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Abstract

The layered materials are characterized by the strong in-plane bonding and

weak van der Waals (vdW) interplanar interactions enabling exfoliation into

two-dimensional layers of single unit cell thickness. Since the graphene, single

atomic plane of graphite, is exfoliated on the silicon oxide, the two-dimensional

layers and their original layered materials are extensively studied. In this thesis,

we mainly focus on the electronic and magnetic properties of two-dimensional

graphene nanoribbons, the electronic structures and the topological proper-

ties of layered crystal of Bi2Se3, and the electronic and optical properties of

transition metal dichalcogenides heterobilayers. All studies are based on the

first-principles computational approaches.

First, we present a new method to drive zigzag graphene nanoribons (ZGNRs)

into the half-metallic state using a ferroelectric material, Poly (Vinylidene Flu-

oride) (PVDF). Due to strong dipole moments of PVDFs, the ground state of

the ZGNR becomes half-metallic when a critical coverage of PVDFs is achieved

on the ZGNR. Since ferroelectric polymers are physisorbed, the direction of the

dipole field in PVDFs can be rotated by relatively small external electric fields

and the switching between half-metallic and insulating states may be achieved.
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Our results suggest that, without excessively large external gate electric fields,

half-metallic states of ZGNRs are realizable through the deposition of ferro-

electric polymers and their electronic and magnetic properties are controllable

via noninvasive mutual interactions.

We show that in a single crystal of a prototypical topological insulator

such as Bi2Se3 the difference in the work function between adjacent surfaces

with different crystal-face orientations generates a built-in electric field around

facet edges. Owing to the topological magnetoelectric coupling for a given

broken time-reversal symmetry in the crystal, the electric field, in turn, forces

effective magnetic dipoles to accumulate along the edges, realizing the facet-

edge magnetic ordering. We demonstrate that the predicted magnetic ordering

which depends only on the work function difference between facets, is in fact

a manifestation of the axion electrodynamics in real solids.

We investigate the electronic structures and optical properties of transition

metal dichalcogenides (TMD) heterobilayers without any arbitrary strain. The

vdW interlayer interactions, work function difference between the layers, and

the crystal structures are intimately associated to determine the band struc-

tures of the heterobilayers. The weak interlayer interaction also gives rise to

the substantial interlayer optical transition which will be corresponding to the

interlayer exciton. The electronic and optical properties of the TMD heterobi-

layers are highly dependent on the weak vdW interlayer interactions, and our

study will be helpful to design the new electronic and optoelectronic devices.

We end up with summary and perspectives to be investigated more.
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Chapter 1

Introduction

Since the graphene, the firstly realized two-dimensional material, was presented

in 2005, people have widely studied on the physical, chemical, mechanical,

and other various properties of diverse two-dimensional materials and their

original layered materials. The graphene has metallic Dirac cone states at the

Fermi level which only appears in the two-dimensional layer not in the bilayer

graphene. The transition metal dichalcogenides also show the direct band gap

in monolayer but indirect band gap from bilayer to the bulk. The dramatic

changes depending on the thickness of the layered materials have attracted

the enormous interests in various aspects.

In this thesis, we investigate the electronic structures of layered materi-

als especially on graphene nanoribbons, topological insulators, and transition

metal dichalcogenides by using density functional theory (DFT) within lo-

cal spin density approximation and generalized gradient approximation. To

describe the interlayer interaction for the layered materials properly, we addi-

tionally included the van der Waals (vdW) interaction to the DFT calculations
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depending on the interatomic distances. Details of the formalisms of DFT and

the vdW interactions are presented in Chapter 2.

In Chapter 3, we investigate the electronic structures and magnetic proper-

ties of a zigzag graphene nanoribbon (ZGNR) with ferroelectric polymers. The

ZGNRs are passivated by hydrogen atoms on their both edges. Spins of ZN-

GRs are antiferromagentically aligned along edges, and the ordering becomes

the main origin of half-metallicity of ZGNRs when homogeneous transverse

electric field turns on. Due to the large electron affinity of fluorine atoms,

PVDFs have strong dipole moments which give rise to the ferroelectric prop-

erty. When PVDFs are deposited on ZGNRs with parallel dipole direction to

ZGNRs, dipole fields generated by PVDFs make enough large potential drops

between both edges of ZGNRs, and then ZGNRs are able to achieve a half-

metal state. The direction of PVDFs can be changed by the small external

electric field in an appropriate temperature. If the external electric field is ap-

plied to the PVDFs perpendicular to the ZGNRs’ plane, it will rotate following

the field and whole system will return to the insulating phase. The magnetic

property of ZGNRs can be controlled with the direction of PVDFs, and it can

be also the promising starting point to the spintronic applications.

A topological insulator (TI) hosts the topologically protected metallic sur-

face states on its boundaries between inner insulating bulk and outer vacuum,

and manipulations of its exotic states lead to various interesting phenomena

such as quantum anomalous Hall effects and topological magneto-electric cou-

plings. Most studies hitherto have been limited to a specific facet of three-

dimensional TI crystals without considering the existence of other surface
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states on adjacent facets. However, topological surface states of a single TI

crystal can exist on all the surfaces with different crystal orientations enclos-

ing the crystal and mutual interactions among those contiguous to each other

through edges have not yet been examined well. In Chapter 4, based on first-

principles electronic structure calculations as well as the theory of the axion

electrodynamics, we show that a net magnetic ordering should be induced on

edges between different facets of the three-dimensional TI crystal. In a proto-

typical TI such as Bi2Se3, the difference in the work function between different

crystal-face orientations generates a built-in electric field around facet edges

so that the lines of effective magnetic dipoles accumulate at those edges for

a given broken time-reversal symmetry. The predicted magnetic ordering de-

pending only on the work function differences between facets would be a unique

manifestation of the axion electrodynamics in real solids and suggests a route

to reveal novel electric and magnetic properties of macroscopic topological edge

states of a TI.

In Chapter 5, we perform DFT calculations to investigate the electronic

and optical properties of transition metal dichalcogenides (TMD) heterobilay-

ers. Each TMD layer is semiconducting with a band gap of about 2 eV, and

in the heterobilayer the two layers are weakly interact each other in the vdW

regime. The band structures of the heterobilayers are determined by that of

the each TMD layer aligned by the each work function and the weak interlayer

hybridization at the Γ point. Similarly, the optical absorption spectra of the

heterobilayer show the summation of one of each layer and additional peak

along the z direction implying the interlayer optical transition. The vdW in-
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teraction not only construct the layered structures but also strongly influence

the electronic structures and optical properties.

Finally in Chapter 6, we summarize our results and propose the wide po-

tentials to various applications from our research.
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Chapter 2

Computation Methods

2.1 Density Functional Theory

The electronic structures of materials provides understanding and quantitative

methods that describe the great variety of physical properties. The density

functional theory (DFT) is the primary tool for calculation of electronic struc-

tures in condensed matter. The modern formulation of DFT originated in a

famous paper written by P. Hohenberg and W. Kohn in 1964 [1]. These authors

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

ground state of a quantum many-body system: the density can be considered

as a “basic variable”, i.e. that all properties of the system can be considered to

be unique functionals of the ground state density. The concrete theorem have

led to widespread interest in DFT with Kohn-Sham approach with successful

approximations of local density approximation (LDA) and generalized-gradient

approximation (GGA) functionals as the most promising approach for accu-

rate, practical methods in the theory of materials.
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In this section, we review the detailed formalism of DFT within LDA and

GGA scheme, and we also introduce the van der Waals interaction implemented

in the DFT calculations.

2.1.1 Hohenberg-Kohn Theorem

Hohenberg-Kohn theorem can be summarized by the following two theorems

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

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)

6



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)

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],
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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

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

2.1.2 Kohn-Sham Approach

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

system with a different auxiliary system that can be solved more easily. The

Kohn and Sham assumes that the ground state density of the original inter-

acting system is equal to that of some chosen non-interacting system [2]. This

leads to independent-particle equations for the non-interacting system that

can be considered exactly soluble with all the difficult many-body terms in-

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

the equations one finds the ground state density and energy of the original
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interacting system with the accuracy limited only by the approximations in

the exchange-correlation functional.

There are two assumptions:

1. The exact ground state density can be represented 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

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 either the density

n(r, σ) gives rise to the solution of the Kohn-Sham auxiliary system for the

ground state.
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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

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
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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)

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 [3].
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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)

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) [4] and Perdew, Burke, and Enzerhof (PBE) [5],

and that for Fc are determined by the Ma and Brueckner [6].

2.2 Van der Waals Interaction

Consider two identical inert gas atoms at a separation R large in comparison

with the radii of the atoms. If the charge distributions on the atoms were

rigid, the interaction between atoms would be zero, because the electrostatic

potential of a spherical distribution of electronic charge is canceled outside a

neutral atom by the electrostatic potential of the charge on the nucleus. Then
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x1R

Figure 2.1: Coordinates of the two oscillators.

the inert gas atoms could show no cohesion and could not condense. But the

atoms induce dipole moments in each other, and the induced moments cause

an attractive interaction between the atoms.

As a model, we consider two identical linear harmonic oscillators 1 and 2

separated by R. Each oscillator bears charges ±e with separations x1 and x2,

as in Fig. 2.1. The particles oscillate along the x axis. Let p1 and p2 denote the

momenta. The force constant is C. Then the hamiltonian of the unperturbed

system is

H0 =
1

2m
p2

1 +
1

2
Cx2

1 +
1

2m
p2

2 +
1

2
Cx2

2 (2.17)

Each uncoupled oscillator is assumed to have the frequency ω0 of the strongest

optical absorption line of the atom. Thus C = mω2
0. Let H1 be the coulomb

interaction energy of the two oscillators. The geometry is shown in the Fig.

2.1. The internuclear coordinate is R. Then

H1 =
e2

R
+

e2

R + x1 − x2

− e2

R + x1

− e2

R− x2

; (2.18)

13



in the approximation |x1|, |x2| � R we expand it to obtain in lowest order:

H1
∼= −

2e2x1x2

R3
. (2.19)

The total hamiltonian with the approximate form for H1 can be diagonalized

by the normal mode transformation

xs ≡
1√
2

(x1 + x2); xa ≡
1√
2

(x1 − x2), (2.20)

or, on solving for x1 and x2,

x1 ≡
1√
2

(xs + xa); xa ≡
1√
2

(xs − xa), (2.21)

The subscripts s and a denote symmetric and antisymmetric modes of motion.

Further, we have the momenta ps,pa associated with the two modes:

p1 ≡
1√
2

(ps + pa); pa ≡
1√
2

(ps − pa), (2.22)

The total hamiltonian H0 +H1 after the transformations is

H =

[
1

2m
p2
s +

1

2

(
C − 2e2

R3

)
x2
s

]
+

[
1

2m
p2
a +

1

2

(
C +

2e2

R3

)
x2
a

]
. (2.23)

The two frequencies of the coupled oscillators are found by inspection of Eq.

2.23 to be

ω =

[(
C ± 2e2

R3

)
/m

]1/2

= ω0

[
1± 1

2

(
2e2

CR3

)
− 1

8

(
2e2

CR3

)2

+ · · ·

]
, (2.24)

with ω0 given by (c/m)1/2. In Eq. 2.24 we have expanded the square root. The
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zero point energy of the system is 1
2
~(ωs + ωa); because of the interaction the

sum is lowered from the uncoupled value 2 · 1
2
~ω0 by

∆U =
1

2
~(∆ωs + ∆ωa) = −~ω0 ·

1

8

(
2e2

CR3

)2

= − A

R6
. (2.25)

This attractive interaction varies as the minus sixth power of the separation

of the two oscillators. This is called the van der Waals interaction, known also

as the London interaction or the induced dipole-dipole interaction. It is the

principal attractive interaction in crystals of inert gases and also in crystals

of many organic molecules. The interaction is a quantum effect, in the sense

that ∆U → 0 as ~ → 0. Thus the zero point energy of the system is lowered

by the dipole-dipole coupling of Eq. 2.19. The van der Waals interaction does

not depend for its existence on any overlap of the charge densities of the two

atoms.

