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Chapter 1

Introduction

1.1 From Graphene to Graphene Nanoribbon

From the discovery of fullerene (1985),! carbon nanotube (1991),% and graphene (2004),
many researchers have extensively studied the physical properties of such nanocarbon mate-
rials and revealed their interesting characters. Fullerenes are a large class of carbon molecules
having a hollow closed structure. A well-known example is Buckminsterfulerene Cgy, named
after Richard Buckminster Fuller. Its structure resembles a soccer ball consisting of twenty
hexagons and twelve pentagons. Cylindrical fullerenes are called carbon nanotubes (CNTs).
A single-walled CNT is equivalent to a honeycomb lattice of carbon atoms rolled up into a
cylinder. Carbon atoms arranged into a planar honeycomb lattice is called graphene, which
is just equivalent to a monolayer of graphite with only one atom thick. It had been believed
that the structure of this ultrathin material is unstable in a free standing state because of
its ideal thickness. In 2004, Novoselov and Geim, however, succeeded to separate monolayer
graphene in an ideal manner from highly-oriented pyrolytic graphite (HOPG). Their achieve-
ment leads to rapid advances in fundamental physics and practical applications of graphene
with a dramatic impact on nanomaterials research. They were awarded Nobel prize in physics
in 2010. This marvelous achievement was performed in an astonishingly simple way.>* They
separated graphite flakes from HOPG using a scotch tape, and put them onto the surface
of a SiOy wafer. They carefully observed the wafer using an atomic force microscope, and
found a monolayer graphene among a variety of multilayer graphenes. That is, graphene can
be exfoliated from graphite. No one notices this simple fact before the pioneering work of
Novoselov and Geim. It is just equivalent to what happens when we draw with a pencil on
paper.

The discovery of monolayer graphene stimulated extensive studies on its unusual electronic
properties arising from the two-dimensional honeycomb structure of carbon atoms.® A typical
example is the half-integer quantum Hall effect.® ¢ Since the unit cell of the honeycomb lattice
contains two nonequivalent sites, A and B, forming A and B sublattices (see Fig. 1.1), an
effective mass equation for electrons in graphene becomes a 2 x 2 matrix form, which is
equivalent to the massless Dirac equation.’ Thus, electrons in graphene are called massless
Dirac fermions. The band structure of massless Dirac fermions has a unique character since
they have linear energy dispersion in the vicinity of two nonequivalent symmetry points,
called Ky and K_ points, in the Brillouin zone, where the conduction and valence bands



conically touch. This structure is called Dirac cone (see Fig. 1.1). We hereafter set the
electron energy at the band touching point as £ = 0. Because the density of states vanishes
at ' = 0, graphene is often called a zero-gap semiconductor although it is metallic even near
the band touching point.

(b)
K K’
K+ K— =
k K K"

Figure 1.1: (a)The structure of graphene, where a rhombus indicates the unit cell containing
nonequivalent A and B sites. (b)The first Brillouin zone (left figure) and the band structure
(right figure) of graphene. K_ and K indicate the symmetry points, at which the conduction
and valence bands conically touch.

The presence of edges gives an strong impact on Dirac fermions in graphene near the Fermi
energy. As stressed by Fujita and co-workers,” the electronic states in graphene strongly
depends on its edge structure. Typical straight edges of graphene are classified into two
structures: one is zigzag edge and the other is armchair edge (see Fig. 1.2). Fujita and
co-workers analyzed electronic states in graphene with an infinitely long straight edge using
a nearest-neighbor tight-binding model, and showed that highly degenerate edge localized
states appear at F = 0 along a zigzag edge. These states at £/ = 0 result in a sharp zero-
energy peak structure in the local density of states near a straight zigzag edge. No such
localized states appear along an armchair edge. The presence of edge localized states along
a zigzag edge has been confirmed by scanning tunneling microscopy and scanning tunneling
spectroscopy observations.®?

Edge localized states should affect various physical properties of a monolayer graphene
with zigzag edges owing to a sharp zero-energy peak structure. We naturally expect that
such an effect becomes notable with decreasing the system size. A prototypical system to
observe the effect of edge localized states is a ribbon shaped nano wire of graphene with
zigzag edges (see Fig. 1.3), which is referred to as a zigzag nanoribbon hereafter. It has been
demonstrated that the orbital diamagnetism in a zigzag nanoribbon shows an anomalous
behavior reflecting a zero-energy peak structure.!’ Electron transport in a zigzag nanoribbon
also shows an anomalous behavior owing to the presence of edge localized states.!! 12
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Figure 1.2: Typical straight edges of graphene: (a) zigzag edge and (b) armchair edge.

Figure 1.3: Illustration of a zigzag nanoribbon.

1.2 Perfectly Conducting Channel

As is mentioned below, disordered zigzag nanoribbons accommodate a perfectly conducting
channel (PCC) reflecting the unique band structure with partially flat subbands related to
the edge localized states. This thesis focuses on a PCC in zigzag nanoribbons. The PCC
designates a conducting channel that perfectly transmits an electron from one end to the other
in spite of the presence of disorder, and crucially affects electron transport in the system. The
most well-known example is a one-dimensional (1D) chiral edge channel of two-dimensional
(2D) quantum Hall insulators.!® This 1D edge channel needs a strong magnetic field for its
stabilization. So far, PCCs have been shown to appear in various carbon nanostructures and
topological insulators under no external field.

Ando and co-workers'* 18 showed that a PCC appears in disordered CNTs with a gapless
spectrum in the absence of intervalley scattering. The requirement of no intervalley scattering
is explained as follows. A CNT possesses two energy valleys in the reciprocal space, and the
effective Hamiltonian describing each valley is invariant under a time-reversal operation 7°
that satisfies 72 = —1; the subsystems corresponding to each valley have the symplectic
symmetry. Furthermore, the number of conducting channels in each valley is always odd
regardless of the Fermi level. The existence of a PCC is guaranteed by the symplectic
symmetry combined with an odd number of conducting channels. If intervalley scattering
occurs and the two valleys are coupled as its consequence, these two conditions break down
and hence the PCC destabilized. In CNTs, an impurity potential with a range larger than
the lattice constant induces only very weak intervalley scattering since the two energy valleys
are well separated in the reciprocal space. Thus, we expect that the above two conditions are
approximately satisfied if a CNT contains only such long-range impurities (LRIs), leading to
the appearance of a PCC. Clearly, there is no PCC in the presence of short-range impurities
(SRIs). In actual situations, charged impurities are regarded as the LRI, while lattice defects



play the role of the SRI.

A 1D helical edge channel of 2D quantum spin-Hall insulators can be regarded as a
typical example of a PCC in topological insulators. Its protection mechanism against disorder
is essentially equivalent to that of a PCC in CNTs. However, as quantum spin-Hall insulators
typically possess only a single valley, the disturbance due to intervalley scattering is irrelevant
in this case. A similar PCC is stabilized in three-dimensional (3D) weak topological insulators
in various situations.?”? In 3D strong topological insulators, a PCC can appear only when
a m magnetic flux penetrates the bulk of a sample without touching surface states.?032

Wakabayashi and co-workers3* 5 showed that disordered graphene nanoribbons with
zigzag edges accommodate a PCC, on which our interest is focused in this thesis. As in
the case of CNTs, zigzag nanoribbons possess two energy valleys in the reciprocal space. The
important feature of zigzag nanoribbons is that conducting channels are imbalanced between
the two propagating directions in each valley. That is, the number of conducting channels
going in one direction is one greater or smaller than that going in the other direction, regard-
less of the Fermi level. This directly results in the stabilization of a PCC3¢3® if intervalley
scattering is ignorable. Thus, we expect the appearance of a PCC in zigzag nanoribbons
containing only LRIs. In contrast to the case of CNTs, the symmetry of the system plays
no role in this case. It has been shown that disordered graphene nanoribbons with armchair
edges also accommodate a similar PCC.3%40

If a PCC stably exists, the dimensionless conductance g of the system decreases to the
quantized value of g = 1 with increasing system length L. In CNTs and graphene nanorib-
bons, we expect the appearance of a PCC only when the disorder of the system is long-range,
as noted above. Indeed, if the spatial range of disorder is sufficiently large, the strength of
intervalley scattering becomes very weak. However, in actual situations, it is impossible to
completely suppress intervalley scattering. The effect of residual intervalley scattering grad-
ually manifests itself with increasing L and eventually destabilizes a PCC. In this case, the
behavior of ¢ may not be distinguishable from that in an ordinary system with no PCC.

The effect of inelastic scattering may be another important obstacle for the observation
of a PCC. Inelastic scattering caused by electron—electron and/or electron—phonon interac-
tions affects low-energy electrons mainly through energy relaxation and dephasing. At low
temperatures, pure dephasing most significantly influences the transport properties. Indeed,
dephasing directly destabilizes a PCC in CNTs as well as topological insulators since it weak-
ens the underlying symplectic symmetry of the system, except for the case with only a single
channel, where it becomes a PCC and is relatively robust against dephasing.!”'® Contrast-
ingly, a PCC in zigzag nanoribbons relies on no symmetry of the system, so dephasing does
not necessarily disturb it. Previous studies*"»*? based on the Boltzmann transport equation
indicate that a PCC remains even in the incoherent limit. However, it is not clear how the
behavior of a PCC changes with the reduction of phase coherence.

19-24

1.3 The Orgnization of This Thesis

The purpose of this thesis is to clarify how dephasing affects a PCC in zigzag nanoribbons.
In order to do this, we numerically calculate the average dimensionless conductance at zero
temperature taking the dephasing effect into account. We show that dephasing does not



disturb a PCC in zigzag nanoribbons but rather relaxes its destabilization due to weak
intervalley scattering.*® This result should encourage experimental attempt to detect a PCC
in zigzag nanoribbons.** The organization of the thesis is presented here.

In chapter 2, we present the tight-binding model for a zigzag nanoribbon. We assume
that every impurity potential distributed over the system is described by a Gaussian form of
spatial range d. This corresponds to an LRI (SRI) when d is larger (smaller) than the lattice
constant a. We present a formulation to compute the scattering matrix for this system.
Once the scattering matrix is given, the dimensionless conductance is determined by using
the Landauer formula. The model for describing the pure dephasing is also introduced. In
chapter 3, the numerical results of the average dimensionless conductance are presented for
the case with LRIs and that with SRIs. We observe that the destabilization of the PCC
can be relaxed by the dephasing in the former case. The numerical results are compared
with an analytical expression for the dimensionless conductance derived from the Boltzmann
transport equation.*! We see that the numerical result in the case with strong dephasing is
accurately fitted by the analytical result, implying that our model appropriately describes
the effect of dephasing. The last chapter is devoted to conclusion of this thesis.



Chapter 2

Model and Formulation

2.1 Model for a Zigzag Nanoribbon

We consider a zigzag nanoribbon consisting of M zigzag lines placed along the z-axis (see
Fig. 2.1). Its band structure is shown in Fig. 2.2 in the case of M = 30. One can see that
in the left (right) valley, the number of right-going (left-going) channels is one greater than
that of left-going (right-going) channels regardless of the location of the Fermi level. This
indicates that a right-going PCC appears in the left valley while a left-going PCC appears
in the right valley.3® The details of the stabilization mechanism of a PCC is described in
Appendix A.

disordered region

Figure 2.1: Ilustration of a zigzag nanoribbon. The gray area of length L represents the
disordered region with randomly distributed impurities. The left and right regions without
disorder are regarded as perfect leads.

We describe 7 electrons in zigzag nanoribbons by using the nearest-neighbor tight-binding
model

H=—ty [i){jl+ Z V(ra)[a) (il, (2.1)

where t is the hopping integral between neighboring sites, |¢) is the 7 orbital on site ¢, and
V(7;) is the impurity potential with r; being the position of site i. We randomly distribute
impurities in a region of length L (see Fig. 2.1). We assume that each site is occupied by an
impurity with probability P and the potential of each impurity is characterized by a Gaussian
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Figure 2.2: Band structure of a zigzag nanoribbon with M = 30. The inset represents the
magnification of subbands in the left valley.

form of spatial range d. Hence, V() is represented as

V(r) =Y u(r;)exp <—|7°;—2’“f|2) : (2.2)

J

where u(r;) is the strength of an impurity at site j. We assume that w(r;) is uniformly
distributed within |u| < umax/2. Note that the degree of disorder is determined by d, P, and
Upax-

The electron transport property of a zigzag nanoribbon is determined by the scattering
matrix consisting of transmission matrices t and ¢’ and reflection matrices » and r’, where
t and r (¢’ and ') describe the scattering of an electron incoming from the left (right) as
shown in Fig. 2.3. Let N, be the number of conducting channels for a given value of the
Fermi energy E. The dimensions of the transmission and reflection matrices are N, x N..
In calculating the scattering matrix, we consider that the left and right of the disordered
region serve as perfect leads of semi-infinite length without disorder. The transmission and
reflection matrices can be obtained by using a recursive Green’s function method. In terms
of t at the Fermi level, the conductance of the system at zero temperature is given by the
Landauer formula,*®

2
G = S Tu(tt). (2.3)
mh

We mainly consider the dimensionless conductance defined by
g = Tr(t't), (2.4)

instead of G. Since our attention is focused on the behavior of g at zero temperature, we
hereafter treat only the scattering matrix for an electron at the Fermi level.
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Figure 2.3: Schematic representation of the transmission and reflection matrices, where Ip,
(Ir) denotes the amplitude of an electron incoming from the left (right) lead, and Oy, (Og)
denotes the amplitude of an electron outgoing to the left (right) lead.

