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Abstract

Project Code: TRG5680092

Project Title: Atomistic description of advanced functional materials and its properties

Investigator: Assoc. Prof. Dr. Sirichok Jungthawan, School of Physics, Institute of Science, Suranaree

University of Technology

E-mail Address: sirichok@sut.ac.th

Project Period: 2 Years 6 Months

The project aims to study the electronic properties, structural properties, and deformation behavior
of two dimensional materials based on first-principles calculations. The structural deformation of single-
layer boron nitride (BN), graphene, and silicene under different strain conditions (in the range of -0.2 to 0.2)
have been investigated using first-principles density functional theory. The information of lateral relaxation
under uniaxial strain can be extracted from the strain energy surface. The results provide key mechanical
properties of the membranes such as Poisson’s ratio, ultimate strength, and in-plane elastic stiffness.
Under pressurized blister test, the deformation behavior of the membrane is describe by using Hencky’s
solution. This solution provides the membrane profile and the relationship between the pressure and the
blister height that can directly estimate strain in the membrane. Materials with different Poisson's ratio and
in-plane elastic stiffness are suitable for different pressure range. At the same strain, graphene is suitable
for high pressure application whereas silicene is suitable for low pressure application. The relationship
between pressure or strain and diffusion properties of various gas molecules is subjected for further study

for renewable energy applications and hydrogen storage.

Keywords: Hencky’s solution, membrane, graphene, strain, pressure, gas separation
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. q@ﬁﬁa"lwmuaﬂ%ﬂﬁ (Python script) UEAIHADUNTAINALRADUDILEIAM el
ANNAREILENE AIFNNIT (1.6) B9 (1.8) Tuundl 2

qaﬁ’]é“'dvlwmuaﬂ’%ﬂ@? (Python script) LEAIEHABUNITANWI BANULAUD DI
\Ha aagun1In (1.9) f9 (1.11) ﬁ'ﬁgﬂmelaaﬂ’]iﬁmgﬂﬁ"léfﬁnﬂwal,aawauaaﬁ
meldanusuadnaus sssunsn (1.6) 4 (1.8) luunf 2
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AMANWBIN N

TAMAI INTaURATUA (Python script) usasTuAaUNMIMINARALBBILEIANBldAMNGY

FILENE AIFNANIN (1.6) B9 (1.8) luund 2

#!/usr/bin/python

Sirichok Jungthawan

Sch of Phys, Suranaree Univ of Tech

sirichok@gmail.com for bug report or special request

uniform pressure hencky's solution by finite difference method
Apr23,2015

import sys, os

EEE

def henckyN(h, N1, N2, r, a):

sl = 3*h* (N1 - N2) - 2% (N1 + N2)*r

s2 = (1 + complex(0,1)*3%*.5) *q**2% (=12%h* (N1*¥*2 - N2**2)*r + 4% (N1 + N2)**2%r**2 +
3¥N**2* (3XNT**2 — G*NI*N2 + 3*N2*¥*2 + 8*a*r**2))

S3 = 27*N**IANL**3%qk*3 - 81 *h**3*NI1**2*N2*qr*3 + 81 *h**3*¥NL*N2**2*q+*3 -
27*h**3*N2**3*q**3 _ 54*h**2*N1**3*q**3*r + 54*h**2*Nl**2*N2*q**3*r

S4 = SAFNFR2ANIAN2**2*¥q**3%r =  SAXR**QAN2*¥*¥3*gr*3*r  + 108*a*h**3*N1*qr*3*r**2 +
36*h*N1**3*q**3*r**2 _ 108*a*h**3*N2*q**3*r**2 + 36*h*Nl**2*N2*q**3*r**2

55 = _36*h*Nl*N2**2*q**3*r**2 - 36*h*N2**3*q**3*r**2 — 54*h**2*q**2*r**3 -
72*a*h**2*Nl*q**3*r**3 _ 8*N1**3*q**3*r**3 _ 72*a*h**2*N2*q**3*r**3

S6 = _24*N1**2*N2*q**3*r**3 — 24*N1*N2**2*q**3*r**3 — 8*N2**3*q**3*r**3 —

108*h*N1*g**3*r**4 + 108*h*N2*g**3*r**4

ST = —q**2*% (24*a*h**2*r**2 + (sl)**2)**3

S8 = 8* (N1 + N2)**3*g*r**3 - 36*h* (N1 - N2)*g*r**2* (N1**2 + 2*N1*N2 + N2**2 - 3*r**2) -
27*h**3% (N1 - N2)*g* (N1**2 - 2*N1*N2 + N2**2 + 4*xg*r**2)

S9 = 18*h**2*pr* (3*N1**3*q -  3*N1**2*N2*qg - 3*NL1*N2**2*q + 3*N2**3*gq + 3*r**2 +
4*g*N1*g*r**2 + 4*a*N2*g*r**2)

s1l0 = complex (g**4*(s7 + (s8 + s9)**2),0)

sl0 = s3 + s4 + s5 + s6 + sl0**.5

s1l0 = s10**(1./3.)

henckyN = 1/ (24*g*r)* (-2*g*sl + s2/s10 + (1 - complex(0,1)*3**.5)*s10)
print sl
print s2
print s3
print s4
print sb5
print s6
print s7
print s8
print s9
print s10

return henckyN

FHEFHE A A
if len(sys.argv) < 9:
print """
vasp2x.py (Jun01,2011)
Usage: hencky.py <u> <g> <NO> <h> <tolerance> <NSW> <N output> <W output>

1 <u> = Poisson's ratio

2 <g> = dimensionless g

3 <NO> = N at r = 0 (default = 0 will get the value from NO.dat)
4 <h> = step size

5 <tolerance> = in iterative method for finding N (r)

6 <NSW> = number of iteration

7 <N output> = filename for N

8 <W output> = filename for W
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sys.exit ()
u = float(sys.argv[1l])
a = float(sys.argv[2])
Nn = float(sys.argv[3])
h = float(sys.argv[4])
tol = float(sys.argv[5])
nsw = int(sys.argv[6])
N = int (1/h)
a = (3+u) /2
r = 11
NO = [
N1 =[]
err = []
W =[]

#print 'Number of division is %$s' %N

infile=open('NO.dat','r")
for i in range (N+1):
r.append (i*h)
line = infile.readline () .split ()
NO.append(float (line[1]))
N1.append(0)
err.append (0)
W.append (0)
infile.close ()
Nold = NOI[N]
if Nn > 0:
Nn = Nn/NO[O0]
for i in range (N+1):
NO[i] = NO[1]*Nn
for i in range (N+1):
N1[i] = NO[1]
HHHH A AR A S R

errmax = 10
J =1
while errmax > tol:
for i in range(N-1,-1,-1):
if 1 > 0:
N1l [i]=henckyN(h, NO[i-1], N1[i+1], r[i], a).real
else:
N1[0]=(18*N1[1]-9*N1[2]+2*N1[3])/11
err[i]=abs (N1[1i]-NO[i])

# print i, N1[i], err[i]
for i in range (N+1):
NO[i] = N1[1]
errmax = max(err)
j=3+1
print j
k=0
Ndiff = 1.
while ((k < nsw) and (Ndiff > tol)):
k = k+1

# compute W[O0]
#for 1 in range (N+1)
W[0] = 0.
for j in range(l,N):
if §%2 == 1:
W[O]=W[O]+4*r[J]/ (2*N1[]])
else:
W[O]=W[O0]+2*r[]j]/(2*N1[]])
W[0]l=(h/3.)*(1/(2*N1[N])+W[0])

for j in range(N):



£0

=r[j]/(2*N1[]])

29

F1=(r[31+x[J3+11)/(2* (NI [J]+N1[3+1]))

f2=r[jJ+1]1/(2*N1[j+1])
W[I+1]1=W[j]1-(£f0+4*f1+£f2)*h/6
# print '%i W[0] = ' %(k+1), W[O], ' and W[N] = ', W[N]
W[N] = 0
N1[N] = -18*W[N-1]+9*W[N-2]-2*W[N-3]
N1[N] = NI[N] + 18*r[N-1]*N1[N-1]-9*r[N-2]*N1[N-2]+2*r[N-3]*N1[N-3]
N1[N] = N1[N]/(1ll-6*u*h)
Ndiff = abs (N1[N]-Nold)
# print 'N[N] old = ', Nold, ', new = ', N1[N], ', diff = ', N1[N]-Nold
print '%41i N[0] = %2.8f, N[N] = %2.8f, diff = %2.8E' %(k, N1[0], N1[N],
if nsw > 1:
for j in range (N+1):
NO[§] = N1[j]
Nold = NO[N]
errmax = 10
J =1
while errmax > tol:
for i in range (N-1,-1,-1):
if i > 0:
N1l[i]=henckyN(h, NO[i-1], N1[i+1], r[i], a).real
else:
N1[O]=(18*N1[1]-9*N1[2]+2*N1[3])/11
err[i]=abs (N1[1i]-NO[i])
# print i, N1[i], err[i]
for i in range (N+1):
NO[i] = N1[1i]
errmax = max (err)
J=73 +1
# print j

R R R R R R R AR AR AR AR AR AR AR AR R

Nfile=open

('$s' %sys.argv]|

Wfile=open('%s' %$sys.argv|
for i in range (N+1):

Nfile.write('%21.16f %$21.16f\n"
Wfile.write('%21.16f %21.16f\n'

Nfile.close ()
Wfile.close()

#print '>>> DONE'
sys.exit ()

o
o

o
°

(r
(r

[i],
(i1,

N1[i]))
W[il))

Ndiff)
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NMANWIN Y

q

TAFFI INTaURASUS (Python script) LRAIUUABUMTANWIUANNLAUVBILHULED AIaun1IN (1.9)
=

=

09 (1.11) mmJmeaamiﬁ@gﬂﬁ%ﬁmNmaawaaLaaﬁmﬂﬁﬂmu@”uaﬁnaua AIRUNNTN (1.6) D4 (1.8)

U

Tuund 2

#!/usr/bin/python

Sirichok Jungthawan

Sch of Phys, Suranaree Univ of Tech

sirichok@gmail.com for bug report or special request

uniform pressure hencky's solution by finite difference method
Apr23,2015

import sys, os

H o W

FHEFHE AR AR A A R R
if len(sys.argv) < 4:
print mmwn
vasp2x.py (Jun01l,2011)
Usage: strain.py <u> <g> <h>

1 <u> = Poisson's ratio

2 <g> = dimensionless g

3 <h> = step size
sys.exit ()

u = float(sys.argv[1l])

q = float(sys.argv[2])

h = float(sys.argv[3])

N = int (1/h)

a = (3+u)/2

r =[]

NO =[]

W0 =[]

Np =[]

Wp =[]

Nt =[]

Nr =[]

e = 1[I

#print 'Number of division is %$s' %N

Nfile=open('N.dat','r")
Wfile=open('W.dat','r")

for i in range (N+1):
r.append (i*h)
Nline = Nfile.readline () .split ()
NO.append (float (Nline[1]))
Wline = Wfile.readline () .split ()
WO .append (float (Wline[1l]))
Np.append (.0)
Wp.append (.0)
Nt.append(.0)
Nr.append(.0)
e.append(.0)
Nfile.close ()
Wfile.close()