2.2.1 Van der Waals Interaction in DFT

The vdW interaction between the atoms is not included in the normal DFT

calculations, so that the dispersion energy is added to the total energy in DFT

EDFT−D = EKS−DFT + Edisp (2.26)

where EKS−DFT is the usual total energy from the DFT calculations and Edisp

is and empirical dispersion correction given by

Edisp = −
Nat∑
i=1

Nat∑
j=1

∑
L

′ C
ij
6

R6
ij,L

fdmp(Rij,L) (2.27)
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where the summations are over all atoms Nat and all translations of the unit

cell L = (l1, l2, l3), the prime indicates that i 6= j for L = 0, Cij
6 denotes the

dispersion coefficient for the atom pair ij, Rij,L is the interatomic distance

between atom i located in the reference cell L = 0 and atom j in the cell L,

and the term f(Rij) is a damping function whose role is to scale the force field

such as to minimize contributions from interactions within typical bonding

distances. In practice, the terms in eq. 2.27 corresponding to interactions over

distances longer than a certain suitably chosen cutoff radius contribute only

negligibly to Edisp and can be ignored. Parameters C6ij and R0ij are computed

using the following combination rules:

C6ij =
√
C6iiC6jj, R0ij = R0i +R0j, (2.28)

the values of C6ii and R0i are tabulated for each element and are insensitive to

the particular chemical situation (for instance, C6 for carbon in methane takes

exactly the same value as that for C in benzene within this approximation).

In the original method of Grimme [7], Fermi-type damping function is used:

fdmp(Rij) =
s6

1 + e−d(Rij/(sRR0ij)−1)
(2.29)

whereby the global scaling parameter s6 has been optimized for several different

DFT functionals such as PBE (s6 = 0.75), BLYP (s6 = 1.2), and B3LYP (s6

= 1.05). The parameter sR is usually fixed at 1.00.
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Chapter 3

Controlling Half-metallicity of

Graphene Nanoribbons by

Ferroelectric Polymer

3.1 Introduction

Since graphene, a single layer of graphite, was shown to be exfoliated on

the silicon oxide surface [8], there has been many studies on its various in-

teresting physical, chemical, and mechanical properties. Specially, its unique

electronic characteristics have spurred researchers to envisage nanoelectronic

circuits composed of carbon atoms only [9, 10]. To achieve nanoelectronic de-

vices based on graphene, it should be cut into small pieces which inevitably

have edges at the boundaries. Together with the finite size effects [11, 12],

nanoscale graphene fragments with these edges exhibit many different proper-

ties compared with those of two-dimensional graphene. Thus, it is important

to understand the physics of the one-dimensional graphene nanostructure, i.e.,

17



graphene nanoribbon (GNR) [11, 12]. Among various properties studied on the

ribbon [13–20], the magnetism of the zigzag graphene nanoribbon (ZGNR) is

especially noticeable [18–20]. The magnetism arises at the zigzag shaped edges

because of the localized π-orbitals of carbon atoms at the edges [11, 18–20].

Considering a quite long spin coherence length in graphene [21], the magnetism

at the edges may be useful in the future spintronics applications [22].

One of the most interesting properties regarding the application of the

magnetism in ZGNRs [23–29] is the electric field induced half-metallicity [18].

Under the transverse electric field, ZGNRs show the half-metallicity [18] which

is originated from a unique interplay between the inter-edge antiferromagnetic

ordering and the relative potential shift between two edges. In spite of its

novel feature, the required transverse electric field for the half-metallicity is

too strong to be obtained easily in experiments [18]. Many researchers have

suggested diverse methods, e.g., introducing quantum dots with the zigzag

edges [23, 24], functionalizing edges of ZGNRs [25–27], and Boron-Nitrogen

(B-N) substituting for designated carbon atoms [28, 29]. Some of these meth-

ods are successful in showing half-metallicity without external electric fields,

though impractical due to the fact that fine control of positions of functional

groups and B-N substitution is inevitable. Moreover, the half-metallic states

are hardly controllable with those proposals.

In this section, we propose a method to drive the ZGNR into a half-

metallic state by depositing a ferroelectric material, Poly (vinylidene fluoride)

(PVDF) [30] on the ZGNR. The PVDF, one of the well-known ferroelectric ma-

terials, shows strong ferroelectricity and high crystallinity [31–34]. The atomic
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model for the PVDF is in Fig. 3.1 (a). In general, two surfaces of the ferro-

electric thin film, cut across the dipole moment aligned to a certain direction,

cause a potential difference due to the dipole field. Likewise, several aligned

PVDFs form the electric field which is induced by the dipole moments and even

a few layers show a substantial ferroelectricity. Here, we show that PVDFs can

weakly bind to the surface of the ZGNR, with dipole direction parallel to

the surface, thereby achieving the half-metallicity without any electric field.

Due to their weak binding nature, the direction of induced electric fields is

controllable and the switching between half-metallic states and antiferromag-

netic insulating states are made possible by external gate fields. We also note

other experiment studies exploiting the interplay between ferroelectricity of

the PVDF and graphene [35, 36].

3.2 Methods

We performed the first-principle calculations based on the density-functional

theory (DFT) within the local spin density approximation (LSDA) [37] and

spin polarized general gradient approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) functional [5], respectively, by using the SIESTA package [37].

The standard norm-conserving Troullier-Martins pseudopotentials [38] were

employed, and split-valence double-ζ plus polarization basis [37] was used.

We have chosen a 400 Ry energy cutoff for a real space mesh size and 96 k-

points, uniformly distributed in the 1D Brillouin zone. All edges were saturated

with hydrogen atoms and relaxed by conjugate gradient minimization until
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the maximum force was less than 0.04 eV/Å. To overcome an intrinsic error

due to the pseudo atomic orbital basis set in the weakly binding system, the

basis set superposition error (BSSE) method [39, 40] was used in calculating

binding energies. In calculations with PBE functional, we added a pairwise

interatomic C6R
−6 term (EvdW ) to the PBE-DFT energy in order to include

the van der Waals (vdW) interaction [7, 41, 42]. To obtain accurate vdW

energies, the effective C6 coefficients of each atom in the systems were obtained

by using a recent theoretical method exploiting ground state electron density

from A. Tkatchencko and M. Scheffler [42]. From the calculation including

PBE and vdW corrections, we found that there is no significant difference

between atomic and electronic structures based on LDA and those on PBE

and vdW corrections. The comprehensive methods and comparisons are in the

Supporting Information. Hence, in the article, all binding energies, relative

distances and orientations between PVDFs and ZGNRs, and band structures

in the paper are obtained within the LDA calculations.

3.3 Results

We have considered the n-ZGNR that has n units of the C-C pair in the x-

direction per unit cell and repeats along the y-axis with the periodicity of 2.46

Å. The unit cell of the PVDF also repeats along the y-axis, but with a different

equilibrium unit cell length of 2.54 Å which is 3.15 % longer than that of the

ZGNR [Fig. 3.1(a)]. For convenience, the unit cell size of the PVDF is set

to be reduced in the y-direction so that it matches the length of the ZGNR
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Figure 3.1: (a) Ball-and-stick model for Poly (vinylidene fluoride) (PVDF). The
arrows indicate the direction of the dipole moment (from the fluorine side to
the hydrogen side). (b) Stable configuration of a PVDF chain deposited on the
8-ZGNR whose edges are passivated by hydrogen atoms. The PVDF chain and
the ZGNR are set parallel along the y-axis. The PVDF lies flat on the ZGNR,
the height from the ZGNR to the lowest atom of the PVDF is 2.5 Å, and the
PVDF sits on the center of the ZGNR. (c) Top view of the same configuration
as in (b). (d) The isosurface of the charge density difference between the up-
spin and the down-spin (ρ↑(r) − ρ↓(r)) when the PVDF is deposited on the
8-ZGNR. The blue (red) region denotes the + sign (− sign) with the isovalue
of 10−3|e|Å−3.

21



(2.46 Å) in studying the joint system [Fig. 3.1(b), (c)]. The unit cell in this

system is indicated in Fig. 3.1(c). We confirm that our atomic models with

the slightly compressed PVDF on the ZGNR give essentially the same results

as the ones obtained from a fully relaxed geometry (without compression) in a

very large commensurate unitcell for the PVDF and the ZGNR. We will discuss

this issue later. The vacuum along the x-axis is set to be longer than 70 Å in

order to avoid the spurious dipole interactions between the adjacent PVDFs in

repeated supercells. All properties remain the same when the supercell size is

doubled and the dipole correction is negligible for our purpose. In determining

the most stable position of the PVDF on the ZGNR, three parameters have to

be optimized simultaneously: directions of the dipole moment of the PVDF,

heights of the PVDF from the ZGNR plane, and distances between the PVDF

and the edge of the ZGNR along the x-axis. From a combinatorial search, the

structure is found to be stabilized when the dipole orientation is parallel to

the surface of the ZGNR, the height of the lowest atom of the PVDF from the

ZGNR is 2.5 Å, and the PVDF lies on the middle position of the ZGNR [Fig.

3.1(b), (c)].

From theoretical [43] and experimental [30, 44–46] studies, the dipole ori-

entation of the PVDF is known to depend highly on the kind of substrate.

When the substrate is a conductor, the image dipole is induced by the dipole

of the PVDF on conducting substrates and the interaction energy between

two dipoles should be taken into account. If we regard the PVDF as a single

dipole, the energy of perpendicular dipoles is −2p2/r3 from the dipole-dipole

interaction energy equation [43], where p and r denote the magnitude of the
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dipole moment and the distance between the dipole of the PVDF and its im-

age dipole, respectively. On the other hand, the energy of parallel dipoles is

−p2/r3. Thus, on the conducting substrate, the perpendicular dipole direction

of the PVDF is energetically favored [43, 46]. On the contrary, in case of an

insulating or semiconducting substrate, e.g., KBr [45] or KCl [44], the dipole is

aligned parallel to the surface plane because the image dipole is negligible [43].

From the calculations, we find that the PVDF favors to lay flat to the ZGNR

plane since the ZGNR is semiconducting with its low screening capability.

