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Boundary conditions at closed edge of bilayer graphene and energy bands of collapsed nanotubes
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Band structure is systematically studied in an effective-mass scheme in collapsed armchair and zigzag
nanotubes based on the model in which collapsed tubes are regarded as bilayer ribbons with closed edges.
Boundary conditions at closed edges, describing the connection of the envelope wave functions between the
bottom and top layers, are derived. Among electronic states in bilayers, which change sensitively depending on
the relative displacement of two layers, those having wave functions matching well with the obtained boundary
conditions, i.e., unaffected by the presence of closed edges, constitute important states near the Fermi level in

collapsed nanotubes.
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I. INTRODUCTION

A carbon nanotube is a cylindrically rolled-up graphene
sheet [1-4], which has been studied from viewpoints of
fundamental physics and applications. In a single-wall nan-
otube, electronic states are known to change from metallic
to semiconducting depending on its circumferential vector,
as predicted first by means of tight-binding models [5—14]
and also by an effective-mass scheme [15-17]. When a
nanotube has a large diameter, it has an additional stable
structure called collapsed nanotube. This has been shown both
experimentally [18-32] and theoretically [33—53]. A collapsed
nanotube can be regarded as a bilayer-graphene ribbon with
closed edges. The purpose of this work is to derive boundary
conditions at a closed edge of a bilayer graphene and to discuss
their roles in determining the band structure of collapsed
nanotubes.

The band structure of various collapsed nanotubes was
previously studied within an effective-mass scheme [54].
Calculated results show small and almost negligible effects
of interlayer interaction in chiral nanotubes except in the close
vicinity of nonchiral tubes such as armchair and zigzag. This
weak interlayer interaction in chiral nanotubes is a result of the
fact that interlayer hopping becomes negligibly small due to
cancellation caused by rapid and quasiperiodic variation of its
phase except in some special cases [55-60]. It is also related to
some of epitaxially fabricated graphenes in which each layer is
known to behave almost as a monolayer [61-71]. Further, the
electronic structure of twisted bilayer graphene with nearly
incommensurate lattice structure, both theoretically calcu-
lated [66,72-82] and experimentally observed [67,83-87],
shows a linear band dispersion near zero energy, suggesting
weak interlayer interaction.

On the other hand, the band structure is strongly affected
by interlayer interactions in zigzag and armchair nanotubes,
where cancellation does not take place. In these nonchiral
nanotubes it varies depending on the relative displacement of
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two layers in the flattened region [54], although calculations
were limited to only a few cases. Here, we perform a systematic
study for these nonchiral nanotubes, regarding them as bilayer
ribbons with closed edges, instead of introducing interlayer
interaction starting with a cylindrical nanotube as in the
previous work [54]. This ribbon model is ideal for revealing
the origin of characteristic features of electronic states in
these collapsed nanotubes. In fact, among energy bands of
bilayer graphenes, which drastically change as a function of
relative displacement of two graphene layers, those that remain
unaffected by the presence of closed edges, i.e., by boundary
conditions, are shown to constitute important states near the
Fermi level.

This paper is organized as follows: In Sec. II, an effective-
mass scheme is introduced based on a nearest-neighbor tight-
binding model. In Sec. III, boundary conditions at closed edges
are derived. In Sec. IV, the band structure of displaced bilayer
graphenes is discussed. In Sec. V, some examples of energy
bands of collapsed nanotubes are presented with emphasis on
relation to special features of reflection coefficients at closed
edges, to be discussed in Appendix B. In Sec. VI, discussion
and a short summary are given. In Appendix A, symmetry
of the effective potentials under time-reversal operation is
discussed. In Appendix B, the reflection coefficients at closed
edges and associated quantization into energy bands are
analytically investigated for some representative examples.

II. EFFECTIVE-MASS DESCRIPTION

We consider collapsed armchair and zigzag nanotubes.
Figure 1 shows schematic illustration of a cross section of
a collapsed tube with circumference L. In the central region
with width ~ L /2 the tube is flattened, forming a displaced
bilayer graphene with bottom and top layers, denoted by 1
and 2, respectively. The right-hand side of the bottom layer
with width ~ Ly is connected to the right edge of the top
layer and the left-hand side of the bottom layer with width
~ Ly is connected to the left edge of the top layer. We
set Lc =L; + Lg and Lr + Lc = L, and shall consider
the symmetric case L; = Lg = L¢/2 in explicit numerical
calculations presented below.

Before collapsing, each single-wall nanotube is specified
by chiral vector L = n,a + npb, where a and b are primitive
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FIG. 1. A schematic illustration of cross section of a collapsed
carbon nanotube. The (red) bottom and (green) top layers are denoted
as 1 and 2, respectively.

translation vectors shown in Fig. 2(a), n, and n,; are integers,
L =|L|, and |a| = |b| = a with lattice constant a = 0.246
nm. The nanotube is metallic for v = 0 and semiconducting
for v = %1, where integer v is defined by

g +np =3n+v, (1

with integer n [15—-17]. The angle 1 between a and L is called
the chiral angle. An armchair nanotube has n = 7 /6 and L =
n(2a + b) or L /(«/§a) = n with integer n, and is therefore
always metallic (v = 0). On the other hand, a zigzag tube
has n =0 and L = na or L/a = n, and can be metallic or
semiconducting depending on n. We consider the coordinates
(x,y) rotated around the origin by 1 such that the x axis is
always along the circumference of a nanotube.

In the bottom layer of the flattened region, a unit cell
contains two carbon atoms denoted by A; and B;. Three
vectors connecting nearest-neighbor atoms are denoted by 74,
75, and 3. The origin of the coordinates is chosen at a B
site, i.e., a B site is given by Rg| = n,1a + np b and an A
site is R4; = ng1a + np b + T with integer n,; and np; and
T = 17| = (a 4+ 2b)/3. In the coordinate system (x’,y’) fixed
onto the graphene, we have a = a(1,0), b = a(1/2, v/3/2),
and T =a(0,1/ V/3). The amount of the displacement of the
top layer relative to the bottom layer is denoted by &, i.e.,
Rp, =ngpa+npb+Eand Ry = npa +npb+ 1 + €. As
a function of £ = ||, the structure varies with period of v/3a
in armchair tubes and with period of a in zigzag tubes.

Armchair
(n=n/6)

Zigzag
(n=0)

(b)

FIG. 2. (a) The lattice structure and coordinate systems of a
displaced bilayer graphene. On the (red) bottom layer, carbon atoms
are denoted as A; and B; and on the (green) top layer as A, and B,.
Their relative displacement is denoted by &. (b) The first Brillouin
zone and K and K’ points in monolayer graphene.
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In a tight-binding model, the wave function in layer j
(j = 1,2) is written as

Y= Y Ya(Rgr— R+ Y Vs (RG(r — R),

R=R,; R=Rg;

(@)

where ¢(r) denotes a 7 orbital. In the monolayer region, the
amplitude i at atomic sites R = R4 or Rp; satisfies

eYarRa) = =0 Y _ ¥m(Ra1 — 7)), 3)
l

Vs (Rg1) = —y0 Y Ym(Bpi + 1)), )
!

where yy is the hopping integral between nearest-neighbor
atoms (yy ~ 3 eV). In the bilayer region, the same equation
is satisfied by ¥ 42(R 42) and ¥go(R py) except that interlayer
hopping V(R, R’) is included, where V (R, R") is nonzero only
when carbon atoms at sites R and R’ in different layers are
very closely located. Because 7 orbitals are symmetric within
each layer, V(R,R’) is a function of |[R — R’|.

In the following, Hamiltonian and boundary conditions in
an effective-mass scheme will be derived from this nearest-
neighbor tight-binding model and exclusively used for actual
calculations of the band structure. This scheme itself is not
limited to tight-binding models, however. For states near the
Fermi level in the vicinity of K and K’ points with wave
vectors K = (27/a)(1/3,1/+/3) and K' = 27/a)2/3,0),
respectively, the amplitudes are written as

Ya;(R) = e'i [e"K'RF/fj(R) + €K R Ffj/(R)], ®)
Vai(R) = e [~we " N RFSR) + K RF B (6)

with @ = exp(2mi/3) and x; being an arbitrary phase to
be appropriately determined later [17]. Envelope functions
Ffj(r), Flfj(r), Ffj’(r), and ng.’(r) are assumed to be slowly
varying in the scale of the lattice constant. The effective-mass
scheme is valid and well reproduces electronic properties as
well as the band structure for energy range given by |e| < yp
[15-17].

