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ABSTRACT

This thesis studies topological phases in various electronic crystalline systems
with a focus on the interplay between symmetry and topology, including the non-
interacting topological insulators, higher-order topological insulators, topological semi-
metals as well as the strongly correlated systems with intrinsic topological order.
First, we show that when the symmetry of the system is low, the symmetry repre-
sentation of energy bands may not be sufficient to determine the topological index,
but the symmetry can still be utilized to define a gauge-invariant quantity, which
provides a gauge-independent way to compute the Z5 topological index of topological
insulators. Second, we proposed a generalization of the famous Fu-Kane-Mele Pfaffian
formula from Z, topological insulators to higher-order topological insulators, which
allows many important conclusions that have been well known for Z, topological in-
sulators to be generalized to higher-order topological insulators. This generalization
is made possible via a linear superposition of symmetry operator. Third, we proposed
a diagnosis scheme for topological nodal lines with nontrivial monopole charge based
on point group representations. This method predicts novel cage-like nodal structures
around high-symmetry lines in the Brillouin zone beyond previous diagnosis schemes
which require high-symmetry lines to be gapped. Lastly, we studied strongly corre-
lated topological phases in twisted Moire systems and proposed to realize fractional

Chern insulators in twisted bilayer transition metal dichalcogenides.
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CHAPTER I

Introduction

Topology characterizes the properties that are invariant under continuous defor-
mation. Symmetry is an important ingredient in the study of topological materials.
The Hamiltonian of topological insulators cannot be adiabatically deformed to the
atomic insulators without closing the band gap or breaking the symmetry. In this
chapter, I will give an introduction to these basic knowledge on weakly correlated
topological phases. The strongly correlated topological phases are discussed in Chap-

ter V.

1.1 Bloch waves in tight-binding approximation

The topological properties of crystals with negligible electron interaction can be
described within band theory. In this section I will formulate the band structure
using the tight-binding approximation. Consider a lattice with discrete translational
symmetry whose unit cells are labeled by Bravais lattice vector R. Suppose there
are M distinct electronic states ¢,;(r — R — d,) inside each unit cell located at sites
R +§; respectively, where 1 < j < M and ¢, is inside the unit cell. Here the index j
contains all the degrees of freedom inside a unit cell including sublattice, orbit, spin,
etc. Each atomic orbital ¢; is an eigenstate of atomic Hamiltonian at site R+ ;. In

the crystalline environment, with the finite overlap between different atomic orbits,



electrons can tunnel through different sites and the atomic energy levels evolve into
energy bands. Since the atomic orbitals ¢; are not orthogonal in general, we need to
orthogonalize them to construct the building blocks of tight-binding model. This is

achieved by the Lowdin functions ¢; defined as [1, 2]:

6j(r—R—8;)= wy(r—R —8;)[A] o p. (1.1)
j/le
N /ddm;, (r—R —8,)¢;(r—R—5,). (1.2)

The Lowdin functions ¢; are localized as well, and they satisfy the orthogonality

condition:

/ddT‘gﬁ;/ ('P — R/ — (Sj/) gbj ('P - R - 5]) = 5R,R’5j,j’~ (13)

To construct tight-binding model, We can define a set of Bloch-like functions g ;(7)

from Lowdin functions:

1 )
Mg (1) = —= 3 _ i1 — R — ;)™ R+ (1.4)
VN, 7
/ A (7)1 () = By (1.5)

Here the summation is over all unit cells, and N, is the number of unit cells. Eq.(1.5)
comes from the orthogonality of Lowdin functions in Eq.(1.3). The n functions are

eigenstates of lattice translation operator satisfying

M (r + R) = g j(r)e™ B, (1.6)



but they are not the eigenstates of Hamiltonian. The electron creation operators cf

for the tight-binding model in real and momentum space can be defined by:

(Plcg;l0) = (rlém;) = ¢j(r — R—6;) (1.7)
(Ples10) = (Plmg) = ma(r) (1.8)
{crjschy} = OrrOiy, {okjs ey} = uwdsy (1.9)

Here |0) is the vacuum state, c;j and ch are related by Fourier transformation, and
the momentum k is inside the first Brillouin zone (BZ). Note that the validity of
the anticommutation in Eq.(1.9) requires the orthogonality in Eq.(1.3) and (1.5).
With the definition of creation operators above, we are in position to construct the

second-quantized Hamiltonian for the tight-binding model:

k’j’j/
= Z ijHﬁ/RlcR’j/ (1.11)
R,R 5,5’
Hﬁ’R/ = (¢r;|H|or ) (1.12)
H(k)jy = (s Hlney) (1.13)

The Hamiltonian is diagonal in k because H preserves lattice translational symme-
try. The H(k) in Eq.(1.13) is an M x M matrix defined in the first BZ. It can be
diagnonalized to give the energy levels and eigenstates. Denote the nth eigenstate of

H(k) as a M x 1 column vector u, (k) satisfying

H(k)up (k) = Ejynun (k) (1.14)



and let u,(k); be the jth component of this vector. The Hamiltonian can be rewritten

as:

k)ip =Y un(k);Epnu(k); (1.15)
H= Z chun(k)jEkﬁnqu(k)j/ckj/ (1.16)
k,j,7',n
= UL, Ernten (1.17)
k,n

Here o) =0 i chun(k:)j is the creation operator for Bloch states which are eigen-

states of the Hamiltonian. The Bloch wave functions in real space are

V(1) = (rln) = (1Y), 10) = Z% (1.18)

which satisfiy
V(T + R) = e® By (7). (1.19)

To study the topological properties of the system, it is important to investigate its
behaviour when momentum k is increased by a reciprocal lattice vector G. The
Hamiltonian H is invariant under the group of lattice translation {Tg}, hence each
eigenstate of H can be labeled by a crystalline momentum k with translation eigen-
value e B, The number of distinct k is the same as the number of elements in group
{TR}, which is also the number of distinct k points in the BZ. Therefore, the Bloch
states with k outside BZ are not distinct from those with momentum k' = k + G

inside BZ, and we have the freedom to identify the states at k and k + G, leading to

Vken(T) = Vryan(T) (1.20)



The transformation of the other quantities under a shift by G can be inferred from

their definitions:

u(k+G) = V(G)u,(k)

V(G)jj/ = e_iG.éj(Sjj/ (121)

The above equations show that the matrix of Hamiltonian H (k) is not periodic in
the BZ. However, to investigate the topological properties it is desirable to formulate

the Hamiltonian as a periodic function in the BZ torus. This can be achieved by

redefining the 7 function in Eq.(1.4) by multiplying e~*-%:
1 ,
T ik-R
M (1) = (Plef10) = —== > ¢(r — R—§))e (1.22)
vV N, 7
T T —ikd;

This amounts to a transformation in the orbital space ¢; — ¢ e . Using this
new definition, all the equations between Eq.(1.5) and (1.20) remain the same, and

the only change is in Eq.(1.21), which becomes:

Mtra,y(r) = m(r)
Hk+G) — H(k)

un(k+G) = up(k) (1.23)

Therefore, the Hamiltonian H (k) and wave functions wu, (k) becomes periodic in the
BZ. This enables us to regard the space spanned by wave functions together with the
Brillouin zone as a fibre bundle whose base space is the BZ torus. Then the classifica-

tion of topological phases can be converted to the study of topology in fibre bundles.



Both the conventions in Eq.(1.21) and (1.23) are widely used in the literature. For the
discussion of topological phases, we usually require the Hamiltonian to be periodic
in the Brillouin zone, and it will be more convenient to work in the convention of

Eq.(1.22) and (1.23). We will use this convention unless otherwise mentioned.

1.2 Symmetry in band theory

There are many symmetries that can protect a topological phase, such as time-
reversal symmetry, particle-hole symmetry, and many crystalline symmetries, etc.

When the system has a symmetry S, the symmetry operator commutes with the

second-quantized Hamiltonian H:

~

SHS™ = H (1.24)

The symmetry will put a constraint to the form of allowed Hamiltonian and wave

functions, which has significant effects on the topological classification of the system.

1.2.1 Time-reversal symmetry

Time-reversal symmetry T has the effect of flipping the direction of time evolution,
ie., TUM)T™' = U(—t), U(t) = e~ If the system has time-reversal symmetry,

then the Hamiltonian H in Eq.(1.10) satisfies

A

THT'=H (1.25)

These requirements show that time-reversal is an antiunitary operator that changes

i to —i. The action of time-reversal operator on the electron creation/annihilation



operators are given by [3]

Tep, 07 = ey (Un)yy, Tay T =Y (Ub)peny, TiT™'=—i (1.26)

!

J

5/

J

Here Ur is an M x M unitary matrix. According to Eq.(1.10), time-reversal symmetry

put a constraint on the first-quantized Hamiltonian H(k):
UrH(k)'UlL = H(—k) (1.27)

We can also define the first-quantized time-reversal operator T' = Up K that acts on

H(k), where K is complex conjugation. Then Eq.(1.27) can be written compactly as
TH(K)T ' = H(—k) (1.28)

It can be further shown that the square of time-reversal operator can only be +1.
By definition, when time-reversal is acted twice on any quantum state it should
produce the same quantum state up to a phase. Therefore, T? = UrUj; = €1. Then
T =T?T =T3 =TT? = Te = e7T, which leads to ¢ = e % and ¢ = +1.
The square of time-reversal operator being +1 is deeply related to the spin of
the system. If the system has half-odd integer spin, then T2 = —1. If the system is
spinless or has integer spin, then 72 = +1. Therefore, for electronic materials with
significant spin-orbit coupling, we have T2 = —1. However, when spin-orbit coupling
is weak and the splitting between the two spin bands are negligible, we can neglect
the spin degree of freedom and get an effective T2 = +1 system. This scenario occurs

for the topological semimetals.



1.2.2 Particle-hole symmetry

The particle-hole symmetry exchanges the particle- and hole-space, and it can be
formulated in a similar way as time-reversal. The action of particle-hole symmetry C

on the fermion creation/annihilation operators are [3]

5/

J

CAC;L’]-CA_1 = Z(Ug)jjlc—kaj" CACkJCA_l = ZCT—k,j’(UC)j'ﬁ éié_l =1 (129)
j/

Uc is an M x M unitary matrix. If the system has particle-hole symmetry, then

following the similar procedure we have

A

CHC™' = H, CH(-k)C™'=—H(k), C=UcK (1.30)

Here we have used the fact that H(k) is Hermitian and the negative sign comes from
the anticommutation of fermion operators. Note that unlike time-reversal, the second-
quantized particle-hole operator C is unitary and commutes with H , but its first-

quantized version C is antiunitary and it flips the sign of first-quantized Hamiltonian.

1.2.3 Crystalline symmetries

Crystalline symmetries are ubiquitous in solid state materials. Unlike time-reversal
and particle-hole symmetries, the crystalline symmetries are unitary for both its first-
quantized and second-quantized versions. They include elements of various point
groups and space groups, such as rotation, mirror reflection, glide reflection, etc.
They act on the real space and they can be broken by the presence of a boundary of
the lattice. The collection of all the crystalline symmetries of a system forms a group,
which is the system’s space group G. Every element g € G can be written as {R|t},
where R is an operation that leaves at least one point fixed, such as rotation or space

inversion, and ¢ is a pure translation. The action of g on the real space is gr = Rr+t,



and its action on a function f(r) of position 7 is gf(r) = f(g~'7). When R is the
null operation F, the element {F|t} is a pure translation and t can only be a lattice
vector. The subgroup with ¢ = 0 is a point group. If the original space group is a
direct product of this point group and the group of pure lattice translation, the space
group is called symmorphic, and otherwise it is called nonsymmorphic.

To study the effect of crystalline symmetries on the Hamiltonian, one can represent
the symmetry by a unitary operator ¢ that acts on the electronic creation/annihilation

operators defined in Eq.(1.8):

5/

QCL’jg_l = Z cj;k,j’(U:)j'ﬁ Qck,jg}_l = Z(ng);r-j/Cng/, gig_l =1 (131)
J J

Here gk = Rk for g = {R|t}, and U¥ is an M x M unitary matrix. When the system

has ¢ as a symmetry operation, the Hamiltonian satisfies:

A

gHG™' =H, UFH(k)UF = H(gk) (1.32)

Eq.(1.32) imposes a relation between the wave functions at k and gk. If |u,(k)) is
an eigenstate of H(k) such that H(k)|u,(k)) = Enklun(k)), then UF|u,(k)) is an

eigenstate of H(gk) with the same energy:
H(gk)U¥|un(k)) = UFH(K)U¥ U¥|u, (k) = EeUy |un (k) (1.33)

This shows that the energy spectrum at symmetry-related momenta are identical.
Furthermore, because U¥|u,(k)) is a normalized eigenstate at gk, it can be written

as a linear superposition of eigenstates at gk

UFun(k)) = > [t (9k)) B(K)mn (1.34)
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Figure 1.1:
& A lattice model with fourfold rotational symmetry. There are two atoms

A and B in each unit cell. The atomic orbitals at A and B have Cy
eigenvalues A\; and A\, respectively.
with the coefficient matrix B(k) being unitary. This means the matrix defined by
B(k)mn = (um(gk)|Uy|un(k)) is unitary. This is the definition of sewing matrix,
which will play an important role in the following chapters.

The explicit matrix form U, g’“ of symmetry operator ¢ is determined by the Lowdin
functions [2]. As an example, we consider a system invariant under fourfold rotation
Cy to demonstrate how is the matrix form of symmetry operator determined by
microscopic atomic orbitals. As shown in Fig.(1.1), this is a 2D square lattice with
two sets of nonequivalent atomic sites at A = {mz-+ng} and B = {(m+3)2+(n+1)9}
respectively, where m, n are integers and the lattice constant is set to 1. The system
has fourfold rotational symmetry at each atomic sites. The position of A and B
sublattices within each unit cell is 4, = 0 and 0, = (%, %) Suppose the atomic states

at site A (B) has Cy eigenvalue \i()\2) respectively:

Cipr(r) = ¢1(Cr'r) = Moa(r) (1.35)

Cida(r) = ¢2(Cy'r) = Magha(r) (1.36)
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Now we focus on the Cy at site A, so that Cyr = Cy(z,y) = (—y, ). The action of
Cy on electron creation operators c};j in Eq.(1.8) can be derived from its action on
the n function in Eq.(1.4) or Eq.(1.22). If we choose the convention in Eq.(1.4), the

computation for 7o is as follows:

1

Q
3

Canea(r) = Z ho(r — R — §,)e* (BFo2)

R

1 .
- 7= Z Po(CTir — R — §,)etk (B+92)
vViC R
1 .
= 5 D 6a(Cr(r — CuR — C48,) ) (02
¢ R

1 4
= )\2 \/ﬁc ; ¢2(T — C4R — C462)€Zk.(R+52)
1

VN, D da(r — R — Cy8y)! Otk (BECi%2) (1.37)
¢ R

where the last step replaces R by C; 'R in the summation and utilizes the identity
k- R = Cyk - C4R. Notice that C4d2 = d2 + R¢, where Rg = (—1,0) € {R} is a

lattice vector. Therefore, we can replace R by R — R¢ to get

1 ‘
C = No—— — R — &,)e!(Cak)(R=Rc+Cad2)
477k,2(7“) 2 N ER Pa(r 2)e

1 ‘
E q§2(r - R-— 52)62(C4k)-(R+62)
VN,
R

= Aalcyk,2(T) (1.38)

- A\

The action for n; can be obtained similarly, leading to

Canra(r) = Mnour1 (1), Canea(T) = Aafcyk2(T) (1.39)

Because <r|cL,j|O) = 1k (r), Eq.(1.39) shows gcj, ;g = )xlc;M and gef, 57! = )\202,672
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for g = C4. Then Eq.(1.31) immediately gives

N D VI
Ug = s 9204, (140)
0 A

which is the same as the action of symmetry ¢ on the atomic orbitals.
We make several remarks here. Note that the U, g’“ above is independent of k, this

corresponds to our choice of convention for n function in Eq.(1.4). If we have chosen

another convention in Eq.(1.22), U, ;“ will be changed to

) M0
k= ™ , (1.41)

g .
0 /\2€zk-Rg,2

where Ry = g0y — 8, = (—1,0) € {R} is a lattice vector. Then UF will become
k-dependent. However, with the latter convention the first-quantized Hamiltonian
H (k) will be periodic in the BZ satisfying H(k) = H(k 4+ G) according to Eq.(1.23),
whereas in the former convention in Eq.(1.4) H(k) is not periodic H(k + G) =
V(G)H(k)VT(G), as in Eq.(1.21). This conflict of making H (k) periodic in the BZ
and making U;’ k-independent for point group elements g is a consequence of the
incompatibility in the lattice structure: for the lattice in Fig.(1.1) we are not able to
find a unit cell that preserves the symmetry and does not contain any atoms at its
boundary.

Furthermore, if ¢ is a nonsymmorphic symmetry such as glide reflection, then
U g’“ will contain a k-dependent factor that is not invariant under k — k + G. This
non-periodic factor comes from the fractional lattice translation, and it can lead to

protected gap closing, such as the hourglass fermions [4].
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1.3 Topology in weakly correlated gapped phases

Having described the formulation of band theory and symmetry operators, I will
introduce the concept of topological phases. In this section I will focus on systems of
weakly interacting electrons with an energy gap, e.g., topological insulators and super-
conductors. The notion of topology for gapless phases such as topological semimetals
will be introduced in Chapter IV, and the topology for strongly correlated phases

based on topological order will be introduced in Chapter V.

1.3.1 Symmetry-preserved adiabatic deformation and atomic limits

There are two important ingredients in the definition of gapped topological phases,
adiabatic deformation and atomic limits. The band structure for a crystal with lattice
translational symmetry can be described by the Hamiltonian H in Eq.(1.10). The
system can have some symmetries that form a group {5‘ } so that SHS™' = H as in
Section 1.2 for S € {S}. Let M be the total number of bands and the number of
filled bands is p. Label the energies F, (k) at each momentum k in increasing order
in n. If the system has a direct energy gap then E,(k) < E,i(k) for any k in the
BZ. Consider two gapped systems with Hamiltonian H, and H, that have the same
number of bands M and filled bands p and the same symmetry {S }. A symmetry-
preserved adiabatic deformation between the two systems means a continuous map
f:]0,1 — {H} such that f(0) = Hy and f(1) = H,, and for any t € (0,1)
the gap in Hamiltonian f(¢) remains finite and f(¢) preserves the same symmetry
SF#)S~ = f(t) for all § € {S}. Symmetry-preserved adiabatic deformation defines
equivalence classes. For a given set of symmetries, different Hamiltonians that can
be related by symmetry-preserved adiabatic deformation are considered topologically
equivalent.

The symmetry-preserved adiabatic deformation defines the criterion for topologi-

cal equivalence. To distinguish between topological and trivial systems, we still need
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a “trivial” reference phase so that the other phases that are not topologically equiv-
alent to it are defined to be topological. This reference phase is the atomic limits.
The atomic limits are characterized by Wannier functions wg,(7) [5], which are the

Fourier transform of Bloch wave functions ¢ ,(7) in Eq.(1.18):

WRa(r) = (r|wrn) = Z SRRy (1) (1.42)

kEBZ

Here N, is the number of unit cells. Wannier states are orthogonal (wg,|wg! ) =
drprOnn and it satisfies wg, (1) = wo,(r — R). For a fixed Hamiltonian, the Wan-
nier functions are not unique because they depend on the gauge choice for the Bloch
wave functions. For example, if we have chosen a different phase for each Bloch state
[Vkn) = [gn)en the resulting Wannier states will be changed. The maximally
localized Wannier functions that are exponential localized in real space can be ob-
tained if we can find a gauge to make the Bloch states smooth and periodic with k
in the whole BZ [6].

For a given set of N Bloch bands that are isolated in energy from the other bands,
if there exists a U(NN) gauge transformation for these bands so that the Wannier
functions obtained by them are exponentially localized in real space and preserve the
symmetries, this set of bands are called Wannierizable. For a gapped system with p
occupied bands, if these occupied bands are Wannierizable, then the system is in an
atomic limit.

We can make a comparison between the Wannier functions and the atomic orbitals,
which are also localized in real space. By the definition of Bloch functions in Eq.(1.18)

and choosing the convention of 7 function as in Eq.(1.22) so that H (k) is periodic in

14



the BZ, the Wannier functions can be written as

1 —ik-R
W(r) = n) = ‘ (r)u,(k); 1.43
wra(r) = (rlwrn) Wz i (1)t (K, (1.43)
- NL Y e IR (r — R — 8 un(k); (1.44)
¢ kR

Here ¢ is the Lowdin function in Eq.(1.1) which is the orthogonalized atomic orbitals.
u, (k) is the eigenvector of the first-quantized Hamiltonian H(k), which is a M-
component column vector satisfying H(k)u, (k) = Egnu,(k) as in Eq.(1.14). In a
fully atomic limit where there is no coupling between different atomic orbitals at all,
H(k) will be diagonal and its eigenstates can be chosen to be u,(k); = 6,;. Then
Eq.(1.44) leads to wg,(r) = ¢p(r — R —§,,), i.e., the Wannier function reduces to
atomic orbitals in the zero-coupling limit. However, in a generic system with finite
hopping between orbitals, the wave function u,(k) acquires k-dependence to make
Wannier functions distinct from atomic orbitals. In particular, if the k-dependence
in u, (k) is nontrivial so that it can no longer be chosen to be smooth and periodic in
the BZ, the Wannier function will no longer be exponentially localized in real space.

This happens when the system is topologically nontrivial.

1.3.2 Definition of topological phases

The definition of topologically nontrivial phase given by Ref. [7] is: if a gapped
system cannot be connected to any atomic limits by a symmetry-preserved adia-
batic deformation (continuous deformation of Hamiltonian without closing the gap
or breaking the symmetry), then this system is topological.

Much information can be obtained from this definition. It indicates the robust-
ness of topological phases: a topological phase will remain topological after a small
perturbation is added, unless the perturbation is large enough to close the energy

gap, or the perturbation breaks the symmetry. Therefore the topology is protected
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by this symmetry. If one try to construct maximally localized Wannier functions for
the filled bands of a topological phase, the obstructions can occur in two ways: (1) the
Wannier functions fail to be exponentially localized in real space, or (2) the Wannier
functions are exponentially localized by they break the symmetry.

The phases that are not topological can be adiabatically deformed to an atomic
limit in which the electron Wannier functions are exponentially localized in a symmetry-
preserving way. However, the atomic limits are not unique, and different atomic limits
cannot be connected to each other by a symmetry-preserved adiabatic deformation.
In some atomic limits the Wannier functions can be localized in positions away from
the atomic orbitals, and therefore they cannot be adiabatically deformed back to
the zero-coupling limit in which the Wannier functions coincide with atomic orbitals.
This is the obstructed atomic limits. Although this phase is not topological by def-
inition, in the presence of symmetry it can have unique features such as quantized

polarization and fractionalized corner charges [8].

1.3.3 Conditions for topology in momentum space

We can quantitatively exam in momentum space what are the conditions needed
for the system to be topological. From the definition of topological phases, a trivial
phase need to support exponentially localized Wannier functions that preserve the
symmetries. Consider gapped M-band system with N filled bands (N < M). Because
topological properties are not affected by the detailed dispersion relation, we can
construct a flattened Hamiltonian H(k) in which all the filled bands have the same
energy while the eigenstates u,(k) of the flattened Hamiltonian remain the same
as the original Hamiltonian H(k), where u,(k) is a M-component column vector
that represents the nth eigenstate as in Eq.(1.14). Here we choose the convention in

Eq.(1.22) and (1.23) so that H(k) and u, (k) satisty the periodic boundary condition
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in the BZ. A gauge transformation in the space of filled bands is given by

tn (k) = (k) =Yt (R)U (K)m, (1.45)

n/=1

where U(k) is any U(V) matrix. After gauge transformation, {u/ (k)} is also a set
of well-defined eigenstates of the flattened Hamiltonian, but the Wannier functions
corresponding to will be different. If there is a gauge transformation to make {u,(k)}
smooth and periodic in the BZ, the Wannier functions will be exponentially localized,
as seen from Eq.(1.43). Therefore, the absence of exponentially localized Wannier
functions that preserve symmetry indicates the absence of a gauge to make {u,(k)}
smooth and periodic in the BZ. In the language of fibre bundle, this means the
vector bundle £ = Jgcp, Span{u;i(k)...un(k)} formed by the N filled bands is
nontrivial [9].

In some symmetry-protected topological phases the construction of exponentially
localized Wannier functions are possible, but they break the symmetries, i.e., they do
not form a representation of the symmetry group. Therefore we need to know in what
situation will the Wannier states preserve the symmetry and what are corresponding
conditions in momentum space. Each Wannier state |wg,) has a Wannier center at
R+, where R is a lattice vector and r,, is within a unit cell. Consider a simple case
in which the Wannier label n for |wg,) is not changed under some spacial symmetry
S. If the Wannier states preserve symmetry S, the set { R+, } needs to be invariant
under S. Therefore S transforms R+ 7, to R+ r, + Rg for some lattice vector Rg,
ie, S(R+7, = R+7,+ Rs. When the Wannier label n is invariant under S, the

condition that Wannier states form a representation of symmetry S is:

Slwrn) = AWt Rgn) (1.46)
where )\, is an eigenvalue of symmetry S and the hat in S means it is an opera-
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tor acting on the Fock space. From Section 1.2, the action of S on electronic cre-

ation/annihilation operators and Hamiltonian is:
G -1 k
Sch ;S = D ey (US)y (1.47)

Here U¥ is the M x M matrix representation of symmetry S. Using Eq.(1.8), (1.43),
(1.46) and (1.47) we get

Z efik'R<’I"‘CT9k7j/‘O>(U§)j/jun(k)j = )\nze*ik-(RJrRs)<'r|c;rc’j’0>un(k)j(1.48)
k.j

k.55’

The orthogonality of cL’ ; leads to
Uku, (k) = A\oe™ Bu, (Sk), (1.49)

where R= R — S™'R — S~'Rg is some lattice vector.

Three important implications can be seen from Eq.(1.49). (1) If the Wannier
functions preserve the symmetry, then the arbitrary overall phase of wave functions
at k and Sk are no longer independent, i.e., they need to satisfy Eq.(1.49). (2) At
symmetry-invariant k points where Sk = k, the wave functions are eigenvectors of
symmetry operator. (3) All distinct symmetry-invariant k points share the same \,,.
This means the symmetry representations at different high-symmetry momenta are
not independent, and they are related in a fixed number of ways determined by R,
otherwise the Wannier functions cannot preserve the symmetry. It turns out that
different R correspond to different atomic limits, as we can see in Section(1.4.1).

We make some remarks here. Eq.(1.49) applies when label n is invariant under
symmetry. In the more general cases when there are multiple symmetries that do

not commute with each other, Wannier functions will form representations of the

symmetry group. But the generic feature of Eq.(1.49) remains: to make the Wannier
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functions preserve symmetries, the representations at high-symmetry momenta are
related to each other in some fixed ways determined by the atomic limits. If the
representations are incompatible with any atomic limit and the system is gapped,
then the system has to be topological. This shows symmetry representations at high-

symmetry momenta can be utilized to detect topological phases [7, 10].

1.4 Examples of topologically trivial and nontrivial phases

Topological phases can be characterized by topological indices, which are numbers
defined for each phase that can only take discrete values. Topological indices are
invariant when the Hamiltonian of the system is adiabatic deformed without closing
the gap or breaking the symmetries. Therefore, if two phases have different topological
indices, they cannot be topologically equivalent. In this section I will give some
examples on how topological indices can be utilized to distinguish between different

phases.