Wp[0] = .0
for i in range (N+1):
Nr[i] = g*NO[1i]
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for i in range (N+1):
NO[i] = r[i]*NO[i]

for 1 in range(N+l):

if 1 ==

# Wp[i]=(-WO[i+2]+4*WO[1i+1]-3*WO[1i])/ (2*h)
Np[1i]=(2*NO[i+3]=-9*NO[1+2]+18*NO[1i+1]-11*NO[i])/ (6*h)

# Wp[1i]=(2*WO[i+3]-9*WO[1+2]+18*WO [1i+1]-11*WO[i])/ (6*h)

elif i == N:

# Np[1i]=(3*NO[1i]-4*NO[i-1]+NO[i-2])/ (2*h)

# Wp[i1]=(3*WO[i]-4*WO[1-1]+WO0[1i-2])/ (2*h)
Np[i]=(11*NO[i]-18*NO[1i-1]+9*NO[i-2]-2*N0[1i-3])/ (6*h)
Wp[i]=(11*WO[1]-18*WO[i-1]+9*WO[1i-2]-2*WO0[1i-3])/ (6*h)

else:
Np[i]=(NO[i+1]-NO[ ])/ 2*h)
Wp[i]=(WO[i+1] WO[ 11)/(2*h)
for i in range(N+1)
Nt[i] = g*(Np[i] - r[i]*Wp[i])

for i in range( ) :

e[i] = abs ((1+u**2)*Nt[1]*Nr[i] - u*(Nt[i]**2 + Nr[i]**2))**.5

Ntfile=open ('Nt.dat','w')

Nrfile=open ('Nr.dat','w')

efile=open('strain.dat', 'w')

for i in range (N+1):
Ntfile.write('%21.16f %21.16f\n' %
Nrfile.write('%21.16f %21.16f\n' %
efile.write('%21.16f %21.16f\n' %(

Ntfile.close()

Nrfile.close()

efile.close()

##f#average by 2 pi r weight

for i in range (N):

(r[il, Nt[i]))
(r[i], Nr[i]))
r[i], e[i]))

el[i] = e[i]l*r[i]
ea = .0
for i in range(l,N):
if i%2 == 1:
ea = ea + 4*e[i]
else:

ea = ea + 2*e[i]
ea = 2* (ea + e[0] + e[N])*h/3

print ' %3.8f %3.8f average strain = %3.12f' %(u, g, ea)

#print '>>> DONE'
sys.exit ()
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Theoretical study of deformation behavior of strained porous graphene

and its gas separation properties under pressure

Sirichok Jungthawan® %% * Yuwadee Suwan® 3, and Sukit Limpijumnong® 2
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The structural deformation of porous graphene (PG) under tensile stress and the diffusion properties of H,,
0O, and CO, through PG under different strain conditions have been investigated using the first-principles
density functional theory [1]. The information of lateral relaxation under uniaxial stress can be extracted
from the strain energy surface. The results provide key mechanical properties of the membranes such as
Poisson’s ratio, ultimate strength, and in-plane elastic stiffness. It is found that the application of a tensile
stress can effectively increase the diffusion rate of H,, O,, and CO, in PG by up to 7, 13, and 20 orders of
magnitude, respectively. Under pressurized blister, the deformation behavior of the membrane is describe
by using Hencky’s solution [2]. This solution provides the membrane profile and the relationship between
the pressure and the blister height that can directly estimate strain in the membrane for real measurement [3].
Diffusion rate and selectivity of gases through PG can be manipulated by a pressure difference across the
membrane. By applying sufficiently high pressure, one might able to use PG for filtering larger gas molecules
such as O, in addition to previously proposed H,. The results open up an opportunity to utilize PG as a

controllable gas separation membrane, leading to wide range of energy and environmental applications.

[1]  S.Jungthawan, P. Reunchan, and S. Limpijumnong, Carbon 54, 359-364 (2013).
[2] H. Hencky, Z. fur Mathematik und Physik 63, 311-317 (1915).
[3]1 S. Koenig, N. Boddeti, M. Dunn, and J. Bunch, Nat. Nano 6, 543-546 (2011).
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Deformation behavior of strained single-layer BN, graphene,
and silicene under pressurized blister test

Sirichok Jungthawan and Sukit Limpijumnong

! School of Physics and
NANOTEC-SUT Center of Excellence on Advanced Functional Nanomaterials,
Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand
2 Thailand Center of Excellence in Physics (ThEP),
Commission on Higher Education, Bangkok 10400, Thailand

The structural deformation of single-layer boron nitride, graphene, and silicene under
different strain conditions (in the range of -0.2 to 0.2) have been investigated using
first-principles density functional theory. The information of lateral relaxation under
uniaxial stress can be extracted from the strain energy surface. The results provide
key mechanical properties of the membranes such as Poisson’s ratio, ultimate
strength, and in-plane elastic stiffness. Under pressurized blister test, the deformation
behavior of the membrane is describe by using Hencky’s solution [1]. This solution
provides the membrane profile and the relationship between the pressure and the
blister height that can directly estimate strain in the membrane and adhesion energy of
the membrane with the substrate for real measurement [2].

[1] H. Hencky, Z. fur Mathematik und Physik 63, 311-317 (1915).
[2] S. Koenig, N. Boddeti, M. Dunn, and J. Bunch, Nat. Nano 6, 543-546 (2011).

Contact: sirichok@sut.ac.th



NNANWIN 4

@ A
NUIFD

Sirichok Jungthawan*, and Sukit Limpijumnong, Graphene Science Handbook, Chapter 3: Atomic

Arrangement and Its Effects on Electronic Structures of Graphene from Tight-Binding Description, CRC

Press, 2016 (in press)



3 Atomic Arrangement and Its Effects
on Electronic Structures of Graphene
from Tight-Binding Description
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ABSTRACT 3.1 TIGHT-BINDING METHOD

An exhaustive enumeration method to generate graphene—
alloy configurations and the method to calculate or estimate
the electronic structures of those configurations will be dis-
cussed. The electronic structures of pristine graphene can
be qualitatively described by tight-binding method. Tight-
binding model is a simple method to understand the contribu-
tions of each atomic state. The method is helpful to investigate
how chemical bonding, atomic arrangement, and structural
symmetry reflect to the electronic structure of a system.
Structural stability of monolayer graphene with dopants or
impurities is able to be systematically investigated by means
of first-principles calculations. However, the method is more
expensive than simple tight-binding approximation. Tight-
binding method provides an insightful of how the interactions
between the constituents influence on the characteristic of
electronic structure, which is sensitive to the detailed arrange-
ment of the constituents. Tight-binding calculations of several
representative ordering patterns including ribbon, superlattice
(SL) or stripe, and scattering arrangements are given to illus-
trate an idea of how to construct Hamiltonian matrix for such
systems. These matrix elements are considered as parameters,
which are fitted to reproduce certain properties from experi-
mental data or first-principles calculations. The properties
of nanoribbons and superlattices along armchair and zigzag
direction have been discussed in the context of the tight-bind-
ing approximation, as they provide an informative trend of the
electronic properties related to edge modification and inver-
sion symmetry of structure.

K20510_C003.indd 37

During the past decade, graphene (Castro Neto et al. 2009;
Geim and Novoselov 2007; Novoselov et al. 2004, 2005), a
single layer of graphite with a planar honeycomb structure as
illustrated in Figure 3.1, has been extensively studied because
of its astonishing properties that are mostly attributed to quan-
tum phenomena from 2D confinement effects (Novoselov et al.
2004, 2005; Zhou et al. 2006). In a perfect graphene, each car-
bon atom forms G-bonds with its three nearest neighbors (sp?
hybridization). The electronic states near the Fermi energy are
dominated by the w and ©* bands, which are derived from the
weakly interacting p. orbitals. The most important character-
istic of the electronic structure of graphene is the degener-
ate states m and m* at the K point of graphene (hexagonal)
Brillouin zone (BZ) (inset of Figure 3.2), making graphene a
zero-bandgap semi-metal (Reich et al. 2002; Wallace 1947).
The tight-binding method is an approximation assuming
that the wave functions tightly bound to the atoms, so-called
“tight-binding,” such that the atomic wave functions can be
used as a basis for expanding the crystal wave functions.
The method is helpful to investigate how chemical bonding,
atomic arrangement, and structural symmetry reflect to the
characteristic of electronic structure. This method is the sim-
plest method for computationally calculating band structures.
Since each carbon atom forms bonds with its three nearest
neighbors, it is assumed that the wave functions of s, p,, and p,
orbitals are tightly bound to the atoms. The method has been
widely used and proven to be efficient for studying this class
of materials as summarized in Table 3.1. Generally, suppose

37
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FIGURE 3.1 Crystal structure of honeycomb lattice showing the
two sublattices, A and B, in the unit cell and the basis vector ¢. The
primitive unit cell is defined by the primitive lattice vectors a, and a,.

that we start with an atomic wave function, for example, p,

orbital, on a sublattice A (Figure 3.1), which is centered at
coordinate R,

(riR,)=d(r—Ry). (3.1)

o(r — R,) is an atomic wave function associated with this

atom. It is assumed that this state interacts with an atomic

wave function on a sublattice B (Figure 3.1), which is centered
at site Ry,

(rIRp)Y=0¢(r—-Rp). 3.2

These two orbitals dominantly attribute to m and w*
bands near the Fermi level. As long as we consider about the

10
8 =
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BN BN
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2+ gc=0eV
= 0 lec=27eV mec Graphene
w Tee £ =3.6eV

pX K T M A r

FIGURE 3.2 Band structures of graphene and boron nitride with
the first nearest-neighbor interactions. The values of the parameters
used in tight-binding calculations are shown. The horizontal line at
0 eV is considered as the Fermi level.
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electronic structures near the Fermi level, we can form elec-
tronic states that can be used as the basis functions for the
crystal wave functions assuming that there are no other orbit-
als, for example, s, p,, and Dy orbitals can mix into the states
near the Fermi level since the bands that correspond to the
dispersion of bonding and antibonding molecular orbital are
1 and 7t* bands. Given that there are two atoms in the unit cell
at sublattices A and B, we can construct two Bloch states as

3.3)

Iki>=ﬁzeﬂ IR, +R),
R

where i = A, B, with the summation running over all the N unit
cells in the crystal (the vectors R). It can be verified that these
states obey Bloch’s theorem. Let R’ be another lattice vector,

(rik,)= ﬁz MR -R,-R). (34
4

Then, this state at position r + R is given by
1 ik-R’ ’
r+RIk)=—7 ) e (r+R)-R;—-R’)
( =I5 Z 0
1 ik-(R’-R) ik-R
=—— Y ¢ " “o(r—R;,—(R’"—R))
DA

_ ﬁ eik-Rz R R —R, - (R’=R)),
=
(3.5)

where R’ — R is another lattice vector. This leads to

r+RIk;)=e*®rlk;) (3.6)

that satisfies Bloch’s theorem. The crystal eigenstates can be
expanded in these two basis functions, |k,) and |kz). We can
construct the approximate crystal eigenstates as

|k>=2c,.|k,.>=cA|kA>+cB|kB>, 3.7)

where the expansion coefficients ¢, and ¢, are to be deter-
mined. The eigenstates |K) are normalized by Ic,|? + Icgl2 = 1.
We want to find the eigenvalues (k) that is exactly the number
of bands that we can expect at each k-point of a Hamiltonian

operator H such that
H k) =¢(k) | k). (3.8)