In the monolayer region, the envelope functions at the K
point satisfy the Schrodinger equation [17]

Hy F(r) = eFf(r), @)
HE =y -k, ®)
x . (FK@

= <F§1(r>>’ ©

where y = +/3ayy/2 is the band parameter, k= (I%x,lgy) =
—iV is a wave-vector operator, and ¢ = (0,,0,) and o,
(introduced below) are the Pauli matrices. In the bilayer region,
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FIG. 3. A development map of a collapsed armchair nanotube. In the central region, the tube is flattened, forming a displaced bilayer
graphene with width L /2 consisting of (red) bottom and (green) top layers, denoted by 1 and 2, respectively. The right-hand side of the bottom
layer with width Ly is connected to the right edge of the top layer and the left-hand side of the bottom layer with width L, is connected to the

left edge of the top layer.

the Schrodinger equation becomes

HEFX(r) = e FX(r), (10)
« [ Ho VE®
" _<V’“<§> HE ) v
F{(r)
K _ 1
FX(r) = (Fg(r)>’ (12)

where VX (&) is a (2,2) matrix representing interlayer interac-
tion strongly dependent on the relative displacement &. For the
K’ point, the time-reversal symmetry gives

Hy = o o = y(0* - k), (13)
VK/(S) — O,ZVK(g)*o,zefzixlzei(K+K’)~§’ (14)

with
X12 = X1 — X2, (15)

as shown in Appendix A.

III. BOUNDARY CONDITIONS

A development map of a collapsed armchair tube with
n = m/6 is shown in Fig. 3. In the left boundary region,
we set Rp; on line x :«/§NLa, Rp, = Rp| + &, and
L; = V3a 1. Then, the connection of the bottom layer to

the top layer gives

Ypo(Rpr) = —Ya1[Rp1 — 11 (2a + b) + 15], (16)

VpilRp1 +1.2a + b)] = —Yax(Rp2 + 12), 17
where the amplitudes on the right-hand side are extrapolated
from the corresponding region. The negative sign corresponds
to the fact that the sign of the 7 orbital in the monolayer region
is opposite to that on the top layer because of the cylindrical
form of the closed edge. As has been previously discussed [54],
these give the following conditions for the envelope functions:

FX(xp) = e*o, FF(x)), (18)
FX'(xy) = %o, Ff (x)), (19)
withx; = x; — L, and
2r&
X&) = xi2— —F, (20)
12 ﬁa

where £ = £(2a + b)/(v/3a).

In nanotubes, states are specified by wave vector k (= ky)
along the axis direction. Then, the Schrodinger equation in the
monolayer region gives

FE(x}) = UX(—L)FK(xp), 1)
FE(x;) = UX(—L)FK (x), (22)
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FIG. 4. A development map of a collapsed zigzag nanotube.

where UX(x) and UX'(x) are (2,2) transfer matrices in the
monolayer region. Their explicit expressions are given in
Appendix B 1. Thus, we have

FX (xp) = %o, Uf FF (x1), (23)
F5 (x1) = %o, Uf Ff(xy),. (24)

with UX = UX(~L;)and UK = UX'(—~L,).

In the right boundary region, we set Rg; on line xg =
V3Nga, Rg, = Ry, + &, and Lg = V3alg. The boundary
conditions are given by

Yar(Rpr + 12) = —¥pi[Rp1 + Ir(2a + b)], (25)

Yai[Rp1 +r(2a + b) + 12] = —Yp2(Rpo), (26)

where the amplitudes on the right-hand side are again
extrapolated from the corresponding region. For the envelope
functions, the conditions are written as

FX(xp) = e'%o, F{(x}), 27)

FX'(x) = e*a, FK (x}), (28)

with xj, = xg + Lg. These give

FX.(xg) = o, UK Ff (xp), (29)
FE (xg) = %o, UK FE (xp), (30)

with UX = UX(Lg) and UK = UX'(Ly).
The appearance of o, in the boundary conditions corre-
sponds to the fact that the A and B sublattices are exchanged

under the 7 rotation around an axis parallel to the y axis.

Furthermore, there is no mixing between the K and K’ points,

corresponding to the fact that they are mapped onto different

points in the one-dimensional Brillouin zone [see Fig. 2(b)].
In the bilayer region, we have

Fii(xg) :(Uﬁ U{g) Fii(x1) 31)
F3(xg) Ufi UL \F))

where UX = UX(xp — x;) is a (4,4) transfer matrix for given
k (= k) and ¢, which can easily be calculated once the bilayer
Hamiltonian is explicitly given. Eliminating the component of
the wave functions in the top layer, we have

-1 UK +exUBo, UK\ (FE(xg)
—eiXo'y Ug - O. (32)

UK + exUKo, UK )\ FE (x1)
The condition for the presence of a nontrivial solution gives
the energy band of a collapsed nanotube:

-1 UK +erURo,UK

Uk +erufo,uf| =% 3

—eix kK
e*o,Up

Formally, the same expression is obtained for the K’ point
except that K is replaced with K.

Next, we consider the left boundary in zigzag tubes n = 0
illustrated in Fig. 4. Let R4, and Rp; be on line x; = Nya,
RA2 = RAl +£, RBZ = RBl +§, and LL = lLa. Then, the
connection of the left boundary of the monolayer region to the
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left edge of the top layer of the bilayer region gives

Var(Raz2) = —Ya1(Rar — @), (34)
VUp2(Rp2) = —¥p1(Rpy — @), (35)
Var(Rar — (L — Da+b) = —y2(Raz +b), (36
Vp1(Rpy — (L — Da+b) = —yp(Rp2 +b),  (37)

where the amplitudes on the right-hand side are extrapolated
from the corresponding regions.

The above conditions give the following for the envelope
functions:

FX(xp,y) = —o™eX o, F{ (x],y), (38)
FX'(xp,y) = —0 e 0, FK(x},y), (39)
withn, = N, +1;, — 1,X}‘ =x; —lra, and
2w ArE
XE =xn2——, x"€)=xn——. (40)
3a 3a

where we set € = £a/a. These show that the K and K’ points
are exchanged with a phase dependent on the position x,
and the length of the monolayer region ;. This behavior
corresponds to the exchange of the K and K’ points under the
7 rotation around a line parallel to the y axis [see Fig. 2(b)].

At the right boundary, we set R4, and Rp; be on line
Xgp = Nra,Rpy =Ry +& Rpy = Rp +&,and Lg =g a.
Then, the connection gives

Va2(Ra2) = —Ya1(Rar + [ra), 41)
Ypo(Rp2) = —Yp1(Rp1 + [ra), (42)
Var(Ra1 +lra+b) = —V2(Rax+a+b), (43)
VY1 (Rp +1ga +b) = —Ypa(Rpy +a+b), (44)
and then

FX(xg,y) = —0™™ e o, FE (x4, y), (45)
F¥ (xg,y) = 0 """ 0. Ff (xg, ), (46)

withng = Ng —Ig — 1 and xj, = xg + Iga.

For states with k, the conditions are rewritten as

FX(xp) = —o™ e o, U FE (x1), (47)
FY (xp) = —w™ e o UK FE (x), (48)
FX (xg) = o' X o, UK FX (xp), (49)
FE (xg) = —0o ™ e o,UK FE (xg). (50)

Then, eliminating the components of the top layers, we have a
set of equations for FX (xz), F& (xg), FE (x), and FE (xp).

PHYSICAL REVIEW B 94, 155401 (2016)

The condition for the presence of a nontrivial solution gives

Uf 0 0 a)”L_”Re_’AX”oZ
0 o, "R UK 0 —0
vkuk uvkul e Mouk e o UK |
o UK o ,UK  eXUKUK XUk Uk
(S
The band structure depends on w"*~"*%. We have
np —ng =N —3(Ng — Np), (52)

with N = 2(Ng — Np) + I + Ig, showing that 0" 7% = @",
where integer v is defined in Eq. (1). Therefore, the energy
bands of the collapsed tube naturally depend on whether the
tube is metallic or semiconducting before collapsing.

Equation (33) does not explicitly contain lattice constant a
or ratio L /a and the same is true of Eq. (51) except for integer
v (=0, 1) determining whether a nanotube is metallic or
semiconducting before collapsing. This is, of course, the direct
result of the use of the effective-mass scheme. Energy bands of
collapsed nanotubes become a function of 2y /(y; L), which
is the ratio between 2y /L characterizing the energy scale in
a cylindrical nanotube and y; characterizing that in a bilayer
graphene, and also a function of Lg/L.

