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Abstract

Graphene–a representative two dimensional (2D) system whose low-energy

electrons are described by the massless Dirac fermion–has been drawn great

attention, and it triggered the outburst of 2D materials research. Among vari-

ous capable applications, graphene was suggested as a platform for topological

electronics; following the quantum spin Hall (QSH) phase pioneered by Kane

and Mele, diverse topological phases have been introduced in graphene via gen-

erating the mass-gap at the Dirac point. For example, graphene can host the

QSH phase through the gap-opening induced by the spin-orbit coupling (SOC),

the quantum valley Hall (QVH) phase by the inversion symmetry breaking,

and the quantum anomalous Hall (QAH) phase by the time-reversal symmetry

breaking, respectively. To be more optimal for topological electronics applica-

tions, however, the large SOC and the bandgap tunability are necessary, which

are hardly accessible in graphene.

In an attempt to find practical candidates, we suggest that the (111)-

oriented BaBiO3-bilayer (BBL) sandwiched by large gap perovskite oxides can

provide an ideal platform for topological electronics. The low energy electronic

structure of the (111) BaBiO3-bilayer heterostructure is simply governed by

the half-filled Bi 6s-orbital forming a buckled honeycomb lattice, which results

vii



in the s-orbital Dirac fermions. The strong hybridization between the neigh-

boring Bi-6s and Bi-6p orbitals enables the large SOC in the s-orbital band

system. Finally, the abundant order parameters of oxide perovskite materials

could break the symmetry in this oxide heterostructure, and open a gap at the

Dirac point, which possibly leads to the engineering of the multiple topological

phases.

The s-orbital Dirac fermion and its various topological phases in the (111)

BBL heterostructure emerge from the confluence of three research areas in

condensed matter physics: Dirac materials, oxide heterostructures, and topo-

logical electronics. It brings the graphene-like electronic structure in the oxide

system, modifies and controls the bandgap at the Dirac point, and realizes

the versatile topological phases. By taking account of the charge, spin, valley

and pseudospin degrees of freedom of the Dirac fermion and the various quan-

tum states of the oxide perovskites, we may find a zoo of topological quantum

matters in this combined research area.

Our main results are summarized as follows: We present, based on first-

principles calculations combined with the tight-binding analysis, that the per-

ovskite heterostructure of BBL grown along the (111) direction can host QSH

and QVH phases with appropriate choices of neighboring layers. When the

same materials in the top and bottom layers sandwich the BBL, the s-orbital

Dirac cone is emerging within the bandgap of sandwich layers. Due to the large

spin-orbit coupling of the Bi atom and s-p hybridization, the Dirac cone that

mainly consists of Bi s-orbital could opens a sizable non-trivial gap which turns

the system into the QSH phase. For an asymmetric configuration, where the

top and bottom layers are different, QVH phase with spin-valley coupling arises
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as a result of the inversion symmetry breaking. In addition, we suggest a ferro-

electric control of topological phases in BaTiO3/BBL/BaTiO3 heterostructure

where the QSH and QVH phases can be selected via switching the polarization

directions of BaTiO3 layer. The (111) BBL heterostructure is proposed to be

a feasible platform for spintronics and valleytronics as well as for topological

engineering of the two-dimensional electron system.

Keywords: BaBiO3, heterostructure, honeycomb lattice, quantum spin Hall,

quantum valley Hall

Student Number: 2008-20420
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Chapter 1

Introduction

Graphene is a representative two-dimensional system whose low-energy band

structure is described by the massless Dirac fermion where the linear dispersion

is resulting from the single orbital in monolayer honeycomb lattice. The Dirac

cone on honeycomb lattice possesses various degrees of freedom; charge, valley,

real spin and sublattice pseudo-spin. When these are properly adjusted, the

system can host diverse topological phases, e.g. QSH [KM05] , QVH [XYN07],

and quantum anomalous Hall (QAH) [Hal88] phases. This finding triggered the

researches of spintronics and valleytronics devices in the honeycomb systems,

but the studies of graphene and silicene/germanene/stanene (Si/Ge/Sn mono-

layer isostrucrural to graphene) revealed that the small atomic SOC strengths

of composing atoms in the systems makes it difficult to realize and make use of

its topological phases. Moreover, considering the controllability of the topolog-

ical phases, QSH to QVH phase transition is typically controlled by applying

an external electric field, which is volatile.

Since Ref. [XZR+11] suggested that the perovsikie (111) bilayer can be
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regarded as a buckled honeycomb lattice and predicted topological insulator in

transition metal oxide (TMO) (111) bilayer, there have been many theoretical

studies in the these structures. All materials considered so far, however, were

TMO where the electron correlation and crystal splitting of d orbitals play the

important role in realizing the various topological phases [OZN+14, FR14].

Although the TMO (111) bilayer system could provide rich physics regarding

the electron correlation in d orbitals, it may hinder the simple and concise

description of the honeycomb system as the case in graphene.

Experimentally, compared to the state-of-the-art fabrication technique for

perovskite oxide in (001) direction, the fabrication of (111) perovskite het-

erostructure with atomic precision might be challenging because the surfaces

of (111) direction is usually charged. The synthesis work in this direction, how-

ever, is actively progressing these days [GZSÍ12, LKC+14, MMK+12, MMD+14],

and successful growth of perovskite structure along (111) was reported very

recently [HMT15].

In this thesis, as an attempt to bring the large SOC and introduce attain-

able controllability to the degrees of freedom and thus the topological phases

in honeycomb systems, we design (111)-oriented BBL heterostructures. As will

be discussed throughout this thesis, the interesting physics emerging from this

structure is the confluence of three important topics in today’s condensed mat-

ter physics. (see Fig 1.1) (1) Dirac materials: the low-energy electronic struc-

ture of the system is described by the simplest Dirac Hamiltonian, the same

form as the graphene, that can host various topological phases. (2) Oxide het-

erostructures: taking advantage of stat-of-the-art oxide fabrication techniques,

the heterostructures provide versatile controlabilities to the system. In par-
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Figure 1.1: The interesting physics of BBL heterostructure is emerging from
confluence of three topics in condensed matter physics. (1) Dirac materials: the
low-energy electronic structure of the system is described by the simple Dirac
Hamiltonian. (2) Oxide heterostructures: taking advantage of stat-of-the-art
oxide fabrication techniques, the heterostructures provide versatile controla-
bilities to the system. (3) Topological electronics: spintronics and valleytronics
making use of QSH and QVH phases are realized in (111)-oriented BBL het-
erostructure.
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ticular, the inversion symmetry can be turned on (off) by choosing the same

(different) layers in top and bottom of BBO bilayer. (3) Topological electronics:

spintronics and valleytronics making use of QSH and QVH phases are easily

realized in BBL heterostructures, which make the (111)-oriented BBL as novel

playground for the topological electronics.

This thesis is organized as follows:

Chpater 2 descibes basic formalism of the density functional theory and

maximally localized Wannier function method adopted in the study. Also,

computational details for the calculation of BBL heterostructure is given.

In Chapter 3, we give an introdution to the general physics in a honey-

comb system. Tight-binding model describing the single-orbital in the honey-

comb lattice is studied with two representative examples, e.g. graphene and

silicene. In particular, silicene, which has a buckled honeycomb lattice similar

to BBL, is investigated in detail because the buclked structure and SOC allow

us to control degrees of freedom. Topological phases realized in the honeycomb

lattice is illustrated in general terms. Two toplogical phases, QSH and QVH

phases, are given special focus.

Chapter 4 deals with first-principles calculation results of BBL heterostruc-

ture. The perovskite heterostructure of BBL grown along the (111) direction is

shown to host QSH and QVH phases with appropriate choices of neighboring

layers. In addition, we suggest a ferroelectric control of topological phases in

BaTiO3/BBL/BaTiO3 heterostructure where the QSH and QVH phases can

be selected via switching the polarization directions of BaTiO3 layer.

Chapter 5 provide Slater-Koster [SK54] type tight-binding theory of BBL

heterostructure. The low energy effective Hamiltonian for s-band is obtained

4



from the full tight-binding Hamiltonian by the down-folding method. From the

effective Hamiltonian, we attempt to explain how the large SOC is possible in

s-band system.

In Chpater 6, we discuss the results. We give a simple description of next-

nearest-neighbor SOC process in BBL heterostructure. Also, we touch on the

issue of charge-ordering instability of Bi atoms at symmetric configuration.

Finally, various topological edge states that could be realized in the domain

boundary of BBL heterostructures are discussed.

Chpater 7 conclude this thesis. We give summary and perspective of the

study.

5



Chapter 2

Computational methods

This chapter descibes basic formalism of the density functional theory (DFT)

and local density approximation (LDA) and generalized gradient approxima-

tion (GGA) for exchange-correlations functionals. And maximally localized

Wannier function method adopted in the study is briefly discribed. Also, com-

putational details for the calculations of BBL heterostructures is given.
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2.1 Density functional theory

The calculations of electronic structures provides qualitative understanding

of physical properties of the materials in investigation. The density functional

theory (DFT) is the first-principles calculation method for electronic structures

in condensed matter physics. The formulation of DFT was initiated by P. Ho-

henberg and W. Kohn in their famous paper in 1964 [HK64]. These authors

showed that a special role can be assigned to the density of electrons in the

ground state of a quantum many-body system. The electron density, instead

of a many-body wave function, is considered as a basic variable, i.e. that all

properties of the system are functionals of the ground state density. This the-

orem have triggered widespread studies of DFT within Kohn-Sham approach.

Local density approximation (LDA) and generalized gradient approximation

(GGA) for exchange-correlation functionals are proven to be promising method

for accurate, practical description of materials. In this section, we review the

detailed formalism of DFT within LDA and GGA scheme.

2.1.1 Hohenberg-Kohn theorem

DFT is based on two theorems firstly proven by Hohenberg and Kohn [HK64].

