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Chapter 1

Introduction

In this chapter, we review research background of this thesis : silicene, edge states
in graphene ribbons, and hydrogen termination in graphene and silicene ribbons.
After that, we mention the objective of this thesis.

1.1 Background of silicene

1.1.1 Prediction of silicene and its lattice structures on several substrates

Silicene is a quasi-two dimensional material that is a honeycomb lattice formed by
silicon atoms, and was predicted firstly by a theoretical first principle total-energy
calculation[1][Fig.1.1(a)]. This study also show that a buckled honeycomb struc-
ture is energetically stable and a linear dispersion is emerged at K and K’ points in
the energy band structure[Fig.1.1(b)]. Recently, stable and metastable structures
of a free-standing silicene were further investigated using a first-principle calcula-
tion based on the density functional theory. Cahangirov et. al. conducted struc-
tural optimization numerically, and calculated phonon dispersion of silicene [2]. In
the energy versus lattice constant plot, they found multiple energy minima corre-
sponding to two different buckled structures and a planer structure [Fig.1.2(a)].
Two buckled structures have different degrees of buckling, namely, one has A ~ 2A
and the other has A ~ 0.44A. They are named as high and low buckled struc-
tures, respectively. From the obtained phonon dispersions, Cahangirov et. al. also
showed that planer and high buckled structures have imaginary phonon frequen-
cies, and are energetically unstable. Therefore, they concluded that low-buckled
structure is energetically stable.

Recently, monolayer silicene sheets have been synthesized on Ag(111)[3, 4, 5,
6, 7] , ZrB2[8], and Ir(111)[9] substrates, and have been payed much attention in
several research fields. Here, we introduce studies related to the lattice structures
of silicene sheet on several substrates. Lin et. al. synthesized a silicene sheet using
epitaxial growth on an Ag(111) substrate and investigated a structure of this sil-
icene sheet by scanning tunneling microscopy (STM), low-energy electron diffrac-
tion (LEED), and angular-resolved photoelectron spectroscopy(ARPES) measure-
ments combined with density functional theory (DFT) calculation. Fig.1.4(a)
shows topographic STM images of silicene sheets on Ag(111) substrates. In this
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Fig. 1.1 (a): A schematic description of a lattice structure of silicene. Left
and right panel show side and top views of silicene, respectively. A denotes
buckling distance. Right panel shows top view of silicene. (b): Energy band
structure of silicene obtained by first principle calculations with optimized
lattice structure [1](left panel). In this figure, I', X, and S correspond to
symmetric points in Brillouin zone(right panel).

figure, two types of atomic arrangements « and (3 are observed. An unit vector of
« is aligned along the direction of symmetry axes of Ag(111) substrate, while an
unit vector of 3 is rotated by 14° with respect to the symmetry axis. Figs. 1.4(a)
and (b) show the high-resolution STM images of « and f3, respectively. The length
of the unit vector of a(3) is 11.5A(10.4A). From LEED measurements and DFT
calculations, they show that o and 3 have the 4 x 4 and V13x+/13 superstructures
on Ag(111) substrate. Lalmi et. al. also synthesized a silicene sheet on Ag(111)
substrate and performed STM and LEED measurements combined with DFT cal-
culation [3]. They obtained silicene sheet with the 2v/3 x 2v/3 superstructure.
It is argued that these variations of structures of silicene sheet on Ag substrate
originated from temperature difference of substrates|3].

Fleurence et. al. synthesized a silicene sheet on ZrBs thin film and investigated
its lattice structure via the STM measurements and its electronic structures by
the angle-resolved ultraviolet photoelectron spectroscopy (ARUPS) measurements
combined with DFT calculations. It is shown that silicene forms spontaneously
through surface segregation on zirconium diboride thin films grown on Si wafers
and has /3 x /3 superstructure[8]. Meng et. al. synthesized a silicene sheet on
Ir(111) substrate and also investigated its lattice structure by STM and LEED
measurements combined with DFT calculations. A silicene sheet on Ir(111) has
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Fig. 1.2 (a) Energy versus hexagonal lattice constant of 2D Si and Ge cal-
culated for various honeycomb structures. Black and dashed green curves of
energy are calculated by local density approximation (LDA) using projector
augmented wave (PAW) potential and ultrasoft pseudopotentials, respectively.
(b): Phonon dispersion curves obtained by force-constant and linear response
theory are presented by black and dashed green curves, respectively. [2]

V/3 x /3 superstructure, as the one found in the case of silicene on ZrB[9].
Silicene ribbon, which is silicene with finite width , was also synthesized on
Ag(110) substrate[10, 11, 12, 13, 14, 15]. Aufray et. al. synthesized a silicene
ribbon on Ag(110) substrates and investigated its lattice structure by STM com-
bined with DFT calculations[14]. According to the high resolution STM image of
silicene ribbon in Fig.1.7(a), it was shown that silicene synthesized on Ag substrate
forms a hexagonal structure. Furthermore, a detailed structure of silicene ribbon
on Ag substrate was investigated by DFT calculations, and Aufray and co-worker
showed that silicene ribbon tend to form a honeycomb structure [Fig.1.7(b)] and
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Fig. 1.3 (a) STM images of a silicene sheet on Ag(111) surface. In this figure,
there exist two structures o and (3[4].
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Fig. 1.4 (Color online).(a) STM images of a silicene sheet on Ag(111) surface. [3].



1.1 Background of silicene

Fig. 1.5 (a):STM images of silicene sheet on ZrsB substrate with different
length scales 20nmx9.5nm(upper panel) and 4.2nm x2nm(lower panel). (b):
Ball model of silicene on ZrB; substrate [8].

(b)

Fig. 1.6 (a)STM image of silicene sheet on Ir substrate. (b)Simulated STM
image calculated by DFT calculations. (c) Top view of atomic models of
silicene on Ir substrate[9].
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Fig. 1.7 (a) High resolution filled state STM images of a silicene ribbon.
(b) Ball model for a calculated atomic structure of (a). Light green and red
spheres represent bottom and top silicon atoms, respectively, while dark blue
and light blue spheres represent top most and other silver atoms. (c) Side
view of a calculated atomic structure of a silicene ribbon on a Ag substrate.
Red spheres represent silicon atoms. [14]

an asymmetric buckling structure like an arch shape[Fig.1.7(c)]. These results of
DFT calculations are consistent with a previous work[16].

Not only monolayer silicene ribbon and sheet, multilayer silicene ribbon
[Fig.1.8(a)] and sheet [Fig.1.8(b)] have been also synthesized. Padova et. al.
synthesized multilayer silicene ribbon on Ag(110) substrates and multi-layer
silicene sheet on Ag(111) substrate using epitaxial growth technique[17, 18].
They also investigated its lattice structure by LEED, STM, reflection high-energy
electron diffraction (RHEED), Auger electron spectroscopy (AES) measurements,
and its electronic structures by ARPES measurements.

1.1.2 Electronic structures of silicene on several substrates

Next, we review electronic structures of these silicene sheet and ribbon on several
substrates. In the seminal paper predicting the existence of silicene, the exis-
tence of the Dirac cone at the Fermi level is also predicted. However, as mention
in previous subsection, silicene ribbons and sheets synthesized so far, have su-
perstructures due to the strong interactions with substrates. This suggests that
electronic structures of silicene ribbons and sheets are probably modulated by its
super structures and the strong interactions with substrates. Here, we introduce
some theoretical and experimental studies related to the existence of the Dirac
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Fig. 1.8 STM images of multilayer silicene ribbon (a) and sheet (b) on Ag
substrates [17, 18].

cone in silicene synthesized on Ag and ZrB, substrates.

Silicene sheets and ribbons on Ag substrates

It was reported in many theoretical and experimental studies that the Dirac cone
is absent for silicene sheets with super lattice structures on Ag(111) substrates.
Avila and coworkers carried out ARPES and LEED measurements against 4 x 4
silicene on Ag(111) substrate, and showed that an energy gap exists near the
Fermi level at the ['go point where the K point in the original Brillouin zone(BZ)
of silicene without super structure is folded[Fig.1.9(a)]. Guo and his coworkers
worked on the first principle calculations of 4 x 4 and V13 x /13 silicene on
Ag(111) substrate, and showed that energy band around the Ty point observed
by Avila et. al., is originated from Ag substrates[19]. They also noticed that
m and 7* states that form the Dirac cone disappear from neighborhood of the
Fermi level and appear in valence bands. They pointed out that these results
are caused by the electron transfer from Ag substrate to silicene due to the strong
interactions between silicene and Ag substrates|[Fig.1.9(b)]. They also investigated
electronic structures of silicene sheets with superstructures, which are peeled from
silver substrate, and showed that sizable energy gap exists for 4 x 4 silicene, while
energy gap for v/13 x /13 silicene is negligibly small. In the case of 4 x 4 silicene,
Cahangirov et. al. also obtained same results[20]. Furthermore the absence of the
Dirac fermion in silicene on Ag substrate near the Fermi level was also suggested
from an absence of n = 0 Landau level via STS measurements[21]. Similarly
electronic structures of a silicene ribbon on Ag(110) was also investigated via
ARPES measurements by Padova et. al., and they found energy gap near the
Fermi level in the electronic structures[12].

Silicene on a ZrBs substrate

As mentioned earlier, electronic structures of silicene sheet on ZrB, substrate, was
investigated through the ARUPS measurements combined with DFT calculations
by Fleurence and his coworkers[8]. Figure.1.12(b) shows ARUPS spectra along
high symmetry directions. Features S,, and X,, in Fig.1.12(b) correspond to sur-
face electronic states of diboride and those of epitaxial silicon layer, respectively.
According to the analysis of Fleurence et. al., a feature X5 corresponds to a
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Fig. 1.9 (a)Left panel shows the Brillouin zones of Ag (blue), 1 x 1 silicene
and 4 X 4 silicene. The green arrows indicate the directions on which the
ARPES measurements have been carried out at each symmetry point[22].
Right panel shows that ARPES spectrum measured at the T'oo point, along
the K —I' — K direction. (b) Calculated energy bands of 4 x 4 (left panel)
and /13 x v/13 (right panel) silicene on Ag(111) substrates[19]. Blue squares
indicate the region in which 7 and 7* states exist. Blue dashed line represents
energy band observed by ARPES measurements.

Fig. 1.10 (Color online) Calculated energy bands of 4 x 4(left panel) and
V13 x +/13(right panel) silicene peeled from silver substrate. [19].
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Fig. 1.12 (a) BZs of ZrB2(0001) surface with 2 x 2 superstructure (black line)
and (1 x 1)silicene (red line). The Kg; point in the BZ of (1 x 1) silicene is
folded on I point in the BZ of ZrBz. (b) ARUPS spectra along the M — K —T'
and I' — M — T directions. (c) Calculated energy bands of silicene with a
V3 x /3 superlattice structure peeled from ZrBs substrate. [§]

band and there is an energy gap of 0.25¢V at the I' point. They also calculated a
stable structures of silicene on ZrBy substrate and energy band of silicene peeled
from its substrate through the first-principle methods, and showed that energy

gap opening occurs at I' points and a 7; band in Fig.1.12(c) corresponds to a Xo
bands observed in ARUPS spectra.
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Fig. 1.13 (a) ARPES spectrum of multilayer silicene ribbon on Ag(110)
substrate[17]. (b) Schematic description of BZs. (c¢) ARPES spectra of mul-
tilayer v/3 x /3 silicene sheet. (d) The line profiles of (c)[18].

Multi-layer silicene

As monolayer silicene on Ag substrates, electronic structures of multilayer silicene
on the same substrates were also investigated. Padova et. al. carried out ARPES
measurements against multilayer silicene ribbons, and showed that energy gap
opening occurs near the Fermi level[Fig.1.13(a)] and this gap narrows as the num-
ber of silicene layers increase [17]. Furthermore Padova et. al. performed ARPES
measurements against multilayer silicene sheets where a v/3 x v/3 silicene sheet on
a 3 x 3 silicene sheet, and observed the Dirac cone[Fig.1.13(c) and (d)][18].