IV. INTERLAYER POTENTIAL

As has been previously shown, the effective interlayer
potential can be expressed as [54]

VE@w) VE@)
Vk(r) = ( o 0 ) (53)
Vea(r)  Vgg(r)
for the K point, for example, with
e~ ixn 1
Viv=—— 2 5l —Ri)+g = Rl
Ra1.R4
x V(R 41, Ryp)e K Ru—Ra) 54
—eixn2 1
Vip = e N Z 5[8(" — R41) + g(r — Rpy)]
Ry1.Rp
x V(R 1, Rpp)e K Rai=Ri2) (55)
K —eixn2 1
Vs = e TN 5[8(" — Rp1) + g(r — Ry»)]
Rp1. R4
x V(Rp1,Rp)e K Re—Ra) (56)
e ixn 1
Vig=—5— D 5180 = Ra)+g(r — Rp)l
Rpi,Rp>
X V(Rpy Rpp)e K Ko =kez), (57)

where 2N is the number of carbon atoms contained in a unit
cell of the nanotube and g(r) is the smoothing function which
varies smoothly in the range |r| < a and diminishes rapidly
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for |r| > a. It should satisfy the condition

D gr—Ry)=) gr—Rp=1, (58)
R4 Rp

/g(r — Rydr = /g(r — Rp)dr = Qo, (59)

with € = +/3a%/2. We can use a Gaussian function g(r)
exp(—r?/d?) with range d, for example. Then, actual numer-
ical calculations show that the effective potential becomes
independent of r for d 2 a. In the following, we can safely
assume that VX (r) is independent of r and depends only on
&. The interlayer potential for the K’ point can be obtained
from Vg, using the time-reversal symmetry as shown in
Appendix A.
In armchair tubes with n = 7 /6, we have

_ u(é) +iv(§)
V =e X , 60
kG =e (—i wE)  u) ) (00)
with real u(§), v(£¢), and w(§), defined by
u(€) = UE), (61)
v(E) = UE —2a/V3), (62)
w(€) = UE + 2a/V3), (63)

PHYSICAL REVIEW B 94, 155401 (2016)

27 I,
il — (g, — ) |,
3 2

(64)

with integers [, and [,. The time-reversal symmetry gives
Vi:(§) = Vg (§).

For actual numerical calculations, the interlayer hopping
integral V(R;,R>) is chosen as [78,79,88-93]

—¢/2
p(—%)(m “B)(py - 1)

t—>b
— Yo exp (_T)[(pl ~u)(p, - u)

+(py - v)(py - V)], (65)

where b is the distance between neighboring carbons in
graphene, given by b = a/+/3, ¢ is the lattice constant along
the ¢ axis in graphite given by ¢/a = 2.72, and § the decay
rate of the m orbital. Further, y; is the hopping integral be-
tween nearest-neighbor sites of neighboring layers in graphite
(y1 ~ 0.4 eV). Vectors p; and p, are unit vectors directed
along m orbitals at R; and at R,, respectively, ¢ is a vector
connecting the two sites, and u# and v unit vectors perpendicular
to ¢ and to each other. In the following numerical calculations,
we use parameters y;/yy = 0.119,8/a = 0.185, and @ = 1.4.
Figure 5 shows the effective potentials u(§), v(€), and w(§)
ford/a = 1.

In this geometry, it is convenient to choose x(£) =0
because both Hamiltonian and boundary conditions contain
phase x only, where x is defined in Egs. (20) and (15). The
Hamiltonian is written as

where

UE)=Y " Va+iyb — &) exp

lalp

V(R,,R,) = %ex

y(o -lAc) uoy + %(v —w)oy — %(v + w)oy
Hg = A . , (66)
uoy — 5(v — w)oy — %(v + w)o, y(o - k)
with (2,2) unit matrix oy. Using unitary matrix
1 (o4} (o)) )
ﬁ <<70 —0p
the Hamiltonian is transformed into
k) + L+ —Ly—
UHKUT — y(o - k) ‘ uoy — (v + w)oy A L — w)oy,
5(v — w)oy y(o - k) —uoy + %(v + w)oy
(68)

As shown in Fig. 5, we have u =y, v=10, and w =0
for & = 0. The effective Hamiltonian (66) becomes that of an
A A-stacked bilayer graphene with interlayer interaction y;.
Equation (68) shows that the energy bands consist of two
copies of the band in monolayer graphene, one shifted in
energy by +y; and the other by —y.

When & /(v/3a)= %, Fig. 5 shows that u=v=0, w/y; =1.
The effective Hamiltonian (66) becomes that of an A B-stacked

(

bilayer graphene with interlayer interaction y; multiplied by

extra phases +i or —i,
—%)/10'_
v k)

o-k
Hye = (V( )
with oy = oy +io,. This occurs also for &/(v/3a) = %

i (69)
V104
although the interiayer interaction is present between a

155401-6
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FIG. 5. An example of interlayer potentials u(£€), v(§), and w(&)
calculated numerically for the displacement in the armchair direction.

different pair because # = w = 0 and v = y; and therefore
the off-diagonal elements in the above Hamiltonian should be
exchanged with each other.

At the mid point &/(v/3a) =% (mid-period), we have
w =v > 0andu < 0. The numerical calculation givesu/y; =
—0.314... and v/y; = w/y; = 0.655. ... Thus, the energy
bands for this mid-period structure consist of two independent
Weyl cones, as shown in Eq. (68). The cone at (k,,&) =
(0, +y1) in the AA stacking structure moves to (ky,&) =
(+v/y, — |ul), i.e., to the right-hand side in the k, direction
and to the negative energy region. The cone at (0, — y) in
the A A stacking structure moves to (—v/y, + |u|), i.e., to the
left-hand side in the k, direction and to the positive energy
region. This is illustrated in Fig. 6.

In the regions 0 < "g‘/(\/ia)<% and %<"§/(\/§a)< 1,
condition u(£)®> —v(&)w(£) >0 is satisfied because
v(&)w(€) < 0 as shown in Fig. 5. There are two conelike
bands in the vicinity of zero energy at k = (%ko,0), with

\/uz—vw<ﬁ

ko = < (70)
Y Y

In the following, we shall confine ourselves to the case 0 <
£/(v/3a) < 1 for which v(§) < 0 and w(&) > 0. Extension to

the case % < £/(+/3a) < 1is straightforward.
Let us define

_— 71
yko +u 71

w
tany; = —, tany, =

yko + u

giving ¥ > v, because w > —v as shown in Fig. 5. Then,
wave functions corresponding to eigenstates of the velocity in

PHYSICAL REVIEW B 94, 155401 (2016)

A€ , A€
R \\ /'
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\
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7 ” N
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P
]
ya
,/
, (u<0, v=w>0)

(a) AA Stacking (EA3a=0) (b) Mid-Period (£A3a=1/2)

FIG. 6. The correspondence between the band structure of a
bilayer graphene with AA stacking and the mid-period displacement
in the armchair direction. Two linear bands given by the (red and
blue) solid lines survive in collapsed nanotubes.

the x direction are given as follows:

+ sinyr; 4+ i cos Yy
—+i cos Yy + sin yr,
—icos ¥y + siny,
~+sinyr; —icos Y,
+sinyr; — i cos Y
~+i cos ¥r; — sin Y,
—icos Yy — siny,
+ sinyr; 4+ i cos Y,

1 .
Fn =3 el (1)

_ 1 .
F =3 el (73)

—siny; —icos iy
1| —icosy —siny,
2| —icos Y + sin
+sinyr; — i cos ¥,

—siny + i cos Y,
1| —icosy + sinyn,
2| —icos Yy — sinyr,
+ sin iy 4 i cos ¥,
where (4) and (—) denote those with positive and negative

velocities, respectively. Then, the effective Hamiltonian in the
vicinity of k = (%k(,0) becomes

F ) = e thor,

(74)

FO (r) = e~thr o (75)

+ax12X o ,12, N
Her = ( A - ) + pky. (76)
ayk, —ak,
with
ay =y cos(Yy — ¥o), a7
ay = 1y (sin 2y + sin2yn), (78)
B = Ly (sin2yy — sin2y), (79)

where k, is measured from k.
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(b)

FIG. 7. A schematic illustration of tilted Weyl cones at zero
energy in bilayer graphene displaced in the armchair direction.

0 < £/(+v/3a) < %

This Hamiltonian corresponds to a Weyl cone, tilted in the
negative k, direction and anisotropic. In fact, the energy bands

become
elky,ky) = & ,/(x)%k% + a%k)z, + Bk,. (80)

This is illustrated in Fig. 7. For the K’ point, we should replace
B with — B, and the tilt direction becomes opposite.

