studied for decades due to the large size of
pure crystals that can be found in nature or easily grown experimentally [130,|131].
Among this family, CoSy has been experimentally confirmed to be ferromagnetic and
extensively studied for its spin polarization and magnetic properties. Unlike many
magnetic materials, CoSs is an itinerant ferromagnet [132}|133|, that is, the ferro-
magnetism does not stem from highly localized electrons. Thus, electron-electron
interactions can be neglected when studying the electronic properties of the system.
This implies that standard mean field approximations such as density functional the-
ory (DFT) within the local spin density approximation (LSDA) are an excellent way
to obtain reliable and accurate electronic properties [134].

Topological condensed matter physics is a relatively new field of physics. Thus,
it is possible that ‘old” materials could display topological properties that have been
missed. This is the case on point; it has been recently reported experimentally that
CoS, is a Weyl semimetal, with spin-polarized single and double Fermi arcs stemming
from the projections of the Weyl nodes in the surface [35]. In this work, we perform
an extensive study of the topological properties as a function of its crystal symmetries
and also report several Nodal line structures near the Fermi level that survive the
addition of SOC interaction. We also find novel drumhead surface states emerging
from the Nodal lines.

The presence of both Nodal lines and Weyl nodes near the Fermi level, along
with the big size of pure crystals and ferromagnetic nature of the pyrite, make CoS, a
promising platform to probe topological phenomena in an accessible material that can
be used in all sorts of electronic applications, from new magnetic memories to spin
injector junctions, in which the spin polarized Fermi arcs will contribute to reduce
the weight of the minority spin pocket [135].

This work is structured as follows: First we review the basic aspects of Weyl
nodes and Nodal lines. Next, we study the symmetry of the crystal and electronic
structures. We then analyze the symmetry enforced 4-fold degeneracy arising at the
M = (%, %, 0) point and the effect of spin-orbit coupling on it. Finally we study the
Nodal lines and Weyls nodes in CoSy. We conclude by summarizing the results of
this work.

4.2 Topological properties of Weyl nodes and Nodal
lines
In topological semimetals, conduction and valence bands intersect at some points in-

side the Brillouin Zone (BZ). These crossings can be either accidental or protected,
either by symmetry or non-trivial topology. Accidental crossings can be broken by
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small perturbations that respect the symmetries of system. By definition, protected
crossings cannot. We can think of two main types of protection, protection by crys-
talline symmetry and topological protection. In the first case, bands that cross have
different transformation properties under some symmetry element that leaves the de-
generacy point invariant in momentum space; in this case we say that the bands
belong to different irreducible representations [43] and thus can not hybridize. This
is the case for Dirac semimetals [136-138|, in which C,, rotational symmetry protects
the Dirac nodes in the [I' — Z direction. We can also think of crossings that can be
protected by mirror symmetries that leave a plane in variant in the BZ. Analogous to
Dirac nodes, in-plane crossings can be mirror symmetry-protected. In this case, in-
stead of 0-dimensional crossings, collections of 0-dimensional crossings span the whole
plane, thus giving rise to 1-dimensional Nodal lines [113-120]. These nodal lines come
in a variety of ways; they can form closed rings inside the BZ, closed rings connecting
neighboring BZ, open strings that connect two BZ or even connected loops so that
they form nodal chains.

Besides being protected by symmetry, band crossings can be protected by topol-
ogy too. In systems with broken TRS or inversion symmetry, there exist two-band
crossings that can be locally described effectively by the Weyl Hamiltonian, thus the
name of Weyl nodes [36,139-145]. This effective theory is formally equivalent to the
basic example of Berry curvature monopole; Weyl nodes are sources (sinks) of Berry
curvature with topological charge +1 (-1). Following the Nielsen-Ninomiya theorem,
these crossings have to occur by pairs, though crystalline symmetry can increase the
number of pairs. To this date, several examples of Weyl semimetals have been both
predicted and identified [25/33,35,36,/139-145]. The most remarkable feature of these
materials are the Fermi arcs; open Fermi surfaces that connect the projection of Weyl
nodes on the surface of the material.

Nodal lines also have a topological non-trivial structure [121}/146-148]. It has been
shown that nodal lines can be characterized by a series of topological invariants |149).
One way to check that a nodal line is topologically protected is to see if a closed loop
enclosing the nodal line is contractible until it disappears. This can be done by means
of the Berry phase; if the calculation of the Berry phase on a loop that is linked to the
nodal line is non-trivial (Berry phase equal to ), then the loop is non-contractible
and the crossing is topologically protected. On the other hand, if the Berry phase was
found to be trivial (Berry pahse equal to 0) then the nodal line would be topologically
trivial. Topological nodal lines also display surface states [123,/124}/150-152], although
they are not as robust as the Fermi arcs coming from Weyl nodes. In particular, spin-
orbit coupling can break the nodal line degeneracy [153,154].
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4.3 Crystal and electronic structures

4.3.1 Symmetries and structure

CoS, crystallizes in SG Pa3 (205). This is a non-symmorphic cubic Space Group,
generated by {I|0}, {C2.|301} and {C3;|0}, whose combination produces glide sym-
metry planes, {m,|1/2,1/2,0}, {m,|0,1/2,1/2} and {m.|1/2,0,1/2}. Cobalt atoms
sit in the 4a Wyckoff position, while sulfur atoms sit in the 8¢ Wyckoff position.
The structure is shown in Fig. [4.1a). Experimental measurements [155,[156] reveal
that the system has ferromagnetic ordering, which mainly stems from the cobalt d
orbitals. This is represented by red arrows on cobalt atoms in Fig. [{.1[a). Exper-
imental measurements determine that the magnetization is on the (100) direction
family. We choose the direction of the magnetization in the z direction, without loss
of generality.

When taking into account magnetization, the symmetry of the system is lowered.
The 3-fold axes are broken, as well as TRS. The only surviving unitary symmetries
are the 2-fold screw {C,.|301}, the glide {m.|1/2,0,1/2} and inversion symmetry.
The screws in the x and y directions, as well as the glides orthogonal to z and y axis
are preserved in combination with TRS. All these properties are summarized in its
magnetic space group, which is Pb’c’a (No. 61.436) [67-69).

4.3.2 Electronic structures

To study the electronic structure, we performed density functional theory (DFT) cal-
culations as implemented in the Vienna ab initio simulation package (VASP) [49-52].
As it was shown in previous studies [35],157], the appropriate method to compute the
electronic structure is the local spin density approximation (LSDA) with no Hubbard
U correction |134], with the Dudarev simplified exchange correlation term, together
with PAW pseudopotentials. We used a grid of 7x7x7 k-points for the self-consistent
calculation.

The resulting band structures, with and without the effect of spin-orbit coupling
are shown in Fig. [1.1(b) and Fig. [£.1]c). Notice that the bands below the Fermi level
are polarized mainly in the direction of the majority spin (up, following the magneti-
zation), with a small minority pocket at the R point, as experimentally demonstrated
in Ref. [35].

Without SOC in a ferromagnet, the Schrodinger equation can be decoupled into
spin up and spin down sectors where spin is labeled in the quantization axis of the
ferromagnet. In one of the spin sectors, the symmetry thus appears to be the non-
magnetic one Pa3 (205), regardless of the orientation of the magnetization. This
artifice breaks down when SOC is included. Since SOC interaction has small effect
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Figure 4.1: (a) Crystal and magnetic structure of CoSs. (b) and (c) Electronic band
structures near the Fermi level. (b) without and (c) with SOC interaction. Inside light
green circles, effect of the SOC interaction mixing spins. Inside dark green circles,
3fold degeneracy breaking when symmetry is lowered due to the SOC interaction.
Inside blue circles, symmetry enforced 4fold degeneracy.

on the band structure (see Fig. [4.1(b) and Fig. [1.1|c)), we expect the symmetry
breaking effects to be small. In the band structure plots shown in Fig. [4.1{(b) and
Fig. (c), SOC couples both spins and opens gaps when spin-up and spin-down
bands meet (see light green circles). In addition, the 3-fold degeneracy at the I’
point in the SOC-free plot is lifted when including SOC (see dark green circles). As
expected, the gaps are small.

4.4 Effective 4-fold k - p model

In Fig. {4.1| (b) we see that there is a 4-fold degeneracy near the Fermi level in k-point
M = (3,3,0) (see blue circles), which survives the addition of SOC as shown in Fig.
(c). Since we are interested in band crossings close to the Fermi level, we analyse
this degeneracy. It is a symmetry-protected degeneracy, following the 4-dimensional
irreducible co-representation at the M point. Following Group Theory tools, we can
construct the most general, symmetry allowed, low-energy Hamiltonian that describes
the 4-fold degeneracy in the vicinity of the M point. The resulting k - p Hamiltonian

at first order in momentum and magnetization reads

H(k) = B,f -0 ® 13+ kv, B.00 @ 71 + kyvy - 0 @ 71 + k0,00 @ 73, (4.1)

where momentum k = (k,, ky, k) is measured from M, o, 7 are Pauli matrices, B,
is the magnetic field in the x direction and f,v,, vy, v, are undetermined constants.
This resembles the Hamiltonian of a Dirac fermion, but there are two main differences:
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first, the momentum-independent B, f:-o®73 term, which gaps the 4-fold when B, # 0
and second that both %, and &, go with 7 and there is no 7, so the resulting energy
dispersion does not result in a 3D cone:

= £\ /(Baf 2+ (sBoks + 0k, )2 + (k) (4.2)

where f = \/_ and v, = \/_y To see that this is not a cone, we can do a rotation
of coordinates such that ky = v,B.k, + v k, and ks, is orthogonal to k; and lies in
the k, = 0 plane. In that case, the resulting energy dispersion would be cone-like in
k1, k. but completely flat in ky. Thus, we cannot compute topological quantities such
as the Chern number of half-filled bands, because they are completely degenerate in
the ko direction.

Furthermore, we can rotate the model to find the corresponding k - p model in

the other M points, My = (3,0,1) and M3 = (0,3, 3). {C51]0} symmetry transforms

momentum and magnetization in the same way, Csi(ky, ky,k.) = (k. ks, k,) and
Cs1(B,, By, B,) = (B, By, By). Then,

Co My = Cyi(3,2,0) = (0,1, 1) = My
C51B, = 031(3,0, 0) (O,B,O) = B, (4 3)
Cy My = Cy(0,3,3) = (3,0,3) = My
Cs1B, = C51(0, B,0) = (0,0, B) = B..

Notice that the momentum independent term that goes with B, in M; will go
with B, in Ms. Since we have chosen the direction of the magnetization in the z axis,
we predict that the 4fold will gap in the Ms point. We confirmed this by computing
the energy bands in the 3 M; points (see Fig. (a)) and we found two of them
degenerate (M;, M3) and one with a gap of 5.5meV, as shown in Fig. (b). The
size of the gap is directly related to the energy scale of the SOC interaction. Thus,
as SOC effect is small, the gap opening is small too.

Apart from 4-fold degeneracy at the M; and M3 points, we also found that the
planes k, = £0.5 and k&, = £0.5 only have 2-dimensional magnetic irreducible co-
representations. This implies that the bands will always be 2-fold degenerate at
those planes, thus, they are Nodal planes. However, due to the presence of inversion
symmetry, they will not have topological charge [128].
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Figure 4.2: (a) Brillouin zone of the MSG Pb’c’a (No. 61.436) depicting the position
of unequivalent M; points (extracted from the BCS). (b) Dispersion from I' to the
different M; points. The red arrow indicates the gap opening in M,, as predicted by
the k - p model.