Energy gap due to the spin-orbit interaction

Previously, we reviewed studies on energy gaps of silicene on several substrates.
Here, we brief energy gap opening due to the spin-orbit interaction in ideal silicene
and related studies. Since it is expected that a free-standing silicene has the Dirac
cone at K and K’ points, the spin-orbit coupling in silicene was investigated by
DFT calculations in terms of quantum spin Hall effects. Liu et. al. performed
first-principle calculations of energy bands of silicene as a function of bond angles,
and showed that the spin-orbit band gap is 1.55meV for a low-buckled silicene that
is an energetically stable structure (6 = 101.73°)[23]. Based on this result, Liu et.
al. also derived a low-energy effective hamiltonian involving spin-orbit coupling
that is estimated as 3.9meV|[24]. Using this hamiltonian, many theoretical works
have been conducted in order to elucidate exotic features of silicene, such as a
silicene under an electric field[25], zigzag and armchair nano-ribbons[26], quantum
Hall effects[27], silicene nanotube[28], bilayer silicene[29], edge states of silicene
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nanodisk[30]. In this thesis, we do not take into account the spin-orbit interaction
because we consider the physics of silicene in the energy scale of eV order.

1.1.3 Theoretical proposal of several substrates for an emergence of the
Dirac cone

As mentioned above, an ideal silicene as a Dirac fermion system has not yet syn-
thesized experimentally. However, hexagonal boron nitride (h-BN) and hydrogen
processed Si(111) surface were theoretically proposed as candidates of substrates
on which the Dirac cone emerges in silicene by Guo et. al.[19]. They showed that
energetically stable structures of silicene on h-BN and H-Si(111) are hexagonal
structure with v/3 x /3 super-periodicity and without super-periodicity, respec-
tively[Fig.1.14]. Figures.1.14(a) and (b) show calculated energy bands of silicene
sheets on h-BN and hydrogen processed Si(111) substrates. We can see that the
Dirac cone is realized at the Fermi level. These results indicate that an appropri-
ate choice of substrates is crucial for experimental realization of ideal silicene and
for enabling us to regard silicene as a Dirac fermion system.

1.2 Physics of edge states and its topological origin for
graphene

In this thesis, we focus on physics of edge states in silicene ribbons. Then, it
is natural to make a comparison between silicene and graphene, which is a close
relative of silicene and is known to host novel edge states. In this section, we will
review edge states in graphene ribbons and its topological origin.

1.2.1 Edge states in graphene ribbons

Analysis of graphene ribbons using a single orbital tight-binding model[31, 32, 33]
revealed that they have characteristic flat bands in energy spectra. The flat bands
are originated from edge states, whose wave functions are localized to the edge.
Interestingly, the edge states depend crucially on the edge geometries. For a
graphene ribbon with zigzag edge, flat band emerges in regions of a wave number
space —m < k < —27/3 and 27 /3 < k < m at the Fermi level[Fig.1.15(a)], and its
wavefunctions localize near the both edges (edges state). Similarly, for the case of
Klein edge, flat bands also emerges in a region of a wave number space —27/3 <
k < 2r/3[Fig.1.15(b)] and its wave functions are edge states localized to edges.
On the other hand, for the case of the armchair edge there are no flat bands and
edge states[Fig.1.15(c)]. The edge state for a graphene ribbon with zigzag edge, is
also confirmed by a first principle calculation based on DFT[Fig.1.16(a)][34], and
is experimentally observed by STM measurements|[Fig.1.16(b)][35].
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Fig. 1.14 Calculated energy bands of silicene on h-BN(a) and hydrogen pro-
cessed Si(111) surface(b)[19]. Enlarged views of energy bands near the Fermi
energy are shown in the insets, respectively. In (a), top view of optimized lat-
tice structure is shown in another inset where blue, green and white spheres
indicate Si, B and N atoms, respectively. Similarly, in (b), side view of opti-
mized lattice structure is shown in another inset where blue and purple spheres
indicate Si and H atoms, respectively.

1.2.2 Topological aspects of edge states

Emergence of edge states are not specific phenomena not only for graphene ribbons
but also for edge currents of quantum Hall system[37], and degrees of freedom of
edge spins in one-dimensional quantum spin systems[38]. Furthermore, existence
of these edge states are not accidental and its properties reflect bulk features. This
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(a) (b) (c)

Zigzag edge Armchair edge

Fig. 1.15 Lattice geometries of graphene ribbons with several edge
shapes(upper panels). Green, red and brown dashed squares indicate edge
geometries of zigzag, Klein and armchair edges, respectively. Squares with
solid line indicate the unit cells. Energy spectra for graphene ribbons with
zigzag(a)[31], Klein(b)[32, 36] and armchair(c)[31] edges as functions of wave
number k calculated from reciprocal lattice vector given by translational vec-
tors(red arrow)(lower panels). Red circles indicate edge states.

Fig. 1.16 (a):Calculated contour plots of spin density on a plane perpendic-
ular to a zigzag graphene ribbon(upper panel) and a plane including a zigzag
graphene ribbon(lower panel)[34]. (b):a STM image of graphene flakes with
zigzag and armchair edges[35]. Red circles indicate edge states at zigzag edges.
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idea is known as Bulk-Edge correspondence[39]. Based on this idea, it is expected
that edge states can be detected by topological quantities which are calculated
from bulk wave functions. Typical examples of these topological quantities are
the Chern number as the Hall conductivity in quantum Hall systems[40, 41] and
Z5 Berry phase for a detection of edge states in Dirac fermion systems[42, 43, 36,
44]. Here, we explain topological aspects of the existence of flat-bands discussed
through the Zy Berry phase[42, 43, 36] in graphene ribbons with several edge
geometries.

Ryu et. al. established a criterion to determine the existence of zero-
energy edge states of graphene ribbons with several edge geometries in
terms of bulk properties[36]. For discussion of zero energy edge states of
the graphene ribbons with several edge geometries, Ryu et. al. consid-
ered the Fourier transformed hamiltonians for several types of unit cells|left
panels of Fig.1.18(a), (b) and (c)]. These hamiltonians formally given as
H = Zkzky Hip (ke ky) = Zkl,ky Hip (ko ky) = ka,ky H{}y (kg ky), where
HZ (kyyky), HES (ky,ky) and H{Y, (ks k,) are 2 x 2 Hermitian matrices. Gen-
erally, tuning constants of diagonal elements 2 x 2 Hermitian matrices can be
expand using the Pauli matrices 0., 0, and o, with real constants[45, 42] *!.
Thus, excepting constants of diagonal elements[R.(k;,k,)] = 0, hamiltonian
H(ky, ky) can be expressed as H(k;, k,) = R(kg, ky) - o and described explicitly
as follows:

H(ky, ky) = Rolka, ky)ow + Ry (ke ky)oy. (1.1)

This hamiltonian possesses the chiral symmetry *2. In addition, Ryu et. al.
considered a loop L : (kg,ky) — R(ky,k,) € R in a parameter space R, and
showed three conditions for a system for Hyp to support zero-energy edge states
as follows:

1. Lis on a 2D plane (R, = 0) that contains the origin O of a parameter space
R[Fig.1.17(a)].

2. L is continuously deformed to £, without crossing O[Fig.1.17(a)].

*1
H=R o

= Rzoy + Ryoy + Rz0, = ( R, Ry — ZRy) .

R, +iR,  —R.

Eigen energies of H are given as E = R, where R = /R2 + RZ + RZ. For R = O, eigen

energies degenerate.
*2 The system possesses the chiral symmetry when a hamiltonian H satisfies the anti-
commutation relation {H,T'} = 0, where the chiral operator I is defined as follows:

=( 5)
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(a) (b)

Fig. 1.17 Schematic illustrations of a loop L of a parameter space R(a) and
energy spectra as function of k,. Shade regions and red lines indicate energy
spectra of bulk and zero energy edge states, respectively.

3. Edges of one-dimensional system possess the chiral symmetry.

In the second condition, parameters k;, and k, L. corresponds to the gap closing
point in Fig.1.17(b). Ryu et. al. evaluated these conditions in HZ,(ks,k,),
HE (ky,k,) and H{Y,(ks,k,), and showed that regions of k-space that emerges
zero energy edge states and that satisfies these conditions, are coincident[middle
panels of Fig.1.18(a), (b) and (c)].

Based on this criterion, Hatsugai calculated the Berry phase in k-space (Zak
phase)[46] for several types of one dimensional periodic systems[43, 47]. Zak phase
is the Berry phase calculated from the integration with respect to a direction of
the wave number space. Using these expressions, the Berry phase v(k,) is defined
as follows:

1) = =i [ (R (k)| 5 [R () (12)
where |R(k, ky)) is one particle state of H(ky, k). Generally, it was showed that
this Berry phase is quantized as 0 or m modulo 27 for the system possessing the
chiral symmetry [43, 48]. Reflecting the first condition of this criterion, if the
zero energy edge states exist, then the Berry phase should be 7 modulo 27[49,
47, 36]. On the other hand, if the zero energy edge states absent, then the Berry
phase should be 0 modulo 27. The Berry phases of HZ, (ks, ky), Hio (s, ky) and
H{,(ky, k,) are calculated as follows:

Z ™ ’ky| > %ﬂ
k) —
7 y) {O otherwise

’)/K(k‘y): T _%éky<2?ﬂ
0 otherwise
yA (k) =0 (k, #0), (1.3)

where k, = i%” for vZ and v%, and k, = 0 for ~4 correspond to the gap closing
points, respectively. Thus, the existence of edge states can be also discussed via
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Fig. 1.18 Lattice geometries, loops in R space, and the energy spectrum of
graphene ribbons with zigzag (a), Klein (b), and armchair (c) edges. Dotted
squares indicate unit cell for the graphene ribbons with each edge geometries.
[36]

the Berry phase, which is calculated from the wave functions of bulk, and can be
correlated to the bulk features.

1.3 Hydrogen termination in silicene and graphene ribbons

In the previous section, we mentioned about physics of edge states of graphene
ribbons with several edge geometries. In electronic structures of graphene ribbons,
results calculated by a single orbital tight-binding model and a DFT calculation
are unexpectedly similar. Because graphene prefer constructing sp? hybridized or-
bitals, m and ¢ orbitals are orthogonal[Fig.1.19(a)]. A binding energy of o bond is
larger than that of 7 bond. o orbitals of carbon atoms on edges, which called dan-
gling bonds, bond hydrogen atoms, in other words, dangling bonds are terminated
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Fig. 1.19 Schematic illustrations of single orbital approach for graphene (a)
and multi orbital approach for silicene (c), respectively. Schematic illustra-
tions of hydrogen terminations for graphene (b) and for silicene (d), respec-
tively.

by hydrogen atoms[Fig.1.19(b)]. Thus, 7 electrons contribute mainly edge states
near the Fermi level. However, it is thinkable that four orbital of carbon atoms
on the edges construct sp3-like hybridized orbitals then bond hydrogen atoms.
Then that influences crucially edge states of graphene ribbons. By contrast, sil-
icene prefer constructing sp3-like hybridized orbitals rather than sp?, then these
four orbitals are almost equivalent and its binding energies are almost the same.
Hence, for the case of an investigation of edge states in electronic structures, a multi
orbital treatment is needed different from the case of graphene[Fig.1.19(c)]. Be-
sides, when the silicene is synthesized experimentally, it is expected that dangling
bonds of silicene in edge and bulk region are terminated by hydrogen atoms. If we
consider the desorption of these hydrogen atoms, several types of edge termination
can be possible due to the construction of sp3-like hybridized orbitals[Fig.1.19(d)].
Therefore, for the consideration of edge states in silicene ribbons, it is significant
to take into account variations of the hydrogen termination at edge atoms. In this
section, we introduce some theoretical and experimental studies of graphene and
silicene ribbons as examples that hydrogen termination affects edge states.