The parameters characterizing the tilted Weyl cones are
shown in Fig. 8. With the increase of &, the position k( of the
cone gradually decreases from y;/y and rapidly vanishes at
&/ (\/ga) = % Furthermore, «, stays almost the same as y,
and o, increases almost linearly with & for small &, showing
significant anisotropy between the x and y directions. The
tilt parameter § increases slowly and remains smaller than oy.
Near £ /(+/3a) = %, the Weyl cone becomes almost symmetric

because a, ~ a, > B, but it disappears at & /(v/3a) = %
because all the parameters vanish there.

-
o

Band Parameters: yko/y1, ox/y, ow/y, Bly
o
o

0.0
0.0 0.5

Displacement: £ (units of y/3a)

FIG. 8. The band parameters characterizing tilted Weyl cones at
zero energy in bilayer graphene displaced in the armchair direction.
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da=1.0
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.
.......

Effective Potential (units of y4)
Phase (units of )

0.0 & ‘ 0.5
0.0 0.5 1.0

Displacement: & (units of a)

FIG. 9. Effective interlayer potentials v;(§) and v,(§) and
their phases ¢;(§) and ¢,(£) calculated numerically for zigzag
displacement.

In zigzag tubes with n = 0, we have

—ixi2 vl(E)eJriah(E) vz(é:)eJrid)z(é)
Vi =e 0 (E) Py (E)etin® ) 81

with real v{(€), v2(§), ¢1(£), and ¢,(§) for the K point. The
time-reversal symmetry gives

Vg = eiX]zQZni(g/a)< Ul(%')e—lqﬁl@)

—vy(&)e~i425)
—vy(&)e™ 192 )

vl(é)e_i‘f"(f)
(82)

for the K’ point. In the above we have set &€ = £a/a.

Figure 9 shows v (&), v2(§), ¢1(§), and ¢,(&) numerically
calculated. For & = 0, we have v; = y; and v, = 0, corre-
sponding to an A A-stacked bilayer with interlayer interaction
y1. For &/a = % (mid-period), all the components become
real except a common phase factor and are numerically given
by vi/y1 = 0.314... and vy /y; = 0.655.... In this case, the
Hamiltonian is block diagonalized into a pair of (2,2) matrices
and becomes

HE 0 , HE 0
HK — + , HK — + . 83
( 0 HK> o wr) @
with
HE = HE +v,00 £ 010, (84)
Hi/ = Hé(, F v109 £ v20y, (85)

where the common phase factor x;, =0 is chosen. Thus,
the energy bands for the mid-period structure consist of two
independent cones, shifted in both energy and k, directions,
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exactly the same as those for £/(+/3a) = % in the armchair
case, although the k, and k, directions are exchanged.

V. BAND STRUCTURE

A. Armchair nanotube

Figure 10 shows some examples of the band structure of the
bilayer graphene displaced in the armchair direction. As the top
layer is gradually displaced from & = O shown in Fig. 10(a),
the electronic states in the lower cone hybridize with upper
cone. As a result, an eye-shaped stateless region along the
k, direction is created near zero energy, and two tilted Weyl
cones are formed at zero energy, as mentioned above. These
cones shift toward k, = 0 with the increase in & as shown in
Figs. 10(b) for £/(+v/3a) = 15 and 10(c) for 1.

When &/(v/3a) = % corresponding to an A B-stacked bi-
layer graphene, these two Weyl cones merge at k, = 0 and two
parabolic bands consisting of bonding and antibonding states
touch at zero energy, as shown in Fig. 10(d). With the further
increase in the displacement, two crossing points reappear
on the plane k, = 0, as in Fig. 10(e) for £/(\/3a) = % The
crossing point with k, < 0 is shifted upward in energy and

PHYSICAL REVIEW B 94, 155401 (2016)

that with k, > 0 is shifted downward. When & /(\/ga) = %
(mid period) shown in Fig. 10(f), two conelike bands shifted
in both energy and k, directions become independent of each
other. When we increase & from & /(v/3a) = % to 1, the band
structure changes from Fig. 10(f) back to Fig. 10(a), as shown
in the insets.

This change in the band structure as a function of &
manifests itself in that of corresponding collapsed nanotubes.
By Eq. (33), we can determine k, in the bilayer region for given
k along the axis direction and energy. In fact, in the vicinity of
zero energy, electron wave with k, is reflected into —k, at the
right edge and that with —k, into k, at the left edge. Roughly
speaking, the energy bands e(k) in collapsed nanotubes with
a wide flattened region are understood in terms of e(k,,k) of
the corresponding bilayer with appropriately discretized k,,
unless k, strongly depends on k.

For & = 0 with A A stacking [shown in Fig. 10(a)], atk, = 0
and k, =~ £y, /y, there are two sets of states crossing at zero
energy with linear dependence on k,, i.e.,

es(ky) = sylky| +1ty1,

1.5

%ZMH«

= Z
S N
0.5 | EXNC
£ A )
S N BN
5 = =
B ool g”%‘ge%%) %%g)" ;A
: <% >
S Yr
L WA 2,

e
7

S
by %
0
[ 'R}

e

N

% 07
,,
o]
2]

1.0 |
=
S
@ 0.5 I
E= I
2 |
g |
2 0.0
(0] L
c
L
-0.5
g N ) \ RN é ‘ )
1.0 %Wlllﬁhh»» N ., » N ‘*‘ %'mmfm AN NN e N N[ ",,4?‘;,‘ NSO PP e NN %L
-1.0 -05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10 -1.0 -05 00 05 1.0 -1.0 -05 0.0 05 1.0
YR/ Y1 'ka/ 1 YR/ ¥1 ka/ 1 YR/ ¥1 ka/ 11

FIG. 10. Some examples of the band structure of a bilayer graphene displaced in the armchair direction. In each of the left figures, the
energy e(k) is plotted against k, for positive k, with interval Ak, = 0.05 x (y1/y), and in right figures against k, for positive k, with interval

Ak, = 0.05 x (y;/y). The lattice structure is illustrated in the insets. (a) S/(\/ga) =0orl.(b) % or % () % or 192. (d) % or %

® -

5 7
(e) 5 Or 5.
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withs = +1 and r = +1. As discussed in Appendix B 2, only
two states corresponding to +yk, + y; and —yk, — y; satisfy
the boundary conditions at the left and right edges in the limit of
narrow curved region L¢ /L < 1. The allowed linear bands are
denoted by solid lines in Fig. 6. With the increase of L, these
bands are shifted to the right-hand side by (y,/y)(L¢/LF) =
(1/y)(L¢/L). A corresponding result in the opposite limit of
small L /L has been obtained by perturbational treatment of
interlayer interaction in Ref. [54].

For £/(+/3a) = % (mid-period) shown in Fig. 10(f), there
are two crossing bands having a linear dispersion for k, = 0,
shifted in both energy and wave vector k. The correspondence
to the bands in the AA stacking is shown in Fig. 6. Among
these bands, two bands denoted by solid lines in Fig. 6(b)
satisfy the boundary conditions at both edges and survive in
the corresponding collapsed nanotube, although being shifted
toward k = O for nonzero L.

For &/(v/3a) = % with AB stacking structure shown in
Fig. 10(d), there are two parabolic bands e (k,) = iy2k§ /Y1,
touching together at zero energy for k, = 0. As shown in
Appendix B 3, only the conduction band ¢ (k,) satisfies the

PHYSICAL REVIEW B 94, 155401 (2016)

boundary conditions at the right and left edges, and the valence
band e_(k,) does not. As a result, the conduction band bottom
remains at zero energy, while the valence band is shifted
downward, opening up a gap. The reason lies in the fact that
the wave functions of the bottom and top layers have opposite
signs for the conduction band, while they have the same sign
for the valence band. As already mentioned, the wave functions
of the 7 orbital changes its sign, when they are connected
through the circular monolayer region. This result has also
been obtained for small Lz by a perturbational treatment of
interlayer interaction in Ref. [54].

