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Abstract

In this thesis, I take a particle theory approach for studying topological related Weyl
semimetals, especially for the study of energy dispersion relations and of edge states: based
on basic assumptions such as symmetry, topology, and dimension, write down Lagrangian;
solve equation of motion and boundary conditions; get energy dispersion relations; and give
explanation to relation between physical quantities. I call it boundary condition analysis.
Fruitful results come out: the bulk and edge states are shown to be determined by conserved
momenta and boundary condition parameters, new exotic states localized at the intersection
of boundaries are predicted, and dispersions determined.
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Chapter 1

Introduction

1.1 Backgrounds: Weyl fermions in condensed matter
physics

In 1929, Professor Hermann Weyl [I] proposed his theory to describe solutions of the massless
Dirac equation in which fermions are separated into two independent representations of
Lorentz group and called left /right-handed or chiral fermions. Later they have been called
Weyl fermions. Weyl fermion became a very important concept in particle physics after the
discovery of violation of parity in weak process. It successfully describes neutrinos to be
left-handed and antineutrinos to be right-handed and it was verified in pion decay [2]. Since
then it became a fundamental building block for theory of weak interaction in the standard
model.

In condensed matter systems Weyl fermions are realized as quasiparticles with definite
energy dispersions. Instead of observing the cross-sections as in high energy experiments,
condensed matter physicists start to observe the energy spectra in a crystal. Weyl fermions
in crystal are discovered through theoretical prediction [3][4][5][6] followed by experimental
verification [7][8][9]. It is possible that two-band Hamiltonians in three dimensions to own
band-crossing points where Weyl fermions can emerge. When the band-crossing point are
exactly at Fermi level, we get semimetal. This can be assured by some symmetries. As
far as the band-crossing points are separated, they are topologically protected/conserved as
a monopole charge. That is how it got the name topological Weyl semimetal. In Ref. [3],
time-reversal symmetry is used to place band-crossing points and do the separation and Weyl
semimetals are predicted to exist in between three dimensional topological insulator phase
and normal insulator phase. In Ref. [4], the team of X. Wan predicted Weyl semimetal in a
material — pyrochlore iridates (such as YslrsO7), and it is the inversion symmetry that did
the joH] In Ref. [7][8] the energy dispersion of Weyl semimetal bulk states and Fermi-arc
edge states are detected in material tantalum arsenide (TaAs), which respect time-reversal
symmetry, by photoemission spectroscopy. In Ref. [9] the spin-orbit coupling is shown to be a

'If both time-reversal and inversion are present, the Kramers degeneracy makes the crossing points into
a four-band degeneracy and a mass term is not avoidable, see Ref. [3].
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parameter that can tune the distance of two Weyl points, also by photoemission spectroscopy.

In Weyl semimetals, the concept of handedness or chirality still plays an important role.
However, the physical picture has been dramatically changedﬂ the spin degrees of freedom is
replace by energy band structure so the handedness is no longer related with helicity and, in-
stead it is reinterpreted as monopole charge in the Brillouin zone; because of periodicity of the
lattice, Weyl fermion never appear alone but always in pairs with both chirality [10][11]; with
a spacial boundary, there is a boundary-localized state protected by the chirality — Fermi
arc, connecting left-handed and right-handed Weyl fermions in the Brillouin zone [4][6][7].
As a result, the research focus about Weyl fermions has been changed.

Fermi arcs can be regarded as an outcome from the another type of interplay between
particle physics and condensed matter physics: relations between fermions in different dimen-
sions where one is formulated on the boundary of another. These have been developed almost
simultaneously in particle physics and in condensed matter physics, for instance domain wall
formulation of 3+1 D massless chiral fermions in 4+1 D massive bulk fermion theory [12][13]
and the gapless edge states in various kinds of gapped bulk topological phases [14][15]. In
both cases, the topological number of bulk fermions protect boundary states. The boundary-
localized states or edge states are regarded as a key feature of topological phases since it can
be used diagnose different topological phases. Fermi arcs/edge states gives Weyl semimetal
version of bulk-edge correspondence since their existence is due to bulk monopole charge.
Two (spacial) dimensional topological insulators and Weyl semimetals are interconnected
with each other, by dimensional reduction [4]. As a result, we can glimpse one from another.
However, what is unique in Fermi arcs is that it connects Weyl cones of both chirality due
to the doubling of fermions.

As we have seen above, at such an age of communications between particle physics and
condensed matter physics, old ideas in relativistic quantum theories obtain new meanings.
What is more, an good point of condensed matter systems is the freedom to realize all kinds
of terms in the Lagrangian as an effective description in the real material, so this allows us
to check our theory in the experiment, which helps us understand our theoretical tools in
particle physics much better than before. This is the feedback to particle physics.

1.2 Motivation, questions and methodology

Usually, edge states are realized as a solution where the bulk Hamiltonian has sign change
of mass term in/out of the material [16]. This can be regarded as a specific boundary con-
dition. We inevitably wonder that maybe the edge state solution is due to the construction
of boundary condition. We know from classical electromagnetism that from the surface of a
metal, the electromagnetic field exponentially decay into the metal, which can be regarded
as an edge solution, but this obviously is not generic and depend on the metallic boundary
condition, for instance it should have finite conductivity’] However, the bulk-edge correspon-

2Chiral anomaly, transport properties, etc are also very important in Weyl semimetals, however, they are
not directly related with the discuss of the rest part of this thesis, so I will not explain them here.
3See Sect. 8.1 in [I7].
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dence states that edge states are protected by bulk topological number, so they should exist
regardless of boundary conditions. The works about edge states in the literature certainly
not show this aspect clearly. Moreover, how the Fermi arc edge states behave under the
change of boundary conditions is also not well studied in the literaturelz_f]. As a resolution,
this thesis attempts to understand the relation between bulk topological number and edge
states through the study of generic boundary conditions.

After realizing the close and simple relation among boundary conditions, topological
number and edge states, we believe that similar things may happen in more complicated
situations, when we go from two-band Hamiltonian to four-band Hamiltonians. Inspired by
the work in lattice gauge theory [20] in which regularized chiral gauge field theories of 3+1
dimension are realized at intersection of two boundaries which are 441 dimensions of 541
dimensional bulk spacetime, we wondered whether similar relations among states in three
different dimensions can happen in topological material, more specifically whether a new
exotic state can exist at the intersection of two boundaries in some topological phases as well.
The general existence of such exotic state is based on a generalized argument of bulk-edge
correspondence: edge state of 4D topological insulators have topological number, too [21], so
it can also protect some states localized at the boundary of this edge. This bulk-edge-edge-
of-edge correspondence becomes the second question that this thesis try understanding.

To study fermionoic states in condensed matter physics, the most obvious observable
is the energy dispersion since it contains the most basic quantum numbers of a state —
energy and momenta. In this thesis, I take a particle physics theory approach for studying
topological Weyl semimetals, especially for the study of boundary conditions and energy
dispersion relations of edge states: based on basic assumption such as symmetry, topology
and dimension, write down Lagrangian, solve equation of motion, get energy dispersion
relations and give explanation to relation between physical quantities. [ show that this
method can be used to study phenomena on the spacial boundary such as edge states and so
on. I call it boundary condition analysis, which make things clear by analyzing, as oppose
to synthesis, which constructs results by components.

1.3 The content and organization of the thesis

I will start from reviewing the facts of band topology in chapter 2, showing that some gapped
and gapless band structure are topologically distinctive and that the study of band topology
can be simplified from generic band Hamiltonians to Hamiltonians of free fermions in the
low energy limit. This is the foundation for the validity and generality of simple Lagrangian
formalism approach.

After that, in chapter 3, I will write down the continuum version of two-band Lagrangian
plus a generic surface term and derive equation of motion and boundary condition. By
analyzing these two equations we can get information of bulk states, edge states and bound-
ary condition parameters: The bulk and edge states are complete determined by conserved
momenta and one boundary condition parameter. Then with tight-biding lattice model, I

4For generic boundary conditions in topological insulators see [I8][19].
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will show that the boundary conditions obtained in the continuum theory appear as a low
energy effective description and that all the results from the lattice model are parallel with
the ones from continuum theory so that our continuum argument is valid. In the last section,
I will give the interpretation of bulk-edge correspondence from the viewpoint of boundary
condition parameters. Thus the boundary condition analysis on topological phases is formed.

In chapter 4, I will go to four band-systems to study more delicate structure of boundaries,
including intersections of boundaries. The prediction of edge-of-edge states is the result
from the boundary condition analysis. Basic methodology is the same as in chapter 3. The
Hamiltonian considered plus generic boundary conditions are still completed solved. We will
see that the boundary parameters give more mixed rotations between momenta. Based on
the argument of bulk-edge correspondence and the result that edge states can also possess
topological number, there is a guess that at the intersection of boundaries there may exist
localized states, which is named as edge-of-edge states. And this is verified in the later
sections of chapter 4 with the dispersion relation solved and the existence condition fixed
by boundary condition parameters and momenta. Since the results become very clear, an
experimental realizable model is introduced.