These are stated and proved in the following.

Theorem 1. For any system of interacting particles in an external potential

Vext(r), the potential Vext(r) is determined uniquely, except for a constant, by

the ground state particle density n0(r).

Proof Suppose that there were two different external potentials V
(1)

ext (r)

and V
(2)

ext (r) which differ by more than a constant and which lead to the same
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ground state density n(r). The two external potentials lead to two different

hamiltonians, Ĥ(1) and Ĥ(2), which have different ground state wavefunctions,

Ψ(1) and Ψ(2), which are hypothesized to have the same ground state density

n0(r). Since Ψ(2) is not the ground state of Ĥ(1), it follows that

E(1) = 〈Ψ(1) | Ĥ(1) | Ψ(1)〉 < 〈Ψ(2) | Ĥ(1) | Ψ(2)〉. (2.1)

The strict inequality follows if the ground state is non-degenerate, and the last

term can be written

〈Ψ(2) | Ĥ(1) | Ψ(2)〉 = 〈Ψ(2) | Ĥ(2) | Ψ(2)〉+ 〈Ψ(2) | Ĥ(1) − Ĥ(2) | Ψ(2)〉

= E(2) +

∫
d3r[V

(1)
ext (r)− V (2)

ext (r)]n0(r), (2.2)

so that

E(1) < E(2) +

∫
d3r[V

(1)
ext (r)− V (2)

ext (r)]n0(r). (2.3)

On the other hand if we consider E(2) in exactly the same way, we find the

same equation with superscripts (1) and (2) interchanged,

E(2) < E(1) +

∫
d3r[V

(2)
ext (r)− V (1)

ext (r)]n0(r). (2.4)

By adding Eq.(2.3) and Eq.(2.4), we obtain

E(1) + E(2) < E(1) + E(2). (2.5)
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There cannot be two different external potentials differing by more than a con-

stant which give rise to the same non-degenerate ground state charge density.

The density uniquely determines the external potential to within a constant.

Theorem 2. For a given Vext(r), the exact ground state energy of the

system is the global minimum value of the energy functional E[n] in terms

of the density n(r), and the density n(r) that minimizes the functional is the

exact ground state density n0(r).

Proof The following energy functional

EHK [n] ≡
∫
d3rVext(r)n(r) + FHK [n], (2.6)

where FHK [n] = T [n] + Eint[n],

and FHK [n] is the sum of kinetic and Coulomb interaction energy. Consider a

system with the ground state density n(1)(r) corresponding to external poten-

tial V
(1)

ext (r), then

E(1) = EHK [n(1)] = 〈Ψ(1) | Ĥ(1) | Ψ(1)〉, (2.7)

where Ψ(1) is the wavefunction of the ground state. Now consider a different

density, say n(2)(r), which necessarily corresponds to a different wavefunction

Ψ(2). It follows that the energy E(2) of this state is greater than E(1), since

E(1) = 〈Ψ(1) | Ĥ(1) | Ψ(1)〉 < 〈Ψ(2) | Ĥ(1) | Ψ(2)〉 = E(2). (2.8)

Thus the energy given by Eq. (2.6) in terms of the Hohenberg-Kohn functional

evaluated for the correct ground state density n0(r) is indeed lower than the

9



value of this expression for any other density n(r).

2.1.2 Kohn-Sham approach

The Kohn-Sham approach is to replace the interacting many-body system with

a different auxiliary system that can be solved more easily. Kohn and Sham

made a ansatz that the ground state density of the original interacting system is

equal to that of some chosen non-interacting system. This leads to independent-

particle equations, or Kohn-Sham equation, for the non-interacting system

that can be exactly soluble provided that all the difficult many-body terms are

incorporated into an exchange-correlation functional of the density. By solving

the equations, one finds the ground state density and energy of the original

interacting system with the accuracy limited only by the approximations made

in the exchange-correlation functional.

There are two assumptions: (1) The exact ground state density can be rep-

resented by the ground state density of an auxiliary system of non-interacting

particles. (2) The auxiliary Hamiltonian is chosen to have the usual kinetic

operator and an effective local potential V σ
ext(r) acting on an electron of spin

σ at point r.

The Kohn-Sham approach to the full interacting many-body problem is to

rewrite the Hohenberg-Kohn expression for the ground state energy functional
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in the form

EKS = Ts[n] +

∫
drVext(r)n(r) + EHartree[n] + EII + Exc[n], (2.9)

where Ts =
1

2

∑

σ

Nσ∑

i=1

| ∇ψσi |2, (2.10)

EHartree[n] =
1

2

∫
d3rd3r′

n(r)n(r′)

| r− r′ | , (2.11)

EII is the interaction between the nuclei, and Exc[n] is the exchange correlation

energy functional.

The minimization of the energy EKS with respect to the density n(r, σ)

gives rise to the solution of the Kohn-Sham auxiliary system for the ground

state.

2.1.3 Exchange-correlation functional

In the Kohn-Sham approach, the energy functional is separated by the independent-

particle kinetic energy, the long-range Hartree terms, and the remaining exchange-

correlation functional Exc[n] which can reasonably be approximated as a local

or nearly local functional of the density. The energy Exc[n] is determined by the

“coupling constant integration formula”, where the electronic charge is varied

from zero (the noninteracting case) to the actual value (1 in atomic units),

with the added constraint that the density must be kept constant during this

variation. Then all other terms remain constant and the change in energy is

11



given by

Exc[n] =

∫ e2

0

dλ〈Ψλ |
dVint

dλ
| Ψλ〉 − EHartree[n]

=
1

2

∫
d3rn(r)

∫
d3r′

n̄xc(r, r
′)

| r− r′ | , (2.12)

where n̄xc(r, r
′) is the coupling-constant-averaged hole

n̄xc(r, r
′) =

∫ 1

0

dλnλxc(r− r′). (2.13)

Here nxc(r, r
′) is the hole summed over parallel (σ = σ′) and antiparallel

(σ 6= σ′) spins.

The exact exchange-correlation energy can be understood in terms of the

potential energy due to the exchange-correlation hole averaged over the in-

teraction from e2 = 0 to e2 = 1. For e2 = 0 the wavefunction is just the

independent-particle Kohn-Sham wavefunction. Exc[n] can be considered as

an interpolation between the exchange-only and the full correlated energies at

the given density n(r, σ).

2.1.4 Local density approximation

In the exact DFT formalism, the exchange-correlation energy functional is

an unknown variable, so that the approximations are suggested such as local

density approximation (LDA). In the slowly varying inhomogeneous electron

system, Exc[n] can be written as

Exc[n] ≈
∫
drn(r)εxc(n(r)) (2.14)
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where εxc(n(r)) is the single particle exchange-correlation energy of the homo-

geneous electron gas with density n. LDA assumes the slowly varying electron

density in the real space and treats the inhomogeneous system as a piece-wise

homogeneous one. Space is divided into a set of small discrete cells and the

electron density in the volume ωi is assumed to be constant. Then energy

functional G[n] is calculated by

G[n] ≈
∑

i

ωig
homo(ni) (2.15)

where ghomo(ni) is the energy density of an homogeneous electron system.

Practically the correlation energy functional is constructed from fitting the

quantum Mote Carlo simulation.

2.1.5 Generalized gradient approximation

For improvement over LDA, generalized gradient approximation (GGA) is in-

troduced to consider the gradient of the density ∇nσ as well as the value n at

each point. The term GGA denotes a variety of ways proposed for functions

that modify the behavior at large gradients in such a way as to preserve desired

properties. It is convenient to define the functional as a generalized form of

Eq. (2.14),

EGGA
xc [n] =

∫
d3rn(r)εxc(n, |∇n|, ...)

≡
∫
d3rn(r)εhomo

x (n)Fxc(n, |∇n|, ...) (2.16)
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where Fxc is dimensionless and εhomox (n) is the exchange energy of the unpo-

larized gas.

For exchange and correlations, the numerous forms for Fx are proposed

by the Perdew and Wang (PW91) [PW92] and Perdew, Burke, and Enzer-

hof (PBE) [PBE96], and that for Fc are determined by the Ma and Brueck-

ner [MB68].

2.2 Maximally localized Wannier funnction

Electronic structure calculation typically adopt plane-wave basis set in solving

the problem. The resulting wave functions, or Bloch functions ψnk, are charac-

terized by band index n and the crystal momentum k. Alternatively, we may

Fourier transform Bloch functions to obtain Wannier functions wnR indexed

by Bravais lattice vector R instead of momentum k

wnR =
V

(2π)3

∫

BZ

[∑

m

U (k)
mnψmk(k)

]
e−ik·Rdk, (2.17)

where V is the unit cell volume, the integral is over the Brillouin zone, and U
(k)
mn

is a unitary matrix that mixes the Bloch states at each k point. U
(k)
mn provide

a gauge degree of freedom of Wannier functions; it is not determined uniquely

and different choice does not affect any physically observable properties. This

prevented Wannier functions from being widely used in practical electronic

structure calculations.

Marzari and Vanderbilt developed a unique way to determine U
(k)
mn in their

seminarl work [MV97] so that the spread function Ω is minmized. The spread

14



function Ω is the amount of spatial spread of the Wannier function, and is

defined by

Ω =
∑

n

[
〈wn0|r2|wn0〉 − |〈wn0|r|wn0〉|2

]
(2.18)

The total spread can be decomposed into a gauge-invariant term ΩI and a Ω̃

that is dependent on the choice of U
(k)
mn. Ω̃ can be further decomposed into

terms diagonal and off-diagonal in the Wannier function basis, ΩD and ΩOD

Ω = ΩI + ΩI + ΩOD. (2.19)

The explicit expressions for each terms are given in Ref. [MV97].