In the region 0 < S/(\/ga) < %, shown in Figs. 10(b)
and 10(c), in general, band gaps are opened between conduc-
tion and valence bands due to interlayer interactions. However,
this general feature can be strongly modified in narrow regions
of & for tubes with sufficiently large Ly. This occurs due
to interferences between two tilted Weyl cones at (4ko,0),
where ky is given in Eq. (70). As discussed in Appendix B 4,
the state with k is reflected into that with —kj at the right edge
and that with —k( into that with +kq at the left edge. There
is no reflection within each of the +ky and —ko bands. When

¢//3a=12/12

Energy (units of y4)
o
T

.| Lw3a=48
& | Le=075 | [

¢/3a=3/12)

N\eBa=112]| |

&/3a=11112

&//3a=9/12

£//3a

Energy (units of y4)
o
T
\

Z//3a=5/12]] " //3a=6/12)

¢//3a=6/12

‘-2‘”-1”‘0 12
Wave Number: k (units of y1/y)

Wave Number: k (units of y4/y)

2 -1 0 1 2
Wave Number: k (units of y1/y)

FIG. 11. Calculated band structure of collapsed nanotubes with L/ («/ga) =48 and Lr/L = 0.75 with displacement & in armchair direction.
Red dotted lines show linear dispersions at AA stacking and the change with the displacement.
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resonance condition koL p = 27 j with integer j is satisfied, a
set of linear bands crossing at zero energy appears, i.e.,

ex(k) = oy k| + Bk, 87)

where o, and B are shown in Fig. 8. These linearly crossing
bands can appear when Ly > L™ with L‘;““ =2y /v,
because ko < y1/y as in Eq. (70). In the present case, we
have L™"/(v/3a) ~ 26.4.

In the region % < %‘/(\/Ea) < %, shown in Fig. 10(e), band
gaps are opened between conduction and valence bands due
to interlayer interactions. However, because of the strong
asymmetry between positive and negative k,,, some conduction
and valence bands may overlap in energy, making the collapsed
nanotube semimetallic.

Figure 11 shows some examples of calculated energy bands
of a collapsed nanotube with L /(v/3a) = 48 and Ly /L = 0.75
or Lr/(~/3a) = 36. Only the band structure near the K point
is shown, while that near the K’ point is given by inversion
in the k direction. For £ = 0 with AA stacking, shown in
Fig. 11(a), only a pair of a linearly crossing bands denoted by
the dotted lines survives while the other pair is destroyed.
These crossing bands are shifted by ~ (y;/y)(L¢/LF) to
the positive k direction as has been discussed above. When
&/ (\/ga) is varied from zero to % these bands continuously
change as shown by the dotted lines in Figs. 11(a)—11(f). Other
bands are understood roughly by appropriately discretized &,
in the band structure of the AA stacked bilayer.

With the increase of &, as shown in Fig. 11(b) corresponding
to &/(+v/3a) = %, for example, the crossing bands denoted by
the dotted lines split into conduction and valence bands by
a gap, and the collapsed tube becomes semiconducting. For
£/(v/3a) = 4—11 shown in Fig. 11(c), the bands given by the
dotted lines overlap with other bands. In Figs. 11(b) and 11(c),
the gap separating conduction and valence bands is no longer
determined by those denoted by the dotted lines.

o ¥ 2

PHYSICAL REVIEW B 94, 155401 (2016)

For &/(v/3a) = % with AB stacking in the bilayer region,
shown in Fig. 11(d), the conduction-band minimum is at zero
energy, while the valence bands are lowered, thus forming a
band gap, as has been discussed above. For &/(v/3a) = 3
shown in Fig. 11(e), nonzero band gap is formed for each
k value, but some of conduction and valence bands overlap
in energy, and therefore the tube becomes semimetallic. For
£/(¥/3a) = % (mid-period) shown in Fig. 11(f), a set of
crossing bands with near-linear dispersion is formed, although
the crossing point is shifted toward the negative-energy side
and toward the positive k direction. These correspond to two
linear bands shown in Fig. 11(a) for £ =0, as has been
discussed above (see also Fig. 6).

Figure 12 shows the band structures for (a) & /(\/ga) =
0.17, (b) 0.19, and (c) 0.23, i.e., when £ is in the range
between (b) and (c) of Fig. 11. The band gap disappears and
a set of linearly crossing bands is formed in the vicinity of
zero energy in Fig. 12(b). This is the result of interference
between two tilted Weyl cones at -k discussed above. In fact,
for £/(v/3a) = 0.19 in Fig. 12(b), we have yko/y; ~ 0.73,
o, ~0.96, oy ~ 0.66, and B ~ 0.21, according to Fig. 8.
For these values of the parameters, the condition kgL = 27
is satisfied and the linear-crossing bands in the vicinity of
zero energy shown in Fig. 12(b) are well reproduced by
Eq. (87).

B. Zigzag nanotube

Some examples of the band structure of bilayer graphenes
displaced in the zigzag direction are shown in Fig. 13. For
& =0 corresponding to AA stacking shown in Figs. 13(a)
and 13(d), two conelike bands same as in monolayer graphene
are shifted in energy by £y, and independent of each other.
As the top layer is displaced from & = 0 as in Figs. 13(b)
and 13(e) corresponding to £/a = }P two conelike crossing
bands interacting with each other are formed for k, =0,
but the crossing energy is shifted in the direction opposite

g/fsalzlzmz 1

/e/Ba=10112

Energy (units of y4)
o
T
\
T

] LW/3a=48
| Le/L=0.75| ]

ool S NI

£//3a=2.3/12}| //3a=2.8/12}|

£//3a=9.7/12f E//3a=9.2/12]]

EV3a=0.19 |

\ £V/3a=0.23 | |

PRI Y SN W | N SN

-2 -1 0 1 2 2
Wave Number: k (units of y1/y)

Wave Number: k (units of y4/y)

0 1 2 -2 -1 0 1 2

Wave Number: k (units of y1/y)

FIG. 12. Calculated band structure of collapsed nanotubes with L/(~/3a) = 48, Ly/L = 0.75 having armchair structures. The band gap
disappears and a set of linear-crossing bands emerges at zero energy for the displacement (b) £ /(+/3a) = 0.19.
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FIG. 13. Some examples of the band structure of a bilayer graphene displaced in the zigzag direction. In each of the left figures the
energy (k) is plotted against k, for positive k, with interval Ak, (y;/y)~" = 0.05, and in right figures against k, for positive k, with interval

Ak.(y1/y)~" = 0.05. The lattice structure is illustrated in the insets.

[6/a = 1/4 0r3/4]. (c) K and (f) K’ point [§/a = 2/4].

between positive and negative k, and between the K and
K’ points. For &/a = % (mid-period) shown in Figs. 13(c)
and 13(f), these cones again become independent. In gen-
eral, we have ex(—ky.k)) = ex/(+ki,ky), exlky, —k)) =
ex(ky, +ky), and ex (ky, — ky) = egr(ky, + ky).

This change in the band structure as a function of £ again
manifests itself in that of corresponding collapsed nanotubes.
In a collapsed zigzag nanotube, an electron wave with +k, at
the K point is dominantly reflected into that with Fk, at the
K’ point having the same energy at the edges. The matching
conditions for the phase of the wave function given by Eq. (51)
determine k, and the corresponding energy as a function of
k. The dependence on k is not so strong in semiconducting
nanotubes and metallic nanotubes other than those with AA
stacked collapsed region. As a result, a very rough feature
of the energy bands is again understood in terms of ek (k,,k)
and ek (ky,k) for discretized k,. The only exception occurs
in metallic nanotubes with AA stacking shown in Figs. 13(a)
and 13(d). In fact, as discussed in Appendix B 5, there appears
a pair of bands linear and crossing each other at k = 0 near
& = =%y, for which k, satisfying Eq. (51) varies in proportion
to k with coefficient of the order of £1.

(a) K and (d) K’ point [§/a = 0/4 or 4/4]. (b) K and (e) K’ point

Figure 14 shows some examples of calculated band struc-
ture for collapsed zigzag tubes with L/a =72 and Lp/L =
0.75. In collapsed metallic tubes with AA stacking structure,
given in Fig. 14(a), two pairs of linear-crossing bands are
present around ¢ ~ *£y,, and other bands are nearly parabolic
but shifted in the positive and negative k directions, thus
crossing each other at k = 0.

In collapsed semiconducting tubes with A A stacking, given
in Fig. 14(d), each band is symmetric with respect to k = 0
and linear bands are completely absent near k = 0. For 0 <
&/a < %, as shown in Figs. 14(b) and 14(e) for £ /a = }t, for
example, band gaps are opened near zero energy and collapsed
nanotubes become semiconducting irrespective of the value of
v before being collapsed. For £ /a = % (mid-period) shown in
Figs. 14(c) and 14(f), collapsed nanotubes become metallic
independent of v in the case of Ly/L = 0.75.

Some examples showing the dependence on Lp/L are
presented in Fig. 15 for &/a = 1 (mid-period). In metallic
tubes with v =0 shown for Lr/L = 0.1, 0.4, and 0.75 in
Figs. 15(a), 15(d), and 14(c), respectively, a gap first opens
up with the increase in Lr/L, takes a maximum, and then
becomes smaller and vanishes. Only in the limit of small
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FIG. 14. Calculated band structure of collapsed nanotubes with Lr/L = 0.75 having zigzag structures. (a)—(c) L/a = 72 (v = 0). (d)—(f)

L/a=171(@=-1).