Inserting the unit operator =3 KXk = kXK |+
|kz)XKp | in front of |K) on both sides of the equation and
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TABLE 3.1

Example of Tight-Binding Method Used to Study Electronic Structures of Graphene and Its Derivatives

System

Artificial graphene

Bent graphene

Biased bilayer Graphene

Bilayer graphene
Bilayer graphene
Bilayer graphene
Bilayer graphene
Bilayer graphene

Boron-doped graphene
field-effect transistors

Bottom-gated bilayer
graphene

Deformed GNRs

Disordered graphene

Few-layer graphene
Graphene

Graphene

Graphene

Graphene

Graphene

Graphene

Graphene

Graphene SL (antidot)
Graphene SL (line defect)

Graphene and carbon
nanotubes

Graphene and graphite
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Main Result
Experimental investigation
comparison with
tight-binding method
Modeling graphene
bending
Gap tunable by electric
Field

Electronic transmission
and conductance

Optical properties

Potential difference
between the layers and
band gap

Spin—orbit coupling

Theoretical model

Transistor characteristics

Tight-binding parameters
and gate-voltage-
dependent bandgap

Electronic structure

Experimental investigation
comparison with
tight-binding method

Quasiparticle dispersion

Band structure and density
of states

Intrinsic and Rashba
spin-orbit interaction

Phonon-limited electron
mobility

Review article

Spin—orbit coupling

Vacancy defects

Vacancy defects

Electronic states

Electronic transmission

Analytic expression for
the tight-binding

dispersion

Electronic structure

Journal

Phys. Rev. B 88, 115437 (2013)

Phys. Rev. B 89, 155437 (2014)

Phys. Rev. Lett. 99, 216802
(2007)

Phys. Rev. B 79, 155402 (2009)

Phys. Rev. B 89, 045419 (2014)

Phys. Rev. B 74, 161403(R)
(2006)

Phys. Rev. B 85, 115423 (2012)

Phys. Rev. B 89, 035405 (2014)

ACS Nano 6, 7942 (2012)

Phys. Rev. B 80, 165406 (2009)

J. Chem. Phys. 129, 074704
(2008)
Phys. Rev. B 87, 035101 (2013)
Phys. Rev. B 78, 205425 (2008)
Phys. Rev. B 83, 115404 (2011)
Phys. Rev. B 74, 165310 (2006)
J. Appl. Phys. 112, 053702
(2012)
Rev. Mod. Phys. 81, 109 (2009)
Phys. Rev. B 82, 245412 (2010)
Phys. Rev. B 74, 245411 (2006)
Phys. Rev. B 96, 036801 (2006)
Phys. Rev. B 80, 045410 (2009)

Phys. Rev. B 86, 045410 (2012)

Phys. Rev. B 66, 035412 (2002)

Phys. Rev. 71, 622 (1947)

Author

M. Bellec, U. Kuhl, G. Montambaux, and F. Mortessagne
(Bellec et al. 2013a,b)

1. Nikiforov, E. Dontsova, R. D. James, and T. Dumitrici
(Nikiforov et al. 2014)

Eduardo V. Castro, K. S. Novoselov, S. V. Morozov, N. M.
R. Peres, J. M. B. Lopes dos Santos, Johan Nilsson, F.
Guinea, A. K. Geim, and A. H. Castro Neto (Castro et al.
2007)

Michaél Barbier, P. Vasilopoulos, F. M. Peeters, and J.
Milton Pereira, Jr. (Barbier et al. 2009)

Faris Kadi and Ermin Malic (Kadi and Malic 2014)

Edward McCann (McCann 2006)

S. Konschuh, M. Gmitra, D. Kochan, and J. Fabian
(Konschuh et al. 2012)

Jeil Jung and Allan H. MacDonald (Jung and MacDonald
2014)

P. Marconcini, A. Cresti, F. Triozon, G. Fiori, B. Biel,
Y. M. Niquet, M. Macucci, and S. Roche (Marconcini et al.
2012)

A. B. Kuzmenko, I. Crassee, D. van der Marel, P. Blake,
and K. S. Novoselov (Kuzmenko et al. 2009)

L. Sun, Q. Li, H. Ren, H. Su, Q. W. Shi, and J. Yang
(Sun et al. 2008)

S. Barkhofen, M. Bellec, U. Kuhl, and F. Mortessagne
(Barkhofen et al. 2013)

A. Griineis, C. Attaccalite, L. Wirtz, H. Shiozawa, R. Saito,
T. Pichler, and A. Rubio (Griineis et al. 2008)
C. Bena and L. Simon (Bena and Simon 2011)

Hongki Min, J. E. Hill, N. A. Sinitsyn, B. R. Sahu, Leonard
Kleinman, and A. H. MacDonald (Min et al. 2006)
N. Sule and I. Knezevic (Sule and Knezevic 2012)

A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.
Novoselov, and A. K. Geim (Castro Neto et al. 2009)

S. Konschuh, M. Gmitra, and J. Fabian (Konschuh et al.
2010)

Gun-Do Lee, C. Z. Wang, Euijoon Yoon, Nong-Moon
Hwang, and K. M. Ho (Lee et al. 2006)

Vitor M. Pereira, F. Guinea, J. M. B. Lopes dos Santos,
N. M. R. Peres, and A. H. Castro Neto (Pereira et al. 2006)

M. Vanevié, V. M. Stojanovi¢, and M. Kindermann (Vanevi¢
et al. 2009)

Lii Xiao-Ling, Liu Zhe, Yao Hai-Bo, Jiang Li-Wei, Gao
Wen-Zhu, and Zheng Yi-Song (Xiao-Ling et al. 2012)

S. Reich, J. Maultzsch, C. Thomsen, and P. Ordejon
(Reich et al. 2002)

P. R. Wallace (Wallace 1947)

(Continued)

31-08-2015 20:13:38



40

Graphene Science Handbook

TABLE 3.1 (Continued)
Example of Tight-Binding Method Used to Study Electronic Structures of Graphene and Its Derivatives

System

Graphene multilayers
GNRs
GNRs

GNRs
GNRs

Graphene nanorods

Graphene nanostrips

Graphene over pillars
Graphene quantum rings
Graphene ribbons
Graphene/BN
superlattices
Graphene-like lattice

Graphite

Graphite ribbons

Nanographite ribbons
Nitrogen-doped graphene
Strained bilayer graphene
Strained graphene
Trilayer graphene
Twisted bilayer graphene
Twisted bilayer graphene
Twisted bilayer graphene

Twisted bilayer graphene

Twisted graphene flakes
Twisted trilayer graphene

Uniaxial strain in
graphene

Main Result
Electronic structure
Electronic states
Quantum thermal

transport properties
Scaling rules for band gap
Transport model

Transport properties

Effective mass, electron—
phonon coupling
constant

Electronic structure

Electronic states

Localized edge state

Electronic structure

Localized edge state

Electronic structure
evolution

Electronic states of
armchair and zigzag
ribbons

Electronic and magnetic
properties

Electronic properties

Electronic structure

Band structure

Quasiparticle band
structure

Electronic structure
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quantum Hall effect

Optical absorption

van Hove singularities

Electronic structure

Electronic properties
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multiplying by (k,|, where i = A, B, we can write this equation
in the form

e L Y 1K | 16) = ek 1| Y 1)K | 1K),

J

D (i 1K 1)) = )Y (¢ T XK, [KD),

3 [0 1 A1)~ ek, 1) |, 1) =0, G2

J

E[H,j —e(k)(k; |K;)]c; = 0.

In order to solve this system of linear equations, we need
to evaluate (k;|k)

<ki | k/> = % Z eikl(R”fR')<Ri + R/ | R/ + R”). (310)

R’,R”

It is obvious that R” — R’ is another lattice vector. We can
define R” — R” = R given that

(k1) =3 MR ARIR +R+R). 311)

R’.R

The integral (R, +R’|R;+R+R")=(RR;+R) is inde-
pendent to the lattice vectors R” because the relative position
between R; and R; + R is unchanged under the same trans-
lation vector R”. The summation over the lattice vectors R’
will cancel with the factor 1/N because there is no explicit
dependence on R’ so that

(ki 1k,)= %Ze""“(Ri IR, +R)

R’.R

- Zeik’R(Ri IR, +R).

R

(3.12)

In the framework of the tight-binding approximation, the
overlap integral (R/R;+ R) is nonzero only for the same
orbital on the same atom, that is, only for i=j and R=0,
therefore,

(k1K) =(R; IR;)=3,. (3.13)

The two basis functions, |k,) and |k ), are orthogonal. With
this approximation, Equation 3.9 can be written as
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E[H,«,- —e(k)d;]c; =0 (3.14)
J

with

Hy =k | H|k,). (3.15)
This system of equations can have nonzero solutions only
if its determinant vanishes,

det[H; —e(k)5;]1=0. (3.16)

This is known as the secular or characteristic equation.
The Hamiltonian matrix H; =(k; |I:I |k;) is N x N matrix,
where N is the number of basis functions used for expand-
ing the crystal eigenstates. Alternatively, the eigenvalues can
be obtained by directly diagonalizing the Hamiltonian matrix
with all the known values of elements H;. The eigenvalues of
a symmetric matrix are real. The solutions of this equation
yield N eigenvalues g,(k), &,(Kk), ..., €y(Kk), which are exactly
the number of bands that we can expect for each value of k.

The Hamiltonian matrix elements H;; between atomic
states can be obtained by

(ki |H|k,)= % Y e EER LR AR, +R)

R’,R”

_i ik-R 71 17 ,
—NZe (R, +R’|H|R, +R+R)
R’,R

(k| H k)= Ze"‘"‘(Ri |H|R,+R).  (3.17)
R

At this point, an important approximation in the frame-
work of the tight-binding method is introduced by taking the
Hamiltonian matrix elements to be nonzero only if: (i) the
orbital is on the same atom, that is, for i =j and R =0,

(k| H|k,)=(R, | H|R;)=£3;, (3.18)

where the diagonal elements €, are referred to as the onsite
energies or the energy offset for an atom at site #, or (ii) the
orbital is on atoms at nearest-neighbor sites located at ¢,

kil 1K) =Y (R | A R, +R)
R

- Z MRi (R IR, +R+cyy),  (3.19)

R

that is, R; = R; + R + ¢y. The summation running over all R
will be nonzero when the nearest neighbors are in the same
unit cell (R=0) or when they are across unit cells (R is a
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combination of the primitive lattice vectors). The 7, is referred
to as the hopping integral between atoms at sites i and j.
A range of nearest-neighbor sites can be included into hopping
elements (Equation 3.19) for better description of Hamiltonian
matrix but more hopping integrals 7; have to be included to
evaluate the matrix elements. In practice, we can consider g;
and 7; as parameters or we can even consider all the matrix
elements as parameters as well. In both cases, these parame-
ters are fitted to reproduce certain properties from experimen-
tal data or first-principles calculations. Then these parameters
can be used to calculate other properties. Alternatively, these
parameters can be used as variables to investigate a change
to the characteristic of electronic structure under influence of
that parameter, that is, €, L

The Hamiltonian matrix elements H; in Equation 3.15 can
be obtained by another form of Hamiltonian that is defined as

y_ il i
H= Zeiai a; _Zt,](a, a; +h.C.),

i i.J

(3.20)

where €, is the site energy for an atom at site i, 7, is the hopping
integral between atoms at sites i and j, and a}J and a; are the
creation and annihilation operators, respectively, of t-electron
at site i. By this definition, a,-T is equivalent to an atomic state
|R), and a; is equivalent to an atomic state (R}|. j represents
the index of summation that is taken over only the nearest
neighbors of interest, typically first neighbors, with truncation
of farther neighbors. The interactions with farther neighbors,
higher-order correction, are ignored for simplicity in most
qualitative interpretations. The abbreviation “h.c.” stands for
Hermitian conjugate of the term aa ;- Tight-binding method
provides an insightful of how the interactions between the
constituents influence on the electronic structures.