The distance from the ZGNR to the lowest atom of the PVDF is found

to be 2.5 Å, and it is 3.5 Å from the ZGNR to the C-C bond of the PVDF

[Fig. 3.1(b)]. From the fully relaxed geometries, we can infer that the PVDF

weakly binds to the ZGNR, and the PVDF affects the electronic structure of

the ZGNR not through chemical bonding between the PVDF and the ZGNR,

but through the electronic potential induced by the strong dipole moment. The

structure shown in Fig. 3.1(c), where the C-C bonds of the PVDF and those

of the ZGNR cross each other at the middle of the ZGNR, has been found to a

ground state. Even if the PVDF deviates its ground state geometry slightly, we

find that no essential variation occurs in the electronic structures due to the

weak bonding between the PVDF and the ZGNR. It is also noticeable that,

with the PVDF, the antiferromagnetic spin configuration of the ZGNR is still

more stable than the ferromagnetic one. For a single PVDF on the 8-ZGNR,

the inter-edge antiferromagnetic ordering is more stable by 2.1 meV per edge

atom. The isosurface of the charge density difference between the up-spin and

the down-spin (ρ↑(r)− ρ↓(r)) in this case is presented in Fig. 3.1(d).
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Now, we analyze the band structure of this joint system, a single PVDF

on the 8-ZGNR. The pristine 8-ZGNR shows a small band gap of 0.3 eV for

both spins. With one PVDF deposited on the 8-ZGNR, the band structure of

the ZGNR is changed as if it were under external transverse electric fields [18]

[Fig. 3.2]. The electric potential energy is raised at the fluorine side and lowered

at the hydrogen side of the PVDF. Since the dipole field decays slowly in

space, the potential drop induced by this dipole field takes place over a large

area which can cover both edges of the ZGNR. The energy eigenvalues of the

ZGNR are also modified by this potential variation so that the band gap of

the, say, up-spin state is reduced to 0.18 eV, and that of the down-spin state

is increased up to 0.41 eV [Fig. 3.2]. We can estimate the potential profile

generated by a single PVDF chain on the ZGNR by averaging the potential

energies in the y-axis with the position of the ZGNR fixed in z direction. Its

drop across two edges of the PVDF is 1.2 V and that of the 8-ZGNR is 0.8 V.

According to previous works [18], such a band gap change corresponds to the

case of homogeneous electric field of 0.05 V/Å applied to the 8-ZGNR, i.e., the

total potential difference between two edges of the 8-ZGNR is 0.89 V ( = 0.05

V/Å × 17.85 Å, where 17.85 Å is the length of the 8-ZGNR), which agrees

reasonably well with the present calculation of 0.8 eV. Thus, the change of the

bandgap mainly originates from the potential difference between two edges of

the ZGNR. When the electric field is applied, the energy eigenvalues of the

states localized on the left side of ZGNRs are pulled up, and those on the right

side are pushed down [18]. Then, the energy gap of the up-spin state decreases,

and that of the down-spin increases. We conclude that the energy eigenvalues of
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Figure 3.2: The electronic band structures near the Fermi level. From left to
right, the number of the PVDF chains is increased from one to four. Due to
the potential drop by PVDFs, the band gap of the up-spin decreases, and that
of the down-spin increases. The red (blue) line denotes the band structure of
the up (down) -spin as a function of k. (They overlap in most places.) The
inset displays the band structure in the range of |E − EF | < 100 meV and
0.7π ≤ ka ≤ π. In all figures, the Fermi level (EF ) is set to zero.

ZGNRs are modified due to interplay between the antiferromagnetic inter-edge

ordering and the dipole field of the PVDF.

Before proceeding further, we check the lattice mismatch problem between

the PVDF and the ZGNR in the unit cell. As we mentioned before, the lattice

of the PVDF is reduced to that of the ZGNR in the y-axis. To verify the effect

of the compressed PVDF on the ZGNR, same calculations are performed for

a large supercell amounting to 32 unitcells of the ZGNR and 31 unitcells of

the PVDF, in which the bonds experience almost no strain. Very little change

of the band structure is observed with different width of the PVDF along the

periodic direction. Hence, the role of the PVDF is only to generate the electric
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field by its dipole moment and the position of the PVDF or the reduced cell

size does not appreciably influence the electronic and magnetic properties of

the system. A typical domain size of the ferroelectric thin film of the PVDF is

around 200 nm so that, if considering a nanoscale channel device geometry, the

effect of phase changes along the PVDF would not be serious in the present

case.

Next, we increase the number of PVDFs deposited on the 8-ZGNR one by

one [Fig. 3.2]. Dipole moments of PVDFs are all aligned in the same direction.

The total dipole moment of PVDFs is increased, and the potential drop across

the ZGNR becomes 1.26 V, 2.0 V, and 3.0 V if the number of PVDFs is 2, 3,

and 4, respectively, in the 8-ZGNR case. (The local potential drop between two

edges of PVDFs increases to 2.1 V, 3.4 V, and 5.0 V as increasing the number

of PVDFs.) The band gap of the up-spin state is decreased while that of the

down-spin state increases as increasing the number of PVDFs. Eventually, if

four PVDFs are coated on the 8-ZGNR, the system turns to a half-metal. The

up-spin states cross the Fermi level while the down-spin states still have a

band gap of 0.37 eV. Four PVDFs generate an enough potential difference (3.0

eV) between two edges of the ZGNR, to give rise to the half-metallicity of the

ZGNR.

Our calculations indicate that four PVDFs create a potential drop of 3.0 V

across the n-ZGNR irrespective of the width (n value) of ZGNRs (for n ≥ 8,

tested up to n = 32). The n-ZGNR becomes half-metallic, when the potential

drop across the system generated by PVDFs reaches 3.0 V which has been

suggested to be the critical value for half-metallicity in the previous work [18].
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Figure 3.3: Dependence of half-metallicity on different sizes of the ZGNR and
the PVDF. ∆↑(red) denotes the direct bandgap of the up-spin, and ∆↓(blue)
the gap of the down-spin as a function of the coverage of PVDFs for the 8-
ZGNR (filled circles), 12-ZGNR (open circles), and 16-ZGNR (squares). When
the coverage reaches 16.0/w × 100(%), where w is the width of the ZGNR in
angstrom, the ZGNR becomes half-metallic.

27



In terms of the percentage coverage (i.e., the area of covered PVDFs divided

by the area of the ZGNR), the critical value for the transition to half-metal

can be calculated by width of four PVDFs (16.0 Å) divided by the width of

the ZGNR (w), 16.0/w× 100(%) (w is in Angstrom). This can be regarded as

a scaling behavior in the PVDF coverage and the width of ZGNRs as follows,

similar to the previous study on scaling in the strength of transverse electric

fields and the width of the ZGNR [18] [Fig. 3.3].

Finally, another advantage of our proposal compared with others lies in

that the half-metallic state can return to the insulating state by changing of

the dipole orientation of PVDFs. If the dipole direction of PVDFs is set per-

pendicular to the ZGNR plane by perpendicular external electric field as in the

usual experiments with back gates, then the potential drop across the ZGNR

vanishes and the half-metallicity disappears as well. We have calculated varia-

tions of the total energy by rotating a single PVDF on ZGNRs. We have found

that, without perpendicular electric field, the perpendicular dipole direction of

the PVDF to the ZGNR is also at the local energy minimum (or quasi-stable

configuration) with 30 meV higher than the ground state (the parallel dipole

direction). Upon application of perpendicular electric fields, the energy differ-

ences between parallel and perpendicular dipole configurations are decreased

and eventually, with the electric field of ∼ 0.07 V/Å, the perpendicular dipole

direction becomes the ground state. An energy barrier for 90 degree rotation

of the PVDF on the ZGNR, i.e., parallel to perpendicular direction change, is

96 meV per unit cell without electric field and decreased to ∼ 77 meV with

the electric field of 0.07 V/Å. Therefore, it is practically possible to switch
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between half-metallic and insulating states by applying a perpendicular gate

field greater than 0.07 V/Å.

3.4 Van der Waals Interaction between Graphene

and PVDF

It is well known that the long range interaction tail [40] is not included LDA [37]

and GGA [4, 5] to exchange-correlation energy functional in DFT calculations.

Because either LDA or GGA is based on the uniform electron gas system,

they fail to describe weak interactions between electrons in sparse materials

such as layered systems, liquid crystals, polymers, proteins, and biomolecular

surfaces [47]. Nevertheless, LDA and GGA calculations provide upper and

lower limits of bond lengths, binding energies, and energy band gaps. They

can be useful for reference data sets. Moreover, many excellent methods [7,

41, 42, 47–50] which can describe the long range interaction or van der Waals

(vdW) forces within DFT calculations are proposed.

As mentioned before, the PVDF can be deposited on the ZGNR with the

parallel dipole direction to the graphene plane. From binding energies and

bond lengths between them from LDA and GGA approximations, we infer

that PVDFs weakly bind to ZGNR, therefore the vdW correction should be

included. In this supporting information, we present binding energies and bond

lengths from LDA and GGA calculations when one PVDF is deposited on the

8-ZGNR. The vdW correction is considered by adding a pairwise interatomic

C6R
−6 term (EvdW ) to the DFT energy [7, 41, 42, 47]. Finally, comparisons
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with LDA and GGA for the ground state under the external electric fields are

also discussed.

We performed LDA and GGA calculations when depositing one PVDF on

8-ZGNR as changing the distance between the two from 2.0 Å to 4.6 Å and the

dipole direction of PVDF, parallel and perpendicular to 8-ZGNR. In order to

reduce an intrinsic error due to the small number of basis sets, BSSE, we con-

sider corrections for the error by introducing ghost orbital basis sets [39, 40]. We

compare binding energies at each distance with LDA and GGA, respectively.

Binding energies are energy difference between total system (PVDF deposited

on 8-ZGNR) and separated system (8-ZGNR, PVDF). They are calculated by

following formula, Ebind,CP = E(8-ZGNR+PVDF)−E(8-ZGNR, ghost atoms

of PVDF) − E(PVDF, ghost atoms of 8-ZGNR), CP means ’counterpoise’

correction [40], and ghost atoms have only pseudo atomic orbitals without

potential [39].

In Fig. 3.4(a), dotted (dashed) line represents binding energies calculated

by LDA (GGA) with parallel dipole of PVDF to 8-ZGNR. The binding energy

of PVDF on 8-ZGNR from LDA (GGA) is 145 meV (30 meV) and the distance

between them is 2.5 Å (3.2 Å) (parallel dipole direction to the surface, see in-

set of Fig. 3.4(a)). These values agree well with tendency of LDA and GGA

calculations, i.e., overbinding in LDA and underbinding in GGA. When dipole

direction of PVDF is perpendicular to 8-ZGNR, binding energies are also plot-

ted in Fig. 3.4(b) under LDA and GGA calculations. The binding energy is 77

meV and 8 meV, and the distance between PVDF and 8-ZGNR is 3.0 Å and

3.6 Å for LDA and GGA calculations, respectively. From those results, we
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confirm that parallel dipole of PVDF is more stable than perpendicular dipole

of PVDF on 8-ZGNR irrespective of the approximations.

In order to consider the vdW interaction between PVDF and 8-ZGNR, we

added vdW correction energy EvdW to the DFT total energy (EDFT−D),

EDFT−D = EKS−DFT + EvdW , (3.1)

where EKS−DFT is the usual self-consistent Kohn-Sham energy. The vdW en-

ergy (EvdW ) is given by

EvdW = −1

2

∑
A,B

fdmp(RAB, R
0
A, R

0
B)C6ABR

−6
AB. (3.2)

Here, RAB is the distance between atoms A and B. C6AB is the C6 coefficient

between atom A and B which can be written as C6AB = 2C6AAC6BB
α0
B
α0
A

C6AA+
α0
B
α0
A

C6BB

, where

C6AA(BB) and α0
A(B) are homonuclear C6 coefficient and static polarizability of

atom A(B). R0
A and R0

B are the vdW radii. The R−6
AB singularity at small dis-

tances is eliminated by the short-ranged damping function fdmp(RAB, R
0
A, R

0
B).

fdmp(RAB, R
0
AB) =

1

1 + exp[−d( RAB
sRR

0
AB
− 1)]

, (3.3)

where R0
AB = R0

A+R0
B. d and sR are free parameters. To calculate EvdW , we use

a method proposed by A. Tkatchenko and M. Scheffler [42]. In the method, we

can calculate the effective parameters, Ceff
6 and R0

eff corresponding to C6AB

and R0 respectively from the ground state electronic density. This improves

the description of weakly bonded systems compared with empirical ones [42].
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Figure 3.4: Binding energies as increasing the distance between 8-ZGNR and
PVDF from 2.0 Å to 4.6 Å. We carried out LDA (dotted line), GGA (dashed
line) and vdW corrected GGA, it is called GGA-D (solid line). (a) With par-
allel dipole direction of PVDF to 8-ZGNR and (b) with perpendicular dipole
direction of PVDF to 8-ZGNR.
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Cfree
6AA [51] R0

free [52] α0 [51, 53]

H 6.5 1.2 4.5

C 46.6 1.70 12.0

F 9.5 1.47 3.8

Table 3.1: Free-atom C6 coefficients (hartree · bohr6) from Chu [51], vdW
radius Rfree (Å) from Bondi [52] and static polarizability from Chu [51] and
Yan [53].