1.4.1 1D Polarization quantized by inversion

Consider a simple example of 1D atomic chain which has two atoms in each unit
cell with alternating hopping strength, as in Fig.(1.2). This model is known as the
SSH model [11]. Note that the lattice constant a is the distance between two atoms
of the same type. Set the lattice constant a = 1 for simplicity. This system has
inversion symmetry with inversion centers in the middle between two neighbouring
atoms. We can choose the unit cell to preserve inversion symmetry, such as the blue
or the green rectangles. If we choose the green rectangle to be the unit cell, then ¢ is

the hopping inside unit cell and ¢’ is that between unit cells. Then the Hamiltonian
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Figure 1.2:
& The SSH atomic chain model with two atoms in a unit cell. Inversion-

symmetric unit cells can be chosen to be the green or blue rectangles.

18

H = ZtCE,ACR,B + t/CE,BcR—i-l,A + h.c.
R

k?j?j/
2 0 t4te 0 h(k) s
t+ t'etk 0 h(k) 0 '

Here periodic boundary in the real space is assumed, and h.c. is Hermitian conjugate.
We have used the convention in Eq.(1.22) so that H (k) is periodic under k — k + 27.

The system has inversion symmetry P and chiral symmetry S:

P=o0, PHk)P'=H(-k) (1.52)

S=o0, SH(k)S™'=—-H(k) (1.53)

The energy and eigenstates are

H(k)ur(k) = Ei(k)us(k), (1.54)
Ei(k) = £VE2+12 42t cosk (1.55)

1 t+te ik
ur(k) = — (1.56)

V2 +/12 + 2 + 2tt' cos k
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Therefore, when |t| # |¢'|, the system is gapped at half filling. The gapped sys-
tem allows the definition of topological indices. Define the Berry connection A =
—i{u_(k)|Ok|u_(k)), where |u_(k)) is the wave function of the lower band. With

inversion and chiral symmetries, two topological indices can be defined:

v, = %/A(l{:)dk mod 1 (1.57)

1 1 .
o= L / Oy log (h(k))dk = —— / Dy log (t + t'e™)dk (1.58)
271 2m1

Here the integral is over the 1D BZ. v, is the polarization of the 1D system, i.e., the
physical electronic polarization in the crystal is P = v,ea, where e is the electron
charge. v, is defined module 1 because the polarization in a periodic crystal is well-
defined module ea. This can also be seen from the fact that under a gauge transform
u_(k) — u_(k)e™*, v, is changed by 1 from Eq.(1.57), therefore only the module 1 part
of v, is gauge-invariant. When the system has inversion symmetry, v, is quantized
to 0 or %, hence its value cannot be changed under adiabatic deformation of the
Hamiltonian without closing the gap. Without the inversion symmetry, v, can take
any value and is no longer quantized. Therefore, v, is a topological index for this
system that is protected by inversion symmetry. A direct computation of v, using
Eq.(1.56) shows v, = 0 when [¢/| < |¢| and v, = 5 when [t/| > [¢].

vy is a winding number quantized to integers. It is well-defined for the gapped
phase in which |t| # |t/|. It represents the number of times that the phase of h(k)
circulates the origin. v, = 1 when |¢/| > || and v, = 0 when |t/| < [t|. v, is a
topological index only when the system has chiral symmetry. Otherwise, an additional
term bo, will be allowed in H (k) and the spectrum will be gapped as long as b # 0.
In this case, although the value of v, in Eq.(1.58) is still quantized to integers, it can
be changed from 0 to 1 without closing the band gap when we tune the value of ||

across |t'|. Therefore, without chiral symmetry, v, is not a well-defined topological
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index.

1.4.1.1 Are these phases topological?

To determine whether these phases are topological, we need to exam whether
they allow exponentially localized Wannier functions that preserve symmetry. When
inversion and chiral symmetries are both present, v, and v,, are not independent in
this two-band model and they satisfy 2, = v, mod 2. Now we will only focus on v,
and study its implication on topology. The previous discussion has shown there are
two phases that are not topologically equivalent, i.e., the |t| > |¢/| phase with v, =0
and the |t < |¢| phase with v, = 1. Note that when we write the wave functions as in
Eq.(1.56), we have already chosen the wave function to be both smooth and periodic
in the BZ. Therefore, the filled band in this system allows exponentially localized
Wannier functions. For the Wannier functions to preserve inversion, Eq.(1.49) needs
to be satisfied, which is

Pu_(k) = xe*Fu_(—Fk) (1.59)

for all k in the BZ and for some integer R, where R is the distance that the Wannier
center will be shifted under inversion. This means the eigenvalue of inversion P at
high-symmetry momenta k& = 0 and 7 are not independent. Suppose t and t' are
positive. Denote the inversion eigenvalue for the filled band at £k = 0 and k£ = 7 as
Py and P, respectively, then Eq.(1.59) requires Py = A\ and P, = Ae™B A direct

computation using Eq.(1.56) and P = o, shows

Pozpﬂ-:—l, ift >t

Pp=-1, P, =1, ift<t (1.60)

Therefore, for t > ¢’ Eq.(1.59) can be satisfied by A = —1, R = 0 and for t < ¢ it

can be satisfied by A = —1, R = 1. This means in both cases t < t' and t > ' the
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Wannier functions preserve the inversion symmetry. Therefore, both of these phases
are topologically trivial, and they correspond to different atomic limits. In particular,
the atomic limit for ¢ > ¢ has a Wannier function with inversion eigenvalue A = —1

sitting at © = 0 at the center of unit cell, and for ¢ < ¢’ the Wannier function also has

1

5 S0 that under inversion its position

inversion eigenvalue -1, but it is located at z =
will be shifted by R = 1. This is also consistent with the physical meaning of the

polarization v, that it is the position of Wannier center.

1.4.1.2 Unit cell dependence and edge states

The fact that the phases with v, = 0 and v, = % are not fundamentally different
can also be seen from the unit cell dependence of v,. If we chose the blue rather
than the green rectangle in Fig.(1.2) as the unit cell, then the roles of ¢ and ¢ will
be exchanged in the new Hamiltonian H,.,(k), i.e., ¢’ will be the hopping inside unit
cells. Therefore the phases with v, = 0 and % will be flipped. However, the physical
position of the Wannier center is independent of our choice of unit cell. If ¢t < ¢/,
then for the green unit cell choice we get v, = % so that the Wannier center is on the
boundary of green unit cell; for the blue unit cell choice we will get v, = 0 so that
the Wannier center will be at the center of blue unit cells. In both cases the Wannier
center is in the middle of the bounds with stronger hopping. This Wannier center
polarization can lead to edge modes and edge charges when the lattice has a boundary.
Assume t < t' without lost of generality. Consider a lattice that is terminated on its
left side, as shown in Fig.(1.3). The Wannier centers will be located in the middle of
t" bounds, which are labeled in red. In Fig.(1.3) (a) there is a Wannier center outside
the lattice. Because each Wannier center is shared by two unit cells, this will lead to
an edge mode inside the bulk gap and a fractional charge quantized to e/2 located at

the edge. This is an example of fractional charge protected by inversion symmetry [8].

However, in Fig.(1.3) (b) there will not be fractional charge at the edge because the
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(Cl) B = = .

(b) e e -

Fi 1.3:
1BHre SSH model with lattice terminated at the left side. The black rectangles

are unit cells and the red dots represent the position of Wannier centers.
When ¢ < ¢, there is a edge state in (a) but not in (b).

Wannier center is fully inside the edge unit cell.

1.4.2 Chern insulators

Chern insulator is a 2D topological phase whose topology does not need any
symmetries to protect. The topological index is the Chern number C' whose value
is quantized to integers. Chern number was originally introduced to describe the
integer quantum Hall effect [12, 13] in which a 2D electronic system is under a strong
magnetic field. When Chern number is nonzero, the system has gapless chiral edge
modes with quantized Hall conductance o,, = C % C' can be nonzero only when
time-reversal symmetry is broken. The strong magnetic field in the integer quantum
Hall effect naturally breaks time-reversal. Without an external magnetic field, if
there is other magnetic order that breaks time-reversal, quantized Hall conductance
can also emerge in the quantum anomalous Hall effect [14], which can be described by

Chern number as well. For a gapped system with N filled bands, the Chern number
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C is defined by

c =Y i/d%zsn(k) (1.61)

27
Bn(k) = 8$Ay,n(,lz)z_ ayAz,n(k> (1'62)
Aun(k) = _Z<un(k)|au|un<k)>a =2,y (1.63)

Here occ means the occupied bands, the partial derivatives are derivatives to momen-
tum k, or k,. A is the Berry connection and B is the Berry curvature [15]. A(k) and
B(k) are both periodic in the Brillouin zone. The definitions of them involve deriva-
tives of wave functions to momentum k. Since u, (k) depends on the gauge which
needs not be continuous in k, it is always required that when we take derivative to
k we need to use a gauge that is smooth at k. The value of A will change under a

guage transform but the value of B is invariant:

lun(K)) = [un(k))e® ™, A, (k) = An(k) + Vibue, Bu(k) — By (k) (1.64)

Therefore C'is invariant under gauge transformation. The right hand side of Eq.(1.61)
is quantized to an integer as long as the integral is over a closed compact manifold
without boundary and the bands inside the summation are isolated in energy with
other bands. This means C is quantized to an integer as long as the energy gap
separating the occupied bands and other bands remains finite. Therefore, C' is a well-
defined topological index that can distinguish between topologically distinct phases.

Importantly, as long as C' # 0, the system cannot be adiabatically deformed to
an atomic limit without closing the gap. This is because if the filled bands can be
adiabatically connected to atomic limits, then there exists a gauge to make the wave
functions smooth and periodic in the Brillouin zone to make the Wannier functions

exponentially localized in real space. The Berry curvature can be rewritten as B,,(k) =
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V x A,(k). In the smooth gauge the Stokes theory is applicable, which leads to
C =3 coce Jopz An(k) - dk, where 9BZ is the boundary of Brillouin zone. However,
the Brillouin zone is a torus without boundary, and this leads to C' = 0. Therefore,

atomic limits always have C' = 0, and if C' # 0 then the system is topological.

1.4.3 7, topological insulator with time-reversal symmetry

For a gapped spin 1/2 system with time-reversal symmetry T in two or three
dimension, the Fu-Kane-Mele (FKM) Z, topological index can be defined [16, 17],
which characterizes the Z, classification of topological insulators protected by time-
reversal symmetry [16, 17, 18, 19, 20, 21, 22, 23|. This index can be nontrivial in the
presence of strong spin-orbit coupling. When it is nontrivial, there are topologically
protected gapless boundary states that preserve time-reversal symmetry. In 2D there
will be gapless helical edge state pairs where the two states in each pair propagate in
opposite directions with opposite spin direction. If the spin component perpendicular
to the 2D plane is conserved, the nontrivial Z, index leads to the quantum spin
Hall effect [18, 24, 25, 26] with quantized spin Hall conductance. For 3D systems,
the nontrivial Z5 index leads to gapless surface Dirac cones in the surface Brillouin
zone [19].

The definition of this index requires time-reversal symmetry. From Eq.(1.26) and
(1.28), the Hamiltonian of a time-reversal-symmetric spin 1/2 system with M bands

satisfies

THK)T '=H(—k), T=UrK, T* = —1 (1.65)

Here Ur is an M x M matrix. This means if |u,(k)) is an eigenstate of H(k), then
T|u,(k)) will be an eigenstate of H(—k). Therefore, T'|u,(k)) can be written as
the superposition of eigenstates at —k: T|u,(k)) = > |um(—k))w(k)m, and w(k)
is a unitary matrix. For a gapped system, the occupied and unoccupied bands are

separated in energy, then if band n is occupied, the summation of m can be restricted
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to occupied bands as well. If N bands are occupied (N < M), we can define a unitary

N x N sewing matrix w(k):

wk)mn = (Um(=F)[T|un(k)) (1.66)
Tlun(k)) = Y [um(—k))w(k)mn (1.67)

The FKM Z; topological index is defined through this sewing matrix. To define the
index we still need two properties of the sewing matrix. First, the sewing matrix can
be made smooth and periodic in the BZ by a gauge transform. This is because the
Chern number of the system is zero as enforced by time-reversal symmetry, hence
exists a gauge to make the wave function smooth and periodic in the BZ. Then the
sewing matrix w(k) will be smooth and periodic as well. The second property needed

for the sewing matrix is:

w(k)mn = —w(—k)nm, (1.68)

which can be seen by

= —w(—k)um (1.69)

Therefore, w(k) is anti-symmetric when k = —k+G, i.e., k is one of the time-reversal-
invariant-momenta (TRIM). This allows us to define the Pfaffian for the sewing matrix
at TRIM. The Pfaffian of an anti-symmetric matrix is a polynomial of matrix elements
whose square is the determinant of that matrix. It can only be defined only for anti-

symmetric matrices. Denote Pfaffian as Pf. The FKM topological index v for the Z,
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topological insulator protected by time-reversal symmetry is given by [16, 17]

v flw(K)]
(-1) _KEITLM dew(_K (1.70)

where v can be of 0 or 1. Eq.(1.70) requires that the gauge has been chosen such that
w(k) is smooth and periodic in the Brillouin zone, and the same branch of square
root needs to be chosen for all the TRIM. Otherwise the sign ambiguity of square
root will make this formula ill-defined. Because w(k) is unitary, its determinant is
always nonzero. Therefore the factor Ag = % is well-defined for each K and
can only be £1.

Now we show that if v = 1 then the system is topological, i.e., it does not allow
exponentially localized Wannier functions that preserve time-reversal symmetry. Due
to the vanishing Chern number, one can obtain a smooth and periodic gauge so that
the Wannier functions are exponentially localized. T? = —1 imposes Kramers degen-
eracy so that the Wannier functions should appear in pairs. To preserve time-reversal
symmetry, the two Wannier functions in each pair have opposite spin orientation, and

they satisfy

T\wR,1> = |wR,2>, T|wR,2> = —’U}RJ) (171)

Following the same procedure that lead to Eq.(1.49), Eq.(1.71) imposes a condition

on wave functions:
Tlui(k)) = |u2(=k)), Tlus(k)) = —[ui(—k)), (1.72)

where |u;(k)) and |uy(k)) are two bands that form each Kramers pair. Comparing
with Eq.(1.66), this requires the sewing matrix w(k) to be constant in momentum
space. In this case we can always choose the branch of square root in Eq.(1.70) to

make % = +1 for all TRIM, then the Z; index will be trivial v = 0. Therefore,
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to make the Wannier functions preserve time-reversal symmetry, the index must be

trivial, and when v = 1 the system must be topological.

1.5 Challenges in obtaining a smooth gauge

The computation of Chern number from Eq.(1.61) requires the wave functions
to be smooth so that the derivatives to k are well-defined. The Z; topological in-
dex protected by time-reversal symmetry in Eq.(1.70) requires the wave functions to
be smooth and satisfy the periodic boundary condition u,(k) = u,(k + G) in the
Brillouin zone (BZ), where G is any reciprocal lattice vector. However, it is usually
challenging to obtain such a smooth and periodic gauge. The challenge comes from
two aspects. First, for a system with multiple occupied bands with protected band
crossing, even if the crossing happens only at several k points, a smooth gauge can-
not be obtained by simply adjusting the U(1) phase of each band, and it generally
requires the superposition of multiple bands in the whole BZ. Second, although a
smooth gauge can be obtained locally in a contractible open set using parallel trans-
port, this gauge is generally not smooth in the BZ torus. I will illustrate this by an
example as follows.

Consider a gapped one-dimensional system with two occupied bands, and the

Hamiltonian is

Hk)=10 0 1—¢* (1.73)
0 1—e™ 0
This Hamiltonian is block diagonal, and the form of its lower block is the gap clos-

ing point of the SSH model in Section 1.4.1 with ¢ = —t’. The energies and the

29



corresponding eigenstates are given by:

0
Ey(k) = 2si i
=2sin—, u =
1 (k) 1(k) /2 1
—ik/2
0
Ey(k) = —2si g =
= —2sin—, u = —
2 (k) 2 (k) ) 1
o—ik/2
ei¢3(k)
Es(k) =3, us(k) = 0 (1.74)

e}

The system has two occupied bands FE;(k) and Es(k) that cross at k = 0, and are
separated in energy with the unoccupied band Fs. ¢;23(k) represents the arbitrary
overall U(1) phase for each wave function.

Now suppose we want to find a gauge that is smooth and periodic in the BZ for the
two occupied bands. We can choose ¢ (k) and ¢9(k) to be smooth in k so that each
wave function will be smooth as well. However, at the band crossing point k£ = 0,
we will face different choices when deciding which band does each wave function
belong to. The dispersion of the two occupied bands are shown in Fig.(1.4). Four
wave functions near k = 0 are labeled in Fig.(1.4) (a), where € is a small positive
number. To make the wave functions smooth at £ = 0, we need to assign A and D
in Fig.(1.4) (a) to be in one band, and assign B and C to be in another band. This
results in the gauge choice in Fig.(1.4) (b), which is smooth at £ = 0 but it does
not satisfy the periodic boundary condition in the BZ. If we have made the other
choice to assign A and B in one band, then it leads to Fig.(1.4) (c) in which the
bands satisfy the periodic boundary condition but they are not smooth at k = 0.

Therefore, a smooth and periodic gauge cannot be obtained by adjusting the U(1)
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phase of each wave function. However, if we allow the superposition of the two bands
and choose ¢1(k) = ¢2(k) = 0, a smooth and periodic gauge with @;(k) and s (k)

can be obtained:
) k)2 .
(k) = 7 (ur(k) +ug(k)) = (00 1)

1 T
J5m (k) —ua(k) = (0 10) (1.75)

Therefore, when there is a crossing in the occupied bands, a smooth and periodic
gauge generally requires the superposition of multiple bands. Note that even though
the two bands are only degenerate at one point k& = 0, for all momentum points the
smooth gauge requires a superposition of two bands, including the k points where
the bands are not degenerate. For a system with /N occupied bands, this amounts to
finding a U(N) transformation at each momentum to make the new wave functions
U (k) = D, coce Um(B)U(E)mn smooth and periodic in the BZ, where U (k) is a unitary
N x N matrix. This is the reason why in Eq.(1.45) we require the gauge transform
to be U(N) rather than U(1)".

Due to the superposition of bands, the new wave functions @, (k) are no longer
eigenstates of the original Hamiltonian. Therefore these new bands are also called
quasi-bands. Equivalently we can think about the flattened Hamiltonian in which the
wave functions are the same as the original Hamiltonian but all the occupied bands

have the same energy. In this case the gauge transform is naturally U(/N) and the

new wave functions a, (k) are still eigenstates of the flattened Hamiltonian.
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Figure 1.4:

number.
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Dispersion of the two occupied bands in Eq.(1.74). Four wave functions
at two momentum points near k = 0 are shown, where € is a small positive




CHAPTER II

Diagnosis of Topological Insulators Beyond

Symmetry Representations

In the previous chapter, I have introduced the notion of topology in electronic
structure, and provided some examples of topological indices. The system’s topolog-
ical properties are encoded in the wave functions. To compute the topological index
from wave functions, in many cases a smooth gauge is needed so that the wave func-
tions are smooth with respect to crystal momentum k in the Brillouin zone (BZ),
such as the Chern number in Section 1.4.2 and the time-reversal protected FKM Z,
topological index in Section 1.4.3. However, as mentioned in Section 1.5, it is chal-
lenging to obtain a smooth gauge in the Brillouin zone which is a torus, especially in
high dimensions and when the number of occupied bands is large. Therefore, the re-
quirement of a smooth gauge in the Brillouin zone is an obstacle to efficient diagnosis
of topological phases.

In the presence of symmetries, the process of topological diagnosis can be sig-
nificantly simplified. The relation between symmetry and topology has been exten-
sively studied in various topological states and has lead to many important results
(7, 10, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44]. With
sufficient symmetries, whether the system is topological or trivial can be determined

by the symmetry representations of the wave functions at high-symmetry momenta
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using the framework of topological quantum chemistry or symmetry indicator [7, 10].
With n-fold rotational symmetry the Chern number module n can be determined by
rotation eigenvalues [27], and with inversion symmetry the FKM Z, topological index
can be determined by the parity of wave functions at TRIM [22].

However, not all symmetries are able to provide such simplification. The above
symmetry-representation-based diagnosis may not be applicable in systems whose
symmetry is too low such that the symmetry representations are the same for both
topological and trivial phases. For example, with a twofold rotation symmetry in
addition to time-reversal symmetry, the FKM Z; index in Section 1.4.3 cannot be
simply obtained from rotation eigenvalues. Therefore, in this case whether the addi-
tional symmetry can still provide simplification to the diagnosis of topological phases
remains an open question.

Our work [45] gives a positive answer to this question by showing that the ad-
ditional symmetry can still simplify the index even though the symmetry represen-
tations are not sufficient to determine the index. In this work, we show that if the
system has an additional twofold rotational symmetry or mirror symmetry, the FKM
Z5 index can be simplified so that only one-dimensional lines in the BZ need to be
evaluated in the index computation. This method works for both two and three
dimensions. This result extends the topological diagnosis methods based on high-
symmetry-momenta from 0D points to 1D lines. It is convenient for the computation
of the index in practice, because the original definition of the index requires estab-
lishing a smooth gauge in at least two dimensions. This simplification is achieved
through introducing a gauge-invariant quantity g(%) defined on arbitrary curves

in the BZ.
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2.1 Gauge-invariant line quantity

—_~—

In this section we introduce the line quantity g(k.ks) in our work [45] defined
on arbitrary curves in the BZ of a time-reversal symmetric system and discuss some
generic properties of it. Consider a gapped system with time-reversal symmetry T’
and 72 = —1. It has N occupied bands and the total number of bands is NV;,;. Denote

k.ky, as an arbitrary curve in the BZ with end points at k, and k;. Some preliminary

steps are needed towards our definition of g(ga\k/b) in Eq.(2.9). First, for an arbitrary

curve k.k;, we can define a Wilson line matrix for the occupied bands:

o ka%kb
Win(kaky) = (um(ka)l H P, [un (k) (2.1)
kiem/b

Pe = ) lum(k){un(k)] (2:2)

meocc

Here Py is a projection operator to the occupied bands at k. |u,(k)) is the eigenstate
of Hamiltonian H (k), which is a Ny,-component column vector with its jth component
denoted as u,(k);. The product in the definition of W is the path-ordered along the
curve koky,. Under a gauge transformation |un,(k)) — > o |Un (k) Unm(k), W

transforms as

W (koks) — Ut (ko)W (koky)U (Ks) (2:3)
det[W (koks)] — det[W (koksy)] det[U (k)] det[U (K, )]* (2.4)

When k, and k, are the same point, i.e., the curve E;ic/b is closed, W is the Wilson
loop [2, 46] and det[WW] is a gauge-invariant quantity, but for a generic curve it is
not. To construct a gauge-invariant quantity, we need another factor to cancel out
the factor det[U(ky)] det[U(k,)]* in Eq.(2.4). This is achieved by the anti-symmetric
matrix M(k):

M (k) = (um(K)[T|un(k)) (2.5)
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When k is one of the TRIM so that k = —k + G, M (k) is the same as the sewing
matrix defined in Eq.(1.66). The anti-symmetric property of M (k) for a generic k

can be seen by:

= M) (2.6)

Therefore we can define the Pfaffian for the anti-symmetric matrix M (k) for any k
in the BZ. Under the gauge transformation, using Pf{BAB™] = Pf[A] det[B] and the

fact that T is an antiunitary operator, the M matrix and its Pfaffian transform as:

M(k) — U'(k)M(k)U*(k) (2.7)

PHM (k)] — PHM(k)]det[U(k)]* (2.8)

—_~—

Therefore, we can define the gauge-invariant line quantity g(k.k;) by:

PFM (k)]

PIM (k)] det[W (k)] (2.9)

g(kaky) =

This quantity is gauge-invariant because the factors induced by gauge transform in

the Pfaffian and determinant cancel each other:

Pf[M (ky)] det[U (k)]

PF[M (k,)] det[U(ka)]i det[W (kaky)] det [V (k)] det{U (ko))" = g(kaks)

g(koky) —

(2.10)

This property of gauge invariance is important, because it means g(lga\k:/b) is smooth in

any gauge as long as the Hamiltonian itself is smooth. In the special case when k,ky, is

the straight line connecting different TRIM, for example when k, = T" = (0,0,0) and
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ky = X = (1,0,0), g(koks) is related to the partial polarization v [17, 39, 40, 42, 43):

vp = % /dkTrA(k)—i—z’log% mod 2
= %z’log[g(f‘_)] mod 2, (2.11)

For a generic curve E,:k/b in the BZ, g(l;:ic/b) has a physical meaning that it measures
the change in phase between the Pfaffian at k, and k,. To illustrate this point, we

define the parallel transport gauge [47] at path Iga\k:/b so that for each k € E:k:/b,

k<kq,

un(R)) = ] Pe

kié%

U (Ka)) (2.12)

Here the product is path-ordered from k, to k along E;k:/b In the limit where the
points {k;} are infinitely dense along kk,, the |um(k)) obtained in this way is a
normalized vector in the occupied space. In the practical computation, a discrete
mesh of momentum points {k;} is used and we need to normalize Eq.(2.12) for each
k. With this gauge choice along the path, the determinant part in g(Ea\k/b) becomes

unity, leading to
PE[M (k)]

g(k.ky) = PEHM(k,)]

(2.13)

Hence g(Ea\kz/b) represents the ratio between the Pfaffian Pf[M] at k, and k, in the
parallel transport gauge. This interpretation is useful, because the topological index
is related to the winding of the phase of Pfaffian. For example, in a 2D system
whose BZ is shown in Fig.(2.1), the FKM Z; index in Eq.(1.70) can be written in an

equivalent way [16, 17]:

1
or
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Figure 2.1:
& The Brillouin zone for 2D insulator with time reversal symmetry. 7 is

represented by the shaded area enclosed by SYY'S".

Here 7 is the area enclosed by SYY’S” and 07 is its boundary. Similar to Eq.(1.70),
this formula also requires a smooth and periodic gauge such that M (k) is smooth
in the BZ. Eq.(2.14) shows that this index is related to the change of the phase of
Pf[M (k)] along the boundary d7. However, the Pfaffian itself is gauge-dependent
as in Eq.(2.8), making it challenging to track its phase. The quantity g(E;k/b) is
naturally gauge-invariant, therefore with the interpretation in Eq.(2.13) it provides a
convenient way to bypass the gauge issue and track the phase of Pfaffian.