2.2 Formulation to Compute the Scattering Matrix

In this section, we describe a formulation to compute ¢, ¥, r, and ' by using a recursive
Green’s function method.! 12

2.2.1 Derivation of basis functions

Let us consider a zigzag nanoribbon of width M. We take the unit cell of the zigzag nanoribbon
as shown in Fig. 2.4. Each unit cell has 2M sites. The jth unit cell contains two sites of each
zigzag line. We refer to a set of the left (right) sites as a (/) column. We define

and

Q
S @
Il
Q
um

(2.6)

as the column vectors, where C%, Cy, ... and C’f 1> Cf 5, ... are the amplitudes of a wave
function at the corresponding sites in the jth unit cell. These column vectors obey the

equations of motion:

oy 1o I5 B _
(E1-H*)C? - VC?!_ —VC) =0,

2.7
(ET — Hﬁ)cf —~VC?-VCY, =0, (2.7)



where H® and H? respectively represent the Hamiltonians for the o and 3 columns, and
V represents the Hamiltonian of inter-column transfer between nearest neighbor o and g
columns. Eliminating the column vectors for [ sites (i.e., Cf and Cf_l) from (2.7), we
obtain

Ci, +vC; +Cj, =0, (2.8)
where
v={@2I-V Y(E1-H’)V(EI-H")}. (2.9)
Substituting Bloch’s theorem
Ci = ACY (2.10)
to (2.8), we obtain
ACS +vCi +CF = 0. (2.11)

From (2.10) and (2.11), the following eigenvalue equation

el )= (3 o) () 212

is derived. This equation has 2M eigenvalues and 2M eigenvectors, which can be classified
into M right-going solutions and M left-going solutions. They consist of traveling modes
and evanescent modes. We represent the eigenvalues and eigenvectors corresponding to the
right-going modes as Ay (+), ..., Am(+) and u;(+), ..., um(+), and those corresponding to
the left-going modes as A\ (—), ..., Au(—) and uy(—), ..., uy(—). We then define M x M
matrices A(+) and U(+) as

Ai(£)
AlE) = (2.13)
()
and

U(t) = (ui(£),...,upm(£)). (2.14)
At 7 = 0, any right-going and left-going waves are expressed by a superposition of the

corresponding eigenmodes as
Ci(£) = U(H)Ca(), (2.15)

where C,(+) is an appropriate vector consisting of expansion coefficients. At arbitrary j,
they are expressed as

C(£) = U(H)A(£) Cu(x)
U(H)A(H)UE) TTUR)A(R)U(E) - A(£)Co ()

UBAGUE) ) UEARY Co#)

(£ Co(L), (2.16)

J

—~

I
!

where

F(+) = U(H)A(H)UE) L (2.17)



Figure 2.4: The illustration of a zigzag nanoribbon of width M. Rectangles with dashed line
indicate unit cells. Black and gray circles in the jth unit cell indicate sites belong to the «
and [ columns, respectively.

2.2.2 Scattering problem

Let us consider the scattering problem in a disordered zigzag nanoribbon to obtain the
transmission and reflection matrices, from which we can determine the conductance of the
system. We assume that the scatterers are distributed over sites in unit cellsof j =1, 2, ...,
N — 1, N. The length L of the disordered region is simply given by L = Na with a being the
lattice constant. The Oth cell corresponds to the end of the left lead, and the N + 1th cell
corresponds to the end of the right lead. In the Oth unit cell, the column vectors satisty

(ET1—HYC§ —VC’, —VC] =0, (2.18)
(EI-H)C’, —VC*, - VC§ = 0. (2.19)

Eliminating c’ 1, We obtain

[E1 - {H*+ V(EI-H’)"'V}] C§ - VC; — V(EI - H°)"'VC?, = 0. (2.20)
In terms of Hy,, Up, and Vy, defined by
Hp = H* + V(EI - H°)"'V, (2.21)
Uy, = V(EI - H)'V, (2.22)
VL=V, (2.23)
we rewrite (2.20) as
[E1-H]CS —V,C —ULCY, =0. (2.24)

The column vectors can be expressed by a superposition of right-going and left-going waves.
For example, the column vector at j = 0 is given by

Cy = Cy(+) + C5(—). (2.25)

11



The column vector at j = —1 is also given by

C* = C(+)+C2(-)
=F(+)'C5(+)F(—)"'Cy(-)
= F(-)7'C§ + {F(+)™" = F(=)"}C5(+),

where (2.16) is used. Substituting (2.26) to (2.24), we obtain
[EI . ﬁL} C§ — Vi.Cj = U (F(+)™' = F(=)")Cy(+),
where
H, = H;, + UF(-)"L
In the N + 1th unit cell, the column vectors satisfy the following equations:

(FI - H*)C,, — VC,, — VC =0,
(FI-H)CL,, — VC&., — VC%,, = 0.

Eliminating C¥,, from (2.29) and (2.30), we obtain

[E1- {H* + V(EI - H?)"'V}] C%,, — VC} — V(EI - H?)"'VCg,, = 0.

In terms of Hg, Vg, and Ug defined by

Hp = H* + V(BT - H?)7'V,
Vg = V(ETI -H)"'V,
UR = V,

we rewrite (2.31) as
[F1 — Hg] C%,, — URCY — VrCg,, = 0.
In the N + 1th unit cell, only the right-going wave is present as
%+2 = F(+) %+1-
Thus, we can modify (2.35) as
BT~ Hy| Gy, — UnCR =0,
where

I:IR = HR + VRF<—|—)

(2.31)

(2.32)

(2.33)
(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

The above argument allows us to express the Schrodinger equation in the following form:

(EI-H)C =D,

12

(2.39)



where

c=| ¢ |, (2.40)

D= f , (2.41)
0
and
H, Vi
V. H V
. V H, V
H = o (2.42)
V Hy V
Vr Hp
We define the Green’s function as
G=(FI-H)™. (2.43)
With (2.39), C is expressed as
C=(FI-H)"'D=GD. (2.44)
We immediately find
Clia(+) = (N+ 1GO)UL(F(+) ™" = F(=))CG(+) (2.45)
and
Cg(—) = [(0|GIO)UL(F(+)™" = F(-)™") = 1JCF(+). (2.46)

From these equations, the transmission and reflection coefficients for an electron incoming
from the left lead are expressed as

tyy = %ﬂ%ﬂlm+uemumwﬂl—F@J5UHHW (247)

= U OGO UL = P )~ U (245)

13



where ;1 and v respectively represent incoming and outgoing channels, and v, is the velocity of
the pth channel. The details of the derivation of (2.47) and (2.48) is described in Appendix B.
An expression of v, is given in Appendix C. In a manner similar to this, the transmission
and reflection coefficients for an electron incoming from the right lead are expressed as

fr =1/ AU OIGIN + D VR(F(=) = F(4))U(-) o, (2:49)
7o =AU N + 1GIN + DVL(F(=) = F(+)) = U)o (2.50)

2.2.3 Recursive Green’s function method

We use a recursive Green’s function method to calculate the Green’s functions in (2.47),
(2.48), (2.49), and (2.50).%6 Let us define the following functions,

(iIGlj) = GI(ET—HV)j), (2.51)
(jIG[0) = (I(ET—HY)!0), (2.52)
(0|G[j) = (O|(ET = HY)™"|j), (2.53)
(0|G10) = (0|(FT — HY)7L|0). (2.54)

Here, HY) is the total Hamiltonian for the strip comprising the Oth to jth cells excluding
the inter-cell Hamiltonians H;;,; and H;i; ;. Accordingly, the matrix form of HU+D s
represented as

HU+D — H) : , (2.55)
0

Hjj
0 - --- 0 Hj,,,;| H,

Then, the Green’s function for a strip of any length can be obtained by using a set of recursive
formulas,

(G +1GUHD[j+ 1)~ —=FT—H; 1y — Hy 0 (6IGY[5)H; 11, (2.56)
(7 + 1|GYU*|0) =(j + UGV |j + )H, 1, (5IGY|0), (2.57)
(IGY*Yj +1) =(0]GY[)H 41 (j + 1GUV]j + 1), (2.58)
(0]GU*V]0) —(0|GO0) + (0[GVj)Hyyr (j + 1GU0).  (2.59)
In our case, these formulas are rewritten as
(+1GUH |+ 1) =E1—H;;, — V(j|GD[5)V, (2.60)
( + 1/GU*V0) =(j +1GUV|j + )V (GG |0), (2.61)
(OIGVHj +1) =(0IGY )V (j + 1|GUV]j + 1), (2.62)
(0IGY*V0) =(0IG[0) + (0|GV|j)V{j + 1|GU*V]0). (2.63)

14



In actual application of this recursive method, we use the Green’s function defined by
(0|G©10) = (FT — Hy)™* (2.64)

as an initial condition.

2.3 Model of Dephasing

Generally speaking, dephasing suppresses quantum effects, particularly quantum interference
effects, and tends to reveal classical behaviors of electrons in some cases. In order to incor-
porate this effect into our model, we hypothetically decompose the disordered region into
N segments of equal length L4, as shown in Fig. 2.5, and assume that the phase coherence
of electrons is lost across adjacent segments while in each segment the phase coherence is
completely preserved.!” Hence, L4 can be regarded as the phase coherence length. We re-
quire the continuity of charge current, instead of the continuity of a wave function, in each
channel between adjacent segments. With this procedure, the phase coherence of electrons
completely breaks across adjacent segments.

Let us express the transmission and reflection matrices for the nth segment as t,,, r,,, t,,,
and 7. In terms of them, the transmission probability matrix 7, (77) and the reflection
probability matrix R,, (Rz) for an electron incoming from the left (right) are defined as

[Zz]aﬁ - |[tn]aﬁ|27
[Rulap = Hr,"]aﬁf’ (2.65)
(Tzlap = |[ts]asl”
[Rlas = |[r}]asl”

Let 2,, be the right-going current from the nth segment to the n 4 1th segment and 7 be the
left-going current from the n + 1th segment to the nth segment. They satisfy

tn = Tpt,_1 + Ratr, (2.66)

At the left end, we have
’I:() - iexty (268)
ig = Rito + Tieg, (2.69)

where 2. denotes the current supplied from the left lead. At the right end, the current
between the N th segment and the right lead can be represented as

T:NS = TNSiNS—la (270)
1y, = 0. (2.71)
For the system constituted by combining the first, second, ..., nth segments in series,

we define 7, (7T5) and R, (Ry) as the transmission and reflection probability matrices for

15



an electron incoming from the left (right), respectively. Adding the n + 1th segment to
the system consisting of n segments, we consider the combined system to derive a relation
between the probability matrices for the system with n segments and those for the system
with n + 1th segments. For the combined system with n + 1 segments, we have

i = Tpio + Ratn, (2.72)

and
i5 = Ruto + T, (2.74)
U1 = Tnt1tn + Rgtngt (2.75)

which are respectively rewritten in a matrix form as

~ -1 ~

i)\ 1 —R- 7. 0 io

(0)=Ca 1) (0 )2 270
i R, 0 io 0 7T\ (in

. - . e 2.77
()= (0 =) G2 )+ (2, §)(5) 2

Eliminating ¢,, and 5 in (2.77) by using (2.76), we obtain

~ ~ ~ _1 ~
i5 R, O 0 Tn) ( 1 —Rn) (Tn 0 ) ( i ) )
; = . (2,78
('Ln+1> [ ( 0 R'n—‘rl) " <ZL+1 0 _Rn—f—l 1 0 Tm ey ( )

Comparing this with the equation that defines ’Z~;L+1, ’j'm, 7~€n+1, and ﬁm, ie.,

ig Rt TM) ( 2o ) 97
. = = ~ . , .79
('Ln+1) ( Tor1 R Lo ( )

7

and

we obtain the following recurrence relation:*

~ ~ ~ ~ ~ _1 ~
(o ) (5 ) D 55 ) o
Tov1 Ragr 0 Rar Tnypr 0 \—Rnpa 1 0 Torr
with 7; =T, Ry = Ry, T = T;, and Ry = Ry. By using this relation recursively, we can

calculate 7y, once the transmission and reflection probability matrices for all segments are
given. The dimensionless conductance is expressed as

9= Z [TNSLM (2.81)

in the presence of dephasing.
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Figure 2.5: Hypothetical decomposition of the disordered region of length L into Ny segments
of equal length Ls. We assume that the phase coherence of electrons is lost across adjacent
segments.
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Chapter 3

Results and Discussion

3.1 Numerical Results

We present the results of numerical calculations of the dimensionless conductance g. We
separately consider the case with LRIs and that with SRIs. In the former case, we expect that
a PCC appears as intervalley scattering is sufficiently weak, while strong intervalley scattering
forbids its appearance in the latter case. These two cases are realized by appropriately
choosing d. With P = 0.1, we set d/a = 1.5 and upa.y/t = 0.1 in the LRI case, and
d/a = 0.05 and upay/t = 1.0 in the SRI case. We fix M = 30 and E/t = 0.36 in the following
calculations. The number of conducting channels is equal to N. = 7 in both the cases.