4.5 Topological analysis: Nodal lines and Weyl
nodes

We now study the topological properties of CoSs focusing on both Weyl nodes and
Nodal lines. The calculations in what follows are based on the interpolated Tight
Binding model in the Wannier basis |56] constructed from VASP ab-initio calculation
[49-52]. We performed Berry phase calculations, as well as surface calculations as
implemented in WannierTools [158].

We focus on the crossings between the last two valence bands near the Fermi
level (the two top bands polarized in the majority spin in Fig. [4.1(c)). We found
two nodal lines, one in the plane k, = 0 and another one in k, = w. Both planes
are left invariant by {m.|1/2,0,1/2} (see Fig. 4.3(a)), which is the symmetry that
protects both Nodal lines. In order to characterize the topological protection of the
Nodal line, we computed the Berry phase around a loop enclosing it. The location
of the Berry phase integration paths (red rectangles) is shown Fig. [4.3(a). Each red
rectangle represents an integrated Berry phase of 7, thus, non-trivial Z5 index. We
conclude that the Nodal lines in both planes are topologically protected.

In Fig. 4.3| (b) we show the projection of both Nodal lines in the (001) direction.
We showed that the Nodal lines are topologically protected, but which region of the
k. = 0 plane will host surface states depends on the choice of cell origin [159]. We fix
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Figure 4.3: (a) Position of the Nodal lines in the BZ. Each red rectangle represents an
integrated Berry phase of w. (b) Projection of the Nodal lines in the (001) direction.
(c) and (d) Berry phase calculations on the paths depicted in (b). (e) Surface calcu-
lation in the (001) cleavage plane, computed along the red path shown in (b). Notice
that the drumhead surface states gap in regions where the Berry phase is equal to 0.
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Figure 4.4: (a) Position of the Weyl nodes in the BZ. (b) Surface calculation in the
(100) cleavage plane in the path depicted in (d). (c¢) Zoomed-in schematic depiction
of the surface states in the (100) cleavage plane near the My-R line. The location of
the projection of the Weyls into the surface is shown by red and blue dots. Dots with
a surrounding circle represent the projection of two Weyl nodes with equal chirality.
(d) Spin polarization of Fermi arcs in the surface calculation. They are polarized in
the direction of the majority spin, just like the bulk bands.
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our unit cell as shown in Fig. 4.1] (a). We compute the Berry phases (integrating on
k) along the momentum paths depicted in Fig. [4.3(b). The results of the calculation
are shown in Fig. [4.3 (¢) and Fig. (d). The calculations show that the Berry
phase inside the blue Nodal line is equal to 7, while the Berry phase outside, or inside
the projection of both Nodal lines is equal to 0. Thus, the inside of the blue Nodal
line is the non-trivial region, with expected drumhead surface states, while the rest
of the regions are trivial. Berry phase calculation in Fig|4.3|(d) and surface spectrum
calculation in Fig. (e) are done in the same momentum path, as depicted in
Fig. 4.3|(b). We performed the surface spectrum calculation via the Green’s function
iterative method |160|, building a semi-inifinite slab as implemented in WannierTools
[158], based on the effective Tight Binding model in the Wannier basis [56] constructed
from VASP ab-initio calculation [49-52] We observe that drumhead surface states
survive only in regions where the Berry phase of Fig. 4.3| (d) is equal to 7, while they
gap in regions where it is equal to 0.

By carefully examining the region close to the Fermi level we found a total of 8
Weyl points close to the Fermi level, whose location in momentum space is displayed
in Fig. |4.4] (a). In Fig. |4.4] (b), we show (100) surface spectrum for k, = 0, along
the momentum path depicted in Fig. (d) in green. In this path, we cross the
projection of 4 Weyl nodes, projected pairwise with the same chirality. We can see
two bright surface states that connect the projection of the Weyl nodes, one within
the BZ and the other going through the boundary. Notice that Fermi arcs connect
Weyl nodes across the boundary of the BZ but they avoid the Nodal planes, which
are located at k, = £m. In the (100) cleavage plane, we can observe 4 different Fermi
arcs as depicted in Fig. (c). The Fermi arc close to the R point connects the
projection of two opposite chirality Weyl nodes. Near the M points, though, we can
see two Fermi arcs connecting the projections, instead of one. This is due to pairs of
Weyl nodes (with the same chirality) being projected in the same point. In Fig. |4.4
(d), we see the Fermi surface calculation on the (100) surface, schematized in Fig. |4.4
(c). The connection of the Fermi arcs is the same one as in the scheme of Fig. |4.4
(c), with single Weyl nodes connected by a single Fermi arc and double Weyl nodes
connected by two Fermi arcs. From the ab initio calculation we know that the bands
in the relevant energy window are predominantly polarized in the direction of the
majority spin. We computed the spin polarization of the Fermi arcs to see if they
inherit the polarization from the bulk. We show in Fig |4.4] (d) that the Fermi arcs
are completely polarized in the direction of the majority spin, as is the case in the
bulk.

There are several proposed applications for topological semimetals. In the field
of quantum optics, it has been shown that Weyl semimetals could be used to re-
alize a Veselago lens for electrons [38] (negative refractive index). It has also been
confirmed experimentally that Weyl semimetals have a quantized circular photogal-
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vanic effect [40,161] due to their topological charge. In the field of electronics, Weyl
semimetals show signatures of the Chiral anomaly. There are materials that show a
large magnetorresistance, such as the family of TaAs [143], which can be harnessed
for the next generation of memory devices. The spin polarization of the Fermi arcs
can also influence the performance of a Weyl semimetal as a spin injector, improving
the expected bulk results [39).

4.6 Experimental results

In this section we will compare the theoretical predictions we made to recent angular
resolved photo-emission spectroscopy (ARPES) experimental results. This work has
been carried out by the teams lead by Niels Schroter (MPI Halle) and Leslie Schoop
(Princeton University).

In order to measure the bulk electronic band structure, two distinct cleavage
planes were obtained, one with a surface normal pointing along (111) and the other
one pointing along (100). They performed photon energy-dependent ARPES mea-
surements with soft X-ray photons (hv = 350 — 800 eV) to locate the high-symmetry
planes along the k, direction normal to the sample surface. For the data measured
on the (111) cleavage plane in Fig. (a), we can clearly identify circular Fermi
surface pockets at the R point in the corner of the Brillouin zone. Our calculated
Fermi surface (following the methods described in Sec. in Fig. (b) is in
good qualitative agreement with the experimental data, confirming the existence of
Fermi surface pockets at the point. When inspecting the experimental band disper-
sion along the R-X-R direction (see Fig. (c)), we see that the circular pockets at
the R point are electron-like, and are related to another parabolic band with a min-
imum at around 0.65 eV by the exchange splitting. The magnitude of the exchange
splitting extracted from the energy distribution curve at the R point (see Fig.
(d)) is AE = 0.60(3) eV. Our LSDA calculations of the band dispersion shown in
Fig. (e) are in good qualitative agreement with the experimental data and in-
dicate that the observed electron pocket is of minority-spin character, which implies
that CoS2 is not a true half-metal. However, the experimentally observed exchange
splitting is approximately 250 meV smaller than in the LSDA calculations, such that
the majority spin-bands are located closer to the Fermi-level in the experiment than
expected from the calculations.

To search for the topological Nodal line and Weyl-nodes in CoS2, they also probed
the bulk band structure in both cleavage planes containing the I' point. Fig. (a-
d) display the experimental and calculated Fermi-surfaces for the (111) and (100)
cleavage planes containing the I' point, which are in good qualitative agreement.
Fig. (e) shows the band dispersion along the M — I" direction measured on the
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Figure 4.5: (a) ARPES Fermi surface on the (111) cleavage plane that cuts R. We can
identify circular electron pockets centered at the R point. (b) Ab initio calculation
on the same cleavage plane as (a). We observe that there is qualitative agreement
between experimental and theoretical calculations. (c) Experimental band dispersion
on the k path depicted in (a) (black arrow). Red arrows depict electron pockets
at the R point. (d) Experimental energy distribution curve at the R point. From
here we extract the value of the exchange splitting (AE = 0.60(3) eV). (e) Ab-initio
calculation of bands in the same direciton as (c). We confirm that the electron pocket
in R is polarized in the direction of the minority spin.
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(111) surface (black arrow in Fig. [4.6[ (a)), and the I' — M direction, measured on
the (100) surface (black arrow in Fig. (c)). Note that the observable bands
along these two directions are very different, possibly due to matrix element effects.
The line cut obtained from the (111) surface shows a V-shaped feature centered at
the M point, and a quasi-parabolic band centered at the I' point. In contrast, the
dispersion obtained from the (100) surface shows a single band dispersing in the
opposite direction from the quasi-parabolic band. To enhance the contrast of our
data, we also show the corresponding second derivative spectrum in Fig. 4.6 (f). The
combined band dispersion from both surfaces is illustrated in Fig. (g), which
displays the peak positions from a fit of the momentum distribution curves (MDCs).

By comparison with the calculated band dispersion shown in Fig. [4.6| (h), we can
see that the band crossing between the blue and red bands (from the (111) surface
and (100) surface, respectively) is part of a topological nodal line, while the blue
bands form a cone-like dispersion. The Weyl node that corresponds to the cone-like
dispersion is shown in Fig. (i), which displays the calculated band dispersion
along the M* — I direction, where M* = (0.5,0.458,0.0) is a point that is slightly
displaced from M, such that we cross the Weyl node, which is identical to the M
point within the experimental uncertainty. Since we cannot observe the band top of
the blue bands along the M —I'" direction in the experimental data, we conclude that
the Weyl node must be located slightly above (but very close to) the Fermi-level.

To detect the theoretically predicted Fermi arcs, they used surface-sensitive VUV-
ARPES to investigate the surface electronic structure of the (100) surface in CoSs.
Fig. 4.7 (a) shows the experimentally obtained Fermi-surface, which was measured
on a strongly tilted crystal plane. Comparing to the LSDA calculation in Fig. 4.7
(b), we can clearly identify the Fermi arcs around M, while the ones close to the
R point are not visible. In Fig. (c) we show the experimental line-cut in the
direction depicted in Fig. (a) (black arrow). It displays a surface state band
crossing the Fermi level that connects two hole-like pockets that are located at the
points at opposite ends of the Brillouin zone. Comparing to the LSDA calculated
surface spectrum (see Fig. 4.7 (d)), we conlcude that those states are in fact Fermi
arcs. Note that the renormalized energy scale of the Fermi arcs in the calculation
compared to the experiment is expected due to the reduced exchange splitting, which
we already observed for the bulk band structure. Therefore, the Fermi arcs cross the
Fermi-level in the experiment, while they are located below the Fermi-level in the
calculation.
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Figure 4.6: (a-d) Experimental vs ab-initio calculation of Fermi surfaces. (a-b) On the
(111) cleavage plane that cuts I'. Ab-initio calculation shows qualitative agreement.
(c-d) On the (100) cleavage plane that cuts I'. Ab-initio calculation shows qualitative
agreement. (e) Line cuts of the M — I path extracted from both (111) and (100)
cleavage planes. We clearly see the location of the 4fold degeneracy. (f) Second
derivative of the spectrum in (e), improving contrast. (g) Combined band dispersion
from both cleavage planes, showing the location of the Nodal line and the Weyl node.
(h-i) Ab-initio calculation of bands in two close paths. (h) Location of the Nodal line.
(i) Location of the Weyl node. Notice that the separation of the two paths is smaller
than experimental accuracy.
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Figure 4.7: (a) Fermi surface calculation of surface spectrum in the (100) cleavage
plane. We indicate the location of the Femri arcs experimentally observable. (b)
Ab-initio Fermi surface calculation of surface spectrum in the (100) cleavage plane,
showing the location of Fermi arcs. (c¢) Line cut of experimental band spcetrum in the
direction depicted in (a) (black arrow). Red arrow shows the location of one of the
Fermi arcs. (d) Ab-initio calculation showing the Fermi arcs connecting Weyl nodes.
There is good agreement between experimental data and ab-initio calculations.