In the last chapter I will give a summary of the thesis with some discussions and future
direction of this approach.



Chapter 2

Topological facts in energy bands

In this chapter, I am going to review the fact that energy bands can have topological structure
and see that relativistic free fermions can be used as representative of topology. Moreover,
topological phases support exotic states localized on the boundary — the edge states. The
discussion will be started from chiral fermions appearing at band-crossing points. The global
topological structure in Brillouin zone give constraints on low energy effective descriptions of
electrons in crystal. The chiral fermions on the lattice are constraint by the Nielsen-Ninomiya
theorem[10][11], which states that in odd dimensions on the lattice, chiral fermions always
come in pair, with both chirality. In this section, I will explain how chiral fermions appear
at band-crossing points, give a simple proof of the Nielsen-Ninomiya theorem and show the
relation with edge states/Fermi arcs, which is called the bulk-edge correspondence. The
discussion is a review of [22].

2.1 Weyl fermions exist at band-crossing points

First let’s take a look at the band-crossing points. A generic two-band Hamiltonian, since
it’s Hermitian, can be parametrized by four real parameters as:

H:aﬂ.g—f-biO'i, i:1,2,3, (21)

where the parameters can be functions of momenta, etc. Then the energy eigenvalues are:

ei:ai\/%. (2.2)

So we can see that a describes the overall energy while b;s describe the splitting of energy
and when all b;s are equal to zero two bands cross each other. When we are only interested
in the behavior between two bands namely transition between them, we can define a new
Hamiltonian with a subtracted:

Hl = biO'i, (23)

13
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which has the form of a Weyl fermion/chiral fermion except that these b;s are not momenta
and o;s are not related with spin degrees of freedom. Yet we can still talk something about
the topological property.

We can make a imitation with the chiral fermions. In relativistic quantum field theory,
chiral fermions/Weyl fermions in 341 dimensions, which is in the chiral eigenstate of Dirac
fermions, are in the irreducible representations of Lorentz group, parametrized by three
momenta. Two fermions with opposite chirality are orthogonal to each other. Let’s review
this fact. In 3+1 dimension, massless fermions are generically describe by massless Dirac
equation:

"0 =0, p=0,1,2,3, (2.4)

where #s are 4 x 4 matrices satisfying {v#, 7"} = 2n*”. The corresponding Schrodinger
equation is

(00 = Hyp = 75" (=idy)1). (2.5)

This Hamiltonian commutes with the chiral operator 75 = i7°y'7?73. Since 72 = 1, it has
two eigenvalues 1. As a result, Hamiltonian matrix can be decomposed into two block
forms whose eigenstate have 75 = 1. Meanwhile, since

(V"2 =2"® 1= {0, 0’} ® 1, (2.6)
and
(07707 = 267909 s (2.7)
[Mwe can use o's to expand the Hamiltonian:
H = £p,0;, (2.8)

Now we get two types of chiral fermions, each in an irreducible representation of Lorentz
group. They can not be deformed into each other except through flip of signs of the p;s. In
this sense, we can say that the Hamiltonian is chiral in parameter space of b;. However,
this is not the end of the story. b;s are functions of p;s. Let’s see the topological structure
in the momentum space.

Near the crossing point p,, we can expand b;

0b;

bi<pj) = a_p](p - p*)j + O(p?) ) (29)

and the Hamiltonian to the lowest order is written as

o,
apj P=DP=x ’

H'|p—p. = 0ibijOp; , by op; = (p—pu)j - (2.10)

190910y = =4ty =iy Oy e TEs + 6%
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This Hamiltonian basically is the same as (2.8)), with p; replaced by b;;p;. It has the chirality
determined by the sign of determinant of b;;:

sign det(b;;) . (2.11)

We can see that the chirality defined in this way is stable against any change of parameter
nearby the crossing point and it’s only related with the way how b; is wrapped on sphere on

Pi-

2.2 Brillouin zone constraints on Weyl fermions

The discussion in the previous subsection does not involve the periodicity of the Brillouin
zone. In this subsection I will discuss the outcome of this periodicity: chiral fermions always
come in pair, with both chirality. Let’s prove this theorem in three steps:

(1) Assign to each band-crossing point p, an integer — winding number.

(2) Show that this winding number is the chirality.

(3) Prove that the sum of all winding number is zero and thus the chirality is even.

First step: To consider band-crossing points, we only need to use Hamiltonian (2.3)):

_>
H=10 7. (2.12)

At the crossing points p, of two bands we have
b; (pa) = 0. (2.13)

For a small sphere S, around p,, we can define a vector field 77 as a normal vector field of
another sphere S+ in the coordinate system of b;:

b
== (2.14)
| 0]
The mapping S, — S5 defines a unique winding number and the formula is given by
1
w(Sq) = 8_/ d*p T -0, x 0,7 . (2.15)
T

@

Second step: From the previous discussion we see that the winding number for a given
Hamiltonian is unique. Now let’s calculate the winding number of Hamiltonian (2.8)). Define

v

Wy = i? , (2.16)
the winding number is
W(S,) = d2p eveelag by Pe
8T JSo=oM, p'p p
_ L [y oy (emeneleg Pog Pey. (2.17)

87 J s, p " p D
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O+

Figure 2.1: Band-crossing points in Brillouin zone

The integrant is zero except in the origin of M,. Using

)
au% = f" - p—;fl’ , (2.18)
(2.17) becomes
W(Sa) = 4 [ dBp ay(MeetPey = 4 (2.19)
“ 87 Jar, p? ‘ '

As a result. the winding number +1 corresponds to =+ chirality.

Third step: Since the Brillouin zone is periodic, the boundary is only at the singular
points, so that the sum of the winding numbers can be written as integrations in the Brillouin
zone.

1
Zw(sa) = Z E/s d*p 70 -0, % 0,7
=> L / d®p Ox(M T -9, x 9,7)
> 47 B

1
- / Pp MOT 0T % O, | (2.20)
o ™ B

But O, 7's are tangent vectors of the small sphere Sy, S0 €O\ - (%ﬁ x 0,70 is zero. As
a result,

> w(S,) =0. (2.21)

«
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2.3 States localized on the boundary — edge states

In this subsection, I will talk about the outcome of the band-crossing points and the Nielsen-
Ninomiya theorem. At the boundary of a material, we can solve the Schrodinger equation
with appropriate boundary condition. In addition to plane wave solution permeates the
bulk, we can also get boundary-localized solution. Let’s do it for a simple Weyl fermion with
Hamiltonian:

0

w@xl

(2.22)

An appropriate boundary condition is such that it keeps the Hamiltonian Hermitian:
(Hapr|th2) = (1| Hepa) - (2.23)
If boundary is chosen to be z! = 0,
(02 = D)tlizg =0 (2.24)

is an appropriate boundary condition. Now the momentum p; is not conserved at the

Figure 2.2: Fermi arc

boundary, but p, and p3 are still good quantum number. To get an boundary-localized edge
states, let’s set

Y o exp(—axt), (2.25)

with some real number o and solve the Hamiltonian eigen equation with the boundary
condition

{(iam + 202 + p303)Yh = €t
<02 + 1)w‘x1:0 =0. (2'26)

The result is

o =py,€=Dp;3, (2.27)
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and the edge state obtained is

W = exp(—pggv1 + ip2m2 + z'pgx?’)@/)(p) , (2.28)

in which the normalization factor is put into ¥(p).

Next let’s discuss the effects of the Nielsen-Ninomiya theorem on the edge state. In the
low energy € = 0 limit, p3 goes to zero, so the dispersion of the edge state becomes a one
dimensional line parametrized by ps . From , the edge state is only normalizable when
p2 > 0, and at po = 0 it becomes indistinguishable from a plane wave — bulk state. In a lattice
model, there are two ends of this curve corresponding to opposite chiral fermions bulk states.
This comes from the requirement of periodicity of the momenta. Consider the subspace of
Brillouin zone supporting edge states, the boundaries of the subspace are at band-crossing
points. Because of the periodicity, the sum of the winding number of the crossing point has
to be zero. As a result, the two ending point have to have opposite chirality. In general, at
the boundary momentum space parametrized by ps and ps3, the energy e depends both on
p2 and p3 and also the boundary condition. In such a case, consider the space spanned by
P2, P3, €, In the low energy € = 0 limit, there is some constraint on ps, p3. As a result, the
dispersion still becomes a one dimensional curve connecting two opposite chiral bulk states.
In Sec. in the next chapter, I will show the explicit derivation and figures of edge states
and bulk states.