For the complex bands which overlap with other irrelevant bands, we need

to disentangle the bands from the others to obtain the desirable Wannier func-

tion [SMV01]. For this, we first set an energy range that all of the bands are

taken inside. For the Bloch states, we perform an unitary transform such that

|uopt
nk 〉 =

∑
Udis(k)
mn |umk〉. (2.20)

We minimize the gauge independent spread ΩI in terms of U
dis(k)
mn to get the

disentangled Wannier functions. After the Wannier functions are estabilished,

we can get the overlap and hopping matrix for the Hamiltonian within Wannier

function basis.
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2.3 Computational details

We studied BaXO3/BBL/BaYO3 whose crsystal structure is shown in Fig. 2.1.

It is a perovskite oxide heterostructure of BaBiO3-bilayer (BBL) oriented in

the (111) direction that is sandwiched by lower layer BaXO3 and upper layer

BaYO3. In Fig. 2.1, only X, Bi, and Y atoms are drawn for clarity. In the BBL,

Bi atoms form a buckled honeycomb lattice which consists of two triangular

sublattices of upper and lower layers. We used 5 bottom layers and 5 top layers

for calculations of symmetric configurations (X = Y ), and 8 bottom layers and

8 top layers for calculations of asymmetric configurations (X 6= Y ).

The first-principles calculations were performed using the PAW method and

PBE exchange-correlation functional as implemented in VASP code [KF96a,

KF96b]. The plane-wave energy cutoff was set for 400 eV, and 12×12×1 mesh

was employed for momentum space sampling. The atomic structures were re-

laxed with the force criteria of 0.005 eV/Å. The Wannier90 code [MYL+08]

was used to construct maximally-localized Wannier functions and to calculate

Berry curvatures.

The first-principles Berry curvature is calculated with the linear response

Kubo-like formula as implemented in Wannier90 code.

Ω(k) =
∑

n

fnΩn(k)

Ωn(k) = −2Im
∑

m 6=n

〈unk|vx|umk〉〈umk|vy|unk〉
(Enk − Emk)2 ,

(2.21)

where fn is the Fermi distribution function, vx,y is the velocity operator, and

|unk〉 is the periodic part of the energy eigenfunction with eigenvalue Enk.
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BaBiO3

BaXO3

BaYO3

Figure 2.1: The crystal structure of BaXO3/BBL/BaYO3. 8 bottom layers
of BaXO3, BaBiO3-bilayer, and 8 top layers of BaYO3 are shown. Only X,
Bi, and Y atoms are drawn for simplicity. BaBiO3-bilayer form a buckled
honeycomb lattice consists of upper triangular sublattice colored by blue and
lower triangular sublattice colored by red.
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To verify the topological phase of the system, we first calculated the Wan-

nier functions with the four Bi s projectors (two sublattices and two spin com-

ponents) that reproduce the band structures near the Fermi level. Then, the

tight-binding Hamiltonian of strip geometry is constructed using the obtained

Wannier functions and hopping terms. Band structure is calculated with ob-

tained tight-binding Hamiltonian. By counting the number of crossing points

in the half Brillouin zone, we verified whether the system is a QSH insulator

or not.
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Chapter 3

Topological phases in

honeycomb system

In this chapter, we give an introdution to the general physics in honeycomb lat-

tice. Tight-binding model describing the single-orbital band in the honeycomb

lattice is studied using two representative systems, e.g. graphene and silicene.

In particular, silicene, which has a buckled honeycomb lattice, is studied in

detail because the buclked structure and SOC allow us to control of degrees of

freedom in honeycomb system. Topological phases realized in the honeycomb

lattice is illustrated in general terms. Two toplogical phases, QSH and QVH

phases, are given special focus. Here, we mostly follow the notations used in

Ref. [Eza15].
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Figure 3.1: (a) Primitive lattice vectors a1 and a2 for direct lattice. Honeycomb
lattice is consists of two triangular sublattices denoted by filled-circle A and
open-circle B. (b) First Brillouin zone in momentum space with two inequiv-
alent K and K ′ points. Primitive vectors b1 and b2 for reciprocal lattice is
shown.

3.1 Honeycomb system

The crystal structure of honeycomb systems, e.g. graphene and silicene, is a two

dimensional honeycomb lattice that is generated by primitive lattice vectors a1

and a2 as shown in Fig. 3.1(a). Two trianglular lattices denoted by sublattice

A and sublattice B constitute the direct lattice (see Fig. 3.1). The reciprocal

lattice in the momentum space is also a honeycob lattice rotated by 30◦ with

respect to the direct lattice, whose first Brillouin zone is shown in Fig. 3.1(b).

3.1.1 Planar structure

The Hamiltonian of planar honeycomb system, which is represented by graphene,

is the simplest single-orbital tight-binding model on a honeycomb lattice, which
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is given by

H = −t
∑

〈i,j〉s

c†iscjs, (3.1)

where c†is is an creation operator for an electron with spin polarization s =↑↓
at site i, 〈i, j〉 runs over all the nearest neighbor hopping sites, and t is the

nearest-neighbor hopping energy.

To obtain the band structure, we need to get the Hamiltonian in the mo-

mentum space, in which our main focus is the physics near the Fermi energy.

To derive the Hamiltonian, we Fourier transform Eq. 3.1. The results is

H = t
∑

s

∫
d2k

(

ck†As ck†Bs

)



0 f(k)

f ∗(k) 0






ckAs

ckBs,




= t
∑

s

∫
d2k

(

ck†As ck†Bs

)
H(k)



ckAs

ckBs,




(3.2)

with

f(k) = e−iaky/
√

3 + 2eiaky/2
√

3 cos
akx
2
. (3.3)

The energy spectrum obtained by diagonalizing the H(k) is

E(k) = t

√

1 + 4 cos
akx
2

cos

√
3aky
2

+ 4 cos2
akx
2
. (3.4)
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Figure 3.2: Low-energy band structure of tight-binding model. Six Dirac cones
are located at the corners of the first Brillouin zone with the Fermi level touch-
ing gap closing points.

Note that the gap closes at the Kη point that is defined by

Kη =

(
η

4π

3a
, 0

)
with η = ±1. (3.5)

The K+ and K− points are identical to the K and K ′ points, respectively.

The low-energy band structure obtained by diagonalizing the Hamiltonian

is illustrate in Fig. 3.2. It consists of 6 Dirac cones near the Fermi energy. The

cones touch the Fermi energy at two inequivalent points, that is, the K and

K ′ points in the Brillouin zone (see Fig. 3.1). Because the dispersion relation

is linear around these points, they are called the Dirac points.
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Near the the Kη point, the Hamiltonian is approximated to the linear order

in k by

Hη =
∑

s

∫
d2k

(

cη†As cη†Bs

)
Hη
s



cηAs

cηBs


 , (3.6)

with

Hη
s = ~vF




0 ηkx − iky

ηkx + iky 0


 = ~vF (ηkxτx + kyτy) , (3.7)

where τ = (τx, τy, τz) is the Pauli matrix for the sublattice pseudospin A and

B, and vF =
√

3
2~ at is the Fermi velocity with a being the lattice constant. The

dispersion relation is linear for k. We call the Hη
s as the Dirac Hamiltonian.

3.1.2 Buckled structure

The tight-binding Hamiltonian of silicene, a buckled honeycomb system, is

also described by the Eq. 3.1. There are, however, two distinctive features that

make the silicene crucially different from graphene. One is its buckled structure

as shown in Fig. 3.3 with a layer separation between the two sublattices A and

B. This freedom allows us to tune the bandgap by introducing a potential

difference between the two sublattices by perpendicular electric field [DZF12,

NLT+11]. The other is the presence of the spin-orbit coupling, which could

turn silicene to a topological insulator [LFY11]. It is noted that larger spin-

orbit coupling in silicene compared to that in graphene can be also attributed
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Figure 3.3: (a) Top view and (b) side view of the crystal structure of buckled
honeycomb lattice. Two sublattices are distinguished by different colors. The
buckling angle θ is defined in (b). The angle is exaggerated in (b) for silicene.
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to the silicene’s buckled structure [LFY11].

When we apply electric field Ez perpendicular to silicene, the tight-binding

Hamiltonian becomes

H =− t
∑

〈i,j〉s

c†iscjs + i
λSO

3
√

3

∑

〈〈i,j〉〉s

νijc
†
isscjs

− `
∑

is

µiEzc
†
iscis,

(3.8)

where 〈〈i, j〉〉 run over all the next-nearest neighbor hopping sites. The spin

index stands for s =↑↓ for indices and for s = ± within equations.

Here, we explain each term in Eq. 3.8. (i) The first term is the usual nearest-

neighbor hopping with the hopping energy t, which is responsible for massless

Dirac cone. (ii) The second term represents the effective spin-orbit coupling

with λSO, where νij = +1 if the next-nearest-neighboring hopping is anticlock-

wise, and νij = −1 if it is clockwise with respect to the positive z-axis [KM05].

We note that a large spin-orbit interaction with λSO = 0.3 eV coulb be materi-

alized in functionalized stanene [XYZ+13], which will be a topological insulator

at room temperature. (iii) The third term represents the staggered sublattice

potential with µi = +1(−1) for the A (B) site.

The low-energy physic near the Fermi energy is described by the Dirac

theory, which is constructed just as in the case of graphene. We rewrite the

Hamiltonian Eq. 3.8 in the form of Eq. 3.6. The Dirac Hamiltonian is explicitly

given by

Hη
s =




∆η
s ~vF (ηkx − iky)

~vF (ηkx + iky) −∆η
s


 (3.9)
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where

∆η
s = ηsλSO − `Ez ≡ −` (Ez − ηsEcr) (3.10)

with

Ecr ≡ λSO/` (3.11)

Hamiltonian can be indexed by η and s. Note that ∆η
s acts as the Dirac mass.