1.3.1 graphene ribbons

Kusakabe et. al. investigated electronic structures of a graphene ribbon ,whose
each carbon atom at one side is terminated by single hydrogen atom like the sp?
orbitals and each one at another side is terminated by two hydrogen atoms like
the sp? orbitals, by DFT calculations, and showed that flat bands emerge near the
Fermi level in the whole space of the wave number[Fig.1.20(b)] and wave functions
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of these flat bands localize mainly at carbon atoms a and v in Fig.1.20(a) [50].
Simultaneously, amplitude of wave functions at a carbon atom [ disappears due
to the sp3-like hydrogen termination. From these results, they indicated that the
Klein edge fictitiously realized in the side of the edge with the sp3-like hydrogen
termination. Besides, Ziatdinov et. al. also investigated effects of hydrogen termi-
nation to edge states by STM measurements against edge of nanoholes in graphene
combined with DFT calculation[51]. They observed experimentally that localized
states at portion of carbon atoms on zigzag edges disappear via STM images, and
show that this result is caused by the di-hydrogenation of carbon atoms at zigzag
edges[Fig.1.20(c)]. These results were also obtained by other groups[52, 53]. These
studies of the termination with two hydrogen atoms indicated that edge states
could be modified by hydrogen terminations.

1.3.2 silicene ribbons

Kang et. al. investigated electronic structure of a free-standing zigzag silicene
ribbon with sp? like hydrogen termination[Fig.1.21(b)] using DFT calculations and
obtained energy band that is similar to that of a zigzag graphene ribbons with sp?
like hydrogen termination[Fig.1.21(b)][54]. Besides, Ding et. al. also investigated
electronic structure of a silicene ribbon with asymmetrical hydrogen terminations
sp? and sp? [Fig.1.21(c)] using DFT calculations and show that flat bands emerge
near the Fermi level in the whole space of the wave number|[Fig.1.21(d)] and wave
functions of flat bands in the region indicated open red circles in Fig.1.21(d) mainly
localize at the silicon site Sis indicated in Fig.1.21(c), and wave functions of flat
bands in the region indicated open blue circles in Fig.1.21(d) mainly localize at
the silicon site Sij2 indicated in Fig.1.21(c). From these results, they pointed out
that the Klein edge is fictitiously realized at the edge with the sp? like hydrogen
termination similar to the case of a graphene ribbon.

1.4 Objective of this thesis

Up to here, we reviewed background of this thesis, silicene, edge states in graphene
ribbons with several edge geometries, and effects of hydrogen termination on edge
states in graphene and silicene ribbons. For an investigation of electronic prop-
erties of silicene, multi orbital treatments are essentially significant because of
the buckling structure. These treatments are also important for the comparison
between graphene and silicene in terms of the Dirac fermion systems. Addition-
ally, realization of several types of the hydrogen termination on the edges can be
possible, and these affects edge states in hydrogen terminated silicene ribbons.
Consequently, it is thinkable that characteristic features of edge states emerge in
hydrogen terminated silicene ribbons. In this thesis, we investigate a relation be-
tween several types of hydrogen terminations and edge states of zigzag silicene
ribbons, and its physical origin of these edge states. To understand this funda-
mentally, we consider multi-orbital tight-binding model on a honeycomb lattice.
There are two reasons to adapt the multi-orbital approach. First is that sp® and
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(a) (b)

Fig. 1.20 (a) The optimized structure of a graphene ribbon with monohydro-
genated and dihydrogenated zigzag edges. Black and white circles represent
carbon and hydrogen atoms, respectively. Bright and dark surface represent
spin-up and spin-down densities of flat bands, respectively. «, 8 and v denote
carbon atoms near the zigzag edges. Red circles indicate two types of hydro-
gen terminations.[50] (b) Calculated energy bands of a zigzag graphene ribbon
with with monohydrogenated and dihydrogenated zigzag edges. Red circle
indicates flat bands.[50] (c) Experimental(left panel) and theoretically calcu-
lated(right panel) STM images of graphene with monohydrogenated and di-
hydrogenated zigzag edge. Red and blue filled circles represent carbon atoms,
and bright and dark green filled circles represent hydrogen atoms. [51]

sp? orbitals hybridize due to the buckled honeycomb structure. Second is to tak-
ing into account the effect of hydrogen termination. For the case of single orbital
treatment, comparison between graphene and silicene, and effects of hydrogen
termination can not be discussed.
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Fig. 1.21 (a) and (c) show lattice geometries of a zigzag silicene ribbon with
sp? like hydrogen terminations in the both edges and with asymmetrical hy-
drogen terminations sp® and sp®, respectively. Upper and lower panel show
the top and side views of these silicene ribbons. In (a), green and blue spheres
represent silicon and hydrogen atoms. On the other hand, in (b), blue and
white spheres represent silicon and hydrogen atoms. (b) Calculated energy
bands of a silicene ribbon with sp? like hydrogen termination[54]. (d) Cal-
culated energy bands of a silicene ribbon with sp? and sp® like hydrogen
terminations[55]. In (b), red circles indicate flat band edge states.



Chapter 2

Models and methods

2.1 Lattice geometry of silicene

A buckled structure of silicene is described by the angle 6 [Fig. 2.1 (a)]. For
the energetically stable structure of silicene calculated from DFT calculations, 6
is @ = 101.73°[23]. Moreover the three position vectors cfl, d}, and J;, from a B
sublattice to three nearest neighbor A sublattices are

dy = a(sin 6,0, cos 0) (2.1)
> —sin6 in6

dy = af S2111 , \/§;1n ,cosf) (2.2)
- —sinf — in 6

ds = af( 52111 , \/528111 ,cosf), (2.3)

where a is the lattice constant. The lattice geometries of zigzag silicene ribbons
are buckled honeycomb lattices [Fig. 2.1 (b)]. In this study, we assume that the
system has left and right edges with a spacing L; along a unit vector é[Fig.2.1
(b)], and is imposed a periodic boundary condition along a unit vector €5 with a
spacing Lo. In Fig. 2.1 (¢) and (d), we show schematic figures of two types of
hydrogen terminated silicene ribbons. In Fig. 2.1 (d), position vectors from B
sites to two hydrogen sites di1 and dpo are given by

di1 = ag(sin 6,0, cos ), (2.4)
dnz = ag(0,0,1), (2.5)

where, ay are the distance between hydrogen atoms and Si atoms. On the other
hand, position vectors from A sites to two hydrogen sites dﬁg and dﬁ4 are also
given by dﬁg = —dﬁl and dﬁ4 = —dﬁg, respectively. Figs.2.2 and 2.3 show silicene
ribbons with several types of edge terminations. Figs.2.2(a), (c) and (f) show the
lattice geometries of silicene ribbons without termination(0H/0H ribbon), with a
termination by single hydrogen atom at both edges(1H/1H ribbon) and by two
hydrogen atoms at both edges, respectively(2H/2H ribbon). On the other hand,
Figs.2.2(b), (d) and (e) show lattice geometries of silicene ribbons, terminated by
single hydrogen atom at only one side edge(1H/0H ribbon), by two hydrogen atoms
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(a) (® Left edge Right edge

(© (d)

Left edge Right edge

Left edge Right edge é

H

Fig. 2.1 (a) Green spheres show silicon atoms, and a bond angle 6 is defined
as being between the direction from a B site to a A site and the z-axes normal
to the plane. Lattice geometries of silicene ribbons (b) without or (c),(d)
with hydrogen terminations. In Fig.(b), above and bottom figures shows side
and top of views of zigzag silicene ribbons without hydrogen termination,
respectively. In this figure, a black frame represents a unit cell. In Fig.(c),
above and bottom figures shows top and side of views of monohydrogenated
zigzag silicene ribbons, respectively. Therefore in Fig.(d), above and bottom
figures shows top and side of views of dihydrogenated zigzag silicene ribbons,
respectively.

at only one side edge (2H/0H ribbon), and by two hydrogen atoms at one side edge
and single hydrogen atom at another side edge (2H/1H ribbon), respectively. In
addition, Figs.2.3 also show zigzag silicene ribbons with other types of hydrogen
terminations.

2.2 Multi-orbital tight binding model on a honeycomb

lattice

As the theoretical model of silicene, we consider a four orbitals tight binding
model. These four orbitals are outer shell orbitals, and for a silicene case are
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Fig. 2.2 Lattice geometries of silicene ribbons with or without several types
of hydrogen terminations. In these figures, upper figures show side views of
silicene ribbons, on the other hand bottom figures show top views of silicene
ribbons. (a) a silicene ribbon without hydrogen termination (OH/OH ribbon).
(b) a ribbon with a termination by single hydrogen atom only one side edge
(1H/0H ribbon). (c) a ribbon terminated by single hydrogen atom with both
edges (1H/1H ribbon). (d) a ribbon with a termination by two hydrogen
atoms only one side edge (2H/0H ribbon). (e) a ribbon terminated by single
hydrogen atom with one side edge and two hydrogen atoms with another side
(2H/1H ribbon). (f) a ribbon terminated by two hydrogen atoms with both
edges (2H/2H ribbon).

{3s, 3ps, 3py, 3p. } orbitals. The Hamiltonian H;.: is given by

Hiot = H + Hu (2.6)

H Z Z C]g—i—HC +Zzeaczaczaa

<i,j> a,0

Z Ztsa HTCja‘f’HC ‘f‘ZGHCHT 1}}97

<<LLj>> A
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Fig. 2.3 Lattice geometries of silicene ribbons with or without several types
of hydrogen terminations. In these figures, upper figures show side views of
silicene ribbons, on the other hand bottom figures show top views of silicene
ribbons. (a) a silicene ribbon without hydrogen termination (1H’/0H ribbon).
(b) a ribbon with a termination by single hydrogen atom only one side edge
(1H/1H’ ribbon). (c) a ribbon terminated by single hydrogen atom with both
edges (1H’/1H’ ribbon). (d) a ribbon with a termination by two hydrogen
atoms only one side edge (2H/1H’ ribbon).

where cja and cgr create an electron with atomic orbital o and an electron of a

hydrogen at site ¢ respectively, < i, j > run over all the nearest neighbor hopping
sites, t%ﬁ is transfer energy between orbitals a and 3, €, is an on-site energy of
an orbital o, << 7,7 >> run over all the sites of interactions between hydrogen
atoms and silicon sites at edges, and ey is on-site energy of hydrogen atoms.
The transfer energies are given by the Slater-Koster formula [56][Table.2.1]. In
Table.2.1, Vsso, Vspo, Vppo, and Vppr are the bond parameters which are given by
Table. 2.2[23], and l;;, m;;, and n;; are x,y, and z components of direction cosines
from a site i to a site j, respectively [24]. In Fig.2.4, we show schematic illustration
of examples of the Slator-Koster formula. As shown this figure, transfer energies
tf‘-ﬁ can be expressed as linear combinations of bond parameters. Moreover, the
bond parameters of interactions with hydrogen atoms are given by Table. 2.3[57,
58, 59]. As mentioned above, we apply the periodic boundary condition along the
direction €5 with a spacing Ly, and can then make a Fourier transform in that
direction Cio = Ca(i) = _1/ 2 Yo eific, (k, i), where i is a position vector at site
i and ' is also a p0811:10n vector of a unit cell. For a case of A sites, we assume
that a vector i is i = 11€1 + 19€>, for i1 = 1, 2 L1 and 15 = 1,2, - . On
the other hand for a case of B sites, a vector iisi= 11€1 + 19€9 — d3 Slmilarly,
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Table. 2.1 Slater-Koster formula

tis Viso

tfjx lij‘/spa

7 —1i;Vspo

7 1 Vopo + (1= 1) Vipr
ti;  Lijmij(Vopo — Vipr)
tii  miinij(Vope — Vopr)

Table. 2.2 Numerical values for computation of four orbitals tight-binding model

System a(A) O(degree) Viso(eV) Vipo  Vppo Voppr €s — €p

Graphene 1.42 90° —6.769  5.580 5.037 —3.033 —8.868
Silicene 2.28 101.73° —-1.93 254 447 —-1.12 —7.03
Silicene(spz)  2.24 109.47° —2.052  2.697 4.749 —-1.187 —6.61

Table. 2.3 Numerical values of bond parameters of Si-H and C-H bonds

System  ap(A) Vi (eV) Vspo €x
Graphene 1.01 —10.457 13.744 —13.65
Silicene 1.50 —4.741 6.231 —13.65

position vectors i’ of A and B sites can be written as i/ = 1161 and il = 1161 —
J;;, respectively. These expressions yield a k dependent series of one-dimensional
Hamiltonian, H = } ¢ H'P(K). Similarly in Egs.(2.6), the term of interactions
of hydrogen termination Hy can be rewritten as Huy = > (Hif, + Hify), where
indexes L and R denote left and right edges respectively. The resultant eigenvalue
reduces to (Hl_?(l;) + HI + HIP) (K, E)) = Ely(k, E)) with corresponding
eigenstates |¢(k, E)). We calculate this eigenvalue problem numerically and show
energy spectra as function of wave number k.