Now we will show that v5p can be rewritten in terms of the gauge-invariant quan-

tity g. From now on it is sufficient to restrict the path E:k/b to be the straight line

k.k, connecting k, and k;, and define:

g(kaakb) = g<kakb)

— % det <Um(ka>| k;l;[kPki un(k:b)> (2.15)

We construct a parallel transport gauge on 7 as follows [47]. First, we find a smooth
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and periodic gauge along straight line YY”. To achieve this, first we select an arbitrary
gauge at Y, then for each k € Y'Y, we define the gauge for wave functions at k using
Eq.(2.12) with k, = Y’ and k, = Y. This establishes a smooth parallel transport
gauge along the path Y'Y’ but it does not satisfy the periodic boundary condition,
i.e., the wave functions at Y and Y’ are different. To recover the periodicity, we can

make a unitary transform at each k to a new set of wave functions |i,,(k)):

[l (k) = > |t (k) D (k)

neocc
[k—Y'|
D(k) =D
(Do)nm = (tn(Y)|um(Y")), m,n € occ (2.16)

The matrices D and Dy are unitary by definition. Then the new wave functions
|t (k)) are smooth and periodic along path YY’, which we will refer to as |u,,(k))
from now on. Next we proceed to construct a smooth and periodic gauge in 7. For
each k € 7, denote its projection to YY' as k, such that 1%7 is parallel to Y5,
as shown in Fig.(2.1). The parallel transport gauge is defined by setting the wave

function at k to be:
k<—kp

un(®)) = [1 Pe

kickyk

Um(kp)) (2.17)

The gauge constructed in this way is smooth on 7 and satisfies the periodic boundary
condition between Y S and Y’S’, because the wave function at Y'S and Y’S’ are
parallel transported from the same set of wave functions at Y and Y’. For each
k, € YY' we have k, + 72 € SS’ and Eq.(2.13) implies

) Pf[M (k, + 72)]
9o B0 70 = BN ()

(2.18)

This relation provides a way to reformulate the Z5 index v5p in terms of g. Define
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g(k) = g(k,k + 7z), then Eq.(2.14) becomes

s Y
1
sy
LT PI[M (k + 72)]
+ mTx
= — [ dk-VI1
o V108 T T R)]
Y/
Y

1

= — [ dk-Viogg(k 2.19

5 Vlogg(k) (2.19)
Y/

Here the final integral is along a time-reversal invariant path that connects Y, T’
and Y’. Eq.(2.19) shows that vop can be expressed in terms of the line quantity
g. Although Eq.(2.19) is derived in the specific parallel transport gauge, the gauge-
invariance of g implies that this formula is valid in any gauge. This means that the
above construction of the smooth parallel transport gauge is only a conceptual step
which is never needed in a real calculation. Importantly, the evaluation of ¢ itself
does not require a smooth gauge to begin with. In practice, to evaluate vop from
Eq.(2.19), all we need is to make a discrete mesh of k points in 7 with randomly
selected phase for each wave function, and by definition in Eq.(2.15) the function
g(k) = g(k,k + mz) will be smooth in k, which can lead to a well-defined result in
Eq.(2.19). Up to now Eq.(2.19) requires only time-reversal symmetry, which is the

least requirement in symmetry to protect the FKM Z, topological index.

2.2 Topological insulators with order-two crystalline symme-

tries in addition to time-reversal symmetry

We will show that if a 2D or 3D time-reversal invariant topological insulators (TIs)
have an additional order-two crystalline symmetry, for example two-fold rotation Cs

or mirror o, the line quantity g defined above in Eq.(2.9) or Eq.(2.15) can simplify
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the FKM Z5 index v to involve only one-dimensional lines of the BZ. Note that the
eigenvalues of the spacial symmetry Cy or ¢ at high symmetry momenta are not
sufficient to determine the 75 index, because for a spin one-half system C5 or ¢ has
eigenvalues +¢ and the two bands in each Kramers pair have opposite eigenvalues
of Cy or 0. Therefore, at any C5 invariant momentum there are always a half of
valence bands with C5 or mirror eigenvalue +¢ and the other half with eigenvalue
—1 no matter v is trivial or not. Hence spacial symmetry eigenvalues themselves are

insufficient to determine the topological index.

2.2.1 Systems with additional two-fold rotational symmetry

When the system has additional spacial symmetries, the line quantity g(k,, k)
has a useful property as follows. Suppose the system has a symmetry C' such that
a point k in the BZ is transformed to C'k, and C can be the combination of time-
reversal and spacial symmetries. If C' commutes with time-reversal 7" and the matrix
representing C' is independent of k, then depending on whether C' is unitary or anti-

unitary, g(kq, kp) in Eq.(2.15) satisfies:

9(Ck,,Cky) = g(ka, k), if C is unitary

9(Cky,Cky) = g(ky, ky)*, if Cis anti-unitary (2.20)

This property comes from the transformation properties of the Pfaffian and the Wilson
line operator. We give a detailed proof of this property in Appendix A.1. This
property is important in evaluating g(k,, k) at symmetry-related lines in the BZ.
Now we consider systems with a two-fold rotational symmetry Cs in additional to
time-reversal T'. The combined operator C5T is also a symmetry of the system which
acts on the momentum space like a mirror, therefore there are C5T invariant planes in

the BZ. Suppose there are two such planes that include all eight time-reversal invariant
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momenta (TRIM) as in Fig.(2.2)(a), where the Cy axis is along z direction and CyT
invariant planes are colored in yellow. If k,, k, are taken inside one of the C5T
invariant planes, then Eq.(2.20) shows g(kg, ky) = g(CoTk,, CoTky)* = g(ka, ky)* so
that g(kg, k) is real because CoT is anti-unitary. If k,, k;, are taken to be TRIM,
then g(k,, k) should have magnitude of 1 because the M matrices in Eq.(2.15) are
unitary at TRIM. These two conditions quantize g(K;, K3) to +1, where Ky, K, are
TRIM in the same CyT invariant plane. Furthermore, as in Eq.(2.11), g(K;, Ks) is

related to the partial polarization v p:

Ko
1 , Ptlw (K.
VlD(KlyKZ) = ; /dkTrA(k)—{—Zlog% mod 2
9Ky, Ky) = em™pEnke) — 4 (2.21)

It has been shown in Ref.[43] that the FKM Z, index for a 2D system is equivalent

to the difference between the 1D partial polarization v1p at two pairs of TRIM:

vop(k, =0) = vp(, X)—uvp(Y,S) mod 2

vop(k, =7) = wp(Z,U)—vip(T,R) mod 2 (2.22)

The FKM strong Z, index in 3D is given by v3p = vap(k, = 0) —wop(k, = 7) mod 2.

Combining with Eq.(2.21) we have

(—1)"» = g(T, X)g(Y, S)g(Z. U)g(T, R) (2.23)

Therefore the 3D strong Z, index is simplified by the line quantity g(k,, k) so that
it involves only 1D subspace of the BZ.
Eq.(2.23) assumes that all the eight TRIM are included in some CyT" invariant

planes, which is not always true for a general C5 rotation. For example, if the Cy axis
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is along direction & + y rather than 2 for the same Brillouin zone as in Fig.(2.2)(b),
there is only one C5T invariant plane S; passing through I', S”, R', Z. Denote the other
time-reversal invariant plane passing through X, Y, T, U as Sy, Then v3p = vop(S7) —
vop(Sz) mod 2. We show that vop(S2) must vanish due to the Cy symmetry. Denote
the midpoint of XY as M. Since C, is unitary, from Eq.(2.20) we have g(X, M) =
g(CoX,CoM) = g(Y, M) = g(M,Y)~!. Therefore g(X,Y) = g(X, M)g(M,Y) = 1,
which means the partial polarization v;p(X,Y) is quantized to 0. The same argument
can be applied to TU. Hence v1p(X,Y) = v1p(T,U) = 0 due to the Cy symmetry,
therefore v5p(Sy) vanishes. We present a more detailed proof of the triviality of
vop(S2) in Appendix A.2 using the interpretation of g(k,, k;) as a measure of Pfaffian
in the parallel transport gauge. With this result, the strong Z, index v5p is determined

only by lines in C5T invariant plane S;:

(—1)7er = (=1)=0 %) = ¢(T, §")g(Z, R) (2.24)

The above proof for Eq.(2.23) and (2.24) for different types of C5 axis can be uni-
fied in a general framework, which is also applicable to Brillouin zones that are not
cube-shaped. There are eight TRIM K;,7 = 1...8 in a 3D BZ. Since time-reversal op-
erator commutes with Cy, Cy must bring one TRIM to itself or to another TRIM. For
those TRIM non-invariant under Cy, let CoK; = K; and CyK; = K;, then the mid-
point M = (K;+K;)/2 must be invariant under Cy, and g(K;, M) = g(C2K;, CoM) =
g(K;, M) = g(M, K;)~*. Therefore g(K;, K;) = g(K;, M)g(M, K;) = 1. This fixes
the partial polarization v;p(K;, K;) = 0, which does not contribute to the strong in-
dex v3p. Therefore we only need to consider those TRIM that are also invariant under
Cy. Define the CyT invariant subspace in the BZ by Sc,r = {k € BZ|C;Tk = k+ G}
where G is any reciprocal lattice vector, and define a set Lo,7 to be the set of straight

paths inside S¢,r such that each path v € L¢,r connects two Ch-invariant TRIM,
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Figure 2.2:

The plot of a 3D Brillouin zone. The red lines denote the one-dimensional
subspace that is needed to evaluate the FKM strong Z, index in Eq.(2.25)
and (2.28). (a) System with a Cy symmetry along Z direction. The colored
planes are the CyT invariant planes. (b) System with a Cy symmetry
along & + ¢ direction. There is only one CyT" invariant plane. (c¢) System
with a mirror plane perpendicular to Z. (d) System with a mirror plane
perpendicular to T + 3.
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different paths in Lg,7 do not cross with each other, and each Cs-invariant TRIM is
connected by one path in Le,pr. With this definition, in Fig.(2.2) (a) and (b) Le,r
reduces to the red lines {TX,Y S, ZU, TR} and {I'S’, ZR'} respectively (or equiva-
lently {TY, XS, ZT,UR} and {I'Z,S'R’}, which does not change the final result).
Therefore Eq.(2.23) and (2.24) can be unified as

(=1 = ] signlg()] (2.25)
v€LcyT

Here the sign function Sign is added to take account of the fact that the absolute
value of g(y) can be smaller than 1 in a practical numerical calculation in which the
projection in Eq.(2.15) is taken at discrete points. In this case g(7) is still real, and the
sign of it determines the index v3p. Eq.(2.25) shows that for any topological insulator
with an additional two-fold rotational symmetry, the FKM strong Z5 index can be
computed through a well-defined one-dimensional subspace of the Brillouin zone. If
there are multiple C; axes in the system, this simplification can be applied to any
one of the 5, independent of the presence of the other symmetries. This calculation
is applicable to 2D insulators as well, which can be achieved by restricting Le,r to
the 2D Brillouin zone. This method is convenient to implement in the sense that
it does not require a smooth gauge, because the definition of g(v) in Eq.(2.15) is

gauge-independent.

2.2.2 Systems with additional mirror symmetry

For systems with a mirror symmetry ¢ in additional to 7', similar analysis can
be applied by evaluating g(k,, k) in the o7 invariant subspace defined by S,r =
{k € BZ|oTk = k + G}. If the mirror is perpendicular to 2 as in Fig.(2.2)(c), then
S, consists of four straight paths along 2 direction that pass through TRIM. Since
oT is anti-unitary, Eq.(2.20) implies ¢(I', Z) = ¢g(¢TT,0TZ)* = g(I', Z)*, therefore
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g(I', Z) is real and quantizes to £1, so as ¢(X,U),g(Y,T),g(S, R). Following the

same argument as the Cy case, we have
vsp = g(I', Z2)g(X, U)g(Y,T)g(S, R) (2.26)

If the mirror plane is perpendicular to 2+ as in Fig.(2.2)(d), Syr consists of two lines
{SS” RR"}. The TRIM I, S, Z, R are invariant under the mirror symmetry o but
X', Y,U', T are not. Following the same argument, g(X',Y") and g(U’,T) are fixed to
1 because these two points interchange under o, therefore they do not contribute to

v3p. In this case we have

vap = 9(I',5)9(Z, R) (2.27)

In general, similar to the C5 case above, we can define L,r to be the set of straight
paths inside S,r such that each path v € L, connects two mirror-invariant TRIM,
different paths in L,7 do not cross with each other, and each mirror-invariant TRIM is
connected by one path in L,7. In Fig.(2.2) (c) and (d) L,z reduces to {TZ, XU, YT,
SR} and {T'S, ZR} respectively. Note that in Fig.(2.2)(d) we cannot take {I'Z, SR}
because these lines are not inside ¢7" invariant subspace. With this definition, the

index is written as

vsp= ][ Sienlg(7)] (2.28)

vE€LoT
Here the sign function takes account of the fact that |g(7)| can be smaller than 1
in a real calculation on discrete momentum points. With Eq.(2.25) and (2.28), we
have developed a unified method to calculate FKM strong Z, topological index that
requires examining only a 1D subspace of the BZ, for systems with two-fold rotation
or mirror symmetry. If the system has multiple mirrors or C5 axes, this method will
work if we focus on any one of them.

It is also worthwhile to explore the situation when the system has space-inversion
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symmetry I in addition to 7. It turns out that our method is still applicable, al-
though the Z, index can be determined directly by inversion eigenvalues. In this case
Eq.(2.20) when applied to symmetry operator 17" shows that that g(k,, k) is real ev-
erywhere, since every momentum point is invariant under I7". This implies g(K;, K;)
will be quantized to +1 for any pair of TRIM K; and K;. Therefore our method is
applicable again and we have (—1)"2 =[] . 9(7), where the product ranges over the
four lines that connect the eight TRIM.

We have shown that in systems where topological indices cannot be reduced to
high-symmetry-point symmetry eigenvalues, certain symmetries can still help simplify
the calculation of the index. With the definition of the gauge-invariant line quantity
g(ka, ky), we present a unified way to calculate topological index by examining only
1D subspace of the Brillouin zone for systems with either Cy or mirror symmetry
in addition to time-reversal symmetry. Our method is applicable to a wide range of
systems because among all the 32 point groups, 30 of them contain such a symmetry,
except for C'3 the the trivial group C;. This approach also finds its application in

higher-order topological insulators described in the next chapter.
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CHAPTER III

Pfaffian Formalism for Higher-order Topological

Insulators

The topological insulators (TIs) described in the previous chapters have gapped
d-dimensional bulk states and gapless (d — 1)-dimensional topologically protected
boundary modes, such as the Chern insulator and the Z, topological insulators. The
existence of boundary modes with codimension 1 is a manifestation of the bulk-
boundary correspondence, and these insulators are also called first-order topological
insulators. Similarly, there exists higher-order topological insulators (HOTIs) whose
gapless boundary modes appear at lower dimensional boundaries [48, 49, 50, 51, 52,
53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71], i.e., the n-th
order HOTTI has gapless modes at (d — n)-dimensional boundaries. For example, the
3D second-order TIs have gapless modes localized at one-dimensional hinges, and
the 2D second-order TIs have in-gap modes localized at corners which can lead to
fractional corner charges.

The robustness of these boundary modes require symmetry protection, and there
are various symmetries that can protect the higher-order topological phase, such as
space-inversion, mirror reflection, rotoinversion, the product of rotation and time-
reversal C, T [48, 49, 50, 51, 52, 53, 54, 55, 56], etc. The existence of the higher-order

topological boundary modes requires both the bulk and the set of its boundaries to

48



preserve the protecting symmetry.

There are many different mechanisms that can lead to higher-order topology,
such as the Wannier-sector polarization from nested Wilson loops [58, 59], filling
anomaly [8], the sign change of mass terms [57], etc. Here I illustrate the formation of
higher-order topological features using an example of 3D chiral second-order topologi-
cal insulators protected by C,T symmetry [48], where C} is the fourfold rotation along
z direction and T is the spin one-half time-reversal operator satisfying 72 = —1. This
system has the product C,T as its symmetry, but Cy and T" are broken separately. The
topological index is the magnetoelectric polarization P [23, 27, 48, 72, 73, 74, 75, 76]
defined as:

B 1
1672

/ Pl Te {fab(k)Ac(k)—E[Aa(k),Abm)]AC(k) R

Ps 5

Here a,b,c can be z,y, z, A and F are nonabelian Berry connection and Berry cur-

vature matrices for the occupied bands:

Ao(B)mn = —1{um(k)|04|un(k)), Ou = Ok,, m,n € occ

Far(k) = 0, Ay(k) — OpAy(k) +i[Au(k), As(E)] (3.2)

Pj5 is quantized to 0 or % when the system has an axion-odd symmetry, which includes
time-reversal and C,T. If the system has spinful time-reversal symmetry with 72 =
—1, then 2P; is identical to the FKM Z, index in Eq.(1.70) [72], and when P; = ; the
system is the first-order Z5 topological insulator described in Section 1.4.3 with gapless
Dirac cones in the surface Brillouin zone. If time-reversal symmetry is broken but the
system preserves spinful Cy/T" symmetry, the phase with P = % is the nontrivial chiral
second-order topological insulator with chiral modes localized at the hinges parallel to
the Cy axis, as shown in Fig.(3.1). The direction of these chiral hinge modes preserve

C4T symmetry and the side surfaces are gapped. These hinge modes are stable as
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\/ pue

Gapless hinge modes X

Figure 3.1:
& [lustration of a second-order topological insulator protected by CyT.

There are chiral hinge modes localized at the hinges of the real space
boundary. The propagating directions of these hinge modes obey C,T
symmetry.

long as the bulk and the boundaries together preserve the CyT" symmetry.

The existence of these hinge modes can be understood from the sign change of mass
term at neighbouring surfaces. The C,T-symmetric second-order TT can be obtained
from a first-order TT which preserves both C4 and T by adding a perturbation AV
in the bulk that breaks time-reversal but preserves the product Cy7T. Without AV,
there are gapless Dirac cones protected by time-reversal in the surface Hamiltonian
Hgurface ~ k101 + kaoy. The perturbation AV breaks time-reversal and induces a
mass term mos in the surface Hamiltonian so that the Dirac cone is gapped out.
Because AV also breaks C}, the mass term induced by it will change sign at different
surfaces that are related by Cy. Therefore, the mass term has to vanish at the hinge
where the surfaces with different sign of mass term meet. This implies the hinge will
remain gapless, leading to to the features of higher-order topological phases.

Although these higher-order Tls are characterized by the same index Pj; as the
first-order TIs, which suggests a strong and deep connection between the two, one

important link between these TIs and higher order TIs is still missing, i.e., the FKM
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Pfaffian formula [16, 17] described previously in Eq.(1.70). This Pfaffian formula laid
the foundation for many important conclusions about TIs. First, the Pfaffian formula
enables the development of a gauge-independent method to compute the index. For
example, in principle, to compute the Z5 index for a TI, it requires a global gauge
in the entire 3D Brillouin zone (BZ), which means the wave functions are globally
smooth and periodic in the entire Brillouin zone. Although the existence of such a
gauge is guaranteed, finding it is not always straightforward, as mentioned in Section
1.5. Based on the Pfaffian formula, numerical techniques [77, 78] can be developed
so that the construction of a global gauge is no longer needed. Another important
aspect of the Pfaffian formula is that the Fu-Kane parity criterion [17] can be derived
from it, which allows us to determine the topological index directly from the parity of
wave functions in the presence of additional space inversion symmetry. This opens the
door to the diagnosis of topological phases via symmetry representations of the wave
functions. For second-order TIs, however, due to the broken time-reversal symmetry,
a Pfaffian formalism is still absent, and thus many knowledge that we accumulated
from studying TIs cannot be directly generalized.

In our work [79], we develop a Pfaffian formalism for higher-order topological
insulators protected by C4T symmetry, utilizing a composite operator obtained from
C,T sewing matrix. We found that in strong analogy to TIs, the topological index of
these higher-order T1Is can also be determined via a Pfaffian formula. This conclusion
not only provides a new pathway for computing topological indices, but also makes it
possible to generalize existing Pfaffian-based knowledge about TIs to high-order T1Is,
such as methods to obtain topological indices without a global gauge. As examples,
we will show below that our Pfaffian formula allows us to obtain the index through
examining only a small part of the Brillouin zone without using a global gauge,
along a similar line as what has been achieved for TIs [77, 78]. It also provides a

straightforward generalization of the Fu-Kane’s parity criterion [22] to second-order
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TIs if a four-fold rotoinversion symmetry is present, which demonstrates a direct

connection between P; and symmetry indicators [10, 32].

3.1 Generalization of the Pfaffian formula

We consider a chiral second-order topological insulator (CSOTI) invariant under
C,4T but without T" or C; symmetry, and we set the rotational axis to be aligned with
the z direction. The half-integer spin leads to (C4T)* = —1. Due to the anti-unitary
nature of C4T" and the half-integer spin of fermions, in analogy to Kramers doublets,
all bands in our system shall show two-fold degeneracy at CyT-invariant momenta,
denoted as K* = {T", M, Z, A}, where T' = (0,0,0), M = (7, 7,0),Z = (0,0,7), A =
(m,m, 7). Without losing generality, we assume that there is no accidental degeneracy
beyond what is required by these Kramers pairs, because accidental degeneracy can
always be lifted by perturbations without changing topological indices. Thus, for a
system with N;, bands and 2N occupied valance bands, a 2N x 2N unitary sewing

matrix for the symmetry operator C,T" can be defined

B (k) = (um(C4Tk)|CyT |un(k)), (3-3)

where m,n are valence band indices, C4Tk = (k,, —k;,—k.). In the absence of
accidental degeneracy as assumed above, this B(k) matrix is 2 x 2 block diagonal due
to the Kramers pairs, i.e., B(k) = diag(By, Bs, ..., By) with each B, (k) being 2 x 2

unitary matrices for r =1,2,...; N.

We parameterize the 3D Brillouin zone torus 7 as a cube I? = [—7, 7] X [—, 7| X
[—7, m] with the +7 surfaces identified by periodic boundary condition. The top and
bottom surfaces of this cube k, = =47 are invariant under C,T and should have

vanishing Chern number. The system also has C'; symmetry along z, and the side

surfaces k, = £ and k, = £ are invariant under Cy after identifying the surfaces

52



at +m and —m. This in-plane C; symmetry makes the Chern number at these side
surfaces vanish as well. This means all six surfaces of the cube I® have zero Chern
number, and according to Ref.[72] there exists a global gauge such that the wave
functions are smooth and periodic in the whole Brillouin zone torus. In this global
gauge each block B,.(k) (r = 1,...,N) of the C,T sewing matrix is smooth and we
can further make det[B, (k)] = 1 for all k in the BZ [72]. Therefore, as a function
of momentum, each B,(k) defines a smooth map from the 3D BZ to the linear space
formed by all SU(2) matrices. In the language of differential manifold, a 3D BZ is a
three-torus 7%, while SU(2) is diffeomorphic to a three-sphere S®, and thus B, defines
a map T3 — S3. For such a map, there exists an integer topological index, i.e. the

degree deg[B,], which measures how many times the T wraps around the S3:

d3k
deg[B,] = — / e T (B,0.B]) (B,0,BY) (B,0.B))) (3.4)

where 0, = 0/0k, and a, b, ¢ can take values of z,y, z.
It is known that the index P3 in Eq.(3.1) is quantized in the presence of C4T', and

it can be rewritten via the C4T" sewing matrix [27, 48, 73]

1
2472

2P; = / d*ke* Tr [ (B0, B") (BO,B') (Bo.BY)] .

For a block diagonal B matrix, this integral reduces to
N
2P; = deg[B,] (3.5)
r=1

where deg[B,| is the degree of the map B, : T — S* discussed above. There are some
general properties for the degree of a map. For a generic smooth map G : T% — SU(2),

its degree deg|G| defined according to Eq.(3.4) is always quantized to an integer and
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satisfies

deg[G'] = — deg[G], deg[G*] = deg[G], deg[GT] = — deg[G] (3.6)

With another smooth map G’ : T — SU(2), the matrix product GG’ also defines a

smooth map that satisfies:

deg|GG'] = deg|G] + deg|G'] (3.7)

If we view G(k) and G(C,Tk) as two maps that send k € T3 to SU(2), then

deg|G(CiTk)] = — deg[G (K] (3.8)

More details about these properties are discussed in Appendix B.2. It is worth-
while to emphasize that only the module 2 of 2P; (or deg[B,]) is gauge invariant
and thus has real physical meaning. This conclusion can be checked by noticing
that a gauge transformation can change the degree by an even integer, i.e. un-
der [u(k)) = ¥coneltin (k) U k), Blk) — U'(CyTR)B(k)U* (k) and deg[B] —
deg[B]+2deg[U]. Therefore we will only keep track of the mod 2 of the degree, which
will be denoted as deg,[B,].

The mod 2 of the degree can be easily calculated through a counting technique, if
we realize that the degree counts how many times the original spaces wraps around
the target space. Here, we first demonstrate this technique using a simple example: a
map between 1-spheres f : S' — ST shown in Fig.(3.2). To get deg,|f], we take any
non-singular point in the target space and count how many points in the original space
are mapped to this target point under f. If this number is n, then deg,[f] = n mod 2.

For B, : T® — S3, it turns out that a specific gauge can be chosen, which allows

the counting technique to be easily adopted. Because Cy = —(C,T)?, Cy is also a
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Figure 3.2: ) ) ) )
Ilustration of a map f : S* — S* with degree 0. The black circle is the

target space and the blue line demonstrates the map from the original
space to this circle. To calculate deg,[f], we can pick a non-singular
point like P; or P, in the target space and count the number of points
that are mapped to it. There are four points mapped to P; and two points
to Py, therefore deg,[f] =4 mod 2 = 2 mod 2 = 0. Note that we cannot
choose the point P3 to calculate the degree because the map at point E
is singular.

symmetry of the system, therefore we can define a unitary 2N x 2N sewing matrix
for Cy:
Dinn(k) = (um(C2k)|Colun(k)), (3.9)

where Cok = (—k,, —ky, k.). In Appendix B.1 we show that the identities Cy =

—(C4T)? and (Cy)? = —1 impose a relation between the sewing matrices of Cy and

O4TZ

D(k) = —B(C,Tk)B*(k) and D(Cyk)= —D'(k) (3.10)

With these properties of sewing matrices, we can find a smooth and periodic gauge

in the Brillouin zone so that D(k) is independent of k:

D(k) = diag(io,,io,,...,i0,) (3.11)
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To prevent interrupting the logic flow, we postpone the construction of this special

gauge to Section 3.1.1. With this gauge choice, Eq.(3.10) implies
B,(C4Tk) = —io. B} (k) (3.12)

This condition has remarkable consequences. If k is a C4T invariant point, Eq. (3.12)
implies
1
B, (K)=+—(0,+0,) =A,, K e K%, 3.13
(K) = 4= (0. + ) = As (313

where K* = {T', M, Z, A} represents C,T invariant points as defined early on, i.e.,
at C4T invariant points, B, can only take one of these two distinct values A;. On
the other hand, if k is not a C,T invariant point and if B, (k) = AL, then Eq.(3.12)
implies B, (CyTk) = B,(k) = A.. Hence if some k ¢ K* is mapped to A, there must
be one (or three) additional momentum point (related to each other by C,T") which
is also mapped to A, and the same is true for A_. Therefore if we choose A, (or
A_) as the special point to perform the counting described above, as far as deg,[B,]
is concerned, only the four C4T invariant points need to be considered, because any
other point contributes even numbers to the counting. This requires the map at C,T
invariant points to be non-singular, e.g., we cannot use point E in Fig.(3.2) to perform
the degree counting. We show in Section 3.1.2 that the map is indeed non-singular
and this degree counting method is valid. In summary, for each B,, we only need to
examine the four CyT invariant points (K*). If n, of these four points are mapped
to Ay (and thus 4 — n, to A_), then deg,[B,] = n, mod 2.