Chapter 3

Analysis in 3D Weyl semimetals

As discussed in previous sections, in the continuum limit in 341D, two-band systems with
finite numbers of band touching points can be described by Weyl fermions In this chapter,
[ will show the how to derive boundary conditions from the Lagrangian/Hamiltonian with
fundamental requirements and how the boundary condition parameters enter the description
of electron states. With the benefit of boundary condition parameters, we can see topological
structure and relation of bulk states and edge states clearly. This chapter is a review of [23],
with some modification.

3.1 Lagrangian formalism of 3D Weyl semimetals and
boundary conditions
Let us describe a generic and consistent boundary condition of a Weyl semimetal in 3+1

spacetime dimensions. Metric convention is chosen as 7, = diag(+, —, —, =) -
The bulk Lagrangian (for a right-handed Weyl fermion) required by Hermiticity is written

as
L=l (B D0 (3.1)
where o# = (15,01, 09,03). The Dirac equation is
a0 =0 (3.2)
which can be rewritten as
[i00 + i0:0;] ¢ =0 (3.3)

where ¢ = 1,2, 3. So the Hamiltonian is 10y = Hpu,

Huuk = p101 + p202 + p3os. (3.4)

19



20 CHAPTER 3. ANALYSIS IN 3D WEYL SEMIMETALS

In order to study physics on the boundary of the material, let us introduce a surface
term in the Lagrangian. This is a generic term which is one dimension lower than bulk. The
action of Weyl fermion with a surface term is given by

5= / Pr Lo (T, — T+t / Pz PN (3.5)
350 2 2 Jas=0
A variation 1 — ¥ + d¢ and ¥ — T + §T provides equations at the surface 22 = 0 as
[—ittos + i N] 5%3:0 =0, 8¢l fiog+ N | =0, (3.6)
The equations above become
Y [—ios + N] 6y =0 Sy [ios + N1 L, =0 (3.7)

Let’s study it with assuming N is hermitian. The two equations of are Hermitian
conjugate of each other. D

Since half of the modes on the boundary needs to be killed by the boundary condition.
We can write generic boundary condition as

(o By =0, (3.8)

z3=0

should have the form

where o and [ are constants. So ¥

z3=0

= < - )5, (3.9)

and £ is a Grassmann number. In the same manner,

:< p >5g. (3.10)

—Q

(4

0t

z3=0

IThe boundary condition obtained from assuming arbitrary 6¢ and diT to be arbitrary is too restricted.
In such a case second equation in (3.7]) becomes

=0.

z3=0

(ios + N)y

Now the dv satisfying above equation will lead to inconsistency: Combining

(io3 + N)oy

:0’

z3=0

with the first equation of (3.7]), we get
—Wagaw‘ _=0= 1/JTN(51/1’ .
z3=0 3=0

Then N has to be proportional to o3, otherwise there’s no solution. In either case, the boundary conditions
obtained do not depend on matrix N.
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Parametrizing

N = ( Mo My T Ty ) , (3.11)

ny — ing Mg — N3

together with (3.29) and (3.10)) submitting into second equation of (3.7]), we have

ny—1ing MNg—Ng—1 Q
This becomes
1B (no + n3 +1i) — Bra(ng —ing) — a*B(ng +ing) + |af*(ng — ng —i) = 0. (3.13)

Now writing o and 8 explicitly as:
a= ,016_’5‘91
5 = p26i92 )

(3.13) becomes

(P11 + p3)no + (07 — p3)(ng + i) — 2p1pa(ny cos(fy + 02) + nasin(6y 4+ 63)) =0.  (3.14)

Submitting (3.29)) and (3.10)) into the first equation of (3.7)), and following the same procedure
we have

(02 + p3)no + (pT — p3)(n3 — i) — 2p1p2(n1 cos(6; + 0) — nosin(fy +63)) =0.  (3.15)
Both (3.14]) and (3.15)) are solved by

2_ 2
P1 = P2
{no —ny cos(6y + ) + nysin(f; +62) =0, (3.16)

these two equations tell us that the magnitudes of two components should be the same and
phase of two components is different by e “%11%2) ag a function of ng, n; and n.. And we
can write (3.8) as

( 1 6i(91+92) )w

=0. (3.17)

z3=0
Let’s determine this function. From the second equation of (3.16))we get

nony Ny

cos(fy + 6y) = n? +n% —n3 (3.18)

2 SRR 2
ny+mn;  ny+n;

and

. non2 ni
sin(f; + 63) = — + \/n?2 +n2—n2, 3.19
( 1 2) n% +n% n% —1—71% 1 2 0 ( )
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if

ni +n3—ni>0. (3.20)
This means that the phase difference of two component is

e~ 101H02) — o564 6,) — isin(f; + )

S R VAL Skl S (3.21)

ny + ing ny + ing

As a result the boundary conditions become

<1 ng i’\/W)ﬂ;

ni+ing ni-+ing

—0. (3.22)

z3=0

In this case the boundary condition parameter completely depend on the surface parametriza-
tion.

3.2 Hamiltonian formalism and boundary conditions

In this section, I will derive generic boundary conditions in Hamiltonian formalism so the
result will not be limited to classical level.
The Hermiticity condition of Hamiltonian is

(Hpn[2) = (1| Ho), (3.23)

for arbitrary normalizable ¢); and 1. The Hamiltonian is

H = Hbulk + Hboundary ) (324>

where
Hpue = —10;0; (3.25)
Hboundary = K(S(I‘3) ) (326)

where K is a 2-by-2 Hermitian matrix. When we explicitly write the two inner product
above as an integration, we find a surface difference between the right hand side and the left
hand side, which must vanish, while the boundary Hamiltonian does not contribute:

[Wlospal| _ =0. (3.27)
3=
We can again write generic boundary condition as
(a 8|, =0, (3.28)
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(I , 1 = 1,2 should have the form

x3=0
(7
o= (2 )e (3.29)

and & are Grassmann numbers.

Substituting (3.29) into (3.27))

( ﬁ* —a* ) O3 ( fé ) 5152 = O, (330)
The above equation gives
|a* = (B[, (3.31)

which means that a and S can only differ by a phase, from which we conclude thatﬂ

= 0. (3.32)

z3=0

(1 e™)y

2We can use the same argument to derive boundary conditions of graphene with Hamiltonian
Hpulk = p101 + p202,

with boundary at for instance 22 = 0. With the same argument of Hermiticity, then we have on the boundary

[77[11021/12]

=0,

13:0

Using the parametrization which write generic boundary condition as

(a B =0,

z3=0

we get

Bfa—a*8=0.
If = p1e’ and B = poe??2,we have that

sin(6; —62) =0

the components have same phase but different magnitude. So again the boundary condition of graphene
depends on one parameter:
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3.3 Bulk and edge states

3.3.1 Generic edge modes and dispersions
Solving eigenstate equation

From previous section we see that Schrodinger equation and boundary condition for Weyl
semimetal are

(1 e™)y =0, (3.34)

x3=0
Now we look for edge mode solution to eigenvalue equation (3.33]). With an explicit

two-component notation
)
= , 3.35
o= (¢ (3.3

the eigenstate equation (3.33|) can be written as

—i03 —€ p1—ipy 3
. . =0. 3.36
(p1+2p2 z@;;—e)(n (3.36)
This equation can be reorganized into two independent second-order differential equations:
(p? +p3— € —3) (f]) =0. (3.37)

We look for the modes localized at the boundary. For the edge modes, we need
o =pi+ps—€>0, (3.38)

then the corresponding solutions required by the normalizability are

(g) = e 7 (g‘;) , (3.39)

where &, and 1y have no dependence on z®. These are the edge modes, and in the following
we determine the dispersion €(py, po) and the relation between the components &, and 7.

Dispersion relation

We combine the results from eigenvalue equation (3.33]) and boundary condition ([3.34)) for
edge eigen modes. Using the boundary condition (3.32]), the edge state wave function is

written as
§ . fa(e)x:; 1
(n =€ ei@ ) (340)
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up to a normalization factor and a phase. Substituting this to the Hamiltonian eigen equation

(3.36]), we obtain
(i — €) + (p1 —ipa)e™® = 0. (3.41)

Substituting equations (3.38]) and ([3.39) into equation (3.36)), we get one independent

equation:
(i — €)& + (p1 — ip2)no = 0. (3.42)
Looking at the real and the imaginary parts of this equation, we easily find

€= —prcost —pysind, (3.43)
a =p;sinf — pycosf. (3.44)

We can rewrite the above two equations in a compact way:

€\ cosf sind P1
(a>__(—sin9 cos@)(pz)' (3.45)

Interestingly, shows that what the boundary parameter does is only rotating the mo-
menta (py,p2) into (€, ), the energy and the inverse of edge mode decay width (penetration
depth). Plotting the dispersion relation, we actually see in Fig. that the edge dispersion
is rotated against the (p;, p2) axes by the change of the boundary parameter 6.

| |

| L

| |

|/ P2 -/ P2

Figure 3.1: Figures a, b ¢, d, e respectively represent the energy dispersions of the bulk states
and the edges states, for = w/2,7/4,0, —7 /4, —7/2.