2.3 Z, Berry phase as a topological quantities for a
detection of edge states

As mentioned before section in Sec.1.2, topological quantities are useful for a de-
tection and characterization of edge states. In this study, to investigate properties
of edge states, we adopt not only energy spectra of silicene ribbons and its wave
function but also the non-Abelian Berry phase (Zak phase) which is calculated
from wave functions of bulk hamiltonian as function of a wave number k£ which
corresponds to the translation vector of silicene ribbons. In this section, we define
the non-Abelian Berry phase for a calculation of the Berry phase in multi-band
systems[48, 43, 60].
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Fig. 2.4 Schematic illustration of the Slator-Koster formula for t°° (a), ¢
(b), t** (c), and t** (d). Green and purple circles indicated two atomic sites
that difference between the two sites are described by a vector d (dashed ar-

rows). Red filled circles and blue ellipses indicate s and p orbitals, respectively.
[ and n represent z and z components of a direction cosine.

2.3.1 Definition of the Berry phase and its quantization for a single band
The Berry phase  for a single band is defined as follows:

N = —i%CA(gb)dC, (2.7)

where A(¢) is an Abelian Berry connection, which is given by A(¢) =
(Y(¢)]|0g|10(¢)) where |1)(¢)) is an eigen state of a parameter dependent hamilto-
nian H(¢), and C is a closed loop in the parameter space. Here, we consider a
change of a Berry phase for applying a gauge transformation g = ¢**(®) to |1)(¢)),
then the gauge transformed Berry connection A, can be written as follows:

Ag = (V(9)lg™" 05 (gl (9)))
= (¥(9)105]1(0)) + (¥(d)|g™ 0 (9)[¥:())

0
=A+i—O. 2.
+ za¢ (2.8)
Then, we are led to,
iYg = 17y + z}{ ds. (2.9)
L

In Eq.(2.9), we assume that the phase factor e is single-valued function in the

whole parameter space, then the integration [ ;, A€ is proportional to 2. Therefore
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a gauge transformed Berry phase 7, is congruent to v modulo 27. Here we expand
%(¢)) in an orthonormal system |j) as [¢)(¢)) = >_, Cj(¢)]j) and operate an anti-
unitary operator © = KU to this state, where K and U are a complex conjugate
and a unitary operators, respectively. Thus, we obtain ©|¢(¢)) = >_, C7(¢)|je).
Moreover, Berry connections A(¢) and Ag(¢) = (1(4)|01040|1(4)) are rewrit-
ten using this expressions as follows:

A9) = (U105 )23 Calo) = 3065 555 (210)

]/

A0(6) = (3 (jalE ™y ()22 C5 (9o} chaw (211)

j/

Since, 3, |Cj|* = 1, then we obtain )~ 6‘1\0 ?=3, (6¢C’]*C- + C5 86¢CJ> =0.

As the result, »_, C7 8‘1 =-=2.,C; 8¢C* — A(¢p) = —Ap(¢) satisfies. If a

parameter dependent hamiltonian H(¢) is invariant under a gauge transformation
© and |¢(¢)) is non-degenerate, then a Berry phase is real and quantized as 0
and m modulo 27. Because of A(¢) = —Ag(¢), Berry phases are calculated as
v = —vo(mod 27). In this case, this Berry phase called Z> Berry phase and this
quantization is topologically protected unless a gap closing. In the next part, we
mention about non-Abelian Berry phase and its quantization.

2.3.2  Definition of non-Abelian Berry phase and its quantization for
multi-band systems

Here, we define the non-Abelian Berry phase for a calculation of the Berry phase
in a multi-band systems. In this section we consider a non-interacting spinless
fermion system with m particles as an example for the definition of non-Abelian
Berry phase.

Ground state of a non-interacting spinless fermion system

Before defining a non-Abelian Berry phase, we consider the ground state of a
non-interacting spinless fermion system. In this case, the ground state can be
constructed by occupying energy eigen states from the lowest energy level up
to an energy level. Here, we assume a single orbital tight-binding model as a
hamiltonian.

H = Z tijcjcj —|—hC (212)
<%,7>

where cj (cj) are creation(annihilation) operators at i(j) cites, which satisfy an
anti-commutation relation {ci,c;r-} = 0;j, t;; are the hopping energies between
and j sites, and < 7,7 > mean the nearest neighbor hopping. This hamiltonian can
be rewritten using an expression of matrix elements h as H = cfhc where h is mxm

matrix, h;; = t;; and ¢/ = el el ... el ). Moreover we assume eigen states of
? J J 12 %~2» Y m
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this hamiltonian as i; which satisfy hi; = €;1/; where €; are eigen energies. Using
this eigen states 1, we construct m-dimensional multiplet Wy = (11,19, -+ ,¥N)
and assume €] < €g < --- < ey < Fp < eng1 < - < €, where Ef is a Fermi
energy. Therefore Wy satisfies as follows:

€1
h\I’N:h’(wth;71/}N):(w17w2771/}N) :\IJNE (213)
N
Since v; are orthonormal then
z@ @wl z@wz - z@w
\I/}LV\I’N = w:2 (wla ¢27 e 777Z}N) = wz:wl w2:w2 . waN = EN:
e Yhtn Yl o lw
(2.14)

= Uy = Ey

where Fx is an N x N identity matrix. From Eqgs.(2.13) and (2.15), we can
obtain h = UnEVY, and H = c¢The = 1 OnEV e = dTEd = 32V died;, where
d' = Wy and d; = ¢y, d; (d;) are creation (annihilation) operators of eigen
states with energy ¢; and satisfy anti-commutation relation{d;, d;} = 0y *1 Then

we can rewrite an N-dimensional multiplet ¥y using d; as |[¥y) = di d; e dj\,|0> =
N

IT.L, d10)

Definition of non-Abelian Berry phase

Using N-dimensional multiplet |¥y) derived in previous section, we define the
Berry phase v as follows:

v = _ij{:<\1/N|d\IJN>- (2.15)

(U n|d¥ ) can be expand as follow:

(U |dY ) = (0ldy - - - dady (cFdipy )d - - - d1|0) + (Oldy - - - dadydl (cTdip) - - di,|0) + - - - .

(2.16)

*1

{di,dl} = {@le, ey} = {wl e, el } + {whea, el ) + - + (B yen, ety
= ol {er, e} + vl {en, el )+ 4 vl {en, ey
= hwji{en, el +vhvjafea, e} + - + iy win{en, ey}
=l +0hvn + vl =wly; =6y
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di(ctdeypy) in the first term of the right hand side of Eq.(2.16), can be leads to

di(ctdipr) = (le)(ctdn) = Z ¢1adwleaCb Z wlad%b ab — Chep)

a,b=1 a,b=1
= ] — d} (dyic). (2.17)

Thus, we obtain (0|dy - - - dady (¢t dipy )dl - - - di|0) = 1 dipl (0|dy - - - dodl - - - d0)—
(Oldy - - - dodl (dpie)ds - -- djv\0> — tp1dep]. Moreover we can obtain similar terms
for other terms of the right hand side of Eq.(2.16). Then we obtain

(UN|dP ) = rdip] + Yadiph + -+ hndipk,. (2.18)
Here, we consider m-dimensional multiplet ¥ = (11,9, - -+ ,1,,) where ¥ satisfies
UiW = E,,. Then we define non-Abelian Berry connection A as follows:
gdwl z@dwz z@d@bm
d d . dip,,
A wiago | Vit e dhdun | 1)

Whdipr Yldpe oo Bl di,
If we take a diagonal sum of this Berry connection, then this is identical to
(U n|d¥ ), thus we obtain

Y= —iji<\Iled\IfN> = —ijiTrA (2.20)

Gauge transformation of the non-Abelian Berry connection

Next, we consider a gauge transformation of the non-Abelian Berry connection and
the Berry phase. Here we assume that a gauge transformation w € U(m) relates
to U as ¥ = ¥'w and is a single-valued in U(m). Since w is unitary (wf = w™1),
and Berry connection can be rewritten as follows:

A=T1d0 = (WH(TT)d(V'w) = w (T (dVw + Vdw) = w10 w 4+ v dw.
(2.21)

From Eq.(2.21), we are led to.

TrA = Tr(w 'OV dVw) + Tr(w tdw) = Tr(TVdY) + Tr(w ldw) = TrA" 4+ Tr(w ™ dw),
(2.22)

where we substitute A’ for ¥1/dW’. Then the Berry phase v is rewritten as follows:

jqurA = j{A’ —@f Tr(w tdw) = 7{Tr( “ldw),  (2.23)

where §L Tr(w~tdw) is proportional to the integral multiple of 27 *2

*2 Since w is a unitary matrix, w can be diagonalized. Then we assume a diagonal matrix
Q which is digonalized from w by a transformation matrix U as Q = U~ 'wU. Thus, Q
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Quantization of the non-Abelian Berry phase

Here we show that the non-Abelian Berry phase quantizes for the hamiltonian
which possess the time reversal symmetry which contains the complex conjugate
operator. We define the anti-unitary operator © = KU where K and U are
a complex conjugate and a unitary operator, respectively. Next, we assume M-
dimensional multiplet ¥ = (|¢1), [1)2), -+ , [ar)) and U which © operated. Then
the Berry connection Ag calculated form ¥g is led to

Ao = (Ve)TdTe = (TH*(UTU)*(dV)* = (TTa¥)* = A*. (2.24)
Since UTW = Ej; = (d¥T)¥ + ¥Td¥ = 0, then we obtain
TrA* = TrAT = Te(UTd¥)" = Tr(d¥ W) = —TrA. (2.25)

Therefore, Berry phase vg is 79 = —<. If the multiplet ¥ is gapped, and Vg
and ¥ are linked by a gauge transformation w then ¥g can be expressed as Vg =
Yw. In this case, the Berry phase has ambiguities of 2m and quantizes as v =
0,7 (mod 27).

2.3.3 Discretized non-Abelian Berry phase for numerical calculations

In this subsection, we mention about the discretized non-Abelian Berry
phase for numerical calculations. Firstly we discretize a closed loop L(L =
{z(t)|t € [0,1],2(0) = z(1)}) in the parameter space as x, = z(nAt)(n =
{1,2,--- ,Np}At = 1/Nr) where Ny, is a number of this discretization. Here we
define non-Abelian Berry phase in this discretized parameter space as follows:

v = arg det[(W]0,)(UhWg) - (W], ¥y, ). (2.26)

satisfies following equation.

dlog\y Y]
= = Q" 1dQ.

dlogAm, d;‘im

Besides, Tr(w~!dw) can be led to
Tr(w ldw) = Tr(UQU) "YU 1QU)) = Ti(UQ U HdU QU + U~ 1dQU + U~ 1QdUY)
= Tr(Q71dQ) + Te(UdU ~ + U~ tdU).