Now we relate this n, to a Pfaffian. For any k point that is invariant under Cy,

define

_CT+Cy'T

Mypn(k) = (um(k)|Olu,(k)), © N

(3.14)
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where m,n are valence band indices. © here is a linear superposition of symmetry
operators. For Cy-invariant k points, both C,7 and C;'T bring k to the same
momentum, therefore O|u,(k)) has a well-defined momentum. Furthermore, at Cy-
invariant momenta (Cy)? = —1 implies (Cy)? = —(C4) 72, together with 7% = —1 lead

to

-1 2 2 -2

V2 2
This implies © is an operator that can impose the Kramers degeneracy similar to
time-reversal, because © is an anti-unitary operator that square to -1. Eq.(3.15) also
implies if |u,(k)) is normalized, then the state ©|u,(k)) is also normalized. Note that
Eq.(3.14) is similar to Eq.(2.5) but they are distinct quantities defined for different
systems, where the time-reversal operator T is replaced by ©. As shown in Appendix

B.1, for every Cy-invariant k point the M matrix in Eq.(3.14) is anti-symmetric:
M(k) = —M(k)* (3.16)

And the proof is similar to Eq.(2.6). When the Cy matrix is independent of k, M (k) is
anti-symmetric for every momentum in the Brillouin zone. We also show in Appendix

B.1 that at C4T invariant points K € K* M(K) is unitary and satisfies:
M(K) = (B(K) - B"(K)) /V2 (3.17)

Now we choose the special gauge in which Eq.(3.11) is satisfied. At each K € K%,
M(K) is block diagonal M(K) = diag(My, Ms, ..., My). From Eq. (3.13) we know
that B,.(K) = A, or A_ and Eq.(3.17) implies Pf[M,(K)] = +1 or —1 respectively.
Therefore, counting n,. is identical to counting the number of CyT" invariant momen-

tum points with Pf[M,(K)] = +1, ie., (—1)%&B] = (—1)" = ]t PE[M,(K)],
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and when contributions from all valence bands are combined together, we have

=11 rt i? (3.18)

This equation generalizes the FKM Pfaffian formula [16, 17] to systems without time-
reversal symmetry, via replacing the 7" operator with a new combination © = (CyT +
') /V2.

On the r.hs. of Eq. (3.18), we added by hand a denominator v/det B. In the
gauge we choose above, this quantity is unity and thus doesn’t contribute anything.
However, this denominator is important, because it makes the r.h.s. gauge invariant.
Thus, although our conclusion is based on a specific gauge, it remains valid regardless
of gauge choices, as long as B(k) remains smooth and a unique sign is chosen for the
square root for a continuous branch of \/m , which can always be achieved be-
cause B(k) is unitary for every k. To demonstrate this gauge invariance, here we per-
form a generic gauge transformation |u,(k)) — |u;(k))U;, (k). Because PI[BABT| =
Pf[A] det[B] and det[BABT] = det[A] det[B]?, the gauge transformation implies that
Pf[M(K)] — Pf[M(K)]det[U(K)]* and /det[B(K)] — +/det[B(K)] det[U(K

Hence the effect of the gauge transformation cancels in Eq. (3.18).

3.1.1 Explicit transformation to make (5 sewing matrix constant

In this section we construct the gauge transform to make Eq.(3.11) valid. In the
gauge in which the C4T sewing matrix B(k) is smooth and det[B(k)] = 1, the Cy
sewing matrix D(k) is also smooth and det[D(k)] = 1 due to Eq.(3.10). We want
to find a smooth gauge transformation |u,(k)) — Zjeocc|uj(k)>(7jn(k:) where U €
SU(2N) to make Cy sewing matrix D(k) = diag(io.,io,,...,i0,) for all momenta in
the BZ. Since we assume no accidental degeneracy other than Kramers degeneracy,

D is block diagonal with each block being SU(2). Therefore the problem reduce
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from SU(2N) to SU(2). Denote D, (k) as one of the SU(2) block, under the gauge
transformation D,.(k) — UT(Cok)D,(k)U (k). Since D, € SU(2), we can parameterize
it as

D, (k) = expli(r/2 + 6(k))n(k) - o], (3.19)

where 6(k) € [-7F, 3] and 7 = (n,,n,,n.) is a unit vector that can be interpreted as
the axis of the SU(2) rotation, and 2(7/2 + §) € [0, 27] is the angle of rotation. The

fact that D,(Cyk) = —DI(k) implies
§(k) = —0(Cak), n(k)=n(Csk) (3.20)

Because D, (k) = —B,.(C4Tk)B; (k) and B,.(C,Tk) has the opposite degree to B (k),
the degree of D, (k) is zero and the winding is trivial. We will first find a transforma-
tion to make §(k) = 0. This can be achieved by choosing R(k) = exp[—izd(k)n(k)-o].
Then R(Csk) = expliid(k)n(k) - o] and
R'(Cok)D,(k)R(k) = exp[—i%é(kz)ﬁ(k) -olexpli(m/2 + d(k))n(k) - o]
exp[—i%é(k:)ﬁ(k) - o]

= expli(n/2)n(k) - o] =in(k) - o (3.21)

Now the target space is determined by unit vector n and is isomorphic to a subspace
of S§?. Since the winding is trivial, there exists a similarity transformation w(k) €

SU(2) to bring each axis n(k) to +2 direction:
w' (k) (in(k) - o)w(k) = io, (3.22)

See Fig.(3.2) for an analogy of a map f : S' — S'. The map f has degree 0,

therefore the target of each k can be continuous deformed to the north pole by either
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a clockwise deformation (for points C, D, E) or a counter clockwise deformation (for
points A, B, F, G). Now we show that w(k) = w(Csk). Suppose momentum kg
corresponds to point A in Fig.(3.2). The fact that n(k) = n(Cyk) means Cyko must
be one of B, C, D points so that they have the same n. If Cykqg corresponds to C' or D,
then if we let k vary on a continuous path of momentum points from A to F', the point
Csk must have a discontinuous jump at £, which is impossible. Therefore Cskq has
to be point B, which is in the same branch as A. Therefore if transformation w(ko)
can bring A to the north pole, so can it bring B. Hence we have w(k) = w(Csk).

Now the transformation to bring D, (k) to ic, is just U(k) = R(k)w(k), so that

D(k) — UYCok)D,(k)U(K)
= w'(Cok)RT(Cok) D, (k) R(k)w(k)

= wi(k)(in(k) - o)w(k) = io, (3.23)

Therefore, we have constructed the gauge with D(k) being a constant matrix: D(k) =
diag(io, ...,i0,). The nice thing is that this construction of gauge transform is only
needed as a theoretical proof, and it is not needed in the practical computation of

the topological index.

3.1.2 Issues about singular points in degree counting

When we use the degree counting technique on C,T" invariant points K € K* to
calculate the degree of B, (k), there is a requirement that the map at K is not singular.
If we parameterize the map B,(k) = expliff - o] with constrain n} + n} 4+ n? = 1,
then the non-singular condition is that the determinant of Jacobian matrix at K is
nonzero: det [2((]17—%} # 0 for some «, 5 € {z,y, z}.

In general we can always do a small perturbation to the map to avoid the singular

points. However, if the symmetry requires the map to be singular, then the singularity
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is not avoidable. One such example is the sewing matrix D,(k) € SU(2) for Cs.
Symmetry requires D, (Cyk) = —DI(k) hence n(Cok) = (k). Thus near Cy invariant
points n(ky, ky, k) = n(—ky, —ky, k) for small k,, k,. Therefore aan; = g—;j = 0,
leading to a zero determinant of Jacobian. This means the map D, (k) at every C
invariant point must be singular and the degree counting technique does not work for
it.

Fortunately there is no such symmetry restriction for C,T sewing matrix B, (k).

Consider momentum points near I' = (0,0, 0). In the gauge where D(k) = diag(io, ...,

i0,), symmetry requires

B.(C4Tk) = B,(k,,—ks,—k.) = —ic.B" (k)
+

B.(T') = (0 + 0y) (3.24)

We can give an example of B, that is non-singular near I" and respect the symmetry

requirement. Keep only first-order terms in k, this example is given by

B.(k) =k, + i(% + ko, + i(% —k.)o, + ikyo, + O(k?) (3.25)

It can be checked that this example is consistent with Eq.(3.24), and the determinant

6(977117”2)

of Jacobian det [m

} # (0. Therefore there is no symmetry restriction for B, to
be singular at C\T" invariant points and we are legitimate to apply the degree counting

technique.

3.2 Application of the Pfaffian formula

The generalized Pfaffian formula Eq.(3.18) is the main result in this chapter. In
this section we will show that it can generalize many important conclusions in first-

order Z; topological insulators to higher order topological insulators. In particular, it
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provides a gauge-independent way to compute the topological index, and the parity

criterion can be generalized to Sy criterion.

3.2.1 Gauge-independent formula for P;

We will show that Eq.(3.18) can be expressed as a 2D integral without the need
of a smooth global gauge, which greatly reduces computational cost for evaluating
P3, similar to what has been achieved in TIs [77, 78]. For Cy-invariant k points, we

define another matrix for the valence bands

Winn (k) = (um(—=F)[Oun (k) (3.26)

with © defined in Eq. (3.14). As shown in Appendix B.1, at Cy-invariant momenta
(straight lines ZT'Z and AM A in Fig.(3.3)) w(k) is unitary and det[w(k)] = det[B(k)].
Because w(K) = M(K) for K € K* Eq.(3.18) can thus be rewritten as

w(K
Kokt det w(K
As Fu and Kane [17] have shown for TIs, Eq.(3.27) can also be expressed as an
integral

1
2P; = P j{ Adl — / drF| mod 2 (3.28)

T

37’1/2 T1/2

Here 75 refers to the rectangle ZZAA in Fig.(3.3) and 97 o is its boundary. A and
J are the abelian Berry connection and Berry curvature inside 7y/5. If we label each
wavefunction |u,(k)) as |us(k)), where r = 1,..., N labels different Kramers pairs

and s = I,II distinguishes the two states in a Kramers pair, there is a gauge fixing
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condition at the boundary ZZ and AA for Eq.(3.28) to be valid:

u(—k)) = ©

ull(k)) (3.29)

| (=k)) = —O|u (k) (3.30)

The formula here is slightly different from the one used in Ref. [17], because T" is now
replaced by © = (C4T7 + C;'T)/+/2. But for Eqgs. (3.29) and (3.30), because it is
evaluated only along ZZ and AA, where Ok = Tk = —k, the action of 7' and © on
momentum becomes the same and thus derivations in Ref [17] can be generalized to
systems studied here by simply replacing 1" by ©.

Eq.(3.28) enables us to develop efficient numerical techniques to calculate Py with-
out the need for a global gauge, following similar line of thinking as has been achieved
for TIs [77, 78]. The method proceeds as the following. First, let us select a discrete
mesh in 7, and define Qmn(k) = (um(k)|u,(k + s,)), where p = 1,2 and s,
is the mesh step size in the two directions in 7i/5. Apply gauge fixing condition
Egs. (3.29) and (3.30) to the boundary O7i/5. Let L,(k) = det[Q,]/|det[Q,]| and
A,(k) =InL,(k), F(k) =1n(Li(k)Ly(k + s1) L7 (k + s2) Ly ' (k)) where the imagi-
nary part of all the logarithm are restricted to (—m,7]. Then 2P; can be calculated

through

ngzi > Auk)— ) F(k)| mod 2, (3.31)

2 keoT o ket /o
where the direction p should be along the positive direction of 07y/2. This numerical
technique does not require a smooth gauge and is thus convenient to implement.
This method has been well-known for 2D and 3D TI, and is now generalized to 3D
HOTTI without time-reversal symmetry. Remarkably, Eq.(3.31) shows that in order
to calculate the magnetoelectric polarization P; for a 3D system, we only need to

investigate a 2D subspace in the Brillouin zone without the requirement of a smooth

gauge.
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Eq.(3.18) also allows us to determine Pj though the zero of Pf[M (k)] = ps(k).
Under a smooth gauge with det[B] = 1, p;(K) = £1 at K € K*. Hence Eq.(3.18)
can be interpreted as the sum of phase change of ps(k) from Z to I' and from M
to A as shown in Fig.(3.3), i.e,, 2P; = (mi)~' [, dk - Vlogpy(k) where L is the
combination of two straight pathes (Z — I') + (M — A). As proved in Appendix
B.1, ps(k) = ps(C4Tk)* det[B(k)|, and thus when det[B] = 1 and k € L, ps(k) =
ps(—k)*. Therefore the phase change of ps(k) from Z to I' is the same as that from
I' to Z. With this fact we can extend the integration path L to be 0ny /2 and divide

by 2 to get 2P5, which gives

1
e
87'1/2

This is a generalization of the result by Kane and Mele [16], via replacing T' by
©. The r.h.s. of the equation measures the phase winding of Pf[M (k)] around the
boundary of the 2D area 7;/5. This implies that the gauge-invariant line quantity
g [45] described in the previous chapter can be applied to calculate Ps. Specifically,

we can use the definition of g in Eq.(2.15) with the M matrix given by Eq.(3.14):

ko<+—kp
ol k) = i et otk I Puluatio | 53

Here the sub-index © means the M matrix contains © as in Eq.(3.14). Then following

the derivation that leads to Eq.(2.19), we get from Eq.(3.32):
z
1
2P; = 5 /dk: -Vlogge(k) mod 2 (3.34)
i
Z/

Here go(k) = go(k,k + 72 + my) and the integral is along the straight path from Z’

to Z. Therefore the magnetoelectric polarization P3 can be expressed in terms of an
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integral of the line quantity geg(k,, k). This method involves only gauge-independent
objects, therefore a smooth gauge is not needed. Comparing with Eq.(3.31), Eq.(3.34)
does not need the gauge fixing in Eq.(3.29) and (3.30). Eq.(3.31) and (3.34) are two
different approaches to compute the topological index P; for higher-order topological
insulators in 3D which does not require a smooth gauge, and only a 2D subspace of
the Brillouin zone is needed in the computation.

We can also find an alternative interpretation for the physical meaning of Eq.(3.32).
When the C matrix is independent of k, the M matrix is anti-symmetric in the whole
Brillouin zone and Pf[M (k)] is a well-defined quantity for every k. When P; # 0,
Eq.(3.32) means there is a nontrivial phase winding of Pf[M (k)] around the 1D bound-
ary 072, which implies the existence of points in 7 with Pf[M (k)] = 0. Therefore,
2P3 can be obtained by counting the number of nodal points with Pf[M (k)] = 0
in 71/5. More details will be demonstrated below using a tight-binding model. In-
terestingly, here we have shown that for a 3D HOTI, its topological index P; can
be calculated by looking at the zeros of Pf[M (k)] in a single 2D plane (71/2). This
is in direct contrast to first-order 3D TIs, where one needs to investigate two time-
reversal-invariant 2D planes to determine the Z index [80]. Eq.(3.32) also implies

that if Pf[M (k)] is nonzero over 79, then P3 will automatically be trivial.

3.2.2 Topological diagnosis with additional S, symmetry

We will show that if the system has fourfold rotoinversion symmetry Sy in addition
to C4T', then P3 can be directly obtained by evaluating S4 eigenvalues at high symme-
try points. This conclusion is a generalization of the Fu-Kane’s parity criterion [22] to
HOTIs, with a key observation that S = (Sy + S;')/v/2 and © = (C,T + C;'T)/V/2
can play the role of space inversion I and time reversal T" respectively. This corre-

spondence can be seen from the fact that (S)? = 1 and S© = IT = S,C,T, which is
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a consequence of (9;)* = —1 and S, = IC;*. Define sewing matrix:
Vmn (K) = (U (K)[S4C4 T |up (k)) (3.35)

As shown in Appendix B.1, v(k) is unitary and antisymmetric for every k, and
Pflv(k)] = Pflv(C4Tk)]* det[B(k)]. We can make a gauge transformation to make
Pflu(k)] = 1 (and thus det[B(k)] = 1) for all k, and M(K) and v(K) are linked

together at K € K* through

Mmn(K) = (un(K)|O]u,(K)) = <um(K)|'§2@|un(K)>
= 1 (K) (1 (K) 5O, (K))

= N (K)vmn(K) (3.36)

Hence det[M (K)] = Hfivl n;(K) det[v(K)]. Because S commutes with C4T", bands in
the same Kramers pair share identical S eigenvalues, thus [[2Y, 7:(K) = [T, (n5(K))?

where 7! is S eigenvalue for each Kramers pair. Therefore

det[M(K)] = PIM(K)P = (H LK) Pf[v(K)]) (3.37)

Eq.(3.36) shows that Pf[M(K)] is a polynomial of v,,, and n., and the square of
this polynomial must equal to Eq.(3.37). When all 5 = 1 we should have M = v
and Pf[M] = 1. These conditions uniquely fix the polynomial to be Pf[M(K)] =
Hf,vzl n(K) Pflv(K)] = Hivzl nL(K). Since det[B] = 1 in this gauge, from Eq.(3.18)
we get

(0> = [ []mE) (3.38)

KecK4r=1
Here r runs over all occupied Kramers pairs, and K, is the set of S; invariant points

and nl = 41 is eigenvalue of S = (S, + S; 1) /2. Eq.(3.38) is a generalization of the
T]r g 4 g
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Fu-Kane parity criterion [22] to systems with Sy but no inversion symmetry. It shows
the magnetoelectric polarization P3 can be determined by the eigenvalues of S,. It is

also consistent with results obtained using symmetry indicators [10, 32].

3.2.3 Numerical check of the Pfaffian formula

Here we use tight-binding models to demonstrate and to verify the Pfaffian formula

we developed. Consider a four-band model with a Hamiltonian

H(k) = (cosk,+cosk,+ cosk, —2)T.00+ ¢ Z sin k;7,0;

1=T,Y,2
+qo Z sin k; sin k,7,0; + q37,00
J=zy
+p(cos k, — cos ky) 1,00 (3.39)

Here Cy = 1pe '17:, T = —igo, K, Sy = 7,37 The Hamiltonian satisfies H(C,Tk)
= C,TH(k)(C,T)~*. The p term breaks C; and T' symmetry but preserves S; and
C4T. If p vanishes then the system becomes a 3D TI. The ¢ and g3 terms break Sy
symmetry. When ¢, = ¢3 = 0, S; symmetry is recovered and the model reduces to
the one shown in Ref. [48]. In this case the Kramers pair in the valence bands at I'
has S eigenvalue —1 and all other Sy invariant points have S eigenvalue +1. Thus
by Eq. (3.38), we have P; = 1/2 and the system is a CSOTI. When small ¢ and
qs are turned on, the band gap does not close and the system should still remain a
CSOTI. Because the matrix of Cy does not depend on k, P{f[M (k)] is well-defined for
every momentum in the Brillouin zone. We calculate the zero of Pf[M (k)] as shown
in Fig.(3.3). The zeros form a loop penetrating 72, giving rise to a phase winding
of 27 in Pf[M (k)]. Therefore from Eq. (3.32), P; = 1/2. We also apply Eq. (3.31)
and (3.34) separately to calculate the index, and we get P3 = 1/2 as well. To verify
our prediction we diagonalize the system with open boundary condition along k, and

k,, and the spectra as a function of k, is shown in Fig.(3.3). Gapless hinge states are
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Figure 3.3:
& Left: schematic plot of the Brillouin zone. 7o is the colored rectangle

and Oy /9 is its boundary. The green line represents the momenta with
Pf[M (k)] = 0 for the Hamiltonian shown in Eq. (3.39). The line of zero
Pfaffian penetrates 745, resulting in a phase winding of 27 in Eq. (3.32),
which implies that P; = 1/2. Parameters used here are p = 0.5,¢; =
1,0 = 0.2,q5 = 0.3. Right: spectra of H as a function of k, with open
boundary condition along k, and k, with the same parameters. The
existence of gapless hinge states suggests nontrivial topology.
found, which confirms that the system is a CSOTI with Py = 1/2.

We have generalized the Pfaffian formalism to higher-order topological insulators
protected by CyT" symmetry as shown in Eq. (3.18) and its variations in Eqgs. (3.31),
(3.32) and (3.34). If the system also preserves a S, symmetry, P; can be obtained
directly from Sy eigenvalues at high symmetry momenta as in Eq.(3.38). Without
Sy, we find that the topological index P; can be calculated by examining a single 2D

surface 7/, as shown in Fig.(3.3) without the need of a smooth gauge, which greatly

simplifies the calculation.
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CHAPTER IV

Gapless Topological Phases: Topological

Semimetals

Topological phases can also be defined for gapless systems. Contrary to gapped
systems, in gapless systems there is no clear distinction between occupied and unoc-
cupied bands because of the band crossing, and the concept of topology is different
from the one introduced in Section 1.3, i.e., the notion of topology in gapless systems
is not to classify different phases whose occupied bands cannot be adiabatic deformed
to each other, and instead it classifies different types of robust band crossing that are
topologically protected.

The crossing of two bands can usually be lifted by the hybridization between them,
then the band crossing is avoided. As shown in Fig.(4.1), if two bands E; (k) and Es(k)

cross each other, when there is a finite mixing term b, the energy of the hybridized

2 2

bands become Ey (k) = ZktE0) 4 \/<M>2 + [0|2, then E, (k) # E_(k) as
long as b # 0, i.e., the band crossing is lifted. Therefore, the existence of robust band
crossing needs a reason that protects it. The region of band crossing in momentum
space can be isolated points such as Weyl or Dirac points [81, 82, 83, 84, 85, 86], or
they can form one-dimensional closed loops which are called nodal lines [73, 87, 88, 89].
The notion of topology for gapless systems distinguishes different types of robust band

crossing.
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Figure 4.1:

For example, Weyl semimetals in 3D have band crossing at isolated Weyl points
in the bulk Brillouin zone. Near the Weyl point, the Hamiltonian for the two crossing
bands can be approximated by H(k) ~ kyo, + kyo, + k.0, with energy E(k) =

k% + k2 + k2. Then it can be seen that this band crossing cannot be gapped
by small perturbation, because a perturbation such as bo, only shifts the position
of Weyl point from origin to (—b,0,0) but it cannot gap out the crossing. The
robustness of Weyl points can be understood from topology. If we draw a sphere S
in the momentum space enclosing the Weyl point, then on the sphere the bands are
gapped and the Chern number can be defined on this sphere for the bands below
the gap. For Weyl points this Chern number is nonzero, which is called the chirality
of the Weyl point. Because Chern number is quantized to integers and can only be
changed when gap closes, a nonzero Chern number on this sphere implies there is
a gap closing point enclosed by the sphere, otherwise we can always continuously
deform the sphere to make its Chern number vanish. Therefore, the existence of
Weyl points is protected by topology, and the topological index is the chirality. A
Weyl point can be gapped out only when it meets another Weyl point with opposite
chirality.

Band crossing can also be protected by symmetry. If the crossing points are at

symmetry-invariant momentum and the symmetry enforces the hybridization term
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Figure 4.2: i ) . )
(a): A nodal line protected by the mirror symmetry in the mirror-

invariant plane. (b,c): The nodal line can disappear after shrinking to a

point.
to vanish, then the band crossing becomes robust. This scenario occurs for mirror-
protected nodal lines [90, 91]. As shown in Fig.(4.2)(a), inside a mirror-invariant
plane in the Brillouin zone the bands can be labeled by their eigenvalues of mirror
symmetry. If two bands F(k) and Fs(k) with different mirror eigenvalues cross
each other, then due to mirror symmetry the mixing term has to vanish and the
band crossing remains, resulting in a mirror-protected nodal line. This nodal line
is robust to small perturbations that preserve the mirror symmetry, but it can be
gapped out after it shrinks to a point when the symmetry is still preserved, as shown
in Fig.(4.2)(b,c).

There exists more robust nodal lines that cannot be gapped out even after it
shrinks to a point. These nodal lines have nontrivial monopole charge [87], and
they exist in systems with space-inversion I and time-reversal symmetry 7" and has
negligible spin-orbit coupling (7? = +1). This can be demonstrated in a four-band

Hamiltonian obtained near the nodal line:

H(k) = KTy + ks + k.T5+0bV

= keTyoy + kyTy0p + k.T.00 + 0720, (4.1)

Here o, 7 represent Pauli matrices. Note the anti-commutation relation {I';,T';} =
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265, 1,7 € {1,2,3} and the V matrix does not anti-commute with some other terms.
This system has the product of time-reversal and space-inversion as a symmetry

IT = 7,0,K such that ITH(k)(IT)™' = H(k). The dispersion relation is given by:

E(k) = :I:\/k:g +((fr2+ a2 ib>2 (4.2)

For each momentum, we label the bands by E; ~ E; with increasing energy. If we

investigate the momenta at which the two middle bands cross (Fy = E3), it requires

E(k) =0 in Eq.(4.2), leading to
k. =0and k2 4k} = b (4.3)

This is the equation for the nodal line formed by band 2 and 3, which is a circle of
radius b inside the xy plane in the momentum space. When we continuously deform
the Hamiltonian so that b becomes small, the nodal line will gradually shrink to a
nodal point. However, after b becomes zero and then changes sign, the nodal line
does not disappear because b and —b lead to the same nodal line configuration. This
is am example where the nodal line cannot be destroyed by shrinking to a point.
Note that the IT symmetry plays an crucial role here, because an additional term
like b't o, can appear in the Hamiltonian without /7" symmetry. This term anti-
commutes with I';.3 and it can gap out the nodal line. This type of nodal line is
protected by a topological index called monopole charge, which is a Z5 index defined
only in the presence of I'T" symmetry. When the monopole charge is nontrivial, the
nodal line cannot be destroyed by shrinking to a point, and it can disappear only
after it annihilates with another nodal line with nontrivial monopole charge.

There is also a nodal line formed by band 1 and 2, which is a vertical nodal line
given by k, = k, = 0, and similarly for band 3 and 4. Note that this vertical nodal

line is linked with the circular nodal line formed by middle bands 2 and 3. This is
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the linking structure pointed out in Ref [73]. A nodal line with nontrivial monopole
charge is linked with nodal lines that come from the other band gaps. This linking

structure requires the minimal model for this type of nodal line to have four bands.

4.1 Generic diagnosis scheme for nodal lines with nontrivial

monopole charge

In our work [92], we systematically studied the conditions in which these nodal
lines with nontrivial monopole charge will appear. In particular, for a system with
space-inversion, time-reversal and rotational symmetry, our method can determine the
number and configuration of these nodal lines in the Brillouin zone via the symmetry
representations of the energy bands at high symmetry momenta. This approach does
not require the high symmetry lines in the Brillouin zone to be gapped, which goes
beyond Ref [93]. We also find novel cage-like nodal structures around high-symmetry
line as well as the emergence of nodal lines with new types of monopole charge beyond
the Z, classification in Ref [87].

The creation and annihilation of nodal lines with nontrivial monopole charge in-
volve at least four bands due to the linking structure of nodal lines [73]. Therefore,
we use a four-band tight binding model to study all the new types of nodal structures
and their transitions. In a four-band model, having two conduction and two valence
bands, respectively, we first show that the Hamiltonian can be simplified into one of
the two special limits H; or Hs in a smooth process without introducing new band
crossings between conduction and valence bands. The relatively simple form, and the
doubly degenerate spectrum of H; o make easy the calculation of the band crossing
positions and wave functions. The band inversion is then studied in the simplified
Hamiltonian, where all topological nodes are necessarily point nodes. Defining the

so called “parity Chern number” for the Fermi surface, we are able to classify the
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types, configurations and parity Chern numbers of the nodal points for each type
of band inversion. In fact, generalizing a discussion in Ref. [27], we can obtain the
quantitative relations between the rotation and inversion eigenvalues of the inverted
bands and the parity Chern number of the nodal point.