P4
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3.3.2 Wave function

Most of the information is used up and normalization condition is left only, from which the
wave function is determined completely. Substituting (3.39) to the normalization condition

/ da® iy =1, (3.46)
0
we obtain a constraint

&) + 0] = 20 (3.47)

From the boundary condition (|3.32]), we can see that the two components should have the
same magnitude with a difference of their phases. Combined with (3.47)), they are determined

up to an irrelevant overall phase:
—if
oY va (e (3.48)
"o -1

So the general edge mode wave function is

o—if
o(a) = va exp(-aa) (). (3.49
a = pysinf — pycosb.

Note that the edge modes exist only in a limited region of the momentum space, since we
need to require a > 0. The linear inequality o > 0 specifies a half of the momentum space,
only in which the dispersion exists, see Fig.

In the limit o = 0, that is, on the line p; sinf — pycos = 0 in the momentum space,
the edge mode approaches a non-normalizable mode, which is a constant wave function in
the x3 space. It corresponds to p3 = 0 bulk mode, whose dispersion is € = ++/p? + p3, and
ecosf = —py; esinf = —po. So in fact, the edge dispersion ([3.43) is identical to that under
the condition o« = 0. Therefore we have a consistent picture for any value of #: when the
edge mode approaches a non-normalizable state in the momentum space, it is consistently
and continuously absorbed into the bulk modes. In Fig. [3.1] we find explicitly that the edge
dispersion surface has its boundary on the bulk dispersion surface.

In summary, we find that the dispersion of the edge state is attached to the bulk Weyl
cone in such a way that (i) the edge dispersion is tangential to the Weyl cone, and (ii) the
edge dispersion ends at the touching line on the Weyl cone.

3.4 Lattice models

3.4.1 Bulk lattice Hamiltonian

In this section we are going to consider lattice models of Weyl semimetals. The continuum
model is regarded as an low energy effective description of lattice models. Yet, from the dis-
cussion below we will find that the same results like one-parameter dependence of boundary
conditions, etc.
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Our lattice version of Weyl semimetal can be written as
H(p) = o1(cosp; — cospy + ¢) + o9 sin py + o3 sin ps (3.50)

because of the periodicity of momentum. This can be obtained from continuum model
by replacing p; with sin p;, and as for p;, we shift it into p; +7/2 such that two Weyl points
will be symmetric with respect to the origin in the Brillouin zone. cosps is introduced to
reduce the numbers of Weyl point. c is a free parameter and later we will see that by tuning
¢ Weyl semimetal can be continuously deformed into gapped phase.

As a result, our tight-binding Hamiltonian is written as

H = ol Hi, (3.51)

where n is a three-dimensional vector n = (ny,ns,n3) € Z*, and the operator H is given by

|
H=-0 (v1+v§—v2—vT+zc>

2
— %(72 (Vg — V;) — 503 (VS V;E) ; (3.52)
with difference operator defined by
Vi, = 7vbn-&-i - @Zjn ) (353)

At Weyl points

V/(cospy — cospy + ¢)2 + (sinps)? + (sinp3)2
= —+/(cosp; — cospay + ¢)2 + (sinpy)? + (sin p3)? (3.55)

and the solutions are

IN
VAN

(cos™H(1—1¢),0,0& m) (0< )
2

(Y, py oY) =< (cos (=1 —¢),m 0 & ) (-

n/a (lef >2)

Expanding the Hamiltonian around (p!¥, p¥/, p}) we can get Weyl fermions:

AN o

0) . (3.56)

V |

H =~ —oysinpl¥ dpy + o4 cos py 6ps + 3 cos py 6ps . (3.57)
At c=1, p¥ =0, we can get two Weyl fermions:
H ~ Fo10p1 + 020ps + 030p3 (3.58)

as a verification of continuum Hamiltonian.
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Figure 3.2: The energy band spectrum of the bulk Hamiltonian (3.50|) with p3 = 0 and ¢ = 1.
The Weyl points are at (py, ps) = (£7/2,0).

3.4.2 Boundary conditions in lattice models

Now we introduce a boundary to this model and derive the boundary conditions. Hamiltoni-
ans including terms like iV 1,1, = —iV1, is locally Hermitian. But just like the continuum
Hamiltonian, the discrete Dirac Hamiltonians are also Hermitian up to the boundary term

N N
ST wl (—ioV,) + Ok (i0)on = Y (i0V ) 0, — (o) (3.59)
n=1 n=1

where we introduced auxiliary fields 1y and ¥n41. So we have the following condition:

Yh(io)n — Pl i)y = 0. (3.60)

We have two possibilities to solve this condition. The first is the periodic boundary condition
Up = Ypen for Vn € {1,..., N}.Then these two terms cancel each other. The second is the
situation that the both two terms vanish independently, which corresponds to the open
boundary condition. Since we are interested in boundary effects, let’s study open boundary
conditions. Let us focus on the first term ¢8(z’0)@/}1. Suppose the lattice is defined on the
region n3 > 1, the open boundary condition become @/Jg(iag)@bl = 0. This is nothing but
(3.27). We impose the boundary condition

(M+1)y| =0 (3.61)

nz=1

then we immediately get

Moy +osM =0. (3.62)
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Figure 3.3: The dispersion relations of the bulk (orange and blue) and the edge (green) states
with respect to the (p;, p2)-plane (horizontal) for positive § and 6 = 0,7/3,27/3, 7.

Then the situation is completely parallel with the continuum theory studied in the previous
section. Following the same procedure, we get boundary condition

(1 ey =0, (3.63)

nzg=1

which is equivalent to

gt (_iw) . (3.64)

Thus it depends only on the parameter # in the end.

3.4.3 The dispersion and wave functions in lattice models

We consider the dispersion and wave function of the edge state with the boundary condition
(3.64). For the eigenvalue equation

Hip = e(p)y, (3.65)

the Hamiltonian has a matrix form in the partial Fourier basis,

MW= (A?p) A%”) - %ag (v3 - v;) (3.66)
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where the off-diagonal element is given by
A(p) = cospy — cospy + ¢ +isinp,, (3.67)

which behaves as A(p) ~ Fp; + ipy in the vicinity of the Weyl points. The sign F depends
on the chirality of the Weyl points.
Assuming that the wavefunction is given by

Uny = By (3.68)

[0}

in which the real parameter |3| < 1 plays as the role of e™® in continuum theory, the

eigenvalue equation ([3.65)) is equivalent to

D, =0 (3.69)
where
i (P —2ie(p)f—1 2iA(p)'p
b= < _2A(p)E B+ 2ie(p)B - 1) ' (3.70)

To obtain a non-trivial solution to this zero mode equation, we asign the condition det D = 0
which yields
B2 =1+2(Ap)F —e)?)
=2/ (|A)12 = @) (AP = c@)? +1). (3.71)
There are two solutions for § > 0 and g < 0. We remark that these two possibilities

correspond to the doublers at p3 = 0 and 7 in the momentum space.
Then, together with the boundary condition (3.64)), the edge state equation (3.69)) gives

D (_6121.9) 0. (3.72)
Since # € R, we obtain
€(p) = —cosORe A(p) —sinf Im A(p), (3.73)
a(p) =sinf Re A(p) — cos 0 Im A(p) (3.74)
which is rewritten as a matrix form
e(p)\ _ ([ cos20 sin20) (ReA(p) (3.75)
alp)) —sin26 cos20 ) \Im A(p) )’ '
where we define
. L, .-
alp) =5 (87 = B) (3.76)
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and from (3.67)), the real and imaginary parts of A(p) are given by

Re A(p) = cospy — cosps + ¢, (3.77)
Im A(p) =sinps. (3.78)

Comparing with the continuum theory (3.45), now the situation is parallel under the re-
placement

(P1,p2,2(p)) — (ReA(p), Im A(p),a(p)) - (3.79)
With we can solve out [
B =—sinfReA(p) + cosOIm A(p) + +/(sin@Re A(p) — cos §Im A(p))2 + 1 (3.80)

since || < 1. and hence

Uny = 677y (3.81)

Fig. shows the boundary parameter dependence of the bulk and edge state dispersions.
The edge state spectrum has a support only where the normalizability conditioin is satisfied
|| < 1. As mentioned before, there are two solutions corresponding to positive and negative
B. We focus on the positive solution in the following. When we change the parameter 6, the
edge state spectrum rotates around the Weyl points. The orientation, that is, how the edge
state spectrum winds, depends on the chirality of the Weyl nodes. This result is consistent
with the continuum theory analysis in particular in the vicinity of the Weyl points.