We added this vdW correction to GGA calculations with Perdew-Burke-

Ernzerhof (PBE) [5] functionals using well-known free parameters, d = 20 and

sR = 0.94 [42], Cfree
6 , R0

free, and α0
A, shown in Table 3.1. The summation in

Eq. 3.2 is done for atoms within 500 Å.

The binding energy, Ebind−D = E(8-ZGNR+PVDF)D −E(8-ZGNR)D −

E(PVDF)D including the BSSE correction [39], is plotted as solid line in Fig.

3.5(a) and (b). It gives the binding energy of 129 meV and the distance of 2.8

Å in (a) and 73 meV 3.2 Å in (b). They are between LDA and GGA limits and

quite close to the LDA results. From all results, nevertheless vdW correction

changes binding energy and bond length between PVDF and 8-ZGNR, it is

not a crucial part in determining the bonding nature and electronic structures.

Additionally, the effective C6 coefficients, Ceff
6 in the system decrease from

those of free atoms and changes when system configurations are altered. If we

change the height between PVDF and ZGNR, the Ceff
6 between the nearest

pair atoms belong to each material decreases significantly while those for well

separated pair atoms decreases slightly [Fig. 3.5]. Because different hybridiza-

33



 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 2  2.5  3  3.5  4  4.5

 ra
tio

 o
f C

6 

 distance (Å) 

H1
H2
C3
C4
F5
F6

 0.69

 0.70

 0.71

 0.72

 0.73

 0.74

 0.75

 2  2.5  3  3.5  4  4.5

 ra
tio

 o
f C

6 

 distance (Å) 

C13
C14
C15
C16
C17
C18
C19

H1

H2F6

F5
C4 C3

C18

C17

C16

C15

C14

C13C19

Figure 3.5: The ratio of Ceff
6 to Cfree

6 for each atom in PVDF and 8-ZGNR
as increasing distance between them (a) The ratio for all atoms in PVDF, and
(b) for some atoms in 8-ZGNR which are close to PVDF.

34



tions states for atoms in each system give various C6 coefficients, all C6 values

are changed, respectively. The ratio of Ceff
6 to Cfree

6 is plotted in the Fig.

3.5(a) and (b). The ratio for all PVDF atoms are shown in Fig. 3.5(a) and

the ratio for some 8-ZGNR atoms which are close to PVDF are presented in

Fig. 3.5(b). The ratios are in the range of 0.37 to 0.6 for Hydrogen atoms,

0.64 to 0.75 for Carbon atoms, and about 0.81 for Fluorine atoms. Especially,

the closest atom between PVDF and 8-ZGNR, H1 (Fig. 3.5(a)), has large

variation of the C6 ratio, and carbon atoms at both edges of 8-ZGNR have

constant ratio of 0.64.

Finally, the vdW correction is also performed under the external electric

fields. We found that the LDA results are still trustful. Based on electrostatic

forces, the dipole of PVDF tends to align with parallel direction to external

electric fields. With the electric fields of 0.1 V/Å whose direction is perpen-

dicular to ZGNR surface, the perpendicular PVDF to ZGNR surface is more

stable than the parallel one. The total energy difference between perpendicu-

lar and parallel direction of PVDF is 14 meV and 8 meV in LDA and vdW

corrected GGA, respectively. The barrier to polarization rotation is 96 meV

and 87 meV in LDA and vdW corrected GGA, respectively.

In conclusion, we carried out LDA, GGA, and vdW corrected GGA calcu-

lations for a single PVDF on 8-ZGNR. Our vdW corrected GGA-PBE calcu-

latons show that binding energies, distances between PVDF and ZGNR, and

the response under the external electric fields lead to the same conclusion to

ones from LDA calculations with very small quantitative differences.
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3.5 Conclusions

We have proposed a method to construct the half-metallic ZGNRs by de-

positing the ferroelectric material, PVDFs on them. The PVDFs generate the

electrostatic potential on the ZGNR due to their strong dipole moments. When

the number of PVDFs coated on ZGNRs increases beyond a critical value, the

system turns to be half-metallic. The dipole direction of PVDFs is change-

able by the external electric field, and switching between half-metallic and

insulating states in ZGNRs is made possible.
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Chapter 4

Manifestation of Axion

Electrodynamics through

Magnetic Ordering on Edges of

Topological Insulator

4.1 Introduction

A topological insulator (TI) hosts the topologically protected metallic sur-

face states on its boundaries between inner insulating bulk and outer vacuum,

that can exist on all the surfaces with different crystal orientations enclosing

the crystal [54, 55]. Typically, the protected surface state has the relativistic

massless dispersion relation around the time-reversal invariant momenta in the

surface Brillouin zone although its detailed features depend on surface char-

acteristics [56–60]. For example, the well-known TIs with the rhombohedral

crystal structure such as Bi2Se3, Bi2Te3 and Sb2Te3 [61–63] have stacked quin-

37



tuple layers along the (111) direction and the low energy surface state on the

(111) surface is isotropic in momentum space [62] while other surfaces have

quite anisotropic dispersions [56–60]. Besides changes in its low energy elec-

tronic dispersions, different facets in a single crystalline TI would have many

different physical properties depending on their orientations and the facet-

dependent work function [64, 65] is one of interesting examples among them.

In the TIs mentioned above, such effects will be amplified because of its layered

structure − surface atomic and electronic densities vary a lot depending on

whether the surface is terminated along the layer or not.

Although the physical properties of topological states on a specific facet

of three-dimensional (3D) TIs have been studied intensively [54–63], mutual

interactions among those contiguous to each other through edges have not yet

been examined well. A trivial example is the coupling between two massless

surface states on the opposite surfaces resulting in an energy gap in the sur-

face energy band of the TI thin film [66]. Even in a sufficiently large single 3D

TI crystal where the interaction between opposite surfaces can be neglected,

different massless surface states should meet and interact with each other at

edges between two adjacent facets, of which consequences have not been known

well. In this section, we show that the combining effects both from the usual

surface-dependent properties such as facet-dependent work function difference

and from the topological surface properties for a given broken time-reversal

symmetry produce a topological magneto-electric coupling (TME) [67–69] de-

scribed by the axion electrodynamics without external charge controls as con-

ceived before [68]. The resulting magnetic ordering along the edges should be
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robust and strong enough to be measured.

4.2 Methods

We first examine the electronic structures of topological surface states on vari-

ous facets based on first-principles calculation methods [70] with atomic pseu-

dopotentials [71] and the local density approximation [3] including spin-orbit

interactions. We choose Bi2Se3 as an example material for our consideration

[Fig. 4.1]. For Bi2Se3, a surface with the (111) direction has a triangular lattice

of Se atoms (typical cleavage surface) while one with the (1̄10) or the (1̄1̄2)

direction perpendicular to the (111) direction has a tetragonal surface unit-

cell (Fig. 4.1) [72]. The slab thickness is chosen as 6 quintuple layers and 15

monolayers for each (111) and (1̄10) surface where the interaction between top

and bottom surfaces is ignorable. To reduce spurious interaction between the

neighboring slabs we introduce a large vacuum over 20 Å. In a single crystal

of Bi2Se3 grown along the (111) direction, the rectangular shaped crystal has

the [1̄10] and [1̄1̄2] surfaces as side walls while hexagonal [73] or triangular [74]

column shaped one has the [1̄10] surfaces as side surfaces as shown in Figs.

4.1(a) and (b).
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Figure 4.1: (a) A rectangular shaped crystal of Bi2Se3 with the top (111),
the front [1̄1̄2], and the side [1̄10] surfaces. (b) A hexagonal one with the top
(111) surface and the [1̄10] sides. The dashed squares in (a) and (b) are cross
sections of the crystal and will be considered in the model calculations. Atomic
structures of (c) the (111) and (d) the (1̄10) surfaces. The black parallelogram
indicates the unitcell of each surface, of which area for the (111) surface is
14.83 Å2 while for (1̄10) surfaces 68.42 Å2.
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Figure 4.2: The band structures of the (111) surface of 6 quintuple layer (QL)
(a) and the (1̄10) surface of 15 monolayer (ML) (b) on energy-momentum
space. Projected bulk states are shown by a gray region for both surfaces.

4.3 Results

4.3.1 The Electronic Structures of Topological Insula-

tors

The electronic band structures indicate that the protected massless metallic

surface state on the (1̄10) surface has a quite anisotropic dispersion relationship

unlike the well known isotropic one on the (111) surface [Fig. 4.2]. The fermi

velocity of surface states near the Γ point is isotropic of ∼ 5 × 106m/s on

the (111) surface, but on the (1̄10) surface, it is ∼ 2 × 105 m/s for Γ to X

direction and ∼ 1× 105 m/s for Γ to Y direction, respectively. In addition to

changes in the shape of the dispersion, the energy level of the Dirac point of

the surface state with respect to the bulk chemical potential shifts depending

on the surface orientation owing to intrinsic anisotropy of the system. Our

estimation of the shift within slab geometry calculations is 120 meV for Bi2Se3

that is comparable to a previous estimation [56].
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Next, we study the work function difference between different facets of

Bi2Se3. The work function is the energy required to extract an electron from

a specific surface of a solid and is determined by the difference between the

vacuum and the Fermi level [64] and obtained by the energy difference between

the potential energy on the vacuum and the Fermi level in our slab calculations.

The calculated work function of the (111) surface is W(111) = 5.84 eV and that

of the (1̄10) surface W(1̄10) = 5.04 eV. Full relaxation of atomic structures

does not change the calculated values. We also find that the work function of

the (1̄1̄2) surface is 5.11 eV, similar to that of the (1̄10) surface. Such a large

work function difference mainly originates from the surface-dependent dipole

moments when the inversion symmetry is broken at the surface, and it has also

been well-known in previous first-principles calculations on elemental metals

such as Aluminum [65].

While the electrostatic potential variation generated by work function dif-

ferences occurs only outside the bulk and near edges due to metallic screening

in elemental metals [65], the TI supports the variation inside as well as outside

the bulk with appropriate dielectric screenings. The Hartree potential distri-

bution for the cross section of Bi2Se3 nanorod shown in Fig. 4.3(a) can be

obtained from actual ab-initio calculations. The resulting potential distribu-

tions exhibits spatially varying electric potential in the vacuum region owing to

the large work function difference between (110) and (1̄10) sides of the nanorod

and a constant electric potential sufficiently (> a few Å) inside the bulk [Fig.