After the non-simplifying terms are added, H becomes non-degenerate, and the
nodal points expand naturally into nodal lines. It can be expected that some quantum
numbers of the nodal line, such as the parity Chern number, will be inherited from
the former. To be more specific, a nodal point with parity Chern number 2 after non-
simplifying terms evolves into either two nodal loops with unity monopole charge
each, or into an interesting nodal cage with monopole charge 2, depending on the
specific type of band inversion. A higher-than-unity monopole charge will be defined
in due course, under the assumption that near the Fermi energy the orbitals have
the same twofold rotation eigenvalue. This made charge-2 nodal lines one of the
fragile topological band crossings [94, 95], in analogy to the recently studied fragile
topological gapped states.

Therefore, we complete the theory on band inversion induced topological nodal
lines in the presence of inversion, time-reversal and spin rotation symmetries. We work
with the assumption that the nodal lines are formed by small band inversion, i.e., the
inverted gap is small compared with other energy scales. Under the assumption,
the nodal structures form near the point of band inversion, and we propose that the
parity and rotation eigenvalues of the inverted bands determine many aspects of the

resultant nodal loops: their types, positions and monopole charges [92].

4.2 Adiabatic Hamiltonian reduction for four-band systems

In this section, we show that the Hamiltonian of an arbitrary four-band system can
be adiabatically deformed into one of the two special cases without introducing new

band crossings between the two valance and two conduction bands. The existence of
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this adiabatic path allow us to reduce any Hamiltonian into (one of) these two special
cases, where topological analysis is greatly simplified and topological indices mostly

are fully dictated by band inversions at high symmetry points.

4.2.1 I matrices and the basis for 4-band Hamiltonians

In general, a 4 x 4 Hermitian matrices spans a 16-dimensional linear space, and
the following 16 matrices can be used as the basis of this linear space: (1) the identity
matrix [, (2) four I-matrices I'; with ¢ = 1, 2, 3, and 4, (3) six X-matrices 3, ; =
i[l,T;]/2 and (4) four matrices iI';T'yI; where i = /=1 and j # k # [ and (5)
I's =I'1 53y, An example of these matrices can be found in Appendix C.1. These
16 matrices all come from the four I' matrices and their products. The I' matrices
satisfy the Clifford algebra of a four-dimensional Euclidean space {T'y,T»} = 204
and the Y matrices satisfy the so(4) Lee algebra and form a representation for the
generators of the SO(4) rotational group.

For systems with time-reversal and space-inversion symmetry (72 = +1), the
Hamiltonian can be made real when proper basis are utilized. For a 4 x 4 real-
symmetric matrix, one can use the following 10 matrices as its basis (1) the identity
matrix I, (2) T'y, Ty, T's, (3) Y14, Yoy and Xgy, (4) iT 00Ty, iTe3Ty, i3y, With
this basis, any Hamiltonian of a four-band system with time-reversal and space-

inversion symmetry can be written as the linear combination of these 10 matrices

H = aFl + b1F2 + bgrg + 61214 + CQiF2F3F4 —+ ... (44)

In this basis, the product of the time-reversal and space-inversion symmetry is simply
TI = K, where K implies complex conjugate. For reasons that will be discussed be-
low, here we choose to showed the explicit form for 5 of the 10 terms. The coefficients

here (a, by, by, c1, co and 5 additional terms that we didn’t explicitly show here) are
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real functions of momentum k. In general, this is a complicated Hamiltonian, which
requires 10 independent functions of k to characterize. Although the eigenvalues and
eigenfunctions of this Hamiltonian could be computed in principle, they involve so-
lutions of a quartic eigen-equation, whose analytic formula is extremely complicated
in general.

As shown in the Appendix C.2, for an arbitrary four-band Hamiltonian with time-
reversal and space-inversion symmetry, we can adiabatically deform the Hamiltonian

into one of the following two structures

H1 = &Fl + blrg + bQFg, (45)

and

H2 = aFl + 61214 + CQiF2F3F4. (46)

This adiabatic procedure will not induce any new level crossing between the two con-
duction and two valence bands. As a result, the topological structure and topological
indices (e.g. the monopole charge of nodal lines [87]) remain invariant. The existence
of such an adiabatic deformation provides us an easy pathway to classify possible
topological states here. Instead of trying to classify all arbitrary Hamiltonians as
shown in Eq. (4.4), we reduce the problem into classifying the topological structures
for the two reduced Hamiltonians H; and Hj [Egs. (4.5) and (4.6)].

In addition, it is worthwhile to point out that the reduced Hamiltonian H; and
H, greatly simplifies the topological index calculation because of two reasons. First,
in constrast to a generic Hamiltonian, these two reduced Hamiltonians can be easily
diagonalized and the eigen-wavefunctions take a simple analytic form, making topo-
logical information easy to access. Secondly, these two Hamiltonians have an extra Z,

symmetry, and as will be shown below, this Zs symmetry provides a direct connection
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between topological indices and high-symmetry-point band inversions, which greatly
simplifies the topological index calculation.

As one can easily check, H; and H, share a lot of identical properties. For both of
them, the two conduction (valence) bands are degenerate, and the eigen-energy share

the same functional form.
€1 = +1/a? + 0% + b2 (4.7)

for H; and
€g = +1/a?+ 3+ 3 (4.8)

for Hy. These similarities between H; and H, are not accidental. Instead, it is
the direct consequence of a duality relation, which will be discussed in the following

section.

4.2.2 Duality relation

There is a duality relation between H; and H,, which implies that these two
Hamiltonians must share identical algebraic properties.

As mentioned above, the I' matrices form a representation of the Clifford algebra.
On the other hand, the exact form of [' matrices is not unique. For example, we can

choose to use another set of I' matrices:

I =I (4.9)
[y =Yy (4.10)
[y =il (4.11)
y= -, (4.12)
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This new set of I' matrices also follow the same Clifford algebra, and thus are fully
equivalent to the original ones that we used above from the algebraic point of the
view.

In other words, the I' matrices and the I’ matrices provide two representations
of the Clifford algebra, mathematically equivalent to each other. More interestingly,
these two representations are the dual of each other I:’Z =TI}, i.e. the same transfor-
mation from I' to T' [Egs. (4.9)-(4.12)] also maps I" back to I'. To observe this duality
relation, we first use these new I matrices and their products to define another set
of 16 matrices as the basis for 4 x 4 Hermitian matrices, and it is easy to verify that

this new set of matrices satisfies the dual relation of Eqgs. (4.9)-(4.12).

r,=I (4.13)
[y =Yy (4.14)
[y = il[,T3Ty (4.15)
Ly=—%0 (4.16)

and thus I'; = ;. Furthermore, this duality relation also applies to H; and Hs, i.e.

H, and H, swaps as we swap ['; with f‘i.
H1 = CLFl -+ bng -+ b2F3 = lel -+ b1214 + bgif2f3f4, (417)
and

H2 = afl + leg + Cgfg = CLFl -+ 01214 + CQiF2P3F4, (418)
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In summary, the duality relation can be represented as

I oI, (4.19)
Ty < Sy (4.20)
Ty o iTslyly (4.21)
[y Y (4.22)
H, < H, (4.23)
P& P, (4.24)

where P (P,) is a Z; operator that will be defined in the next section. Because I'
and T matrices satisfy the same algebra, this duality relation implies that H; and Hy

must have the same algebraic properties.

4.2.3 7, symmetry and the parity Chern number

H, and H, also share another important common feature. Both these two Hamil-

tonians preserve a Z, symmetry. We can define two Z, parity operators

P, =Ll (4.25)
and

Py =il [l (4.26)
It is easy to verify that

P}=P; =1 (4.27)
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and

[Hy, ] = [Ha, Po] = 0 (4.28)

Thus, H; (Hs) preserves the Z; symmetry defined by P; (P»). Notice that P, and P,
are also dual to each other.

In addition, it must be emphasized that these parity operates anti-commute with

T1.

(P, TI} ={P,,TI} =0 (4.29)

This anti-commutation relation implies two things. First of all, it requires that for
H, or Hy, the two valence (conduction) bands must be degenerate. This is because
no 1D representation can give such an anti-commutation relation, and thus 2-fold
degeneracy has to be required, in analogy to Kramers doublets from the 7?2 = —1
time-reversal symmetry. Secondly, due to the same anti-commutation relation, the
two degenerate quantum states here (in either the valence or the conduction bands)
must have opposite parity. Here, the parity refers to the +1/-1 eigenvalue of P; or
Ps.

This degeneracy /parity property is very important because it allows us to define
a topological index, which will be called the parity Chern number. Among the two
degenerate valence bands, the parity of this Z, symmetry allows us to select one band
with +1 (or -1) parity eigenvalue. For any 2D closed manifold in the 3D k-space (e.g.
the k, = 0 plane), we can then compute the Chern number of this band that we
selected: C* for the band with parity +1 and C~ for the other band with parity
—1. This parity Chern number is an integer topological index, in analogy to the spin
Chern number or mirror Chern number in quantum spin Hall systems or systems with

mirror symmetry. The time-reversal and space-inversion symmetries here imply that
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the total Chern number must vanish, and thus C* = —C".

For H, and Hs, this parity Chern number has a clear and specific physical mean-
ing. If this topological index is nonzero for any closed and contractible k-space 2D
manifold, then it implies that this manifold has a nontrivial topological structure
and thus cannot be adiabatically shrink into a point. In other words, some gapless
nodal points shall arise in the 3D space enclosed by this manifold, which prevent this
manifold from adiabatically shrinking into a point. Generically, these nodal points
are Dirac points with four-fold degeneracy (i.e. the two conduction and two valence
band all becomes degenerate at this Dirac point), and each Dirac point carries a
parity Chern number £1. Thus, the parity Chern number of a 2D manifold here
measures directly the number of Dirac points enclosed by this manifold. As will be
shown below, when certain rotational symmetry is enforced, more complicated band
crossing points, e.g. quadratic or cubic band crossing points in analogy to their 2D
counterparts [96], can also emerge. In general, one quadratic (cubic) band crossing
point carries a parity Chern number £2 (+£3).

As we deviate away from H; and Hs (but preserve the time-reversal and space-
inversion symmetry), the Z, symmetry defined by P, or P, is explicitly broken, but
these Dirac points cannot be gapped out. Instead, they develop into topological nodal
lines. In particular, these topological nodal lines are not conventional ones. Instead,
each of them carries a nontrivial monopole charge. This is because C* mod 2 coin-
cides with another topological index, the Z; monopole charge introduced in Ref.[87].
As we deviate the Hamiltonian from H; and Hj, the Z; symmetry will in general
be explicitly broken and thus the parity Chern number is no long well defined, but
the parity of the parity Chern number (i.e. the monopole charge) remains as a good
topological index. For any adiabatic deformation of the Hamiltonian, this index re-
mains invariant and thus a Dirac point for H; and H, with Ct = &1 shall evolve

into a topological nodal line with monopole charge 1.
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In general, as shown in Ref.[87], a monopole charge is a Z, index with value being
either 0 or 1. However, as will be shown below, if additional symmetry is enforced,
monopole charge may take higher values beyond 1. The physical meaning of a higher
monopole charge is two fold. (1) In certain cases, it is associated with the number
of topological nodal lines. As we mentioned early on, for H; and H,, the value of
parity Chern number provides the number of Dirac points. In the presence of certain
rotational symmetry, we may have multiple Dirac points (associated with each other
via some symmetry transformation), and thus a large-than-one parity Chern number.
As we deviate from H; or Hs, each of the Dirac points will develops into a topological
nodal line, and thus the parity Chern number provides us direct information about
the number of topological nodal lines that we should expect in the Brillouin zone.
(2) In certain other cases, as will be shown below, a higher index doesn’t produce
multiple nodal lines. Instead, we found one single topological nodal line carrying high
topological index (monopole charge 2) in systems with four-fold or six-fold rotational
symmetries. These nodal lines must be around a high symmetry axis and preserve the
corresponding rotational symmetry, and their high index can be justified by defining
a Zs monopole charge in a fraction of a closed 2D manifold embedded in the 3D
Brillouin zone.

Another key property of these parity Chern number lies in the fact that it can
be directly associated with band inversions at high symmetry points, through a tech-
nique derived in Ref.[27]. Thus, our topological index offers a bridge way to connect
band inversions at high symmetry points with the topological nature of nodal lines.
With this bridge, in most cases, information about high symmetry points can fully
dictate topological nodal lines, especially those with nontrivial monopole charge. This
result is one key observation of this manuscript, and it allows us to classify and lo-
cate topological nodal lines (with nontrivial monopole charge) purely based on local

information of the band structure.
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4.2.4 Theoretical approach

Below, we will utilize the techniques discussed above to analyze and classify topo-
logical nodal lines in 3D systems with time-reversal and space-inversion symmetries.
We will consider systems with different rotational symmetries and various types of
band inversions. As mentioned above, here, we first focus on four-band models with
two conduction/valence bands, but the topological indices discussed here is well de-
fined in generic systems with arbitrary number of bands and thus all the topological
properties remain invariant, when extra bands are introduced. In addition, for sim-
plicity, we will focus on the case where band inversions only occur at the I' point
(k = 0), but the same discussion and principle can be generalized to deal with band
inversions at other high symmetry points.

We will classify the band inversion based on symmetry and the point group rep-
resentation of each band. For each allowed band inversion type, we will compute the
parity Chern number (defined above) for H; and H, over the k, = 0 plane and the
k., = 7 planes. Because we have shown above that any four-band Hamiltonian can be
adiabatically deformed into either H; and Hs, although we only examine H; and H,
in this effort, our conclusions generically apply to any generic Hamiltonians. With

this parity Chern numbers, we can then define a topological index

Q=Cf_. —Cf_, (4.30)

This index measures the difference between the parity Chern number in the k£, = 0 and
k. = 7 planes. For H; and Hs, this index will be labeled as )1 and () respectively.

As mentioned in the previous section, for the Hamiltonian H; or Hs, this index @)
measures the number of Dirac points located between the k, = 0 and k., = 7 planes,
i.e. the upper half of the 3D Brillouin zone (0 < k, < 7). It is easy to verify that the

lower half of the Brillouin zone (—7 < k, < 0) has the same number of Dirac points
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due to the space-inversion symmetry. For a generic Hamiltonian (away from H; or
H,), each Dirac points will evolve into a topological nodal line (with a nontrivial
monopole charge), and thus this index () measures the number of topological nodal
loops (with nontrivial monopole charge) in the upper half of the Brillouin zone. This
is how we determine the topological structure and classify topological states in these
systems. In particular, for the simplest case (without any other symmetries), () mod 2
is just the monopole charge of the upper half Brillouin zone.

To compute this topological index @), we apply the method developed in Ref.[27]
for the k, = 0 and k, = 7 planes respectively. This technique allows us to determine @)
purely using information about high-symmetry-point band inversions, up to modular
2n for a system with 2n-fold rotational symmetry or 4n + 2 for system with (2n + 1)-
fold rotational symmetry. These values are fully dictated by what happened at high
symmetry points, while microscopic details away from high symmetry points become
irrelevant.

As will be shown below, in certain cases, the k, = 0 or k, = 7 planes are not
fully gapped, e.g. mirror symmetry-protected nodal lines may arise if k&, = 0 or 7
is a mirror plane. For these cases, we will choose a 2D plane in the Brillouin zone
slightly deformed from k, = 0 or 7, as demonstrated in Fig.(4.3). This deformed plane
respects the same rotation symmetry (for rotations along the z axis), and it contains
all the four high symmetry points of the k, = 0 or 7 plane, i.e. k, and k, being 0 or 7.
This deformed k-space 2D plane will avoid the gapless points or nodal lines, such that
we can define and compute the parity Chern number mentioned above. Because we
preserved the high symmetry points and the rotational symmetry, the parity Chern
number can still be dictated by high-symmetry-point band inversions same as before.

We should also emphasize that here we only focus on generic topological properties
that are robust against fine tuning or perturbations, as long as the symmetry and the

gap remain. Thus, in general, it is possible that additional nodal lines or nodal points
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Figure 4.3:

A deformed k, = 0 plane for the calculation of topological indices. If the
k. = 0 plane is not fully gapped, we can choose a slightly deformed plane
to calculate the topological index. Here we demonstrate one example
by considering a system with four-fold rotational symmetry around the
z axis. With inversion symmetry and four-fold rotational along z, the
k, = 0 plane is a mirror plane (k, — —k,), and thus it may contain
mirror-symmetry-protected topological nodal lines. To find a fully gapped
2D manifold in the k-space to define the topological index (e.g. C* or
the monopole charge), we can deform a bit from the k, = 0 plane as
shown in the figure. The deformed 2D manifold still contains all the
four high symmetry points of the original k£, = 0 plane (', X and M),
and it still preserves the four-fold rotational symmetry along z. This 2D
manifold allows us to avoid nodal lines or nodal points in the k, = 0
plane and thus topological indices can be defined and computed using
high symmetry points.
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may arise, e.g. accidental degeneracy, but those features in general can be gapped

out via adiabatic perturbations and would not be considered in our study.

4.2.5 Comparison with lattice models

In addition to theoretically analyzing topological indices using reduced Hamilto-
nian H; and H,, in Appendix C.4 we also constructed lattice models with generic
Hamiltonians beyond H; and H,. These lattice models are constructed based on
symmetry without further constraints. For each specific lattice, we introduce orbits
with different symmetry to each Bravais lattice site, and systematically included all
symmetry-allowed short-range hopping terms in our model Hamiltonian Details about
the symmetry-based construction can be found in Ref.[97]. In these lattice models,
we randomly assign values to the control parameters (e.g., the hopping strength)
and compute the band structure by numerical diagonalizing the Hamiltonian in the
k-space. Then we compared nodal lines and other topological features that are ob-
served in these models with our generic theoretical classifications (using H; and H).
The generic classification and model calculations agree with each other in all the cases

that we have examined.

4.3 Band inversions in the presence of time-reversal symme-
try

In this section, we demonstrate the generic techniques discussed above by focusing

on systems with one pair of bands inverted at the I'" point, and no band inversion

takes place at any other high symmetry points. We will first provide a summary of

result, while details are being provided afterwards.
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Figure 4.4:

Band inversions and topological nodal lines in systems with various sym-
metries. Blue (yellow) nodal lines represent nodal lines in the upper
(lower) half of the Brillouin zone with 0 < k, < 7 (—7 < k, < 0). All
these nodal lines carry nontrivial monopole charge and thus they cannot
be gapped out by shrinking into a point. Green nodal lines are protected
by the mirror symmetry and is located in the k, = 0 plane. Gray nodal
lines cannot be detached from the k, = 0 mirror plane, but they are not
mirror-symmetry-protected nodal lines. Instead, these gray nodal lines
also carry nontrivial monopole charge and thus cannot be gapped out by
shrinking into a point.
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4.3.1 Summary of results

As mentioned early on, we consider systems with time-reversal and space-inversion
symmetry, and ignore spin-orbital effects (72 = +1). In addition, we assume that the
system preserves the n-fold rotational symmetry along the z axis withn = 1,2, 3,4, 6.
We focus on systems with a double band inversion at the I' point, which can be clas-
sified and labeled according to the symmetry representations of the bands as sum-
marized in the table shown in Fig.(4.4). Here we distinguish two different scenarios
depending on whether the inverted bands at I' belongs to type-a or type-b represen-
tations, and 6 different families of band inversions are examined here as shown in
the table. Here, we follow the same notation utilized in the study of point or space
groups [98], where type-a and type-b represent two different types of response under
time-reversal (See below for their definitions and other details).

For band inversions between type-a bands, it turns out that high-symmetry-point
band inversions fully dictate the topological index and the configuration of the topo-
logical nodal lines, while for type-b bands, for each specific band inversion, two quan-
tum phases with distinct topological structure and nodal line configurations are always
allowed. These two phases are separated by a topological transition, signatured by a
gap closing in (or near) the k, = 0 plane.

In particular, we would like to highlight band inversion family 4, 5 and 6 shown in
Fig.(4.4). For family 4, we found a special type of nodal lines (blue and yellow lines)
which are oriented along a high symmetry axis. Each of these nodal lines carries a
monopole charge of 1. Remarkably, for systems with a four-fold or six-fold rotational
symmetry, these nodal lines have to tangle together to form a cage like structure,
due to a combined constraint from topology and symmetry. Because these nodal
lines are connected, the monopole charge of each line becomes ill defined. Instead,
the correct topological index here is the monopole charge of a cage structure, which

carries a monopole charge 2 and 3, if the rotational symmetry is four- and six-fold
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respectively. In addition, this family may also show nodal lines near the k, = 0 plane
(gray lines). These nodal lines may orient parallel or perpendicular to the k, = 0
plane and they cannot be detached from the k£, = 0 plane due to the mirror symmetry
(k, — —k,). Although pinned by the mirror symmetry, these nodal lines are not the
conventional mirror-symmetry protected nodal lines. Instead, each of them carries a
nontrivial monopole charge 1.

In family 5 and 6, for systems with a four- or six-fold rotational symmetry, we
observe another new type of nodal lines (blue and yellow). Each of these nodal
lines carries a monopole charge 2, in direct contrast to nodal lines without rotational
symmetry, whose the monopole charge is a Z; index and thus can only be 0 or 1.
These monopole-charge-2 nodal lines must be oriented around a high symmetry axis
(the k,-axis). As will be shown below, the rotational symmetry enables us to define
the monopole charge on half of a 2D closed manifold in these cases, and the rotational
symmetry requires both of the half manifolds share the same monopole charge. As
a result, for each half manifold, the monopole charge is still a Z5 topological index
(0 or 1), but for the whole manifold, the monopole charge shall take the value 0 or
2 after adding up the contribution from both half pieces. For a monopole charge
1 nodal line, we know that it can be adiabatically shrunk in to a Dirac point with
linear dispersion. For these monopole charge 2 nodal lines, they will shrink into
quadratic (or even cubic) band crossing points with quadratic dispersion in directions

perpendicular to the rotational axis and linear along k..

4.3.2 Three types of time-reversal symmetry in lattice systems

For a homogenous system with SO(3) rotational symmetry, time-reversal sym-
metry can be classified into two categories, depending on whether we have integer
or half-integer spins. In a lattice systems, however, this classification becomes more

complicated due to the interplay between space and time symmetry. Instead of two
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categories, three categories becomes needed, dubbed type-a, b and ¢ [98].

A type-a representation of a point group is also known as a real representation.
Under time-reversal, a type-a representation is mapped back to itself. Type-b repre-
sentations are also known as complex representations. Under time-reversal, a type-b
representation will turn into another representation, different from the original one.
For example, in a system with three-fold rotational symmetry (point group Cj), this
group has three presentations doubled I';, I's and I's. Under a Cj5 rotation, states

belongs to the I'y representation remains unchanged, while states in I's or I's repre-

2 /3i —27/3i

sentation pick up a complex phase e or e respectively. Here, I'y is a type-a
representation, who is its own time-reversal partner, while I'y and I's are type-b rep-
resentations and they are the time-reversal partner of each other. This can be easily

checked by realizing that due to its anti-Hermitian nature, time-reversal flips the

2 /3i —27/3i

complex phase factors e and e , which is why I's and I's are connected by
a time-reversal transformation. Type-c representations are similar to type-a in the
sense that the representation is its own time-reversal partner. However, in contrast to
type-a, type-c representations cannot be made real due to the half-integer spin quan-
tum number. In this paper, we will only consider type-a and type-b representations,
because type-c representations are prohibited in systems without spin-orbit couplings
(T% = +1) [98].

In comparison to a homogeneous system with SO(3) rotational symmetry, type-a
and type-c corresponds to integer and half-integer spins respectively. In contrast,
type-b is the most special one among the three, and it has no correspondence in
the SO(3) rotational group. Remarkably, we found that band inversions between
between type-a bands and band inversions between type-b bands result in totally

different topological structures and topological classifications, which is one of the key

results of this manuscript as summarized in the Table in Fig.(4.4).
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(a) Schematic band structure demonstrating a pair of band inversion at
I'. The inset shows the Brillouin zone of a system with C; symmetry.
Here, the eight high symmetry points are labeled as I', X, Y, L, Z, M,
N, R following the convention of a triclinic Bravais lattice. At I', the two
valence (conduction) bands have the — (+) parity under space-inversion,
which is opposite to all other high symmetry points where the valence
(conduction) bands have the + (—) parity. (b) Topological nodal lines
induced by this band inversion.

4.3.3 Point group C;

If the system has no other symmetry beyond space-inversion and time-reversal,
the crystal point group is C;. In this case the system does not have any rotational
symmetries. Without spin-orbit coupling, the group C; has two representations, I'f
and '] (even or odd under space-inversion respectively), and both these two repre-
sentations are type-a. For this case, all the eight high symmetry points share the
same point-group symmetry. With the assumptions presented above, only one type
of band inversion is possible here as shown in Fig.(4.5). At the I" point, the two va-
lence bands belong to the I'] representation and the two conduction bands have the
symmetry of I'f", while all other high symmetry points are opposite with the valence
(conduction) bands belonging to the I'f (I';) representation.

Here, we can look at the k, = 0 plane. For H;, we use the Z, symmetry P; to

define a parity Chern number. Because for the 2D k, = 0 plane, space-inversion
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is effectively equivalent to a 7 rotation along the z-axis, this k&, = 0 plane can be
considered as a 2D system with 2-fold rotational symmetry along z. As shown in
Ref.[27], with 2-fold rotational symmetry, we can compute a Chern number up to
mod 2 using high symmetry points rotational eigenvalues (i.e. +1/ — 1 parity of the
valance bands for our system here). Here, because the rotational operator commute
with the Z5 symmetry, we can apply the same technique for the parity Chern number
and find that C’,jz _o mod 2 = 1. The same analysis for the k, = 7 plane produces
C,jz _. mod 2 = 0. Thus, @; mod 2 = 1, where () is the topological index defined
above in Eq. (4.30) and the subindex 1 here implies that it is for H;. For Hy, we can
perform the same analysis and we find that () = Q)2 = 1 up to mod 2.

Because any Hamiltonian is adiabatically connected with either H; or Hs, the fact
Q1 = @2 = 1 implies that this band inversion always produces the same topological
structure, with Z5 monopole charge 1. For H; and H,, as mentioned above, the
topological index implies that one Dirac point is located in the upper half of the
Brillouin zone (0 < k, < 7), and one in the lower half (—7 < k, < 0). For a generic
Hamiltonian deviated from H; or H,, each Dirac point evolves into a topological
nodal line with a nontrivial Z; monopole charge, and thus we expected one nodal line
located in the upper half of the Brillouin zone and one in the lower half. Both these
two nodal lines carry nontrivial monopole charge, and thus they cannot be gapped
out by shrinking a nodal loop into a point [87].

As shown in Fig.(4.5), we setup a four-band lattice model on a triclinic lattice
with four orbits (two with + and two with — parity under space-inversion) at each
Bravais lattice site. With this band inversion, the band structure indeed shows nodal
lines and monopole charge as predicted above. Details about the model can be found
in the Appendix C.4.

It is worthwhile to mention that the index () here is determined up to mod 2,

and thus for H; and Hs the number of Dirac points is determined only up to mod 2.
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In principle, extra pairs of Dirac points may arises in the upper half of the Brillouin
zone (and the same number of pairs of Dirac points will arise in the lower half as
well due to the inversion symmetry). These extra pairs are allowed but not generic
or universal, because in general, a pair of Dirac points can annihilate with each other
and be gapped out via adiabatic deformations. Thus, because we have confined our
focus on generic and universal properties as stated in earlier sections, these extra
pairs of nodal lines will not be consider, neither will we try to obtain the value of Q)

beyond mod 2 in this symmetry class.