The energy spectrum reads

E(k) = ±
√

(~vFk)2 + (∆η
s)

2, (3.12)

where the momentum is measured from K or K ′. The gap is given by 2|∆η
s | =

2`|Ez − ηsEcr|.
It is important that the band gap is tunable by controlling external electric

field Ez. The gap is open when Ez = 0. As |Ez| increases, the gap become

narrower, and it closes at Ez = ηsEcr, where silicene become semimetallic just

as in graphene. As |Ez| increases further, the gap opens again.

3.1.3 Dirac mass terms

There are actually other ways to control the bandgap by introducing other

interactions to silicene. Since each Dirac cone is indexed by two parameters

η = ± and s = ±, the most general Dirac mass could have the following

expression

∆η
s = ηsλSO − λV + ηλH + sλSX , (3.13)
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so that it has four independent parameters, λSO , λV , λH , and λSX . We have

already discussed the first two terms representing the spin-orbit interaction

and the sublattice staggered potential with λV = lEz. We may write down the

tight-binding terms that yield the fourth and fifth terms,

i
λH

3
√

3

∑

〈〈i,j〉〉s

µijc
†
iscjs, iλSX

∑

is

sµic
†
iscis (3.14)

The fourth term describes the Haldane interaction induced by the photo-

irradiation. The fifth term describes the antiferromagnetic exchange magneti-

zation.

Here we note that there are a variety of 2D materials whose low-energy

physics is described by the Dirac Hamiltonian Eq. 3.9 with the Dirac mass

Eq. 3.13. We call them general honeycomb systems. Examples are mono-

layer antiferromagnetic manganese chalcogenophosphates (MnPX3, X = S, Se)

and perovskite G-type antiferromagnetic insulators grown along [111] direc-

tion [LWH13]. The BBL heterostructure investigated in this thesis is also fall

into this category.

In what follows we analyze the Dirac Hamiltonian Eq. 3.9 with the Dirac

mass Eq. 3.13. It can be positive, negative or zero. The band gap is given by

2|∆η
s |.
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3.2 Topological phases

3.2.1 Chern numbers

For any insulating state |ψ(k)〉 we may define a gauge potential in the momen-

tum space by

ak(k) = −i〈ψ(k)|∂k|ψ(k)〉 (3.15)

which is called the Berry connection. Then we may define the gauge-invariant

“magnetic field” in the momentum space, which is properly called the Berry

curvature F (k),

F (k) =
∂

∂kx
ay(k)− ∂

∂ky
ax(k). (3.16)

The Chern number is the integral of the Berry curvature F (k) over the first

Brillouin zone, which is the total “magnetic flux”,

C =
1

2π

∫
d2k F (k). (3.17)

The Berry curvature is strictly localized at the K and K ′ points. This feature

remains unchanged even if we include the extra terms Eq. 3.14. Consequently,

the Dirac Hamiltonian is valid to make a topological analysis to each valley.

The Chern number is indexed by the spin s =↑↓ and the valley index η = ±.

Namely, it is possible to assign the Chern number Cηs to each valley.

When the Hamiltonian is given by Eq. 3.9, the Berry curvature can be
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explicitly calculated for each valley as

F η
s (k) = −η ∆η

s

2
(

(~vFk)2 + (∆η
s)

2
)3/2

. (3.18)

The Chern number, which is the integration of the Berry curvature, is obtained

as

Cη
s = −η

2
sgn(∆η

s) (3.19)

where the Dirac mass ∆η
s can be of a general form. It is important to note

that only the sign of the masss term is important in determining the Chern

number.

The Chern number is quantized as Cηs = ±1
2
. It is insensitive to a deforma-

tion of the band structure provided that the gap is open. On the other hand,

it changes its sign as the Dirac mass ∆η
s changes its sign. Such a quantity is a

topological charge. Hence an insulator phase is indexed by a set of four Chern

numbers Cηs . A topological phase transition occurs when the sign of the Dirac

mass ∆η
s changes.

It is instructive to make a re-interpretation of the Chern number [HK10,

QZ11]. When the Hamiltonian is given in terms of the 2 × 2 Hamiltonian as

in Eq. 3.9, or Hη
s = τ · d with dx = η~vFkx, dy = ~vFky, dz = ∆η

s , the Chern

number Cηs is equivalent to the Pontryagin number,

Cηs =
1

4π

∫
d2k

(
∂d̂

∂kx
× ∂d̂

∂ky

)
· d̂ (3.20)

The Pontryagin number is a topological number which counts how many times
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the vector d̂ wraps a sphere. Using the polar coordinate of the d̂ vector, d̂x ±
id̂y =

√
1− σ2(k)eiηθ, d̂z = σ(k), we obtain

Cηs =
η

4π

∫
d2k εij∂iσ∂jθ = −η

2

∫ 1

0

dσ (3.21)

which agrees with Eq. 3.19. The pseudospin texture forms a meron structure

in the momentum space. A meron is a topological structure which has a half

integer Pontryagin number.

3.2.2 Classification of topological insulators

We have defined four Chern numbers Cηs . Equivalently we may define the total

Chern number C, the spin Chern number Cs [Pro09, SWSH06, YXS+11], the

valley Chern number Cv [ZJF+11, ZMM13, LMBM10], and the spin-valley

Chern number Csv [ZJF+11]

C = CK↑ + CK′

↑ + CK↓ + CK′

↓ (3.22)

Cs =
1

2

(
CK↑ + CK′

↑ − CK↓ − CK
′

↓

)
(3.23)

Cv = CK↑ − CK
′

↑ + CK↓ − CK
′

↓ (3.24)

Csv =
1

2

(
CK↑ − CK

′

↑ − CK↓ + CK′

↓

)
(3.25)

Here we comment that the valley Chern number and the spin-valley Chern

number are well defined only in the Dirac theory. Namely, they are ill defined

in general tight-binding model. Hence, we may call C and Cs the genuine Chern

numbers.
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Figure 3.4: Chern numbers distributions for (a) QSH and (b) QVH phases.

Possible sets of genuine Chern numbers (C, Cs) are (0, 0), (2, 0), (0, 1), (1, 1)

up to the sign ±. They are the trivial, quantum anomalous Hall, quantum spin

Hall, spin-polarized quantum anomalous Hall insulators, respectively. Note

that there are two-types of trivial band insulators, which are quantum val-

ley Hall insulator [TQY+11, QJL+12], and quantum spin-valley Hall (QSVH)

insulator with antiferromagnetic (AF) order [Eza13].

The Chen numbers of quantum spin Hall phase and quantum valley Hall

phases are shown in Fig. 3.4. These topological phases are shown to be realized

in the BBL heterostructure. In the next chapter we discuss in detail how the

Dirac mass is controlled in BBL heterostructure to produce these topological

phases.

We comment on the relation between the spin Chern number and the Z2
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index given by [FK06]

Z2 =
1

2π

[∫

∂HBZ

dk ·A(k)−
∫

HBZ

d2kF (k)

]
mod(2). (3.26)

The spin Chern number Cs is identical to the Z2 index by modulo 2 when

there exists the time-reversal symmetry [Pro09]. The spin Chern number is

well defined even when there is no time-reversal symmetry, while the Z2 index

is well defined even when sz is not a good quantum number.
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Chapter 4

Electronic structures of BBL

heterostructures

This chapter deals with first-principles calculation results of BBL heterostruc-

ture. The perovskite heterostructure of BBL grown along the (111) direction is

shown to host QSH and QVH phases with appropriate choices of neighboring

layers. In addition, we suggest a ferroelectric control of topological phases in

BaTiO3/BBL/BaTiO3 heterostructure where the QSH and QVH phases can

be selected via switching the polarization directions of BaTiO3 layer.

33



Without SOC With SOC

With 
Inversion 
symmetriy

(d) (e) 

Without 
inversion 
symmetry

(f) (g) 
Γ

K

Kʹ
M

BZO/BBO/BZO 
w/o SOC band

BZO/BBO/BZO 
w/ SOC band

BHO/BBO/BZO 
w/o SOC band

BHO/BBO/BZO 
w/ SOC band

(a)

(c)

x y

z

(b)

Letter 8.5 inch width 10 pt 11 pt 12 pt 13 pt

BaXO3

BBL

BaYO3

K

K K

K Kʹ

Figure 4.1: (a) The schematic picture of BaXO3/BaBiO3/BaYO3 along the
(111) direction investigated in this study. (b) The (111)-oriented BBL form a
buckled honeycomb lattice consisting of red and blue triangular sublattices.
(c) 2D hexagonal Brillouin zone and high symmetry points. (d)-(g) Schematic
band structures emerging from the (111)-oriented BBL heterostructures in
terms of SOC and inversion symmetry.

4.1 (111)-oriented BaBiO3 heterostructure

As an ideal platform for Dirac Fermions and engineering of its various degrees

of freedom, we consider a perovskite oxide heterostructure of BaBiO3-bilayer

(BBL) oriented in the (111) direction that is sandwiched by lower layer BaXO3

and upper layer BaYO3. We denote this structure BaXO3/BBL/BaYO3 whose

structure is shown schematically in Fig. 4.1(a). In the (111)-oriented BBL,

Bi atoms form a buckled honeycomb lattice which consists of two triangular

sublattices of upper and lower layers as illustrated in Fig. 4.1(b).

Two wide bandgap semiconductors BaXO3 and BaYO3 sandwich the BBL.