Ly /L, the band structure is close to that of a cylindrical tube
with a tiny gap at ¢ = 0.

For semiconducting tubes with v =41 shown in
Figs. 15(b) and 15(e) and with v = —1 shown in Figs. 15(c)
and 15(f), the band overlapping present for Lr/L = 0.75
persists even for smaller L /L = 0.4, but eventually a band
gap opens for Lp/L = 0.1, roughly corresponding to the
semiconducting zigzag tube. For sufficiently wide zigzag
tubes, the energy bands of collapsed case for v = —1 are
obtained by inverting the energy axis for those with v = +1,
although this correspondence is still not complete for L/a =
71 (v=—1)andfor L/a =70 (v = +1).

VI. DISCUSSION AND CONCLUSION

So far, we have completely neglected the presence of
curvature in the monolayer region corresponding to the closed
edge. A typical diameter of the curved region is estimated
(sometimes assumed) to be of the order of that in narrow
single-wall nanotubes according to various theoretical inves-
tigations [25,33-52]. Recent density-functional calculations
give diameter of about 0.854 nm [53], slightly larger than that

of a (6,6) single-wall nanotube. Effects of such curvature can
be described by a local shift in the wave vector or an effective
vector potential in the curved region in the effective-mass
scheme [17,94].

In a cylindrical nanotube, the curvature is represented by
an effective magnetic flux passing through the cross section,
which has opposite signs between the K and K’ points,
resulting in a shift in the energy bands. The presence of small
shifts has long been known to be present in various first-
principles calculations in narrow single-wall nanotubes [5,6].
Combined with the presence of a trigonal warping of the
band in graphene [95], the curvature constitutes one important
origin leading to the so-called family behavior of optical
spectra [96-98]. In principle, effects of the curvature can be
included in our calculations once the actual form of the cross
section is established. This problem is left for a future study.

We have assumed that the relative displacement or sliding
of two layers can take any value in the bilayer region in a
collapsed nanotube. This is valid because first-principles cal-
culations in bilayer graphenes show that the energy difference
by sliding is much smaller than the average thermal energy at
room temperature [99,100]. Actually, AB, AA, displaced, and
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FIG. 15. Calculated band structure of collapsed nanotubes with & /a = % having zigzag structures. (a) (Lr/L, v) = (0.1, 0). (b) (0.1, —1).

(c) (0.1, +1). (d) (0.4, 0). (e) (0.4, —1). (f) (0.4, +1).

twisted stackings are reported to be present in bilayer graphene
with closed edges and the displacement may be changed by
annealing [101,102]. The band-structure change by sliding in
bilayer graphene may be observed experimentally by scanning
transmission spectroscopy or other techniques, although no
experiments have been reported yet.

We have performed a systematic study of electronic
states in collapsed nonchiral nanotubes such as armchair
and zigzag within an effective-mass scheme, regarding them
as bilayer ribbons with closed edges. Boundary conditions
at closed edges, describing the connection of the envelope
wave functions between the bottom and top layers, have been
derived. Among electronic states in bilayers, which change
sensitively depending on the relative displacement of two
layers, those having wave functions matching well with the
obtained boundary conditions constitute important states near
the Fermi level in collapsed nanotubes.

In fact, a perfect matching or mismatching of the wave
functions can occur at the closed edges for special states such
as those with linear dispersion and those corresponding to band
extrema near the Fermi level. Typical examples include the
appearance and disappearance of k-linear bands in armchair

tubes with A A stacking or half-period structure in the flattened
region, and in metallic zigzag tubes with AA stacking. The
lowering of the valence-band top in contrast to no influence
on the conduction-band bottom in the armchair tube with AB
stacking is another example.
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APPENDIX A: TIME-REVERSAL SYMMETRY

Under the time-reversal operation 7, the amplitudes
Yaj(R) and ¥p;(R) become their complex conjugate,
e * i (R)* and e~ p;(R)*, respectively, with arbitrary
phase A’. Because of the invariance under T, the amplitudes
e ™ Yu(R)* and e~ yrp;(R)* can be written as Egs. (5)
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and (6) with F fj, etc., being replaced with F ij, etc. Note that

e KR o o K'R and ¢ KR o /KR with appropriate phase

factors dependent on R [see Fig. 2(b)]. Explicitly, we have

FET " e Ming, 0 FK*
= o . (A1)
F§T 0 6721)(271«7(/5)6Z Ff *

in the displaced bilayer region, with ¢(§) = (K + K') - € and
A=A —n—Q2x/3).

Obviously, F /ij,

equation same as F fj, etc. Let us define the Hamiltonian for
the K point by

Hn)

Hxn)
Then, Eq. (A1) gives the corresponding Hamiltonian for the

K’ point:
v e 2ing, 0 Hi,  HY,
- 0 e 2in—iv® g J\HI M

e+2ixlo,z 0
X . .
2
0 et IXz+z<p(E)UZ

UZHTZUZE_ZiXIZ+iW(E)
. (A3)

etc., should satisfy the Schrodinger

HE = (H“ (A2)

Hoi

*
o Hi 0,

- (UZH; o, et2ixn—ip®) o, Hiyo,

This gives o H},0, = y(o* k) for Hyy = y(o - k) and the
same for Hp,. It is quite natural that only the interlayer
components of the Hamiltonian are affected by relative phase
x12 and displacement & under the time reversal.

APPENDIX B: ELECTRON REFLECTION
BY CLOSED EDGES

1. Transfer matrix in monolayer region

First, we consider the transfer matrix in a monolayer region.
For given energy € and wave vector k, satisfying |k, | < |g]/y,
we have

UK (x) = 1 <cos(9M —kMx)  isysin(kMx) )
cosOy \ isysin(kMx)  cos(Oy +kMx))’
(B1)
UK () = 1 <cos(9M +kMx)  ispsin(kMx) )
cosOy \ isysin(kMx)  cos(@y —kMx))’
(B2)
with

Sy = sgn(e),

k., 2
sin@ME%, KM = /%—kg. (B3)
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In the case |k, | > |e|/y, only evanescent states are present and
the transfer matrix is given by

Uf(x) =
) = ey
sinh (Oy + sykMx)  isy sinh (kMx)
X . . 9
isy sinh (kMx)  sinh (6 — s,k x)
(B4)
’ 1
UK (x) =
) sinh 6,
sinh (6 — sykMx)  isy sinh (kx)
X . . b
isy sinh (kMx)  sinh (O + sy Mx)
(B5)
with
v Ikyl &
sy = sgn(ky), coshfy = |T|y’ K = k2 — v
(B6)
The transfer matrices satisfy
detUX =detUX =1, (B7)
o:U"(e)o. = U"(~e), (B8)
0. UK (e)o. = UK (—e). (B9)

The last two of the above give the symmetry under energy
inversion in some collapsed nanotubes, as will be shown in the
following.

2. Armchair displacement: A A stacking

In armchair nanotubes, the energy bands associated with
the K’ point are related to those with the K point through
ex'(k) = ex(—k), and therefore we shall confine ourselves to
those with the K point in the following. When a collapsed
armchair nanotube has an A A stacking structure with £ = 0 in
the flattened bilayer region, for whichu = y; and v = w =0,
the Hamiltonian becomes

Y100
v b))

ok

He = y(o - k)
Y100

where we have chosen y = 0 [see Egs. (15), (20), and (66)

and Fig. 5]. Then, the boundary conditions are

(B10)

Ff(xp) = o, USFX (x1), (B11)
Ff.(xr) = o, UK F5 (xp). (B12)
Under unitary transformation
F* = UF¥, (B13)
with
o, 0
U= , (B14)
0 —o;
the Hamiltonian is transformed into
Hyx = UHxU' = —Hk. (B15)
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\ €
(s,t)=(+1,+1) ky A
kX
Y4 >
AE
ky ky
- Bil oy 8
; ilayer g :\
o -
(s.t) ~y Monolayer S (A
1
=k, lv,<0
(s.0=(-1,-1) &
(b)

Reflection
(a) Energy Bands (Right Edge)

FIG. 16. (a) Schematic illustration of energy bands in an AA-
stacked bilayer graphene and in monolayer graphene. The region
in the vicinity of k, =0 and k, = —y,/y is denoted by a dotted
ellipse. (b) A reflection process at the right boundary for the band
(s,t) = (—1, + 1), denoted by a (red) solid line in (a).