Let us consider the LRI case. We use 2000 samples with different impurity configurations
to calculate the average dimensionless conductance (g). Fig. 3.1 shows (g) as a function of
L/a. We observe that (g) rapidly decreases to 1 with increasing L/a and then the decrease
becomes very slow once it decays below 1, indicating the presence of a PCC. In the regime
of (9) S 1, the decay of (g) becomes slower as L, becomes smaller. This can be explained
by considering that the decay of (g) below 1 is accelerated by Anderson localization. The
effect of Anderson localization is suppressed by dephasing and hence the decay of (g) is
also suppressed with decreasing L,. This indicates that dephasing indirectly stabilizes a
PCC, although dephasing itself does not weaken intervalley scattering. We observe the
quasi-quantization of (g) (i.e., (g) ~ 1) in a wide region of L/a when Ly is sufficiently
small. Fig. 3.2 shows a semilog plot of (g) — 1. Error bars at each data point represent
(var{g}/Neam)"/?, where var{g} = (¢*) — (g9)? and N, is the number of samples used to
calculate the average. We find that (¢g) decreases exponentially toward 1 in a certain region
of L/a in all cases. In the case without dephasing, this is in accordance with existing random
matrix theory.?” Fig. 3.3 shows a semilog plot of (g) in the regime of (g) < 1. We find that
(g) decays exponentially regardless of L. In the absence of dephasing, it is natural that (g)
decays exponentially, reflecting the onset of Anderson localization. The exponential decay of
(g) even in the presence of dephasing should be regarded as a characteristic feature of the
system in which conducting channels are imbalanced between two propagating directions.*!

We turn to the SRI case. We use 10000 samples with different impurity configurations
to calculate the average dimensionless conductance (g). Fig. 3.4 shows (g) as a function
of L/a. We observe that (g) decays to zero with increasing L/a, indicating the absence
of a PCC. Fig. 3.5 shows a log-log plot of (g) in the presence of dephasing. We find that
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(g) asymptotically becomes inversely proportional to L/a, manifesting that Ohm’s law is
satisfied upon the suppression of Anderson localization due to dephasing. This implies that
the conducting channels are balanced as a consequence of the mixing of two valleys caused
by strong intervalley scattering, in contrast to the LRI case. In the absence of dephasing,
(g) decays exponentially with increasing L/a as shown in Fig. 3.6. We show error bars only
in Fig. 3.6 as they are very small in the case with dephasing.

7 T T T T
L¢/a=100 S
L,/a=500
6k L./a=1000 «veeerrens .
Ly/a=5000 e
5 I no dephasing |
4} -
5 |
\%
34 .
1 B '\’\'.’hw L o "'mﬁm"""!"”mﬂ'."”:
0 1 1 1 1
0 20000 40000 60000 80000 100000
Lia

Figure 3.1: Average dimensionless conductance (g) in the LRI case for several values of Ly /a.

3.2 Comparison with the Boltzmann Transport Theory

In this section, we introduce an analytical expression for the dimensionless conductance
derived from the Boltzmann transport equation*' and compare it with the numerical results
given in the previous section.

The analytical expression of Ref. 41 is derived by applying the Boltzmann transport equa-
tion to a simple model for zigzag nanoribbons and hence is justified in the incoherent limit
where the phase coherence of electrons is completely lost. The model possesses two energy
valleys, and the number of conducting channels for right-going (left-going) electrons is n.+ 1
(n.) in one valley, while in the other valley, that for right-going (left-going) electrons is n.
(n.+1). The total number of conducting channels is given by N. = 2n.+ 1 including contri-
butions from the two valleys. Disorder induces intravalley scattering between two channels
in the same valley and intervalley scattering between two channels belonging to different
valleys. The strength of intravalley scattering is characterized by a single parameter x as its
detailed dependence on initial and final states is ignored. In the same manner, the strength
of intervalley scattering is characterized by a parameter x’. Applying a constant electric field
only in the region of length L, the Boltzmann equation is solved under the condition that
incident electrons from the left and right are described by equilibrium distributions. The
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Figure 3.2: Semilog plot of (g) —1 in the case of LRI. In a certain region of L/a, (g) decreases
exponentially toward 1 as a function of L/a.
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Figure 3.3: Semilog plot of (g) in the LRI case in the regime of (g) < 1. (g) decays exponen-
tially as a function of L/a even in the presence of dephasing.
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Figure 3.4: Average dimensionless conductance (g) in the SRI case.
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Figure 3.5: Log-log plot of (g) in the SRI case with dephasing. (g) asymptotically becomes
inversely proportional to L/a.
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Figure 3.6: Semilog plot of (g) in the SRI case with no dephasing. (g) decays exponentially
as a function of L/a.

resulting dimensionless conductance gg is expressed as*!

[k + (8n% + 8n. + 1)K/] cr,

(2ne+ U 24 (200 + 1) (5 + #)L] cp + Zo22dy

gB = ; (3.1)

where o = (k + &/)[k + (8n% + 8n. + 1)] and

~ (2ne+1)(k+K)
Cr, = \/a
/
a, = 2 +\1/>a(ﬁ %) nh(VaL/2) + cosh(vaL/2). (3.3)
The details of the derivation of (3.1) is described in Appendix D.

We examine whether this expression can fit our numerical results. Equation (3.1) is
justified in the incoherent limit, so we focus on the numerical results in the smallest-Lg4 case
with Ly/a = 100. As N, = 7 in our setting, n. is fixed at n. = 3. Only x and &’ play the role
of fitting parameters. The result of fitting is shown in Fig. 3.7 in the LRI case and Fig. 3.8 in
the SRI case. We observe that the analytical expression accurately reproduces the numerical
results. The best fitting is achieved for ka = 0.00031 and x’a = 0.00000003 in the former
case, yielding x'/k = 0.0000096, and for ka = 0.00094 and «’a = 0.00021 in the latter case,
yielding x'/k = 0.223. This result clearly indicates that intervalley scattering is significantly
weaker than intravalley scattering in the LRI case while their strengths are on the same order
of magnitude in the SRI case.

One may think that the effect of dephasing is oversimplified in the model used in our nu-
merical calculations. However, the above result implies that our model captures the essential
features of dephasing in spite of its simplicity.

cosh(yv/aL/2) + sinh(y/aL/2), (3.2)
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Figure 3.7: Fitting of (g) at Ls/a = 100 in the LRI case with the analytical expression gg.
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Figure 3.8: Fitting of (g) at Ls/a = 100 in the SRI case with the analytical expression gg.
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Chapter 4

Conclusion

We have studied the effect of dephasing on a perfectly conducting channel (PCC) in disordered
graphene nanoribbons with zigzag edges by numerically calculating the average dimensionless
conductance (g) as a function of system length L. We separately consider the case with long-
range impurities (LRIs) and that with short-range impurities (SRIs). In the former case,
intervalley scattering is very weak and the appearance of a PCC is expected. Contrastingly,
a PCC cannot appear owing to strong intervalley scattering in the latter case. The result
of the LRI case indicates that (g) as a function of L shows two-stage behavior; (g) rapidly
decreases to 1 with increasing L in the first stage and then tends to decay below 1 in the
second stage. The behavior in the first stage implies the presence of a PCC, and the behavior
in the second stage indicates that the PCC is destabilized by weak intervalley scattering. We
have clearly observed that dephasing significantly relaxes the second-stage behavior and hence
effectively stabilizes the PCC. This stabilization should be attributed to the suppression of
Anderson localization due to dephasing. In the SRI case, (g) decays toward zero, reflecting
the absence of a PCC. We have shown that dephasing suppresses the effect of Anderson
localization, revealing the behavior of (g) o L™! in accordance with the ordinary Ohm’s law.

One may think that the experimental detection of a PCC in realistic systems is not easy as
various inelastic processes obstruct it. Among them, dephasing is known as the most notable
factor that suppresses quantum behaviors of electrons at low temperatures. Indeed, it has
been pointed out that a PCC in CNTs, as well as in topological insulators, is fragile against
dephasing.!” Contrastingly, in graphene nanoribbons, dephasing does not negatively influence
a PCC but rather encourages its appearance. We conclude that graphene nanoribbons with
zigzag edges are a promising platform for the experimental detection of a PCC.
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Appendix A

Stabilization Mechanism of a PCC

We explain the stabilization mechanism of a PCC in zigzag nanoribbons. We start our
argument by considering the scattering problem in an arbitrary disordered quantum wire
with left and right leads (see Fig. A.1). Generally speaking, the scattering problem is fully
described by the scattering matrix S consisting of reflection and transmission matrices. In
terms of S, the amplitude O of an electron outgoing from the system is related to the
amplitude I of an electron incoming into the system as

O =SL (A.1)

Here, O and I consist of the left-going and right-going components as

and S is expressed as

_ (: :) , (A4)

where 7 (r') and ¢ (t') are the reflection and transmission matrices for an electron incoming
from the left (right) lead. The inner product of (A.1) with its hermitian conjugate Of = IfST
is given by

0’0 = I'S'SI. (A.5)
The flux conservation relation of
0’0 =TT (A.6)

requires S'S = SSt = 1. This yields
o t fr+tit it/ +thr 10
S'S (t’T 'r/T) (t r’) (t’Tr+r’Tt it + vty 0 1)’ (A7)
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Figure A.1: Schematic figure of the scattering in a quantum wire. I, (Ig) denotes the
amplitude of an electron incoming from the left (right) lead, and Op, (Ogr) denotes the
amplitude of an electron outgoing to the left (right) lead. = (v’) and ¢ (¢’) are the reflection
and transmission matrices for an electron incoming from the left (right) lead.

Tt T 141t 1 10t
P (T t rt ¢ _(rr +t't"T rt'+tr _ 10
55 (t r’) <t’T r't tri + 'ttt + it 0 1/’ (A.8)

which result in

rir +tit = 1, (A.9)
t e =1, (A.10)
rel T =1, (A.11)
tth +r'r't =1 (A.12)

Now, using the general scattering argument given above, we show why a PCC is stabilized
in zigzag nanoribbons in the absence of intervalley scattering. As shown in Fig. A.2, the band
structure of a zigzag nanoribbon has two valleys, K_ and K., and one excess right-going
(left-going) channel always exists in the K_ (K ) valley. That is, although the numbers of
right-going and left-going channels are balanced as a whole system, there is always one excess
channel in one direction if we focus on one of the two valleys. In the absence of intervalley
scattering, each valley independently contributes electron transport, so we can separately
consider the two valleys in considering a PCC. Let us focus on the K_ valley, in which an
excess right-going channel is present. In this case, the numbers of right-going and left-going
channels are respectively denoted as n.+ 1 and n.. Hence, the dimensions of Ij, and Oy are
n.+1, and those of Ig and Oy, are n.. Therefore, the dimensions of r are n.x (n.+1) and those
of " are (n.+1) x n.. Thus, we find that T~ and '7'T with dimensions (n.+1) x (n.+1) have
a single zero eigenvalue since rank(r) = rank(r’) = n.. Let us express the sets of eigenvalues
of rir and v'r'' as {Ry, Ry,...,Rn., Ry.11} and {R}, RS, ..., R, , R, .}, respectively, and
identify the n. + 1th eigenvalues with zero (i.e., R, 41 = R}, /| = O) The set of eigenvalues
of tt is also expressed as {T1,T5,...,Tn., Th.41}. From (A.9) and (A.12), we obtain the
following relations:

Ry +T, =1, (A.13)

R +T,=1, (A.14)



wherea=1,...,n.+1. As R, 11 = R;lcﬂ = 0, we conclude that the n. + 1th transmission
eigenvalue is equal to unity:

Tpoir = 1. (A.15)

This indicates the presence of a right-going PCC that perfectly transmits an electron from
the left lead to the right lead without backscattering even in the presence of disorder. In a
manner similar to this, we can also show the presence of a left-going PCC in the K, valley
in the absence of intervalleey scattering.