4.7 Conclusions

In this work we revisited the recently discovered Weyl semimetal CoS, ferromagnetic
pyrite. We analyzed both Nodal lines and Weyl nodes found on the ferromagnetic
system. We found two nodal lines close to the Fermi level, with surface drumhead
states in the (001) surface. We also found a family of Weyl nodes close to the Fermi
level, with their distinctive Fermi arcs on the (100) surface. Compared to trivial dan-
gling bond surface states, Fermi arc surface states are more robust against attempts of
passivation, because they are protected by the topological invariants (Chern numbers,
chirality) of the bulk Weyl nodes; hence engineering of the interface potential cannot
easily remove the Fermi arcs. These surface states increase the number of available
electrons in the surface, thus improving its metallic properties for junctions. Follow-
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ing the spin polarization in the direction of the majority in the bulk, we checked if the
Fermi arcs are polarized in the same direction too, being this one of the few example
of spin polarized Fermi arcs in real materials [30]. The Fermi arcs would contribute to
the spin majority polarization, making it an interesting material for spintronics, like a
possible spin injector [31]. Therefore, CoS, provides a prime example of a spintronic
material whose performance is affected by its topologically nontrivial band structure.

CoS;, is also known to be a good catalyst, e.g. for the hydrogen evolution reac-
tion [29], and it has recently been speculated that Fermi arcs in Pt- and Pd-based
chiral topological semimetals [110,[162] may play a role in catalysis due to their d-
electron character and their robustness against hydrogen passivation |163]. Since
the Fermi arcs in CoS, are also derived from bulk bands of d-orbital character (see
supplementary), they might contribute to the catalytic performance of CoS,.

Finally, our findings of new Physics on this extensively studied ‘old’ material
raise the idea that we should continue looking for new phenomena in already well
established materials, which, apart from having some well known properties, are
more easily growable in the lab or encountered in nature.



Chapter 5

Breaking symmetries with strain:
Hall viscosity

Apart from magnetization, there are other physical phenomena that can lower the
symemtry of a system, possibly changing its topological porperties. In this chapter,
we will analyze the effect time-dependent strain has on one type of the multifold
fermions described in the introduction: the threefold fermion. We will focus on
the 3-fold fermion realized in cubic systems, such as SG P2;3 (198), with topological
charge C' = 2. In what follows, we analyze the response of this 3-fold fermion to time-
sependent strain. During the research, we found a new, fundamentally 3 dimensional
Hall viscosity. We develop a model to analytically compute this new viscosity on a
toy model, to later generalize in which families of real materials it could be found.
The main results have been published in [164].

5.1 Introduction

One of the most important properties of topological systems is the robustness of the
topological indices. Since they are left invariant under small, adiabatic perturbations
of the system, physical properties that are directly dependent on them share this
robustness. The already classical example of this robustness is the Integer Quantum
Hall effect, which, if the necessary experimental conditions are met [165], can be
typically measured with an error of few parts per billion [166]. This is why Quantum
Hall Resistivity (QHR) was used to define the resistivity standard. The reason behind
the extraordinary quantization of the QHR is that this quantity is proportional to a
topological invariant; the first Chern number. Thus, this effect, that is not material
dependent, can be measured with high precision even in "dirty” samples, making it
reachable for different samples and widely reproducible.

79
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Then, it is natural to ask if there exist other transport quantities that are tied
to topological invariants. Examples of this are the Quantized Circular Photogalvanic
Effect, a photocurrent whose response is quantized in Weyl semimetals [161] and the
dissipationless odd Hall viscosity in 2D [167], which is quantized in Chern insulators.
In this chapter, we will study the antisymmetric response of a multifold fermion with
Chern number C' = 2 to strain, the Hall viscosity. Although we found it not to be
quantized, it can still be measured in systems measuring the local flow profiles or
thermoelectric transport coefficients in chiral magnets.

Classically, the relation between the stress and strain tensors can be described as
follows:

Taﬁ = gaﬂuuuuu + naﬁuuuuw (51)

where u is the strain tensor, @ is the strain rate tensor (time-derivative of strain
tensor), ¢ is the elastic modulus and 7 is the viscosity tensor. The part of the viscosity
tensor that is antisymmetric (nﬁﬁw = —T];‘Vaﬁ) is called Hall viscosity, and gives rise
to a dissipationless force.

In rotationally invariant 2D fluids, there is a single Hall viscosity coefficient, re-
lated to the topological properties of the occupied electronic states [168-H176]. Anal-
ogous to the QHE, the Hall viscosity is proportional to the integral of an adiabatic
curvature and is proportional to the Chern number. Then, it is quantized in 2D
Chern insulators. In clean systems, the Hall viscosity manifests in width-dependent
corrections to the Hall conductance of mesoscopic channels, backflow corrections to
the local current density near point contacts, and in moments of the semiclassical
distribution function [177-180]. Local voltage measurements on graphene samples in
magnetic fields have shown signatures of the Hall viscosity [181]. Hall viscosity also
appears in classical fluids with broken TRS like chiral active fluids [182,|183]. This
“momentum” Hall viscosity (MHV), describes a stress response that can be related to
a change in momentum density. The momentum Hall viscosity contains meaningful
information even beyond the hydrodynamic regime |168}184-186].

In parallel, a related geometric response coefficient (the phonon Hall viscosity
(PHV)) has gained attention. A response to dynamic strains via electron-phonon
coupling, and also a rank four tensor, the PHV is expected to appear in the disper-
sion for acoustic phonons [185,/187], and in spin-phonon coupled systems through a
contribution to thermal Hall conductance [188-191].

Beyond 2D, the role of nondissipative viscosity in transport remains largely unex-
plored. Reports of hydrodynamic behavior in TSMs [192], and the growing interest
in magnetic TSMs [193], raise the question of how to generalize the Hall viscosity
to 3D. Preliminary efforts have focused on quasi-2D transport [194-200], or made
use of preferred “polar” directions such as the Weyl node separation direction in
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TSMs. Furthermore, octahedral symmetry forbids the presence of a nonzero Hall
viscosity [184,201]. However, magnetic crystals may have nonpolar point group sym-
metries that are not octahedral; the nondissipative geometric response of such systems
remains an open question.

Looking beyond 2D, in this chapter we find that tetrahedral symmetry allows for
the appearance of a new, fundamentally 3D “cubic” Hall viscosity. To our knowledge
this has not been encountered before in the literature, and could be realized in a
wide array of classical and quantum fluids with broken TRS. For uniaxial flows, this
new viscosity gives raise to a force perpendicular to the flow direction which vanishes
when the velocity is constant along the direction of flow. As a proof-of-principle, we
focus on a toy model in the experimentally interesting case of the cubic MSG P23
(No. 198.9), with TRS breaking chiral magnetism. Chiral multifold fermions such
as these act as point sources of Berry curvature in the Brillouin zone [63,[202-209),
making them ideal models to explore topological response functions [204},[210-212].
We compute the MHV and PHV for this model. For the PHV, we consider an electron-
phonon coupling ansatz to derive the “phonon” strain coupling [185,187[199,213,214]
which will yield a resulting “phonon” stress tensor. For the MHV, we use the recently
introduced lattice formulation of stress response [176] to derive a coarse-grained strain
coupling corresponding to a conserved momentum density. Using the Kubo formula
for viscosity [175], we derive both the MHV and PHV for a spin-1 fermion. We
discuss the implication of our work for chiral magnetic TSMs such as the family
Mnj;lIrSi, MnsIrGe, Mn3lr,_,Co,Si, and Mn3CoSi;_,Ge, [193,215]216] in MSG P2;3
(No. 198.9).

5.2 Properties of Point Group 23

Before we move on to compute the Hamiltonian of the system and derive the stress
tensors, we review the properties of Point Group 23, the Point Group associated to
SG P23 (198). We will describe the representations of 23 and their products. This
will allow us to identify the possible Hall viscosity components, and also provide a way
of writing down the most general, symmetry allowed strained Hamiltonian necessary
for the phonon-stress approach.

The set of generators we choose for the Point Group 23 is, in the vector represen-
tation V,

-1 0 0 -1 0 0 010
V(Co,) = 0 =1 0f, V(Cy)=1|(0 1 0|, V(C) 0 01
0 0 1 0 0 -1 100

(5.2)
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The character table for the representations of 23 can be found below:

(23) (T) | E Cy C3; Cf
A 1 1 1 1
’F 1 1 w w
) 1 1 w w
T 3 -1 0 0

Table 5.1: Character table for Point Group 23. w = e?™/3. Notice that the vector
representation subduces to the 7' irreducible representation.

In this chapter we use the following irreducible tensors for 23: the Kronecker delta
dij, the Levi-Civita symbol ¢;;, and two new tensors © and A, irreducible only for
Point Group 23, which can be used to contract indices and thus take products of
irreducible representations:

0% = {\% (013017 + 02i02; — 203,03;) a=1
ij

511‘(51]' — 521‘52]‘ a=2 (5 3)

1 itj+£k '
Aijp — 717

0 else.

Note that © carries an index a = 1,2 relating to the two dimensional represen-
tation 'E?E, which is physically irreducible as introduced in Chapter (2)). Indices
i, 7, k represent coordinates in 3-dimensional space. By means of these tensors, we
can write explicitly the Kronecker Product table of the groupﬂ

Alz) ® A(y) = A(zy)
Alr) @ 'E*E(y*) = 'E*E(xy®)
Ax) @ T(y:) = T(xy:)
'E?E(2") @ 'E*E(y") = A(0wr™y’) © A(ewr™y’) @ 'E2E(—a'y' + 2%y?, o'y? + 2%yt)
'E?E(2*) @ T(y;) = T(z'y;) ® T(z%y;)
T(a,) ® T(b]) = A((S,]azbj) @ 1EQE‘ (@fjazb]) EB T(A”a,b]) EB T(eijkajbk).
(5.4)
In the non-interacting regime, we can express Hamiltonians in the second quanti-

zation as combiantions of field bilinears. We can express these bilinears in terms of
square matrices, with the following interpretation:

'Remember that the product of irreducible representations is commutative.
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(TTw)e = oiaew (5.5)

zzg

where a labels the different bilinears.
We can see how A\ matrices transform from V¥ transformation rules. If we fix a
bilinear, we can do the following;:

UINGW; — IR Ry AL R Ry Uy = U Ry Ny RN, N — Ry AR (5.6)

These are the transofmration rules A* matrices transform.