To see the parameter dependence more explicitly, let us take the constant energy section of
the spectrum, which yields the Fermi arc, shown in Figs. 3.4, This shows that the parameter
characterizing the boundary condition 6 plays a role of the rotation angle of the Fermi arc,
as studied in continuum theory. In the present case of the lattice models, the Fermi arc ends
on the Weyl points and have a finite support in the momentum space. Such a behavior of the
Fermi arc has been experimentally observed, for example, in the transition metal pnictide
family [9].

3.5 The bulk-edge correspondence

In this section, we study the relation between the bulk and the edge states, and check the
bulk-edge correspondence under the change of boundary condition parameter. The bulk-
edge correspondence [16, [14] for topological insulators is well-known, while that for 3D Weyl
semimetals has been understood in a way through a dimensional reduction to 2D. Since the
bulk-edge correspondence is a statement based on topology, we should expect that under the
continuous change of parameters, the topological number do not change. Moreover, we may
expect that boundary condition parameter can be used to interpret the topological number,
and that is the case for Weyl semimetals. In the following subsections, we are going to
explain the bulk-edge correspondence for the 3D Weyl semimetal, showing the topological



32 CHAPTER 3. ANALYSIS IN 3D WEYL SEMIMETALS

S
Y\E)\ 5
G o & D
f =5 .

Figure 3.4: The parameter dependence of the Fermi arc which is the finite energy slice
€(p) = 0.3 of the edge state energy spectrum with 6§ = 0,27/5, 47 /5,67 /5,87 /5 for positive
B. The horizontal and vertical axes are for p; and p;. The shaded region shows the bulk
spectrum. The last panel shows Fermi arcs with various parameter 6 € [0, 7).

number is related with the rotation direction of Fermi-arc under the increasing of boundary
parameter.

In three dimensions, the topological number K is defined by the wrapping number of a
map b;(p;) which shows up in the Hamiltonian

Our Hamiltonian (3.4) is given by b; = p; and the Weyl node is at p; = 0. Considering a
two-sphere surrounding the Weyl node, we obtain

K =1 ¢ my(S?%). (3.83)
We claim the bulk-edge correspondence for the 3D Weyl semimetal is given by
K=N-N (3.84)
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where K is the topological number defined above. We define N and N to count the numbers
of edge states with independent orientations with respect to the orientation of the bulk
dispersion cone, as we will see below.

To discuss the orientation, we have to view the bulk dispersion in the subspace (p1,p2)
since the edge dispersion lives in that space. First, in the (pi, ps,€) space, we notice that
all constant ps slices of the bulk states have the same orientation. Let us make further a
slice at a constant positive energy €. The cross-section of the bulk dispersion is a circle (see
Fig. [4.1). The orientation of the circle is definite due to the topological number (assuming
bs = p3).

The constant energy slice of the edge dispersions defines the Fermi arcs. Since generically
the edge state dispersions are planes tangent to the bulk dispersions, the Fermi arcs share
the same property. The number N counts the number of Fermi arcs which are tangential
to the bulk dispersion circle and emanates in a counter-clockwise orientation. On the other
hand, the number N counts that in a clockwise orientation. Our claim for the bulk-edge
correspondence is that this orientation of the bulk circle remains the same for the edge (the
Fermi arcs).

Figure 3.5: How to count the number of edge states from the orientation of the Fermi arcs.
Top: a Fermi arc emanates from the Weyl node with a positive chirality K = 1, which is a
counter-clockwise. Bottom: the case of the opposite chirality, K = —1.

Let us check this explicitly for two typical examples. In Fig. [4.T]we show the Hamiltonian
(3.4) with & = 0, and the case of the Hamiltonian ‘H = —py01 + peos + psos with § = 0. The
former case has K = 1 as explained before, while the latter case has K = —1. As we can see
in Fig. , it is obvious that we have (N, N) = (1,0) for the former case, and (N, N) = (0, 1)
for the latter case. So, they are consistent with our claim of the bulk-edge correspondence
(13.84]).

All the edge states in Fig. have the same N and N according to our definition:
(N, N) = (1,0). So they are consistent again with . The examples in the lattice
models we considered are shown to be consistent with the bulk-edge correspondence. Note
that Fermi arcs join Weyl nodes, and our counting works for each Weyl node. To be more
precise, each Fermi arc has two end points, and one end has (N, N ) = (1,0) while the other
end has (N, N) = (0,1). So the numbers are assigned to each end point of the Fermi arc.



34

CHAPTER 3. ANALYSIS IN 3D WEYL SEMIMETALS



Chapter 4

Analysis in 5D Weyl semimetals

In general, band-crossing happens between two bands, so even if there are many bands, we
can always focus on the two band in which band-crossing occurs while ignoring other bands.
So the bulk picture of topological phases in multi-band systems is essentially the same as
in two-band system. However, the boundary picture is so much different as the boundary
parameter increases in number. In this chapter, we will see even with a very simple four-
band Hamiltonian — 5D Weyl semimetal, an enriched boundary parameter space and a new
exotic state — edge-of-edge state come out. This chapter is mainly based on [24] but T add
more examples of edge state and edge of edge state dispersions. The relation between gapped
bulk, gapped edge, and gapless edge-of-edge states is also appearing in [25], where explicit
experimental realization is proposed.

4.1 5D Weyl semimetals, Hamiltonian, Lagrangian

To consider topological phases with four bands, the easiest way is to generalize Hamiltonians
from lower dimensions to higher dimensions. The straight forward generalization is from 341
dimensional Weyl semimetal into 541 dimensional Weyl semimetal. Since they are chiral,
automatically they have topological property and by dimensional reduction, they are related
with topological insulators in lower dimensions. 5D Weyl semimetals have the Hamiltonian
of form

H= Z I par (4.1)

M=1

as in the same manner as the standard Weyl semimetal Hamiltonian H = pi01 + paos + p30o3
in 1+3 spacetime dimensions. Here ™ (M = 1,--- ,5) is the 4 x 4 Gamma matrix satisfying
the 5-dimensional Euclidean Clifford algebra

{rM TN}y = 26N (M,N =1,2,3,4,5). (4.2)

This kind of band Hamiltonian has topological property in the bulk since it’s chiral in 541
dimensions. Let’s check it. It is parallel to the calculation done in 3 dimensions.

35
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The winding number is given by the formula

1 Pa o Pb o Pe o Pd o De

W Sa — / d4 61234€abcde_a 2o, 229, 2¢

(Sa) fsadQ s _on p p lp 2p 3p 4p

1 / Pa o Db Pen Pd ) Pe
= — dOp Oy (Mvebeabellp 20 220,720, =2) . 4.3
Al [g d Ju, ( pp PP 4p) (43)
Again by using
Db 5ub PuDb
0,— = — — —/, 4.4
w P D pg ( )
(4.3) becomes
w(Sa) = ;/ d°p O\ (e, e“dee&) =1 (4.5)
[e}% 4! fsa dQ Ma bede p3 . .

Upon a dimensional reduction to 441 dimensions by replacing ps by a constant m, the
system reduces to the class A topological insulator in 4 dimensions with the Hamiltonian

H =p " +mD°. (4.6)

Let’s have a look at Lagrangian formalism formulation. The bulk Lagrangian is written
in the same manner as the 1+3-dimensional case. Now with the gamma matrices in 441
dimensions,

£ = —41in (0, — i) (4.7)

with ¢ = 11i7°. Here u=0,1,2,3,4 and the 4 x 4 gamma matrices are a representation of
the Clifford algebra {y*,7"} = 20" (u,v = 0,1,2,3,4). Note that the Gamma matrices "
are a part of 8 x 8 Gamma matrices in 1 + 5 dimensions. The Dirac equation is

(7#0y —i05)¢ =0 (4.8)
which can be rewritten as
[i00 — iv°(v'0; — i05)| v =0 (4.9)
where ¢ = 1,2, 3,4. So the Hamiltonian is 10y = H,
= —"'pi +i7"ps . (4.10)
We have used p; = —i0; and p5s = —i05. If we use a redefined Gamma matrices

P =iy Ti= 1% (4.11)
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then they satisfy (4.2). And the Hamiltonian is conveniently written as (4.1)). Meanwhile,
we can define another set of Gamma matrices, such that

[®=—iy? TI=r% (4.12)

and they also satisfy the same algebra as (4.2)), however, the Hamiltonian will then be written
as

H="> T"™(—pu). (4.13)

These two kinds of Hamiltonians describe fermions with two opposite chirality in 5+1 di-
mensions, therefore they are called Weyl fermions. If formula (4.3)) is used, winding number
w = —1 is obtained.