3.2 ELECTRONIC STRUCTURES OF PRISTINE
GRAPHENE AND HONEYCOMSB LATTICE

The lattice structure of graphene contains two sublattices per
primitive unit cell as shown in Figure 3.1. The primitive unit
cell is defined by the primitive lattice vectors,

NP

a=—ax———ay,
2

2

1 NG} 1

a,=—ax+-——ay and (3.21)
2 2

where a is a lattice constant of graphene. With this choice
of lattice vectors, the reciprocal primitive lattice vectors are
given by

b= 2" 54 L5
1= \/gy

The lattice vectors R are formed by all possible combina-
tions of lattice vectors

R= ma, +na,, (323)
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where n, and n, are integers. The lattice vectors connect all
equivalent points in space. The two sublattices are usually
referred to as sublattice “A” and “B” which are indicated by
different colors in Figure 3.1. Given that there are two atoms
that are located at the two sublattices in the primitive unit
cell. Suppose that we choose the position of sublattice A to
be at lattice point R,, then sublattice B will be located at
R; =R, + ¢ with the basis vector

czgal+la2. (3.24)

3 3

The electronic structures of pristine graphene can be quali-
tatively described by tight-binding model. The Hamiltonian
is defined as

(3.25)

H= 2 gala; — 2 tij(a,?"aj +h.c.).
i ij

For simplicity, let us start by considering only the hop-
ping integral or the interactions from first nearest neighbors.
The summation is taken over only the first nearest neighbors.
The interactions with farther neighbors are ignored for a
moment. In the unit cell as shown in Figure 3.1, sublattice
A is surrounded by three neighbors which are located at
R;=R,+¢, Ry—a,, and R;—a, —a,. Likewise, sublat-
tice B is surrounded by three neighbors, which are located at
R,, R, +a,, and R, + a, + a,. Therefore, the Hamiltonian in
Equation 3.25 can be explicitly written as

A=) (€4 RaXRA |+ €5 Ry )XRy
R
- tABZ(l R, XRs|+| R XRg—a; [+| R, XRz—a;—a,])
R

—Iap E (IRsXR4[+|IRgXR, +a; [+|RpXR, +a,+a,)),
R
(3.26)

where |R,) and |R) are the 7 atomic states associated with
the atoms at sublattices A and B, respectively. €, and €, are
the site energies for an atom at sites A and B, respectively.
t,5 1s the hopping integral between atoms at sites A and B. To
evaluate the Hamiltonian matrix elements in Equation 3.15,
we need to use two bases for expansion of the crystal wave
functions which obey Bloch’s theorem. These bases are given
by Equation 3.3,

IkA):ﬁZe’kR IR,+R) and Ik;)
R

(3.27)

1 kR
= — Y *RIR, +R),
NP
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with the summation running over all the N unit cells in R 1 1
the crystal (the vectors R), since the Hamiltonian matrix asa (ks | H |Kk,) = E es—(R4IR,) |=€4 E — |=¢€4. (3.33)
. . N N
function of k is defined by R R

k) = (kalHIk,) (k4 HIkg) (3.28) By using Equations 3.30 and 3.32, the off-diagonal element
(kpy | HIK,) (kylHIkp) Hyy = (kp | H|K,) is given by

or A 1 |
k| H|ky)=—t — (R |Rp)+—"" (R |R
(p | A 1K) BA;(N< #IRa)+ 1 e* (R, |Ry)
A H H
H(k):{ M AB}. (3.29) :
BA Hpgg +7eik-(a1+az)<RB |R3>j’
N
The Hamiltonian matrix elements can be evaluated by
using, |
(kg | H ko) =t ﬁz (14 ™ 4 gle@ra)
1 A
(k, |=f2e”k‘R(RA+R| and K
N R = —tap(1+ %M 4 ) (3.34)
1 .
(kpl=—F+— Y e™*®Ry+R|
’ JN g‘ ’ (3.30) Similarly, the second diagonal matrix element
Hyz =(kg | H| k) can be evaluated, by first considering
The first diagonal matrix element H,, =(k, |I:I|kA> is
given by

HIkg)= Z(eg |RB>%<RB | Rs>j

A 1
Hlk,)= Z(EA IR.)——(Ry |RA>J
R \/ﬁ _tABZ(lRA>\/1N<RB|RB>)

_tBA;[l RB>ﬁ<RA | RA))

- tABZ[l RA>ﬁeiik‘a] (Rg—a,|Rg —31>)
_tBAz(lRB>\/Leik.al<RA +a,|R, +31>J ‘

N 1 —ik-(aj+a
" ‘“BZ(IRn@e KRy —a; —a, | Ry
1 ik-(aj+ap) R
—Ipa [| Rp) =™ (R, +a,+a,|R,
g \/ﬁ —31—32>),
+a,+a,)). (3.31)

~ 1 1
H|k3>_zR"(eB |RB>\W)—¢A32R:[|RA>\/N]
The overlap integral (R,|R) =3, is nonzero only for the

same orbital on the same atom, that is, only for i = j; hence R I _xa
—TIap IR,)
R

e
7K. = 1 1
HlkA>_§(8A|RA>\/Nj tBAzR:(lRB>\/N) _tABZ(lRA>\/lﬁeik'(a1+az)} (3.35)

_zBAZ(| RQ%J‘“I j

—tBAZ(I RB>\/1Ne““<al+a2>j. (3.32)

R

The element Hyg = (K, |I:I |kg)is

N 1 1
(ky|Hlkg)= ;(aBNmB |R3>j= egg[N} £5. (3.36)

The element H 4, =(k,4 |I:I|kA) is
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By using Equations 3.30 and 3.35, the off-diagonal element
H,; =(k, | H|Kkp)is given by

i 1 1 —ika
<kA|H|kB>=—zABZ(N<RA|RA>+Ne “*1(Ry R,)

R

1 —ik-(aj+a
+ﬁe k)R, |RA>j’

1 —ik-a —ik-(a;+a
(kAIHIkB>=—tABNZ(1+e ko gk )

R

=t (1 M 4 TR, (3:37)
Therefore, the Hamiltonian matrix is
SA _tAB (1+e—ik-a] + e—ik-(aﬁ-az))
H(k)= . .
_tAB(1+ezk-a1 +ezk-(al+az)) 83
(3.38)

In this matrix, one can readily understand that the diag-
onal elements H,, and Hy, are the energies at the atomic
site called “onsite energy” or the energy offset for an atom
at sites A and B. The H,; is the interaction from atom at B
sublattices to the atom at sublattice A, or vice versa for Hy,.
Notice that, the Hamiltonian matrix is a Hermitian matrix
that has two real eigenvalues for each value of k. The solu-
tions to this Hamiltonian can be obtained by diagonalizing
the Hamiltonian or from the secular equation

det [ﬁl(k) - e(k)IJ =0,

H iy —e(k) H,p _ (3:39)
Hp, Hpgp —e(k) ’
which is
[Hus—e®)|[Hps —e(K) |- HapHpa =0 (3.40)

having solutions

1
g(k) = 5[(HAA +Hpgp)* \/(HAA — Hyp)’ +4H y5Hp, :| (3.41)

or

1 (Es—€p) + 4t§B(1 e e”"“(“l*“z))

S(k) =—| €,y + €p + ,
2 (1 + eik-al + eik-(a] +ap ))

(3.42)

where the multiplication
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(1 +e M 4 e*i“'(al+a2>)(1 +e M+ eik'(a'*az)) =3+2cos(k-a,)

+2cos(k-a,)
+2COSk'(a] +az).

(3.43)

With k = k, X + &,y and the lattice vectors defined by Equation
3.21, we can evaluate product of

V3

k-a, =lkxa+—kva,
2 2

(3.44)
k-a, = ;kxa—\/zgkya,

k-(a,+a,)=k,a.
For simplicity, we can define
f(k)=2cos(k-a;)+2cos(k-a,)+2cosk-(a; +a,). (3.45)
For a simple nearest-neighbor tight-binding model, one

obtains the dispersion relation (Reich et al. 2002; Wallace
1947)

e(k) = %[eA veptf(es—e,) +46 3+ (K] J (3.46)

If the atom at sublattice A is identical to the atom at sublat-
tice B (¢, = €5 = € and t,, ; = ), then the above equation will get
reduced to

e(k)=ex1/3+ f(k). (3.47)
Here, the atoms at sites A and B are carbon atoms; we can
choose the energy offset € = 0. The value of € and ¢ are found
by fitting experimental data or first-principles calculations. In
practice, € and ¢ are adjusted to reproduce a good description
of m bands at the K point. Based on the first-principles cal-
culations, a typical value of €=0 eV and r=2.7 eV are used
(Reich et al. 2002). With this choice of reciprocal lattice vec-
tors in Equation 3.22, we can plot the electronic structures of
graphene, Equation 3.47, as illustrated in Figure 3.2 within the
first BZ as shown in the inset. The band structure of graphene
is plotted along I' — K — M — T" directions. The lines connect-
ing the high symmetry points, I' — K — M — T, are defined by

Y= 2",0},
|3
2 kK k
500+ 2\5} (3.48)

1 1
A=|—(1-k),——1-k)|.
_2( )2\/5( )}
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where 0 <k <1 and the unit along these paths is in the unit
of 2m/a. In the case that the atom at sublattice A is equivalent
to the atom at sublattice B, there will be doubly degenerate
energy levels at the K point or at the six corners of the hex-
agonal BZ, so-called Dirac point (Zhou et al. 2006). Among
the six Dirac points, only two are independent denoted by K
and K’ in the inset of Figure 3.2, where the others are related
to K and K’ by a combination of the reciprocal lattice vectors
in Equation 3.22. This characteristic is strongly related to the
inversion symmetry of crystal structure, where the inversion
center is located between the two sublattices, such that the
doubly degenerate levels at the K point will always be pre-
sented in other atomic species as well, for example, silicene
(Sahin et al. 2009). If the atom at sublattice A is different from
the atom at sublattice B, the degeneracy is lifted as in the case
of hexagonal form of boron nitride (h-BN) (Pease 1952). The
band structures of #-BN can be calculated from Equation 3.46
with the onsite energies of boron €;=3.6 eV and nitrogen
ey =—1.0 eV, and the hopping integral 75 = 2.5 eV, where the
values of all parameters are found by fitting first-principles
calculations (Jungthawan et al. 2011). The difference between
the two sublattices creates a direct bandgap instead of doubly
degenerate levels at K point in ~A-BN. The bandgap of gra-
phene can be created by several approaches (Peng and Ahuja
2008), one of which is to break the equivalence of A and B
sublattices. This simple model clearly shows that the equiva-
lence of A and B sublattices is crucial to electronic structures
of honeycomb structure.