Since the numbers of right-going and left-going channels are imbalanced, the contribution
to the dimensionless conductance g from the K. valley is anisotropic with respect to the
transport direction. Let g§ (gF) be the contribution to g for the right-going (left-going)
direction arising from the K valley. Using the Landauer formula, g and g; are expressed
as

gr = Tr(tt), (A.16)
gp = Tr(#'tT). (A.17)
They can be rewritten as the summation over transmission eigenvalues as

ne+1 n

gﬁzZTz:Hi:Ti, (A.18)
=1 =1

=S T. (A19)
i=1

Due to the presence of the time-reversal symmetry, which relates the K_ and K, valleys, we
can also show

g =>_ T, (A.20)
=1

ne+1 Ne

g =Y Ti=1+)_T. (A.21)
=1 =1

Combining the contributions from the two valleys, we find that the dimensionless conductance
defined by g = g5 + g5 = g + g1 is expressed as

g=1+2> T. (A.22)
=1

This clearly indicates that ¢ is always greater than 1.
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Figure A.2: The band structure of zigzag nanoribbon with M=10. There are two energy
valleys at ka = +27/3. We refer to the valley at ka = +27/3 as K4 valley. One excess
right-going (left-going) channel exists in the K_ (K ) valley.
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Appendix B

Derivation of (2.47) and (2.48)

In this Appendix, we explain the derivation of (2.47),

by = Z—‘V‘{U(Jr)l(N +1GO)UL(F(+) " = F(=) ") U(+) b (B.1)
and that of (2.48),

T = Z—‘:{U(—)‘l[<0\G|0>UL(F(+)‘1 —F(=)) = JU(+) b (B2)

First, we derive the transmission coefficient ¢,, from (2.45),
Clii(+) = (N+1GIO)UL(F(+) ™! = F(=) )G (+). (B.3)
We expand C{,(+) and C§(+) as

C%—i—l(—‘f—) = U(+)C/oz<+)7 (B-4)
Cy(+) = U(+)Cqu(+), (B.5)

where C,(+) and C/(+) are arbitrary coefficients vectors, and substitute them to (B.3).
Multiplying U(+)~! from the left, we obtain

C,(+) = U(+) N+ 1[G|0)UL(F(+) ! = F(=) ) U(+)Cu(+). (B.6)
The pth component of C/ (+) is written as

[CL(D)u =) _[UH)UN+ UG ULF(H) ! = F(=) YU - [Ca(H)]. (BT

v

Noting that the current carried by [C. (+)], is proportional to v, and that by [C,(+)], is
proportional to v,, we can express the transmission coefficient from the incoming channel v
to the outgoing channel p as

ty = Z—‘:{U(Jr)l(N +1GlO)UL(F(+) ™ = F(=) ) U(+) b (B.8)
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Similarly, we derive the reflection coefficient r,, from (2.46),
C5(—) = [(0IG|0)UL(F(+)"" = F(=)™") = 1JCF(+). (B.9)
We expand C§(—) and C§(+) as

Ci(—) = U(=)Ca(-), (B.10)
Co(+) = U(+)Cal(+), (B.11)

where C,(+) and C,(—) are arbitrary coefficients vectors, and substitute them to (B.9).
Multiplying U(—)"! from the left, we obtain

Ca(=) = U(=)[(0|GIO)UL(F(+) ™" = F(=)™") = JU(+)Ca(+). (B.12)

The pth component of C,(—) is written as

[Ca(=)]i =D _[U(=)HOIGIO)UL(F(+) ™ = F(=)™") = U] - [Cal(+)]e  (B.13)

v

The reflection coefficient from the incoming channel v to the outgoing channel u can be
expressed as

_ Y
Ty =4/ —

{U(=) " [OIGI0)UL(F(+)"" = F(=)") = JU(+) - (B.14)

Uy
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Appendix C

Expression of v,

We derive an expression of the velocity v, needed to obtain the scattering matrices (2.47) and
(2.48). We assume that the velocity is proportional to the expectation value of probability
current in the gy direction. The current operator for the jth unit cell is

M
Gy=it > {58 ol =], L), 1 6]} (C.1)
=1
The eigenfuncion of uth channel is represented as
-XX (&) Cin ()15 ) + MV CL ()15 5 5)]. (C2)
The corresponding expectation value of current is
(Wl ) =it 3 VEVCIN(EP Oy = MEVCENEICL ] (C3)
B M
— it (B [Chcn - cmct | (C.4)
=1
M
= 2t\(£)¥ Y Im {0377057,}. (C.5)
=1

Consequently, the velocity for the puth channel is given by

) oc Y Im{CCy b (C.6)
> m {czict)
where

Cl(£) = (A\u(£) + 1)(ET - HY)"'VCi(+). (C.7)

31



Appendix D

Boltzmann Transport Theory

In this Appendix, we explain the derivation of (3.1). The analytical expression (3.1) is derived
by applying the Boltzmann transport equation to a simple model for zigzag nanoribbons. We
consider the case where the K_ (K ) valley has n.+1 right-going (left-going) channels and n,
left-going (right-going) channels. We symbolically represents the right-going and left-going
channels as R and L, and the K_ and K, valleys as — and +, respectively. Let 5§nk (gfnk)
be the energy of an electron state with wave number k in the nth right-going (left-going)
channel. We introduce the distribution function ¢%,, for electrons, where z = +,—, and
X = R,L. The group velocity v%,, is given by v%,, = 0c%,./0k. For simplicity, we set
Vine = Ur and vf,, = v, with v = vg = —vr,. Let us consider a zigzag nanoribbon placed
along x direction in the presence of an electric field E(z) in the negative x direction. The
distribution function obeys the Boltzmann equation for steady states:

995n 9%y, o . .
Ux a); k + eE(l') —a)]i; k — Z W)(ynk:,X’n/k” (gX/n/k/ — ank)? (Dl)
2 X! ! k!

where VV)Z(Z;C g Tepresents the scattering probability between the state with {X'n'k'2'}
and that with {Xnkz}. This is expressed as

W)?Z;,Xfw = 2ﬂM§Z;€,X’n’k/5(€§é/n/k/ — €xnk) (D.2)
with
! !
M)Zfrzzk,x'n'k' = <|U)Z€fzk,x'n'k'|2>v (D-3)

where U)Z(fl/,C g 18 the matrix element of impurity potential, and (- - - ) represents the ensem-
ble average over impurity configurations. We assume that the scattering probability depends
on only the valley indices z and z’, and does not depend on details of initial and final states.
Hence, M):?;L:E,X/n’k/ = M and M)i;,xwk/ = M’, where M and M’ respectively denote the
strength of intravalley scattering and intervalley scattering.

Suppose that electrons are accelerated by an electric field only in the finite region of
L/2 > x > —L/2. Accordingly, we assume that F(z) = E for L/2 > x > —L/2 and
E(z) = 0 otherwise. We express the distribution function as

0
Gas = F(E5en) — S(0x) B (@) 5 (1) T (o), (D.4)
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where f(e) is the Fermi-Dirac function and (%, (x) is the mean free path. The Boltzmann
conductivity o is obtained as

(@) = 7 3 exllns) |~ G

ne+1 Ne Ne ne+1
S 1 OSLXERD SABED XERD WAC) LY
n=1 n=1 n=1 n=1

where k is dropped in [%,,, (%) since we are interested in electron states near the Fermi level.
According to the assumption stated above, (%, () is also independent of n. Thus, (D.5) is
reduced to

o(z) = 26—7T {(ne + D)Ig (@) + nelg (z) + neli (z) + (ne + )i () } . (D.6)

We assume that electrons incoming from the left (right) lead are described by the equilibrium
distribution. Consequently, the mean free path 5 (z) satisfies the boundary condition of

lp(=L/2) = Ij(=L/2) =0, (D.7)
I (L/2) =1} (L/2) = 0. (D.8)

From the symmetry of the band structure, we can safely assume

I(z) = Ip(x) = I} (—2), (D.9)
U'(z) =l}(x) =1 (—x). (D.10)

Substituting (D.4) to (D.1), we obtain a pair of equations for I(z) and '(x) as

3(;(90) + 1 =[n.s+ (2n. + V)K'|l(z) + nerl' (—x)
+ (ne + DK'l(—x) — ner'l'(x), (D.11)
—82(5) 1 =[(ne + D)k + (2ne + D& (2) + (ne + 1)rl(—2)
+ nek'l'(—z) — (ne + DK'l(2), (D.12)
where

K= [;)—];4, (D.13)
K = Li\;[,. (D.14)

Solving these equations under the boundary condition of (D.7) and (D.8), we obtain
( /12 _ R’Q)

l(x) =2+ g + é{-(/ﬂ — K )e(z) —cr] + T[d(z) —dp]

—2(2n. 4+ 1)*(k + K )K'cr (a: + §> } (D.15)
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and

U'(z) =2+ g + é{(l@' — K)[e(z) —cr] + %[d(m) —dy]
—2(2n. + 1)2(5 + 1)Ky (;1: + g) }, (D.16)
where o = (k + k') [k + (8N? + 8N + 1)x'] and
() = 2 *ya(“ 5 cosh(y/az) — sinh(vaz). (D.17)
d(z) = — (2. +\1/)§€ + ) sinh(v/ax) + cosh(v/ax). (D.18)
The constants are defined as ¢, = ¢(—L/2), d;, = d(L/2), and
2 =4(2n, + 1)K’ |1+ %(ch +1)(k + &)L ep, + 2“2\;;/2 dy.. (D.19)
In terms of [(x) and I'(z), the Boltzmann conductivity is expressed as
o(z) = 57 (ne + D[i(z) + 1(—2)] + nel'(z) + I'(—2)]}- (D.20)

Substituting (D.15) and (D.16) to (D.20), we find that o(z) is independent of x and is given
by

e2L  2acy
= D.21
7= on (k+ k)X ( )

We finally obtain the dimensionless conductance as
2mro [k + (8n2 + 8n. + 1)K'| cf,

L (2n.+ 1)K [24+ (2n.+ 1)(k + K')L] ¢ + KQJS/QdL'

(D.22)

9B =
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Electron transport in a disordered graphene nanoribbon with zigzag edges is crucially affected by a perfectly
conducting channel (PCC), which is stabilized if intervalley scattering is ignorable. In the presence of such a PCC, the
dimensionless conductance g of the system decreases to the quantized value of g = 1 with increasing system length L. In
the realistic case where intervalley scattering is weak but not ignorable, the PCC is gradually destabilized with increasing
L, and g eventually decays to zero owing to the onset of Anderson localization. Here, we show that such destabilization
of the PCC can be relaxed by pure dephasing. We numerically calculate g in the presence of long-range impurities,
which induce weak intervalley scattering, taking the dephasing effect into account. It is demonstrated that, under
sufficient dephasing, the decay of g in the regime of g < 1 is strongly suppressed and the quasi-quantization of g (i.e.,

g ~ 1) can be observed in a wide region of L.

1. Introduction

A perfectly conducting channel (PCC) designates a
conducting channel that perfectly transmits an electron from
one end to the other in spite of the presence of disorder.
The most well-known example is a one-dimensional (1D)
chiral edge channel of two-dimensional (2D) quantum Hall
insulators.” This 1D edge channel needs a strong magnetic
field for its stabilization. So far, PCCs have been shown to
appear in various carbon nanostructures and topological
insulators under no external field.

Ando and co-workers”® showed that a PCC appears in
disordered carbon nanotubes (CNTs) with a gapless spectrum
in the absence of intervalley scattering. The requirement of
no intervalley scattering is explained as follows. A CNT
possesses two energy valleys in the reciprocal space, and
the effective Hamiltonian describing each valley is invariant
under a time-reversal operation 7 that satisfies 72 = —1; the
subsystems corresponding to each valley have the symplectic
symmetry. Furthermore, the number of conducting channels
in each valley is always odd regardless of the Fermi level.
The existence of a PCC is guaranteed by the symplectic
symmetry combined with an odd number of conducting
channels. If intervalley scattering occurs and the two valleys
are coupled as its consequence, these two conditions break
down and hence the PCC disappears. In CNTs, an impurity
potential with a range larger than the lattice constant induces
only very weak intervalley scattering since the two energy
valleys are well separated in the reciprocal space. Thus, we
expect that the above two conditions are approximately
satisfied if a CNT contains only such long-range impurities
(LRIs), leading to the appearance of a PCC. Clearly, there is
no PCC in the presence of short-range impurities (SRIs).

A 1D helical edge channel of 2D quantum spin-Hall
insulators’'? can be regarded as a typical example of a PCC
in topological insulators. Its protection mechanism against
disorder is essentially equivalent to that of a PCC in CNTs.
However, as quantum spin-Hall insulators typically possess
only a single valley, the disturbance due to intervalley
scattering is irrelevant in this case. A similar PCC is
stabilized in three-dimensional (3D) weak topological

0147041

insulators in various situations.'>~'” In 3D strong topological
insulators, a PCC can appear only when a z magnetic flux
penetrates the bulk of a sample without touching surface
states.!5-20)

Wakabayashi and co-workers>'~>* showed that disordered
graphene nanoribbons with zigzag edges accommodate a
PCC, on which our interest is focused in this paper.
Hereafter, a graphene nanoribbon with zigzag edges is
simply referred to as a zigzag nanoribbon. As in the case of
CNTs, zigzag nanoribbons possess two energy valleys in the
reciprocal space. The important feature of zigzag nano-
ribbons is that conducting channels are imbalanced between
the two propagating directions in each valley. That is, the
number of conducting channels going in one direction is one
greater or smaller than that going in the other direction,
regardless of the Fermi level. This directly results in the
stabilization of a PCC?*29 if intervalley scattering is
ignorable. Thus, we expect the appearance of a PCC in
zigzag nanoribbons containing only LRIs. In contrast to the
case of CNTs, the symmetry of the system plays no role in
this case. It has been shown that disordered graphene
nanoribbons with armchair edges also accommodate a similar
PCC.27’28)

If a PCC stably exists, the dimensionless conductance g of
the system decreases to the quantized value of g = 1 with
increasing system length L. In CNTs and graphene nano-
ribbons, we expect the appearance of a PCC only when the
disorder of the system is long-range, as noted above. Indeed,
if the spatial range of disorder is sufficiently large, the
strength of intervalley scattering becomes very weak.
However, in actual situations, it is impossible to completely
suppress intervalley scattering. The effect of residual
intervalley scattering gradually manifests itself with increas-
ing L and eventually destabilizes a PCC. In this case, the
behavior of g may not be distinguishable from that in an
ordinary system with no PCC.