As the charge state of Bi in perovskite BaBiO3 structure is Bi4+ (see Fig. 4.2),
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Figure 4.2: Band structure of perovskite BaBiO3. Bi-6s band has a large band-
with and cross the Fermi level.

we expect, when incorporated in the heterostructure, the half-filled Bi 6s band,

originating form the BBL, is positioned within bandgaps of the sandwich lay-

ers. In addition, the choices of sandwich layers are directly linked to the inver-

sion symmetry of BBL. When the X and Y are the same atoms (symmetric

configuration), the inversion symmetry of the BBL is conserved, while the dif-

ferent top and bottom layers (asymmetric configuration) brings the structural

inversion asymmetry (SIA) and break the inversion symmetry of the BBL. In

the present paper, we mainly focus on the inversion symmetry of the BBL

heterostructures. The overview of the obtained band structure is drawn in

Fig. 4.1(d)-(g). In the following sections, we study these band structure in de-

tail. The time-reversal symmetry (TRS) remains intact as we investigate only

the non-magnetic layers.
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4.2 Emergence of a s-orbital Dirac cone

We first examine the symmetric configuration where the BBL is embedded in

the same top and bottom layers. In this configuration, Bi atoms in two sublat-

tices are in the same environments, and consequently, the inversion symmetry

of the BBL is preserved. We find that a Dirac cone is emerging from the BBL

in the symmetric configuration. The low-energy band structure is dominantly

composed of Bi-6s orbitals and is well described by the tight-binding model

for single s-orbital band at the 2D hexagonal lattice. The Dirac Hamiltonian

near the K and K ′ points is described by

Hη = ~vF (ηkxτx + kyτy)⊗ σ0, (4.1)

where η = ±1 for valleys K, K ′, and τi, σi are the Pauli matrices for the real

spin and the sublattice pseudospin, respectively. τ0 and σ0 are unit matrices

acting on corresponding subspaces. The 2D s-orbital Dirac cone emerging in

the BBL is a perfect replication of the graphene band structure apart from

the fact that Bi-6s orbitals plays the same role in BBL as carbon-2pz orbitals

does in graphene. Further, the BBL heterostructure suggested in the present

study allows us to introduce various mass terms to the Hamiltonian of Eq. 4.1,

which will be discussed throughout the thesis.

We show the band structure of BaZrO3/BBL/BaZrO3 without spin-orbit

coupling in Fig. 4.3(a). Even though the Bi-6s band has a large bandwidth in

its bulk structure (see Fig. 4.2), the s-orbital Dirac cone originating from the

BBL is confined within the buckled honeycomb lattice and almost decoupled

from the neighboring layers, which suggests a 2D nature of the Dirac Fermion.
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Figure 4.3: Band structure of BaZrO3/BBL/BaZrO3 (a) with and (b) without
the SOC. (a) Band structure shows a massless Dirac cone near the K point.
The Dirac cone is decoupled from the sandwich layers bands. (b) SOC opens
the gap at the K point by 79 meV.

Furthermore, the Fermi level is touching the Dirac point without need to in-

troduce additional electrons or holes to the system.

4.3 Symmetric configuration:

Quantum spin Hall insulator

When the SOC is included, the Dirac cone acquires a mass and opens a gap.

Opening of a bandgap by SOC in otherwise a semi-metallic Dirac cone is the

indication of the Kane-Mele type topological insulator. The non-trivial mass

term, λSOητz ⊗ σz, which turns the system to the QSH insulator is added in
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Eq. 4.1, where 2λSO is the non-trivial bandgap at the K point.

Hη = ~vF (ηkxτx + kyτy)⊗ σ0 + λSOητz ⊗ σz (4.2)

At this point, to understand the behavior of various mass terms with respect to

the symmetry operations, we discuss the effect of inversion operation (P : k→
−k) and time-reversal operation (T : k → −k, s → −s) on Pauli matrices

for pseudo-spin τi, real spin σi, and valley index η. Firstly, inversion operation

takes sublattice A into B and vice versa, so that we have

P : τz → −τz. (4.3)

And it is noted that under P , τx → τx and τy → −τy. Also P takes K to K ′,

P : η → −η. (4.4)

But real spins are not affected by by P ,

P : σi → σi. (4.5)

Next, we observe that the T change the sign of momenta, but does not affect

the sublattice degree of freedom,

T : η → −η, τi → τi. (4.6)
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And σz, the z-component of the spin Pauli matrix, transforms according to

T : σz → −σz. (4.7)

Therefore the mass term λSOητz ⊗ σz, which is a simplified version of spin-

orbit interation in the system, is invariant under T , P . The mass term should

conserve symmetry of the physical system.

The band structure of BaZrO3/BBL/BaZrO3 with the inclusion of SOC is

shown in Fig. 4.3(b) that exhibit 79 meV of bandgap. It is noted that sz is

not a good quantum number in BBL heterostructures, where the additional

spin-mixing terms exist in addition to the Eq. 4.2 (see Chapter 5), but this

term is small near the K points and does not modified the topological states

because the band gap remains open even with the inclusion of the spin-mixing

terms.

To verify the topological state of the system, we first calculated the Wan-

nier functions with the four Bi s projectors (two sublattices and two spin com-

ponents) that reproduce the band structures near the Fermi level. Then the

tight-binding Hamiltonian of strip geometry is constructed using the obtained

Wannier functions and hopping terms, and its band structure is calculated.

The QSH phase of the system is confirmed by the strip geometry calculation

whose band structure is shown in Fig. 4.4(a) for zigzag edge and Fig. 4.4(b)

for armchair edge, respectively. They exhibit odd number of crossing in the

half Brillouin zone as expected from QSH phase.

We calculated electronic structures of various symmetric configurations and

tabulated their lattice parameters and bandgaps in Table 4.1. For all the listed
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Figure 4.4: Topologically protected edge states of BaZrO3/BBL/BaZrO3 for (a)
zizag edge and (b) armchair edge. The strip geometry is constructed with hop-
ping parameters obtained from Wannier function method. Both edges states
cross the Fermi level odd times in the half Brillouin zone.

structures 5 lower layers and 5 upper layers were included and cell parame-

ters as well as the internal coordinates were relaxed. We find that the all the

heterostructures listed in Table 4.1 are QSH insulators with relatively large

non-trivial bandgaps. Remarkably, contrary to the common notion that the

SOC effect is negligible in s-orbital system, quite large SOC gap is obtained.

We will explain the origin of the large SOC gap in the Chapter 6 after we con-

struct tight-binding Hamiltonian in Chapter 5. As these bandgaps are much

larger than the room temperature, if the heterostructure is fabricated with

good crystal quality, the QSH phase could be detected in experiments. This,

to our best knowledge, is the first Kane-Mele type topological insulator [KM05]

realized in s-orbital systems.

We also carried out similar calculation for Sr-based system, where all Ba

atoms are replaced by Sr atoms. The results are summarized in Table 4.2. We
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Table 4.1: Lattice parameters and SOC gap at K for Ba-based system.

Sandwich layer Lattice constant (Å) Bucking angle (◦) SOC gap at K (meV)

BaTiO3 5.78 129.45 91

BaZrO3 6.05 127.19 79

BaSnO3 5.97 127.55 72

BaHfO3 5.98 127.79 49

BaCeO3 6.31 125.14 60

Table 4.2: Lattice parameters and SOC gap at K for Sr-based system.

Sandwich layer Lattice constant (Å) Bucking angle (◦) SOC gap at K (meV)

SrTiO3 5.64 130.24 102

SrZrO3 5.96 127.19 98

SrSnO3 5.87 127.79 81

SrHfO3 5.87 128.26 59

SrCeO3 6.23 127.58 45
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observe that Sr-based system have smaller lattice constants and larger SOC

gap (except for the Ce case). This give us a hint that the lattice parameter

is a important factor in determining the SOC gap. The detailed explanation

the SOC gap will be given after we construct tight-binding Hamiltonian in

Chapter 5.

It is noted that the heterostructures with BaSnO3 and SrSnO3 layers show

metallic band structure in PBE calculations, but have gaps at K point. This is

because the systems containing Sn atoms are notorious for their unexpectedly

large bandgap underestimation. As a results, the bandgap of sandwich layers

become very small that make the system a metal. But if we employ hybrid

functional or other higher-level calculation methods, it is expected that the

systems will become a topologial insulator.

4.4 Asymmetric configuration:

Quantum valley Hall insulator

The hexagonal system has a valley degree of freedom K and K ′. For the sym-

metric configurations investigated for far, the band structures at the K and K ′

are identical due to the inversion symmetry as well as the TRS. With different

top and bottom layers, however, the SIA break the inversion symmetry of the

BBL. It results in a energy difference between sublattices and adds a mass

term of ∆
2
τz ⊗ σ0 to the Hamiltonian Eq. 4.1, where ∆ is the trivial bandgap

induced by the inversion symmetry breaking.

Hη = ~vF (ηkxτx + kyτy)⊗ σ0 +
∆

2
τz ⊗ σ0 (4.8)
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Figure 4.5: (a) Band structure of BaHfO3/BBL/BaZrO3. Trivial bandgap is
0.924 eV. Valence band is split by 29 meV and Conduction band is split by
103 meV due to the SOC. (b) Calculated Berry curvature are drawn with color
code. Atomic units are used. Berry curvature at K an K ′ are exactly opposite,
which confirms the QVH phase.

It leads to QVH phase characterized by valley-contrasting Berry curvatures

as shown in Fig. 4.5(b) for BaHfO3/BBL/BaZrO3. In addition to the trivial

bandgap, the band structure exhibit spin-spilt conduction and valence bands

owing to the large SOC of Bi atom. The Berry curvatures and spin-splittings

at the K and K ′ are exactly opposite as they are related by TRS. So that the

spin-texture is locked to the valley index.

Figure 4.5(a) shows the band structures of BaHfO3/BBL/BaZrO3 with

SOC that exhibit valley-contrasting Berry curvature shown in Fig. 4.5(b),

which is the signature of the QVH phase. The band strcuture shows 0.924

eV of a trivial bandgap, and further the SOC split the valence band by 29

meV and conduction band by 103 meV at the K point. It is noted that the
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Figure 4.6: In- and out-of-plane spin-texture of BaHfO3/BBL/BaZrO3 for (a)
VBM-1 and (b) VBM. The in-plane spin-texture is represeted by arrow and
out-of-plane spin-texture is color coded. Chirality of in-plane spin-texture is
the same for K and K ′ while the out-of-plane spin-texture is opposite. The
overall spin-texture of VBM is exactly oppoite to the that of VBM-1.

lager spin splitting in the conduction than in the valence band is the general

characteristic observed in asymmetric configuration of BBL heterostructure.