4.3(b)]. Near the surface (both inside and outside the bulk within 5 Å), the

rapid potential variation is also confirmed by this calculation. Two bound-
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Figure 4.3: (a) The supercell structure of the nanorod with (110) and (1̄10)
side surfaces. (b) Contour plot of the potential energy difference between the
nanorod and the bulk shown for left-upper side. The contour interval is chosen
as 0.2 eV for the contour values less than 5.0 eV, and 0.1 eV for those greater
than 5.0 eV. Dashed and solid lines in (a) and (b) denote the outermost atomic
positions and the region of subtracting the bulk potential from the nanorod
one, respectively.
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ary conditions, the calculated work function on the surfaces and a constant

potential inside the bulk, will be considered in the next model below.

4.3.2 The Topological Magnetoelectric Effect with De-

scription of the Axion Electrodynamics

Having established the electric potential distribution around the edges of the

3D Bi2Se3, we now turn to its consequences on TME couplings [67]. As long as

the TI has an energy gap opening at the surface by breaking the time-reversal

symmetry [67, 68] (achievable by depositing thin magnetic films [75–78], for

example) and its Fermi level resides inside the gap, the low energy physics can

be described phenomenologically in terms of the axion electrodynamics [79]. In

addition to the ordinary Maxwell Lagrangian [80], the axion electrodynamics

has an effective term Leff = κθE ·B [79] where κ = e2/2πh, h is the Planck’s

constant, e is the electric charge, E is the electric field, B is the magnetic induc-

tion, and θ is the axion field. While the constant θ plays no role in the equations

of motion, the gradient of θ gives rise to an extra charge density and a cur-

rent density [69, 79] that are related to the TME couplings. Consequently, the

electric displacement D and the magnetic field H can be rewritten assuming a

linear dielectric for Bi2Se3, D = εE∓κθB and H = 1
µ
B±κθE, where the double

signs for the axion field θ are in the same order and determined by the direction

of the surface magnetizations [67, 68]. We introduce a magnetic (ψ) and electric

(φ) scalar potentials such that the magnetic field H is obtained from H = −∇ψ

and the electric field E = −∇φ. With these scalar potentials, we can convert

the electrodynamics into a variational problem for both potentials δF (φ, ψ) ≡

44



δFM(φ, ψ) + δFA(φ, ψ) = 0. Here, FM = 1
2

∫∫
Ω

[ε(∇φ)2 + µ(∇ψ)2] dΩ and FA =

1
2

∫∫
Ω

[µκ2θ2(∇φ)2 ∓ 2µκθ(∇φ · ∇ψ)] dΩ, where Ω is the domain area. FM cor-

responds to the ordinary Maxwell electrodynamics while FA to the axion

term unique to the TI. Then we solve it numerically using the finite ele-

ment method [81] with a given boundary condition for this model system.

For arbitrary variation δφ and δψ at the boundary, δφ+ = δφ−, δψ+ = δψ−,

D+ ·n̂+ +D− ·n̂− = 0, B+ ·n̂+ +B− ·n̂− = 0, and other standard boundary con-

ditions are compatible with the absence of electric and magnetic sources. Here

± denotes the outside (inside) closed loop and n̂ the normal to the boundary

lines.

We choose a rectangular cross section of the 3D TI crystal such as the

dashed square in Fig. 4.1 to describe essential features of the low energy

electrodynamics. In Fig. 4.4, each side of the dashed-line box corresponds to

the (111) and the (1̄10) surfaces of Bi2Se3, respectively. We set two additional

boxes inside and outside the TI crystal with spacing of ds and dv for implying

boundary conditions. The electric potential on each side (outer box) is deter-

mined by the negative work function value of each facet divided by e, such

as φ(111) = −W(111)/e = −5.84 V (red line) and φ(1̄10) = −W(1̄10)/e = −5.04

V (blue line). Sufficiently inside the TI crystal the dielectric screening leads

to the constant potential, so that the potential of the inner box is fixed at

zero (φ0 = 0 V). Across the boundary between the dashed-line box to outer

vacuum, the axion field and permittivity change from π and 100ε0 [82] to 0

and ε0, respectively, while the permeability (µ0) remains to be the same [Fig.

4.4].
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Figure 4.4: The cross section of a Bi2Se3 crystal as the model system. In a
vacuum box of lvac = 1 µm, the TI crystal (dashed-line box) of lTI = 100 nm
locates at the center. The two additional boxes for the boundary values lie
on the TI crystal with the spacings, ds = dv = 5 Å, which are chosen from
ab-initio calculations. The boundary condition is given by the fixed potentials
of φ(111) = −5.84 V, φ(1̄10) = −5.04 V and φ0 = 0 V on the red, blue, and black
lines, respectively.
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A large E is given around the edges of Bi2Se3 at the beginning, the nu-

merical solution of δF = 0 with the boundary conditions gives H as well as B

(and then D) thanks to the axionic field θ. If the chemical potential of the TI

crystal locates in the surface energy gap which are opening with a certain bro-

ken time-reversal symmetry operation, we expect a strong TME effect around

all the edges connecting two facets with different orientations (hereafter we

choose the upper sign for the θ).

4.3.3 The Electric and Magnetic Properties of Topolog-

ical Insulators

The contour plot of the electric and the magnetic scalar potentials are achieved

through the aforementioned procedures as shown in Figs. 4.5(a) and (b),

respectively. The electric potential rises continuously starting from the low-

potential (111) surface, while it goes through a maximum to the high-potential

(1̄10) surface. There is a discrete jump in the electric potential at edges where

the two surfaces meet on the outer box boundary, and the field would diverge

for an infinitely sharp edge. However, we have confirmed that the locally-

averaged field is practically independent of the sharpness of the edge, and

smoothing the potential variation near the edge does not change our results.

The magnetic scalar potential profile appears in the similar structure to the

electric potential, because the effective Lagrangian from the axion electrody-

namics has a symmetric structure between the electric and the magnetic parts.

Near edges the small change occurs in the magnetic scalar potential due to the

boundary condition on the inner box applied for the electron screening. This
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Figure 4.5: Contour plots of (a) the electric (V) and (b) the magnetic scalar
potential (10−6 C/s) for the model in Fig. 4. The contour intervals are 0.05
V and 10−8 C/s for (a) and (b), respectively. The color scale is jumped from
-5.05 V (red) to zero (white) in (a) and from 0.42 ×10−6 C/s to 1.38 ×10−6

C/s in (b) because of the huge potential change. (c) The electric field (107

V/Å) and (d) the magnetic induction (gauss) with strength denoted by colors
and direction by arrows. The length of arrows is proportional to the strength
of fields while the yellow arrows are shortened by a half of the original size.
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change is not a critical fact to determine the overall physics in this system

which will be discussed in the next section. For both electric and magnetic

potentials, there are huge changes in the very narrow region near the surfaces,

and the contour lines are very dense as shown in Figs. 4.5(a) and (b). These

huge potential gradients near the surface finally lead to the large field near the

surfaces.

The electric field E and the magnetic induction B are given in Figs. 4.5(c)

and (d), respectively. Both fields are very high at edges and decrease toward

the center of each surface. At 5 nm away from the edge, we obtain the elec-

tric field of 3.88 × 107 V/m and the magnetic induction of 0.14 gauss. These

values are orders of magnitude higher than the previously predicted value for

the topological magnetic inductions induced by a point charge on a flat ge-

ometry [68] because of enhanced geometric effects for edges as well as large

intrinsic electrostatic potential differences between two facets. Outside the TI

crystal, the electric field heads from the (111) surface for the (1̄10) surface,

and the magnetic induction is parallel to the electric field. The electric field

inside the TI crystal near the surface is perpendicular to the each surface (out-

ward direction) because of the boundary structure. The magnetic induction

follows the right-hand rule with respect to the quantized Hall current at edges

which is given by the electric field and the gradient of the axion field such

as jH = −κ(∇θ × E), so that the asymmetric dipole-type magnetic induction

arises at the edges.
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4.4 Detailed Information for Numerical Re-

sults

4.4.1 The Electric and Magnetic Properties very near

the Edge

In our model system, the direction of the electric field points from the (1̄10)

surface to the (111) surface outside the TI crystal, and the electric field directs

from the inner to the outer box inside the TI crystal [Fig. 4.6]. The inner and

outer boxes are shown in Fig. 4 in the main text, and the electric potential on

each box is fixed at zero and negative work function of each surface divided

by e, respectively. There are two potential-fixed parallel plates near surfaces,

and the electric field follows the direction from higher electric potential (inner

box) to lower one (outer box). From these reasons magnetic scalar potential and

field are not symmetric to electric ones around the corner, and we can consider

it as a screening effect in a dielectric media. The butterfly-shaped magnetic

field appears in Fig. 4.6 (d), as if an asymmetric magnetic dipole lies on the

corner. It comes from the opposite direction of the quantized Hall current at

the corner. The quantized Hall current is jH = −κ(∇θ×E), and at the upper-

left corner the electric field and the gradient of the axion field are given by

E = −|E1|x̂+ |E2|ŷ (where |E1| ∼ |E2|) and ∇θ = πx̂δ(x− x0)− πŷδ(y− y0),

where (x0,y0) is the position of the corner. The Hall current is obtained as

jH = (e2/2h)ẑ(|E2|δ(x−x0)−|E1|δ(y−y0)), the opposite direction Hall current

at the corner generates the dipole-like field structure.
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Figure 4.6: The electric and magnetic potentials and fields around the upper-
left corner of the TI crystal. The contour plots of the electric potential (V) and
the magnetic scalar potential (10−6 C/s) are shown in (a) and (b). The contour
lines are evenly spaced of 0.05 V and 10−8C/s for both potentials, respectively,
and coloring between the contour lines helps the clearness of data. The electric
field (107 V/Å) and the magnetic induction (gauss) are drawn in (c) and (d).
Colors denote the magnitude of the field at each point following the color bar
on the right, and directions of fields are represented by arrows whose lengths
are normalized. The electric field inside the TI crystal is emphasized by the
yellow arrow in (c), and it is obtained by the dielectric screening. Furthermore,
the magnetic scalar potential and field are also affected by the screening effect,
so that they are not symmetric to electric parts.
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Figure 4.7: (a) The electric charge density (109 C/m2) and (b) the magnetic
charge density (1015 C/ms) around the upper-left TI corner.

4.4.2 Electric and Magnetic Charge Densities

The derivatives of electric field and magnetic induction give rise to the electric

and magnetic charge densities, such as −∇2φ = ρ/ε0 and −∇2ψ = ρM . The

electrons tend to move to higher electric potentials, so that electric density is

positive (negative) on the inner (outer) box shown in Fig. 4.7 (a). Magnetic

charges appear on the surface where the axion field is changed (Fig. 4.7 (b)),

and the magnetic dipoles are ordered.

4.4.3 Smoothing Boundary Conditions

We lastly checked smoothing boundary conditions at corners in the model

system (Fig. 4.4). The boundary conditions on the outer box are determined

by the facet dependent work functions, and there is a discrete jump at corners

between two values. In real nature the potential may change continuously so

that we import the variation of the potential near the corners. We set the
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Figure 4.8: (a) The magnitude and the direction of the electric field (107 V/m)
and (b) the magnetic induction (gauss) around the TI.

potential value of the corner as the intermediate value of (φ(111) +φ(1̄10))/2 = -

5.44 V, and the boundary values are gradually increasing (on the (111) surface)

or decreasing (on the (1̄10) surface) on 5 nm region from the corner toward

the surface center. From this smoothing boundary conditions, we obviously

obtained the same features as the previous results with a little changing of

the specific values. The electric field and the magnetic induction are shown

in Fig. 4.8, and at 5 nm away from the corner, we obtain the electric field of

2.63×107 V/m and the magnetic induction of 0.13 gauss.