In this equation, because of U~1U = E,, and dU~'U + U~ 1dU = 0, the second term is
0. Finally we obtain Trw 'dw = TrQ~1dQ = TrdlogQ = dTrlogQ. On the other hand,
because of Tr logQ) = logA1 + logha + - - - = logAn, = log(A1 A2 -+ - Ap) = log detQ) then we
obtain Trw~!'dw = dlog detQ. Since w is a unitary matrix, detw satisfies |detw| = 1. Thus
we assume detw = e*? then —i fL Trwo tdw = —i fL idf = fL df. Furthermore, the Berry
phase can be v = ' 4+ 2mn(n € Z) = +/(mod 27).
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This expression of the Berry phase is obviously invariant under the gauge trans-
formation in the term of previous sections. In the following part, we show that
Eq.(2.26) is identical to v = —i §, Tr¥Td¥ in the continuous limit N — co. 7z
can be rewritten as follows:

v = arg det[(U]Uy)(UhWs) - (T], Uy, )] = Im log det[(T]¥y)(UhWs)--- (T], Ty, )]
= Im log[ det(W]Wy)det(TIWs) - - - det(Th, _, Ty, )]
= Im[log det(¥{W,) + log det(¥]Ws) + - - + log det(¥}, _, Ty, )]. (2.27)

Here we assume At << 1 then, \IJZT\IJZH can be expanded as \I/zr\I!Hl ~ \Ilj(\lll +

AtO)) = Ey + At\I/lTat\Ifl. Generally, W; is not a diagonalizable matrix but a
norm of this matrix satisfies a following equation:

OO, — Enfl| ~ ||Ear + AU 0,9, — Eyrl] = ||AtT]10,9|| = At]|0]8,|| << 1.
(2.28)

Thus we can use the relation log det\IflT\IJlH = Tr 1og\Ilzr\Ill+1 *3_ Besides, the

definition of exponential of matrix A is given by e = E+ A+ (1/2) A%+ (1/3!) A3+
-+, then we obtain

\Ifzr\I/H_l ~ Ey + At\I/;rat\I/l ~ eAt\I}lTat\pl. (2.29)

*3 If a m x nmatrix M is a diagonalizable matrix then log detM = Tr logM obviously
satisfies. However, when M is not a diagonalizable matrix, then we have to consider from
a definition of logM using the Taylor expansion. Definitions of logM and e are given

by logM =3">_, %(M —E)™ and eM =320 | %—T where E is an n X nidentity
matrix. Generally, the infinite series of eM converges, but one of logM does not converge
unless a norm of matrix ||M — E|| satisfies || M — E|| < 1 in other words the eigen values of
M — E are smaller than one. In this case, logM can not be defined. Here we assume that
logM can be defined. Thus we obtain eMg, = ;(;:0 AfnT Az; where \; and z; are
eigen values and vectors of M (i = 1,2,--- ,n), respectively. If U is U = (z1,z2, - ,ZTn),

then we obtain,

m o _
:Ei = e

eM
Az

MU =U , =>eM=U , Ut

An An

(& (&

Moreover,det(e) and M are det(eM) = (detU)e/\l+>‘2+“'+/\n(detU_l) and M =
Udiag(A1 + A2 + -+ + A\p)U L. Therefore, we can get TrM = A1 + Ag + --- + A\, and
deteM = (detU)e/\l+)‘2+"'+>‘”(detU_1):eTrM where we use (detU)(detU ') = 1, respec-
tively. Furthermore, we consider as e M’ and M — logM’, then detM’ = ¢Tr logM’
Taking the logarithim of this equation, we can get

log detM’ = Tr logM’
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Summarizing the above,

= Im[lOg det(qj—{\I}Q) + log det(\:[lg\lj?)) + -+ log det<\1/—]tVL—1\IJNL)]
t
= Im[Tr log AT | Ty o APEOT2 | Ty Jog ANy 1Oy 1)

=Im Y Tr At¥[0,0,. (2.30)
l
In the limit of N;, — oo, the summation of this equation becomes an integral, then

dim ImAlglOZl:Tr At 0,9, Im/dtTr VARV Im}{LTr U9, = Im(iy) = ~.

(2.31)

Moreover, we can also show the quantization of this Berry phase and a Berry phase
Yo calculated from a multiplet ¥g which is operated by an anti-unitary operator
© = KU, is given by as follows:

Yo = arg det[(Th Wen) - (Thy, ,Wen,)] = arg det|(W]0s)" - (W), _, ¥y, )")

= arg det[(V]Ws) - (P}, _, U, )]" = —arg det[(V]W2) - (¥, ¥n,) = —7r.
(2.32)

Because of the ambiguity of argument of 27, the Berry phase ~;, is quantized as
v = 0, m(mod 27).

2.3.4 7, Berry phase and the chiral symmetry

In this subsection, we consider about a relation between the chiral symmetry and
Zo Berry phase.

The chiral symmetry

In a tight-binding model, if we only consider nearest neighbor hopping, then this
hamiltonian possess the chiral symmetry. In this case, we assume that a system
is divided into two sublattices A and B. Then the chiral operator I' is defined as
{H,T} =0, T2 =1, (Teal™! = ¢4, T, D1 = ¢y, Tepl™! = —¢p, Tt =
—cTB) , that is, this means that wave functions at B sublattices is multipled by

—1. Here we consider that a chairal operator I' operates to an eigen value problem
Hy = € from left side as follows:

THT Ty = Ty = HIDY, = — Ty, (2.33)

where 1; and ¢; are eigen function and value of H, respectively, and we use an
anti-commutation relation {H,I'} = 0. Therefore, for a system with the chiral
symmetry, —e; and 'y, are also eigen value and function.
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Particle-hole symmetry

To consider the quantization of non-Abelian Berry phase, we consider the tight-
binding model for a free fermion system and its hamiltonian H is given as H =
— Z<i,j> tijczcj + h.c.. Next we introduce the periodic parameter ¢ for a calcu-
lation of Berry phase as follows:

ij = (2.34)

t (#Lj#J),

where ¢ is real , and I(J) corresponds to a specific site. This parametrization
means that a phase factor e’ is introduced to a specific link of hopping. Addi-
tionally, when parametrized hamiltonian H(¢) possess the chiral symmetry, then
it is possible to prove that H(¢) is anti-unitary invariant by ©p, which is the
operator of particle-hole transformation [43]. ©p is defined as follows

{tew (i=1j=1J)

1 &= {5j+ =i+ ey (V)€ A) (2.35)

- K —

Or = KUp, Or ]131 &— = —ile; —c}) (Vj € B),
where, K is the complex conjugate operator (K2 = 1), A and B indicate two kinds
of sublattices, and N is the number of whole states. Additionally, §; = 5;. Using
the anti-commutation relation, it can be proved that §J2~ =1 *4. Therefore, it leads
to ©% = 1. In order to show that H(¢) is commutative with ©,, we consider the
transformation of creation and annihilation operators c} and c; by Up. To do this,
we consider anti-commutation relations of c;r- and c¢; with §;. These relations can
be obtained as follows:

{(ci+ch).ejt ={cl,c;} =05 (Vie A
{_i(ci - C;'r)vcj} = Z'{CI,CJ'} = 2511 (VZ € B)7
_i(sij (Vl c B)

{€,c;y =&, e} = {

{@%}:&L%%={ (2.36)

*4

& = {(Cj +eD)lej +el) =cjel +efej =1 (¥ € A)

J —(¢j — c;)(cj — c;r) = —(—cjc;. — c;cj =1 (Vj€B)
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Using relations, we can get

(—ei€)&l = —¢; (i # )
Cicjél = (1—;&)¢] = é—g—pzu j, Vi€ A)
(i — c;&)€l = i€l —¢j = —cl (i=34, Vi€ B)
(—cl&)&l = ¢} (i #4)
Gelel =S (1—cleyel =¢f —cl=¢; (i=j, VieA) (2.37)
(i —cj&)el = i) —cf = —¢; (=3, VieB).

Thus, we are led to

Upe;Uj = &1+ Enei€ly - &l = & Envoa(—e)éh -]
= (—1)NVig - 'ijjEJT- gl
{(—l)N‘jil---Sj—lc}£}_1---SI = (~)N-ted (i=j, Vie A)

(—DNIg o (—chel el = (-1)Nel (i =, Vie B)
(2.38)

Similarly,

1 N—-1,.. L . A
U,clUt = {( ) e (i=J vied) (2.39)

(-1)N¢; (i=34, Vie B)

For the chiral symmetric system, its hamiltonian is only consisted of hopping
terms between A and B sublattices. Then hamiltonian can be transformed by U,
as follows:

U,HUS = = Y~ 3,0, UL UL UL = > 45,0, iU U iU

<t,7> <%,j>

_ 2N 1 2N 1 T

= — g Z] czc — E t — c
<%,7>

= — E t,]c]cl E ticic 1 (2.40)
<t,7>

Taking the complex conjugation on this equation, we can calculate ©pHO,, !
follows:

©OpHO, ' = — Z tijcjc] Z tmcjcz = (2.41)

<t,7> <%,7>

Thus, this hamiltonian is invariant against the anti-unitary transformation. When
we apply the particle-hole transformation against the M-particle ground state
|G ar), which is occupied from low energy, then this state is transformed to the
(N — M)-particle unoccupied state |Gy_ps). For the cases of M # N/2, |Gpr)
and |Gy_ps) degenerate. For the case of M = N/2(half-filled), |Gps) does not
degenerate. Moreover, when the excited energy is finite, then the Berry phase
calculated from the chiral symmetric model quantizes as 0 and 7 modulo 2.
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Zo Berry phase in a system with the chiral symmetry
For a hamiltonian H = c¢’h¢’ with the chiral symmetry, h can be written as follows:

O gq
(9 3) o)
where, h is a 2n X 2n matrix, O is a n X n zero matrix, ¢ is an arbitrary matrix, and
dt = (ciu, er42, e 7CT4n7 CEI, e ,c;rgn). Taking a simple form of the chiral operator

I' = diag(I, —I) where I is an n-dimensional identity matrix, h satisfies {h,I'} = 0.
Here, we consider the Berry phase calculated from an N-dimensional multiplet
which is constructed by occupying N states from lower energy. In particular,
using N-dimensional multiplet ¥ = (11,--- ,9y) constructed from normalized
eigen states v¢; of h (hip; = €;90;, ¢, < 0, i = 1,--- | N), the Berry phase 7 is
defined as follows:

@@dwl z@dwz z@dw

d d d

fy:—i/TrA, . @Dz.wl 7vZ)Q‘Q/}Z | (2 .@[JN (2.43)
Yhdy, Wldys - Yldyy

Moreover, ¥ can be expressed using n X n matrices ¢4 and ¢g as ¥ = <zA> / V2.
B
Using this expression, the Schrédinger equation h¥ = UE (€ = diag(ey, - ,€en))

is rewritten as (3 (%) (;ﬁg) = (:ﬁg) E. Therefore, we obtain g4 = Y€ and

¢ = Y 4E. Since the eigen energies of 'y, is —¢;, w;fFv,bi =0, (i,j=1,---,N).
Thus, we can get

w% $F¢q isz e irwN
r r . r
orw = | | T, Ty = | T PR ol
v YTy iTyy - @liTyy
(2.44)

For the expressions of 14 and ¥, we can get
1 I O 1
mezéwL@gQ)_J($D=§me—@mm=o (2.45)
= Yhva =vpvp (246

Because of UTW = [, then we obtain %(Q/JL,Q/JTB) (ZA) = %(wLwA—I—wLQ/JB) =1 =
B

w,tﬂﬁ aA=1, Q/JTBwB = I. To calculate the Berry phase, we use the gauge fixing with
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an arbitrary multiplet ®, and assume ¢ as ¢ = <I> The gauge fixing is making

@)

a new state Uq calculated from a gauge invariant projection operator P = ¥iWw
and ® and ¥4 is calculated from &y = %be / where C'is a normalized coefficient.
Then, we can get,

_ 1 _ L _ L (4a o (1Y 1 1
Vo = EP(I) = 5‘1’ Vo = C <¢B) (¥, ¥p) (O) =5 (¢B¢L-) (2.47)

Since T4 = Y&, then we can get Q/JB’QZJL = Q/Jng_l’QZJL = qT@ZJAS_li/)L. Moreover
a normalized constant C? is given by C? = |(®TP)P®|, then we obtain,

cr =30y (54) whovn) (5] = 5= 3 (2.19)