A higher-order correction can be made by including the
interactions from second nearest neighbors. The Hamiltonian
in Equation 3.25 can be written as the Hamiltonian with
the interactions from first nearest neighbors fAIINN, given by
Equation 3.26, plus the Hamiltonian with the interactions from

second nearest neighbors H »nn- From the unit cell in Figure 3.1,
sublattice A is surrounded by six neighbors which are located
at R,+a, R,+a +a, R,+a,, R,—a, R,—a —a,, and
R, —a,. Likewise, the second neighbors of sublattice B are
locatedatR,+a,,R;+a,+a,,R;+a,,R;—a,R;—a, —a,,
and R;—a,. Therefore, the Hamiltonian up to the second
neighbor interactions H,yy can be explicitly written as

IR, R, +a, 1+IR,XR, +a, +a, |
Homy :—t;z FIRR, +2, | +1R, YR, —a, |
+IR, R, —a,—a, 1+ IR, XR, —a, |
IRgXRz+a; |+ IRzXRpz+a;+a,|
—tgz +IR;XRy+a, 1+ RXR,—a, |
+IRzXRz—a;—a, |+IRzXRz—a, |
(3.49)

14 and 13 are the hopping integrals between correspond-
ing second neighbors and atoms at sites A and B, respec-
tively. The second neighbors Hamiltonian is corresponding
to the interactions between the same atomic species with a
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translation with lattice vector R. This correction will affect
only on the diagonal elements, that is, H,, and Hy,. The off-
diagonal elements, that is, H,, and Hj,, will be the same as
the matrix in Equation 3.38. In this case, the first diagonal
matrix element H,, = (K, |I:I | k,) is given by

- 1 ik ik k- ik
(ks |H|ky)=¢,4 —tﬁﬁZ(e““‘" + et plkar g ok
R

+e—1k-(al+a2)+e—zk-az)
— EA _t:‘ (elk-al +e—zkva1 +ezk~az +e—zk~az

+eik»(al+a2)+e—ik-(a1+az))

=g, —2t}[cos(k-a,)+cos(k-a,)

+cosk-(a, +a,)]. (3.50)

Similarly, the second diagonal matrix element

Hpp = (kg |1:1|k3>is given by
3 1 ik- ik e e
B = — JE— 1 k e e
(ky | H|Kp)=¢, téNZ(EIka 4 | kay ik
R

+e—tk-(a1+a2) +e—lk~az)
— SB _tz,a (ezk-al +e—zk-a1 +ezk-az +e—lk-32

+eik-(a1+az)+e—ik-(al+az))

=g — 213 [cos(k-al)+ cos(k-a,)

+cosk-(a; +a,)]. (3.51)

With these forms of the diagonal elements, we can con-
struct the Hamiltonian matrix, Equation 3.29, for each value
of k,

Hy, =g, —2t4[cos(k-a,)+cos(k-a,)+cosk-(a, +a,)],
Hyp =—tp (1 +e M 4 e’ik'(a‘J’aZ))
Hyy = a5 (1 + e 4 eik-(al+az))

Hpp =€5—2t3 [cos(k~al)+cos(k~az)+cosk'(a, + az)],
(3.52)

and obtain the solutions by Equation 3.41. If the atom at sub-

lattice A is identical to the atom at sublattice B (1}, =tz =1t"),

then the solution is

e(k) = SINN(k)—Zt’[cos(k-al)+cos(k-az)+ cosk:(a, +az)]
(3.53)
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or

(3.54)

e(k)=¢ex13+ f(k) —t'f(k),

where ¢€,,,y(K) is the dispersion relation from first neighbors
interactions in Equation 3.47. f(K) is a function of k defined by
Equation 3.45. According to Reich et al. (2002), the value of
¢’ for graphene is in the range of —0.27 <’ < —0.02¢ depend-
ing on the parameterization of € and ¢. This second neighbor
interaction ¢’ # 0 is responsible for asymmetric feature of the
m and ¥ bands as shown in Figure 3.3.

The Hamiltonian with third nearest-neighbor interactions
I:I3NN can be made by considering the unit cell in Figure 3.1.
Sublattice A is surrounded by three neighbors which are
located at R; —a,, Ry +a,, and R, — 2a, — a,. Likewise, the
third neighbors of sublattice B are located at R, — a,, R, + a,,
and R, + 2a, + a,. Therefore, the Hamiltonian up to the third

neighbors 1:13 v 18 given by
Hiypy = —z;,'Za R, NR;—a, +IR,XR;+a, 1 +IR,)
R

(Rp—2a,-a,l)

—tng R XR, —a, [+ R;XR, +a, 1+ R,)
R

(R, +2a; +a, ). (3.55)

ty and ty are the hopping integrals between correspond-
ing third neighbors and atoms at sites A and B, respectively.
The third neighbors Hamiltonian is corresponding to the
interactions between different atomic species. This correction
will affect the off-diagonal elements, that is, H,,; and Hy,, in

10

8 =
Graphene up to 2NN

4 r e =0.81eV
t=27eV
t'=-027eV

\

r z K T M A r

.
Tce

INN

€ (eV)

Tec

FIGURE 3.3 Band structures of graphene in comparison with
the first and second nearest-neighbor interactions. The values
of the parameters used in tight-binding calculations are shown.
The horizontal line at 0 eV is considered as the Fermi level.
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Equation 3.52. The correction to the third nearest-neighbor
interactions is given by the product of (k, |I:I3NN |kg) and
(Kg | Hsyy | K4 ), which are

<kA |ﬁ3NN |kB> — _tX(e—ik-az + e 4 e—ik-(2a1+az)) (3.56)
and
(Kp | Hyy [k gy =t (e ™% 4 @) (357

With these corrections to the Hamiltonian matrix ele-
ments in Equation 3.52, all the elements in Equation 3.29 are
given by

H,, =€, —2t4[cos(k-a,)+cos(k-a,)+cosk-(a, +a,)],
Hap =ty (1 +e M 4 e”"“al*“‘”)

_ tx(e—ik»az T+ 4 e*ik-(221+a2))
Hpgy =—tss (1 +e* 4 eik‘(a‘+a2))

_ tg(e—ik-az ek eik-(2a1+az))

Hpp=¢5 213 [cos(k-al)+cos(k-az)+cosk-(al + az)].
(3.58)

If the atom at sublattice A is identical to the atom at sublat-
tice B, we can let ¢ = t; =t”. The eigenvalues of this matrix
can be obtained by Equation 3.41 for each value of k. Usually,
the second and third neighbor interactions are not significant
and generally ignored. However, the change in these interac-
tions can substantially affect the band structure. The value of
" and t” can change the number of Dirac points, their posi-
tion, and their properties in graphene and graphene-related
materials (Bena and Simon 2011). It is interesting to note that
the simple first nearest-neighbors tight-binding results give a
reasonable feature at the band edge near K point. Hence, for
the larger system, first nearest-neighbor interactions will be
our main focus.

3.3 ELECTRONIC STRUCTURES OF
GRAPHENE VIA BRICK-TYPE LATTICE

The honeycomb lattice structure can be simplified by per-
forming a lattice transformation to the brick-type lattice
structure (Wakabayashi et al. 1999) as shown in Figure 3.4.
In this model, the direction of each bond is aligned into two
perpendicular axes. This transformation can be considered as
a distorted honeycomb lattice under the influence of compres-
sion in y direction together with extension in x direction. The
topology of brick-type lattice is still similar to honeycomb
lattice but with different lattice vectors. This transformation
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FIGURE 3.4 Crystal structure of brick-type lattice that is a trans-
formation from honeycomb lattice showing sublattices A and B in
the unit cell and the basis vector ¢. The primitive unit cell is defined
by the primitive lattice vectors a, and a,.

reduces complexity in the investigation of electronic states
near the Fermi energy when considering the overlap between
each orbital, that is, s, p,, p,» and p.. The unit cell of brick-
type lattice contains two sublattices per primitive unit cell as
shown in Figure 3.4. The primitive unit cell are defined by the
primitive lattice vector

2n

(I IJ (339

where «a is a lattice constant. With this choice of lattice vectors,
the reciprocal primitive lattice vectors are given by

a = \/_ax+\/1_ay and b, =

b=2( Lt b5 g b =2 Lo L
P N R TR

(3.60)

The Hamiltonian based on the tight-binding model (with
second nearest-neighbor interactions) is defined as

H=) (64 IR)R, 1+ €5 IRXR, )
R

IR, R I+ 1R Ry

_tABZ (Rp—
R

(Ry+a [+ IR;XR,+a,+a, |

—a,I+IR,)

IR, XR,+a; |+ IR, XR, +a,+a, |+IR,)
(Ry+a, |+ 1R, XR,—a, [+IR,)

4
R
(Ry—a;—a, |+ IR, ¥R,

—a, |
IR;XRg+a, |+ IR;XRz+a;+a, |+ Rg)

_téz (Rg+a, |+ IRzXRz—a; |+IRy) A

R

(RB _al —32 | + | RB><RB —32 |
3.61)
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FIGURE 3.5 Band structures of graphene in brick-type lattice in
comparison with the first and second nearest-neighbor interactions.
The values of the parameters used in tight-binding calculations are
shown. The horizontal line at O eV is considered as the Fermi level.

where |R,) and |R,) are the 7 atomic states associated with
the atoms at A and B sublattices, respectively. We can use
the two bases in Equation 3.27 for expansion of the crystal
wave functions yielding the similar result to Equation 3.54
if the atom at sublattice A is identical to the atom at sublat-
tice B (t) = t). With the reciprocal lattice vectors in Equation
3.60, we can plot the band structures of this system along
high symmetry lines connecting the I' — M — X — T points as
shown in Figure 3.5 within the first BZ as illustrated in the
inset of Figure 3.5. These paths are defined by

[ &
z:_ﬁ,o},
z:_\fa 2\F 2[} (3.62)
A= 2\/—(1 k), \/—(1 k)}

with the unit of 2rt/a and 0 <k < 1. The same set of param-
eters used in Figure 3.3 is applied to calculate the disper-
sion relation €(k) obtained from Equation 3.54 giving the
band structures of graphene in brick-type lattice as shown in
Figure 3.5. The first BZ of the reciprocal lattices in Equation
3.60 is a square shape as shown in the inset of Figure 3.5.
This square BZ transforms the dispersion relation €(k) of hex-
agonal BZ to a distorted hexagonal BZ (inset of Figure 3.5).
The original K point of hexagonal BZ is located at (\/E /3,0)
on the X path. The idea of brick-type lattice transformation
can be used to study a distorted honeycomb structure under
the influence of external loading that lifts threefold symmetry
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of the bonding between the atoms at sublattices A and B. In
Figure 3.4, the bonding along y axis is the difference from
the other two which can be formulated by introducing another
hopping integral for this bond. We can define different hop-
ping integral ¢, for the bonding along y axis and obtain the
Hamiltonian as

H= Z(EA IR (R, |+ €5 | Rp)R, 1)

—tABZ(I R, R, 1+ IR, MRy —a,—a, |+ Ry)

R

(Ry1+1RzXR, +a,+a, )

1, ) (IR, X(Ry -2, 1+ RXR, +a, ) (3.63)

R

The Hamiltonian matrix elements for each value of k are
given by

HAA = SA’
HAB = —f4p (] + e*ik'(a1+a2)) _ tyefik-al ,
(3.64)

Hip =ty (14X @) = 1,6

HBB :83.