4.2 Generic boundary conditions and edge states

4.2.1 Boundary conditions
The boundary condition is imposed at z° = 0,
Ay =0. (4.14)
Again defining A = M + 14, we have
My = —1. (4.15)

One of the eigen value of A is vanishing.

The boundary condition receive another constraint from the Hermiticity of Hamiltonian
just as the discussion in Sect. [3.1]

The Hermiticity condition of Hamiltonian is

(Hip|h2) = (¢ Hba), (4.16)

for arbitrary normalizable v, and 5. The Hamiltonian is

H = Hpux + Hboundary ’ (417)

where
Hiu = —ily 00 (4.18)
Hboundary - N5(ZE5) . (419)

Then the Hermiticity requires a surface term to vanish

Wiy, =0, (4.20)
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just like (3.27)).
We use the following representation of the Clifford algebra,

r _<wi 5 ) (4.21a)

r4:(£ %2) r%(% _%2). (4.21D)

Then, decomposing ¥, = (&1, m1)7 and ¥y = (&, m2)7, is equivalent to
e —nin=0. (4.22)
This equation is satisfied only if
m=Us&, m=Usé, (4.23)

for an arbitrary U(2) matrix Us. So, we conclude that the consistent generic solution of the

boundary condition (4.20)) is

NEIE (420

for a normalized two-spinor £&. We remark that it can be reparametrized using U(2) rotation,
¢ = V& with V € U(2). In other words, the boundary condition is rephrased to

(1 -et)

This condition is analogous to the 14-3-dimensional case . We notice that the previous
' is replaced by the U(2) unitary matrix —U, g . We have four real parameters to parametrize
the generic boundary condition and this fact does not depend on the basis we choose.

The condition can be written in an alternative manner. Notice that it is equivalent

to

1, —U; ”

Us —1,
There may be other expressions for N which reproduces (4.25)), as in the case of the 3D Weyl
semimetals.

=0. (4.25)

b=

=0. (4.26)

4.2.2 Edge state

IN this section I will derive the dispersion relations. The bulk Hamiltonian eigen equation
for ¢ = (£,m)7 is

(=105 — €)§ + (—ioip; + pa)n =0 (4.27)

(ioip; + p1) € — (—i0s + €)n =0 (4.28)
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with ¢ = 1,2,3. The edge state solution to the bulk Hamiltonian eigen equation is

o= () Yoot =y G

Let us substitute the boundary condition (4.24]). Then the equations (4.27) and (4.28) are

written as

[(ias — €) + (—ioip; + pa) Us] € = 0, (4.30)
[—(ics + €)Us + (ioip; +pa)] € = 0. (4.31)

Noting that the unitary matrix U; determining the boundary condition can be decomposed
as

Us = €U} (4.32)

where U is an SU(2) matrix, and this acts as a rotation in the 4-dimensional momentum
space,

(—ioip;i + pa) Us = —ioipi + pa (4.33)
with
P} +pi=D; + ;- (4.34)

Expanding (4.33)) explicitly with

Ul = agly +ia;o’, af+ai=1i=1,23, (4.35)

we get
{254 = QoP4 + a;p;, (4.36)
Di = QoP; — ;P4 + €ijr APk (4.37)

so this U! indeed acts as a rotation between four momenta. Then the two equations (4.30))
and (4.31)) in terms of rotated momenta are

[671’05 (’iOég; — 6) +]§4 — ’lO'lﬁl] é = O, (438)
[~ (ias + €) + pa + i0ip;] € = 0. (4.39)
Equivalently,
[Oé5 sin 85 — €COS 85 + ]34] f =0 s (440)
[a5 cos 05 + esinbs — o;p;] € = 0. (4.41)

This has a solution only when

assinfs —ecosbs +py =0, (4.42)
det [a5 cos b5 + esinfs — o;p;) = 0. (4.43)
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The second equation implies
a5 cosfs + esinfs = +4/p? . (4.44)
So we finally obtain the dispersion relation of the edge state,

€ = pacosBs £ /p?sinbs, (4.45)
a5 = —Pysinfs £ 4/ p? cos b . (4.46)
The normalizability condition is a5 > 0 which constrains the momentum region for the

existence of the edge state.

4.2.3 Some examples
Example 1

There is a similarity to the 1+3-dimensional case of the standard Weyl semimetals,
and . In fact, identifying § = 05 + 7 and putting ps = p3 = 0 with U = 1, means a
consistent reduction from 145 dimensions to 1+3 dimensions, reproducing all the results of
the three-dimensional Weyl semimetals. This is the U(1) part of the U(2).

Example 2
Next let’s have a look at the SU(2) rotation. In Uj if we choose
ag =cosa, a; =sina, as =az =0, (4.47)

we get an explicit form of dispersion:

€ = (pycosa+ pysina) cos b5 + \/(pl cosa — pysina)? + p3 + pisin b . (4.48)

We can see from this dispersion that p; and p, get rotated and that p, and p3 are unchanged.
If we choose

ay =cosa, az =sina, a; =ayg =0, (4.49)

we get another explicit form of dispersion:

€ = (ppcosa + p3sina) cos b5 + \/(Pg sin @ — p3 cos )2 + p? + pisin B . (4.50)

P2, p3 and py get rotated and p; is unchanged. It’s clear from (4.36)) and (4.37)) that py always
gets rotated unless there’s no rotation at all. These two cases are interesting for topological

insulators related through dimensional reduction. By tuning 6, we can clearly get gapped or
gapless edge states.
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Example 3

If we choose
05 = — or — (4.51)

we get

e =+4/p; = j:\/(flopi — a;ps + €jkaipr)? . (4.52)

They are edge states that can be gapped if some of the momenta are chosen to be constant.
And if we choose

05 =0 (4.53)
we get linear gapless edge states:

€ = aops + a;p; (4.54)

4.3 Intersection of boundaries: edge-of-edge states

The advantage of the four band Hamiltonian is the rich structure of the boundary condition
parameter space such that the intersection of two boundary still have nontrivial parameter
space and this provides the environment for the existence of edge-of-edge states. Further-
more, as we will argue soon that the edge states of the 5D Weyl semimetal have topological
charges, at the edge of these edge states, it’s natural that edge-of-edge states will appear. In
this section, we will work out the edge-of-edge states explicitly.

4.3.1 Topological charge in the momentum space

In [21], a certain edge state appearing in a class A topological insulator in 144 dimensions
was shown to possess a topological charge. As argued earlier, we note here that the 5D Weyl
semimetal Hamiltonian reduces to a 4d class A topological insulator by a trivial dimensional
reduction. So, it is natural that our generic edge state explored in the previous section has
the same topological charge that was argued in [21].

In fact, it is easy to see the topological charge of the edge state. The topological charge
is defined by a Berry connection of the wave function of the edge state. Recall that the
edge state wave function is subject to the two equations and (4.41)). In particular the
second equation is recast to the form

oipi§ = \/DIE. (4.55)
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This has the same form as Hamiltonian of the 3D Weyl semimetal, . Therefore, the
Berry connection of the edge state has a topological charge. It is identical to the chirality of
the corresponding Weyl semimetal, in the rotated momentum frame spanned by p; 2 3.

The topological charge in the momentum space for the edge state immediately means
that there should appear an edge-of-edge state once a boundary of the edge is introduced

properly.

4.3.2 Generic edge-of-edge states

Let us study the intersection of boundary z* = 0 and 2° = 0 as the edge-of-edge of the
material. The expected wave function should be of the form

o= (12 ) xmespl-ut = o] (456)

but at the same time satisfying boundary condition on z* = 0 (see Appendix for deriva-
tion)

(lo+ U] 1,-U))w| =0. (4.57)

z4=0

Therefore we demand
[Us(L2 — Us) — (12 4+ Us)| x = 0. (4.58)

The is is the compatibility condition with boundary condition (4.57)). For that to have a
nontrivial solution, we need

det []12 + U4 - U5 + U5U4] =0. (459)

This is a necessary condition for the existence of the edge-of-edge state. E| Let’s solve the
existence condition (4.59) for the boundary conditions. We define

U5 = €i05 (CLOII_Q + iaiai) = AOI]_Q + AZ'O'i s (461&)
U4 = €i94 (boﬂg + szal) = BOILQ + Biai . (46113)

The unitarity of Uy and Us; means

ag+al =by+b;=1. (4.61c)

'We remark that the condition (4.58) is covariant under the rotation
(Us,Us,x) — (WUW! WUWT, W) (4.60)

with W € U(2). So there is an equivalence class of the edge-of-edge states related by this W.
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After some computations, (4.59)) becomes (see Appendix |A.2))

CLOIbQIO, af:ble,
a;b; = — cos 4 cosOs . (4.62)
This defines the parameter space of the edge-of-edge state.