The multifold fermion we are interested in transforms under the T representation
of 23, which is the little group of SG P23 at I'. In this case, since our fermionic field
is 3 dimensional, there will be 3 x 3 = 9 independent A matrices. One can use the
Gell-Mann matrices as a basis for bilinears, since they form a complete basis of 3x3
Hermitian matrices,

100 010 0 —i 0
=010 1 00|, =[i 0 o],

00 1 000 0 0 0

1 0 0 001 00 —i
As=[0 =1 0 000, xs=[(00 0], (5.7)

0 0 0 100 i 0 0

000 00 0 L (100
X=[00 1], x=[00 —i], xs=—(01 0|,

010 0 i 0 V3lo 0 -2

to parametrize the Hamiltonian near the I" point,for states spanning the spin-1 multi-
fold fermion. At I', the basis states for this degeneracy transform under the irreducible
representation 7" of 23. In the non-interacting picture (and in second quantization),
the Bloch Hamiltonian is a matrix, which, as we said, is a bilinear form of the eigen-
states near that point (¥) that transoforms in the T(¥;) @ T(¥;) = T(V;) @ T(¥,)
representation, where indices 7, j label the states. Thus, the nine Gell-Mann matrices
will transform under 7" ® T'. Following the Kronecker Product table, we can write
the subduced representation and symmetry adapted coordinates of the Gell-Mann
matrices in the point group 23. We find

PPV = pr = A(N) @ "E2E(As, A3) ® T( Mg, Ay A1) @ T( A7, — s, Aa). (5.8)
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For simplicity of notation, we will use through the chapter the following names
for the T representaitons:
L+ T(>\7, —/\5, /\2)

_ (5.9)
L& ,T’(/\G7 A47 /\1)

Notice that L forms a Pauli vector of spin-1 matrices. Thus, they are not only a
3-dimensional irrep of 23 but of the whole SO(3) group. f, though, does not, and only
transforms as vector in Point Group 23. We also use the letter indices a,b,c = 1,2 to
write v,, an element of the two dimensional representation ' E?E(Ag, A3).

5.3 Threefold k - p model from Group Theory

We can exploit the Group Theory results in the previous section to write the most
general, symmetry allowed k - p Hamiltonian of the threefold degeneracy at I'. For
that purpose, we will combine A matrices with a general ﬁeldﬂ which will transform
as a sum of the irreps of the group:

p? = A(Qo) @ 'E*E(Q") © T(Q)). (5.10)

Hamiltonians, being energy, have to be scalars. In terms of Representation Theory,
they transform under the identity or trivial representation. So the number of Hamil-
tonians we can construct is equal to the number of times the identity is contained in
the representation product of bilinears and the general field.

T (23) \E Cy O, C;j

o 9 1 0 0
PR 6 2 0 0
Pep? |54 2 0 0

Table 5.2: Character table of the representations on the group T(23).

We can use the “Magic Formula” to compute the number of independent Hamil-
tonians allowed by symmetry (See Table [5.2)):

Lisat2.3) =5 (5.11)

mAlzﬁ

2Notice that by combining bilinear with the general field we will obtain all possible Hamiltonians
that are symmetry allowed. It might seem an overkill if we only want to know the first order
in momentum k - p Hamiltonian, but it will let us generalize our Hamiltonian to any interaction
immediately. It will be useful when trying to couple to magnetic field and strain.
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so we have 5 independent Hamiltonians. These Hamiltonians come from the product
of the representations p* and p?, explicitly,

(AN @'E°PEQ) @ T(\) @ T(AY)) @ (A(Qo) @ 'E°E(QY) @ T(Q;)) . (5.12)

Looking at the relations in equation (5.4]), it is straightforward to see which are
the Hamiltonians that we get:

AN ® A(Qo) — Hy ox Qo\°

'E?E(\") @ 'E*E(Q%) — Hy, Hy  640°Q°, €\ QP
T) @ T(Q;) — Hz o §i;);Q;

TO) @ T(Q;) — Hy o 5;7Q;.

(5.13)

The most general Hamiltonian we can build will be a linear (complex) combination
of these pieces. Written in matrix form for a clearer understanding:

Q 0 0 Q1+ Q2 0 0
a | 0 Qo 0 |+ 0 \%Ql — Q2 20 +
0 O 0 0 _2
1 QO | \/ngl (514)
75@2 - Ql 0 0 0 ' Q5€7’M Q4€%'J
(67) 0 \/LEQQ + Ql 0 + Q3 Q5€m') 0 . Q3€_Zw
0 0 -2 Qi Qse® 0

where all coupling constants are now real (ag,a, a9, a3,w) and we have imposed
hermiticity. Also, to simplify notation, we have used that o H; + a4 Hs = oy (Hy +
Hg) + iO[Q(HQ — Hl) and Olé + ZO‘ZL = O_/geiw.

5.4 k-p Hamiltonian: First Order Approximation

For studying the behavior of the bands near the degeneracy point we can construct
a Hamiltonian that depends on the crystal momentum and make a Taylor expansion
near that point. We will make that expansion in terms of dk, a small displacement
from the degeneracy point, I' = (0,0,0). Since dk = (0k,, 0k, 6k,) is a vector, it
transforms under the 7' representation, T'(0k,, d0k,, dk,). Comparing with equation
(5-14)), we see the relation @; — dk;, so the most general Hamiltonian at first order
in momentum in the vicinity of I' is:
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0 Ske Ok,
H(0k) = o | 0k.e” 0 ke ], (5.15)
(5k:ye_i9 Ok, e 0

where the precise value of the coupling constants (aX,6) is to be determined for
each specific case. In general, what we will obtain is the most general form of the
Hamiltonians; Group Theory does not give any information on what their precise
values can bdﬂ They have to be obtained experimentally or using some approximation
(DFT, Tight Binding...). The coefficient in the front, a*, can be thought of as the
Fermi velocity, in analogy to Dirac semimetals (graphene, for instance).The other
coefficient, the phase 6, is of great importance, since it controls the relative slope of
the bands at first order near the degeneracy point. If our system is TRS invariant,
this adds an extra restriction on w. Since TR operator complex conjugates, it leaves
the (A5, A* A1) matrices invariant, while changes the sign of (A", —\5, A\?). Since the
momentum k also changes sign, if the system is TR symmetric there cannot be a
coupling with (A%, A%, A1) at first order in k, which forces w = /2. This is equivalent
to saying that the momentum k will only couple to matrices of L, without coupling
to L. Thus, we will have a Hamiltonian of the form S - k, with S the spin-1 matrices.
In this case, which we will later dub flat or isotropic, the model is symmetric not only
under Point Group 23 but under the full SO(3) group.

5.5 Hall viscosity with cubic symmetry

Let us examine the symmetry properties of the Hall viscosity tensor in systems with
tetrahedral symmetry. The symmetry analysis in this section holds for both the MHV
and PHV, although the interpretation of the resulting stress differs. We define the
Hall viscosity tensor as the antisymmetric (and therefore nondissipative) component
of the viscosity tensor nijké, [169,176,|184,194,217]

L i
2 (% =n"'5) - (5.16)
where 17, j, k, ¢ index the three spatial directions. The Hall viscosity is odd under

TRS [218], and for a fluid with a nonuniform velocity field v, leads to a viscous
stresd]

(WH)ijke =

07! = —(nu)';* 100" (5.17)

3As it is often said in the field, the only exact result Group Theory outputs is 0 (symmetry
forbiden).
4We use the notation 7 for the stress tensor and 7T for the integrated stress tensor T, = f de?’w
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Our goal is to identify the independent symmetry-allowed Hall viscosity coefficients.
Since these coefficients are scalars, we can determine them by using the invariant
tensors of Point Group 23 defined in the previous section. With them, we can identify
two viscosity coefficients compatible with tetrahedral symmetry:

. . 9 . .
(UH)lij =—n Gabemj@bkg + L(Amzjemke . Amkﬂemzj)

V3
112

= (A3 AXs) o+ T2 (M A D2+ X6 A7 — M A X))y,

V3

where €, is the two-dimensional Levi-Civita symbol. In the second line we have
reexpressed the antisymmetric product of irreducible tensors in terms of the Gell-
Mann matrices A\. This shows that the 7, term is the antisymmetric dot product of
matrices transforming in two 3-dimensional T (vector) irreps,

L= T()\7, —)\57 )\2)
.i—/ = T()\ﬁ,)\4,)\1).

each spanned by a triplet of Gell-Mann matrices.

Crucially, neither of 7, » require a preferred spatial direction. This contrasts with
the familiar “quasi-2D” Hall viscosities which are proportional to a pseudovector (i. e.
a magnetic field). Thus, 7; and 7, are new, essentially 3D Hall viscosities, which can
be nonzero in systems with broken rotational symmetry. By contrast, octahedral
symmetry requires 1; = 12 = 0, as the two tensors in Eq. do not transform
in the trivial representation of the group 432 (O). Furthermore, 1; and 7, can be
nonzero in centrosymmetric point groups such as T, (m3).

Next, we compute the viscous force density that is produced by these Hall viscosi-
ties, noting a difference in interpretation for forces due to MHV and PHVE,

f;’ = —81'57'2 = (WH)%%@‘@UE, (5.20)

where f" is the force density and 57’3 is the viscous stress tensor. We find that n,
and 7, contribute additively to f":

1= ﬂ\/gmwkaiak (empet”) (5.21)
We see that the fully symmetric tensor A, which is only invariant in systems with
tetrahedral symmetry, plays a key role in generating the nondissipative forces. Con-
trast this with quasi-2D Hall viscous forces, which take the form

F2P = nap BV (emjev”), (5.22)

®Both the MHV and PHV will give rise to viscous forces dictated by Eq. (5.20), the force density
MHYV should be thought of as a rate of change of momentum density while the PHV force density
is a term in the phonon equation of motion.

(5.18)

(5.19)
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Figure 5.1: Schematic of 7, and 7. Dynamic strains (yellow) and viscosity give rise to
stresses (orange). In response to a dynamic strain that elongates the length and width
of a cubic parcel of fluid while compressing the depth, 7, produces a diagonal shear
stress. In response to a dynamic rotation of the parcel, 7o produces an off-diagonal
shear stress.

and require a symmetry-breaking pseudovector B.

Finally, since only the sum 7; + 75 appears in the viscous forces, there must exist
a divergenceless contact term which shifts between n; and 7, in the bulk. This term
1s

(57’3 = CoﬁmikAmjgak’Ug, (523)
which shifts

V3Cy

m—m+ 7 (5.24)
V30
i o (5.25)

analogous to the bulk redundancy between Hall viscosity and odd pressure in two-
dimensional systems [176,219]. We show the effects of 7, 5 in Fig. [5.1]

5.6 Tight Binding model

Let us now consider a model for a cubic chiral magnetic system, and compute 1,  for
both the MHV and PHV, as a proof-of-principle ] Our tight-binding Hamiltonian is

SNote that this noninteracting model is not in the hydrodynamic regime
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Figure 5.2: (a) Lattice model for SG P2,3 (198). In red, neraest neighbors hopping.
In blue, complex phase ¢, which is responsible for TRS breaking. The arrow shows the
effective magnetic field the phase creates. (b) Tight Binding model band spectrum.
We set the chemical potential to cut through the threefold at I'. (c) Continuum
dispersion of the threefold fermion close to the I' point. A denotes the momentum
cut-off.