In addition, the intrinsic Rashba SOC (see Chapter 5) originating from

buckled honeycomb structure results in a in- and out-of-plane spin texture [DSSB+15,

YBS+15] as shown in Figs. 4.6(a) and (b) for a band below the valence band

maximum (VBM-1) and the valence band maximum (VBM), respectively. The

detailed description of the intrinsic Rashba SOC will be discussed in Chapter

5. The in-plane Rashba-like spin textures around K and K ′ display the same

chirality while the out of plane spin polarizations are opposite at K and K ′.

Also, the VBM-1 and VBM posses exactly opposite spin-textures. (cf. The

spin-polarization of the symmetric configuration is hidden due to the inver-
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sion symmetry. They are alled R-2 and D-2 spin polarizations following the

Ref. [ZLL+14]). When the top and bottom layers are mutually switched, a

complete reversal of the spin-texture is realized, which enables us to control

the spin texture in the asymmetric configuration.

We consider the interband matrix elements of the left- and right-circularly

polarized light fields (±) for a vertical transition from valence band uv to

conduction band uc [XLF+12].

Pη±(k) = Pηx(k)± iPηy (k), (4.9)

where Pηα(k) (α = x, y) is

Pηα(k) = m0〈uc(k)|1
~
∂H

∂kα
|uv(k)〉. (4.10)

We can obtain an analytic formular near K and K ′ points,

|Pη±(k)|2 = m2
0v

2
F


1± η ∆η

s√
(∆η

s)
2 + 4a2t2k2




2

. (4.11)

We find that K couples to right-circularly polarized light while K ′ couples

to left-circularly polarized light. The valley-dependent spin-splitting, Berry

curvatures, and optical selection rule realized in the asymmetric configuration

could yield novel transport properties, e.g. valley Hall effect [XYN07], valley

spin Hall effect and valley orbital moment Hall effect [XLF+12].
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4.5 Ferroelectric control of the topological phases

Until now, the control of inversion symmetry of BBL, and resulting QSH and

QVH phases are demonstrated in terms of SIA of the heterostructures, i.e.

the choice of X and Y elements in sandwich layers. Besides, there is another

appealing way to control the inversion symmetry of the BBL even with the

same sandwich layers. That is to utilize the bulk inversion asymmetry (BIA)

present in ferroelectric materials. The control of polarization directions in sand-

wich ferroelectric materials can manipulate the inversion symmetry of the BBL

considering that the different polarization directions in top and bottom lay-

ers effectively provide different environments to Bi atoms in upper and lower

sublattices. As a plausible example, let us consider the ferroelectric material

BaTiO3, which is known to undergoes a structural transform to rhombohe-

dral phase and possesses a [111] polarization in low temperature [KLB93].

In BaTiO3/BBL/BaTiO3, BaTiO3 is stabilized with the polarization in [111]

direction.

When the polarization direction of top and bottom layers are opposite,

the inversion symmetry of the BBL is conserved (see Fig. 4.7(a)) and the

QSH phase is induced. The corresponding DFT band structure is shown in

Fig. 4.7(c) which shows a Dirac cone with 108 meV non-trivial bandgap. When

the top and bottom layers have the same polarization direction as in Fig. 4.7(c),

the QVH phase appears. Figure 4.7(d) shows the band structure with 1.17 eV

band gap and 192 meV and 56 meV spin splitting for conduction and valence

band, respectively. The QVH phase show similar valley-dependent spin-texture

and Berry curvature that we observed in Fig. 4.5. And these are completely
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Figure 4.7: (a) The symmetric configuration of BaTiO3/BBL/BaTiO3. (b)
The asymmetric configuration of BaTiO3/BBL/BaTiO3. (c) Band structure
of symmetric configuration of BaTiO3/BBL/BaTiO3. SOC opens the bandgap
by 108 meV. See the text for detailed procedure to obtain this band structure.
(d) Band structure of asymmetric configuration BaTiO3/BBL/BaTiO3. Trivial
bandgap is 1.17 eV. Conduction band and valence band is split by 192 meV
and 56 meV, respectively
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reversed when the overall polarization direction is reversed.

We describe in detail how the band structure Fig. 4.7(c) is obtained. Due to

the periodic supercell approach used in first-principles calculation, ferroelectric

configuration Fig. 4.7(a) is problematic. Unphysical electrostatic energy arise

at the boundary, so that it is not possible to obtain the symmetric ferroelec-

tric configuration. To overcome this problem we used a double cell geometry

as shown in Fig. 4.8(c), in which two ferroelectric configurations are stacked

vertically. Using this configuration, we can avoid the unphysical electrostatic

energy at the boundary. The whole band structure is projected on upper BBL

and lower BBL as shown in Fig. 4.8(a) and (b), respectively. The potential

energy is calculated as in Fig. 4.8(d), where the potential gradient due to the

polarization is clearly observed.

Topological phases realized in BaTiO3/BBL/BaTiO3 are controllable if we

could switch the polarization direction of one of the two layers. Therefore, it

could serve as a unified platform for both QSH and QVH phases. Additionally,

topological phases obtained in the heterostructure is non-volatile as long as

the polarization is present, which differ from the usual control of topological

phases using external electric field.
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Figure 4.8: Double cell geometry as shown in (c) is used to calculate the band
structure of symmetric configuration of BaTiO3/BBL/BaTiO3. The total band
structure is projected on (a) upper BBL and (b) lower BBL. The projected
bands are represented by red color. They correspond to band structures of
two symmetric configurations shown in upper part and lower part of (c). (d)
Electron potential energy along the (111) direction. Effect of polarization can
be seen in potential gradient.
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Chapter 5

Tight-binding theory of

(111)-oriented BaBiO3-bilayer

heterostructure

This cpater provide Slater-Koster type tight-binding theory of BBL heterostruc-

ture. The low energy effective Hamiltonian for s-band is obtained from the full

tight-binding Hamiltonian. We explain how the large effective SOC is arising

in s band.
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Figure 5.1: Crystal system used for the tight-binding model of BBL het-
erostructure.

5.1 Crystal system

We consider a buckled honeycomb lattice consists of upper A sublattice and

lower B sublattice as shown in Fig. 5.1 We define primitive vectors for direct

lattice as

a1 = a (1, 0)

a2 = a

(
1

2
,

√
3

2

)
,

(5.1)
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and primitive vectors for reciprocal lattice are

b1 =
2π

a

(
1,−
√

3

3

)

b2 =
2π

a

(
0,

2
√

3

3

)
.

(5.2)

K and K ′ points in the Brillouin zone are defined as

K =
2

3
b1 +

1

3
b2 =

(
4π

3a
, 0

)

K ′ = −K.
(5.3)

And three vectors from a site in A sublattice to three nearest-neighbor (NN)

sites in B sublattice are

d1 = a

(
0,− 1√

3
,
cot θ√

3

)

d2 = a

(
−1

2
,

1

2
√

3
,
cot θ√

3

)

d3 = a

(
1

2
,

1

2
√

3
,
cot θ√

3

)
.

(5.4)

For a perfect cubic lattice we have cot θ = − 1√
2
. Note that we choose the upper

sublattice as A sublattice and lower sublattice as B sublattice. For a moment,

we restrict our formulation in the case of a perfect cubic. And at the end of

the chapter, we will provide the result for a general angle θ.
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5.2 Tight-binding hopping Hamiltonian

We are interested in low-energy electronic structure of BBL that is mostly

composed of Bi 6s. Also, we are to investigate the origin of the effective SOC

in Bi 6s band. For this purpose, we include the Bi 6p orbitals in a basis set.

The basis set we choose contains 8 atomic orbitals

{sA, pAx , pAy , pAz , sB, pAx , pBy , pBz }, (5.5)

where the superscript A, B is the sublattice index. We set Bi-6s ortibal energy

as zero energy. Thus the Bi-6p energy Ep is equal to the energy difference

between Bi-6p and Bi-6s orbitals.

The general tight-binding hopping matrix is given by

Hhop(k) =
∑

R

eik·(R+rj−ri)〈i,0 + ri|Ĥ|j,R + rj〉, (5.6)

where the sum is over the Bravais lattice R. In this study, we only consider

NN hoppings.

For R + rj − ri = a NN vector,

〈i,0 + ri|Ĥ|j,R + rj〉 = Eij (l,m, n)
(5.7)

where (l,m, n) is a direction cosine of the NN vector. Eij (l,m, n) is the two-

center approximation expressed by the direction cosine and four parameters,

Vssσ, Vspσ, Vppσ, and Vppπ. Expressions for Eij (l,m, n) are tabulated in Ta-

ble 5.1. Other terms can be obtained by permuting the indices.
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Table 5.1: The energy integral in terms of two-center integrals.