4.3.4 Systems with n-fold rotational symmetries

If the system preserves a n-fold rotational symmetry along z (n > 1), in addition
to space-inversion and time-reversal symmetries, more complicated band inversions
become allowed. Here, again we focus on cases with one pair of bands inverted at
the I" point. And as highlighted in the Introduction, we consider small inversion at
I', where the inverted gap is small compared with other energy scales in the system.
The results is shown in Fig.(4.4), where we showed a table summarizing 6 families
of possible band inversions. It is worthwhile to emphasize that here we didn’t try to
exhaust all possible types of band inversions, but the same technique can be easily
generalized.

One remarkable observation here lies in the fact that if the inverted bands have
type-a time-reversal symmetry, the band inversion fully dictates the value of the topo-
logical index. However, if the inverted bands all have type-b time-reversal symmetry,
then the topological indices may take two different values, i.e. the band inversion
doesn’t fully dictate the topological index. In these systems, as we tune the values of
control parameters, a topological phase transition will be triggered, at which some of
the nodal lines annihilate and reconfigure with each other.

Same as before, the band inversion is characterized by the symmetry properties

93



of the inverted bands, and labeled by the symmetry representations of each band at
high symmetry points. Here, we follow the group theory notation used in Ref.[98]. In
general, for systems with the space-inversion symmetry, a representation of a point
group is labeled as I' with two indices I'S. The subindex n is the an integer. Rep-
resentations with different subindex n show different response to space rotations and

mirror reflections, etc. The superscript + or — labels the parity under space-inversion

(£1).

4.3.5 Band inversion between type-a bands

In this section, we examine band inversion between bands with type-a time reversal
symmetry.

Here, we start from family 1, where we have four orbits per unit cell, and their
symmetry representations all share the same subindex I',, but two of them have +
parity under space-inversion, while the other two are —. Because these four bands
have two distinct parity eigenvalues, we can distinguish them and thus define a pair
of band inversion at I'. As shown in the schematic band structure in Fig.(4.4), for
family 1, we assume that at the I'" point, the two bands with — parity has lower
energy, while at all other high symmetry points, it is the two + parity bands who
have lower energy. It is worthwhile to mention that in general, I' point preserves the
same point group symmetry as the crystal itself, and thus, the bands can be labeled
using the representation of the point group of the crystal. However, for other high
symmetry points, their point group (known as the little group at that momentum
point) is usually a subgroup of the point group of the crystal. As a results, we should
use the representation of the corresponding subgroup to label the bands at those
momentum points. For a small band inversion considered here, the representation for
bands away from the I' point can be deduced easily from the point-group compatibility

table [98]. We will not dive into the mathematical details here, but nevertheless, for
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any band inversion, the point group allows us to immediately determine the symmetry
representations at any high symmetry points. And thus, we can use the formula
developed in Ref.[27] to compute the topological index. For band inversions in family
1, it turns out that the index is always trivial, if the system has even-fold rotational
symmetry along z (Cy,). For odd-fold (Cy,1), the index is @ = 2n + 1 regardless
of microscopic details. This result implies that with even-fold rotational symmetry,
this band inversion will not leads to any nodal lines with nontrivial monopole charge.
Instead, it is quite straightforward to note that because even-fold rotation and space-
inversion imply that the k, = 0 plane is a mirror plane, this band inversion will
result in a mirror-symmetry-protected nodal line in the k£, = 0 plane. For systems
with odd-fold rotational symmetry (Cs,11), k., = 0 is not a mirror plane and thus
no mirror-symmetry-protected nodal line will emerge, but the nontrivial index @
implies that we shall see 2n 4+ 1 nodal lines in the upper half of the Brillouin zone
(0 < k, < +m), each of which carries a nontrivial monopole charge 1, and they are
related to each other by the Cy, .1 rotation along z. The inversion symmetry implies
that another set of 2n+ 1 nodal lines shall arise in the lower half of the Brillouin zone
-1 <k, <O.

In family 2 and 3, the bands involved in the band inversion has different rotational
symmetry (i.e. their representations have different subindex label n # m). In this
case, high symmetry point doesn’t provide direct information about the topological
index. This is because for this case, the Zy symmetry (P, or P,) dosen’t commute
with the rotational symmetry (C,). As a result, we cannot apply the method in
Ref.[27] to determine the parity Chern number using high-symmetry-point rotational
eigenvalues.

In family 4, we consider a different type of band inversion with n # m. It turns
out that this case only arises for systems with even-fold rotational symmetry (2, 4

or 6), where systems with C3; symmetry (three-fold) don’t have two different a-type
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representations and thus we cannot get n # m. The topological index @) for this case
is n, if the system preserves 2n-fold rotation symmetry along z. As mentioned above,
generically, () = n implies that for H; or H,, we will have n Dirac points in the upper
(or lower) half of the Brillouin zone. For a generic Hamiltonian (deviated from H;
or H,), each Dirac point evolves into a topological nodal line, and thus n nodal lines
should be expected for the upper (or lower) half of the Brillouin zone.

As will be shown below, this naive picture is indeed correct, but the 2n-fold
rotational symmetry here gives us an interesting twist. In fact, the topological index
() = n and the 2n-fold rotational symmetry together tells us that each topological
nodal line here must preserve the Cy symmetry (two-fold rotational along z), and
thus these nodal lines must organize themself into a cage-like structure as shown in
Fig.(4.4).

For Hy and H,, if a system has a 2n-fold rotational symmetry and we have a Dirac
point at momentum k, Dirac points shall also be found at momentum Cy,k, C3 k

2n—1

... 05, "k due to the rotational symmetry. Unless k is on certain high symmetry

lines (e.g. the k, axis with k, = k, = 0 ), these 2n momentum points are in general
different from each other and thus 2n Dirac points shall be expected in the upper
half of the Brillouin zone. However, the topological index dictates that only n Dirac
points can exists here, which is half of 2n. This implies immediately that our Dirac
points must be located on certain high symmetry lines, such that the following 2n
momentum points are not all distinct: k, Cy,k, C2 k ... C3"'k. Similarly, for the
nodal loops, due to the same reason, we should generically expect 2n of them in the
upper half of the Brillouin zone. However, the fact that () = n implies that we can
have only n nodal lines, and thus each of our nodal line must be invariant under
two-fold rotational along z (i.e. under such a rotation, a nodal is mapped back to

itself). These combined constraints from topology and symmetry require that the

nodal lines must form the cage like structure as shown in Fig.(4.4).
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This theory prediction is indeed what we observed in lattice models. In this
case, without utilizing any topological knowledge, the band inversion and the n-
fold rotational symmetry along the z-axis automatically implies that two gapless
nodal points must arise along the k, = k, = 0 axis. This is because the band
inversion cannot satisfy the symmetry compatibility relation of the point/space group
along the z axis [98]. In other words, along the k, axis (k, = k, = 0), bands from
representations I',, and I',, have different symmetry under z-axis rotation, and thus
hybridization between them is prohibited. As a result, this band inversion at I" must
lead to symmetry protected band crossings along this high symmetry axis. However,
it turns out that this symmetry-based conclusion is not the full story. Instead of two
individual nodal points, what really arise here are actually cage-like topological nodal
loops as shown in Fig.(4.4). The number of the loops is determined by the rotational
symmetry (n loops in the upper half Brillouin zone if we have 2n-fold rotational
symmetry). These nodal loops cross with the k, = k, = 0 axis at two points, which
are the two gapless points predicted by the symmetry arguments above. And it is
easy to verify that each of the topological nodal line here is invariant under a C,
rotation along z. As we deform the Hamiltonian towards H; or Hs, these cage-like
nodal lines all shrink into a point (on the k, axis). For system with 2-fold rotation,
this nodal point is a Dirac point, but if we have 4-fold or 6-fold rotational symmetry,
we will find a quadratic or cubic band crossing point instead. Here, for a quadratic
or cubic band crossing point, the dispersion is linear along k., but in the k, or k,
direction, the dispersion is quadratic or cubic. These higher-order band crossing
point is a 3D version of the 2D quadratic or cubic band crossing point. Similar to
their 2D counterparts, a 3D quadratic or cubic band crossing point require rotational
symmetries (4 or 6 fold) [96]. Otherwise they will split into 2 or 3 Dirac points. For
the topological index, a quadratic (cubic) band crossing point carries parity Chern

number 2 (3), which is twice (triple) the value of a Dirac point, which is also the
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reason why it develops into 2 or 3 topological nodal lines as we deviate from H; or
H,.

In addition, in family 4, some additional topological nodal lines can arise near the
k, = 0 plane (gray lines shown in the figure). These nodal lines preserve the mirror
symmetry (k, — —k.), but they are not the conventional mirror-symmetry-protected
nodal lines. As we can see from the figure, these nodal lines can extend out of the
(k. = 0) mirror plane, as long as it remains invariant under mirror reflection. Each

of these nodal lines carries a nontrivial monopole charge 1.

4.3.6 Band inversion between type-b bands

In family 5 and 6, we consider band inversions from type-b bands, which can occur
in systems with 3-, 4- or 6-fold rotational symmetry (i.e. point group Cs;, Cyn, Cep).
At high symmetry points, a band with type-b symmetry must be two-fold degenerate
(the band and its time-reversal partner). As a result, a band inversion of type-b
bands must invert two bands simultaneously.

For band inversions of type-b bands, it turns out that the nodal line structure in
this case is not fully dictated by band inversions at high symmetry points. For each
specific band inversion, there are always two possible quantum phases with different
topological structures. More precisely, we can show that the topological index (@)
defined above always takes different values for Hamiltonians H; and Hs (Q1 # Q).
Because we have proved above that any Hamiltonian is adiabatically connected to one
of these two Hamiltonians (H; and Hs), the fact that they have different topological
indices implies that for systems with band inversions involving type-b bands, there
are always two different quantum phases. Any quantum systems with Hamiltonian
adiabatically connected with H; belongs to one quantum phase, and all other systems
with Hamiltonian smoothly connected with Hy belongs to the other quantum phase.

These two quantum phases are separated by a quantum phase transition, at which
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the number of topological nodal lines will change.

In family 5, the valance bands at I" involves one pair of time-reversal partners with
symmetry representation I’ and I', (7T, — I';, and TT',, — T,;,). For the conduction
bands, the corresponding symmetry representation have the same subindices but the
parity (under space-inversion) is opposite I}, and I';l. At all other high symmetry
points, these two pairs of states are inverted as shown in the schematic figure. For
systems with three-fold rotational symmetry (Cs;), in the first phase (adiabatically
connected with H;), the parity Chern number is ¢); = 1 and thus we expect one
topological nodal line in the upper half of the Brillouin zone (and one in the lower
half) for a generic Hamiltonian in this phase. As we deform the Hamiltonian to Hj,
the nodal line shrink into a Dirac point located on the k, axis. In the second phase,
we have Q2 = 3 and thus are three topological nodal lines in the upper (lower) half
of the zone. As we deform this Hamiltonian into Hs, these nodal lines merge into
three Dirac points, which are not located around the k, axis, in contrast to H;. As
we try to cross the phase boundary (say from the first phase to the second one),
the two nodal lines in the first phase (one above and one below the k, = 0 plane)
moves towards each other and eventually they meet at the k, = 0 plane. After the
two nodal lines meet, they regroup and split into six new nodal lines (three above
and three below k, = 0). The phase transition involves a gap closing in the k, = 0
plane (which was fully gapped in both phases away from the phase boundary), which
enables the topological index to change its value, i.e. a topological phase transition.

In systems with four- or six-fold rotational symmetry (point group Cyj, or Cgp,),
the two quantum phases have )1 = 2 and (); = 0, and thus topological nodal lines
with nontrivial monopole charge (blue/yellow shown in the figure) arise in the first
quantum phase but not in the second. In both phases, there is a mirror-symmetry
protected nodal line (green) in the k, = 0 plane. At the topological phase transition,

the two nodal lines with nontrivial monopole charge meet and annihilate at the k, = 0
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plane.

It is worthwhile to emphasize that each of the topological nodal lines here carries
monopole charge 2, instead of 1. And thus, as this pair of nodal lines annihilate
at the topological phase transition, the topological index changes by 2 instead of 1.
This is in direct contrast with generic cases where the monopole charge can only be 0
or 1. Due to the four-fold (six-fold) rotational symmetry here, the topological index
(monopole charge) is doubled. Instead of 0 and 1, it takes the value 0 or 2. In contrast
to a generic nodal line with monopole charge 1, a monopole charge 2 nodal line can
only arise in systems with four- or six-fold rotational symmetry. Furthermore, such a
charge-2 topological nodal line must be located around a high symmetry axis (with
four- or six- fold rotational symmetry), and the nodal line itself is invariant under
four- or six- fold rotation, in direct contrast to a conventional charge-1 nodal line.
Furthermore, as we deform the Hamiltonian towards H;, this nodal line shrink into
a nodal point. This nodal point is a quadratic band crossing point similar to the one
mentioned above in family 4. This quadratic band crossing also indicates that the
topological index is 2 here, instead of 1.

In family 6, we consider two pairs of type-b bands with different rotational symme-
try (symmetry representation I' ) I' and T, ,, T, with m, n,m’, n’ being all distinct).
This case can only arise in systems with six-fold symmetry (Cgp,), because other ro-
tational groups don’t have two different pairs of type-b representations. In this case
there is always a nodal point along the z-axis for 0 < k., < 7 (and another one for
—7m < k, < 0), because all bands have different rotational symmetries along the k,
axis. This nodal point is a Dirac point and it carries monopole charge 1.

Again, we have two topologically-distinct quantum phases with Q1 = 3 and (), = 1
respectively. At the topological phase transition, one pair of nodal lines (one above
k., = 0 and one below) meet and annihilate at the k, = 0 plane. This nodal line

preserves the six-fold rotational symmetry, and it carries monopole charge 2, similar
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to the ones we observed in family 5 above. As we deform the Hamiltonian towards
Hy, naively, we shall expect this nodal line to shrink into a quadratic band crossing
point same as the monopole-charge-2 nodal line in family 5. However, because we
have another Dirac point on the k, axis, this nodal line (with index 2) and the Dirac
point (with index 1) will all merge together into one nodal point, which is a cubic

band crossing point, consistent with the total topological index @)1 = 3.

4.4 Discussion

4.4.1 Higher symmetries

Above, we considered the space-inversion symmetries and n-fold rotational along
z, with n =1, 2, 3, 4, 6, which corresponds to point group symmetries C;, Cop, Cs;,
Cyn, Cgp, respectively. For crystals with any of these point group symmetries, we have
systematic demonstrated the method to determine topological indices based on high-
symmetry-point band inversions and discussed the implication of these topological
indices in terms of topological nodal lines and nodal points.

For systems with more complicated point group symmetry, most of our techniques
and conclusions can be generalized. This is because as shown above, the index that
we used doesn’t require any additional symmetry to be defined or calculated, and thus
the topological nodal lines presented above do not require additional symmetries to
remain stable. Therefore, if we are dealing with a crystal with higher point group
symmetries, we can introduce a small perturbation to break the symmetry down
to one of the groups that we considered here, and all our conclusions and nodal
lines should remains stable as we turn off this small perturbation to recover the full
symmetry of the crystal.

On the other hand, it must be emphasized that in systems with a higher symmetry,

new phenomena and new topological nodal lines may arise. For example, if the point
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group gives us additional mirror planes, extra mirror-symmetry-protected nodal lines

may emerge, which is beyond the scope of our study.

4.4.2 Higher monopole charge due to rotational symmetry

As we know, generically, the monopole charge of a topological nodal line can only
be 0 or 1, i.e. a Z, index. However, as mentioned above, for systems with four-fold
or six-fold rotational symmetry, we observed nodal lines carrying higher monopole
charge beyond 1. This higher index is due to the rotational symmetry. Here, we use
the Cy, group in family 4 and 5 to demonstrate this high index, and to prove that our
conclusion remains stable when extra bands are introduced (i.e. beyond four-band
models). Instead of a four-band system, we consider a system with arbitrary number
of bands. First, we will consider a simpler case where all the bands are type-a (like
in family 4) or all of them are type-b (like in family 5). Later, we will discuss generic
systems with both type-a and type-b bands.

Here, we consider a N-band system composed of type-a orbits only, while the same
conclusions hold for systems with only type-b orbits. For a nodal line cage (family
4) or a monopole-charge-2 nodal line (family 5) shown in Fig.(4.4), we can enclose
them with a closed-2D manifold. In particular, we can choose the manifold such that
it is invariant under two-fold rotation (Cy) along the k, axis, which can always be
achieved because the nodal lines or cages here must preserve this Cy symmetry. For
this closed manifold, we can define the monopole charge, and it has been shown that
the monopole charge should be a Z; index, if no rotational symmetry is assumed.
However, in this case that we consider here, as will be shown below, we can define
a Z, monopole charge for half of the manifold (say the half with 0 < k, < 7). And
due to the two-fold rotational symmetry (Cs), the other half of the manifold must
carry the same Zy monopole charge. As a result, the total monopole charge of the

manifold can be either 0 or 2, depending on whether the half-manifold monopole
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charge is 0 or 1. This is the fundamental reason why we can obtain high monopole
charge in this case, which results in a new type of topological nodal lines. To define
the half manifold index, we utilize the two-fold rotational symmetry along z. It can
be easily checked that if we have only type-a (or type-b) bands in our system, the
Cy, symmetry ensures that the two-fold rotation must be an identity operator (+1 if

we only have type-a bands and —1 if we only have type-b bands). As a result,

Heyr, = CoH Oyt = Hy,. (4.31)

Here, we utilized the fact that H and C5 commute with each other, since (5 is an
identity operator (up to a -1 sign for type-b bands). As a result, for the manifold we
choose, an extra symmetry is obtained He,, = Hg. This symmetry implies that as
far as our Hamiltonian is concerned, we can merge momentum points Cok and k. For
a half manifold (0 < k, < 7), this procedure sews together momentum points on the
edge, and transforms the half manifold into a compact manifold. Thus, we can define
a Z5 monopole charge for it. And it is easy to verify that the other half manifold
must have the same monopole charge.

In the proof above, we assumed that the system only contains type-a (or type-b)
bands. In a real systems, in principle, both types of bands shall exist. In this part,
we argue that our conclusion will remain as along as other bands does not come close
to the Fermi energy. The argument is based on the stability of the topological nodal
lines that we found in family 4 and 5 (with Cy, symmetry) which carry monopole
charge 2. As our proof above has showed, these monopole-charge-2 nodal lines remain
stable if we go beyond four-band model, as long as the extra bands that we added
to the system have the same time-reversal type. Let us introduce extra bands with
different time reversal type as a perturbation and see if these nodal lines remain

stable. Without loss of generality, here again we start from the case with only type-a
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bands and a monopole-charge-2 nodal-line cage, and then introduce some extra type-
b bands at energy away from the Fermi energy. For a topological nodal line, it is
known that as long as the time-reversal and space-inversion symmetry is preserved
(and spin-orbit couplings remain negligible), a nodal line cannot be gapped out unless
it is first shrunk into a nodal point. As we discussed above, for a monopole-charge-2
nodal line, it has to preserve the rotational symmetry and thus when it shrinks into
a nodal point, it must be a point along the high symmetry axis (k, = k, = 0 in this
case). Along such a high symmetry line, type-a and type-b bands cannot hybridize,
because they have different rotational eigenvalues under a Cj rotation. As a result,
even if extra type-b bands are introduced, they are incapable of gapping out this
nodal line/point. This argument shows that at least in the perturbative range, these
high-monopole-charge nodal lines are stable, regardless of how many bands we include
in the system and what type of bands we include.

What we will not consider here are extra type-b bands added near the Fermi
energy (inside the gap). This would be a much more complicated case, and whether
the interplay between type-a and type-b bands at the Fermi energy can generate
interesting novel phenomena remains an open question and will be explored in a
separate project.

The same analysis can be generalized to certain cases with six-fold rotations,
which proves the stability of the nodal line with monopole charge 2 in systems with

Cgn, symmetry.

104



CHAPTER V

Strongly Correlated Topological Phases in Moiré

Superlattices

The previous chapters focus on topological phases in electronic systems that can
be adiabatically connected to the limit without electronic interactions, where topology
represents the obstruction for adiabatic deformation without gap closing or symme-
try breaking. For strongly correlated electronic systems, there is a different notion
of topology in terms of the intrinsic topological order [99]. A gapped phase with
topological order has multiple degenerate manybody ground states if the phase is
realized on a torus in the real space. These ground states cannot be distinguished by
any local measurement. The excitations above these ground states are quasiparticles
with fractional statistics. An example of topological order can be illustrated by the
fractional quantum Hall states.

The fractional quantum Hall effect was discovered in 1982 [100] where the Hall

conductance of a 2D electronic gas in strong magnetic field shows quantized plateaus

e

- when the filing fraction v is some specific rational numbers, e.g., the

Opy = V
Laughlin state at v = ﬁ [101], the Jain’s states at v = 5L [102], the Moore-Read
state at v = % [103, 104], and many others. The ground states of these systems

have topological order. There is a finite energy gap separating the ground state

and the other excited states, and the excitations in these systems are quasiparticles
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called anyons with fractional charge and fractional statistics. The interaction between
electrons is crucial for this effect, otherwise the system contains partially filled Landau
level and the ground state will not be gapped.

Fractional quantum Hall states can also be stabilized in a lattice system without
the external magnetic field, and the corresponding state is the fractional Chern insu-
lator (FCI) [105, 106, 107, 108, 109, 110, 111, 112]. In FCI the role of the uniform
external magnetic field is played by the nonzero Berry curvature, which implies it
requires the insulator to have nontrivial Chern number, because otherwise the aver-
age of Berry curvature is zero. Although the concept of FCI has been proposed for
a long time, the FCI without external magnetic field has not been experimentally
realized yet. One of the challenges is that the fractional quantum Hall states typi-
cally requires the electron interaction strength to dominate over the width of energy
bands. The Landau levels for 2D electron gas under strong magnetic field naturally
satisfies this condition. For electronic insulators, this condition is not easily satisfied.
Therefore, a system with a nearly flat band with nontrivial Chern number may be a
good candidate to realize the FCI states.

The Moiré superlattice which is recently under intense study provides a plausible
platform to realize the FCI states. The Moiré superlattice is formed when two layers
of lattices with similar structure are slightly misaligned with each other, as shown in
Fig.(5.1) (a) where two identical honeycomb lattices are aligned with a small twist
angle . The Moiré superlattice has much larger lattice constant ay; = ag/6, where ag
is the lattice constant of the original lattice. Therefore, the Brillouin zone of the Moiré
superlattice is reduced, as in Fig.(5.1) (b). The formation of Moiré superlattice has a
significant effect on the electronic band structure. Due to the hybridization of bands
and reduced size of Brillouin zone, the bandwidth is significantly reduced, resulting in
nearly-flat Moiré bands. The filling fraction can be tuned by controlling the electric

gating. The Moiré superlattices open up a new pathway to stabilize various strongly-
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(a): Moiré superlattice formed by two layers of identical honeycomb lat-

tices. (b): The Moiré Brillouin zone (MBZ) of the Moiré superlattice

is determined by the twist angle . The MBZ is much smaller than the

original Brillouin zone.
correlated phases such as superconductors and correlated insulators [113, 114, 115,
116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132].
Furthermore, the Moiré bands can also be topologically nontrivial with a nonzero
Chern number [133, 134, 135, 136, 137]. Therefore, the Moiré superlattices offer a
promising route to realize the long-sought fractionalized topological order [138, 139,
140, 141, 142].

In our work [143], we study the Moiré superlattice formed by twisted bilayer tran-
sition metal dichalcogenides (TMD) and seek the possibility to realize the fractional
Chern insulator states. Comparing with the Moiré systems based on graphene, the
TMD materials has an advantage that the spin-orbit coupling in TMD is strong, which
leads to spin-valley locking that breaks the spin rotation SU(2) symmetry to U(1).
This will eliminate the Goldstone mode of spin waves and can help stablize the FCI
states. On the experimental side, recently, gapped electronic states at various frac-
tional fillings (e.g., 1/3) were reported in TMD Moiré superlattices, e.g., WSey/WS,,
in addition to the more conventional Mott gap at half filling [128, 144, 145, 146, 147].
In these TMD Moiré superlattices, the observed gapped states were interpreted as
Wigner crystals/charge order of electrons stabilized by strong Coulomb repulsion

rather than FCI, partially because the underlying single-particle bands are topologi-
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cally trivial [148].

To find FCI states, we need Moiré bands that are topologically nontrivial. It has
been shown in [149] that some TMD homobilayers may host topologically nontrivial
bands with non-zero spin/valley-Chern numbers. Therefore, our work focus on this
type of Moiré superlattices. In contrast to a partially filled Chern band, because
these systems preserve the time-reversal symmetry, two types of fractional states are
in principle allowed (a) time-reversal invariant fractional topological insulators [150]
and (b) FCIs via spontaneously breaking the time-reversal symmetry. The key focus
of this study is whether Coulomb repulsion could stabilize some of these fractional
states in TMD Moiré superlattices.

In our work [143], utilizing exact numerical methods, we show that at certain
twisting angle and filling, by simply increasing the Coulomb interaction strength in
such TMD Moiré superlattices, the system undergoes a quantum phase transition that
spontaneously breaks the time-reversal symmetry by polarizing electrons into one of
the two valleys. Further increase of Coulomb interaction will trigger a second quan-
tum phase transition, and stabilize a FCI. This conclusion is confirmed by multiple
numerical observables, including topological degeneracy, fractional Chern number,
and entanglement spectrum. For excitations, our numerical studies observe both
(intravalley) fractional excitations from the fractional topological order and (interval-
ley) valley-wave excitations from the spontaneous symmetry breaking. Such features
could offer unique experimental signatures for these novel states. We also explore
the possibility of stabilizing the non-Abelian Moore-Read state using the three-body
interactions, which can be realized in TMD Moiré superlattice sandwiched between

nonlinear dielectric media [151].
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5.1 Model of twisted bilayer TMD

We consider twisted homobilayer TMD materials. For each single layer, the low
energy electronic states reside at the valence band maxima at +K valleys. Contrary
to bilayer graphene systems where the valley and spin degrees of freedom are both
present, in TMD each valley in the top valence band has fixed spin orientation due
to strong spin-orbit coupling and the broken inversion symmetry [152]. With a small
twist angle € between two layers, the +K valley for the top and bottom layers are
shifted to K; and K in the Moiré Brillouin zone (MBZ) respectively, as shown in
Fig.(5.2) (b). For convenience we choose the rhombus-shaped MBZ and set the point
M = (K:+ K3)/2 as the origin. We employ the continuum model [153] in which the

Moiré Hamiltonian for the + K valley is:

_R2(k-K)?
H,(k,r) = T Br(r) (5.1)
’ Al W2 (k—K+)* A
r(7) — =+ Ag(r)

Here m* is the effective mass. The form of Moiré potential, Ay, 1, is dictated by the
D3 crystalline symmetry and a combination of Cy, rotation followed by switching the

two layers, and can be parameterized by [149]:

Ar(r) = w(l+e "G 471G

Ar) = 2w, Z cos (G -r+ 1Y), (5.2)

j=1,3,5

where | € {b,t} = {+1, —1} and G| is the Moiré reciprocal lattice vectors with length

|G| = \/g;TM and polar angle @

. Here ap; = ap/0 is the Moiré lattice constant
for a small twisted angle 6 and qq is the lattice parameter of TMD. Equation (5.1)
is the Hamiltonian for the valley + K, while the Hamiltonian for the valley —K can

be obtained by the time-reversal symmetry H_(k,r) = H,(—k,r)*. To be specific,
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our following discussions focus on twisted MoTe, homobilayer, whose parameters
have been obtained from the first-principle calculations (h?/2m*a2, w., w, ) =
(495 meV, 8 meV, —8.5 meV, —89.6°) [149]. To obtain the dispersion relation,
we need to perform a Fourier transformation and solve for the eignvalues in the

extended momentum space. In the momentum space the basis is chosen to be like

i(k+G1)-T i(k+G1)-’I‘ k:+Gj) k+G]’)

(62 TXIHGz TXtae Xtv"wel( TXIHGz(

Xb, € Tt ...) T where Xb/t are

localized functions at bottom/top layer, and G, are taken to be in a large set {G}.
A truncation is needed for the set {G}, which is chosen to be a symmetric hexagon
of radius 6|G|, as in Fig.(5.3) (b). Denote the number of reciprocal lattice vectors in
the truncation set {G} as Ng, then the single particle Hamiltonian is a 2Ng x 2Ng
matrix where the factor 2 comes from the two layers, and its wave function |u,g) is
a 2Ng-component column vector. Here 7 = + refers to the two valleys.