4.5 Conclusions

We have examined electromagnetic properties of the single crystalline TI and

showed that the large electric field and the associated topological magnetic

ordering can be naturally generated by the facet-dependent work function near

the edges of crystal without external manipulation. Our demonstration can
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be a useful basis to realize the axion electrodynamics in solids and to study

various other axionic aspects of TIs. Furthermore, when the two necessary

conditions, nonzero magnetoelectric coupling and gapped bulk spectrum, are

fulfilled, the predicted edge magnetic ordering should occur because the facet-

dependent work function difference is present in almost all crystals. Thus, our

mechanism is not limited to the TI crystals with broken time reversal symmetry

but could be extended to other materials without non-trivial Chern-Simon

magnetoelectric coupling such as Cr2O3 [83].
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Chapter 5

Electronic Structures and

Optical Properties of Transition

Metal Dichalcogenides

Heterobilayers

5.1 Introduction

The van der Waals (vdW) heterosructures have attracted great interests on

their unusual properties and new phenomena with their huge diverse combina-

tions of the many kinds of two-dimensional (2D) materials and their different

sequences. The 2D crystals such as graphene, hexagonal boron nitride (BN),

and transition metal dichalcogenides (TMDs) become basic building blocks of

the heterostructures [84] leading to the exotic electronic, optical, and mechan-

ical properties. Among them, the TMD heterostructures, the semiconducting

heterojunctions, have been widely studied theoretically [85–87] and experi-
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mentally [88–91] with diverse compositions of constituent layers. For exam-

ples, the heterostructures tune the band alignment depending on the layers

such as the type-I alignment for MoTe2/WSe2 and MoSe2/WS2 layers and

type-II alignment for MoS2/WS2, MoSe2/WSe2, and MoS2/WSe2 layers. The

MoS2/WSe2 heterobilayer is suggested by the pn junction with an ultimate

thin thickness showing the photovoltaic effect [92]. In these TMD heterostruc-

tures, the vdW type interlayer interaction plays the crucial role to determine

the physical properties of the various devices.

From previous studies, the weak interlayer interaction gives rise to the dra-

matic change from direct gap in monolayer to indirect gap in homogenous

bilayers. In the TMD heterobilayers, the band gap type can be changed or not

depending on the systems and the calculation methods. The MoS2/WS2 hetero-

bilayer show the indirect band gap from Γ to K, but WS2/WSe2, MoS2/MoSe2,

and MoSe2/MoTe2 heterobilayers have the direct band gap at K point with

the arbitrary lattice matching calculations [86]. Also, MoS2/WS2 layer is dif-

ferently shown by indirect band gap from Γ to Λ (along the Γ-K direction) in

L. Debbichi et al [87]. We regard that the well-organized theoretical study on

the electronic structures of the heterobilayers is required and the heterobilayers

with the lattice mismatch between the two layers are not considered well.

In this section, based on the first-principles calculations, we systemati-

cally study the electronic structures and optical properties of the TMD het-

erobilayers in comparison with the homogeneous bilayers. First, we start from

the electronic structures of the monolayers and examine the MoS2 bilayers,

MoS2/WS2, MoSe2/WSe2, and MoS2/WSe2 heterobilayers without any arbi-
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trary lattice matching. The band structures of the heterobilayers are obtained

by the mutual interaction among the interlayer interaction, work functions,

the different combinations of the heterobilayers, and so on. Also, we show that

the optical absorption spectra are under the strong influence of the interlayer

interaction of the heterobilayer.

5.2 Methods

Our study is based on the ab initio pseudopotential density functional method [71]

within the generalized gradient approximation (GGA) [5] including spin-orbit

interactions as implemented in the VIENNA ab initio simulation package [70].

For studying thin film structures, we performed the slab calculations with a

large vacuum over 10 Å to reduce spurious interaction between the neighbor-

ing slabs, and we included the Grimme’s correction [7] to describe the van der

Waals interaction between the layers. The cutoff energy for the plane waves was

400 eV. The k-points grid is taken as the 24×24×1 Monkhorst-Pack mesh [93]

for the unit-cell calculations of each monolayer, MoS2 bilayer, MoS2/WS2, and

MoSe2/WSe2 heterobilayers, and 6 × 6 × 1 mesh for supercell calculations of

MoS2/WSe2 heterobilayer. In the case of optical absorption spectra calcula-

tions, we do not employ the spin-orbit interaction due to a large computational

cost.
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Figure 5.1: The band structures of (a) MoS2, (b) MoSe2, (c) WS2, and (d) WSe2

monolayer with (blue dots) and without (red lines) spin-orbit interaction.
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5.3 Results

5.3.1 Band Structures of TMD Monolayers

The TMD monolayers have recently been studied extensively and it is very

well-known that they have direct band gap at K point, and the spin-orbit inter-

action on the transition metal atoms gives rise to the band splitting at K point

as shown in Fig. 5.1. The blue dots and red lines represent the band structures

of TMD monolayers from GGA calculations with and without spin-orbit cou-

pling, respectively. Especially, for MoS2, the valence band maximum (VBM)

locates on the Γ point without the spin-orbit coupling, but on the K point

with including the spin-orbit splitting. The spin-orbit interaction plays the

crucial role to determine the band edges in the MoS2 layer. Also the tungsten

atom is heavier than the molybdenum atom, so that the spin-orbit splitting of

WS2 and WSe2 at K point is more evident than one of MoS2 and MoSe2 .

MoS2 MoSe2 WS2 WSe2

a (Å) 3.18 3.32 3.18 3.32

WFM (eV) 5.77 5.13 5.38 4.77

Table 5.1: Calculated lattice parameter a (Å) and the work function (WFM)
(eV) of TMD monolayers.

5.3.2 TMD Heterobilayers

Due to the weak interaction between the layers, the band structures of bilay-

ers still have the monolayer properties. In the case of MoS2 bilayer, the two
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monolayer bands are overlapped for almost all regions, and the interlayer inter-

action leads to the perturbation on the degenerate bands at the zone boundary

[Fig. 5.2]. Also, the degenerate bands are largely split by 0.63 eV on highest

occupied bands at Γ point due to the hybridization from the interlayer inter-

action, and this splitting changes the position of VBM from K to Γ point.

Therefore, the direct to indirect band gap transition appears with increasing

thickness of the MoS2 layer because of the interlayer interaction.

Overall features of the heterobilayer band structures are similar with that

of MoS2 bilayers except the band shift. The different monolayers have the dif-

ferent work functions which are mainly determined by the surface properties,

so that the different work functions of the compositing layers in the heterobi-

layer give rise to the band shift in order to adjust the potential alignment. For

examples, for the MoS2/WS2 heterobilayer which has same lattice parameter

between MoS2 and WS2, the work function difference between the MoS2 (WS2)

and the heterobilayer is obtained by ∆M1 = −0.53 eV (∆W1 = −0.14 eV),

and we shift the band dispersions of MoS2 (WS2) monolayer by ∆M1 (∆W1).

Furthermore considering the hybridization at the Γ point deduced from the

interlayer interaction, we can finally rebuild the band structures of the heter-

obilayer by using the each layer band dispersion as shown in Fig. 5.2 (d). In

the same way, we can also obtain the band structures of MoSe2/WSe2 hetero-

bilayer with the rigid band shift by the work function difference ∆M2 and ∆W2

and the hybridization at Γ point, where ∆M2 and ∆W2 are given by -0.28 and

0.09 eV, respectively [Fig. 5.2 (e)].

For the MoS2/WSe2 heterobilayer, however, the band dispersion of each
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Figure 5.2: The band structures of (a) MoS2 bilayer, (b) MoS2/WS2, and (c)
MoSe2/WSe2 heterobilayers with (blue dots) and without (red lines) spin-orbit
interaction. (d), (e) The superposition of the band dispersion of each layer with
rigid band shift by the work function difference is compared with the band
structures of MoS2/WS2 and MoSe2/WSe2 heterobilayers.
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layer cannot be shown in the same reciprocal lattice space because of the dif-

ferent lattice parameters between MoS2 and WSe2. The easiest way to calculate

this heterobilayer with different lattice parameters is that we fix the lattice pa-

rameter between the two and calculate the system with the in-plane biaxial

strain in the unit-cell. As reported by other groups, the strain on the MoS2 and

WSe2 layer sensitively affects to the band dispersion, especially position of the

band edges [94, 95]. The position of VBM is changed from K to Γ point for

MoS2 monolayer with the tensile strain under 1%, and the position of CBM

is moved from K to Σ point for WSe2 monolayer with the compressive strain

near 1%, where Σ point locates on the middle of the line from Γ to K point.

Because the lattice parameter difference is about 4 %, this unit-cell calculation

cannot describe the electronic structures of the pristine heterobilayer well.

The large supercell of heterobilayers without any strain should be needed to

figure out the exact band structures. We construct the supercell structures with

the tilted angle of 16.2◦ between the two layers, where the lattice parameter is

11.47 Å, and the lattice parameters of MoS2 and WSe2 are maintained as one

of the each monolayer under 0.3% strain. In this supercell, the
√

13×
√

13 of

MoS2 lattice and
√

12×
√

12 of WSe2 lattice are stacked, and the band folding

occurs in the reciprocal space as shown in the Fig. 5.3. The black arrows are

the reciprocal lattice vectors of the supercell in the kx-ky plane, and the black

hexagon represents the first brillouin zone (BZ). The two red and blue arrows

are the reciprocal lattice vectors of the MoS2 and WSe2 monolayer in this

supercell, respectively, and the red and blue hexagons also represent the first

BZ of the each layer. As unfolding the first BZ of the supercell, we can find
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Figure 5.3: (a) Atomic structures of MoS2/WSe2 heterobilayer with tilting of
16.2◦ in the supercell (black parallelogram). The purple, yellow, black, and
green balls represent the Mo, S, W, and Se atoms. The red and blue arrows
denote the lattice vectors of MoS2 and WSe2 monolayer, respectively. (b) The
reciprocal lattice space. The red, blue, and black arrows show the reciprocal
lattice vectors of MoS2 , WSe2 , and MoS2/WSe2 layers, respectively. The
hexagons are the first brillouin zone (BZ) for each layer, and the black hexagons
are unfolded to compare with the first BZ of each layer.

the interesting thing that the K point of MoS2 is folded to the K’ point in the

supercell BZ, but the K point of WSe2 is folded to the Γ point. It is confirmed

straightforwardly by the band structures of the each layer in the supercell [Fig.

5.4]. We obtain the band structures of each layer which is not in the unit-cell

but in the supercell, and the VBM and CBM of MoS2 and WSe2 locates on

the K and Γ point with the direct band gap in the supercell BZ, respectively.