Therefore, we can get

1 I 1 I 1 (I
Yo =50 (waL) G (qw—lwz) = ( * ) - 249

where g = leg_l’tbL- Using Wg, we can calculate the Berry phase. Firstly,
O 1
where ¢ is defined as &€ = ¢fg. Moreover we can get, &7 = ¢'g9Tq = qtggq =
¢ L YAE T g = qTvaE T ET g = (pE)ETIET(EYY) = vpvl = 1
where we use the relations g7 = (wAE_ll/JL)T = ’tﬂAg_le =g, and ¢'Ya4 = V¥p.
Therefore, we obtain £ = £ and A is A = %5_1615. Since ¢ is a unitary ma-
trix and can be diagonalized. Generally, a diagonalizable matrix satisfies Tréd¢ =
Trdlogé = dlog det &. Thus the Berry phase calculated as

v = —i/TrA = —% /dlog det & = —%/dlog det ¢g

1

=3 /d{Re(log det ¢'g) 4 iIm(log det ¢'g)}. (2.50)

the Berry connection A is given as A = \IIdelIlcp = 3(1,¢h) (

In addition, the Berry phase is quantized and real number when a multiplet ¥
is gapped. Then Re(log det ¢Tg) in Eq.2.50, has to be 0. Moreover detg =
det(14[E~1pT) = detyp 4det€~ detep!; = (det€)~' € R, then we obtain

1 1
v = 3 /dIm(log det qT + log det g) = _§arg detq (2.51)
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Energy spectra of silicene and
graphene ribbons

3.1 Comparison of silicene ribbons with graphene ribbons

We now show the numerical results of energy spectra of graphene and silicene
ribbons without hydrogen terminations or terminated by single hydrogen atom at
both edges. In Fig.3.1(a), we show an energy spectrum of a graphene ribbon with-
out a hydrogen termination as function of a wave number k. There are two types
of the in-gap states (i) and (ii) in this figure, and these in-gap states are doubly
degenerated. Here we denote these degenerated states by Y. > . ¢ (k,x;) and
S S0 b2 (k, x;), where a and x; denote orbitals of an electron and z-coordinates
of silicon atoms in the unit cell, respectively. Fig.3.2(a) and (b) show numerical
values of coefficients of averaged in-gap states of graphene ribbons as a function of
x-coordinates of carbon atoms in the unit cell, respectively. These averaged in-gap
states (i) and (ii) are summed up in a ranges of k = +5(1—n/Ly) for Ly = 400 and
n =0, 1,---,24,25 and a ranges of k = F(n/Ls) for n = —25,-24,---,24,25,
respectively. In these figures, we assume a position of a carbon atom at the left
edge as the origin of the graph [Fig.2.1(b)]. In Fig.3.1(a), the in-gap states (i) are
identical to a result of a single orbital tight-binding model, which is only taken
into account m-electrons [31], and as a corollary to this result, coefficients of a wave
function of this in-gap state have only p. components at edge sites [Fig.3.2(a)],
which are vertical to the plane. On the other hand, in-gap states (ii) are revealed
by taking into account a multi-orbital tight-binding model, and these components
of wave function of in-gap states have only s, p, and p, components [Fig.3.2(b)].
In the case of an sp? hybridized orbital (graphene), these results of components of
the wave function of in-gap states are trivial because of the orthogonality between
the ¢ and 7 orbitals. In an experimental situation, a zigzag graphene ribbon is
terminated by single hydrogen atom, since interactions of ¢ bonds are relatively
larger than that of m bonds. Therefore an energy spectrum like Fig.3.1(b), is
emerged.

Fig.3.1(c) and (d) show energy spectra of silicene ribbons without hydrogen
termination and terminated by single hydrogen atom at both edges, respectively.

41
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In these figures, there are six kinds of in-gap states (iii)-(viii), and they are doubly
degenerated. In Fig.3.3(a), (b) and (c), we show coefficients of wave functions
of in-gap states (iii), (iv) and (vii) for silicene ribbons. Similarly for the cases
of graphene ribbons, we plot these figures as function of z-coordinates of the
positions of silicon atoms, and averaged in-gap states (iii) and (vii) are summed
up in a ranges of k = £5 (1 —n/Lsy) for Ly = 400 and n =0, 1,---,24,25. On the
other hand the averaged in-gap states is also summed up a ranges of k = 5 (n/Ls)
for n = —25,—-24,--- 24 25, respectively. In Fig3.3(a), at sites of left and right
edges, coefficients of s and p, orbitals are relatively large than p, and p. ones.
On the other hand at inner sites adjacent to the edge sites, coefficients of the
py orbital are relatively large. Thus, components which are parallel to the plane
near the edges, contribute mainly to these in-gap states. Furthermore, the in-gap
states (iv) are emerged in a region which is different from that of in-gap states
(iii) [Fig.3.1(c)]. The in-gap states (iv) consist mainly of p, orbitals at the edge
sites, and p, orbitals at inner sites adjacent to the edge sites. Additionally, it
is found that these in-gap states of a silicene ribbon are different from one of a
graphene ribbon in the coefficients of wave functions. These results are caused
by a buckled structure. Moreover for an energy spectra of a hydrogen terminated
silicene ribbon [Fig.3.1(d)], we obtain in-gap states (vii) like the in-gap states (i)
of a graphene ribbon [Fig.3.1(a)]. Besides in the wave function of the in-gap states
(vii), the coefficients of the p, orbitals at the edge sites are large like the case of
the in-gap states (i) of the graphene ribbon [Fig.3.3(c)].

In higher energy regions above the Fermi energy, we also obtain in-gap states (v),
(vi) and (viii) in energy spectra of 0H/OH and 1H/1H silicene ribbons[Fig.3.1(c)
and (d)]. These in-gap states are doubly degenerate and its localization lengths are
larger than that of near the Fermi level due to the band gap narrowing. Compo-
nents of the wave functions of the in-gap state (v) as function of the z-coordinates
of silicon sites, are shown in Fig.3.4(a). In this figure, p, and p, orbitals are
dominant at silicon sites on the both edges. Additionally, s orbitals are dominant
at inner sites adjacent to the edge sites. Similarly, Fig.3.4(b) shows components
of the wave functions of the in-gap state (vi) as function of the z-coordinates of
silicon sites. At the sites on the edges p, orbitals are dominant, on the other
hand at the silicon sites around z = 4 and x = 114 p, and s orbitals contribute
mainly. Furthermore, Figure.3.4(c) shows of components of edge states (viii). In
this figure, p, orbitals at the silicon sites on the edge mainly contribute.

3.2 Several edge terminations at left and right edges

In the previous subsection, we discuss a comparison between graphene and silicene
ribbons without or with a hydrogen termination. Here, we discuss influences of
several types of edge terminations at each left and right edges, and consider eight
kinds of edge geometries, which are expressed as Figs.2.2(b), (d)-(f), and Fig.2.3.
In Fig.3.5(a), we show an energy spectrum of a silicene ribbon whose left and right
edges are terminated by two hydrogen atoms [Fig.2.2(f)]. In this figure, there are
doubly degenerate in-gap states which like one of graphene ribbon with the Klein
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Fig. 3.1 Energy spectra of zigzag graphene and silicene ribbons as a function
of a wave number k. (a), (b) : Energy spectra of graphene ribbons without
or with a hydrogen termination at each edges. i and ii indicate two in-gap
states. (c), (d) : Energy spectra of silicene ribbons without or with a hydrogen
termination at each edges. As well as the case of graphene ribbons, (iii) — (viii)
indicate two in-gap states.

edges [32, 33|, and we name these states in-gap states (ix). Moreover in Fig.3.6(a),
we show coefficients of wave function of an averaged in-gap states (ix). As well as
previous subsection, these averaged in-gap states (ix) are summed up in the ranges
of k = 5(n/Ly) for Ly = 400 and n = —25,—-24,---,24,25. From the result of
Fig.3.6(a), these wave functions are constructed mainly by p. orbitals at inner
sites adjacent to edge sites in Fig.2.1(b). Therefore, it can be interpreted that the
Klein edge of a graphene ribbon, is effectively realized due to a termination by
two hydrogen atoms.

In Fig.3.5(b), we show an energy spectrum of a silicene ribbon whose left edge
is terminated by two hydrogen atoms and right edge is terminated by a hydro-
gen atom [Fig.2.2(e)]. In this figure, there are non-degenerate in-gap states, and
we call these states in-gap states (x) < (|¢1(k)|* + |p2(k)|*)/2 >. Moreover in
Fig.3.6(b), we show coefficients of wave function of an averaged in-gap states (v)
which resemble a flat-band in a graphene ribbon whose left edge is the zigzag edge
and right edge is the Klein edge, and these averaged in-gap states (x) are summed
up in the ranges of k = 5 (n/Ls) for Ly = 400 and n = —400, —399, - - - , 399, 400.
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Fig. 3.2 Coefficients of edge states of a graphene ribbon without hydrogen
termination. x-axis corresponds to the xz-coordinates of silicon sites. (a): For
the case of in-gap state (i) in Fig.3.1(a). (b): For the case of in-gap state (ii)
in Fig.3.1(a).

From the result of Fig.3.6(b), these wave functions are constructed mainly by
p., orbitals at inner site adjacent to the left edge site and the right edge site in
Fig.2.1(b). Therefore, it can be interpreted that the Klein and the graphene edges
are effectively realized due to hydrogen terminations. Additionally, we consider
silicene ribbons whose left edges are terminated by one or two hydrogen atoms and
a right edge is no termination. Fig.3.5(c) shows an energy spectrum of a silicene
ribbon whose left edges are terminated by a hydrogen atom and a right edge has
no termination[Fig.2.2(b)]. In this figure, we obtain an energy spectrum like an
intermediate spectrum between Fig.3.1(c) and (d). On the other hand, Fig.3.5(d)
shows an energy spectrum of a silicene ribbon whose left edges are terminated by
two hydrogen atoms and a right edge has no termination[Fig.2.2(d)]. In this figure,
we obtain an energy spectrum like an intermediate spectrum between Fig.3.1(c)
and Fig.3.5(a). These intermediate energy spectra result from assuming width of
ribbons enough to consider that interactions between both edges are negligible.

Next we show the energy spectra of 1H’/OH, 1H’/1H, 1H’/1H’ and 2H/1H’ sil-
icene ribbons[Fig.2.3]. Figure.3.7(c) shows an energy spectrum of 1H’/1H’ silicene
ribbons and we obtain three kinds of in-gap states (xi), (xii) and (xiii). Similar
to the above, the localization lengths of wave functions of these in-gap states in
the higher energy region are larger than that of the wave functions near the Fermi
level[Fig.3.8]. Fig.3.8(a) shows components of the wave function of in-gap states
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Fig. 3.3 Coefficients of edge states of silicene ribbons with or without hydro-
gen termination. (a): For the case of in-gap state (iii) in Fig.3.1(c). (b): For
the case of in-gap state (iv) in Fig.3.1(c). (c): For the case of in-gap state
(vii) in Fig.3.1(d).