Next let’s solve the Hamiltonian eigen equation and obtain the dispersion of edge-of-edge
states. The Hamiltonian eigen equation leads to

[(iay — €) + (—ioyp; —ias) Uy x =0, (4.63)
[— (i + €)Uy + (ioyp; — ia5)] x = 0. (4.64)

Together with
€ =p; —aj—a3, (4.65)

we have three equations with three unknowns (€, ay, as) so they are solved and determine
the edge-of-edge state dispersion. Together with (4.62)), we get a consistency relation for the
dispersion €(p) of the generic edge-of-edge state to satisfy,

Ae® —2Be+C =0, (4.66)

where the coefficients are defined as

A=1—cosfcosl, (4.67a)
B = a;p; cos 0 sin’| 4-b;p; cos b, Sing , (4.67Db)
C = (asp;)? sin +(byp;)? sing —p? sind sinf . (4.67¢)

See Appendix for details of the derivation.

4.3.3 Examples of edge-of-edge states
Let’s now study some solutions of (4.66)), as they are very interesting.

Example 1
As in Sec. [4.2.3] we can choose

3
0, =05 = g or g, (4.68)

and easily get edge states that is gappable for dimensional reduced models. Now let’s see
what the edge-of-edge states dispersion look like. In such a case,

A=1,B=0,
C = (api)? + (bip:)* = p <0, (4.69)
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(thanks to (4.62])), so we have dispersion:

€e-0-e = :i:\/pz (aipi)? — (bipi)* = cipi (4.70)

where
i =1, cia; =cib; =0. (4.71)
The lesson from above is that edge-of-edge states are always linearly dependent on p; , so

they are always gapless, even after dimensional reduction to three or four spacial dimensions.
This conclusion is very important for the discussion in the next subsection.

Example 2

If we set instead

05 =0, (4.72)
we get

A=1-cos), B=a;psinf,

C ( zpl) Sln47 (473>

so the edge-of-edge state dispersion is

€e-0-e = AiDi , (4-74)
but this is exactly the same as edge states at z° = 0 : Since now ag = 0

€x5—0 = W;D; (4.75)
one merge with another. The same result happen for boundary z* = 0 if we set

0,=0. (4.76)

4.3.4 Reduction to 3d chiral topological insulator (class AIII)

Based the examples with gapless edge-of-edge states in the previous subsection, I'll discuss
the dimensionally reduced model, which is a three-dimensional chiral topological insulator
(class AIII) towards an experimental realization of the edge-of-edge state. See, for example,
[26] for a setup of the class AIII system using ultracold atoms.
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2123 / 5d bulk Weyl: (21, z2, 3, x4, 5) ! / 3d bulk chiral TL: (z1,x2,z3)
(B2 R 2
i 9545 . 4d edge: dim. reduction i :r23 : 2d edge:
T | €T 1

/_) . A ) 57?0 ﬁ /_) . T3y 37:00

4d edge: - = 2d edge: - =
4 _ 2 _

VT 1/)’14:6 0 S 3d edge-of-edge: (z1, 22, 3) vy 22=0 0 A d edge-of-edge: (1)

Figure 4.1: Edge-of-edge at 5D and dimensional reduced one 3D

Edge-of-edge state at 2*2 =0

In order to study the edge-of-edge state in the 3d model, let me first show the edge states of
the 5d Weyl fermion (4.1]) at the boundaries #? = 0 and 2 = 0. Later the fourth and fifth

momenta will be set to constants. The boundary condition is imposed as
$IT

The edge state and the corresponding spectrum for this boundary condition is discussed in
Appendix in details. The edge-of-edge state localized at the corner x? = x® = 0 is

Cana?— 1y + to3U.
_ —agz?—aza® 2 3Us3
w ¢ <i03 (]12 - iO’3U3)) 5 (478)

=0 (a=2,3). (4.77)

x*=0

with the compatibility condition
det (112 +iUfoy + iosUs — Ul (ion)Us
Vo) — iosUs — iUjo — U2TU3> ~0 (4.79)

since the boundary conditions (4.77) are rephrased as (A.7)).
A solution to the compatibility condition (4.79) is

U2 =092, U3 :ilg, (480)
which leads to
_ -9
R N N e i B (451
(p17p27 _p57p4) (Cl = 3)

with 0y = 03 = /2. Thus the edge state spectrum is given by

e2(p) = £1/pi +p3 + i, (4.82a)
es(p) = £\/pi +p3 + 3, (4.82D)

and the corresponding edge-of-edge state spectrum is gapless and also chiral,

€= —p;. (4.83)
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3d class AIII topological insulator

The Hamiltonian for the class AIII topological insulator has the following form
H(p) =p- T +mly, (4.84)

which is obtained from the 5d Weyl Hamiltonian (4.1)) through the dimensional reduction
(p4,p5) — (m,0). The I-matrices (4.21)) are expressed as

Fi:7'2®0'z‘, F4:T1®I]_27 F5:7'3®I]_2 (485)

where the Pauli matrices o’s and 7’s act on the spin (1,]) and sublattice (A, B) degrees of
freedom. Since the Hamiltonian anticommutes with I'® as

{H(p),T°} =0, (4.86)

for each eigenstate v, of H, in which

there is a state with same energy of opposite sign

and this is called the chiral (sublattice) symmetry.
We can apply the same boundary analysis to the dimensionally reduced model. Given a
two-spinor denoted by [£), and choosing the boundary condition (4.80]), we obtain

v =0 ()19, v =0x (27716 (1.89)

Since the operator 1, & o3 is a projector onto T and | spin state, we obtain the edge state
Y (z® = 0) by applying |-spin projection to A sites, and 1-spin projection to B sites at the
23 = 0 plane. On the other hand, another edge state 1 (x> = 0) is obtained by applying
the spin rotation generated by o9 only to B site (nothing for A site) at the 2? = 0 plane.
The spectra of these boundary conditions are immediately obtained from (4.82) with the

reduction
e2(p) = £1/pT +p3 +m?,  e(p) = £4/pi + 13, (4.90)

and the gapless edge-of-edge spectrum (4.83). We now have the edge-of-edge state, but it
seems difficult to detect its spectrum at this moment, because the spectrum e3(p) is also
gapless in addition to the edge-of-edge state. In order to distinguish the edge-of-edge state
from the edge states, we need to consider the situation such that only the edge-of-edge state
is gapless, while the other edge states are gapped.

Before studying such a situation, let us discuss the reason why either of the edge spectra
is gapless, while the other is gapped. For the class AIIl topological insulator, the
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gapless edge state is protected by the chiral symmetry , which is indeed the sublattice
symmetry. However, if the boundary condition is not compatible with the symmetry which
protects the topological property, the edge state cannot be gapless any longer. This is
essentially similar to the (class AII) topological insulator/ferromagnet junction [27]. The
class AII topological insulator is protected by the time-reversal symmetry, but this symmetry
can be weakly broken at the surface due to the junction with the ferromagnet. The role of
ferromagnet can be replaced by the chiral superconductor, which breaks the time-reversal
symmetry [28].

From this point of view, the edge state at x> = 0 shown in breaks the sublattice
symmetry because the go-rotation acts only on the B-site, while the spin-projection applied
to the edge state at 3 = 0 could be consistent with the sublattice symmetry. Thus, to gap
out the spectrum e3(p), we need to explicitly break the chiral (sublattice) symmetry for the
edge state at 2 = 0. For this purpose, we apply a rotated configuration

Uy =09c08¢ +ilysing, Us =ilycos¢p — ozsing, (4.91)

which satisfies the compatibility condition (4.79)). Then we obtain the gapped edge spectra

a(p) = /% + P} + (mcos 9)?, (4.92)

es(p) = i\/p% +p3 + (msing)?, (4.93)

with the edge-of-edge state (4.83). Now only the edge-of-edge state is gapless, while the two
edge states are gapped. This could be a suitable situation for experimental detection of the
edge-of-edge state.
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Chapter 5

Conclusion and discussions

5.1 Summary

In this thesis, I developed a methodology to study edge states in topological phases — bound-
ary condition analysis. The basis procedure is as following: Starting from a model La-
grangian, by adding a generic surface term, we derive the equation of motion/Hamiltonian
equation plus equation of boundary condition; by solving these equations we get edge states
dispersion depending on momenta and boundary condition parameters.