Now, we can decompose the band structures of heterobilayers into the each

monolayer band dispersion and the hybridization due to the interlayer interac-

tion same as the former heterobilayers. The work function difference is revis-
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ited between the each monolayer and the heterobilayer, and we rigidly shift the

band dispersion of each monolayer by the difference of the work function. In

this heterobilayer the work function difference between the MoS2 and WSe2 is

quite large of 1.0 eV, so that the valence bands in the range of about -1 eV

to 0 eV are localized only on the WSe2 layer, and the conduction bands near

the fermi level are also localized on the MoS2 layer. The VBM of WSe2 and

CBM of MoS2 becomes the band edges of the heterobilayer which corresponds

to the type II heterojunction, and their positions locate on Γ and K point,

respectively. Comparing between the rigid shift band dispersion of each mono-

layer and the resulting band of the heterobilayer, we can clearly observe the

band splitting on the second highest valence band at the Γ point. The amount

of splitting becomes 0.71 eV obtained by the wave function analysis. As men-

tioned before, for MoS2 bilayer and MoS2/WS2 heterobilayer, the hybridiza-

tion changes the position of the VBM from K to Γ, where the splitting at the

Γ point overcomes the original band edges. In the case of MoSe2/WSe2 and

MoS2/WSe2 heterobilayer, however, the splitting does not change the position

of the band edge, and the hybridized band is lower than the VBM which is

highly localized on the WSe2 layer. This competition between the hybridized

bands and the original VBM is the important fact to determine the position of

band edges, and we think that the most crucial point in the competition is the

valence band dispersion of heterobilayers. The interlayer interaction for given

bilayers gives the similar values of the band splitting at Γ point δΓ between 0.6-

7 eV, and the work function difference between the compositing layers ∆M-M

is also similar for MoS2/WS2 and MoSe2/WSe2 heterobilayers as shown in Ta-
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ble. 5.2. The critical distinction between the sulfur and selenium compounds is

that the band energy of the WSe2 monolayer at Γ point is much lower than one

at K point contrary to the WS2 monolayer [Fig. 5.1 (c) and (d)], so that the

hybridized bands hardly overcome the original VBM for selenium compounds

and vice versa for sulfur compounds.

MoS2/MoS2 MoS2/WS2 MoSe2/WSe2 MoS2/WSe2

a (Å) 3.18 3.18 3.32 3.18/3.32

d w/o vdW (Å) 6.78 6.78 7.21 7.40

d w/ vdW (Å) 6.23 6.15 6.48 6.60

WFB (eV) 5.41 5.24 4.85 4.83

∆M-M (eV) 0 0.38 0.36 1.04

∆M-B (eV) 0
∆M1=-0.53 ∆M2=-0.28 ∆M3=-0.98

∆W1=-0.14 ∆W2=0.09 ∆W3=0.06

δΓ (eV) 0.62 0.69 0.65 0.71

Table 5.2: Calculated lattice parameters a (Å), interlayer distance d between
Mo and Mo (W) with and without vdW interaction (Å), work function of the
bilayers (WFB) (eV), work function difference between the compositing layers
∆M-M (eV), work function difference between the each layer and the heterobi-
layer ∆M-B (eV), and band splitting at Γ point due to the interlayer interaction
δΓ (eV) are listed for TMD heterobilayers. In the case of MoS2/WSe2 bilayer
we choose the supercell structures with the tilted angles of 16.2◦. All energy
values are obtained by DFT calculations with vdW correction and spin-orbit
interaction.

For MoS2/WSe2 heterobilayer, the band edges are not changed by the in-

terlayer interaction, but the band structures of the MoS2/WSe2 heterobilayer

with tilted angle of 16.2◦ show the indirect band gap. It comes from the su-
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percell structures not the aforementioned competition, and it can be easily

confirmed by the band structures of other MoS2/WSe2 heterobilayers with dif-

ferent tilted angles as shown in Fig. 5.4. From (a) to (d), the tilted angles are

9.8◦, 16.2◦, 25.7◦, and 30.0◦, respectively, with slightly stretched lattice param-

eters of WSe2 layer within 1%. Depending on the supercell folding structures

the position of the band edges are changed between Γ and K points, and the

hybridized bands at Γ point are always lower than the VBM which corresponds

to the K point of WSe2 layer. The band gap is direct for supercell of 9.8◦ and

30.0◦, and it is indirect for supercell of 16.2◦ and 25.7◦. Thus, the band gap type

is purely determined by the supercell folding structures not the hybridization

between the layers contrary to the previous bilayers.

The band structures of the TMD bilayers are determined by the complex

combination of the interlayer interaction, work function difference, and the

supercell structures. All ingredients are synthetically combined, then we can

intentionally tune the band gap of these bilayers.

5.3.3 Optical Absorption Spectra for TMD Monolayer

and Bilayers

Based on the aforementioned band structures, we additionally study the op-

tical absorption spectra of the TMD layers. We calculate the imaginary part

of the dielectric constant which is associated with dissipation of energy into

the medium in the GGA level with vdW correction but without spin-orbit

coupling. The GW method and solving the Bethe-Salpeter equation is more

appropriate to study the optical absorption spectra, but we can also find the
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Figure 5.4: The atomic structures of MoS2/WSe2 heterobilayer with tilting
angle of (a) 9.8◦, (b) 16.2◦, (c) 25.7◦, and (d) 30.0◦. The arrows denote the
unit vectors for each supercell. (e) The band structures of each system are
shown in each k-space. (f) The superposition of the band dispersion of each
layer with rigid band shift by the work function difference is compared with
the band structures of MoS2/WSe2 heterobilayers of tilting angle of 16.2◦.
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general trends from the GGA calculations with a low computational cost. Each

TMD monolayer has the lowest energy optical absorption peak on the direct

band gap at the K point in the range of 1.5 - 2.0 eV as shown in Fig. 5.5 (a).

The optical absorption spectra of bilayers [Fig. 5.5 (b)] show a superposition

of the each monolayer spectra (blue dotted line) in the low energy regime, and

the interlayer transitions are almost negligible for the in-plane polarized light.

However, we can obtain the interlayer optical transitions in heterobilayers for

the out-of-plane polarized light with about 10% of the strength of the in-plane

absorption peaks. The peaks in 2.0 - 2.5 eV appear due to the interlayer transi-

tion between the highest valence band and the lowest conduction band. For the

heterobilayers, the wavefunctions of the highest valence band and the lowest

conduction band are well localized to the different layers except the Γ point.

This interlayer optical transition is directly corresponding to the occurrence of

the interlayer exciton which is the spatially separated electron-hole pair in the

different layers [96]. The interlayer exciton will reduce the recombination rate

and have the long life time compared to the intralayer exciton because of the

large separation between the electron-hole pair. Therefore, the interlayer op-

tical transition plays an important role to enhance the optoelectric properties

such as the photovoltaic effect in spite of the small strength of the interlayer

transition peak of ∼10%.
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Figure 5.5: Imaginary part of the dielectric function of x,y and z direction for
TMD (a) monolayers and (b) heterobilayers. In (b), the blue dotted line shows
the summation of the each layer spectra.
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5.4 Conclusions

From the first-principles calculations, we studied the electronic band structures

and optical properties of TMD bilayers. The band structures of the TMD bilay-

ers are generally the superposition of the band dispersion of each layer with the

rigid shift by the work function difference, and there is the band splitting by the

interlayer interaction at the Γ point. The MoS2 bilayer and MoS2/WS2 hetero-

bilayer have the indirect band gap, because the band energy at Γ point becomes

higher than the band energy at K point by the interlayer interaction. Despite

the same interlayer interaction as the previous two layers, the band inversion

does not occur for MoSe2/WSe2 and MoS2/WSe2 heterobilayer because of the

valence band structures. The MoSe2/WSe2 heterobilayer has the direct band

gap, but the MoS2/WSe2 heterobilayer can have direct or indirect band gap

depending on the supercell structures with different tilted angles. The opti-

cal absorption spectra also gives rise to the interlayer optical transition which

will be corresponding to the interlayer exciton. These electronic and optical

properties lead to the optimal photovoltaic cell of MoS2/WSe2 heterobilayer,

and the competition between the work function difference and the interlayer

coupling is the key factor to determine the capability of the optoelectronic

devices. We hope that our systematical study on the TMD bilayers would be

helpful to analyze the electronic structures of TMD heterostructures and other

layered structures.
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Chapter 6

Summary and Perspectives

In this thesis, we have investigated electronic structures, magnetic and optical

properties of several layered materials based on the first-principles calculations.

The vdW interaction is relatively weak between the layers, but it provides

diverse physical phenomena such as controlling the electronic structures and

magnetic properties by the deposited layer in graphene nanoribbons, showing

the intriguing topological consequences in topological insulators because of the

surface characteristics depending on layer directions, and changing the band

gap type in the transition metal dichalcogenides heterostructures.

The weak vdW interaction enables to exfoliate the monolayer from the

layered materials, and also to stack with the different type of the monolayers

into the new heterostructures. The various two-dimensional materials and their

heterostructures have great potentials to manipulate their electronic structures

by cutting, tailoring, or stacking sequences, and to apply to diverse electronic,

mechanical and optical devices. Using the first-principles calculations, we can

suggest the optimal materials to show the targeted physical properties of the
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devices relatively easier than the real experiments. We hope that our research

would be helpful to understand the physical properties of the layered materials

deeply and to find out the good candidates for the diverse applications.
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Appendix A

Finite element method

The finite element method is applied to solve the variational problem by

using Ritz method with triangular elements in a whole domain. All calculations

are following J. Jin (2002) [81], and we expand to the electromagnetic prob-

lems with magnetic scalar potentials not vector potentials. We obtained the

triangular grids by the femm 4.2 program [97] based on the Triangle code [98]

such as Fig. A.1. Once we have discretized the domain, the unknown functions

φe and ψe within each element are approximated by the linear interpolation

of three values at nodes. Assume that three nodes of each element are num-

bered counterclockwise by 1,2, and 3, with corresponding values of φ and ψ

denoted by φe1, φe2, φe3, and ψe1, ψe2, ψe3, respectively. Then, unknown functions

are obtained as

φe(x, y) =
3∑
j=1

N e
j (x, y)φej (A.1)

ψe(x, y) =
3∑
j=1

N e
j (x, y)ψej , (A.2)
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Figure A.1: Example of the subdivision of a two-dimensional domain

where N e
j (x, y) is the interpolation functions given by

N e
j (x, y) =

1

2∆e
(aej + bejx+ cejy) j = 1, 2, 3 (A.3)

in which

ae1 = xe2y
e
3 − ye2xe3; be1 = ye2 − ye3; ce1 = xe3 − xe2

ae2 = xe3y
e
1 − ye3xe1; be3 = ye3 − ye1; ce2 = xe1 − xe3

ae3 = xe1y
e
2 − ye1xe2; be3 = ye1 − ye2; ce3 = xe2 − xe1

and ∆e is the area of the eth element.