The top valence band of a TMD single layer splits into multiple Moiré bands due to
the Moiré potential. Due to its strong spin-orbit coupling and the spin-valley locking,
the spin- and valley- degrees of freedom are locked together in these materials, and
thus below we will use these two terminologies interchangeably. As shown in Fig.(5.2)
(c) and (d), when the twist angle is close to 6, = 1.38°, the top Moiré band becomes
nearly flat. The flatness of a band can be characterized by a ratio of the gap between
the nearest bands to its band width. For the top Moiré band, the ratio can be as
large as 13. When 6 < 3.1°, The top Moiré band is topological characterized by a
valley/spin Chern number C' = £1 due to the skyrmion lattice pseudo spin textures of
the Moiré potential [149]. The Chern number for the opposite valley/spin is opposite
as required by time-reversal symmetry. Thus, at the single-particle level, such TMD
homobilayer can realize a quantum valley/spin Hall insulator. As interactions are
turned on, as will be shown below, we find that this nearly flat top Moiré band can

host fractional topological phases at fractional filling.
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(a): Schematic view of the Moiré superlattice. (b): We choose the Moiré
Brillouin zone (MBZ) to be the rhombus and the origin in momentum
space is chosen at M. (c): Moiré band structure at § = 1.38°. The top

Moiré band is nearly flat with Chern number +1. (d):
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The gap ratio
o as a function of twisted angle 0, where F;(k)
(E5(k)) is the energy of the first (second) topmost Moiré band.



5.2 Projection of Coulomb interaction to a single band

We introduce screened Coulomb interaction and project it to the nearly flat top

Moiré band [154]:

Hi = iz )V (@)p(-a)

=Y (@) g ()

4 2Ncen
k.k',.q, 7,1’
Cl(k)CL(K' + q)Cr (K Cr(k + q), (5.3)
where 7 = =+ is the valley index, and A, q4(k) = (Urk|trktq) is the form factor

originated from the projection. Here v(q) = 4 tanh(qd)/v/3qay; is the dimensionless
screened Coulomb potential with d the separation between the electrode and Moiré
superlattice, which is set to d = 2a,; in the calculations. A is system area and Neg
is the number of the unit cells in the calculations. The coefficient of v(q) is chosen
to make U equal to the bare Coulomb potential between two particles separated by
ap. Cr(k) is the annihilation operator for single particle state |u,y). Note that
the sum over k,k’ is inside the first Brillouin zone while the sum over q is over
(—00,00) X (—00,00). We have chosen the convention that C,(k) = C.(k + G),
Ur kv (G) = Uy g (G+G'). Due to the fact that |u ) # |urk+q), care must be taken
in selecting the correct |u, ) when taking the inner product in the above interaction.

To apply exact diagonalization, define the system size to be Ny x Ny and use an

integer n € [0,2N; Ny — 1] to represent both momentum ny, and valley n,, such that
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ny is inside the first BZ. Eq.(5.3) is rewritten as

Vo= Z Vn,n',m' m)CiCl,C,.C,, (5.4)
U
Vi mtym) = 3 =L — g+ G tome e mes )30 ) X

cell

Gel{Gy

<Unfr,n;€+Go+G|um;,m§€>5<nﬂ mr)a(mk‘ + m;g — Nk — n;w 0) (55)

Go = mp+mj, —n,—n, € {G} (5.6)

Here k + ¢ means the part of momentum k + ¢ inside the first Brillouin zone, such
that k+ ¢ = k 4+ ¢ — G for some Moiré reciprocal lattice vector G. The summation
of GG is over all the reciprocal lattice vectors. It comes from the infinite summation
of ¢. In practice this summation is truncated to a set {G}’ of finite range. The delta
functions represent valley and momentum conservation. The overline in the last delta
function shows the momentum conservation is defined only module a reciprocal lattice
vector, which allows a situation with my +m) — ny —nj, = Go # 0. In this case the
nonzero Go will also appear in the above inner product (Upn, n 1 Go+c|tmz m; ). This
Gy ensures the correct state is used for taking the inner product. As illustrated in
Fig.(5.3) (c), if the first BZ is taken to be the rhombus and m,n,m’/,n’ are given
by the black dots, these momentum points satisfy m; — ny = ny, + Go — m’;, = q,
therefore the Gy constant is Gy = my +m) —ny —nj, = Go # 0. The G = 0 term in

the summation of Eq.(5.5) has an inner product between n” and m':

<unfr,n;€+G0 ‘um;,mﬁj = <un;,ng ‘um;,mw (5.7)

Where nj, + Gy = nj, has been used. With the Gy constant, the Coulomb interaction
correctly involves the wave function at m,n, m’,n” linked by the blue lines of mo-
mentum ¢ in Fig.(5.3) (c). If there is no such Gy term, the interaction will involve

(Uns gt Uz my ) Tepresented by the red line in Fig.(5.3) (c) instead, which will lead to
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(a) The plot of Moiré Brillouin zone. (b) The truncation of the set {G}.

The nearest neighbour distance in this figure is |G1]. (¢) The momentum
points related by Coulomb interaction.
incorrect result.

The summation in Eq.(5.5) is truncated to a set {G}’, which is taken to be a
hexagon of radius 4|G1|. {G}' is chosen to be smaller than {G}, which is the trunca-
tion of single particle Hamiltonian, because the single particle wave function will be
less accurate when k + G is close to the boundary of {G}. Therefore, {G} is taken
larger than {G}’ to ensure the accuracy of wave function inside {G}'.

The single particle Hamiltonian only gives the wave function in the positive valley,

and those in the negative valley are obtained by time-reversal:

u-(G) = uy,—k(=G)" (5.8)

The origin of the BZ is chosen to be the M point in Fig.(5.3) (a), and M is the middle
point of the line joining +k. Note that the range of k above is (—o0, 00) X (—00, ),
rather than the first BZ. When calculating the inner product in Eq.(5.5), the wave

function at k£ and k£ + G need to maintain phase coherence. For £ valleys, these
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conditions are:

Ut gt (G) = uy k(G + G (5.9)

Ui (G) = u_i (G + G (5.10)

The matrix element between arbitrary manybody states can be obtained from
Eq.(5.5). Let [¢) and |¢") be simple direct product states whose creation operators are
ordered, |¢) = ;Nil...C;L]O}, with iy_1 > ... > 43 > 7p. Suppose distinct manybody

states |¢) and [¢/') have nonzero matrix element, which means there exist i > j,i’ > j’

such that <W|C’}CJC’Z~CJW> # 0. Then the matrix element is given by:

(W) = (=0 (=) OOV )=V (150 =V S 6 )+ 5 50)

(5.11)
Where V(5',4',4,7) is in Eq.(5.5), u(i,j) is the number of ”1” between the ith and
jth bits in the bit-representation of |¢). If [10) = |¢"), then ¢ = ¢’ and j = j', and the
matrix element involves a sum over all combinations of 7, 7 that do not annihilate the

state:

W)= > (V(iiing) = V(i i) = Vi, 5.i,5) + V(i,4,5,1)  (5.12)
P> b=t ="1"
Where ; is the ith bit in the bit-representation of [¢)) that can take either ”1” or
70”. Eq.(5.12) gives the matrix elements for the manybody Hamiltonian matrix in
the exact diagnonalization.

The Hamiltonian in Eq.(5.3) preserves a valley U(1), symmetry, which could be
broken by intervalley impurity scatterings. However, because of the large momen-
tum transfer in the intervalley scattering process, the scattering due to the Moiré
superlattice disorders is suppressed. Therefore the U(1), symmetry becomes a good

symmetry of the system, and we treat it as an exact symmetry of the Hamiltonian. In
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this model, there are two competing symmetry breaking states: an intervalley coher-
ent state that breaks the valley U(1), symmetry and an valley/spin polarized state
that breaks the time reversal symmetry. At half filling of the topmost band (account
for valley degree of freedom), our Hartree-Fock analysis and exact-diagonalization
results both suggest that a valley-polarized state is energetically favored, which spon-
taneously breaks the time-reversal symmetry and leads to a interaction-induced Chern
insulator. Similar valley polarized state has also been discussed in graphene Moiré
superlattices [134, 155]. At fractional filling, in principle, two types of fractional topo-
logical states might emerge, a fractional Chern insulator or a fractional topological
insulator [150, 156], depending on whether the time-reversal symmetry is sponta-
neously broken or preserved, and our exact diagonalization below show that the FCI

is favored and stabilized in our system.

5.3 Valley polarized FCI

We define the filling factor v = 2p./ps, where p,. is the electron density occupying
the top Moiré band and p; is the electron density for the full filling of the two-fold
degenerate top Moiré band. The factor 2 accounts for the valley degree of freedom.
Using exact diagonalization, at v = 1/3 we observe numerical evidence of spontaneous
valley polarization and FCI in the strong interaction limit, as shown in Fig.(5.4) (a).
With 8 electrons and 4 x 6 unit cells (4 x 6 x 2 single-particle states including both
valleys), the ground states are fully valley polarized with three nearly-degenerate
ground states for each valley polarization, separated from the excited states by an
energy gap of the order of 2 K. We calculated the many-body Chern number of
each ground state utilizing twisted boundary conditions [109], and the topological
index is found to be 1/3, characterizing a 1/3 FCI phase. This conclusion is further
supported by the total momentum for each ground state, which obeys the generalized

Pauli exclusion rule of FCIs [157].
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Figure 5.4:

Numerical exact diagonalization results for 8 particles in 4 x 6 Moiré
lattice. 'We choose # = 1.38° and U = 1.38 meV. The bandwidth at
this twist angle is W = 0.083 meV. Here N = N; x N,/3 is the number
of particles. (a): Energy of many-body states labeled by momentum
k1No+ ko. There are three nearly degenerate ground states in each valley
with total momentum (ky, k2) = (0,0), (0,2), (0,4) respectively. (b): The
occupation number of single particle states n(ky, ko) for each of the three
many-body ground states. The nearly uniform distribution of n(ky, k2)
suggests the ground state is an incompressible liquid. (c): Under flux
insertion along ks direction, the ground states evolve into each other.
(d): Particle entanglement spectrum (PES) for the separation of Ny =4
particles.

The occupation number n(ky, ks) of single particle states for each of the three

many-body ground states are plotted in Fig.(5.4) (b). n(ki, k) is uniformly dis-

tributed for different single particle states, consistent with the fact that the ground

state is an incompressible liquid. When flux is inserted along ko direction, the three

nearly degenerate ground states evolve into each other under a 27 flux, and they

evolve back to the original states under a 67 flux, as shown in Fig.(5.4) (c). The

excitation gap maintains throughout the whole flux insertion process.
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The topological nature of the ground states are further confirmed by our calcula-
tion of the particle entanglement spectrum (PES) [157]. To compute PES, we divide
the N particles into two collections of N4 and Ng = N — N4 particles and trace out
Np particles to get the reduced density matrix ps. The PES levels £ are obtained
from the logarithm of eigenvalues of p4, and are labeled by the total momentum of
the remaining N, particles, as shown in Fig.(5.4) (d) where we choose Ny = 4 for
N = 8 particles. There is a clear entanglement gap with 2730 levels below the gap,
consistent with the counting of quasihole excitation in the v = 1/3 FCI [157].

To exam the finite-size effect, we study the scaling of the many-body gap A with
various system sizes at a fixed interaction strength. For a genuine FCI, A remain
finite in the thermodynamic limit when both N; and N, approach infinity. However
A should vanish if only one of N; or N, approaches infinity, because this limit is a
one-dimensional system which should not support FCI [108]. This is confirmed in
Fig.(5.5) (a), which shows A decreases when N; is fixed at 3 and N, increases from
4 to 8, but A increases when the system size changes from 3 x 8 to 4 x 6.

We then map out the phase diagram at v = 1/3 filling as a function of the
interaction strength U which can be controlled by distance between the electrodes and
the Moiré superlattice in experiments. We find a valley non-polarized Fermi liquid
at a small U, a valley-polarized Fermi liquid at intermediate interaction and the FCI
phase with valley polarization at strong interaction. The phase transition between the
valley-polarized Fermi liquid and FCI can be described by Ginzburg-Landau theory
with a Chern-Simons term. The phase boundaries between them are denoted as U;
and Uy, and U; /W and Uy /W for various twist angles and system sizes are displayed
in Fig.(5.5) (c). Note that at § = 1.38° the single particle Moiré band has the largest
gap to bandwidth ratio, see Fig.(5.2) (d). Therefore, Fig.(5.5) (c¢) implies that the
parameter region for valley polarized Fermi liquid (the separation between U;/W

and U, /W) becomes smaller when the bandwidth decreases, which may suggest in
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(a): The many-body gap A for various system sizes at v = 1/3 filling. The
interaction strength is fixed to be U = 1.38 meV. The increase of A in 4x6
system suggests the gap persists in the two-dimensional thermodynamic
limit. (b): The phase diagram for Fermi liquid (FL), valley polarized (VP)
FL and fractional Chern insulator (FCI) at different interaction strength
U. (c): The phase boundaries U; /W and U, /W for various system size
and twist angle. We choose system size to be 3 x 4,3 x 5 and 3 x 6; and
twist angles # = 1.20°,1.30° and 1.38°. Every two points with the same
color in the same column represent U; /W and U, /W respectively.

the ideal flat band limit there is a direct phase transition from Fermi liquid phase to

FCI phase with valley polarization. This is consistent with the quantum Hall systems

with flat Landau levels, where the interaction stabilizes simultaneously the fractional

quantum Hall state with spin polarization.

5.4 Excitation above the FCI ground states

Here we study the charge neutral excitations above the FCI ground states. As
a consequence of the spontaneous valley polarization, we consider the valley waves
excitation |U,(q)) = >, 201 (k4 q)C_(k)|W_), where |¥_) is the FCI ground state
with 7 = — valley fully occupied and zj is variational parameter. The presence of the
from factor in Eq. (5.3) breaks the valley pseudospin SU(2) rotation system down
to the valley U(1), symmetry. As a result, the valley wave excitation are gapped.

Indeed, the calculated valley wave spectrum for 8 particles in 4 x 6 lattice shown
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in Fig. (5.6) are gapped, and can be fitted by E,(q) = J¢*> + A. The valley wave
disperses weakly in momentum and thus is well localized in space.

In quantum Hall ferromagnets, a pair of skyrmions has lower energy than the
particle-hole bound state [158]. The system size limitation in the exact diagonal-
ization does not allow us to study the valley skyrmion excitation in our numeri-
cal calculations. Here we use effective Hamiltonian for valley pseudospin n: H, =
[ dr? [£(Vn)? — 4n?], where J and A are given by the valley wave spectrum. A single
skyrmion is no longer a stable excitation in the presence of the easy axis anisotropy
term. This can be seen from the rescaling of the length r — A\r, ny(r) — ng(Ar)
for an arbitrary spin texture n,(r). The first term in H,, is scaling invariant, but
the second term scale as —1/A2. The system gains energy by shrinking the size of
n,, and therefore skyrmions are not stable for H,,. The absence of skyrmions in our
system can also be attributed to the opposite Chern number for the opposite valley.
One cannot rotate n from one valley to opposite valley adiabatically without closing
the energy gap, which implies the existence of anisotropy for n. In this regard, the
TMD Moiré superlattice is distinct from the graphene Moiré superlattice. At a finite
skyrmion density, which can be achieved by electron doping in the FCI state, there
exist Coulomb repulsion between skyrmions because skyrmions are charged. The
Coulomb repulsion prevents an individual skyrmion from collapsing and stabilizes a
skyrmion lattice [159].

In comparison, the lowest intravalley many-body excitation has lower energy than
valley wave excitation for the parameters we used, i.e., the energy difference between
the lowest fully-polarized excited state and the FCI state is E,,;, = 0.167 meV < E,,,,
as shown in the inset of Fig.(5.6). Nevertheless, the valley wave excitation remains a
stable excitation because the decay of the valley wave to the intravalley many-body
excitations are forbidden as a result of valley U(1), symmetry. Intravalley many-body

excitations has valley quantum number 0, while the valley wave has valley quantum
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Dispersion of valley wave excitation E,(q). Excitation above the ground
state with total momentum k; = 0,ky = 0 (k; = 0,ky = 2) are labeled
by the squares and circles respectively. The slight energy difference for
these two ground states is caused by finite size effect. The inset compares

the energy of the lowest valley wave excitation F,,, the lowest intravalley
many-body excitation F,,; and the ground state energy £,.

number 2.

5.5 Moore-Read states

The FCI at v = 1/3 filling supports Abelian anyons. In fractional quantum Hall,
the proposed Moore-Read state for the plateau at v = 5/2 supports non-Abelian
anyons, which can be exploited for topological quantum computation [160]. Here
we study the stabilization of the Moore-Read state in TMD Moiré superlattice. It
turns out that the Coulomb interaction in Eq. (5.3) does not stabilize a gapped state
at v = 1/2. Here we introduce three-body interaction, which can be induced by
sandwiching the Moiré superlattice with nonlinear dielectric media [151], to favor the
Moore-Read state. For example, the nonlinear contribution to electric energy, £,£,&,

(here £ is electric field), produces three-body Coulomb interaction when electrons are
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placed to the dielectric media. We consider a three-body interaction:

f/}3 = é/drldrzdrg%(T1,Tz,T3) p(r1)p(ra)p(rs)
Va(r1, 72, 73) = Us(f(r1 — 12) f(r2 — T3)

+f(re —r3)f(rs —r1) + f(rs — 1) f(r1 — 72)). (5.13)

The Fourier transform of f(r) in momentum space is representing a short-

range interaction with a screening length 1/k,. We found that when the three-body
interactions dominate over the Coulomb repulsion, a Moore-Read state is stabilized.
As shown in Fig.(5.7), the ground states (marked in red) are valley polarized with
sixfold quasi-degeneracy in one valley, and are separated from the excited states by
an energy gap. The momenta of the ground states for 4 x 5 systems with 10 particles
are (ky,k2) = (0,0),(2,0),(1,0),(1,0),(3,0), (3,0) respectively, while those for 4 x 4
systems with 8 particles are (k, k2) = (0,0), consistent with the requirement of (2,2)-
admissible states characterizing a Moore-Read state [157]. Consistent results are

obtained for spectral flow and entanglement spectrum as well, as shown in Fig.(5.7)

(c) and (d).

5.6 Discussions

We show that TMD Moiré superlattices can host fractional topological states
via spontaneously breaking the time-reversal symmetry, using realistic parameters of
TMD Moiré superlattices. Comparing with graphene, the spin-valley locking in TMD
materials breaks the SU(2) spin rotation symmetry and eliminates the spin wave
Goldstone modes, which could help stabilize the FCI states. The valley contrast-
ing Chern number in TMD Moiré superlattices also dictates the symmetry breaking
states, hence the nature of fractionalized topological states, and also the low energy

excitations in the FCI. The gapped nature of these states can be detected by trans-
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Figure 5.7:
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....

Signatures of Moore-Read states at § = 1.38° with finite three-body inter-
action and vanishing two-body interaction. We choose ksay, = 7, and the
three-body interaction strength when three particles are mutually sepa-
rated by ays is 0.003 meV. (a): Energy spectrum for 4 x 5 systems with
10 particles. The six ground states (labeled in red) are valley polarized
and separated from excited states by a gap. (b): Energy spectrum for
4 x 4 systems with 8 particles. (c): The spectral flow for (a) under flux
insertion along k; direction. The six ground states labeled in red are sep-
arated from excited states by a spectral gap. (d): Particle entanglement
spectrum for (a) with Ny = 4. There are 3965 states below the entan-
glement gap, consistent with the counting via generalized Pauli exclusion

rules.
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port, optical measurements etc, and its topological nature can be accessed by Hall
conductivity measurement. Due to the strong analogy between FCI and chiral spin
liquids, it is plausible that Moiré superlattices may also help realize/stabilize exotic
spin liquid phases [161, 162, 163] by unitizing the valley/layer pseudospin or real spin

degrees of freedom.
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CHAPTER VI

Summary

In this thesis, I explored different aspects of topological states of matter, espe-
cially the interplay between symmetry and topology. Comparing with the existing
topological diagnosis scheme using symmetry representations [7, 10], I mainly focus
on the scenarios where the symmetry representations themselves are not sufficient to
determine the topological index.

This thesis is organized to cover the major aspects of my research, as well as an
introduction for the non-experts to step into the field of topological phases. Chapter
I started from the basic formulation of symmetry operators in tight-binding models,
and then I introduced the concept of topology based on adiabatic deformation and
gave some examples of topological indices, such as the Chern number and the FKM
Z5 topological index.

In Chapter II, by constructing a gauge-invariant quantity g defined on arbitrary
curves in the Brillouin zone, we illustrated how the symmetry operator can be utilized
to simplify the topological diagnosis even when the symmetry representations are not
sufficient to determine the index. This method can be applied to systems with twofold
rotation symmetry or mirror symmetry.

In Chapter III, we generalized the famous Pfaffian formula to higher-order topolog-

ical insulators, which allows many important conclusions on first-order Z, topological
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insulators to be generalized to higher-order topological insulators. This generalization
is made possible by defining a superposition of symmetry operators ©. It provides
a gauge-independent way to compute the magneto-electric polarization P; or the
effective axion field for a 3D insulator from a 2D subspace in the Brillouin zone.

In Chapter IV, we studied topological nodal line semimetals with nontrivial mono-
pole charge in the presence of time-reversal, space-inversion and rotational symme-
tries. We systematically classified the appearance of different types of nodal lines
based on the rotational symmetry, and we found that the interplay between time-
reversal and crystalline symmetries gives rise to novel cage-like nodal structures be-
yond the description of Z; monopole charge.

In chapter V, we proposed to realize the long-sought fractional Chern insulator
(FCI) states in the Moire superlattices formed by twisted homobilayer transition
metal dichalcogenides. Utilizing realistic material parameters and the method of exact
diagonalization, we find that at certain twisting angles and fractional filling, gapped
fractional topological states, i.e., fractional Chern insulators, are naturally stabilized
by simply introducing the Coulomb repulsion. This shows the Moire superlattices

may be a plausible platform to realize the FCI phase with intrinsic topological order.
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APPENDIX A

Appendix for Gauge-invariant Line Quantity

g(kyky) in Topological Insulators

A.1 Properties of g(k.ks)

Here we prove some equalities involving g(éa\l_f/b) defined in Eq.(2.9). First we in-
vestigate the case when k, and k; are infinitely close to each other, denoted as k; and

ko. In this case we have g(ki, ko) = EH%EZTH det[W (ky, ko) and W (ky, ko) reduces to

the overlap between the wave functions at ky and ko: Wi, (k1, ko) = (um (k1) |un(k2)).

g(k1, ko) is invariant under gauge transformation |u,,(k)) — Upm(k)|un(k)). Since
under this transformation, M,,,(k) = (un(k)|T|u,(k)) — (Uk)TME)UK)*)mn,
Wmn(kl,kg) = <um(k1)|un(/€2)> — (U(k?l)TW(kl, kz)U(k?g))mn, therefore

PHM (k)] — PEM(K)] det[U (k)"

det[W(k’l, ]{?2)] — det[W(kl, kg)] det[U(k‘l)]* det[U(k2>]
PE[M (k)]

g(kh k?g) = W det[W(kl, k’g)] — g(k’l, ]{?2) (A]_)
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This completes the proof that g(ki, ko) is gauge-invariant. For a general path %7
divide the path by small segments (k;, k;+1) and by definition in Eq.(2.9), g(lga\lgb) =
I L 9(ki, kirq). For each small segment g(k;, kiy1) is gauge-invariant, therefore g(%)
is gauge-invariant as well.

Next we prove Eq.(2.20). Suppose the system has an anti-unitary symmetry C
such that it commutes with 7" and it is independent of k, define the sewing matrix of
C as

Ry (k) = (um (CE)|Clun(K)), (A.2)

Insert identity 1 = Poec(k) 4+ Punoce(k) = D icoee 1Ui(k)) (i (B) ]+ cunoce [t (B)) (i (k)|

to each 1 in the identity below:
(i (CR) T (CR)) = (1t (CR)[CIT1C 1, (CR)), (A3)

where P,.. and P,,,.. are projection to occupied and unoccupied bands respectively,
m and n belong to occupied bands. Since (u,(Ck)|CPunocc(k) = 0, we can omit

P,oce in the insertion and get

(tm (CR)[T|un(Ck)) = Z (U (CR)|Clui (k) (uty (B) | T (k) (u ()| C ™ un (CR)),

(A.4)
where the conjugation is due to the fact that T and C' are anti-unitary. Notice that

(u;(k)|C7Hun(Ck)) = (un(Ck)|Clu;(k)), the above equation implies

M(Ck) = R(k)M(k)*R(k)"

PEM(CK)] = det[R(k)] PE[M (k)]* (A.5)

To prove Eq.(2.20) we still need to compute W (Cky, Cky). Using |u,,(Ck)) = R} (k)
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Clun,(k)) we get

WZ] (Ck:l ) Ck?)

det[W (Cky, Cks)]

— Ry (k1) (Ctt (k1) | Ctty (k)Y RE (K2))

= Rin (k1) (un (k) um (k2))* RY, ;(K2))

= det[W (ki, k2)]* det[R(k1)] det[R(k2)]*

Therefore when C' is anti-unitary we have:

g(Ckl, Ck‘g) ==

Pf[M (Cks)] W

B (Chy)) et (Chr OR2)]

Pf[M (ky)]* W . *
By - 1 (Rl =t )

If C' is unitary instead, Eq.(A.4) will be changed to

(tn (CR)|Tun(CR)) = D {n (CR)|Clus (k)) (s (k) T [ (k) (k)| C~ un(CR)),

i,j€occ

(A.8)

Using (u;(k)|CHun(Ck))* = (un(Ck)|Clu;(k)) for unitary symmetry C, we have

M(Ck) =

PHM(CK)] =

R(k)M (k)R(k)"

det[R(k)] PE[M (k)]

For W(Cky, Cks), Eq.(A.6) will be

Wl] (Ckla Ck?)

det[W (Cky, Cky)]

= Rin(k1)(Cun (k)| Cin (k) R, (o))
= Rin(k1) (un (k) [ (ko)) R (k2))

= det[W (ky, k2)] det[R(k1)] det[R(k2)]*
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Therefore if C' is unitary we have:

g(Cky,Cky) = ii%gg:ﬁ det[W (Cky, Cks)]
~ Pf[M(ky)] _
= mdet[W{kl,kQ)]—g(kl,kg) (A.11)

A general path /;a\/gb can be divided by small segments (k;, k;11) so that g(/;a\/;b) =
IL 9(ki, kiv1). Eq.(2.20) is proved by applying Eq.(A.7) or (A.11) to each segment

g(ki, ki+1)'

A.2  Triviality of TRIM that are not invariant under C or

mirror symmetry

In this section we give a more detailed proof of the assertion that the Z5 index
Vop in the time-reversal invariant plane passing through X,Y,T,U in Fig.(2.2)(b)
and X', Y, T,U" in Fig.(2.2)(d) are trivial. These 2D planes are shown in Fig.(A.1),

which are obtained from a cut in Fig.(2.2)(b) and (d) respectively. This proof utilizes

the interpretation of the line quantity g(k.ks) as a measure of Pfaffian in the parallel
transport gauge.