The effect of inelastic scattering may be another important
obstacle to the observation of a PCC. Inelastic scattering
caused by electron—electron and/or electron—phonon inter-
actions affects low-energy electrons mainly through energy
relaxation and dephasing. At low temperatures, pure dephas-
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ing most significantly influences the transport properties.
Indeed, dephasing directly destabilizes a PCC in CNTs as
well as topological insulators since it weakens the underlying
symplectic symmetry of the system, except for the case with
only a single channel, where it becomes a PCC and is
relatively robust against dephasing.>® Contrastingly, a PCC
in zigzag nanoribbons relies on no symmetry of the system,
so dephasing does not necessarily disturb it. Previous
studies?>*? based on the Boltzmann transport equation
indicate that a PCC remains even in the incoherent limit.
However, it is not clear how the behavior of a PCC changes
with the reduction of phase coherence.

In this paper, the effect of pure dephasing on a PCC in
zigzag nanoribbons is studied by numerical simulations of
the dimensionless conductance. We show that dephasing
does not disturb a PCC but rather relaxes its destabilization
due to weak intervalley scattering. To clarify the dephasing
effect on the PCC we numerically calculate the average
dimensionless conductance (g) in zigzag nanoribbons with
LRIs at zero temperature, taking account of dephasing within
the model presented in Ref. 5. In the case without dephasing,
we observe that (g) rapidly decreases to the quantized value
of (g) =1 with increasing L, implying the presence of a
PCC, and then it exponentially decays below the quantized
value, reflecting the destabilization of the PCC. However, in
the presence of sufficiently strong dephasing, we observe that
the exponential decay of (g) in the regime of (g) S1 is
significantly relaxed owing to the suppression of Anderson
localization. Consequently, the quasi-quantization of (g)
(i.e., (g) ~ 1) can be observed in a wide region of L. This
result should encourage experimental attempts to detect a
PCC in zigzag nanoribbons.?"

In the next section, we present the tight-binding model for
a zigzag nanoribbon. We assume that every impurity
potential distributed over the system is described by a
Gaussian form of spatial range d. This corresponds to an LRI
(SRI) when d is larger (smaller) than the lattice constant a.
We compute the dimensionless conductance using the
Landauer formula by numerically determining the scattering
matrix for the system. The model for describing the pure
dephasing is also introduced. In Sect. 3, the numerical results
of the average dimensionless conductance are presented for
the case with LRIs and that with SRIs. We observe that the
destabilization of the PCC can be relaxed by the dephasing
in the former case. In Sect. 4, the numerical results of the
previous section are compared with an analytical expression
for the dimensionless conductance derived from the
Boltzmann transport equation.”” We see that the numerical
result in the case with strong dephasing is accurately fitted by
the analytical result, implying that our model appropriately
describes the effect of dephasing. The last section is devoted
to summary and conclusion. Preliminary results of this work
have been briefly reported in Ref. 32.

2. Model and Formulation

We consider a zigzag nanoribbon consisting of M zigzag
lines placed along the x-axis (see Fig. 1). Its band structure is
shown in Fig. 2 in the case of M = 30. One can see that in
the left (right) valley, the number of right-going (left-going)
channels is one greater than that of left-going (right-going)
channels regardless of the location of the Fermi level. This
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disordered region

Fig. 1. [Illustration of zigzag nanoribbon. The gray area of length L
represents the disordered region with randomly distributed impurities. The
left and right regions without disorder are regarded as perfect leads.
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Fig. 2. (Color online) Band structure of zigzag nanoribbon with M = 30.

The inset represents the magnification of subbands in the left valley.

indicates that a right-going PCC appears in the left valley
while a left-going PCC appears in the right valley.”"

2.1 Hamiltonian
We describe z electrons in zigzag nanoribbons by using
the nearest-neighbor tight-binding model

H= —tZIi)(j|+ZV("i)|i><i|7 )

where ¢ is the hopping integral between neighboring sites, |i)
is the z orbital on site i, and V(r;) is the impurity potential
with r; being the position of site i. We randomly distribute
impurities in a region of length L (see Fig. 1). We assume
that each site is occupied by an impurity with probability
P and the potential of each impurity is characterized by a
Gaussian form of spatial range d. Hence, V(r;) is represented
as

Iri — 1l

V(r) = ) utrpexp( - ——"), 2)
J

where u(r;) is the strength of an impurity at site j. We assume

that u(r;) is uniformly distributed within |u| < . /2. Note

that the degree of disorder is determined by d, P, and up,y.

2.2 Scattering matrix
The electron transport property of a zigzag nanoribbon

©2016 The Physical Society of Japan
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is determined by the scattering matrix, which consists of
transmission matrices ¢ and ¢ and reflection matrices r and r/,
where ¢ and r (¢’ and r’) describe the scattering of an electron
incoming from the left (right). Let N. be the number of
conducting channels for a given value of the Fermi energy E.
The dimensions of the transmission and reflection matrices
are N, X N.. In calculating the scattering matrix, we consider
that the left and right of the disordered region serve as perfect
leads of semi-infinite length without disorder. The trans-
mission and reflection matrices can be obtained by using
a recursive Green’s function method. The dimensionless
conductance at zero temperature is obtained using the
Landauer formula g(E) = tr(t'¢), where ¢' is the Hermitian
conjugate of ¢.

2.3 Dephasing

Generally speaking, dephasing suppresses quantum effects,
particularly quantum interference effects, and tends to reveal
classical behaviors of electrons in some cases.

In order to incorporate this effect into our model, we
hypothetically decompose the disordered region into N
segments of equal length L, as shown in Fig. 3, and assume
that the phase coherence of electrons is lost across adjacent
segments while in each segment the phase coherence is
completely preserved.” Hence, L, can be regarded as the
phase coherence length. We require the continuity of the
charge current, instead of the continuity of a wave function,
in each channel between adjacent segments. With this
procedure, the phase coherence of electrons completely
breaks across adjacent segments. Let us express the trans-
mission and reflection matrices for the nth segment as ¢,, r,,
t,, and r),. In terms of them, the transmission probability
matrix 7, (7;) and the reflection probability matrix R,, (R;)
for an electron incoming from the left (right) are defined as

[I’t]aﬂ = |[tn](1/3|27
[Raulap = 1[ralasl’,
[Tilop = |18, 105"

[Rilas = |77 ]asl”. 3)
For the system constituted by combining the first, second, ---,
nth segments in series, we define 'j;, (’j;—) and R, (7~€ﬁ) as
the transmission and reflection probability matrices for an
electron incoming from the left (right), respectively. The
continuity of the charge current ensures that they obey the
following recursive relation.>

jén+l Tm _ 7?,” 0
7~Z+1 ﬁm 0 Rm

- - -1 ~
i\( 1 R\ (T o
+° L@
Tos1 0 J\ =Ry 1 0 T

with 7 =7, Ri=Ri, T, =T, and R;=R;. The
dimensionless conductance is given by

N, B
g= Y [Tyl (5)

a,p=1
in the presence of dephasing.

3. Numerical Results

We separately consider the case with LRIs and that with

014704-3

Fig. 3. Hypothetical decomposition of the disordered region of length L
into N, segments of equal length L. We assume that the phase coherence of
electrons is lost across adjacent segments.

7 T T T T
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A | :
(o)) lE
v
3 4
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Fig. 4. (Color online) Average dimensionless conductance (g) in the LRI
case for several values of Ly /a.

SRIs. In the former case, we expect that a PCC appears
as intervalley scattering is sufficiently weak, while strong
intervalley scattering forbids its appearance in the latter case.
These two cases are realized by appropriately choosing d.
With P = 0.1, we set d/a = 1.5 and un,x/t = 0.1 in the LRI
case, and d/a = 0.05 and up,,/t = 1.0 in the SRI case. We
fix M =30 and E/t=0.36, resulting in N, =7, in the
following calculations.

Let us consider the LRI case. We use 2000 samples with
different impurity configurations to calculate the average
dimensionless conductance (g). Figure 4 shows that (g)
rapidly decreases to 1 with increasing L/a and then the
decrease becomes very slow once it decays below 1,
indicating the presence of a PCC. In the regime of (g) <1,
the decay of (g) becomes slower as L, becomes smaller. This
can be explained by considering that the decay of (g) below
1 is accelerated by Anderson localization. The effect of
Anderson localization is suppressed by dephasing and hence
the decay of (g) is also suppressed with decreasing L. This
indicates that dephasing indirectly stabilizes a PCC, although
dephasing itself does not weaken intervalley scattering. We
observe the quasi-quantization of (g) (i.e., (g) ~ 1) in a wide

©2016 The Physical Society of Japan
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Fig. 5. (Color online) Semilog plot of (g) — 1 in the case of LRI In a

certain region of L/a, (g) decreases exponentially toward 1 as a function of
L/a.
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L /a=5000
no dephasing

<g>
-
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Fig. 6. (Color online) Semilog plot of (g) in the LRI case in the regime of
(g) < 1. (g) decays exponentially as a function of L/a even in the presence
of dephasing.

region of L/a when L is sufficiently small. Figure 5 shows
a semilog plot of (g)— 1. Error bars at each data point
represent (var{g}/Nem)'/?, where var{g} =( g°) — (g)? and
Ngam 18 the number of samples used to calculate the average.
We find that (g) decreases exponentially toward 1 in a certain
region of L/a in all cases. In the case without dephasing, this
is in accordance with existing random matrix theory.’¥
Figure 6 shows a semilog plot of (g) in the regime of
(g) < 1. We find that (g) decays exponentially regardless of
Ly. In the absence of dephasing, it is natural that (g) decays
exponentially, reflecting the onset of Anderson localization.
The exponential decay of (g) even in the presence of
dephasing should be regarded as a characteristic feature of
the system in which conducting channels are imbalanced
between two propagating directions.?”

We turn to the SRI case. We use 10000 samples with
different impurity configurations to calculate the average
dimensionless conductance. Figure 7 shows that (g) decays
to zero with increasing L/a, indicating the absence of a PCC.

014704-4

7 . . : .
L,/a=100 ——
L¢/a=500 ---------

oF no dephasing «+eeeee .

<g>

0 2000 4000 6000

Lla

8000 10000

Fig. 7.
case.

(Color online) Average dimensionless conductance (g) in the SRI
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Fig. 8. (Color online) Log-log plot of (g) in the SRI case with dephasing.
(g) asymptotically becomes inversely proportional to L/a.

Figure 8 shows a log-log plot of (g) in the presence of
dephasing. We find that (g) asymptotically becomes
inversely proportional to L/a, manifesting that Ohm’s law
is satisfied upon the suppression of Anderson localization due
to dephasing. This implies that the conducting channels are
balanced as a consequence of the mixing of two valleys
caused by strong intervalley scattering, in contrast to the LRI
case. In the absence of dephasing, (g) decays exponentially
with increasing L/a as shown in Fig. 9. We show error bars
only in Fig. 9 as they are very small in the case with
dephasing.

4. Comparison with the Boltzmann Transport Theory

In this section, we introduce an analytical expression for
the dimensionless conductance derived from the Boltzmann
transport equation®” and compare it with the numerical
results given in the previous section.

The analytical expression of Ref. 29 is derived by applying
the Boltzmann transport equation to a simple model for
zigzag nanoribbons and hence is justified in the incoherent
limit where the phase coherence of electrons is completely
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Fig. 9. (Color online) Semilog plot of (g) in the SRI case with no

dephasing. (g) decays exponentially as a function of L/a.

lost. The model possesses two energy valleys, and the
number of conducting channels for right-going (left-going)
electrons is N + 1 (V) in one valley, while in the other valley,
that for right-going (left-going) electrons is N (N + 1). The
total number of conducting channels is given by N, =
2N+ 1 including contributions from the two valleys.
Disorder induces intravalley scattering between two channels
in the same valley and intervalley scattering between two
channels belonging to different valleys. The strength of
intravalley scattering is characterized by a single parameter
K as its detailed dependence on initial and final states is
ignored. In the same manner, the strength of intervalley
scattering is characterized by a parameter . Applying a
constant electric field only in the region of length L, the
Boltzmann equation is solved under the condition that
incident electrons from the left and right are described by
equilibrium distributions. The resulting dimensionless con-
ductance gg is expressed as>”
[k + (8N? + 8N + 1)]c,

8B = _ K/Z

@N+ DK[2+ 2N+ D(x+ «)L]er + dr,

Ja

. (6)

where a = (k + )[k + (8N? + 8N + 1)x’] and
_@N+ Dk +«)

cr cosh(y/aL/2) + sinh(v/aL/2), (7)
Ja
dp = W sinh(v/aL/2) + cosh(s/aL/2). (8)

We examine whether this expression can fit our numerical
results. Equation (6) is justified in the incoherent limit, so we
focus on the numerical results in the smallest-Ly case with
Ly/a =100. As N, = 7 in our setting, N is fixed at N = 3.
Only « and «’ play the role of fitting parameters. The result
of fitting is shown in Fig. 10 in the LRI case and Fig. 11 in
the SRI case. We observe that the analytical expression
accurately reproduces the numerical results. The best fitting
is achieved for ka = 0.00031 and «’a = 0.00000003 in the
former case, yielding «’'/x = 0.0000096, and for xa =
0.00094 and «’'a =0.00021 in the latter case, yielding
k’/k = 0.223. This result clearly indicates that intervalley
scattering is significantly weaker than intravalley scattering in
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Fig. 10. (Color online) Fitting of (g) at L;/a = 100 in the LRI case with

the analytical expression gg.
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Fig. 11. (Color online) Fitting of (g) at Ly/a = 100 in the SRI case with
the analytical expression gg.

the LRI case while their strengths are on the same order of
magnitude in the SRI case.

One may think that the effect of dephasing is over-
simplified in the model used in our numerical calcu-
lations. However, the above result implies that our model
captures the essential features of dephasing in spite of its
simplicity.