The dispersion relation is given by

1
g(k) = E[(HAA +HBB)i\/(HAA — Hyp)’ +4H yHp, :|, (3.65)

where

HapHpy =2t55+1, + 2t 45t [cos(k -a,)+cos(k- az)]

+2t5zcosk-(a, +a,) (3.66)
and
k-a = Lk a+ik a
1 \/E X \/5 yHs
(3.67)

1 1
k-a,=——ka——ka,
2 27
k-(a, +a,) =2k.a.
With additional parameter t, the band structure of dis-

torted honeycomb structure can be investigated. The differ-
ence between ¢, and 1, depends on the amount of distortion.
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For distorted graphene, the atoms at sites A and B are carbon
atoms (¢, =€z =¢ and t,,=1. For qualitative analysis, the
value of € and # can be taken from the case of pristine graphene.
t, can be varied to see how this parameter affects a particular
region or electronic level in the band structures. Alternatively,
these parameters can be parameterized by fitting to empirical
or first-principles data according to interaction type and dis-
tance for quantitative analysis. The brick-type lattice is also
useful for evaluating the bandgap of graphene nanostructures
such as nanoribbons or superlattices.

3.4 ELECTRONIC STRUCTURES OF
GRAPHENE NANORIBBONS

To utilize graphene as a semiconductor, several approaches
to lift the degeneracy and open up the bandgap have been
introduced. One approach is to confine or reduce the dimen-
sion of graphene. Graphene can be cut to graphene nanorib-
bons (GNRs). The hexagonal lattice structure can be cut with
three different kinds of shape edges, that is, armchair, zigzag,
and chiral shape edges. Previous studies show that GNRs
can exhibit both metallic and semiconducting properties
depending on the geometric and the width of GNRs (Fujita
et al. 1996; Nakada et al. 1996; Son et al. 2006; Wakabayashi
et al. 1999). Here, we consider two types of GNRs with arm-
chair and zigzag edges, as shown in Figure 3.6, which are the
two most relevant ribbon orientations with different ribbon
widths. The width of ribbon N is defined by the number of
dimer lines for armchair graphene nanoribbons (AGNR) and
by the number of zigzag molecular chains for zigzag gra-
phene nanoribbons (ZGNR). The smallest width of AGNR
and ZGNR is N =3 containing 6 atoms per unit cell and
N =2 containing 4 atoms per unit cell, respectively. AGNR
and ZGNR give different ribbon width with the same num-
ber of N. The lattice structure of each ribbon can be defined
by rectangle with the relevant lattice vector, as shown in
Figure 3.6,

a,=af and a,=a3) (3.68)

for ZGNR and AGNR, respectively, where a is a lattice
constant. With this choice of lattice vector, the reciprocal
primitive lattice vector for ZGNR and AGNR is given, respec-
tively, by

b =2"% and b,="3 (3.69)
a a3

The electronic structures of GNRs can be calculated from
the Hamiltonian matrix which can be obtained in the same
manner as the previous section. The number of bands is corre-
sponding to the number of states included in the model. If we
consider only 7 orbital from each atom, the number of bands
is equal to the number of atom n which is the dimension of the
Hamiltonian matrix,
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FIGURE 3.6 Structure of GNRs with armchair and zigzag shape edges. The ribbon width is defined by the number of atoms in the unit
cell. The number in figure denotes the site of the atom in the unit cell for forming the Hamiltonian matrix. Sublattices A and B are drawn by
different colors. a, and a, are the lattice vectors corresponding to zigzag and armchair nanoribbons, respectively.

Hll H12 H]n

. H, H H,,

Hxk=|"" 7 aat (3.70)
Hnl Hn2 Hnn

The matrix elements H; of Hamiltonian matrix are basi-
cally derived by investigating the interactions on each atom
in the unit cell to its neighbors which are located in the same
unit cell as well as the neighbor cells. Suppose that the inter-
action between atoms at sites i and j is 7;;. If atom at site  inter-
acts with interacting atom at site j that is within the same unit
cell, the product (k; | H | k;) or matrix element H is equal to
t;; where k; and K; are bases for expansion of the crystal wave
functions given by Equation 3.3 which obey Bloch’s theorem
and have orthogonality given by Equation 3.13. If atom at site
i interacts with interacting atom at site j that is within the dif-
ferent unit cell, the matrix element H;; is equal to #; multiplied
by the factor exp(—ik-R) where the exponent R is the lattice
vector that translates the position of interacting atom at site
Jj to the corresponding site within the same unit cell of atom
at site i. For instance, the Hamiltonian matrix of AGNR with
N =3 is given by

€ t 0 t 0 0
t € t 0 0 0
- 0 t e te k™ 0 t
e t 0 te™ ™ € t 0
0 0 0 t € t
| 0 0 t 0 t e
(3.71)

K20510_C003.indd 49

The Hamiltonian matrix of ZGNR with N =2 is given by

£ t(1+e7®) 0 0
fi(0) = t(1+e™™) € t oA .
t € t(1+€™)
0 0 t(1+e %) €

(3.72)

Here we apply typical value of tight-binding parameters
(e=0eV and t=-2.7 eV) of pristine graphene to GNR sys-
tem. Nevertheless, the form of analytical solutions to the
Hamiltonian matrix is quite complicate. An appropriate
approach is to use the numerical method to solve for the eigen-
values corresponding with the Hamiltonian matrix for each
value of k. The plots of electronic structures of AGNR with
the number of dimer lines N =3, 4, 5 along relevant direc-
tion (k = ky where —t/a < k < w/a) in the reciprocal space are
shown in Figure 3.7. Figure 3.8 shows the electronic structures
of ZGNR with the number of zigzag molecular chains N =2,
3, 4 along k = kx where —nt/a < k < w/a.

With these simple models, AGNRs are either metallic or
semiconducting depending on their widths, and ZGNRs are
always metallic regardless of the width (Nakada et al. 1996).
The bandgap of semiconducting AGNRs decrease as a func-
tion of increasing widths as shown in Figure 3.9. The plot of
calculated bandgap of AGNRs versus N exhibits three distinct
family behaviors that can be separated into three different
categories as N=3p, 3p+ 1, and 3p +2 (where p is posi-
tive integer). AGNR could be metallic if N=3p + 2 and be
semiconducting for N =3p or N =3p + 1. From these simple
models, the bandgap of ZGNR and AGNR with N=3p +2

31-08-2015 20:13:59



Q4

Q4

50

2_

Graphene Science Handbook

€ (eV)

-
AN

4t -4
-6} -6
-8

gt
N=3

N=4 N=5

FIGURE 3.7 Band structures of armchair GNRs (in the range of —m/a <k <n/a) for the number of dimer lines N =3, 4, 5 without the
correction 8 =0 and with the correction & = 0.12 to the hopping parameter 7 are indicated by black and colored solid curves, respectively.
The onsite energy € =0 and the hopping integral  =—2.7 eV are used in tight-binding calculations. The horizontal line at 0 eV could be

considered as the Fermi level.
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FIGURE 3.8 Band structures of zigzag GNRs (in the range of —n/a < k < n/a) for the number of zigzag molecular chains N = 2, 3, 4 without
the correction €, = €5 = 0 and with the correction €, = —gg = 0.25 €V to the onsite energies of atoms at the edges are indicated by black and
colored solid curves, respectively. The onsite energy € =0 and the hopping integral r=-2.7 eV are used for other terms in tight-binding
calculations. The horizontal line at 0 eV could be considered as the Fermi level.

Egap(e\/)

FIGURE 3.9 Bandgap of armchair GNRs as a function of width
calculated from simple tight-binding models with the hopping inte-
gral 1=-2.7 eV (square symbol) and with the correction & =0.12 to
the hopping parameter # (circle symbol).
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are always zero. The bandgap of AGNR with N=3p and
N =3p + 11is comparable for the same p. However, the results
from these simple tight-binding models are different from
the first-principles calculations or higher-level calculation
method and there are no metallic GNRs. The discrepancies
are due mainly to the different behaviors of chemical bond-
ing at the edges of ribbons which cannot be described by a
single hopping integral 7. To be more realistic, the edge atoms
of GNRs are passivated by some atoms or molecules so that
the hopping integrals and the onsite energies of atoms at the
edges would be different from the atoms in the middle of
the GNRs. Such effects would reduce the bonding distances
between atoms at the edges and induce approximately 12%
increase in the hopping integral between m-orbitals (Son
et al. 2006). The correction to tight-binding models could be
done by replacing the hopping integral of atoms at the edges
with (1 + &)t where & = 0.12. The onsite energy of atoms at
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the edges could be defined by an additional parameter &;.
However, from previous study, there is no contribution from
the variation in the onsite energies (€5) at the edges to the first
order (Son et al. 2006), so we can use €5 = €= 0. With these
corrections, the Hamiltonian matrix of AGNR with N =3 is
given by

g5 (148 0 t 0 0
A+8) & t 0 0 0
A 0 t 3 fe~ ka2 0 t
HK)= )
(k) t 0 te™ 2 € t 0
0 0 0 t g5 (1+0)
| 0 0 t 0 (1+d)y & |
(3.73)

Similarly, the Hamiltonian matrix of AGNR for larger
N (N =4 and so on) could be obtained in the same manner.
For example, the Hamiltonian matrix of AGNR with N=4
is given by

g5 (1+8)¢ 0 t 00 0 0
1+d)r & t 0 00 0 0
0 t € te*2 0t 0 0
f](k): t 0 %2 € 10 0 0
0 0 0 t et 0 t
0 0 t 0 re t 0
0 0 0 0 0t &  (1+d)e™™
| 0 0 0 0 10 (1+8)re*™ €

(3.74)

The band structures of AGNR with N =3, 4, 5 are shown
in Figure 3.7. It clearly shows how the electronic structures
change with an additional parameter 8. The correction to
hopping integral of atoms at the edges is strongly correlated
to the lift of the doubly degenerate states at the zone edge
(—=mt/a or w/a) for N =3, 5 and at the crossing bands for N =4,
5. This correction creates bandgap for AGNR with N=5 or
group of AGNRs with N =3p + 2. The variation of bandgaps
of AGNRs with correction to the hopping integral of atoms at
the edges is shown in Figure 3.9. All AGNRs are now semi-
conductors with bandgaps that decrease as a function of rib-
bon width.

With the correction to atoms at the edges, the Hamiltonian
matrix of ZGNR with N =2 is given by

€4 t(14e7*) 0 0
A= t(1+ ™) £ t 0 | .
t € t(1+ ™)
0 0 t(1+e7*2) €
(3.75)
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Since the atoms on opposite edge of ZGNRs belong to
different sublattices, the onsite energy of atoms at the edges
could be defined separately as €, and g for sublattices A and
B, respectively. Similarly, the Hamiltonian matrix of ZGNR
for larger N (N =3 and so on) could be obtained in the same
manner. For example, the Hamiltonian matrix of ZGNR with
N =3is given by

[ e, 11+ 0
11+ ™) € t
H(k) = 0 ! &
0 0 t(1+e7%)
0 0 0
|0 0 0
0 0 0 |
0 0 0
t(1+ ™) 0 0
€ t 0
t € t(14e7*)
0 t(1+ ™) €p

1 (376)

If the €, = g5 = €, ZGNRs are always metallic as shown in
Figure 3.8. The first-order correction can be made by using
different values for €, and &;. From first-principles calcula-
tions based on density functional theory (DFT) (Fujita et al.
1996), it has been shown that ZGNRs are semiconductors,
and they present spin-polarized edges. This opens up band-
gap of ZGNR, which can be investigated by setting value of
€, and €. This correction lifts the doubly degenerate states at
the zone edge (—mt/a or m/a) resulting in band gaps for ZGNRs.
We can clearly see that the electronic structures around the
Fermi level and the zone edges are sensitive to the modifica-
tion of the edges of GNRs. Especially, for ZGNRs, the onsite
energies of atoms at the edges affect specific states around
the Fermi level as clearly shown in Figure 3.8. These states
mainly belong to the orbitals of atoms at the edges, so-called
edge states. The edge states around the Fermi level form flat
bands that attribute to a very large density of states at the
Fermi level and play a crucial role in the magnetic properties
of GNRs (Fujita et al. 1996).