In Fig.(A.1)(a) the system has a two-fold rotational symmetry Cy perpendicular
to the plane which is inherited from the 3D system. However, the C5 rotation centers
are located at the black dots that bisect two TRIM. This type of C5 operator is
different from the conventional two-fold rotation that can be realized by a 2D lattice
in real space, since in that case the rotation center in the momentum space will always
locate at some TRIM. If we choose the origin to be at Y and denote the components
of k along G; and G direction as k, and k, respectively, the Cy operator at the
midpoint of XY generates a transformation (k,, k,) — (G1/2 — k., —k,), and time-

reversal generates (k;,k,) — (—ky, —k,). Therefore the combined operation CoT
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gives (ky, ky) — (ks — G1/2,k,). Define g(k) = g(k,k + G2/2) for k € X X,, then

from Eq.(2.20) the C5T" symmetry requires

(k)

Imlogg(k) = —Imlogg(k + G1/2), k € XX, (A.12)

gk +G1/2)"

Denote the colored region in Fig.(A.1) as 7 and use the same derivation that lead to

Eq.(2.19), the Z; index in this plane is

X
1
Vop = —Im/dk-Vlogg(k)
27
X

gk) = gk k+Gz/2) (A.13)

From Eq.(A.12), the integrand in Eq.(A.13) at k cancels that at k + G;/2, which
leads to vop = 0. Therefore the plane has a trivial Z; index due to the Cy symmetry.

In Fig.(A.1)(b) the system has mirror planes inherited from the 3D system located
at the thin vertical lines. The mirror plane to the right has the transformation
(ko ky) — (G1/2 — ku, k). Define g(k) = g(k,k + Go/2) for k € X'Xj3, from

Eq.(2.20) the mirror symmetry requires

7k) =9(G1/2 - k) (A.14)
The Z5 index from Eq.(2.19) is
T
T
X/

Therefore Eq.(A.14) requires the integrand at k to cancel that at G;/2 — k, leading

to vop = 0. Therefore the Z5 index for this 2D plane is trivial due to the mirror
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G, g G, i

Figure A.1:
& The plot of time-reversal invariant planes obtained from a cut in

Fig.(2.2)(b) and (d). We define the origin in these planes to be at Y. The
black dots in (a) are two-fold rotation centers. The thin vertical lines in
(b) are mirror planes. Note that none of these two-fold rotation centers
or mirror planes pass through the origin at Y.

symmetry.
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APPENDIX B

Appendix for Pfaffian Formalism for Higher-order

Topological Insulators

B.1 Properties of matrices

In the main text we defined many matrices using symmetry operators. Here we
prove some of their properties that are important for the proof in the main text. The

definitions are:

Binn(k) = (un(CyTK)|CyT |u,(k)) (B.1)
DK = (O ol (1) (B2
VoK) = (m@Oluni), 0= SEEET B3
oK) = ()] (K) (B4
o) = (e (RSSO T (K) (85

All of these matrices are 2N x 2N where 2N is the number of occupied bands.
Proof of unitarity: in general if a gapped system has a symmetry P that is ei-

ther unitary or antiunitary so that PH(k)P~' = H(Pk), then H(Pk)P|u,(k)) =
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PH(k)|u,(k)) = E,(k)P|u,(k)) so that Plu,(k)) is a superposition of eigenstate of
H(Pk) with the same energy. If |u,(k)) is in occupied bands, so should P|u,(k)),
then we have Plu,(k)) = ZmEocclum(Pk)>pmn(k) where P,,, (k) is the coefficient for
the superposition. Since Py, (k) is now the transformation matrix between two sets
of normalized and orthogonal basis { P|u,(k))} and {|u,(Pk))} that span the space
of occupied bands, P, (k) = (tm(Pk)|Plu,(k)) is guaranteed to be unitary.

This fact shows immediately that matrices B, D and v above are unitary for every
k as long as the system has the corresponding symmetry. M (k) is unitary only at
C4T invariant points since C4yTk = C;'Tk = k there. w(k) is unitary at straight
lines ZZ and AA since C,Tk = C; 'Tk = —k there.

Proof of Antisymmetry: we will show that M is antisymmetric for every k that
is invariant under Cj, such that C,Tk = C Tk = —k. Here are two distinct
matrices related to Cy that we want to clarify. For a N;-band system with 2N filled
bands, the fourfold rotation can be represented by a Ny X Ny matrix Cy(k) (the
same as the Uy in Eq.(1.31)) which can have k-dependence. This matrix is different
from the 2N x 2N sewing matrix (u,,(C41k)|Cy(k)|u,(k)) defined for occupied bands.
The matrix Cy(k) representing the fourfold rotation can depend on k, and in this
case (Cy)* = —1 implies C4(C3k)Cy(C2k)Cy(Cik)Cy(k) = —1. If k is invariant
under the fourfold rotation, then this relation reduces to (Cy(k))* = —1, i.e., the
matrix Cy(k) itself to the fourth power is the negative identity matrix. In this case
the matrix representing the twofold rotation Cy(k) satisfies (Cy(k))? = —1. Then
we can show that ©2 = T? = —1. Since (C3)? = —1, then Cy + C;' = 0 and

02 = —(Cy+ C;H?/2 = —(Cy + Oy +2)/2 = —1. The anti-symmetric property of
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M (k) matrix for Cy-invariant momenta can be seen by:

Mpn(k) = (un(k)[O|u,(k))
= (0%u,(k)|Ounm(k))
= —(un(k)[O]um(k))

= M. (k) (B.6)

If the Nt X Ny matrix representing Cy is independent of k, then M (k) is anti-
symmetric for every k in the Brillouin zone.
In a similar way we can show that vy, (k) = —v,mn(k) so that v is also antisym-

metric. The same technique when applied to w and B yields

Winn(K) = —wpm(—k)

Bon(k) = —{(un(k)|C;y T |y (C4Tk)) (B.7)
Constrains from operator identities: consider the complete relation

1= 3 sk )]+ i) k) | (5.5)

1€0cc 1Euocc

where occ and uocc refer to occupied and unoccupied bands. Since (Cy)? = —1, let
|um) and |u,) be in occupied bands, replace the k in the complete relation by Cok and
insert it to the 1 in identity (u,,(k)|C21Cs|u,(k)) = —6,pn. The unoccupied part in
the complete relation do not contribute since Cs|u,(k)) belongs to the space spanned
by occupied bands and have zero overlap with unoccupied bands. Therefore we get

ZiEOCC DmZ(OQk)Dzn(k) == _5mn7 which means

D(Cyk) = —D'(k) (B.9)
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We can also consider identity Cy = —(C4T)% Replace the k by C;Tk in complete
relation and insert it to (u,,(Cok)|Colun(k)) = —(um(Cok)|C4T1C T |u, (k)). Note

that T is antiunitary therefore a complex conjugation is needed, and we get
D(k) = —B(C4Tk)B*(k) (B.10)

Similarly for operator identity S,CyT = —C; 'T'S4C4,TC,T, replace the k by C4Tk

in complete relation and insert it to
(U (K)[S4C4T [ty (K)) = — (1t (K)| Oy T 1S4 CLT1C T | (K)), (B.11)

we get U (k) = — Zideocc(um(k)|C[1T|ui(C4Tk))vfj(C’4Tk)Bjn(k). Using Eq.(B.7)

we have

v(k) = BY(k)v*(C,Tk)B(k) (B.12)

Pflu(k)] = Pflo(CyTk)]" det[B(k)] (B.13)
If we replace S4;C4T by ©, the above derivations are still true and we will get

M(k) = BYk)M*(C,Tk)B(k) (B.14)

Pf[M(k)] = PE[M(C,Tk)]" det[B(K)] (B.15)

Determinant equalities: we will show that det[B(K)] = det[M(K)] for K € K*
and det[B(k)] = det[w(k)] for k at straight lines ZZ and AA. Since C,TK =
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Cy'TK = K, C4Tk = C'Tk = —k, using Eq.(B.7) we get

My (K) = ((un(K)|C4T 1 (K)) + (3 (K)| O ' Tl (K))) / V2
= (B(K) - B"(K))/V2
(k) = ((wn(=R) CaT |un (k) + (i (k)| Cy T (K)))/ V2

— (B(k)— BY(—k))/V2 (B.16)

When there is no accidental degeneracy, we can find a gauge where B(k) is block

diagonal with each block being B, (k) € SU(2). Therefore M(K) and w(k) are also

block diagonal. Since Chk = k, Eq.(B.9) implies each block of D is D, (k) = in(k) -

o. Then Eq.(B.10) gives B.(—k) = —(in(k) - )BX (k). Let #'(k) = (n., —ny,n.),
Eq.(B.16) leads to

i 1 4ii(R) o
wr<k) - BT( ) \/5

detlwn(F)] = det[B, (k)] det 1”%"7)'“] — det[B,(F)

detfw(k)] = det[B(k)] (B.17)

Now we have proved the det[w(k)] = det[B(k)] for the gauge in which det[B] = 1. But
since det[B(k)] and det[w(k)] change in the same way under gauge transformation,

they should be equal in any gauge. At C4T invariant due to w(K) = M (K), we also
have det[B(K)| = det[M(K)].

B.2 Properties of the degree of map

We consider a general smooth map G : T® — SU(2). The degree of this map is

1

deglG] = —51 5

/ Pre* Tr [(GO,61) (Go,61) (GaGN)]  (B.18)
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One can show that the degree is quantized to integer and thus invariant for small
perturbation of the map [48]. The degree is addictive, which means if there is another

map G’ : T% — SU(2), then
deg|GG'] = deg|G] + deg|G'] (B.19)

Therefore G—! = G always has the opposite degree to G since their product is
constant. Taking a complex conjugation to Eq.(B.18) we get the degree of G*. Since
deg[G] is real, this means G* has the same degree as G. Combining these facts we

get
deg[G'] = — deg[G], deg[G*] = deg[G], deg[GT] = — deg[G] (B.20)

If we perform a rotation or rotoinversion in the k space T2 given by s : T% — T3
so that sk = k’, the degree of the transformed map G o s can be obtained by a
change of variable in Eq.(B.18). During the change of variable the volume element

d®k will bring a factor of | det [%] | and the partial derivatives will introduce
zoVy vz

kL)
Joy iz

) which leads to

a factor of det [ ]Z

/\/\

} therefore the overall effect is to introduce a factor of

sign (det[ : Z Z

vv

deg[G o 5]
- _ 2417T2 d3ke¥* Ty [(G(sk)&G(sk)T) (G(Sk)ajG(Sk)T) (G(Sk)akG(Sk)T)]
= sign <det [;Z:—:;Zj]) deg|G] (B.21)

In particular if the transformation s is C4T" so that k' = (k,, —k,, —k.), then we get

det [gg:i—%] = —1. Therefore
deg[G(CyTk)] = — deg[G(k)] (B.22)
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APPENDIX C

Appendix for Topological Nodal Line Semimetals

C.1 Definition of the I' matrices

In this section we write down the explicit form of I' matrices that we adopted.
This set of matrices is not unique, and is sensitive to the choice of bases. For our

convenience, we will use the following basis.

Fl =Tz ®007
I_‘2 =T, ® 0,
FS =Ty Q Oy,

L'y =7, ® oy,

s =I'"IeI'sl'y = —7y ® oo,
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Here 7; and o; with ¢ = 0,2, y, 2z are the 2 x 2 identity and Pauli matrices where

10 0 1

To =009 = 5 Ty = Ogp = )
01 10
0 —i 1 0

Ty =0y = y To = 0, = (C 2)
1 0 0 -1

In the dual basis, we have
1’:\1 =T, ® 0y,

fz =X = —Ty Q 0y,
Ty =ilol3Ty = —7, ® 0y,
| P =Ty &0,

[s =7, ® 0, (C.3)

In both these two bases, TI = K with K being the complex conjugation, although

the explicit form of 7" and I are model-dependent and not universal.

C.2 Reduced Hamiltonian

Here we consider a four-band model as discussed in the main text, and prove that
they can be reduced to Hamiltonian H; or H.

First, we start from a generic four-band model without assuming the time-reversal
or space-inversion symmetry. As shown in the main text, we can write the Hamilto-
nian in terms of the sixteen matrices that we choose, which are I' matrices and their

products.

H = aFl -+ b1F2 + b2F3 + 61214 + CQiF2F3F4 —+ ... (C4)

141



where a, by, bg, ... are real functions of the momentum k. For a system made of
four orbitals, where two bands constructed by the first two orbitals are inverted with
the other two bands constructed by the last two orbitals, one of these 16-matrices is

special and we choose it to be the I'; matrix

+1 0 0 O

0 +1 0 0
I = (C.5)

0O 0 -1 0

o o0 0 -1

This matrix marks the band inversion. If we turn off all other terms, when the
coefficient of this matrix [i.e. a in Eq. (C.4)] is positive (negative) the first two orbits
have positive (negative) energy. Thus, the double band inversion that we consider in
the manuscript is represented by the change of sign in the coefficient a. For a small
band inversion at I', a is positive near the I' point, and it changes sign as we move
away from I'. These two regions (with a > 0 and a < 0 respectively) are separated
by a 2D manifold, on which a = 0. For a small band inversion at I', this 2D manifold
has the topology of a sphere.

The eigenvalues of a Hamiltonian can be computed via the eigen-equation. det(H —
el) = 0. For a four-band model, this equation is a fourth-order equation of €. Because
the absolute value of energy plays little role in topology, we can make the Hamiltonian
traceless by deducting its trace part, without changing any topological features. For

a traceless Hamiltonian, the eigen-equation must take the following structure

e+ gl +re+s=0 (C.6)

where ¢, r and s depend on the 16 coefficients in Eq. (C.4). Here, the ¢® term is

absent, because its coefficient is the trace of H, which we set to zero.
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For a system with two conduction and two valence bands, we can always make
the two conduction bands degenerate, and same can be done to the valence bands.
As long as we don’t introducing new band crossings in this procedure, the topological
information remains. For nodal lines with nontrivial monopole charge, this procedure
shrinks a nodal line into a nodal point with four-fold degeneracy.

After this procedure, our fourth-order eigen-equation has two set of degenerate
solutions, i.e. two conduction bands with identical eigen-energy +€ and two valence
bands with —e. In other words, our eigen-equation shall have two pairs of equal real
roots. For a quartic equation shown above, this requires the following conditions: (a)

the discriminant is zero

A = 16¢*s — 4¢°r? — 128¢%s? + 144qr?s — 27r* + 256> = 0 (C.7)

and (b) ¢ < 0 and (c) ¢*> = 4s. For a generic fourth order equation, these three
conditions are independent. However, as an eigen-equation of a Hermitian matrix,
the last condition (c) is sufficient to guarantee (a) and (b). This is because for an
Hermitian matrix, all roots of the eigen-equation have to be real, and this constraint
makes (c) sufficient to ensure the other two.

In general, the condition ¢ = 4s here is a very complicated equation. In terms of
the 16 coefficients in Eq. (C.4), this equation is a quartic equation for those coefficients
and it involves nearly 200 terms. However, luckily, such a complicated equation can
be simplified in the form shown in Eq. (C.9), i.e., the sum of 15 squares equals to
0. Because all the coefficients of Eq. (C.4) are real, sum of squares being zero means
that every single square needs to be zero, which gives us 15 quadratic equations
[Eq. (C.10)-(C.24)]. These 15 equations are not independent. For the problem that we
considers in the manuscript, due to the time-reversal and space-inversion symmetry,

the Hamiltonian can be made real [i.e. 0] = b, =, =, =€ = f' =0 in Eq.(C.8)].
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For such a real Hamiltonian, it turns out that if we assume that conduction and
valance bands are both degenerate and H is traceless (i.e. ¢*> = 4s), these 15 equations
allow us to have 5 free parameters in Eq. (C.4), which are the 5 terms that we shown
in this equation. The rest of coefficients can all be computed from these 15 equations
and thus they are not independent parameters anymore. This is the reason why we
selected to show these 5 terms in our Hamiltonian.

Furthermore, we can further reduce the number of free parameters here by 2, by
turning off either b/, or ¢;/2. For a double-band inversion that we consider here in
most part of the k-space, we have a # 0, and it it is easy to check that here we can turn
off all other coefficients in H, and the system will remain gapped and non-singular.
On the other hand, for the 2D manifold with a = 0, only two options are available:
(a) b2+ b2 # 0 while all other matrices have zero coefficients or (b) ¢2 +¢3 # 0 while all
other matrices have zero coefficients. Except for these two options, the 15 equations
we mentioned above will tell us that certain coefficients must diverge, due to terms
like ¢ /a.

In summary, when we make the two conduction and two valence bands into degen-
erate pairs (without introducing new band crossings between conduction and valence
bands), we can turn off any terms except for al'; in our Hamiltonian as long as a # 0.
If a = 0, we have to choose from the two options shown above. As a result, for a I"
point band inversion, if the a = 0 manifold follows the option (a), we can turn off
all other terms except for a, b; and by in the whole k-space without introducing any
singularity or gap closing. On the other hand, if the a = 0 manifold follows option
(b), then we can turn off all terms except for a, ¢; and cs.

In either case, by making the conduction/valance bands degenerate, we can turn
off almost all the terms in Eq. (C.4) and only keep three of them, which are H; or
H,.
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C.3 Conditions for band degeneracy

Consider a generic 4 x 4 tracless Hermitian Hamiltonian H with matrix elements:

Hyy = a+dy, Hy=a—dy, Hy3=—a+dy, Hyy=—a—dy,
ng = €+€,’i+f+f,i, H13:—(02+i0,2)+b1+b,1i,
H14 = bg+b,2i+61+clli,H23 :bg+b,22— (01+C,1i),

Hy = —(erich) = (b +i), Hyy =i = ([ + [') (C38)

Here ¢ is the imaginary number unit and the other letters represent generic real

numbers. The condition for degenerate bands ¢? = 4s can be written as

15
0:(12/4—s:z:A12 (C.9)
i=1
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where

Ay = a(dy — dy) — 2(byce + b))
Ay = a(dy + da) + 2(bacy + b))
Az = 2(cyer — diea +af’)

Ay = 2(=bycy — b, + ae)

Az = 2(—bycy — by + af)

Ag = 2(bsb, — Byby + ac)

A7 = —=2¢'dy +2fby — ba(dy — da)
Ag = —2¢'cg — 2fb| + by (dy — da)
Ag = —2ecy + 2f'b) + c1(dy — dy)
Ao = —2ecy — 2f'by + & (dy — do)
Ay = 2ebly — 2€' ¢y + b (dy + dy)
Ay = 2eby + 2¢'¢) + by(dy + do)
A3 = —2fc; — 2f'by — co(dy + da)
Ay = =2fc) + 2f'by — y(dy + da)

A5 = 2ef +2€'f + (d — d3)/2

(C.10)
(C.11)
(C.12)
(C.13)
(C.14)
(C.15)
(C.16)
(C.17)
(C.18)
(C.19)
(C.20)
(C.21)
(C.22)
(C.23)

(C.24)

Because all the terms here are real, the sum of squares equals to zero implies A; = 0

for any 1.

C.4 lattice models

In this section, we show the lattice models that we used to generate the figures of

nodal-lines in Fig. 4.4. First we define some functions for representations in different
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point groups for future

Cs; FT fi
I fo
Iy fs
Iy fa
Iy fs
Iy fe
Con: I'y: [
Iy fs
Iy fo
FZ' f10
Iy fu
ki =
K, =
w =

convenience:

= cosk; + cosky + cosks

= coskj + cos ky + cos ks,

= sin(k, + k) + w?sin(ks + k,) —wsin(—ky + k)

= sin(k] + k.) + w?sin(ky + k.) — wsin(—k, + k)

= sin(k; + k) + sin(ks + k,) + sin(—ks + k)

= sin(k] + k) + sin(ki + k) + sin(—k5 + k)

= (cosk; — wi cos ky + wg cos k) sin k.,

= sink; — sinky + sin k3

= sink] — sin ky + sin k;

= (sink; — sinky + sin k3) sin k,

= sink; + w§ sin ky + wg sin ks (C.25)
kyy, ko = %kx + ?k‘y, ks = —%k‘x + ? Y
gkw + ?ky, Ky = \/3k,, k= —;km + \/731%
e, wg=et (C.26)

Here the functions defined with k; 53 are for nearest-neighbour hoppings, and the

functions with kj , 5 are for next-nearest neighbour hoppings.

C.4.1 Family 1, C;

and C! 33

For systems with C; (Cs;) symmetry, we consider a triclinic (hexagonal) lattice

with four orbits per site and the symmetry of these four orbits are I'f, T'{, T'] and

Iy

Using these four orbits as the basis for our Hamiltonian, we have 7' = K and
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I =7, ® 0g and the Hamiltonian is

H = ar,Q@00+b 7y®@0, +by 7y @0, — 1 T, R0y (C.27)

For the system with the C; symmetry shown in Fig. 4.4, the parameters are:

a = 1.5(cosk, +1.2cosk,)+ 1.5cosk, —2.5
by = sink, +0.5sink,
by = sink, —sink,

c; = 0.3(sink, +0.5sink,) (C.28)

Here, only nearest-neighbor hoppings are needed, and the longer-range hoppings are
set to zero.

The parameters for the C; system are:

a = fi+ fo+4cosk,—6

by = 0.2f,
by — 04f;
cg = 0.7sink, (C.29)

where f; and fg are from next-nearest neighbor hoppings and all others are from

nearest neighbor hoppings.

C.4.2 Family 4, Cgh, C4h, Cﬁh

Here, same as before, we put four orbits on each lattice site with symmetry '],
Iy, I'] and I'; for Oy, and Cyy,, and I'f, I'f, T'y, Iy for Cgp,. Using these four orbits

as the basis for our Hamiltonian, we have T'= K, P = 7, ® 0. The two-fold rotation
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is Cy = 19 ® 0, for Uy, while the four-fold rotation is C4y = 79 ® o, for Cy, and
Ce = 10 ® o, for Cg,.

The Hamiltonian is

H = amn®o,+b 10®0; —ba 7, ®oy +9 7. ® 09 (C.30)

The parameters for a system with Cy;, symmetry are

a = cosy+cosk,+1.5cosk, —2

by = sink,sink,
by = sink,
g = 03 (C.31)

Here, only nearest-neighbor hoppings are needed, and the longer-range hoppings are
set to zero.

The parameters for the nodal lines in Cly;, are:

a = cosy+cosky,+ 1.5cosk, —2
by = cosk, —cosk,
by = sink,(cos(k, + k) — cos(k, — ky))

g = 02 (C.32)

The by above is from next-nearest neighbor hopping while all the other terms are from

nearest neighbor hopping.

149



The parameters for the nodal lines in Cyg, are:

a = fi+ fo+4cosk, —6

bi = b5fio
by = fy
g = 04 (C.33)

where fy; and fg are from next-nearest neighbor hoppings and all other terms are from

nearest neighbor hoppings.

C.4.3 Family 5, Cj;

Here, we put four orbits with symmetry 'y, 'y, 'y, I'; on each lattice site,
and use these four orbits as the basis of the Hamiltonian. As a result, we have

T =1®o0,K, P=r1,® o0y Rotation operators are given by the representations

2

Cs = diag(w?, —w,w?, —w), where w = €3 and diag refers to a diagonal matrix. The

Hamiltonian for the nodal lines is:

H = an,®00+b y,®0,+by 7y, ®0,+c1 T, R0, + 2 T, ® 0y
a = f1+03fs+4cosk,—4

by +iby = (1 —g0)(0.5f3+0.3f4)
a = 04gofs

Coy = OngfG (C34)

The figure with )1 = 1 has gy = 0.4 and the one with ()2 = 3 has gy = 0.8. The
terms fy, fy and fg are from next-nearest neighbor hoppings and the rests are from

nearest neighbor.
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C.4.4 Family 5, Cy,

Here, the four orbits have symmetry 'y, T, 'y, T'; and thus Cy = diag(i, —4, 1,

—1), T =1® 0, K, and P =7, ® 0. The Hamiltonian is

H = am®o00+b 7y®@oy+by7,Q0,+¢1 7, Q0.

a = cosk,+cosk,+ 1.5cosk, —2

by = (1—go)(sink,(cosk, — cosky)+ 0.2sink,(cos(k, + k,) — cos(k, — ky)))
by = (1—go)(0.2sink,(cosk, — cosk,) + sink,(cos(k, + k,) — cos(k, — ky)))

c1 = gosink, (C.35)

The figure with @; = 2 has gy = 0.25 and the one with )2 = 0 has gy = 0.7. As go
becomes larger, the two nodal lines with nontrivial monopole charge move towards the
k., = 0 plane and annihilate with each other. Terms proportional to (cosk, — cos k)
are from nearest neighbor hoppings and those proportional to (cos(k, +k,) — cos(k, —

k,)) are from next-nearest neighbor hoppings.

C.4.5 Family 5, Cg,

Here, the four orbits have symmetry I'y, T, Ty, Ty, and Cs = diag(—w?, wg,

—w3, wg) with wg = es. T = To® o0, K, P=T,®0y. The Hamiltonian is

H = CLTZ®0'[)+61Ty®0y+bQTy®ax+clT:v®0-z
a = fi+ fo+4cosk, —6
by +iby = (1—go)fr

cp = gosink, (C.36)

where f, is from next-nearest neighbor hopping and all other terms are from nearest

neighbor hoppings. The figure with (); = 2 has gy = 0.04 and the one with 3 = 0
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has gy = 0.6. The two extra-robust nodal lines annihilate as gy grows.

C.4.6 Family 6, Cg,
4

Here, the four orbits have symmetry 'y, T's, ', Ty. Cs = diag(—w?, wi, w?,

—wg). The Hamiltonian is:

H = arn,®@o00+bi 7y®@o0y+by 7, @0, +¢1 7, @0, + 2 Ty ® 0,
a = fi+ fo+4cosk, —6

by +ibs = (1 —g0)f11
a1 = gofs

c2 = gofo (C-37)

Here, f, and fy are from next-nearest neighbor hoppings, while all other terms are
from nearest neighbor hoppings. The figure with ); = 3 has gy = 0.9 and the one
with Q2 = 1 has gy = 0.5.
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