H Z nr t;‘L;‘mch" (526)

nmrr

consisting of s-type orbitals at the 4a Wyckoff position of SG P2;3 (No. 198), as
shown in Fig. (a):

= (z,z,x)

(1/2+x,1/2 —x,—x)
(=

(

(5.27)

x,1/242,1/2 —x)
1/2 =z, —x,1/2+ x).

For simplicity, we take x = 0 in this work. However, we must take care that
simply setting x = 0 for this choice of orbitals leads to a lattice with the symmetries
of space group Fm3dm (225) rather than P2;3 (No. 198.9). To avoid this, we will
determine the nearest neighbor hoppings with generic x, and then take the limit
x — 0. Considering hopping processes for nearest neighbor sites, the Hamiltonian
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matrix reads [202,204}205]:

0 e 2 cos (l%“ + ¢) e# cos (%J + ¢) 6# COS (kéa + ¢)
oo | s (5 +0) 0 e cos (B2 —0) ¢ con (42— 0)
e cos (l“g—“ + ¢) 2% oog (k’g_a — ¢) 0 e cos (k;a _ ¢)

o2t g (kéa + qg) e~ cos <% - ) eikTya cos (% — ¢) 0

(5.28)

where t is the overlap integral parameterizing hopping from neighbor to neighbor.
The phase ¢ represents a time-reversal symmetry breaking magnetic flux, introduced
via a Peierls substitution (see Fig. (a)). In Fig. (b), we can see the band
dispersion for the system with ¢t =1 and ¢ = 0.1.

5.6.1 Symmetry

This Hamiltonian satisfies the symmetry constraints of the MSG P2;3 (No. 198.9),
with:

1 000
_ 0010
0100
0100
11 1 000 1,
_ — _E'L(kx_ky)
0010
0010
11 0001 1
__ — —gi(ky—kz)
0100
so that
p(9)'H(k, Q)plg) = H(gk, 9Q), (5.32)

where k is crystal momentum and Q is any external field. When exactly at the
I’ point, I' = (0,0,0), bands with different eigenvalues decouple, so we can rewrite
the Hamiltonian into the basis of symmetry adapted coordinates at I'. These are the
coordinates that block diagonalize the symmetry operators in Eq. . The change
of basis matrix is:
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11 1
1 -1 -1
-1 1 -1
-1 -1 1

(5.33)

—_
—_ = = =

5.6.2 Threefold at the I' point: energies and states

We can expand the Hamiltonian Eq. (5.28) around the I' = (0,0, 0) point, and apply
the unitary transformation Eq. (5.33)) to obtain the low-energy model

H = Z Cjzkf(k)cmka

nmk

A (5.34)
f(k)z( 6t cos(¢) | ivpe?k )

—jvpe Pk ‘ h

where the Fermi velocity is vp = ta, with ¢t the Tight Binding hopping parameter
and a the lattice constant. The lower-right block corresponds to the ‘spin-1’ bands
(threefold fermion) with

h =vp (cos(¢) k-L+sin(¢) k- f,) — 2t cos(p) \o. (5.35)
If we take 0 = ¢ + 7, the energies for general ¢ are given by [204]
2k 1 2 -1
E, = % cos <§ arccos (% COS(S@)) — %) . (5.36)

Above n € {1,2,3} indexes the three states E], for small ¢, the threefold dispersion
takes a form that matches Fig. |5.2] (c),

kykyk,
By = [k 430 5= + 00
koky k.
By = —6¢ k;’ + O(¢?) (5.37)
kyky k.,
By = [kl + 3= 3~ + O(¢")
which have normalized eigenfunctions given by
1 E2 _ /{52
U, = En ke + kyk,e*? | . (5.38)

VOB — KB — ) \ ke 1k huc—20

"We neglect the constant shift given by the A\ term
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Now that we have the effective model of the threefold near the I' point, we can
analyze its symmetries. Dropping the constant term in Eq. and making vp = 1,
we have that the effective Hamiltonian takes the form:

Hp = cos ¢k - L +sin gk - L. (5.39)

The contribution L - k, with k = (k,, k,, k.), has full SO(3) invariance, while L - k is
invariant only under point group 23. We understand this as follows: the Gell-Mann
matrices in Eq. belong to T'® T, which can be obtained via subduction from
the (I = 1) ® (I = 1) representation of SO(3). Denoting the irreps of SO(3) by their
dimension 2/4-1, the rules of angular momentum composition give 3®3 — 1 (scalar) +
3 (antisymmetric rank 2 tensors) + 5 (traceless symmetric rank two tensors). Now,
L = (A7, =Xs5, Ag) are antisymmetric and belong to 3, the vector representation of
SO(3). On the other hand, L = (Xg, A4, \2) are symmetric and together with the
two traceless symmetric matrices (A3, A\g) form a basis for the irrep 5 (I = 2) of
SO(3). Thus L can not be promoted to a vector of SO(3) and, as a consequence,
L -k can not be invariant under SO(3). Instead we have the subduction rule 5
(X6s Ady A2, Az, Ag) — T'(Ag, A, A2) + LE?E(Ag, A3). Thus, we see directly why ¢ # 0
implies a breaking of continuous rotational symmetry.

From Eq. (5.34), we see that when ¢ is small there is a gap of order ¢ separating
the spin-0 and spin-1 fermions at I'. Thus for small ¢ and k, transitions from the
threefold to onefold degeneracies mediated by the off-diagonal elements of f(k) are
parametrically small, and we can restrict our attention to the spin-1 fermion. Fur-
thermore, in the continuum limit ¢ — 0 with vp = ta fixed, we see that the gap
becomes infinitely large. With this in mind, we focus specifically on the threefold
fermion.

5.7 Stress Response

In this section we will analytically compute the stress tensor derived from both phonon
and continuity methods. To compute the MHV and PHV, we employ the stress-stress
form of the Kubo formula [175] (in the limit w™ — 0)

= gy | e (T, T 0)

—[T5(t), T,(0)])) - (5.40)

To do so we first must define a stress tensor

T =Y ch T (K)cm, (5.41)

nmk
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corresponding to Eq. . For the PHV, we define the stress by considering an
electron-phonon coupling ansatz [185/187,220] and perturbing the background lattice,
yielding the phonon stress tensor. The phonon stress results from microscopically
perturbing the lattice via phonons, relating to atomic displacements. For the MHV,
we perturb the electronic degrees of freedom directly via coupling to background
geometry [175,/176], yielding the continuity stress tensor. This is a coarse-grained
stress tensor that directly corresponds to momentum transport in the long-wavelength
limit, and can be identified with the stress tensor of fluid dynamics.

5.7.1 Phonon Stress Tensor

In the phonon method, strain is introduced into the model through small displace-
ments of the orbital positions, modifying the hopping parameters tfl;;; as

N COP TP (5.42)

Above, dr is the change in distance between orbitals given by the applied (unsym-
metrized) strain as u,, = 9,0r, | Applying this prescription to Eq. (5.26]) we define
the phonon stress tensor as

) O (uw)

TP
Oy

1%

(5.43)

Given the structure of the viscosity tensor Eq. (5.18) and the fact that antisym-
metric strains enter only at higher orders in dr in Eq. (5.42)), it suffices to consider

“diagonal” strains (i.e. Ugy, Uy, and u,,) H Following Eq. (5.42) and Eq. (5.43)), we
get the following changes to the hopping parameters in terms of strain:

tor, taz = t 4 (U + Uyy)t
t027 t13 —>t+ (uyy + uzz)t (544)
t037 t12 — 1 + (uzz + U/aw)t

Plugging this into the tight binding model of Eq. (5.28)), we have that the strained
Hamiltonian takes the following form:

8Note that we do not symmetrize the strain tensor, and though this object is sometimes called
the distortion tensor, we choose this convention to be consistent with [175}/176]
9Yoff-diagonal yet symmetric strains do not contribute to m;
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—ikya —ikza —ikza
0 fave 2 cos (sza + ¢) free 2% Gos (% + ¢) face =% cos % + qb)
ikya —ikga ikza
0o Save > cos (% + qﬁ) 0 face 5% Cos (kga — (Z)) fbcekT cos (’%a - qﬁ)
=2t ikza ikgpa —ikya
frce 5 cos (kgfa + qf)) Jace 5 cos (B2 — ¢) 0 fape 2 cos (Bze — g)
ikga —ikza ikya
face k2 COS (sza + (Z)) fbce I; Ccos (kLZCL — ) fabeTy cos (% — ¢) 0
(5.45)
with fo = 1+a+band (a,b, c) = (Ugg, Uyy, ). We now transform tha Hamiltonian
into the symmetry adapted coordinate basis using Eq. (5.33) and expand to first
order in the product of strain and momentum. The resulting perturbed Hamiltonian
is:
0 —ky(a+b)sy +iky(a+c)ey —ky(b+c)sy+iky(a+Db)cy —k.(a+c)sy+ ik, (b+c)ey
y —kz(a+b)sy —ikz(a+ c)cy 0 k.(a+c)sy —ik.(b+c)cy  ky(b+c)sy + iky(a+b)cy
—ky(b+c)sy —iky(a+b)cy k.(a+c)sy+ ik, (b+c)cy 0 ky(a+ b)sy —ikgy(a + c)cy
—k.(a+c)sp — ik (b+c)cy  ky(b+c)sy —iky(a+Db)cy  kg(a+b)sg +ikg(a+ c)ce 0
(5.46)

with (sg,c5) = (sin(¢),cos(¢)) and (a,b,¢) = (Ugs,Uyy, uz.). When taking into
account lab frame effectd7| [221], we get an extra term in the first row (column)
of the Hamiltonian that can be expressed as a vector 0H = 2icy (0, ck,, ak,, bk,)
(0H = —2icy (0, ck,, ak,, bky)T). There is no contribution to the bottom 3x3 block at
this order, so the viscosity tensor for the threefold fermion remains unchanged.

When coupling to antisymmetric strain, the distances between orbitals do not
change at first order in strain, so the contribution to the stress tensor is zero within
our series expansion. There is a coupling, however, when considering lab-frame effects.
Just as above, there is no contribution to the 3x3 or 1x1 blocks describing the low en-
ergy physics of the system, but there is a contribution to the row connecting them. In
this case, this contribution reads 6 H = 2icy (0, w13k, + ugsky, —ti2ky — wizk,, u12k, — uask,).
Thus there is no coupling of the spin-1 fermion to anti-symmetric strain in the phonon
method. This translates in 7y being zero at this order of approximation.

We can now compute explicitly the phonon stress tensor as defined in [5.43] The

10When introducing strain into the Hamiltonian as a displacement of the lattice, there are two
places in which it enters; first, the one we already described, as a change in the hopping parameter
sue to the distance change. Second, in the Bloch phases exp(ik - q;), which depending on the frame
(lab vs crystal) would get an extra term in the exponent due to the strain of the atomic positions
qi — (1+ uis)q;
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diagonal phonon stress tensor restricted to the spin-1 fermions is

TP (k) = vp cos(¢) (ky Ly + kyLy)

rxr

+vp sin(¢) (kxix + k:zsz> (5.47)
TP (k) = vp cos() (kyL, + k. L.)
Fopsin(g) (mx + ky£y> . (5.48)

T, ;S,’Z) transforms as a tensor in the point group 23, which is the point group describing
both the underlying lattice and the I" point. Note that even when ¢ = 0, although
the Hamiltonian A is invariant under SO(3), T,Eﬂ) is covariant only under the discrete
group 23. This comes from the fact that the phonon stress is sensitive to the actual
position of orbitals in the unit cell. As we will see afterwards, this is not the case for
the continuity method, which is isotropic for ¢ = 0.