Es,s Vssσ

Es,px lVspσ

Epx,px l2Vppσ + (1− l2)Vppπ

Epx,py lmVppσ − lmVppπ
Epz ,pz lnVppσ − lnVppπ

We present the hopping Hamiltonian at the K point explicitly

Hhop(K) =




0 0 0 0 0
√

6i
2
Vspσ −

√
6

2
Vspσ 0

Ep 0 0 −
√

6i
2
Vspσ

1
2
V ′ − i

2
V ′

√
2i
2
V ′

Ep 0
√

6
2
Vspσ − i

2
V ′ −1

2
V ′ −

√
2

2
V ′

Ep 0
√

2i
2
V ′ −

√
2

2
V ′ 0

0 0 0 0

Ep 0 0

Ep 0

Ep




,

(5.8)

where V ′ = Vppπ−Vppσ. The lower left part is obtained using the hermticity of

the Hamiltonian.
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5.3 Tight-binding SOC Hamiltonian

Spin-orbit coupling matrix among p orbitals is

H l=1
SOC =

λ

2




|px〉 |py〉 |pz〉

〈px| 0 −iσz iσy

〈py| iσz 0 −iσx

〈pz| −iσy iσx 0




. (5.9)

We include only the on-site SOC in the tight-binding Hamiltonian because its

effect is largest near the atomic centers. The tight-binding SOC Hamiltonians

is

HSOC =




O2×2

H l=1
SOC

O2×2

H l=1
SOC




, (5.10)

where O2×2 is the 2× 2 zero matrix representing the atomic SOC in s-orbital.

Ohter terms that are not written in the above equation are zero.

Including the SOC, the basis set is doubled by

{sA, pAx , pAy , pAz , sB, pAx , pBy , pBz } ⊗ {↑, ↓}. (5.11)
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The hopping Hamiltonian does not depend on the spin, so that in the new basis

it is just doubled. We obtain 16× 16 tight-binding Hamiltonian including the

spin degree of freedom.

H(k) = Hhop(k)⊗ I2×2 +HSOC. (5.12)

We re-arrange the Hamiltonian in the following form in basis set {sA, sB, pAx,y,z, pBx,y,z}⊗
{↑, ↓}

H(k) =



Hs Hn

H†n Hp


 , (5.13)

where Hs is the 4 × 4 matrix for s orbitals, Hp is the 12 × 12 matrix for p

orbitals, and Hn is the 4× 16 matrix connecting the s and p orbitals.

5.4 Effective low-energy Hamiltonian

We have obtained the 16×16 Hamiltonian describing the BBL heterostructure

Eq. 5.13. We could directly solve the Hamiltonian and obtain energy eigenval-

ues and eigenvectors. Here we take a different approach. Instead, we derive the

effective Hamiltonian describing the low-energy band structure of BBL het-

erostructure. By doing this, we are able to gain more physical insight about

the system

We are interested in the following situations: (i) the eigenvalues of Hs are

around energy ε while the eigenvalues of Hp are distant from ε. (ii) the energy

scale of the non-diagonal block Hn is smaller than the eigenvalue difference
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between Hs and Hp. All above conditions are satisfied for our Hamiltonian

Eq. 5.13. The effective Hamiltonian around ε can be obtained by the follow-

ing method. Here, we set ε = 0 because we are interested in the effective

Hamiltonian for s-band. We write [SW66]

H = H0 +Hn, (5.14)

where

H0 =



Hs 0

0 Hp


 , Hn =




0 Hn

H∗n 0


 . (5.15)

We perform a canonical transformation

H → Heff = e−SHeS, (5.16)

where

S =




0 M

−M∗ 0


 . (5.17)

The matrix M can be determined by the condition

[H0, S] +Hn = 0. (5.18)

After some algebra, we have

HsM −MHp +Hn = 0. (5.19)
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The above equation can be solved recursively, and M can be written approxi-

mately as

M ' HnH
−1
p . (5.20)

Thus, the effective Hamiltonian has the following form

Heff = e−SHeS = H + [H, S] + · · ·

= H0 +
1

2
[Hn, S] + · · ·

(5.21)

Finally, up to the second order, we have

Heff = Hs −HnH
−1
p H†n (5.22)

It can be also written in the following form.

Heff = PHP + PHQ
1

QHQ
QHP, (5.23)

where P is the projection operator onto the s-orbital subspace and Q = 1−P .

After some algebra we obatined the effective Hamiltonian at the K point

in the basis of {sA ↑, sA ↓, sB ↑, sB ↓}

Heff (K) =




−λSO 0 0 0

0 λSO 0 0

0 0 λSO 0

0 0 0 −λSO




(5.24)
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where λSO =
3V 2
spσ

2E2
p
λ. Note that the without the SOC we end up with zero

bandgap at the K. The origin of the band gap is SOC, and band gap is 2λSO.

For BBL system, we have Ep ∼ 10 eV, λ ∼ 1.2 eV, and typical value of Vspσ

is around few eV, as a result, the large SOC is possible even for the s-orbital

band.

Expanding the Hamiltonian to the linear order in k around the K point,

we obtain

HK
eff =




−λSO aλR(ikx + ky) ~v(kx + iky) 0

aλR(−ikx + ky) λSO 0 ~v(kx + iky)

~v(kx − iky) 0 λSO −aλR(ikx + ky)

0 ~v(kx − iky) −aλR(−ikx + ky) −λSO




(5.25)

where v = −a
√

3Vssσ
2~ , λSO =

3V 2
spσ

2E2
p
λ, and λR =

√
6V 2
spσ

4E2
p
λ. Note that the a is the

nearest distance between Bi atoms in the same sublattice. It is related to the

cubic lattice constant, ac, which is the same as the NN distance by, a =
√

2ac.

And the NN distance projected on the (111) plane, ap ,is, ap = 1√
3
a =

√
2
3
ac.

Using the Pauli matrices, the above equation can be casted into

Hη
eff = ~v(ηkxτx − kyτy)⊗ σ0 − λSOητz ⊗ σz − aλRτz ⊗ (kxσy − kyσx), (5.26)

where η = +1,−1 for valleys K and K ′, σi is the Pauli matrix for real spin, and

τi is the Pauli matrix for sublattice pseudo-spin. Note the valley dependence of

each term. The Rashba SOC term is independent of valley index. Also note that
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if we re-label the A sublattice as B sublattice and vice versa, the τ transforms

as τx → τx, τy → −τy, τz → −τz. (cf. equations in Chapters 3 and 4)

Next we include the sublattice energy difference, ∆, in the following form

in the basis set {sA, pAx , pAy , pAz , sB, pAx , pBy , pBz } ⊗ {↑, ↓} .

H∆ =




∆
2
I4×4 0

0 −∆
2
I4×4


⊗ σ0. (5.27)

The total tight-binding Hamiltonian is

H(k) = Hhop(k)⊗ I2×2 +HSOC +H∆. (5.28)

By the same way, we can obatin the effective Hamiltonian. The result is

Heff
K =




∆
2
− λASO aλAR(ikx + ky) ~v(kx + iky) 0

aλAR(−ikx + ky)
∆
2

+ λASO 0 ~v(kx + iky)

~v(kx − iky) 0 −∆
2

+ λBSO −aλBR(ikx + ky)

0 ~v(kx − iky) −aλBR(−ikx + ky) −∆
2
− λBSO




,

(5.29)

where λASO = λSO
E2
p

(Ep−∆)2
, λAR = λR

E2
p

(Ep−∆)2
, λBSO = λSO

E2
p

(Ep+∆)2
, and λBR =

60



λR
E2
p

(Ep+∆)2
. And it can be re-written by using the Pauli matrices.

Hη
eff = ~v(ηkxτx − kyτy)⊗ σ0 +

∆

2
τz ⊗ σ0

− λASOη
τz + τ0

2
⊗ σz − λBSOη

τz − τ0

2
⊗ σz

− aλAR
τz + τ0

2
⊗ (kxσy − kyσx)− aλBR

τz − τ0

2
⊗ (kxσy − kyσx).

(5.30)

Note that the in this case A, B sublattices feel the different size of SOC, so

that different size of spin splitting occur.

Up to now, we restrict our theory for a perfect cubic lattice. Here, we

present results for a general angle. The calculation process is similar. From the

obtained low-energy effective Hamiltonian in momentum sapce, NNN hopping

process in real space can be obtained. The effective NNN hopping is written

as

HNNN =− i λSO
3
√

3

3

2(1 + cot2 θ)

∑

〈〈i,j〉〉αβ

νijc
†
iασ

αβ
z cjβ

− i2
3

λSO√
6

−3
√

2 cot θ

2(1 + cot2 θ)

∑

〈〈i,j〉〉αβ

µijc
†
iα(σ × dij)αβz cjβ

, (5.31)

where the first term was explained in Chapter 2. It is the spin-conserving

NNN hopping responsible for the non-trivial mass and turns the system to the

QSH insulator. The second part is the intrinsic Rashba SOC arising from the

buckled structure. It results in a Rashba-like in-plane spin texture around K

and K ′. We comment on the angle dependence. The first term gets larger as

the structure becomes planar while the second term gets smaller and vanish

at θ = π/2. This behavior is different from that is observed in a pz-orbital

61



system, where the SOC gap is increasing with buckling angle.
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Chapter 6

Discussion

In this chapter, we discuss the results. We give a simple description of SOC

process in BBL heterostructure. Also, we touch on the issue of charge-ordering

instability at symmetric configuration.
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6.1 Spin-orbit coupling in s-orbital Dirac cone

The large SOC is crucial in both QSH and QVH phases when aiming at spin-

tronics and valleytronics applications. We observe that the BBL heterostruc-

ture, even with its s-orbital character, provide the substantial SOC. The SOC

in BBL heterostructures is due to the s-p hybridization and the large atomic

SOC strength of Bi-6p orbitals. The Bi-6s orbital can hybridize with the

nearest-neighbor (NN) Bi-6p orbital, and the effective complex-valued hop-

ping between next-NN (NNN) Bi-6s orbitals can be induced through the large

SOC in Bi-6p orbitals.