Further, the boundary conditions are transformed into

Fi) = o, UK(—e)Fh (xp), (B16)
Fl(ep) = o UK (=o)X (xp). (B17)

The above results show that the energy bands are symmetric
under energy inversion € <> —e¢.

The energy bands and the corresponding wave functions in
the bilayer region become

es(k) = syk +ty1, (B18)
1
1 i0
Fy i (r) = 3 exp(ik - r), (B19)
ste'?

with s = +1, 1t = +1, «k=/2+2, ky =kcos6, and k, =
ksin@. Let us consider the bands in the vicinity of k, =
—n/y, e 0, and k, = 0, in particular, (s,t) =(—1,+ 1)
as illustrated in Fig. 16 [the region surrounded by a dotted
ellipse in (a)]. As illustrated in Fig. 16(b), the incident wave
has k, < 0 and the reflected wave has —k, > 0 at the right
boundary x = xg. The wave function is written as

1
P il ) )
FR(’.) — ) e+thxR+lkyy
l'e+i5
1
ie | .
+ rr 1 e*lkxxlrhkyy’ (BZO)

ie i8
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apart from normalization, where ry is the reflection coefficient
and

vk
2!

5= <0. (B21)

For this state, only evanescent states are present in
the monolayer region, and we have s, = —1, coshfy ~
sinhOy > 1, kM ~ y,/y, ky, ~ —(y1/y). Let us further con-
sider the case of small Lr < y/y;. The transfer matrix is
approximated by

e ViLr/y 0
Ur =~ ( 0 e+V1LR/V>'

Then, the boundary conditions in Eq. (B12) become

ik, xp
.. ]e +r .
(i e ’5) K (i e"5>

eV Lr/Y pid ) eV Lr/Y p=id
= ( >e2”<»-“ + rR( ) (B23)

i e NLrly ie NLrly

(B22)

These two equations are satisfied if and only if

+yiILR/Y pFid _
¢ ¢ le+2ikxxk

(B24)

"R = 1 — etvilr/y g—1é
The fact that the reflection coefficient is uniquely determined
from a set of two equations justify that reflection does not take
place into other bands with ¢t = —1. For y|Lp/y <K |8] K 1,
in particular, we have

Yk i 2J/]zLR >e2ik1x’z'

rg ~exp|i (B25)
N p( Vi ¥ ke

At the left boundary, similarly, the reflection coefficient

becomes

.27/12LL
—
Y1 Vzkx

)6_2”‘*“. (B26)

The energy bands are given by the condition rprg = 1 or

2
kiLp —22Lc =27, (B27)
¥y kx
with integer j, where wehaveusedxg — x; = Lr/2and Ly +

L; = L¢.Forthelinear band corresponding to j = 0, we have

2Lc
ke ==y, | ==,
14 Vi Lr

where we have used the fact that k, < 0. Correspondingly,
with k, being replaced with k of the collapsed nanotube, the
energy levels become

Lc
= —y,/k2+k? ~ —ylk 1—-==1). (B29
€ Yk k4w V||+V1( LF> (B29)

This shows that the linear band given by ¢ = 4+yk 4 y; is
shifted to the positive k direction by the amount proportional to

(B28)
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L¢ /L F with the increase of the width of the curved monolayer
region. Because of the symmetry under energy inversion, the
completely same behavior is obtained for the band (s,t) =
(+1, =1).

For the band (s,t) = (—1, + 1) in the vicinity of k, =
+y1/y and & &~ 0, the incident wave has k, < 0 and the
reflected wave has —k, > 0 at the right boundary. The wave
function at the right boundary is written as

1
+ ,—i8
—ie . ,
FR(r) — | e+thxR+lkyy
—i €7i8
1
—i e+i8
+rR | e*thxk#»lkyy’ (B30)
—i e+i5

apart from normalization. In a similar manner, we have
rr A _eflée+2thxkv

rp ~ —etidem kx| (B31)

These results show that the wave function should vanish in the
vicinity of both right and left boundaries. Therefore, states
with k, &~ 0 having a near-linear band are not allowed in
the collapsed nanotube. The quantization condition ryrgp = 1
gives

2w j

ke = —, (B32)
L

with integer j, where j = 0 is not allowed. Because of the

symmetry under energy inversion, the completely same be-

havior is obtained for the band (s,7) = (+1, — 1). Figure 6(a)
schematically shows remaining linear bands for Lo /L < 1.

3. Armchair displacement: A B stacking

Let us consider the case of é/(\/ga) = %, for which
u =v =0 and w = y;. The effective Hamiltonian is given
by Eq. (69). The eigenenergies are given by

25 e(k)sin®(y/2)  (t = +1);

) (B33)
2s e(k)cos (¥ /2) (t =—1),

Est (k) = {

where the conduction bands are denoted by s = +1, the
valence bands by s = —1, the bands touching at ¢ = 0 by
t = +1, those split in energy by £y, by r = —1, and

2 2vk
e(k) = (ﬂ) + k2, tany = X5 (B34
2 Y1
The corresponding wave functions are given by
s cos(yr/2)
e'? sin(yr/2 .
Fop=| . & WDk, (B35)
—ise' sin(y/2)

—i %% cos(yr/2)
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s sin(yr/2)
if
Fo = E EOS(I/f/2) ok
ise'’ cos(y/2)

i % sin(y/2)

(B36)

with 6 = tan’l(ky/kx). In the vicinity of zero energy, ¥ &~
2yk/y: and g, 41(k) = sy*k* /y1.

Letus consider the case |k, | < |ky| < y1/y for the purpose
of determining whether the band touching & = 0 survives in
the presence of closed edges. In the monolayer region, because
le] < ylkyl, only evanescent waves are present and therefore
kM ~ |ky| and Oy > 1. Noting s); = s, we have

e+k),LR 0 efk‘.LL 0
UR ~ < 0 e—kyLR)’ UL ~ ( 0 e+k)LL>'

(B37)

At the right edge, the incident wave has 6 = (/2) + §
and the reflected wave 6 = (7r/2) — § with § <« 1 for ky, > 0.
Therefore, the wave function is written as

s cos(¥/2)
R _1 e’ sin(y//2) ikexp-tiky
Fsr® =1 o gincy2) '
i %% cos(v/2)
s cos(yr/2)

i e sin(y/2)
se s sin(y/2)
ie % cos(y/2)

e—ik.er+ikvy’ (B38)

with reflection coefficient 7. The boundary conditions in
Eq. (B12) give

s cos(r/2) ko s cos(yr/2)
(z’ it sin(w/2>>e rr (z’ it sin<w/z>>

B ( e—k_vLRe-FZi(S COS(I[//Z) )e2ikxxR

i s ethlretidsin(y/2)

e Krlre28 cos (v /2)
+r A . B39
K (i s ethlre=id sin(1/;/2)> B39)
Only the first equation is important and gives
s — e—HvLrg+2id
e g (B40)

In the limit e — 0, we have rg = s €24, which becomes, in the
limitof § — 0,rg = +1fors = +1landrgp = —1fors = —1.
The same result is obtained at the left edge. This shows that
a near-parabolic band touching zero energy survives for the
conduction band with rr =~ +1, but does not for the valence
band with rp =~ —1.

For k, ~ 0, the wave functions become F, ;j‘}rl ~s, FBl ~

5417
FB!, ~ 0,and F?2, ~ i, apart from normalization. According
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to Egs. (5) and (6), the corresponding amplitudes in the tight-
binding model become

VailRp1 +1rQ2a + b) + 15] = so MK R (B41)

U Rp1 + &l = —w XK Rm (B42)

and Y¥p; & Y42 =~ 0, where we have used Eqgs. (15) and (20).
This shows that the boundary condition (26) is satisfied for
s = +1 but not for s = —1. Namely, the wave functions are
smoothly connected between the top and bottom layers through
the curved monolayer region for the conduction band, but not
for the valence band. This is the reason for the lowering of the
valence band top, resulting in the band-gap opening.