5.7.2 Momentum Continuity Stress Tensor

In this section we describe the continuity method (corresponding to the “momentum”
Hall viscosity), which is the approach to long-wavelength momentum transport and
stress response for lattice systems recently formulated in Ref. [176] for two dimen-
sional systems. First we describe the generalization of the approach in Ref. [176] to
three dimensions, focusing specifically on cubic lattices. Next, we present the long-
wavelength lattice stress tensor for the full four band tight binding model, which
simplifies to Tﬁ) when considering the threefold fermion at the I' point.

In this approach, the stress tensor is identified through a long-wavelength analog
of a continuity equation for momentum density. In the continuum, the momentum

continuity equation describes a relationship between momentum density and stress:
0igy(r) + 0,7y (1) = fﬁXt(r). (5.49)

Above £ is the density of external forces acting on the continuum system. In a
system with Hamiltonian H, internal angular momentum generator Li,, and f&' =
0, we can write the integrated stress tensor T), = [ d°r7,(r) in terms of strain
generators J,, as [175,1222)

T =—i[H, T (5.50)

The strain generators are made up of two terms, the first below accounting for

spatial deformations (which we call the “kinetic” part) and the second due to rotations
of internal angular degrees of freedom:

1 1
T = _5{%&7@/} - §€quLipnt- (5.51)
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On the lattice, with discrete rather than continuous translation invariance, we
no longer have the continuity equation Eq. (5.49), and our notion of momentum
transport outlined above must be modified.

We start by considering the lattice momentum density operator gﬁ, which can be
decomposed into a kinetic part and a contribution due to internal angular momentum
Lint. The kinetic piece can be written

- 7
gllim(R) = Tl Z (cLR+chnR — CLR_chnR + CLchR_aH - CLchR+aH) . (5.52)
H n

We note the Bravais lattice vectors for this cubic lattice can be written a, = ae,,,
where e, denote Cartesian basis vectors. The internal angular momentum contribu-
tion is given by [176}222]

int

1
9u (R) = Z M%m@im)ﬁm (CLRHU%R - C;rzR—aucmR + C;r’LRCmR-i-au - CLRCmR—au) .

(5.53)

If we write the total lattice momentum density g*(R) = ¢“*(R) + ¢™(R) in

momentum space with coordinate q, we can expand in powers of q in the long-
wavelength limit q — 0, finding

gi(@) = Pu+i Y ayJru+O(d). (5.54)

We see that the momentum density in orders is given by the zeroth order contri-
bution — the total momentum P, (which is identically g (0)) — and the first order
contribution which is expressed in terms of the lattice strain generators, which gen-
eralize the continuum strain generators found in Ref. [175],

i sink-a, 0 - o
T = —520:21( [{—,8—%}5 +zZeWpcosk-aM(Lint)p Crmk-

knm |aV| P
(5.55)
The long-wavelength lattice stress can now be calculated from the strain generators
Eq. in the same way as in the continuum:

T, = —i[H, T ). (5.56)

The continuity stress T,Eﬁ) is defined via a lattice analog of the momentum conti-
nuity equation (See SM) [176], resulting in:
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i in

Tﬁf}(k) = (k‘yauf(k) + S Cuvp [f(k)7 Lpt}), (5.57)
T,Sf,) contains contributions from “kinetic” strains (spatial deformations) and from

“spin” strains due to the internal angular momentum L;,;. The continuity stress

generalizes the Belinfante (improved) stress tesnor [176,222,223]

In our model, we have L , = 0 & L describing the spin-0 and spin-1 fermions.

Using this, we can compute the stress tensor near the I' point restricted to the spin-1
fermion to find:

T;Sf/) _ %s(gb) (kuLl/ + k‘yLM)
+ %n(@ (31@” kL4 Y em,p@z)\k:)\eabvb>, (5.58)

apA

where a,b = 1,2 as in Eq. (5.3).

Note that T,Si) #* T,E]Z). In the continuity approach, antisymmetric stress (caused
by anisotropy) enters at order ¢ and T,Si) matches the symmetries of the Bloch hamil-
tonian at the I point (when ¢ = 0 the continuity stress is SO(3)-covariant). By
contrast, when ¢ = 0 the phonon stress is anisotropic. The distinction between the
two stress tensors stems from their different physical interpretations: the phonon
stress is sensitive to the nonzero orbital positions of the 4a Wyckoff position, which
results in anisotropy in T,E’V’) when ¢ = 0. Contrarily, the continuity stress averages
over intra-unit cell momentum transport, and so is sensitive only to the symmetries
of the effective Hamiltonian. Below, we will compute the PHV with T,S’Z , and the
MHYV with T\,

5.8 Hall Viscosity

Next we compute the Hall viscosity coefficients 7, and 7, from Eq. (5.18)), and the
physical response 7, = 11 + 12, for both the MHV and PHV.

5.8.1 PHV and MHV

Focusing on the spin-1 fermion, we can simplify the Kubo formula Eq. (5.40) in terms
of eigenstates |n) of h as

ik = s / d* Y~ K5I (0] Ty lm) (m] Tia [n)) (5.59)
n#m nm
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where A€, = €, — €, and the relative occupation factor is O, = n(e, — u,T) —
n(€m—p,T) with n(e, T) = (14+e9T)~! the Fermi distribution with chemical potential
1 and temperature

For the PHV, the stress tensor Eq. is explicitly symmetric under p <> v and
therefore ny = 11901 is zero. The total PHV in this case is entirely due to 1, = 11129,
and given by (to first order in ¢):

W _ . _ Vb {51 (=17A%+604%) 6, >0 (5.60)

Mot == 98\ By (“17A% + 424%) 6, < 0,

where the momentum cut-off A in Fig. (c) regulates the integral in Eq. (5.59),
and f; = 5= ~ 0.00443.

By contrast, for the MHV, the total viscosity to first order in ¢ is entirely due to
n2. Using the energies and eigenvectors given in Eq. and Eq. , we find
that the integrand for n; in Eq. has an energy denominator that is odd in k, at
order ¢, which suppresses the zeroth order contribution from the numerator. When
the states are taken to zeroth order in ¢, the numerator is odd in £, and k,, and
when the states are taken to first order in ¢ the only nonvanishing matrix elements
in the numerator are odd in k,, all of which leads to n; =0 E The total MHV is

(© <c>_ﬁ{ﬁ2(/\3—u3)¢ >0 (5.61)

ot =112 g3 —Bo (N + %) ¢ <0,

where [ = ﬁﬂ' ~ 0.0310. Around p = 0, the viscosity is discontinuous. This arises
from the fact that, since the antisymmetric part of the coninuity stress is linear in
¢, we must consider the unperturbed band structure in the energy denominators in
Eq. . When ¢ = 0, the band structure has a flat band bisecting two linealry
dispersing bands. The filling of the flat band when p passes through zero then causes
the discontinuity in 7y, which we can_attribute to the contribution of this band to the
Hall viscosity. We plot 5 in Fig. .

Similar to the Hall viscosity for Dirac fermions in 2D [176}/185,224], we see that
both n*) and ') consist of two terms, one of which depends explicitly on the cutoff A.
We can interpret the cutoff-independent contribution (or, more properly, its derivative
with respect to chemical potential) as the Fermi surface contribution to the Hall
viscosity, while the cutoff-dependent term parametrizes unknown contributions to
the viscosity from occupied states at large momenta.

HWe introduced temperature to regularize the angular integral, and then took the T — 0 limit
2There are no zeroth order contributions to the Hall viscosity as the model gains an effective
rotational symmetry as ¢ =0
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Figure 5.3: Integrated Hall viscosity as a function of chemical potential. Notice there
is a jump in the MHV when p = 0.

5.8.2 Lattice Viscosity

Using the continuity stress tensor, we can go beyond this approximation to compute
the MHV for the full tight-binding model numerically. The general form of the lattice
stress for three dimensional cubic lattices (where we can write a,, = ae,) is given by

sin(k - a,)

Tw=> c . <8M Fom(K) o]

nmk

+1 Z cos(k - a, )€, 1f(k), (Lint)p]nm) Cmk

p
= Z At T (K) .
k

(5.62)

We now specify to our tight-binding model in MSG P2;3 (No. 198.9). In the sym-

metry adapted coordinates described by the transformation Eq. , the internal

angular momentum generator takes a block diagonal form with a spin zero and spin
one (threefold) contributions

L =0a L. (5.63)

It’s also possible to view the internal angular momentum generator in the non-
symmetry adapted coordinates (which Eq. is written in) where we write the
internal angular momentum as L}, = UL, U”?. For our model in Eq. , the
stress is therefore given by

_ sin(k,a)

T (k) = Ti3) (k) + Tr0™ (k) 0. f (k) + i cos(kya)euw, [ f(k),L,].  (5.64)
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Figure 5.4: (a-b) Momentum cuts (k, = 0) of lattice Hall viscosity density. Notice
that it complies with the symmetries of the system. (c¢) Numeric integration of the
lattice Hall viscosity. Notice that there is no jump at p = 0.

Equipped with a long-wavelength stress tensor we can compute the Hall viscosity
on the lattice using the stress-stress Kubo formula from the main text. Unlike in the
main derivations of PHV and MHV, where we consider the physics the I' point at
small ¢ and consider only the threefold fermion, we must take into account the full
four band model in Eq. to compute the viscosity. This can be seen in Fig.
(5.2) (b), where at the I point the gap between the threefold and the fourth band is
not sizable enough to neglect the fourth band.

In contrast to the result for the total viscosity in the main text, we see in Fig. [5.4]
(c) that there is no discontinuity across the g = 0 point. We also plot some cuts of
the Hall viscosity density, to see that it is non-zero along whole planes (in particular,
k., = 0) and that it complies wuth the symmetries of the system in. We show the

results in Figs. (a) and (b).

5.9 Conclusions

We have highlighted a manifestly 3D cubic Hall viscosity (MHV and PHV), which
appears in systems with tetrahedral symmetry. As a proof-of-concept, we have shown
that these viscosities are nonzero for a threefold fermion at the I' point in MSG P2,3
(No 198.9). Using our phonon and continuity methods to examine the stress response
in this model, we found that both the MHV and PHV were nonzero in this system.
We also emphasize that the MHV and PHV are responses defined for distinct stress
tensors. The MHV corresponds to the “continuity” stress that exactly matches the
symmetries at the I' point, while the PHV corresponds to the “phonon” stress which
is intimately connected to the elastic response of the underlying lattice model.
Beyond our proof-of-principle calculation, the manifestly 3D nature of the cubic
Hall viscosity suggests that viscous transport in three-dimensional magnetic materials
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can be phenomenologically different than in two dimensions.

In particular, measuring the local flow profiles [196}225] or thermoelectric trans-
port coefficients [192] in magnets in the tetrahedral SGs (Nos. 195-206) would reveal
the signatures of our 3D viscosity. For example, outside of MSG 198.9, we could con-
sider a 3D cubic magnet with approximate Galilean symmetry at low energies. For
such a system the force tensor Eq. , and therefore the MHVIT_g], is proportional
to the wavevector dependent Hall conductivity [175217,[226]

w?do)l o M A" g quemi; = nieVe(d)ews, (5.65)
where the vector V(q) highlights the structural parallel with the natural optical
activity of a crystal [204].