(xi) as function of x-coordinates of silicon atoms. As shown in this figure, four
orbitals at edge sites almost equivalently contribute to these in-gap states. Addi-
tionally, s and p, orbitals at inner sites from edge sites also contribute to these
edge states. Besides, Fig.3.8(b) shows components of the wave function of in-gap
states (xii) in the same manner as Fig.3.8(a). Although, as shown in Fig.3.7(c)
and 3.5(a), these in-gap states are similar to the edge states (ix) for the 2H/2H
silicene ribbon, s orbitals at neighbor sites from edge sites mainly contribute to
these in-gap states. Moreover, we show components of the wave function of in-gap
states (xiii) in Fig.3.8. As shown in this figure, s orbitals at inner sites around
x = 3.5 and = = 74.75 contribute mainly and contributions of p, orbitals around
x =0~ 6.75 and x = 71.5 ~ 78 can not be negligible. As shown in Figs.3.7(a),
(b), and (d), we obtain intermediate energy spectra between the 1H’/1H’ silicene
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Fig. 3.4 Coefficients of edge states of silicene ribbons with or without hydro-
gen termination in the higher energy region. (a): For the case of in-gap state
(v) in Fig.3.1(c). (b): For the case of in-gap state (vi) in Fig.3.1(c). (c): For

the case of in-gap state (viii) in Fig.3.1(d).

ribbon and other hydrogen terminated silicene ribbons. Thus, we find that in-gap
states can be partially controlled by hydrogen terminations.
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Fig. 3.5 Energy spectra of silicene ribbons as a function of a wave number &
with 2H/2H(a), 2H/1H(b), 1H/0H(c) 2H/0H(d) edge terminations. (ix) and

(x) indicate two in-gap states.
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Fig. 3.7 Energy spectra of silicene ribbons as a function of a wave number k
with 1H’/0H(a), 1H’/1H(b), 1H’/1H’(c) 2H/1H’(d) edge terminations.
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Fig. 3.8 Coeflicients of edge states of silicene ribbons with or without hydro-
gen termination. (a): For the case of in-gap state (xi) in Fig.3.7(c). (b): For
the case of in-gap state (xii) in Fig.3.7(c). (c): For the case of in-gap state
(xiii) in Fig.3.7(c).



Chapter 4

Physical origin of edge states

4.1 Physical origin of edge states in hydrogen terminated

zigzag silicene ribbons

In this section, we discuss the physical origin of edge states which are obtained in
the previous sections. To do this, we consider a continuous deformation of on-site
energies €5, €, and ey in the model, from realistic parameters which are e, =
—14.69¢eV, €, = —8.08eV and eg = —13.55eV to a chiral symmetric parameters
which are €, = €, = eg = —14.69eV. Firstly, we explain the reason why the model
is chiral symmetric for parameters which are €, = €, = ey = —14.69¢V. After
that, we show numerical results of energy spectra of silicene ribbons with several
types of hydrogen terminations.

4.1.1 Transformation of a hamiltonian of on-site energies from realistic
to chiral symmetric models

To discuss the continuous deformation of the models, we consider a change of
bases of hamiltonian from {s, py, p,,p.} to {|1),]2),]3),[4)}, where |1) is a hybrid
orbital direct to the direction which is perpendicular to the plane of silicene, |2),
|3), and |4) are also the hybrid orbitals direct to the directions which are parallel
to the Si-Si bonds of silicene[Fig.4.1]. Here, we assume states of these orbitals
for B sublattice. Hybrid orbitals [i) (i = 1,2,3,4) can be expressed as |i) =
cs|s) + c¢Flpe) + ¢ |py) + ¢f|p.) using wavefunctions of s, p,, p,, and p, orbitals.
Using these expressions, a hamiltonian Hop—site (Hon—site = diag(€s, €y, €p, €p)) of
a single atom can be transformed as follows;

€s + (€5 — ep)’CfP (€5 — ep)cfcg* (€5 — ep)cfcg* (€5 — ep)cfcfl*
H o (€s — €p)cses™ €s + (€5 — ep)|cg|2 (€5 — €p)cses” (€s — €p)csey”
onsite = (€s — ep)cgc‘f* (€s — ep)cgcg* €5+ (€5 — 6p)|C§|2 (€s — ep)cgci*
(es — €p)cici” (€s — €p)cics” (€s —€p)cics” €+ (€5 — )|
(4.1)

For €5 # €,, this hamiltonian is not diagonal matrix and does not possess chiral
symmetry. However, if €, = ¢€,, this hamiltonian possess chiral symmetry then
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Fig. 4.1 Schematic description of hybrid orbitals of A(Figure.(a)) and
B(Figure.(b)) sublattices. Red and blue ellipsoids mean hybrid orbitals. Up-
per(bottom) figure shows top(side) view of four orbitals.

discussions of flat bands due to the chiral symmetry are available similar to the case
of graphene. This consideration is also applied to cases of hydrogen terminated
silicene ribbons.

4.1.2 Continuous deformation of on-site energies from realistic to chiral
symmetric models

Here, we show numerical results of energy spectra of several systems for applying
continuous deformation of on-site energies to the models from realistic to chiral
symmetric models. To consider continuous deformations of on-site energies for
hydrogen terminated silicene ribbons, we introduce a parameter (0 < a < 1)
which changes on-site energies ¢, and ey as follows €, = ae, + (1 — a)es and
¢y = aeg + (1 — a)es. When oo = 1, these on-site energies correspond to realistic
ones. On the other hand when o = 0, this model corresponds to a chiral symmetric

model.

Bulk silicene

Firstly, we consider numerical results of energy spectra of bulk silicene deforming
on-site energies. Fig.4.2 shows energy spectra for several cases of an on-site energy
difference between s and p orbitals. In this figure, for the case whose an on-site
energy differences is €, — €, = —6.61eV which correspond to realistic silicene, the
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Fig. 4.2 Energy spectra of bulk silicene with several variations of on-site energies.

behaviors of energy bands are consistent with energy bands calculated by DFT
calculations [1, 23, 2] in points of view of a linear dispersion near the Fermi level
and a shape of energy bands in a region of low-energy. As deforming energy
differences between on-site energies, energy bands in low energy region below the
Fermi level change significantly and shift to higher energy regions. On the other
hand, in the higher energy region above the Fermi level, the width of these energy
bands narrow as deforming the energy differences. For a = 0 that the model has
the chiral symmetry, the shape of energy bands are symmetric up and down with
respect to the Fermi level (E = 0).
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Fig. 4.3 Energy spectra of a OH/0H zigzag silicene ribbon with several vari-
ations of on-site energies.

OH/OH silicene ribbon

Next, we show energy spectra of a OH/OH zigzag silicene ribbons with several
on-site energies[Fig.4.3]. For o = 1, as mentioned Sec.3.1, we obtain two types
of edge states near the Fermi level. As deforming energy differences, edge states
in the region of a wave number space —27/3 < k < 27/3 come close to the
Fermi level. On the other hand, edge states in the regions of a wave number
space —m < k < —27/3 and 27/3 < k < 7 around E ~ —2eV also come close
to the Fermi level. Furthermore, other edge states, which are indistinguishable
from energy bands of bulk around E ~ 2eV for a = 1 in the regions of a wave
number space —m < k < —27/3 and 27/3 < k < 7, come down to the Fermi
level and doubly degenerate. Eventually for o« = 0, these edge states degenerate
at the Fermi level. In the regions of a wave number space —m < k < —27/3 and
2w /3 < k < m, edge states fourfold degenerate. Besides, in the region of a wave
number space —27/3 < k < 27/3, edge states doubly degenerate.
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Fig. 4.4 FEnergy spectra of 1H/1H silicene ribbon with several variations of
on-site energies.

1H/1H silicene ribbon

Fig.4.4 shows energy spectra of a 1H/1H zigzag silicene ribbon. As deforming
energy differences, edge states in the regions of a wave number space —7 < k <
—27/3 and 27/3 < k < m, which similar to that of zigzag graphene ribbon are
stable. This results indicated that edge states for the realistic 1H/1H silicene
ribbon are adiabatically connected to the edge states for the chiral symmetric
1H/1H ribbon. On the other hand, in-gap states that emerge around E ~ 4eV
in the regions of a wave number space —7 < k < —27/3 and 27/3 < k < 7 for
a = 1, become indistinguishable from energy bands of bulk as deforming energy
differences.
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Fig. 4.5 Energy spectra of 2H/2H silicene ribbon with several variations of
on-site energies.

2H/2H silicene ribbon

Fig.4.5 shows energy spectra of a 2H/2H zigzag silicene ribbon. Similar to the case
of 1H/1H silicene ribbon, edge states in the region of a wave number space —27 /3 <
k < 2w /3 are stable against deforming differences between on-site energies. Thus,
these edge states are also adiabatically connected to the edge states of the chiral
symmetric model. Moreover, for a = 0, these energies of edge states are zero
rigorously.

1H/0H silicene ribbon

Fig.4.6 shows energy spectra of a 1H/0H zigzag silicene ribbon. As deforming
difference between on-site energies from @ = 1 to o = 0, flat bands at the Fermi
level are stable. In addition, energy bands of edge states around E ~ —2eV and
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Fig. 4.6 Energy spectra of 1H/0H silicene ribbon with several variations of
on-site energies.

E ~ 2¢eV in the regions of k-space —m < k < —2x/3 and 27 /3 < k < 7, come close
to the Fermi level. Simultaneously, energy bands of edge states in the regions of k-
space —27/3 < k < 27 /3 also come close to the Fermi level. For a = 0, these edge
states threefold degenerate in the regions of —m < k < —27/3 and 27/3 <k < m,
and non-degenerate in the regions of —27/3 < k < 27/3.

2H/1H silicene ribbon

Fig.4.7 shows energy spectra of a 2H/1H zigzag silicene ribbon. An energy band
at the Fermi level is stable against the continuous deformation of a and non-
degenerate. For a # 0, this energy band is slightly dispersive, by contrast for
a = 0 an energy of this band is rigorously at the Fermi level (E = 0). In the after
section, we show that this edge states originates from the chiral symmerty.
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Fig. 4.7 Energy spectra of 2H/1H silicene ribbon with several variations of
on-site energies.

2H/0H silicene ribbon

Fig.4.8 shows energy spectra of a 2H/0H zigzag silicene ribbon. As deforming
difference between on-site energies from a = 1 to a = 0, flat bands in the region
of of k-space —27/3 < k < 27/3 at the Fermi level are stable. In addition,
energy bands of edge states around E ~ —2eV and E ~ 2eV in the regions of
k-space —m < k < —27/3 and 27/3 < k < m, come close to the Fermi level.
Simultaneously, energy bands of edge states in the region of k-space —27/3 < k <
27/3 also come close to the Fermi level. For a = 0, these edge states twofold
degenerate in the whole region of k-space,
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Fig. 4.8 Energy spectra of 2H/0H silicene ribbon with several variations of
on-site energies.

1H'/OH silicene ribbon

Fig.4.9 shows energy spectra of a 1H’/OH zigzag silicene ribbon. As deforming
difference between on-site energies from o = 1 to a = 0, flat bands in the region
of of k-space —27/3 < k < 27 /3 at the Fermi level is shifted to the high energy
region. In addition, energy bands of edge states around F ~ —2eV and E ~ 2eV
in the regions of k-space —m < k < —2x/3 and 27/3 < k < 7, comes close to the
Fermi level. Simultaneously, energy bands of edge states in the region of k-space
—27/3 < k < 27 /3 also come close to the Fermi level. For a = 0, the edge state
in the region of k-space —27/3 < k < 27 /3 non-degenerate, by contrast the edge
states in the regions of — < k < —27/3 and 27/3 < k < 7 threefold degenerate.
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Fig. 4.9 Energy spectra of 1H’/OH silicene ribbon with several variations of
on-site energies.

1H'/1H silicene ribbon

Fig.4.10 shows energy spectra of a 1H’/1H zigzag silicene ribbon. As deforming
difference between on-site energies from o = 1 to @ = 0, flat bands in the region
of k-space —27/3 < k < 27/3 at the Fermi level is shifted to the high energy
region, on the other hand flat bands in the regions of —7m < k < —27/3 and
—27/3 < k < 7 are stable. In addition, an energy band of an edge state around
E ~ —2¢eV in the regions of —m < k < —27/3 and 27/3 < k < 7, comes close to
the Fermi level. For a = 0, the edge states in the regions of —7 < k < —27/3 and
27 /3 < k < 7 twofold degenerate.

1H'/1H’ silicene ribbon
Fig.4.11 shows energy spectra of a 1H’/1H’ zigzag silicene ribbon. As deforming
difference between on-site energies from a = 1 to a = 0, flat bands in the region
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a=1 =04

Fig. 4.10 Energy spectra of 1H’/1H silicene ribbon with several variations of
on-site energies.

of k-space —27/3 < k < 27/3 at the Fermi level is shifted to the high energy
region. In addition, energy bands of edge states around E' ~ —1eV in the regions
of —m <k < —27/3 and 27/3 < k < 7, come close to the Fermi level. For a = 0,
the edge states in the regions of —7 < k < —27/3 and 27/3 < k < 7 twofold
degenerate.