Specific process for a hopping channel is illustrated in Fig. 6.1, in which

the local xyz axis is used to represent p orbitals and eigenstates of sz. The

NNN interaction involves three hoppings: (i) hopping from sA1 ⊗ β to pBx ⊗ β
with amplitude of −Vspσ, (ii) SOC that turns the pBx ⊗ β to pBy ⊗ α expressed

by λ
2
iσαβz , and (iii) hopping from pBy ⊗α to sA2⊗α with Vspσ. Here, Vspσ is the

Slater-Koster hopping parameter, and α, β represents spin states. Overall, the

effective NNN hopping from sA1 ⊗ β to sA2 ⊗ α is given by λSO
3
iσαβz , where ,

with Ep being the Bi 6p-orbital energy relative to the Bi 6s-orbital one. NNN

hoppings for other directions are easily obtained and shown in Fig. 6.1. With

DFT calculations, we obtained Ep ∼ 10 eV, λ ∼ 1.2 eV, and typical value of

Vspσ is around few eV, as a result, the large SOC is possible even for the s-

orbital band. The concise description of SOC and its large size is the distinctive

feature of s-orbital Dirac cone in BBL heterostructure.

The above process might seems similar to that observed in silicene, where

the Si pz orbitals (with respect to [111] direction) are composing the Dirac
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Figure 6.1: The next-nearest-neighbor hopping process is illustrated. See the
text for a detailed description.
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cone and the SOC is allowed by hybridization of pz and px,y orbitals in buckled

structure [LJY11]. But compared to the silicene, the hopping from Bi-6s to Bi

6px,y is possible even without the buckling in BBL. In fact, as the buckling

angle get closer to of the planar structure, the SOC become lager in BBL,

which is completely different from pz–orbital Dirac cone system.

Moreover, when the sublattice energy difference of is introduced by SIA or

BIA (assuming that the sublattice A has higher energy then the sublattice B

by ∆), the sublattice A feels the SOC of λASO =
3V 2
spσ

2(Ep−∆)2
λ, while the sublattice

B experiences λBSO =
3V 2
spσ

2(Ep+∆)2
λ. This is because the SOC process described

above involves, in fact, the energy difference between Bi 6s in one sublattice

and Bi 6p in the other sublattice. This effect is clearly manifested in different

spin splitting in conduction and valence bands as shown in Fig. 4.5(a).

6.2 Charge-ordering instability at symmetric

configuration

The bulk BBO is known to crystalize in a monoclinic lattice with the charge-

ordering of Bi3+ and Bi5+ accompanied by breathing instability [CS76]. The

charge state of Bi in BBL is related to the firmness of QSH phase in symmetric

configuration because the charge-ordering gap, which is trivial, could compete

with the non-trivial gap by SOC. To verify whether the charge-ordering in-

stability is present in the symmetric configuration, we applied an electric field

along the [111] direction to the slab geometry of BaZrO3/BBL/BaZrO3 and ex-

amine the bandgap and charge states of Bi. As shown in Fig. 6.2, the bandgap
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Figure 6.2: The relation between the bandgap and the external electric field.

is linearly decreasing with the bandgap closing at 26 V/Å, and bandgap re-

opens and linearly increase with electric field. In the investigated electric field

range, we do not observe an abrupt jump of bandgap that would present if the

charge ordering instability set in. This suggests that the BBL in the symmetric

configuration is stable against the charge ordering instability, and therefore the

QSH phase is not disturbed.
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Chapter 7

Summary and perspective

In this thesis, in an attempt to search the practical candidates for topological

electronics, we suggested the (111)-oriented BaBiO3-bilayer (BBL) sandwiched

by large gap perovskite oxides, which is denoted by BaXO3/BBL/BaYO3. We

carried out first-principles calculations for various symmetric and asymmetric

configurations.

To understand this system, we first studied in detail the general physics

of honeycomb system. Tight-binding model that describe the graphene and

silicene was investigated. It was shown the the general Dirac mass could be

introduce and is tunable for the silicene due to its buckled structure, which is

also describe the crystal structure BBL heterostructure. Analytic form of gen-

eral Dirac Hamiltonian for these system were obtained. For this Hamiltonian,

Chern number indexed by spin and valley, Cηs , were calculated. Chern numbers

were shown to quantized by half-integer. Using four Chern numbers, we classi-

fied the topological phases in honeycomb system. In particular, quantum spin

Hall and quantum valley Hall phases were given special intention.
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Turning to the first-principles calculations, when the same materials sand-

wich the BBL (symmetric configuration), the s-orbital Dirac cone was emerg-

ing. The Dirac cone was located within the bandgaps of sandwich layers. Due

to the large spin-orbit coupling of the Bi-p orbital, the s-orbital Dirac cone

opened a gap at K point through effective next-nearest-neighbor hopping pro-

cess. This induced the non-trivial gap which turns the system into the QSH

phase. Especially, for the BaZrO3/BBL/BaZrO3, the gap size was 79 meV,

which is enough to be observed in room temperature. Various sandwich ma-

terials (BaTiO3, BaZrO3, BaSnO3, BaHfO3, and BaCeO3) all gave substantial

non-trivial gaps. It was also shown that the Sr-based system can be understood

by the same physics.

For an asymmetric configuration, in which the top and bottom layers are

different, QVH phase was arised. The QVH phase was a result of the inversion

symmetry breaking induced by structural inversion asymmetry of different top

and bottem layers. For QVH phase, spin and valley was shown to be coupled.

The spin-texture at K and K ′ were exactly opposite becaus they were only

connected by time-reversal symmetry. In addition, due to the buckled structure

of BBL, intrinsic Rashba SOC result in in- and out-of-plane spin textures.

We also suggested a ferroelectric control of topological phases in BaTiO3

/BBL/BaTiO3 heterostructure, where the QSH and QVH phases could be

controlled via switching the polarization directions of BaTiO3 layer. The (111)

BBL heterostructure was proposed to be a unified feasible platform for spin-

tronics and valleytronics as well as for topological engineering of the two-

dimensional electron system.

Slater-Koster type tight-binding model that describe the BBL heterostruc-
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ture was constructed. The low-energy effective Hamiltonian, which has a form

of Dirac Hamiltonian, is obtained from the full tight-binding Hamiltonian.

We explained how the SOC is obtained in s-band through the next-nearest-

neighbor hopping process. We also discussed the issue of charge-ordering in-

stability at symmetric configuration.

Three research areas in condensed matter physics are involved in the s-

orbital Dirac fermion and its various topological phases in the (111) BBL

heterostructure. They are Dirac materials, oxide heterostructures, and topo-

logical electronics. This system brings the Dirac cone band structure in the

oxide system, heterostructures modifies and controls the bandgap at the Dirac

point, and at the domain boundary of the system topological edge states could

be realized. Taking advantage of these fact, we are able to design the integrated

topological electronic devices based on the above ingredients. In addition, if we

introduce the magnetic layer to the system, it is expected that the other topo-

logical pahses including quantum anomalous Hall phase are realized. Moreover,

the multiferroic layer that can control both the inversion symmetry and time-

reversal symmetry can be utilized to control the various degrees of freedom

in this system. By taking account of the charge, spin, valley, and sublattice

degrees of freedom of the Dirac fermion in BBL heterostructre and the various

states of the oxide perovskites heterostrucutre we may find a novel play ground

of topological quantum matters in this combined research area.
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국문 초록

낮은 에너지 전자들이 무질량 디락 페르미온으로 기술되는 대표적인 이차원계

물질인 그래핀은 사람들의 큰 관심을 끌고 있고, 이차원 물질 연구가 급격히

증가하는 시발점이 되었다. 이 물질의 다양한 응용 가운데, 그래핀은 위상학적

전자공학의 플랫폼으로 제안되었다. Kane 과 Mele 이 그래핀에서의 양자 스핀

홀 효과를 예측한데 이어서, 디락 포인트에서 띠틈을 조절함으로써 다양한 위

상학적 상이 구현됨이 밝혀졌다. 예를들어 스핀-궤도 작용으로 띠틈이 열리면

양자 스핀 홀 상이 구현되고, 반전 대칭을 깸으로써 양자 벨리 홀 상이 나오게

된다. 또한 시간 되집기 대칭을 깨면 양자 비정상 홀 상도 구현될 수 있다. 위상

학적전자공학으로잘응용되기위해서는큰스핀-궤도작용과쉬운띠틈조절이

필요하지만, 이것은 그래핀에선 실현되기가 어렵다.

위상학적 전자공학의 유용한 물질을 찾고자 노력의 일환으로, 우리는 (111)-

방향 BaBiO3-겹층이큰띠틈을가지는페롭스카이트산화물로위아래로쌓여진

구조가위상학적전자공학의이상적인플랫폼이될것으로제안한다.낮은에너

지 전자구조는 별집 격자 위의 s 궤도 함수로 기술이되고, 그 결과 s 궤도 함수

디락 페르미온이 발현된다. 가장 가까운 이웃간의 Bi 6s 와 Bi 6p 궤도 함수 간

의 상호작용으로 s 궤도 함수에서 큰 스핀-궤도 작용이 가능하다. 또한 산화물

이질구조에서 비롯된 다양한 질서 변수들은 디락 포인트에서의 다양한 띠틈을

열수 있고, 따라서 위상학적 상을 조절할 수 있게 한다.
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(111)-방향 BaBiO3-겹층이질구조에서나오는 s궤도함수디락페르미온과

여기서 구현되는 다양한 위상학적 상은 현재 고체 물리 연구 세가지 분야(디락

물질, 산화물 이질구조, 위상학적 전자공학)의 접점에서 나온다. 이 물질은 그

래핀과 같은 디락 전자구조를 산화물에서 구현하고, 산화물 이질구조를 통해

디락 포인트에서 띠틈을 조절함으로써 다양한 위상학적 상을 구현한다. 벌집

격자 구조가 가지는 전하, 스핀, 벨리, 부분격자 유사스핀의 자유도와 산화물 이

질구조의 다양한 질서 변수를 활용하면 BaBiO3 겹층 이질구조는 위상체 모듬

연구의 이상적인 출발점이 될 것이다.

주요어: BaBiO3, 이질 구조, 벌집 격자, 양자 스핀 홀, 양자 벨리 홀

학번: 2008-20420
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