5. Summary and Conclusion

We have studied the effect of dephasing on a perfectly
conducting channel (PCC) in disordered graphene nano-
ribbons with zigzag edges by numerically calculating the
average dimensionless conductance (g) as a function of
system length L. We separately consider the case with long-
range impurities (LRIs) and that with short-range impurities
(SRIs). In the former case, intervalley scattering is very weak
and the appearance of a PCC is expected. Contrastingly, a
PCC cannot appear owing to strong intervalley scattering in
the latter case. The result of the LRI case indicates that (g)
as a function of L shows two-stage behavior; (g) rapidly
decreases to 1 with increasing L in the first stage and then

©2016 The Physical Society of Japan
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tends to decay below 1 in the second stage. The behavior in 7)
the first stage implies the presence of a PCC, and the behavior g;
in the second stage indicates that the PCC is destabilized by 10)
weak intervalley scattering. We have clearly observed that |y
dephasing significantly relaxes the second-stage behavior and  12)
hence effectively stabilizes the PCC. This stabilization should 13
be attributed to the suppression of Anderson localization due 14)
to dephasing. In the SRI case, (g) decays toward zero, 15)
reflecting the absence of a PCC. We have shown that
dephasing suppresses the effect of Anderson localization,
revealing the behavior of (g) &« L~! in accordance with the  17)
ordinary Ohm’s law. 18)
One may think that the experimental detection of a PCC in 19)
realistic systems is not easy as various inelastic processes
obstruct it. Among them, dephasing is known as the most  20)
notable factor that suppresses quantum behaviors of electrons
at low temperatures. Indeed, it has been pointed out that a 2D
PCC in CNTs, as well as in topological insulators, is fragile 2)
against dephasing.” Contrastingly, in graphene nanoribbons,
dephasing does not negatively influence a PCC but rather  23)
encourages its appearance. This implies that graphene
nanoribbons with zigzag edges are a promising platform for 24
the experimental detection of a PCC. 25)
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We study electronic states of semi-infinite graphene with a corner edge, focusing on the stability of edge localized
states at zero energy. The 60, 90, 120, and 150° corner edges are examined. The 60 and 120° corner edges consist of
two zigzag edges, while 90 and 150° corner edges consist of one zigzag edge and one armchair edge. We numerically
obtain the local density of states (LDOS) on the basis of a nearest-neighbor tight-binding model by using Haydock’s
recursion method. We show that edge localized states appear along a zigzag edge of each corner edge structure except
for the 120° case. To provide insight into this behavior, we analyze electronic states at zero energy within the
framework of an effective mass equation. The result of this analysis is consistent with the behavior of the LDOS.

KEYWORDS: graphene corner edge, localized state, zigzag edge, armchair edge, tunneling spectroscopy

1. Introduction

The realization of a monolayer graphene sheet'? has
triggered extensive studies on its unusual electronic proper-
ties arising from the two-dimensional honeycomb structure
of carbon atoms.® Since the unit cell of the honeycomb
lattice contains two nonequivalent sites which form two
sublattices A and B, the low-energy electronic states of
graphene near the Fermi energy are described by a 2 x 2
matrix form which is equivalent to the massless Dirac
equation.”’ Thus, electrons in graphene are called massless
Dirac fermions. The band structure of massless Dirac
fermions has a unique character, since they have linear
energy dispersion in the vicinity of two nonequivalent
symmetric points, called K™ and K~ points, in the Brillouin
zone, where the conduction and valence bands conically
touch.” This structure is called Dirac cone. We hereafter set
the electron energy at the band touching point as € = 0. The
unique energy band structure provide a number of intriguing
physical properties such as the half-integer quantum Hall
effect,® the absence of backward scattering associated with
the Berry’s phase by 7"’ and Klein tunneling.®

The presence of edges makes an strong impact on the
Dirac fermions in graphene near the Fermi energy. As
stressed by Fujita er al., the electronic states near the
graphene edge strongly depends on its edge orientation.”
Typical straight edges of graphene are classified into two
structures: one is zigzag (zz) edge and the other is armchair
(ac) edge. Fujita er al. analyzed electronic states in graphene
with an infinitely long straight edge on the basis of a nearest-
neighbor tight-binding model, and showed that highly
degenerate edge localized states appear at ¢ = 0 along a zz
edge.” These states at &€ = 0 result in a sharp zero-energy
peak structure in the local density of states (LDOS) near a
straight zz edge of graphene. The edge localized states have
a characteristic feature that their probability amplitude is
finite only on one sublattice including edge sites and
completely vanishes on the other sublattice. No such
localized states appear along an ac edge. The presence of
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Fig. 1. Typical corner edge structures with corner angles of (a) 30, (b) 60,
(c) 90, (d) 120, and (e) 150°.

edge localized states along a zz edge has been confirmed by
using scanning tunneling microscopy and scanning tunneling
spectroscopy. 10,11y

Theoretically, the presence or absence of zero-energy
localized states has been well understood for infinitely long
straight edges. However, actual edges of graphene samples
are never straight nor infinitely long, and are much more
complex than ideal ones. An actual edge line consists of
several zz and/or ac segments, and a corner edge inevitably
appears at the boundary of two adjacent segments. Typical
corner edge structures are shown in Fig. 1. Hereafter each
corner edge is referred to according to its corner angle. The
30, 90, and 150° corner edges consist of one zz edge and one
ac edge, while the 60 and 120° corner edges consist of two
7z edges. There arises a natural question: Do edge localized
states exist at € = 0 along a bent edge of these corner edge
structures? In this paper we study electronic states in the
corner edge structures to answer this question. We adopt
a nearest-neighbor tight-binding model and numerically
obtain the LDOS by using Haydock’s recursion method. We
find that edge localized states appear along a zz edge of

©?2011 The Physical Society of Japan
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each corner edge structure with an exception of the 120°
corner edge. In the 120° case, edge localized states locally
disappear near the corner but emerge with increasing the
distance from the corner. To provide insight into these
unexpected behaviors, we analyze electronic states at ¢ = 0
within the framework of an effective mass equation. The
result of this analysis is consistent with the behavior of the
LDOS.

2. Formulations for Numerical Analysis

2.1 Model of graphene corner edges

We describe 7 electrons in graphene with a corner edge
structure by using a tight-binding model on a honeycomb
lattice. The Hamiltonian of this model is represented as

H=—1) 1+ wilii, M
(i) i

where ¢ is the nearest neighbor hopping integral and w; is
a site-dependent potential. If w; = 0 for any i, this model
corresponds to a bulk graphene sheet. The site-dependent
potential w; is introduced for a technical reason. For practical
application of our numerical approach, it is convenient to
treat a lattice system being infinite in both the longitudinal
and transverse directions. However, such a system contains
lattice sites which are irrelevant for a corner edge structure.
To model a corner edge on this infinite system, we put a large
on-site potential on each irrelevant site to prevent electrons
arriving on it. Therefore, we set w; = w with a sufficiently
large w if the ith site is irrelevent for a corner edge structure
while w; = 0 otherwise. We consider four corner edges
having corner angles differ from each other. The angles are
60, 90, 120, and 150°. We particularly focus on corner edges
including one or two zz edges.

2.2 Haydock’s recursion method

The LDOS can be calculated with Haydock’s recursion
method'>™"> which is applicable to systems having no
translational symmetry such as graphene with a corner edge.
By applying this method, we can obtain the LDOS at an
arbitrary site.

We outline the method to obtain the LDOS at an ith site.
To start with, we transform our model to a one-dimensional
chain model. We first introduce the coefficient ay given by

aop = (lo| H|lo) 2

with |ly) =| i), and define |/;) and b; in terms of

billy) =( H — ao)llo) 3)
with ([;|l;) = 1. The coefficient b, is obtained as
b = v/ (lo|(H — ao)(H — ao)lly). “)
We next introduce a; given by
ar = (L H|ly), (5)

and define |l,) and b, in terms of
ballb) =( H — all) — bill) (6)
with (l»|l,) = 1. The coefficient b, is obtained as

by = VULIH — ar) — (lolbi H(H — anll) — billo)}.  (7)

Repeating this n times, we obtain

054710-2

bytilln1) = H — ap)lly) — bylly—1), (®)
with
an = (| HllLy), )
byi1

= \/{<lﬂ|(H - an) - (ln—1|bn}{(H - an)”n) - bn|ln—l)}-
(10)
This manipulation with the reccurence equation, eq. (8), is
equivalent to a transformation of the original electron system
to a one-dimensional chain model. {|ly), |{1), |l2),...} stands
for the orthonormal basis set of the chain model. Here,
|l,) involves neighboring sites of [i) up to the nth nearest
neighbors. On this basis, H can be rewritten with real
coefficients {ag,a;,...} and {b;,by,...} as a tridiagonal
matrix

ap b]
b] a) bz
H= by a b (11)
by a3
With the coefficients {ag,a;,...} and {by,b,,...}, the

Green’s function G;(E) for the ith site can be represented as
a continued fraction,

G{(E) = o (12)
E— aog — 1 b2
E — ay — 2z

Practically, we need to terminate this continued fraction at a
sufficiently large n. If it is terminated at n = N, we obtain
the approximate expression of G;(E) as

1

Gi(E) = 2 ,  (13)
E— ap — ! b%
E — a; —
E—ay—tE)
where
E- a1
HE)=— 11— [1 - N2] . (14)
263 (E — ay)

G,(E) gives the LDOS at the ith site in terms of the relation

1
Ni(E) = —Im Gi(E — 19), (15)
g
where § is a positive infinitesimal. In actual numerical
calculations, we treat § as a sufficiently small but finite
constant.

3. The LDOS

3.1 The LDOS in the presence of a single edge

To confirm the validity of our approach using the
recursion method, we calculate the LDOS in the presence
of an ideal single zz or ac edge. We set N = 1000, w/t =
300, and §/t = 0.01 throughout this paper. We first consider
the case with a single zz edge. The site indices in the unit
cell are given in Fig. 2(a). We display the LDOS at the sites
1,2, 3, and 4 in Figs. 2(b)-2(e). A peak at ¢ = 0 exists at the

©?2011 The Physical Society of Japan
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Fig. 2. (Color online) (a) The strcture of a single zz edge. A broken line
represents a unit cell. (b), (c), (d), and (e) display the LDOS at the site 1,
site 2, site 3, and site 4, respectively. The number indicated above each
graph represents the site number defined in (a).

site 1 on the zz edge. The LDOS also possesses a zero-
energy peak at sites on the sublattice which includes the
site 1. We see that the peak decays with increasing the
distance from the edge. At the sites belonging to the other
sublattice, such as the site 2, a peak does not appear at
& = 0. These results are consistent with the presence of edge
states at ¢ = 0. The decay of the zero-energy peak reflects
the fact that an edge state has a finite penetration depth.
We next consider the case with a single ac edge. Figure 3
shows the LDOS in the presence of a single ac edge. We do
not observe a peak of the LDOS at ¢ = 0. This is consistent
with the absence of edge states in the single ac edge case.

3.2 The LDOS in the presence of a corner edge
3.2.1 60° corner edge

Figure 4 shows the LDOS at several sites in the presence
of the 60° corner edge consisting of two zz edges. From this
figure, we can see the appearance of edge states at ¢ = 0. As
shown in Figs. 4(b) and 4(e), a zero-energy peak exists at the
sites 7 and 10 belonging to a same sublattice. Let us compare
the LDOS at the site 10 [Fig. 4(e)] with that at the site 4 in
the single zz edge case [Fig. 2(e)]. Note that the distance
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Fig. 3. (Color online) (a) The strcture of a single ac edge. A broken line
represents a unit cell. (b) and (c) display the LDOS at the site 5 and site 6,
respectively. The number indicated above each graph represents the site
number defined in (a).

from the zz edge to the site of our interest is equivalent in
both the cases. We observe that the peak of the LDOS at the
site 10 is higher than that at the site 4 in the single zz edge
case. We consider that this enhancement of the zero-energy
peak at the site 10 is caused by a superposition of edge states
at one zz edge and those at the other edge, i.e., constructive
interference between two edge states.

3.2.2 90° corner edge

Figure 5 shows the LDOS at several sites in the presence
of the 90° corner edge. From this figure, we see that edge
states appear at ¢ = 0. As shown in Figs. 5(b), 5(d), and
5(e), a zero-energy peak exists at the sites 11, 13, and 14
belonging to a same sublattice. Thus, the LDOS near the
corner possesses both the character of the LDOS in the
single zz edge case and that in the single ac edge case. Let us
focus on the LDOS at the site 13 for example. The site 13
corresponds to the site 3 in the zz edge case [Fig. 2(d)] and
the site 5 in the single ac edge case [Fig. 3(b)]. Roughly
speaking, we can regard that the LDOS at the site 13
[Fig. 5(d)] is a mixture of the LDOS at the site 3 [Fig. 2(d)]
and the site 5 [Fig. 3(b)]. The nature similar to this is also
observed at other sites. There is no enhancement of the zero-
energy peak of LDOS in contrast to the 60° case.