Using the interpolation functions, we can rewrite the variational function

by the discretized values such as

F (φ, ψ) =
M∑
e=1

F e(φe, ψe), (A.4)

where M is the number of the triangular elements and F e is the subfunctional
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for the eth element given by

F e(φ, ψ) =
1

2

∫∫
Ωe

[
(ε+ µκ2θ2)(∇φe)2 + µ(∇ψe)2

∓2µκθ(∇φe · ∇ψe)
]
dΩe

(A.5)

where Ωe is the domain of the eth element. Introducing Eq. A.1 and A.2 for

φe and ψe, and differentiating F e with respect to φei and ψei yields

∂F e

∂φei
=

3∑
j=1

φej

∫∫
Ωe

(ε+ µκ2θ2)(∇N e
i ) · (∇N e

j )dΩe (A.6)

∓
3∑
j=1

ψej

∫∫
Ωe
µκθ(∇N e

i ) · (∇N e
j )dΩe

∂F e

∂ψei
=

3∑
j=1

ψej

∫∫
Ωe
µ(∇N e

i ) · (∇N e
j )dΩe (A.7)

∓
3∑
j=1

φej

∫∫
Ωe
µκθ(∇N e

i ) · (∇N e
j )dΩe

They can be written by the matrix form as{
∂F e

∂φe

}
= [KE

e
]{φe} ∓ [KN

e
]{ψe} (A.8){

∂F e

∂ψe

}
= ∓[KN

e
]{φe}+ [KM

e
]{ψe} (A.9)

where {
∂F e

∂φe

}
=

[
∂F e

∂φe1

∂F e

∂φe2

∂F e

∂φe3

]T
; φe = [φe1 φe2 φe3]T (A.10){

∂F e

∂ψe

}
=

[
∂F e

∂ψe1

∂F e

∂ψe2

∂F e

∂ψe3

]T
; ψe = [ψe1 ψe2 ψe3]T . (A.11)
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The elements of the matrix [KE
e
], [KN

e
], and [KM

e
] are given by

KE
ij

e
=

∫∫
Ωe

(ε+ µκ2θ2)(∇N e
i ) · (∇N e

j )dΩe (A.12)

KN
ij

e
=

∫∫
Ωe
µκθ(∇N e

i ) · (∇N e
j )dΩe (A.13)

KM
ij

e
=

∫∫
Ωe
µ(∇N e

i ) · (∇N e
j )dΩe i, j = 1, 2, 3. (A.14)

We now assemble the elemental equations A.8 and A.9 for all M elements

{
∂F

∂φ

}
=

M∑
e=1

{
∂F e

∂φe

}
=

M∑
e=1

([KE
e
]{φe} ∓ [KN

e
]{ψe}) = {0} (A.15)

{
∂F

∂ψ

}
=

M∑
e=1

{
∂F e

∂ψe

}
=

M∑
e=1

(∓[KN
e
]{φe}+ [KM

e
]{ψe}) = {0}. (A.16)

The system of equations A.15 and A.16 can be combined by one large matrix

with 2N × 2N size, where N is the number of global nodes in the triangular

grids, and they are connected to the variational problem

[K]{Φ} = {0}, (A.17)

where

[K] =
M∑
e=1

[K
e
] =

M∑
e=1


[KE

e
] ∓[KN

e
]

∓[KN
e
] [KM

e
]

 , (A.18)

and {Φ} =


{φ}

{ψ}

.
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e n(1, e) n(2, e) n(3, e)

1 2 4 1

2 5 4 2

3 3 5 2

4 5 6 4

Table A.1: The connectivity array between elements and global nodes

The vector components of {Φ} in the 2N dimension consist of the values of

φi and ψi+N on ith node (i = 1, 2, ..., N), and first N components correspond

to the φ and last N components refer to the ψ. In order to illustrate the

process of assembling matrix elements for [K] on the node basis, we consider

an easy example which has six nodes and four triangle elements as shown in

Fig. A.1. Each node has two kinds of numbering determined in each triangle

element and the global node number. We can write the array n(i, e) which is

the global node numbers indexed by the local node number i and the element

number e, where i = 1, 2, 3, and e = 1, 2, ...,M . In this example, the array

can be numbered as Table A.1. To assemble the matrix [K], we start with a

6 × 6 null matrix. We add each element of [K(1)] to the relevant element of

[K] which has total M elements. For this, let us consider K
(1)
11 first. Referring

to the connectivity array given in Table A.1, the first local node of the first

element corresponds to the second global node, i.e., n(1, 1) = 2. Since K
(1)
11

relates the self interaction at the second global node, we add it to K22. Next,

we consider K
(1)
12 . Again, by referring to Table A.1 we find that n(2, 1) = 4, so
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we add K
(1)
12 to K24. From this procedure, we can generalize the rule which is

to add Ke
ij to Kn(i,e),n(j,e), and after adding all nine matrix elements of [K(1)]

to [K], we obtain

[K] =



K
(1)
33 K

(1)
31 0 K

(1)
32 0 0

K
(1)
13 K

(1)
11 0 K

(1)
12 0 0

0 0 0 0 0 0

K
(1)
23 K

(1)
21 0 K

(1)
22 0 0

0 0 0 0 0 0

0 0 0 0 0 0


.

Similarly, we can add [K
(2)

] to [K] to find

[K] =



K
(1)
33 K

(1)
31 0 K

(1)
32 0 0

K
(1)
13 K

(1)
11 +K

(2)
33 0 K

(1)
12 +K

(2)
32 K

(2)
31 0

0 0 0 0 0 0

K
(1)
23 K

(1)
21 +K

(2)
23 0 K

(1)
22 +K

(2)
22 K

(2)
21 0

0 K
(2)
13 0 K

(2)
12 K

(2)
11 0

0 0 0 0 0 0


.
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Then, [K
(3)

] can be added to [K], resulting in

[K] =



K
(1)
33 K

(1)
31 0 K

(1)
32 0 0

K
(1)
13 K

(1)
11 +K

(2)
33 +K

(3)
33 K

(3)
31 K

(1)
12 +K

(2)
32 K

(2)
31 +K

(3)
32 0

0 K
(3)
13 K

(3)
11 0 K

(3)
12 0

K
(1)
23 K

(1)
21 +K

(2)
23 0 K

(1)
22 +K

(2)
22 K

(2)
21 0

0 K
(2)
13 +K

(3)
23 K

(3)
21 K

(2)
12 K

(2)
11 +K

(3)
22 0

0 0 0 0 0 0


.

Finally, after we add [K
(4)

] to [K], we obtain

[K]=



K
(1)
33 K

(1)
31 0 K

(1)
32 0 0

K
(1)
13 K

(1)
11 +K

(2)
33 +K

(3)
33 K

(3)
31 K

(1)
12 +K

(2)
32 K

(2)
31 +K

(3)
32 0

0 K
(3)
13 K

(3)
11 0 K

(3)
12 0

K
(1)
23 K

(1)
21 +K

(2)
23 0 K

(1)
22 +K

(2)
22 +K

(4)
33 K

(2)
21 +K

(4)
31 K

(4)
32

0 K
(2)
13 +K

(3)
23 K

(3)
21 K

(2)
12 +K

(4)
13 K

(2)
11 +K

(3)
22 +K

(4)
11 K

(4)
12

0 0 0 K
(4)
23 K

(4)
21 K

(4)
22


.

Based on this example we can construct the [K] matrix for general triangular

grid on the global node basis, and now the total variational problem only needs

the imposition of the boundary conditions. We will use the Dirichlet boundary

condition for the fixed potential values on the TI square.

Let us consider imposition of the condition φ3 = p3 to the system of the
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example in Fig. A.1. We may choose a very large number, say 1030, and set

K33 = 1030, and change 033 → p3 × 1030 on the right-hand side. Then, the

equation associated with Φ3 becomes

K31Φ1 +K32Φ2 + 1030Φ3 +K34Φ4 +K35Φ5 +K36Φ6 = p3 × 1030. (A.19)

Provided that all matrix elements and unknowns are much smaller than 1030,

Eq. A.19 is effectively equivalent to Φ3 = p3. In a similar manner, we can

impose the conditions Φ5 = p5 and Φ6 = p6. The system of equations then

becomes

K11 K12 K13 K14 K15 K16

K21 K22 K23 K24 K25 K26

K31 K32 1030 K34 K35 K36

K41 K42 K43 K44 K45 K46

K51 K52 K53 K54 1030 K56

K61 K62 K63 K64 K65 1030





Φ1

Φ2

Φ3

Φ4

Φ5

Φ6



=



0

0

p3 × 1030

0

p5 × 1030

p6 × 1030



(A.20)

For a general problem having N1 nodes residing on Γ1, the approach imposes

the boundary condition by setting

Knd(i),nd(i) = 1030, 0nd(i) = pi × 1030 (A.21)

for i = 1, 2, ..., N1. This approach is quite easy that it requires only two oper-

ations to impose a boundary condition: one on the diagonal element and the
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other on the zero vector.

Through these processes we can get φ(x, y) and ψ(x, y) values in the whole

domain by the matrix inversion of [K] using Linear Algebra PACKage [99].

Moreover the electric field E and the magnetic induction B can be obtained

by the numerical differentiation of the φ and ψ and small calculations. In the

numerical differentiation, the five point central difference formula [100] is used

in the square grid whose size h is 0.1 Å. The values of the square grid are

linearly fitted from ones of the triangular grid. The results are shown in Fig.

4.5.
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[85] K. Kośmider and J. Fernández-Rossier, Phys. Rev. B 87, 075451 (2013).

[86] H.-P. Komsa and A. V. Krasheninnikov, Phys. Rev. B 88, 085318 (2013).

[87] L. Debbichi, O. Eriksson, and S. Lebègue, Phys. Rev. B 89, 205311
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국문 초록

층상 물질은 동일 층 내부에 있는 원자간 사이의 결합은 강하고, 층간 결합은 반

데르발스결합과같이약한힘으로연결된물질로,실제기본단위를한층씩벗

겨내어 2차원평면구조로만들수있다.그래핀 (흑연의원자한층두께의평면)

이 산화규소 위에서 분리된 이후로, 2차원 평면으로 구성된 물질들과 그 본래의

층상 물질들에 대한 연구가 광범위하게 이루어져왔다. 본 논문에서는 대표적인

층상 구조 물질인 그래핀, 위상 절연체, 전이 금속 디찰코게나이드계 화합물에

서 제일원리 계산을 기반으로 각각의 전기, 자기적, 광학적 특성을 살펴보고자

한다.

강유전체 물질인 폴리 비닐리덴 플루오라이드 (PVDF) 를 이용하여 지그

재그 그래핀 나노리본 (ZGNR) 의 반금속성을 유도할 수 있다. PVDF 한층을

ZGNR위에쌓고그덮인영역이한계값을넘으면, PVDF의강한쌍극자모멘트

때문에 ZGNR이 반금속성을 가지게 된다. 이 강유전체 폴리머가 물리흡착으로

붙어있기 때문에, PVDF의 방향을 비교적 작은 외부 전기장으로 회전시킬 수

있고, 또한 그에 따른 ZGNR의 전기적 상태 변화, 즉 반금속성과 부도체 성질

사이를 변환시킬 수 있다. 과도하게 큰 외부 게이트 전기장이 없이도 강유전

체 폴리머를 이용하여 ZGNR의 반금속성을 얻을 수 있으며, 그 전기적, 자기적

성질을 서로의 상호작용으로부터 조절도 가능하다.
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Bi2Se3와같은전형적인위상절연체의단결정에서서로다른방향을가지는

인접한 면 사이에 나타나는 일함수 차이가 모서리 주위, 물질 내부에 전기장을

만들 수 있다. 시간 반전 대칭이 깨졌을 때, 위상의 자기전기 상호작용으로 전기

장이 모서리 주변에 쌓인 자기 쌍극자를 유도하게 되고, 이것이 실제로 자기적

정렬이 된다. 우리는 인접한 면 사이의 일함수 차이에 의존하는 자기적 정렬을

입증하고, 실제 고체에서 액시온 전기역학을 적용하여 이를 보이도록 하겠다.

전이금속 디찰코게나이드계 화합물 (TMD) 이형 이중층에 대한 전기적 구

조와 광학적 성질을 임의의 잡아당김 힘 없이 기술하였다. 반 데르 발스 힘으로

이루어진 층간 상호작용, 두 층 사이의 일함수 차이, 결정 구조들이 유기적으로

연결되어이형이중층의밴드구조를결정하게된다.약한층간상호작용으로부

터 꽤 강한 층간 광학 전이를 얻어낼 수 있으며, 이것은 층간 엑시톤의 발현으로

이어질 수 있다. TMD 이형이중층에 대한 전기적, 광학적 성질은 약한 반 데

르 발스 층간 상호작용에 의해 결정되며, 우리 연구가 새로운 전기적, 광전기적

소자를 디자인하는데 도움을 줄 수 있을 것이다.

요약과 전망을 끝으로 논문을 마무리한다.

주요어: 밀도 범함수 이론, 층상 물질, 그래핀 나노리본, 위상절연체, 전이금속

디찰코게나이드계 화합물

학번: 2007-20432
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