2H/1H’ silicene ribbon

Fig.4.12 shows energy spectra of a 2H/1H’ zigzag silicene ribbon. As deforming
difference between on-site energies from a = 1 to a = 0, one of doubly degenerated
flat bands in the region of k-space —27/3 < k < 27/3 at the Fermi level is shifted to
the high energy region. In addition, energy bands of edge states around £ ~ —1eV
in the regions of —7m < k < —27/3 and 27/3 < k < 7, come close to the Fermi
level. For a = 0, the flat band edge state in the whole region of k-space emerges
and non-degenerate.
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Fig. 4.11 Energy spectra of 1H’/1H’ silicene ribbon with several variations
of on-site energies.

4.2 Discussion of flat bands in hydrogen terminated

silicene ribbons

4.2.1 zero energy flat bands in the chiral symmetric models

Before the consideration of edge states of hydrogen terminated silicene ribbons, we
review the zero energy flat bands protected the chiral symmetry following Hatsugai
et. al.’s discussion[48]. To do this, we consider the eigen value problem of the
chiral symmetric hamiltonian 7. This hamiltonian can be written H = c¢!He
where ¢! = (cLl, er42, e ,c;M, cgl,cEQ, e ,cTBN), cgi(cgj) is a creation operator

at the i(j)-th site in A(B) sublattice and H is (M + N) x (M + N) matrix. H is
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Fig. 4.12 Energy spectra of 2H/1H’ silicene ribbon with several variations of
on-site energies.

given as follows:

H = (%‘f £V> , (4.2)

where D is M x N matrix and Op; and On are M x M and N x N matrices. This
H satisfies the anti commutation relation {H,I'} = 0, where I' = diag({y, —In).
Here, we assume that M > N, and consider eigenvalue problem of this H as
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follows:
HU = \U
=
det|\] — H| = det ‘iIDMT A_IZ’ =0
=
det A _D‘ =det Alm —D ‘
—Dt My ~Dt+ DIy, My —DID/A
— det ‘ PVY; -D ‘
Onxy My — DID/X
= A\M=Ndet|\2Iy — DTD]. (4.3)

Thus, the minimum number of zero energies is obtained from M — N. In this
case, the amplitude of wave functions of this zero energy only has A sublattices.
Furthermore, zero energy flat bands that emerge in the whole region in k-space,
originate from these wave functions. This discussion is also applicable for multi
orbital treatment[Fig.4.13(a)].

Based on these discussions, we consider the hydrogen terminated silicene rib-
bons. Figs.4.13(b) and (c¢) show hydrogen terminated silicene ribbons whose
atomic sites are distinguished between A and B sublattices. The number of orbitals
belonging to A(B) sublattice, N4(p), can be given as Nyp) = 4N§‘;B) + NfI(B)
where N Q(B) is the number of silicon sites of A(B) sublattice, 4 means four orbitals

of a silicon atom, and NS(B) is the number of hydrogen sites of A(B) sublattice.
For [Ng4 — Np| = 1 as described in Fig.4.13(b), edge states near the Fermi level
that have pretty well flat bands in the whole region of k-space, energy bands are
continuously connected to the flat bands originated from the chiral symmetry.
As the numerical result of edge states (x)[Fig.3.6(b)], an edge state at one side
edge does not influence one at another side edge. Thus, for the discussion of edge
states, edge states at each edges can be consider separately. Consequently, for
INa — Np| = 0 as described Fig.4.13(c), edge states also continuously connected
to the flat bands in the chiral symmetric models. However, for the edge state
without hydrogen terminations, this consideration is inapplicable, because an en-
ergy band of this edge state changes shape significantly as continuous deforming
of difference between on-site energies. Nevertheless, the edge states of the 0H/0H
silicene ribbon is continuously connected to that of the chiral symmetric silicene
ribbon. Therefore, in the next section we will consider this edge state in terms of
topological aspects using the Berry phase.

4.3 Non-Abelian Berry phase in silicene

In the previous section, we have showed that edge states of silicene ribbons with
several hydrogen terminations can be continuously connected to zero energy edge
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Fig. 4.13 (a) Schematic illustration of silicene distinguished A and B sub-
lattice. Red ellipses and blue circles indicate the hybidized orbitals directed
to the another sublattices and normal to the plane of silicene, respectively.
Schematic illustration of 2H/1H(b) and 1H/1H(c) hydrogen terminated sil-
icene ribbons distinguished A and B sublattice.

states due to the chiral symmetry. However, the physical origin of edge states of
a OH/OH silicene ribbon is unclear yet. Here, we discuss edge states of a silicene
ribbons without hydrogen termination in the point of view of topological aspects
using the Berry phase that is calculated from energy eigen states in the wave
number space.

4.3.1 Definition of the Berry phase for numerical calculation

To calculate Berry phase numerically, firstly we define the Berry phase (k) in the
wave number space as y(k) = —i 561:1 TrA(ky, k) where k corresponds to the wave
number calculated from the translation vector €5 Fig.2.1(b)]. A(kq,k) is given as
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follows
Wl (k1 k)dib (ki, k) bl (K, k)dib (ke k) Wl (K1, k)dn (i, k)
(K, k)dy (ki k) b (K, k)dia (ke k) Ua(k1, k)dn (K1, k)
Ak, k) = , . _ . :
W (kyy k)dapy (k1 k)l (e, k)dibo(Rr, k) -+ ol (ky, k)dipn (ka,y k)
(4.4)

where v;(k1,k) are energy eigen states of the Fourier transformed hamiltonian
H(kq, k) with eigen energy €;,(i = 1,--- ,N = 4,5,--- ,8). Furthermore, we assume
that €7 < €9 < - < eny—y4 < €5 < -+ < €g for the definition of the Berry phase.
When eny—4 = €5, the Berry phase is undefined. For the numerical calculation,
we discretize the wave number k; as k; = ?\,i;(NB =40,j = —Np/2,—Np/2 +
1,--- ,Np/2—1). According to Eq.2.26, the Berry phase (k) is written as follows:

2n(=Np/2) 0 27(=Np/2+1)

3(8) = arg derl (@1 CTETPLE) g T2
y (\IIT(QW(_]\;\?/2+1),k)\11(27r(_]\][\?/2+2),k))
B B
i 2m(J) 2n(j+1) gt 2r(Np/2 1) 27(—Np/2)
@ R e P ) o (EBE D, g 2SR
(4.5)
where (\I/T(zjf]g) , k)@(%}jl), k)) is written as follows:
2m(y 2m(5 +1
o (2 e ) -
Pl (QW(J) k)d¢1(27r(7+1),k) ¢1 27f( k) dabs (2”](\][""1),]{:) ¢J1f(2]7:f(i)7k:)d¢ (27r(3+1) k)
¥y (2”5) k)dwl(%““) k) (2”; k)dip (2”53;” k) - ¢$(2§§),k)dw (2”](3;1) k)
DL (BD B (2D 5 9l (BL, s (ZED ) -l (B, R (2D
(4.6)

4.3.2 Numerical results of the Berry phase

Fig.4.14 shows the numerical results of the Berry phase. In these figures, Berry
phase changed around k£ = _§” and k = —” reflecting energy gap closing for bulk.
For k = _72” and k = 2” , the Berry phase is undefined because of a degeneracy.
As mentioned in Sec.2. 3 the Berry phase quantizes as 0 or m modulo 27 for the
chiral symmetric silicene. For a = 0 that corresponds to the chiral symmetric
silicene, the Berry phase is 7 in —<F < k < 2” , on the other hand the Berry phase
is0in —w < k < ——” and 2?” < k < . As continuous deforming of difference
between on-site energles Berry phases are stable in each regions of m and 0. Thus
this result means that edge states of O0H/0H silicene ribbon exist in the region of
—E k<2
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Fig. 4.14 Numerical calculation results of Berry phase as deforming on-site
energies from a realistic silicene ribbon to a chiral symmetric silicene ribbons
as function of k. Berry phases are normalized by .
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Conclusion

In this thesis, we have investigated edge states in hydrogen terminated zigzag
silicene ribbons as a Dirac fermion system and its physical origin via a multi orbital
tight binding model on a honeycomb lattice. To do this, we have numerically
calculated energy spectra of zigzag silicene ribbons with several types of hydrogen
terminations and the Berry phase. In such cases, we have also took into account
the continuous deformation of on-site energies of s and p orbitals that means to a
continuous deformation from realistic models of silicene to chiral symmetric models
of silicene.

Firstly, we have compare energy spectra of 0H/OH and 1H/1H zigzag silicene
ribbons to zigzag graphene ribbons with or without hydrogen terminations. In
the energy spectrum of zigzag graphene ribbons with hydrogen termination, we
have obtained energy spectrum near the Fermi level consistent with one calculated
from single orbital tight binding model. Besides, for the case of silicene ribbon,
we have obtained an energy spectrum similar to ones of a zigzag graphene ribbon
with hydrogen termination near the Fermi level. Additionally, we found that
main components of the wave functions of these edge states of silicene are pyz
components at the edges similar to the edge states of zigzag graphene ribbons. On
the other hand, in the numerical result of energy spectra of zigzag graphene ribbons
without hydrogen termination, edge states originated from ¢ orbitals as dangling
bonds emerge near the Fermi level. These edge states have been also obtained
by DFT calculations. In a silicene ribbon without a hydrogen termination, we
find new edge states different from one of a graphene ribbon. If an ideal zigzag
silicene ribbon without hydrogen termination can be synthesized experimentally,
then these edge states may be observed.

Next, we have investigated effects of hydrogen terminations to edge states of
zigzag silicene ribbons through the consideration of several types of hydrogen
terminations. For the energy spectrum of silicene ribbon with 2H/2H hydrogen
termination, we have obtained that edge states in the region of wave number
—2m/3 < k < 27/3 like ones of a graphene ribbon with the Klien edge and wave
functions of edge states localize at the inner sites from edge sites. This results
imply that the Klein edge fictitiously realized at both edges due to a termination
of two dangling bonds at both edge sites. In addition, for the energy spectrum of
silicene ribbon with 2H/1H hydrogen termination, we have obtained an edge state

67
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consistent with one calculated by DFT calculation. This edge state is pretty well
flat band and emerges in the whole region of wave number.

In order to clarify physical origin of edge states obtained from energy spectra, we
have investigated behaviors of energy spectra of silicene ribbons with several types
of termination as deforming on-site energies of s and p orbitals and have found that
flat bands emerging in energy spectra in realistic models of hydrogen terminated
silicene ribbons, is continuously connected to flat bands of hydrogen terminated
silicene ribbons with chiral symmetry. However, for a silicene ribbon without
hydrogen termination near the Fermi level, its edge states cannot be interpreted
based on the chiral symmetry.

Thus, we have changed one’s perception of edge states and focused on the topo-
logical aspects of edge states in terms of bulk properties. To do this, we have
calculated the Berry phase that called the Zak phase numerically, which calcu-
lated from eigen energy states in the wave number space. As deforming difference
of on-site energies between s and p orbitals, Berry phase stably quantized as 0
or m modulo 27. For the chiral symmetric model, Berry phase quantized ana-
lytically reflecting degeneracy of zero-energy edge states. In the region of wave
number —27/3 < k < 27 /3, Berry phase is 7, on the other hand in the regions of
—m < k < —27/3 and 27/3 < k < m, Berry phase is 0. Similar to the case of the
chiral symmetric silicene, for the realistic silicene, numerical results of Berry phase
are 0 in the regions of —7 < k < —27/3 and 27/3 < k < 7, and are 7 in the region
of the wave number —27/3 < k < 27/3. This means that edge states of a 0H/0H
zigzag silicene ribbon exist in the region of wave number —27/3 < k < 27/3 and
the Berry phase is quantized due to the other symmetry different from the chiral
symimetry.

In conclusion, we would like to emphasizes the possibility of realization of exotic
edge states in silicene due to the buckled structures and considerations of several
types of edge termination.
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