3.2.3 120° corner edge

Figure 6 shows the LDOS at several sites in the presence
of the 120° corner consisting of two zz edges. In this case,
peculiar features arise. The LDOS at the site 15 [Fig. 6(b)]
is quite different from that of the site 1 in the single zz edge

©?2011 The Physical Society of Japan



J. Phys. Soc. Jpn. 80 (2011) 054710

FuLL PAPERS

Y. SHIMOMURA et al.

LDOS
‘ LDOS

2 1 0 1 2 2 1 0 1 2
energy energy
() ©)
9 10
@ 2]
a a
) ﬁ/\ j\/\ J
- -2 -1 0 1 2 - 2 -1 0 1 2

energy energy

Fig. 4. (Color online) (a) The strcture of the 60° corner edge. (b), (c),
(d), and (e) display the LDOS at the site 7, site 8, site 9, and site 10,
respectively. The number indicated above each graph represents the site
number defined in (a).

case [Fig. 2(b)]. As seen from Figs. 6(b), 6(c), and 6(g),
there is no zero-energy peak at the sites near the corner and
hence edge states locally disappear. However, edge states
appear at the sites away from the corner. Indeed we observe
a broad peak at the site 17 [Fig. 6(d)], and the LDOS at the
site 18 [Fig. 6(e)] shows a sharp peak.

3.2.4 150° corner edge

Figure 7 shows the LDOS at several sites in the presence
of the 150° corner edge. As shown in Figs. 7(b), 7(d), and
7(e), a zero-energy peak exists at the sites 21, 23, and 24
belonging to a same sublattice. This indicates the existence
of edge states. As in the 90° case, the LDOS near the corner
possesses both the character of the LDOS in the single zz
edge case and that in the single ac edge case. For example,
we can regard that the LDOS at the site 24 [Fig. 7(e)] is a
mixture of the LDOS at the site 4 on the single zz edge
[Fig. 2(e)] and that at the site 6 on the single ac edge
[Fig. 3(c)]. The peculiarity of the 150° case is that the zero-
energy peak of the site 21 is quite smaller than that at the
site 1 on the single zz edge [Fig. 2(b)].

Figure 8 represents the spatial dependance of the LDOS
at ¢ = 0 in the presence of the (a) 60, (b) 90, and (c) 150°
corner edges. A radius of each open circle indicates the
magnitude of the LDOS. In these figures, the LDOS has a
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Fig. 5. (Color online) (a) The strcture of the 90° corner edge. (b), (c),
(d), and (e) display the LDOS at the site 11, site 12, site 13, and site 14,
respectively. The number indicated above each graph represents the site
number defined in (a).

finite value only on the sublattice involving zz edge sites but
vanishes on the other sublattice. We observe that the LDOS
localizes near zz edges, indicating the presence of edge
localized states. However, special emphasis is placed on the
case of the 60° corner edge, where the magnitude of the
LDOS at inner sites is larger than that in the other two cases.
This reflects the fact that edge localized states are present at
both the two zz edges. The overlap of these edge localized
states enhances the magnitude of the LDOS, i.e., construc-
tive interference. The other corner edge structures with the
angle 90 or 150° consist of one zz edge and one ac edge.
Note the LDOS in the single ac edge system vanishes at
¢ =0 on any sites. In these corner edge structures, the
LDOS becomes finite even at ¢ = 0 due to the presence of a
zz edge. Even at sites on the ac edge, the LDOS can have a
finite value.

Figure 9 represents the spatial dependance of the LDOS at
¢ = 0 in the presence of the 120° corner edge. In this figure,
we observe that the LDOS vanishes at the sites near the
corner, indicating local disappearance of edge states, i.e.
destructive interference. In spite of the fact that the 120°

©?2011 The Physical Society of Japan
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19 20 Fig. 7. (Color online) (a) The strcture of the 150° corner edge. (b), (c),
(d), and (e) display the LDOS at the site 21, site 22, site 23, and site 24,
respectively. The number indicated above each graph represents the site
number defined in (a).
8 8
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the vicinity of the K* point. The K* and K~ points are
RV S, r - A/ characterized by K™ = (—4n/3a,0) and K~ = (47/3a,0),
enerey enerey respectively. Here, a is lattice constant. As shown in

Fig. 6. (Color online) (a) The strcture of the 120° corner edge. (b), (c),
(d), (e), (), and (g) display the LDOS at the site 15, site 16, site 17, site 18,
site 19, and site 20, respectively. The number indicated above each graph
represents the site number defined in (a).

corner edge consists of two zz edges, the edge states are not
fully stabilized in contrast to the case of the 60° corner edge.
Note that in the 120° case, edge sites on one zz edge and

Fig. 10(a), the unit cell of graphene has two non-equivalent
carbon atoms A and B which form A sublattice and B
sublattice, respectively. We represent the wave function v, (r)
for A sublattice and the wave function v (r) for B sublattice as

Yar) = X TELr) + K TEL (), (16)
Y = K TR — &K TR (), (17)

where F* are envelope functions near the K* point. The
envelope functions at energy ¢ satisfy

those on the other zz edge belong to different sublattices, 0 Lk 0 0 "
while all edge sites in the 60° case belong to a same o NG
sublattice. As we discuss in the next section, this is the y ky 4 ik, 0 0 0 Fg(r)
reason for the qualitative difference between the two cases. 0 0 0 ky + ik, FL(r)
4. Analytical Treatment 0 0 ke — ik, 0 Fg (r)
Our study on the LDOS reveals that edge localized states Fi@)
are stabilized in corner edge structures except for the 120° Ft
ST . . B ()
case. To provide insight into this behavior, we analyze edge =¢ Feo | (18)
localized states in corner edge structures by using an effective /i r
mass description, which is applicable to low-energy states in Fg(r)
054710-5 ©2011 The Physical Society of Japan
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Fig. 8. The LDOS in the presence of the (a) 60, (b) 90, and (c) 150°
corner edges at ¢ = 0. The radius of open circles indicates the magnitude of
the LDOS.

i

Fig. 9. The LDOS in the presence of the 120° corner edge at ¢ = 0. The
radius of open circles indicates the magnitude of the LDOS.
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(b)

Fig. 10. (a) Honeycomb structure of graphene. The region enclosed in a
broken line is a unit cell. A and B are non-equivalent sites which form
sublattices. (b) The first Brillouin zone of graphene, where K, K~, and
[ are symmetric points. The K* point is located at (—4m/3a,0) and
(27/3a, £27/+/3a) while the K~ point is located at (47/3a,0) and
(—27/3a, £27//3a).

where y is a band parameter, k= —id/ox, and Iéy = —id/dy.
This is called k - p equation,”!® which is an effective mass
equation for graphene systems.

For later convenience, we present the envelope functions
for edge states at € = 0.'” Let us consider a semi-infinite
graphene which occupies the region of y > 0, and has a
zigzag edge at y =0. Assumng that edge sites belong
to A sublattice, we adopt the boundary condition of
FBi(r)|y:0 = 0. The envelope functions for edge states are

Fx(r)

given as
ofikirg—ky
(")
ngt r) 0

where C is a normalization constant. The absolute value
of Fi in eq. (19) has a maximum value at y =0 and
exponentially decays with increasing y. This represents edge
states localized along the zz edge. We construct zero-energy
wave functions which satisfy the boundary condition of
corner edges by using eq. (19).

19)

4.1 60° corner edge

We first consider wave functions in the presence of
the 60° corner edge as shown in Fig. 11. We attempt to
construct wave functions near the K™ point in terms of two
edge localized wave functions. One is the wave function for
the 0° zz edge

©?2011 The Physical Society of Japan
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Fig. 11. The boundary condition for the 60° corner edge requires that
wave functions vanish at sites marked with a triangle. A site marked with an
open triangle belongs to A sublattice, and sites marked with a filled triangle
belong to B sublattice.

e—ineikX(x-&-iy)
¢ ’ 20)
(") (
and the other is the wave function for the 60° zz edge
—iKx Jik, (x+iy)el?/ D™
of" " ’ 2

0

where K = 47/3a. Here and hereafter we refer to zz edge
intersecting the x axis with angle 6 degree as 6° zz edge. We
adopt their linear combination

( WA(r) ) e*in(Cl eikx(x+iy) + Czeikx(x+iy)ei(2/3)”)
Yp(r) 0

as a trial wave function in the presence of the 60° cor-
ner edge. The boundary condition requires that the wave
function vanishes at sites marked with triangles in Fig. 11.
Because yz(r) = 0, we need to consider only the boundary
condition for v, (r). Only the site at the corner with an open
triangle belongs to A sulattice. We define this site as the
origin of the coordinate. Hence, the boundary condition for
YA (r) is simply given by

(22)

¥a(0,0) =0, (23)
yielding C, = —C;. We obtain the wave function in the
presence of the 60° corner edge as

WA(r) _c e—iKX(eikX(x+iy) _ eik,c(x+iy)ei(2/3)”) (24)
Y(r) 0

This indicates the existence of edge states in the 60° corner
edge.'®

4.2 90° corner edge

Secondly we consider the 90° corner edge as shown in
Fig. 12. In this case, states near K+ and K~ points are mixed
due to the presence of an ac edge. We construct zero-energy
wave functions by using edge localized wave function near
the K™ point,

Fig. 12. The boundary condition for 90° corner edge requires that wave
functions vanish at sites marked with a triangle. Sites marked with an open
triangle belong to A sublattice, and sites marked with a filled triangle belong
to B sublattice.

Fig. 13. The boundary condition for the 150° corner edge requires that
wave functions vanish at sites marked with a triangle. Sites marked with an
open triangle belong to A sublattice, and sites marked with a filled triangle
belong to B sublattice.

wA(r) C;e_iK"eik*("“—") + C4CinC_ik”‘(x_i'V)
= ’ 27
() = ; ) e

as a trial wave function. This must vanishes at sites marked
with triangles in Fig. 12. Because yy(r) = 0, we need to
consider only the boundary condition for ¥, (r). The sites
marked with open triangles belong to A sulattice. We define
the site at the corner with an open triangle as the origin. The
coordinates of the open triangles are (x,y) = (O, V3a x m)
with m =0,1,2,.... Hence, the boundary condition for

YA (r) reads
Ua0,v3axm)=0 (m=0,1,2,...). (28)

Imposing this condition to i, in eq. (27), we obtain
C4 = —C3. We obtain the wave function for the 90° corner
edge as

( I/IA(I‘)) _ C( e_ineikx(X-‘riy) _ eine—ikx(x—i_v) ) (29)
Yp(r) B 0 :

This indicates the existence of edge states in the 90° corner

e—iKxgiki(x+iy)
C< 0 ) (25)  edge.
and that near the K~ point, 4.3 150° corner edge
iKx ik (x—iy) Thirdly we consider the 150° corner edge as shown in
C(e ¢ ) (26) Fig. 13. We obtain zero-energy wave functions using a
0 conformal mapping technique.'” In terms of the complex
We adopt their linear combination variable z = x + iy, eq. (19) is rewritten as
054710-7 ©2011 The Physical Society of Japan
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Fig. 14. The boundary condition for the 120° corner edge requires that
wave functions vanish at sites marked with a triangle. Sites marked with an
open triangle belong to A sublattice, and sites marked with a filled triangle
belong to B sublattice.

Fi(z) Celk?

FE@ | _ 0 (30)
Fi(2) Cle ke [’

Fg(2) 0

where z* is the complex conjugate of z. Here we introduce the
transformation of w = z3/°. This transformation maps a 150°
corner on z plane to a 90° corner on w plane and vice versa.
Thus, the wave function for the 90° corner edge on w plane

(%(w)) e e o
Vp(w) 0

is mapped to

( 1'//A(l’)) e iKxgik? _ giKrg =ik
=C
Yp(r) 0

e—ikxeikx(x-&-iy)}/j _ eikxe—ik_t(x—iy)ys
=C ( 33)

(32)

0

on z plane. The boundary condition requires that the wave
function vanishes at sites marked with triangles in Fig. 13.
Again, we need to consider only the boundary condition for
Ya(r). The sites marked with open triangles belong to A
sulattice. We define the site at the corner with an open trian-
gle as the origin. The coordinates of the open triangles are
(x,y) = (—=(3/2)a x m,(+/3/2)a x m) with m=0,1,2,....
Hence, the boundary condition for v, (r) is given by

wA<—%axm,?axm) =0 (m=0,1,2,...). (34

The wave function ¥, in eq. (33) satisfies this condition.
Therefore eq. (33) can be considered as a wave function in
the presence of the 150° corner edge. This indicates the
existence of edge states. The envelope functions elk:e+»™’
and e~ %=1 are different from ordinary envelope functions
given in eq. (19), but both satisfy the k - p equation given in
eq. (18).

4.4 120° corner edge

Lastly we consider the 120° corner edge as shown in
Fig. 14. The boundary condition requires that ¥z (r) vanishes
at sites marked with a filled triangle and () vanishes at
sites marked with an open triangle. Therefore, both ¥, (r)
and Yg(r) are subjected to the boundary condition, in

054710-8

contrast to the 60° case where one component is free
from the boundary condition. This crucially affects zero-
energy states in the 120° case as we see below. Similar
to the treatment for the 60° case, we first adopt a linear
combination of the wave function for the 0° zz edge and
that for the 120° zz edge as a trial wave function. The wave
function for the 0° zz edge near the K* point is

C( e—ineikX(x-&-iy) )
0

and the wave function for the 120° zz edge near the K+

point is
0
C e*iKxefikx(xfiy)e_i(”/f’) .