It is interesting to see what would happen if an atom at sub-
lattice A is different from an atom at sublattice B, which lifts
the inversion symmetry of nanoribbons. Suppose that boron
and nitrogen atoms are at sublattices A and B, respectively.
The tight-binding parameters taken from #-BN (Jungthawan
et al. 2011), that is, the onsite energy of boron g; = ¢, = 3.6 eV,
the onsite energy of nitrogen €y =¢;=-1¢V, and the hop-
ping integral # = —2.5 eV, could be used for atoms that are not
on the edges of ribbon. Similar to AGNRs, the correction to
the hopping integral of atoms at the edges could be done by
replacing ¢ with (1 + 8)z. The onsite energies of atoms at sub-
lattices A and B at the edges could be defined by an additional
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FIGURE 3.10 Band structures of armchair boron nitride nanoribbons (in the range of —nt/a < k < /a) for the number of dimer lines N = 3,
4, 5 without the correction & = 0 and with the correction & = 0.2 to the hopping parameter ¢ are indicated by black and colored solid curves,
respectively. Suppose that boron and nitrogen atoms are at sublattices A and B, respectively. The onsite energies €, = 3.6 eV, €, =—1 eV and
the hopping integral # =—2.5 eV are used in tight-binding calculations. The horizontal line at O eV could be considered as the Fermi level.

parameter €, and &g, respectively. For armchair boron nitride
nanoribbon (ABNR) with N = 3, the Hamiltonian matrix is
given by

i g, (1+0) 0 t 0 0 |
1+8) g t 0 0 0
n 0 t g, te*® 0 t

H(k)= ka
0 te™ ™ €p t 0
0 0 0 t €, (1+0)
0 0 t 0 (1+0); &g
(377)

Similarly, the Hamiltonian matrix of ABNR for larger
N (N =4 and so on) could be obtained in the same manner.
For example, the Hamiltonian matrix of ABNR with N=4
is given by

€, (1+0)t 0 t
1+6)t gg t 0
0 t €, te”
Ak =| ! 0 te* ™ €p
0 0 0 t
0 0 t 0
0 0 0 0
| 0 0 0 0
0 0 0 0 i
0 0 0 0
0 t 0 0
t 0 0 0
€4 t 0 t
t €p t 0
0 ¢ €, (1+d)te ™™
t 0 (1+d)re*™ €

4 (378
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The band structures of ABNR with N =3, 4, 5 are shown
in Figure 3.10. The splitting of doubly degenerate states and
crossing bands caused by parameter 8 is similar to the case of
AGNRs. For zigzag boron nitride nanoribbons (ZBNR), the
Hamiltonian matrix for ZBNR with N =2 is given by

€0 t(14e7*) 0 0
N 1+ ™™ € t 0
Ago=| T o |
t €4 t(1+e™™)
0 0 t(1+e™) €

3.79

Similarly, the Hamiltonian matrix of ZBNR for larger
N (N =3 and so on) could be obtained in the same manner.
For example, the Hamiltonian matrix of ZBNR with N =3 is
given by

€ t(1+e7™) 0
11+ ™) €5 t
H(k) = 0 ! 1
0 0 t(14 e *)
0 0 0
| 0 0 0
0 0 0 |
0 0 0
t(1+ ™) 0 0
€5 t 0
€4 t(1+ e~y
0 t(1+ ™) €

1 (3.80)

The band structures of ZBNR with N =2, 3, 4 are shown
in Figure 3.11. This type of nanoribbons shows interesting
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FIGURE 3.11

Band structures of zigzag boron nitride nanoribbons (in the range of —mt/a < k < w/a) for the number of zigzag molecular

chains N =2, 3, 4 without the correction g, =g =0 (colored solid curves), and with the correction to the onsite energies of atoms at the
edges if the onsite energies of atoms at the edges are increased by 20% (black solid curves) or decreased by 20% (dashed curves). Suppose
that boron and nitrogen atoms are at sublattices A and B, respectively. The onsite energies €, = 3.6 €V, £, =—1eV and the hopping integral
t=-2.5 eV are used in tight-binding calculations. The horizontal line at 0 eV could be considered as the Fermi level.

features of the electronic structures that depend on onsite
energies at the edges (g, or gp). If the onsite energy is stron-
ger (more positive or more negative) than the onsite energy of
middle atom, the extrema of valence band or conduction band
(depending on the sign of onsite energy) are slightly shifted
away from the zone edge (—m/a or m/a). For example, if the
onsite energies of atoms at the edges are increased by 20%
that are €, = 1.2¢, and gg = 1.2¢,, the valence band maximum
and the conduction band minimum are shifted about w/4a
from the zone edge as shown by black solid line in Figure
3.11. If the onsite energies of atoms at the edges are decreased
by 20% that are €, = 0.8, and g5 = 0.8¢,, the flat bands of the
valence band and the conduction band near the zone edges
are changed. The flat bands at the zone edges are signifi-
cantly changed due to edge modification which implies that
these states would be highly localized on atoms at the edges.
Therefore, the modification of nanoribbon edges by some
foreign atoms or molecules could manipulate the edge states
and the properties of nanoribbons. The boundary regions play
an important role so the edge effects influence strongly the
electron states near the Fermi level.

3.5 ATOMIC ARRANGEMENT AND ITS
EFFECTS ON ELECTRONIC STRUCTURES
OF GRAPHENE: A CASE OF GRAPHENE/
BORON NITRIDE SHEET SUPERLATTICES

An approach for modification of GNR edges and manipula-
tion of the properties of GNRs is forming an SL structure
between graphene and boron nitride (BN). A SL structure
is formed by mixing graphene and BN with different stripe
widths (number of molecular chains). The simple models of
the two most relevant orientations of the SLs, that is, zig-
zag (Z) or armchair (A) molecular chains, are shown in
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Figures 3.12 and 3.13, respectively. The zigzag and arm-
chair SLs with one alternating chain is referred as 1Z and
1A, respectively. A corresponding SL structure (for 1Z or
1A) with inversion symmetry could be modeled by dou-
bling the supercell and swap the atomic types in one of the
stripes as illustrated in Figures 3.12 (1Zi) and 3.13 (1Aj).
Other SL structures of graphene and BN with different num-
ber of stripe widths could be modeled in the same manner.
Based on nearest-neighbor tight-binding model, there are
three possible onsite energy values €., €5, and €. In addi-
tion, there are four hopping integrals 7, fcg, fcn, and fpy.
These seven parameters (three onsite energies and four
hopping integrals) could be adjusted or fitted to reproduce
certain properties from first-principles calculations. One of
the advantage of tight-binding model is that the contribu-
tion from each parameter could be examined by adjusting its

RN
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]
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,’ 2
T “
g "Da
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<

1Z 1Zi

FIGURE 3.12 Zigzag superlattices with one alternating molecular
chain, 1Z and 1Zi. The blue, red, and black spheres represent B,
N, and C atoms, with light yellow highlighting the graphene stripe.
The first BZ of 1Z structure is shown together with the primitive
hexagonal BZ. The red line shows the first BZ of 1Zi structure. The
inversion center is marked by asterisks.
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FIGURE 3.13 Armchair superlattices with one alternating molecular chain, 1A and 1Ai. The blue, red, and black spheres represent B, N,
and C atoms, with light yellow highlighting the graphene stripe. The first BZ of 1A structure is shown together with the primitive hexagonal
Q8 BZ. The red line shows the first BZ of 1Ai structure. The inversion center is marked by asterisks.

value and inspecting the change of electronic structures. The The Hamiltonian matrix for 1A SL is given by
general form of the Hamiltonian matrix is

H, =¢€c,Hyy = Hyy = tec, Hyg = texe ™™,
H, (k)  Hp(k) Hy (k)

—ik-
H,,(K) Hyy () Ho (k) Hy, =€c, Hys =tce, Hyy = tcge™ ™,
" 21 2 2N e
H(k)= : : - . (3.8D) Hy; = €c, Hyy = tcce™ ™™ Hyg = fey,
’ ’ ’ ’ Hy =¢€c,Hys =tcp,
Hy(k) Hyp® o Hw(k) HoTeTe Tl
Hss =€, Hss = Hsg = Ipx,
The Hamiltonian matrix is Hermitian matrix, so we can Heo = en, Hgy = tpy,s
expli'citly 'write doyvn iny the upper triangplar elerpents. The Hyy = 5, Hyg = tyne *™,
Hamiltonian matrix with nearest-neighbor interactions for 1Z He—g (3.85)
SL is given by 88 = =N :
I-AI(k) The Hamiltonian matrix for 1Ai SL is given by
—ik-a| —ik-a
€c tcc(l +e ) 0 tene ,
tec(1+€™™) € t 0 Hy =gc,Hy = Hy = tec, Hyjo = tene ™™,
_| fec c CcB ‘ , o me Hon = oo S
0 fen €5 tan(1+ ™) 2 = €c, My = Icc, )5 = Icpe
0 0 tan(1+ 72 ex Hy; = €c, Hyy = tcce™™™  Hyg = Iy,
(3.82) Hyy =€, Hys = ten,
Hss = e, Hss = Hsg = tgn,
where the upper triangular elements are Hgo = €5, Hgr = tgns
H =¢c,Hp =tec(l+e7 ) Hy, = tone ™ ™, Hyy = e, Hog = tgne ™™ Hy 9 = fens
Hy =¢c,Hy =tcg, Hyg = &g, Hyo = tcs,
Hyy =¢€p, Hy = tpn(1+ ™) Hyy =€c,Ho 19 = Ho o = Icc,
H,, =¢y. (3.83) Hp10 =€c,Hion1 = tec,

— — —ik-ap _
Hyiy =¢€c,Hy1p =tcce sHi114 = fens

The Hamiltonian matrix for 1Zi SL is given by Hp o =€c,Hiais = fon

H =¢€c,Hy =tec(l+e7 ) Hyg = tone ™ ™, Hiz3 =8, Hizie = Hizis = fan,
Hy =€c,Hy = ey, Hys14 = €n,His s = tan,

_ _ ik-a; —ik-
H33 - 8N9H34 - IBN(1+6 )9 H15,15 = £B,H15,16 = tBNe Lkaz’

Hyy =¢€p,Hys = tcp,

Hss = €c,Hsg = tec(1+ ™),

Hgs = €c,He7 = tcp,

Hyy = &g, Hyg = tyn(1+™™),

Hg =€y (3.84)

Hys16 = €n- (3.86)

To start with the fitting, one would optimize all three onsite
energies (&q, €, and €y) and two of the hopping integrals (¢
and fgy) to reproduce the ® band and bandgap of graphene
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and BN obtained from experimental data or first-principles
calculations. Then these five parameters would be kept fixed
while the remaining two hopping integrals (7. and 7.y) are
optimized, to reproduce the  band near the Fermi level, or
adjusted, to gain qualitative interpretation, for each SL. First,
€ is set to zero and 7. is optimized (optimized value is
tcc =—2.7 eV) to reproduce the m. band of graphene (Figure
3.2). Second, €&, €y, and tgy are optimized (optimized values
are gg=3.6 eV, ey =—1¢€V, and 5, =-2.5¢eV) to reproduce
the gy band and bandgap of BN (Figure 3.2) (Jungthawan
et al. 2011). In order to investigate the effects of the bonding
at the edges, -y and 7.y are set to zero, that is, turning off the
interactions between C—B and C—N at the edges. By diagonal-
izing the Hamiltonian matrix (Equation 3.83—to 3.86), one
obtains the dispersion relation for the case of non-interacting
edges as shown in Figure 3.14b and Figure 3.15b for zigzag
and armchair SLs, respectively.