We can decompose V into longitudinal and transverse components as V| =
a(q - V) = 6metqzqyq-/|a] and V, = V — V). We then see that V| gives a g-
dependent correction to natural optical activity, while V| leads to a Hall current
proportional to the longitudinal component of the electric field. Note, crucially,
that V| vanishes for plane waves at normal incidence. Furthermore, in tetrahedral
systems without Galilean invariance, this wavevector-dependent contribution to the
conductivity need not be zero; the fate of the viscosity-conductivity relation in these
systems (generalizing work such as Ref. [227]) is an interesting avenue for further
study. Analogous considerations for flow in narrow channels suggest that 7., may
play a role in interaction-dominated transport in narrow channels [177,|178]. The
physical signatures of PHV proposed in spin-phonon and electron-phonon coupled
systems [187,189-191], such as contributions to thermal Hall conductance and modi-
fications to phononic dispersion, could be probed as well in these systems to measure
the cubic PHV. The frequency and disorder [228] dependence of the MHV and PHV
could also yield interesting insights. As none of our results are specific to the hydro-
dynamic regime, we expect disorder that preserves the symmetry on average will not
modify our qualitative conclusions.

Chiral magnets such as the family of Mn3lIrSi [215,216] are promising platforms to
study these effects. As shown in Ref |[193], this compound has a noncollinear magnetic
configuration preserving the size of the unit cell; group theory analysis showed further
that the ground state magnetic order preserved all of the unitary symmetry operations
consistent with MSG P2;3. Another interesting candidate is MnTe, in MSG Pa3
(No. 205.33) [65,1229,1230]. It has a reported noncollinear magnetic structure, with
the magnetic moments of the four inequivalent manganese ions pointing along the
cubic body diagonals. Although naturally a semiconductor, Ag-doping could increase
the carrier concentration [231].

13The viscosity-conductivity relation [175] applies to the MHV and not the PHV, as it relies on
the continuity equation
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Concluding thoughts

In this thesis we study topological physics from the lens of symmetry. First, in Chap-
ter 2, we introduce the formalism of topological quantum chemistry, which relates
topological properties of filled bands to their Wannier description. As we show in
depth for the particular case of graphene, we can extract the wannierizability of the
bands from the symmetry properties of Bloch wavefunctions at high symmetry mo-
menta in the BZ. Following the resulting symmetry analysis, we predict that any
ordering of graphene bands is topological, either a topological insulator or a topolog-
ical semimetal.

Other than predictive power, TQC can also diagnose realistic materials. In Chap-
ter 3, we apply the formalism to PbTe, which was predicted to host Dirac fermions on
a two-dimensional antiphase boundary on an "old”, simplified tight binding model.
Within TQC, we compute the symmetry indicators of filled bands to find a non-
trivial vz, = 4 index, which could correspond to two different topological insulator
states. By means of Wilson loop calculations both in the TB model and ab initio
calculations, we conclude that PbTe is a mirror Chern insulator. Furthermore, we
show that even if the original model lacked the symmetries of the PbTe lattice, any
symmetric completion of the model is analogously topological. Thus, their findings
are now well understood in the framework of topological crystalline insulators. Even
though PbTe has been experimentally found to be a trivial insulator, our calculations
for several values of the lattice constant show that, taken optimistically, PbTe is close
to a TI transition. These results remark the importance of finding the appropriate
exchange correlation functional to describe the system at hand, which is necessary
to achieve a good prediction of the gap but it is crucial to determine the topology of
narrow-gapped materials.

We showed the important role crystalline symmetries have on topology, both for
predicting and protecting topological phases. We then study the effect symmetry
breaking has on topology. In Chapter 4, we study a particular example of time reversal

102



103 Inigo Robredo. Topological Materials from a Symmetry Perspective

symmetry breaking (magnetic) material, extensively studied metallic ferromagnetic
CoS,. We found a family of 8 Weyl nodes close to the Fermi level, which are allowed
due to TRS breaking, even though inversion symmetry is present. Following the
surface spectrum analysis, we also find single and double Fermi arcs connecting the
projection of Weyl nodes into the (100) surface facet. Remarkably, the Fermi arcs are
completely spin polarized in the direction of the majority spin. Thus, even if there
is a minority spin pocket in the bulk, we expect the density of states of the majority
spin to be increased due to the spin polarized Fermi arcs. We also find Nodal lines
near the Fermi level, which have drumhead states in the (001) facet. One of the most
remarkable results of this work is that new physics can be hidden in materials that
have been extensively studied in the past. Thus, there are whole families of very well
characterized materials, which are accesible either by growing or found in nature, that
can host new topological phases that can be accessed experimentally.

Lastly, we analyze the symemtry breaking of crystalline symmetries by means of
strain. We analyze the effect strain has on a topological multifold fermion, the 3-fold.
It can be found in 3D materials with tetrahedral space groups, such as P2;3 (198).
We found a new, purely 3 dimensional response to time-dependent strain, which we
name Hall viscosity analogously to the 2D case. Following the phonon and continuity
methods, we compute the value of this viscosity explicitly in a toy model, that serves
as a proxy for 3D chiral magnets, such as the family of MnslrSi. We expect this
viscosity has measurable effects both from the phonon method as new force terms in
the phonon dispersion and from the momentum coninuity method in measurements
of local flow profiles or in thermoelectric transport coefficients. Our work paves the
way for studying purely 3D Hall viscosity coefficients for other systems with reduced
symmetry, such as the cubic chiral magnet MnTe, in MSG Pa3 (205.33).
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Appendix A

Definitions

Definition 6. (Bravais lattice). A Bravais lattice is an infinite set of translations ¢
generated by d linearly independent vectors d@;, where d is the dimension of the crystal

t:nld’l—i—...—i—nd(id, TLZ’EZ (Al)
The Bravais lattice is thus isomorphic to Z¢.

Definition 7. (Crystal). A crystal is a Bravais lattice arrangement of atoms, invari-
ant under a space group G.

Definition 8. (Group of the crystal). The group of the crystal is the space group G
under which the crystal remains invariant. G is always an infinite group, as it includes
all integer translations along the Bravais lattice. In Seitz notation the elements of a
space group G are denoted

g =A{RI"} (A.2)

where R is a point group element and 7”is a translation, which may or may not belong
to the Bravais lattice. The action of g € G on a real space point ¢ is given by

97 =A{R|r}q= R7+T (A.3)

The Bravais lattice is always a subgroup of the space group G. Its elements are of
the form {E|t}, where E is the identity operation.

Definition 9. (Stabilizer group/Site-symmetry group). The stabilizer group or site-
symmetry group of a position ¢ is the set of symmetry operations g € G that leave ¢
fixed. It is denoted by G, = {g]gq = ¢} C G. There are a couple of things to remark:

e g € G, may include a translation, g = {R|r}, with 7" # 0
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e However, since any site-symmetry group leaves a point invariant, G, is neces-
sarily isomorphic to one of the 32 crystallographic point groups.

Definition 10. (Wyckoff position). A general Wyckoff position is a position ¢ in the
unit cell of the crystal with a trivial site-symmetry group, i.e., the only element in G,
is the identity operation. A special Wyckoff position is a position ¢ in the unit cell
of the crystal with a non-trivial site-symmetry group, i.e., ¢ is invariant under some
symmetry operations, such as mirror planes and rotation axis.

Definition 11. (Orbit of ¢). The orbit of q is the set of all positions which are related
to ¢ by elements of the symmetry group G, i.e., Orb, = {gq|lg € G} and belong to
the same unit cell.

Definition 12. (Coset representatives). The coset representatives of a site-symmetry
group can be defined as the set of elements that generate the orbit of a Wyckoff
position. Then each element ¢, in the orbit of ¢ may be written as ¢, = g.q.

Definition 13. (Coset decomposition). The coset decomposition of the full space
group is defined by

G =|Jga(Gyx 2% (A.4)

where G is the site-symmetry group and g, are the coset representatives. The piece
multiplying the coset representatives is obtained as the semi-direct product of G,
and the translation group, that in d dimensions is isomorphic to Z¢. Each term
9a(Gy % Z%) in Eq. is a (left) coset.

This can be understood as follows. Let us take a position ¢ with site-symmetry
group G,. Then G, plus the translations in the Bravais lattice creates a replica of ¢ at
every primitive cell in the crystal. Acting with each coset representative g, creates,
throughout the crystal, replicas of every position in the orbit of q.

Definition 14. (Multiplicity of a Wyckoff position). The multiplicity of a Wyckoff
position is defined as the number of elements (positions) in the orbit of some Wyckoff
position. It is obviously equal to the number of coset representatives

This is what motivates the names for the different maximal Wyckoff positions 1a,
2b, 3c... The number tells you the multiplicity of the position, while the letter labels
the positions, from more to less symmetric.

Definition 15. (Maximal Wyckoff position). A Wyckoff position ¢ is said to be
non-mazimal if there exists a group H such that G, C H C G. A Wyckoft position
that is not non-maximal is mazimal.
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A sufficient (although not necessary) condition for a position g to be maximal is
that ¢ is the unique point fixed by every operation in G,. As a particular case, in 2D,
any site-symmetry group that contains rotations is maximal.

Definition 16. (Little group). Two reciprocal space vectors k; and ks are said to be
equivalent, ki = ko, if there exists a reciprocal lattice vector K such that ks =k, +K.
Then the little group Gy of a vector k in reciprocal space is the set of elements g € G
such that gk = k. Note that the action of space group elements on reciprocal space
vectors is defined by

gk = {R|t}k = Rk (A.5)

Definition 17. (Small representation). A small representation is a representation of
the little group.
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Proof that the site symmetry
groups for the 3c Wyckoff positions
are isomorphic to (Y,

In this appendix we will proof two statements; first, that the site-symmetry group
for the position ¢ = (%, %) is isomorphic to Cj3, and second, that the site-symmetry
groups for positions in the same orbit are isomorphic to each other.

B.1 Site-symmetry group of ¢ = (%7 %)

First, we introduce the set of relations that define the group Cj,:

C3=1:
(z,y) > C3 = (y,—r—y) = Cs = (v —y,x) = C3 = (v,y)

Csmq1 = mﬁCS_l : (B.1)
(@,y) = mii — (y,x) = C3 = (v, —z —y)
(z,9) = C3 = (—2 —y,2) = my1 — (v,~2 — y)

Now, let’s see if the generators of the site-symmetry group follow the same relations:
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{Csl01}° =1
(x,y) = {C5|01} = (y,—x —y+1) = {C5]01} = (—z —y + 1,2) = {C5|01} — (z,y)
{C5|01H{my1|0} = {ma7|0{Csl01} 7 :
(x,y) — {m1|0} — (y,x) = {C3|01} — (z,—z —y+ 1)
(z,y) = {C3]01}* = (—x —y + 1,2) = {m1]0} = (z, v —y + 1)
(B.2)

As we see, the group generators satisfy the same relations. Thus the groups are
isomorphic.