The former has only the A-sublattice component, while the
latter has only the B-sublattice component. Obviously, their
linear combination does not satisfy the boundary condition
for both the A- and B-sulattice components. We next
consider a linear combination of the 0° edge wave functions
near the K™ and K~ points,

KﬁA(") Cge_ineik*(x+iy) + C6eine—ikX(x—iy) 37
() = ; )@
This is equivalent to eq. (27). Though vy of eq. (37)
satisfies the boundary condition, Y, cannot satisfy the
boundary condition for arbitrary Cs and Cg. Finally, we
consider a linear combination of the 0° zz edge wave
function and an arbitrary evanescent wave function near the
K* point given by

c e:Fi Kxeiip(xiiy)eii"
0 .

This wave function, reducing to the 0° zz edge wave
function when 6 — 0, satisfies eq. (18) and is bounded for
0<f< % in the 120° case. Their linear combination

(wA(r)> <C7e—ineikx(x+iy) + Cgeqcixxeiip(xiiy)eim )

(35)

(36)

(38)

V() 0

(39)
does not satisfy the A-sublattice boundary condition for
arbitrary Cy, Cg, p, and 6 as long as p is sufficiently small.

We failed to construct zero-energy wave functions in the
120° case in the form of a linear combination of the edge
states, in striking contrast to the 60° case. It is considered
that this corresponds to the disappearance of the LDOS peak
at ¢ = 0 near the corner observed in the numerical result. We
suppose that correct zero-energy states consist of zz edge
states and complex scattered waves. We point out that the
sublattice configuration of two zz edges plays a crucial role
in the qualitative difference between the 60 and 120° cases.

In the remaining of this section we briefly consider the
behavior of the LDOS shown in Fig. 8, on the basis of the
wave functions obtained above. Figure 8 shows the spatial
dependence of the LDOS at ¢ = 0 in the 60, 90, and 150°
cases. We observe that the LDOS on a zz edge is slightly
suppressed in the close vicinity of a corner. This should be
distinguished from the strong suppression of the LDOS
observed near a 120° corner, and is simply accounted for
on the basis of the wave functions for zero-energy edge
localized states presented in eqgs. (24), (29), and (33). We see

©?2011 The Physical Society of Japan
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that due to destructive interference, the amplitude of these
wave functions is suppressed in the close vicinity of a corner
located at (x,y) = (0,0) for a sufficiently small k.. This
accounts for the slight suppression of the LDOS.

5. Summary

We have studied electronic states in semi-infinite
graphene with a corner edge, focusing on the stability of
edge localized states. The 60, 90, 120, and 150° corner edges
are examined. The 90 and 150° corner edges consist of one
zz edge and one ac edge, while the 60 and 120° corner edges
consist of two zz edges. We have numerically obtained the
local density of states on the basis of a nearest-neighbor
tight-binding model by using Haydock’s recursion method.
We have shown that edge localized states appear along a zz
edge of each corner edge structure except for the 120° case.
In the 120° case, we have also shown that edge localized
states locally disappear near the corner but emerge with
increasing the distance from the corner along each zz edge.
To provide insight into these behaviors, we have analyzed
electronic states at ¢ =0 within the framework of an
effective mass equation. Except for the 120° case, we have
succeeded to obtain eigenstates of the effective mass
equation by forming a superposition of pair of edge localized
wave functions for an infinitely long straight zz edge. This
indicates the existence of edge localized states, and is
consistent with the behavior of the local density of states.
Contrastingly, no eigenstate has been obtained in such a
simple form in the 120° case. This suggests a possibility that
the local disappearance of edge localized states in the 120°
case is beyond the effective mass description. Note that
although both the 60 and 120° corner edges consist of two zz
edges, zero-energy eigenstates of the effective mass equation
are obtained only in the former case. We have pointed out
that this reflects the fact that two zz edges belong to a same
sublattice in the former case while they belong to different
sublattices in the latter case.

054710-9
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We study that stability of edge localized states in semi-infinite graphene with a corner
edge of the angles 60°, 90°, 120° and 150°. We adopt a nearest-neighbor tight-binding
model to calculate the local density of states (LDOS) near each corner edge using Hay-
dock’s recursion method. The results of the LDOS indicate that the edge localized states
stably exist near the 60°, 90°, and 150° corner, but locally disappear near the 120°
corner. By constructing wave functions for a graphene ribbon with three 120° corners,
we show that the local disappearance of the LDOS is caused by destructive interference
of edge states and evanescent waves.

Keywords: Graphene corner edge; zigzag; edge localized.
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1. Introduction

Graphene is the first true two-dimensional material composed of carbon atoms.’

Since it contains non-equivalent two carbon atoms in the unit cell due to the nature
of honeycomb lattice, the low-energy electronic properties of graphene are well
described by the massless Dirac equation, where the valence and conduction bands
conically touch at the Fermi energy.

The presence of edges in graphene makes strong implications for electronic states
near the Fermi energy. There are two representative edges structures in graphene,
called zigzag (zz) and armchair (ac). Zigzag edge provides highly degenerated edge
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localized state (edge state) at the Fermi energy,? but armchair edge does not show
such localized state. Recently the atomic structures of graphene edges were studied
using scanning tunneling microscope and successively the presence of edge states is
confirmed using scanning tunneling spectroscopy.®* Although in these experiments
the relatively long armchair edges are observed, zigzag edges preferably appear to
form corner edges.”

In our previous publication,” we have shown that electronic states of graphene
with a corner edge crucially depend on the corner angle. Corners with the angles
60°, 90° and 150° can stably possess the edge states, where the wave functions
can be analytically obtained as a simple linear combination of edge states.®® In
the 120° case, however, the edge states locally disappear, and an appropriate wave
function cannot be obtained in a similar manner. In this paper, we will numerically
demonstrate that the wave functions of 120° corner edge can be described as the
destructive interference between the edge states and evanescent waves.

2. LDOS on Corner Edges

We assume that 7 electronic states in graphene are described by a tight-binding
model on a honeycomb lattice. The Hamiltonian is H = —¢ Z{f,;} [2)(j|, where (i, j)
1s a pair of the nearest-neighbor sites, and ¢ is a hopping integral. For a given
energy £, we calculate the LDOS at an arbitrary site using Haydock’s recursion
method.”" ' Throughout this paper, the origin of energy is set to the Fermi energy
of graphene. To calculate the LDOS at the ith size, we transform our tight-binding
model to a one-dimensional chain model with a tridiagonal Hamiltonian®:

fag b \

bl (1 f]‘g
H = ba' “aq i (1)

\ )

The Green’s function G;(FE) for the ith site is approximately expressed as

i
k- ag — - Y |
E—a;— E‘—u‘xrz—th]
where
Bt 442, ?
(E) 2b3 : { (E—GN}E} 3)

Eq. (2) exactly takes account of the effects of all carbon sites up to the Nth neigh-
bor sites from ith site. The effects of other carbon sites beyond this distance are

“The normalized bases of H are determined in terms of the recursion relation bptiln + 1) =
(H —an)|n) — bu|n — 1) with a, = (n|H|n) and the initial state |0} = |i). See, Ref. 5 for details.
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Fig. 1. The LDOS at E = 0 of semi-infinite graphene with a corner edge with angles of (a) 60°,
(b) 90°, and (c) 150°. The radius of circles denotes the magnitudes of LDOS.

Fig. 2. The LDOS at E = 0 for semi-infinite graphene with a corner edge of the 120°.

approximately taken into account through t(E). G;(E) gives the LDOS at the ith
site in terms of the relation

ni(E) = %ImG.,;{E — id), (4)

where § is a positive infinitesimal. We calculate the LDOS in the case of 60°, 907,
120° and 150° corner edges by setting N = 1000.

Figure 1 shows the LDOS for the corner edges with 60%, 90° and 150°, while
Fig. 2 shows the LDOS for the corner edge with 120°. Here the energy is fixed at
the Fermi energy of graphene, i.e. E = 0. In the cases of 60°, 90° and 150°, we
observe the characteristic feature of the edge states that the LDOS have the finite
amplitudes only on one of two sub-lattices. In contrast, in the case of 120°, the
LDOS at zero energy almost disappears near the corner edge, but its value on the
2z edge increases with being distant from the corner.

3. Wave Functions for 120° Corner

It is interesting to consider wave functions that can account for the behavior of
the LDOS observed in the previous section. In the 60°, 90° and 150° cases, such
wave functions can be analytically obtained as a simple linear combination of
edge states.™% In the 120° case, however, an appropriate wave function cannot be
obtained in a similar manner. This implies that not only the edge modes but also
locally induced evanescent waves play a role.

To numerically construct wave functions for 120° corner, we propose to treat a
semi-infinite zz ribbon having three 120° corner edges as shown in Fig. 3(a). Since
we are interested in the local disappearance of edge states near 120° corner, our
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Fig. 3. (a) Schematic structure of semi-infinite zz graphene naoribbon, where left-side is termi-
nated by three corner edges of 120° degrees. (b) The polygon with dashed lines defines the unit
cell. Since each zz line in the unit cell contains two carbon sites, we refer to the left (right) site on
the Ith zz line as la(l3). The black (white) circles denote «(/3) sites.

attention is focused on low-energy states with £ = (). We take the unit cell of the zz
ribbon as shown in Fig. 3(b). Each unit cell has 2W sites, where W is the number
of zz lines. The jth unit cell contains two sites of each zz line. We refer to the left
(right) site on the [th zz line as la(l3). We define C?(Cf) as the column vector
consisting of the wave coefficients at la(lF)(l = 1,2,...,W). The column vectors
C? and Cf satisfy the relations

H,C{ + H,C} + H,C,_, = ECY, (5)
HIC? + H3CY,, = EC/, (6)

where H; (H3) represents the intra-cell transfer between nearest neighbor a (a and
3) sites in jth unit cell, and Hy represents the inter-cell transfer between nearest
neighbor o and (3 sites, respectively. Eliminating terms with the column vectors for
3 sites from (5) and (6), we obtain

i1 +uCi_; +vC§ =0, (7)

where u and v are matrices which are constructed in terms of H,;, H,, H3 and
L. Here, we assume that the column vector satisfies C,, = AC{. From (7), the
eigenvalue equation

-V _=-—U (i? B (ijt (3)
Lo S ENSEe j-1

is derived. Solving (8), we obtain 2W eigenmodes. They can be classified into three
types according to the absolute value of an eigenvalue A. The first type is the
eigenmodes with [A| = 1. At E = 0, we obtain two such eigenmodes representing
edge states. One is the right-going mode, and the other is the left-going mode. The
second type is the evanescent modes with |A| < 1, and the number of these modes
is W — 1. The last type is the modes with |A| > 1 which exponentially increase
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toward the right direction. The number of these eigenmodes is also W — 1. We have
assumed that the zz ribbon is infinitely long to the right direction (see Fig. 3),
so the eigenmodes of the last type should be excluded because they diverges with
increasing j. Thus we take the two edge modes of the first type and the W — 1
evanescent modes of the second type as the basis functions.

Let us consider a scattering problem in the case where the left-going edge mode
is incident from the right. Then, the right-going edge mode is regarded as a reflected
wave, and W — 1 evanescent modes play a role of scattered waves. Let us express
the two edge modes as ;,(r) and t..¢(r), and the W — 1 evanescent modes as

or . In the zz ribbon system, the wave function ¥(r) is represented as a linear
combination of these waves

W1
U(r) = Yin(r) + atres(r) + Z b (r), (9)

=1

where a and {b; } are unknown coefficients to be determined. We consider the bound-
ary condition at the left boundary consisting of three 120° corner edges. Note that
this boundary can be created from an infinitely long zz ribbon by removing W sites,
each of which is the nearest neighbor of a boundary site. We require that the wave
function vanishes at these removed sites, i.e., ¥(r1) = ¥(ry) = --- = ¥(ry) = 0,
where ry, ..., rw are positions of the removed sites. Imposing this boundary condi-
tion to (9), we numerically determine the unknown coefficients. Actual calculation
s performed for the case of W = 30.

Fig. 4. The absolute value of the wave function ¥(r) at E/l = (a) 1073, (b) 10~%, (¢) 10~5, and
(d) 107% near one of the 120° corner edges. The length of bars indicates |¥(r)|.
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In Fig. 4, we show the absolute value of the wave function |¥(r)| at E/t =
(a) 107%, (b) 107%, (c) 1075 and (d) 10~° near the 120° corner edge. The figures
show an extracted area from the entire zz ribbon. We observe that |1(r)| almost
disappears near the corner, but its amplitude on the zz edge increases with being
distant from the corner edge. These features are consistent with the behavior of
LDOS.

4. Summary

We have studied electronic states of semi-infinite graphene with a corner edge, focus-
ing on the stability of edge localized states. We have calculated the local density of
states (LDOS) of each case based on the nearest-neighbor tight-binding model using
Haydock’s recursion method. The edge localized states stably exist near the 60°, 90°
and 150% corners, but locally disappear near the 120° corner. By constructing wave
functions for a graphene ribbon with three 120° corners, we found that the local
disappearance of the LDOS is caused by destructive interference of edge states and
evanescent waves. Recent experiments has reported that zigzag edges with many
~120° turns had been observed on the graphene grains synthesized on Cu foils by
chemical vapor deposition.!! The local disappearance of edge localized states for
120% corner edge might be related to the above experiment, because the local dis-
appearance of edge localized states energetically stabilizes the formation of corner
edges with such angle. Further theoretical details will be published elsewhere.
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