I showed the validity and effectiveness of boundary condition analysis in three steps,
the foundation, the development and the prediction, corresponding to three chapters in the
thesis: Firstly, in the low energy limit, a simple Weyl fermion Hamiltonian is enough to char-
acterize the topological structure of band-crossing points; secondly, the boundary condition
analysis procedure gives explicit edge dispersions for three dimensional Weyl semimetals and
its dimensional reduced case — topological insulator in two dimensions, in both continuum
limit and on the lattice, covering the known results; thirdly, the boundary condition analysis
gives prediction to a striking new exotic state — edge-of-edge state by its energy dispersion,
in five dimensional Weyl semimetals and its dimensional reduced model — three dimensional
topological insulator which can be realized in the experiments.

This thesis is a communication between particle physics and condensed matter physics.
It is based on methodologies and techniques in either one or both of two subjects. On the
level of methodology, I used topological facts of bands in condensed matter, lattice model
relativistic dispersion of free fermions, dimensional reduction, etc. On the level of techniques,
I intensively used algebras of gamma matrices and sigma matrices during the calculation of
eigenvalue equations.

However, despite the similarities and things in common, in applying knowledges and
experiences in particle theory to condensed matter physics, there are lots of gaps to fill in.
Although both subjects uses relativistic quantum field theory, especially Dirac equation in
cases of free fermions, the ways of using it are different. In condensed matter theory, the
model Lagrangians are treated as effective description in which terms and coefficients can be
modified depending on crystals, while in particle theory, there is only one model framework

49
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determined by scattering experiments. During the study, I have realized that there are lots
of practical issues to concern in writing down a appropriate Lagrangian/Hamiltonian for
some bands.

With the validity of the Lagrangian, this thesis developed distinctive methodology: derive
boundary condition by the surface term, giving rise to boundary dependent edge states. This
also gives a message that unlike bulk states, edge states dispersion also depend on boundary
parameters. With the benefit of the boundary condition parameter, bulk topological number
and bulk-edge correspondence can be reinterpreted in our framework.

In this sense, as a student studying particle theory, I learned much from condensed matter
physics.

5.2 Future direction

My previous researches of topological materials are based on topological numbers that can
be defined by single particle wave function. This means the theory can only be applied
to free fermions. In more generic situations when interactions are present, such kind of
definition is not available. On the other hand, from particle physics theory we know that
correlation functions in quantum field theories are related with observables — cross-section,
for instance, and they are of vital importance. So can the correlation functions be used to
define the topological number, how are the correlation functions are related with observables?
These questions interest me very much and understanding them will be the near future goal
of my research.

On the field theory side, there is a formula to compute topological number by free fermion
propagator by K. Ishikawa and T. Matsuyamal29]. An advantage of the field theory approach
is that it is possible to generalized to cases including electron-electron interactions. Field the-
ory description, Chern-Simons effective theory approach by K. Ishikawa and T. Matsuyama
is shown to be equivalent with Thouless-Kohmoto-Nightingale-den Nijss formalism for con-
ductivity in integer quantum Hall effect[30] and possible to be generalized into interacting
systems[3I]. I want to investigate in this direction and see how topological numbers defined
by fermion propagators can describe different topological phases.

Moreover correlation function/Green’s function describes dynamical properties of excita-
tions and has been a very successful method in most of areas in modern theoretical physics,
such as scattering process in particle physics, phonon electron interaction in condensed mat-
ter physics, etc. Green’s function gives many observables besides energy dispersion, such as
thermodynamical quantities, density of states, etc. The systematic understanding of inter-
acting topological phase phenomena requires a detailed study by applying Greens functions
method. I want to understand the relation between correlation functions and all kinds of
observables in topological materials.



Appendix A

A.1 Boundary conditions and Edge state at x® =0
(a #9)

We look for a generic solution to the equation at the boundary

Uity | =0 (A1)
which is analogous to (4.20)). Its component expression is
Em+nj&=0. (A.2)

A generic solution of this equation is obtained by a rotation in the 4-5 space from the previous
one at z° = 0,

o= (2100 ) el (A3)

with an arbitrary two-spinor n and a U(2) matrix Uy. This U, parametrizes the boundary
condition at z* = 0.
The boundary condition at z* = 0 can be written also as

< LUl -tn) I, — 2(Uf + Uy) )
Lt 1t (G

:H_Q ‘l_ 2(U4 + U4) 2(U4 U4)

In this Appendix, we discuss the boundary conditions imposed to the 5d Weyl fermion (4.1))

at the boundary z* = 0 for a = 1,2,3,4 in details. The boundary condition which we
consider is

~0. (A.4)

z4=0

YIT %) T 0 (a=1,2,34). (A.5)

We use the notation of the I'-matrices shown in (4.21). Applying the same argument dis-
cussed in Sec. [£.1] we obtain the corresponding localized edge state

B ' I 1y +i0,U,
(a=1,23): v=e (iaa (1y — iaaUa)) e

1 - U.
(a=4): p=e™" Glz + Ui) €, (A.6)
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with U, € U(2) and a two-spinor £,. We remark that the boundary conditions (A.5]) are
rephrased as

(L +iUfoa (1> — iU}oy) (—i0a)) ¢

x*=0

fora=1,2,3, and

—0 (A.8)

z4=0

(]12_,_[];[ 1, — UDQ/}

for a = 4.

Let us then solve the spectrum of the edge state localized at x* = 0. The eigen equation
Hi = e for the Hamiltonian (4.1)) with the boundary condition (A.5)) for a = 1 leads to

((ioq —€) + (ipsoy — ipaoy — ipsos + p4)U1>§1 =0, (A.9a)

( — (i + €) Uy + (—ips01 + ipeos + ip3os + p4)>§1 =0. (A.9b)

We can similarly discuss the edge state localized at 2> = 0, 23 = 0, and also for z* = 0,
which lead to the condition identical to that studied in Sec. it we replace

(aaap5) — (0457 _pa) (Cl = 17 27 37 4) . (AlO)

Thus we obtain
€a(p) = pfla) cosf, + |p£a)|2 sind, , (A.11)
aa(p) = —pi¥ sin 6, + 1/ [p\ 2 cos b, (A.12)

where we decompose U, = €U/ with U/ € SU(2), and define

(—=ps:p2,p3,p4) (a=1)
a a a a P1, —P5, D3, P4 a =2
(0, o ) = { P —Peppa) (@ =2) (A.13)
(p1,p2, —ps,pa) (a=3)
(p17p27p37 _p5) (CL - 4)
with the SU(2)-rotated momentum for a = 1,2, 3,4,
(—=ip\"oi + p{)UL = —ip\” o + py (A.14)

The normalization condition of the edge state is a, > 0.
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A.2 Derivation of generic edge-of-edge dispersion rela-
tion

We show the derivation of the dispersion relation of generic edge-of-edge state localized at
z' = 25 = 0. Parametrizing the boundary condition matrices (4.61]), the compatibility

condition (4.59) becomes

det []]_2 + BO — AO + AMBH—F
(Bi — A; + A;By + AyB; + iﬁijkAjBk)Ui] =0, (A.15)

which can be further written as:

Iy +2(By — Ag) + AZ — A? + By — B? + 2A¢(B; — B?)
—2By(AE — A}) + (A2 — A})(B; — B?) +44;B; = 0. (A.16)

Using the fact that A2 — A? = ¢*% and B2 — B? = €%, this is shown to be equivalent to
a;b; = — cos B4 cos 05 — iag sin 0, + by sin O , (A.17)

and we arrive at the following two equations:

{aibi = —cos By cos b5, (A.18)
QAo sin 04 = b() sin 05 . (A].g)

This is the generic constraint for the two boundary conditions, for the existence of the
edge-of-edge states.
Next let us solve the energy eigen equations, (4.63)) and (4.64). Denoting

P5 1= 105 (A.20)

and also
(iojp; + ps)(bo + ibso;) = io:p; + Ps , (A.21)

we have
D5 = bops — bip; (A.22)
Pi = bopi + bips + €5jbjpy; (A.23)

Then equations (4.63) and (4.64)) become

€cosfy — aysinfy + ps =0, (A.24)
(esinfy + agcosby)? —p2 = 0. (A.25)
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These two equations are related by €2 = 512 + ﬁ% — a3, 5o instead, we shall use the following
equivalent set of equations,

€cos bty — aysinfy = b;p; — bops , (A.26)
&€ =pl—aj—a; (A.27)

for convenience. Since (A.20) means that ps is pure imaginary, above two equations are
actually three real equations including byps = 0, which means

by =0, (A.28)
and
ecoslly — aysinfy = b;p;. (A.29)

Similarly, consider the boundary condition on the 2® direction. Substitute equation (4.24)
into the energy eigen equation and repeat the procedures starting from equations (4.63)) and
(4.64). Then we obtain

{ecos 05 — a5 8in b5 = a;p; , (A.30)
a = 0. (A.31)

Combining equations (|A.29) (A.30) and (A.27) to eliminate a4 and a5, we obtain

Ae® —2Be+C =0, (A.32)

which is (4.66) with the coefficients defined in (4.67)).
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