The electronic structure of 1Z and 1Zi SLs can be viewed
as a combination of electronic structures of the correspond-
ing width ZGNR and ZBNR. In Figure 3.14b, the bands of
graphene domain have closed bandgap and the bands of BN
domain have wide bandgaps. Because the ZBNR has a wide
bandgap, the electronic structure from the ZGNR plays the
dominant roles near the band edges. To gain qualitative inter-
pretation, we can turn on and adjust the interactions between
C-B and C-N at the edges. When the hopping integrals 7.
and 7y are turned on, we can optimize the bands to fit the
first-principles calculations or adjust the bands to investigate
the effect of each interaction to the electronic structures.
The hopping integrals 7.5 and 7y lift the degeneracy of the
ZGNR edge states at X where 7y (or #-y) allows a coupling
of energy levels between C and B (or N) at the edges. The
coupled m-states are split into C—B (or C—N) bonding state
(Ttep OF Tiey) and antibonding state (g or Tey ), as shown in

55

Figure 3.14a for 1Z SL and Figure 3.14c for 1Zi SL. The 7.y
and ¢y states (coupled T and Ty states) are located above
Tiey and 7oy (coupled Tipy and Tt states), respectively. As a
result, the Tiq; and ey states become valence band maximum
and conduction band minimum states, respectively. For 1Z
SL, the difference between the two graphene edges breaks the
symmetry, leading to bandgap opening. In contrast, for 1Zi
SL, the two edges of any graphene stripe are identical because
of the inversion symmetry. As a result, C-B and C-N edge
states can cross, leading to a closed bandgap. Note that the
optimized values of 7.5 and 7 to fit the first-principles calcu-
lations for 1Z and 1Zi are t.; = 2.1 eV and 7y =—-2.3 eV, and
tcg =—1.8 eV and 1 =—-1.0 eV, respectively. The optimized
values are quite different, indicating that they are not very
transferable.

In the previous section, we have demonstrated that within
nearest-neighbor tight-binding model, AGNRs are either
metallic or semiconducting depending on their widths, which
are defined by the number of dimer lines N. The bandgap of
AGNRs is categorized into three distinct groups as N = 3p,
3p+1, and 3p+2 (where p is integer). AGNR could be
metallic if N=3p +2 and be semiconducting for N =3p or
N =3p + 1. From these simple models, the bandgap of ZGNR
and AGNR with N=3p + 2 are always zero. The bandgap
of AGNR with N=3p and N =3p + 1 is comparable for the
same p, so that 1A and 1Ai SLs have a graphene domain width
equal to the closed bandgap AGNRs. On the other hand,
ABNRs always have wide bandgap. The electronic structures
of 1A and 1Ai SLs can be considered as a combination of
the electronic structures of the corresponding width AGNR
and ABNR as shown in Figure 3.15b. Since the ABNR has
a wide bandgap, the electronic structure from the graphene
stripe plays a dominant role near the band edges. When the
hopping integrals 7. and 7y are turned on, the interactions
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FIGURE 3.14 Calculated t and w* bands of 1Z (a) and 1Zi (c) based on a tight-binding method (green solid curves) in comparison with
the band structures obtained from first-principles calculations (black dashed curves) (Jungthawan et al. 2011). The tight-binding bands

calculated without interactions between graphene and BN stripes (. and #¢y are set to zero) for 1Z (b) are shown. The band edge states are Q4

shown using blue and red dashed curves. The unit of tight-binding parameters is eV.
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FIGURE 3.15 The calculated ® and * bands of 1A (a) and 1Ai (c) based on a tight-binding method (green solid curves) in comparison
with the band structures obtained from first-principles calculations (black dashed curves) (Jungthawan et al. 2011). The tight-binding bands
calculated without interactions between graphene and BN stripes (¢ and 7y are set to zero) for 1A (b) are shown. The band edge states are
shown using blue and red dashed curves. The unit of tight-binding parameters is eV.

at the ribbon edges open up the bandgap, as shown in Figure
3.15a for 1A SL, by allowing couplings between AGNR and
ABNR at the edges that lift the degeneracy between 1. and
Tlec state. In armchair SLs, each edge contains an equal num-
ber of C—B and C—N bonds. This leads to a mixed C-B and
C-N character at each band edge, with energy levels compa-
rable to those of the graphene states (Tq and T¢c) causing
the splitting of AGNR state. The bandgap opening effect is
reduced by the inversion symmetry as can be seen in Figure
3.15c for 1Ai SL, where the splitting of AGNR state is less
than the reduction by the inversion symmetry. As a result, the
crossing by the inversion symmetry is observed. Note that the
optimized values of 7.5 and 7., to fit the first-principles calcu-
lations for 1A and 1Ai are t.z =—2.1 eV and 7y =—1.6 eV, and
tcg =—3.1 eV and 7 =—1.7 €V, respectively. The orientation
and ordering play crucial roles in the electronic structure of
SLs. The electronic structures reveal particular states that are
sensitive to the detailed arrangement of constituents.

3.6 ENUMERATION METHOD TO
GENERATE GRAPHENE-ALLOY
CONFIGURATIONS: A CASE OF
GRAPHENE/BORON NITRIDE ALLOYS

A systematic enumeration method to generate graphene—alloy
configurations can be performed by the algorithm for generat-
ing superstructures based on Hart and Forcade (2008). The
tight-binding method can be used to calculate or estimate the
electronic structures of those configurations. Under nonequi-
librium growth condition, whereas some atomic configuration
can be controlled, the properties of graphene can be modified
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by forming nanostructure or changing atomic arrangement. In
order to understand the properties of graphene, the tight-bind-
ing method is a simple and an effective approach to under-
stand the underlying mechanism of the change of properties
due to atomic arrangement. The configurations of graphene—
alloy compounds could be generated by Alloy Theoretic
Automated Toolkit (ATAT) (van de Walle 2009; van de Walle
et al. 2002). As a representative case, we will discuss about
the atomic arrangement of single-sheet graphene/BN alloys
with the BC,N stoichiometric ratio (1 — BC,N). The number

FIGURE 3.16 Unique unit cell shapes found by ATAT. The 4/8

atoms cell is indicated by green solid line/red dashed line, respec- Q4

tively. The smallest supercell (16 atoms) containing all structures
is indicated by blue solid line. The numerical values in the unit
cells indicate atomic position corresponding to the bases listed in
Table 3.2.

31-08-2015 20:14:10



Atomic Arrangement and Its Effects on Electronic Structures of Graphene from Tight-Binding Description 57

of configurations and cell shapes generated by ATAT for
1 — BC,N with up to 8 atoms in a unit cell are 6 + 236 config-
urations (6 and 236 configurations for 4 and 8 atoms in a unit
cell, respectively) and 2 + 5 cell shapes. There are a number of
equivalent configurations (some of the configurations can be
represented by more than one unit cell). Previous theoretical
works showed that 1 — BC,N compounds disfavor B-B and
N-N neighboring (Blase 2000; Blase et al. 1999; Liu et al.
1989), and hence the configurations having such disfavored
bonds can be discarded. After exclusion of the redundant

TABLE 3.2
Lattice Vectors, Bases, and Number of Configurations
for Each Unique Unit Cell Containing 4 and 8 Atoms

Lattice
Cell Vectors (in Bases (in Configuration Number of
Shape Unit of a) Unit of a) Number (n,,) Configuration
4 (1,0) /2,\3/2)  5.21,57 3
0.43) (1/2,5/\12)
(1L1/3)
1.3)
8-1 1L,43) (1/2,1/12) 318,396, 1746, 4
(NG 1L-1/43) 1800
(1,0)
(1,2/3)
(3/2,-3/2)
(3/2,/312)
(3/2.43/2)
2,0)
8-11 (2,0) W/2,\312) 412,996, 4622, 12
(0.4/3) (1/2,5/\12)  4628,4636,
4638, 4672
1L1/3 PTOIS
(L1/43) 4780, 5348,
(1.V3) 5364, 5400,
G/243/2)  ss08
(3/2,5/\12)
2.1/33)
2.3)
8-I1I (1,0) 1/2,1/V12) 68,500, 502, 27
0,12) (/2,32 550,552,578,
/2,7/\12) 039902
2 1226, 1230,
V2.9N12) 1578 1472,
(1,2/4/3) 1474, 1954,
(1,43) 1956, 2034,
(1’5/\/5) 2684, 2688,
112 2736, 3660,
3816, 4140,
4872, 4950,
5118, 5274,
5598

The atomic ordering for each unit cell is indicated by base-10 number. The
actual position is obtained by converting configuration number to base-3
number (see text). The lowest four energetic configurations are underlined.
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configurations that are the configurations with disfavor bonds
or repetitive configurations (i.e., some of configurations can
be represented by more than one unit cell), the total number
of unique configurations is 3 + 43 configurations from 1 + 3
unique unit cells.

The four unique unit cells are illustrated in Figure 3.16.
For each unit cell, the lattice vectors and bases are tabulated
in Table 3.2. The smallest supercell containing all these
structures is 16 atoms cell with lattice vectors of a; = 2ax
and a, = 2\/§a§7 in Cartesian coordinate. This supercell con-
tains roughly 3!¢ structures including 900, 900 structures
of 1 —BC,N. A unit cell with 8 atoms contains roughly 33
structures (420 structures are 1 — BC,N). It is clearly shown
that most of the structures are equivalent and only 46 repre-
sentative structures belong to the four unique unit cells. The
direct enumeration approach to generate alloy configurations
is vastly efficient. The method provides a practical number of
configurations (irreducible representation), which are compu-
tationally feasible for comprehensive study by first-principles
calculations or for qualitative study by tight-binding method.
In Table 3.2, the atomic position of each configuration can
be obtained by converting configuration number from base-10
(n,,) to base-3 (n;) number. The digits 0, 1, and 2 correspond
to C, B, and N. For instance, the configuration 57,, (2010,) is

a 4-atoms configuration containing two C at (1/ 2,\/§ / 2) and

(1,1/4/3), one B at (1/2,5//12), and one N at (1,+/3). The cal-
culation by tight-binding method can be performed similarly
to the previous section.
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