B.2 Site-symmetry group of positions in the same
orbit

We know that the positions for the different elements in the same orbit are related to
each other by

Ga = 9aq (B.3)

for some ¢ in the orbit and g, a coset representative. Thus, for some h € G|,

hq = q = gahg,'da = qa (B.4)

and we see that g,hg,' € G,,. This is the definition of conjugate group. As two
conjugate groups are isomorphic, it is enough to compute the site-symmetry group
for one point in each orbit.
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Wannier function transformation
properties

We will denote our Wannier functions on the unit cell by two indices: the orbital
(latin) and site (greek). In the case of spinful p, orbitals on 2b Wyckoff positions
(graphene), the Wannier functions will be denoted as W;,, where i denotes spin up
or down, and « denotes the site of the orbit. Wannier functions transform around
each site as orbitals:

gWir = [p(9)];:Wi (C.1)
This follows from the Hamiltonian. If the Hamiltonian commutes with the symme-
try operations, then its eigenstate{] transform under representations of the symmetry

group. In a unit cell we have a positions in the orbit. The Wannier functions at those
points are given, in terms of the functions around one position:

Wia(r) = gaWir (r) = Wi (g, 'r) (C.2)

Let’s see under which representation these transform:

MWia = 9a99a  9aWir = gagWir = 9a[p(9)];:Wj = [p(95 hga)]jiWia (C.3)

where h € Gy, and g € Gy,.

Now, we can construct all Wannier functions on the full lattice by translating
these functions along the lattice. {E|t,}Wi,(r) = Wi,(r — t,), so we have a total
of n x ny, x N Wannier functions, where n, is the number of orbitals per position in
the orbit, n the multiplicity of the Wyckoff position and N the number of cells of

LOr a set of states that generate the same Hilbert space.
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our crystal. These functions form a basis for the representation of the space group
induced from the representation of the site-symmetry group. Let the representation
of the spatial group be pg. Then, pg = p T G. This procedure is called induction.
Let’s proceed to see how Wannier states transform under an element h = { R|t}:

hWia(r = t,) = M{E[¢,}Wia(r)
= {E|Rt,}hWiu(r)
= {B|Rt, + tsa}95995 Wia(r)
= {E|Rt, + tsa tgsgWi (r) (C.4)
= {E|Rt, + tsatgslp(9)];iWi(r)
= {E|Rt, + tsat[p(9)];iWjs(r)
= [p(9)];Wjs(r — Rt,, — t3a)

where in the third line we have used that the action of an element h on a Wyckoft
position ¢, is given by

hqoz = {E’tﬂa}qﬁa ggl{El - t,@a}hgaQ1 =q1 =991 =q (05)

where the vector ¢z, represents the possibility of an element to take some Wyckoft
away to another cel]E|. We see here that we can know how any Wannier in any position
in any cell transform just by knowing how they transform around one of the positions
of the orbit under an element g = ggl{E | — tgathga € G4,. We can obtain from Eq.

(2.19)) that:

tsa = hga — g (C.6)

2Tt can be easily seen from here that there is only one value of 8 for which o makes sense. As an
example, let the element h take the Wyckoff position g; to g3 in another cell, with a translation a
being an integer Bravais lattice vector. In this notation, we will have that t3; = a, while the rest
of tg; will not exist and, thus, the blocks of the full group representation that are not « =1, 8 =3
will be 0.
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Elementary Band Representation

In the main text we have worked out an example of elementary band representation.
We will give here some more general results about them. First, let’s state some facts.

We say that two band representations pg and og are equivalent if and only if
there exists a unitary matrix-valued function S(k,t, g) smooth in k and continuous
in ¢ such that, for all g € G

e S(k,t,g) defines a band representation according to Eq. (2.14)) for all ¢ € [0, 1]
o S(k,0,9) = pc(9)
o S(k,1,9) =05(9)

A necessary condition is that both p¥(g) and o&(g) restrict to the same little
group representations at all points in the Brillouin zone. However, it is not sufficient:
it may happen that both representations satisfy this condition but S(k,t, g) is not a
band representation for all . We need a sufficient condition for equivalence:

Given two sites ¢, ¢’ (not necessarily in the same Wyckoff position), and represen-
tations of their site-symmetry groups (p of G, and p’ of G), the band representations
p 1T G and p' T G are equivalent if and only if there exists a site gy and representation
o of Gy, such that p =01 Gy and p' =0 1 Gy.

Now let’s discuss about the compositeness of a band representation, i.e., if it is
elementary or composite. We say that a band representation is composite if it can
obtained as a sum of other band representations. A band representation that is not
composite is called elementary.

All band representations admit a description in terms of localized Wannier func-
tions. They are induced from the representations of some site-symmetry group with
local orbitals. Notice that if we induce a band representation from a reducible repre-
sentation of the site-symmetry group:
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(P @p2) T G=(p1G)&(p21G) (D.1)

where we have used the distributive property of the direct sum. So, if we are inter-
ested in elementary band representations, we only need to take care of irreducible
representations of the site-symmetry group. Moreover, since (p T H) T G = p 1 G,
we only need to consider maximal subgroups of the space group (hence our interest
on maximal Wyckoff positions).

We have determined that all elementary band representations can be induced from
irreducible representations of the maximal site-symmetry groups. But this condition
is not true in the opposite way; not all irreducible representation of the maximal site-
symmetry groups induce an elementary band representation. These last cases, when
what is induced is not an elementary band representation, are called exceptions. This
may seem annoying, but they have already been tabulated in Ref. [41] and made
accesible in the BCS [67-69].

Hence (with some exceptions), band representations induced from irreducible rep-
resentations of maximal site-symmetry groups give elementary band representations,
whose bands are connected in the first BZ (they have no gap).

Band representations describe systems in the atomic limit, as they can be de-
scribed by maximally localized Wannier orbitals. A trivial insulator is one whose
bands can be obtained from maximally localized Wannier orbitals, so it does not
have edge states.

Then, a set of bands that is not a band representation cannot be described in
terms of localized Wannier orbitals and is, thus, topological. We call this bands, that
are a solution to compatibility relations, a quasi band representation.

Let’s analyze the following example, alike the graphene case. Suppose we have a
Hamiltonian constructed from localized orbitals, whose EBR is pg = p 1 G, and that
the energy bands of this system can be divided into two disconnected sets of bands
over all k in the first BZ, separated by a spectral gap. This means that the action of
every element in the symmetry group on one of the states of one the bands does not
take it out of it. Formally, let P; be the projector into the band ¢. Then:

[Pi,H] =0, [P,g]=0 (D.2)

for all g € G. Now suppose that the bands of projector P; transform under a band
representation pl,. Then, the full pg representation could be constructed as a direct
sum of the band representations of the different bands. We reached a contradiction:
starting with an elementary band representation, we got a composite band represen-
tation. So, all bands that transform according to an elementary band representation
must be connected along the first BZ, otherwise they are not a band representation
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and, thus, they are topological, in the sense that there is at least one subset of them
that is topological.
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symmetry is lowered due to the SOC interaction. Inside blue circles, |

symmetry enforced 4fold degeneracy| . . . . . . . ... ... ... .. 67

12

(a) Brillouin zone of the MSG Pb’c’a (No. 61.436) depicting the posi-

tion of unequivalent M; points (extracted from the BCS). (b) Disper-

sion from I' to the different M; points. The red arrow indicates the |

gap opening in Ms, as predicted by the k-p model.|. . . . . . . . .. 69

i3

(a) Position of the Nodal lines in the BZ. Each red rectangle represents

an integrated Berry phase of w. (b) Projection of the Nodal lines in

the (001) direction. (c) and (d) Berry phase calculations on the paths

depicted in (b). (e) Surface calculation in the (001) cleavage plane,

computed along the red path shown in (b). Notice that the drumhead

surface states gap in regions where the Berry phase is equal to 0.]. . . 70
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na

(a) Position of the Weyl nodes in the BZ. (b) Surface calculation in

the (100) cleavage plane in the path depicted in (d). (c) Zoomed-in

schematic depiction of the surface states in the (100) cleavage plane

near the M>-R line. The location of the projection of the Weyls into

the surface is shown by red and blue dots. Dots with a surrounding

circle represent the projection of two Weyl nodes with equal chirality.

(d) Spin polarization of Fermi arcs in the surface calculation. They are

polarized in the direction of the majority spin, just like the bulk bands.| 71

E5

(a) ARPES Fermi surface on the (111) cleavage plane that cuts R. We

can identify circular electron pockets centered at the R point. (b) Ab

initio calculation on the same cleavage plane as (a). We observe that

there 1s qualitative agreement between experimental and theoretical

calculations. (c) Experimental band dispersion on the k path depicted

in (a) (black arrow). Red arrows depict electron pockets at the R point.

(d) Experimental energy distribution curve at the R point. From here

we extract the value of the exchange splitting (AE = 0.60(3) eV).

(e) Ab-initio calculation of bands in the same direciton as (c). We

confirm that the electron pocket in R is polarized in the direction of

the minority spin. | . . . . . . . ...

74

m6

(a-d) Experimental vs ab-initio calculation of Fermi surfaces. (a-b)

On the (111) cleavage plane that cuts I'. Ab-initio calculation shows

qualitative agreement. (c-d) On the (100) cleavage plane that cuts I'.

Ab-initio calculation shows qualitative agreement. (e) Line cuts of the

M — T path extracted from both (111) and (100) cleavage planes. We

clearly see the location of the 4fold degeneracy. (f) Second derivative of

the spectrum in (e), improving contrast. (g) Combined band dispersion

from both cleavage planes, showing the location of the Nodal line and

the Weyl node. (h-i) Ab-initio calculation of bands in two close paths.

(h) Location of the Nodal line. (i) Location of the Weyl node. No-

tice that the separation of the two paths is smaller than experimental
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h7

(a) Fermi surface calculation of surface spectrum in the (100) cleavage

plane. We indicate the location of the Femri arcs experimentally ob-

servable. (b) Ab-initio Fermi surface calculation of surface spectrum

in the (100) cleavage plane, showing the location of Fermi arcs. (c)

Line cut of experimental band spcetrum in the direction depicted in

(a) (black arrow). Red arrow shows the location of one of the Fermi

arcs. (d) Ab-initio calculation showing the Fermi arcs connecting Weyl

nodes. There is good agreement between experimental data and ab-

mnitio caleulations. . . . . . .o,
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Schematic of n; and 75. Dynamic strains (yellow) and viscosity give

rise to stresses (orange). In response to a dynamic strain that elongates

the length and width of a cubic parcel of fluid while compressing the

depth, n; produces a diagonal shear stress. In response to a dynamic

rotation ot the parcel, 7, produces an off-diagonal shear stress.| . . . .

88

B2

(a) Lattice model for SG P2;3 (198). In red, neraest neighbors hopping.

In blue, complex phase ¢, which is responsible for TRS breaking. The

arrow shows the effective magnetic field the phase creates. (b) Tight

Binding model band spectrum. We set the chemical potential to cut

through the threefold at I'. (¢) Continuum dispersion of the threefold

termion close to the I' point. A denotes the momentum cut-oft.. . . .

89

[.3

Integrated Hall viscosity as a function of chemical potential. Notice

there is a jump in the MHV when =0 . . . . . ... ... ... ..

99

B4

(a-b) Momentum cuts (k. = 0) of lattice Hall viscosity density. Notice

that it complies with the symmetries of the system. (¢) Numeric in-

tegration of the lattice Hall viscosity. Notice that there i1s no jump at

=0 . . e
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