To see bands away from zero energy, we next consider the
case k, = 0 for the band t = 4-1. We have 6); = 0 and

P cos(kMLg)
Up =1|. . M
i ssin(k," Lg)

issin(kMLpg)
cos(kM Lg)

). (B43)

At the right edge, the incident wave has k, > 0 fors = +1 and
k, < 0 for s = —1. Therefore, the wave function is written as

s cos(yr/2)
s sin(yr/2)
—isin(y/2)
—icos(¥/2)
s cos(¥/2)
—s sin(y/2)
+i sin(y/2)
—icos(¥/2)

After some manipulations, the boundary conditions (B12) give

R iky
FS'+1('.) — +ikyXg

—ikyxg

(B44)

siny — i sin(k™ Lg)cos ¥

s +2i kyxg .
cos(kMLg)sinyy — i s sin(kMLg)

rp = —

(B45)

In the energy region close to zero energy, we have ¥ =~
2yk,/y1 < 1and k™ ~ yk?/y,. Then, we have

rp = —s e (1-kLr/2 g +2ikexr (B46)
Similarly, at the left edge, we have
rp = —s el 1=hele/2=2ikext (B47)
The quantization condition rgr;, = 1 gives
1—ys .
Lr+ 7 Lc Jky =2nj, (B43)

giving k, = 2mj/Lpfors = +1andk, = 2nj/L fors = —1,
with integer j. This shows that the valence band is quantized
into

n\’ 2mj\  »

~—

(B49)
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~(2my/Lg )2y,

\ s

~@mylL),

FIG. 17. A schematic illustration of low-lying bands in a col-
lapsed armchair nanotube with A B stacking structure in the flattened
region.

and the conduction band is
2 N\ 2
o n (2T
8’_+/<2> +y(LF) 2

These results are schematically illustrated in Fig. 17 for the
case 2wy /L < y;, which explains the features of the bands
located near zero energy in Fig. 11(d).

In the energy region corresponding to the excited conduc-
tion and valence bands with r = —1, the curved monolayer
region has a large density of states and its effect cannot be
neglected for realistic L; and L. Therefore, similar analysis
limited to small L; and Ly is not so meaningful. Numerical
results in Fig. 11(d) show that clear “edge” states localized
in the monolayer region appear above the top of the lower
valence band in addition to bands associated with the excited
conduction and valence bands in the bilayer region. These
edge states are given by the (red) dotted line and the (green)
solid line having their maxima around ¢/y; = —0.7 and —0.8.
These bands are nearly degenerate for sufficiently large Ly,
but split into bonding and antibonding states for small L.

(j=0,1,...).

(B50)

4. Armchair displacement: Tilted Weyl cones

Let us consider the case 0 < &/(v/3a) < % in a collapsed
armchair nanotube. The Hamiltonian for the K point is given
by Eq. (76). For k, ~ 0, the transfer matrix in the monolayer
region is given by Ug ~ U, ~ 1. The reflection at a closed
edge occurs only between different cones, i.e., from -+kg
to —ko and from —ky to +ky. The reflection coefficients
are calculated using the wave functions (72)—(75) and the
boundary conditions (B11) and (B12). The coefficient for
reflection from +(ko + k) to —(ko + k) at the right edge
and that from —(ko + k) to +(ko + k) at the left edge are
given by

Vf+ = +i e+21 (k0+kx)xR’

ri_ = —i e—2i (k0+kx)xL, (BSI)
where k, is measured from —+ky. The allowed bands are
determined by r®, rf_ =1, giving

(kx +ko)Lp =2mj (j=12,...). (B52)
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A

\ s

.........

FIG. 18. A schematic illustration of the energy band appear-
ing due to interferences between two tilted Weyl cones. 0 < &/

(v3a) < 1.

The energy bands in the collapsed nanotube become

gj(k) = =, /agkf + a2k? 4 Bk,

with k; = (2w j/LF) — ko. This shows that linearly crossing
bands given by Eq. (87) appear when koLp = 2mj. The
dispersion is illustrated in Fig. 18. The band parameters are
shown in Fig. 8.

(B53)

5. Zigzag displacement: A A stacking

Let us consider the case £ =0 in a collapsed zigzag
nanotube. The Hamiltonian Hg for the K point is given
by Eq. (B10) and Hg for the K’ point is obtained from
Eq. (B10) by replacing o with o, if we choose ;2 = 0, giving
x" = x” = 0 [see Eq. (40)]. The corresponding energy bands
are illustrated together with those in the monolayer region in
Fig. 19. The boundary conditions become

FX (xp) = —0*"* o UK FE (xp),

FX (xg) = —0 "o UK FX (xp),

FX(xp) = —o™™ o UK FK (x)),

FX (xp) = —0 ™o, USFX (xp). (B54)
In terms of unitary transformations

Fx =UxFg, Fx =UxFg, (B55)

Bilayer

Monolayer

FIG. 19. Energy versus wave vector in the AA stacked bilayer
graphene and the monolayer graphene. The region which we are
interested in is denoted by a dotted ellipse.

PHYSICAL REVIEW B 94, 155401 (2016)

with

U_+O’z 0 U_—O'Z
=\ o -t " o

the Hamiltonians are transformed into

0 B56
+Uz>’ ( )

Ay = UxHx Ul = —Hg,

Hyx = UxHg Uk, = —Hyg. (B57)
The boundary conditions are transformed into
Fy(ep) = —0* o, UE (—e) iy (xp),
FY (xp) = —0 0. UK (—e)F X (xp).
Fy () = —ot o UK (—e)Ffy (),
FX () = —o o UK (—e)Fh().  (BSS)

The above results show that the energy bands are symmetric
under energy inversion ¢ <> —e. Further, the energy bands
with # = +1 and —1 do not couple at the right and left closed
edges as will be clear in the following. In general, reflection
coefficients become (2,2) matrices, i.e.,

R R L L

. Tkk Tkk' . Tkxk Tkk

"R=\,R #R s L= L L . (B59)
Kk  Tkk Kk Tkk

We shall consider small k, and the energy region & ~ y;
close to the upper Weyl cone t = 41, having ,(k) = sy |k| +
y1, in the following. This region is surrounded by a dotted
ellipse in Fig. 19. The wave functions are

1 1
i0 —if
; / se .
ezk-r, FAK (r) — elk-r.
1
—if

Ffr) = (B60)

se'? se

For an incident wave associated with the K point at the right
edge, reflected waves can be at the K and K’ points. The wave
vector of the incident wave has k, > Ofore > +y; andk, <0
for ¢ < 4y;. The wave function for the K point and that for
the K’ point are written as

1 1

i0 —ge—i0
R _ ik xg+iky R —ikexp+tikyy
F(r)= e IRTIRY e e RTIY
1 1
sel® ge—if
(B61)
1
_geti®
R _ R —ikexp-tikyy
Fl (r)=rgg 1 e R (B62)
_setif

. . . R R
with reflection coefficients rg, , and rg .
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The boundary conditions (B54) give

1
R 7ik—XR — PR K
Tk <—ei9 et = —w o, Up

1Yy . 1 .
(TN

In the following, we shall consider the case that |k, | < |k,| or
|6] < 1. Then, the transfer matrix can be expanded as

PHYSICAL REVIEW B 94, 155401 (2016)

The reflection coefficients can be solved by expansion with
respect to k:

R _ RO R(1)

Fkk =Tk TTgks

where rg/((,? o' kS, r,lgf}() o ky, etc. A straightforward calcu-

lation shows that r,f(,?) =0 and r,?f}g = 0. The results are

summarized as
. N(+4(LR> — ot
—¢(LR)

R __ RO R(1)
kg =Tkk tT7Tkk

(B66)

. M .
fr A >elSka LR6+2lkaCR’ (B67)

—w 'R

with
— : M
’ cos(k)’(WLR) isu Sin(k)’:”LR) ¢(x) = (0 — smbOy) sin(syk, x). (B68)
B=\is w sin(kM L) cos(kM L g) The diagonal.element cprresponding to the reflection into the
same valley is proportional to ¢(Lg)  k, and therefore is
+ 60y sin(k)’("[ Lg)o,, (B64) much smaller than the off-diagonal element corresponding to
the reflection into the different valley. Similar calculations give
to the first order in 6, o ky, where & <—§(LL) —w ™ )eisMkﬂlLLe—ZikxxR (B69)
R (O ) ‘
yky +y1 = sM)/kau . (B65) Their product becomes
|
PLip A eiukILe gikiLr ot @"*[E(LR) + @"¢(LL)] . (B70)
—@"*[§(LR) + "¢ (L)) ™"

Fork, =0,i.e.,0 = 0y = 0, off-diagonal elements identi-
cally vanish and the wave vector is quantized into

sMkchJrkaF:zn(jig), (B71)
with integer j. Using Eq. (B65), we have
2 L
=T (j+2)-nEc (B72)
L 3 y L

The quantization into integer multiple of 2 /L depending on
v is exactly the same as in cylindrical nanotubes apart from a
shift proportional to L¢ /L.

For nonzero but small k,, we have the condition

ky = 0k, = Ok, (B73)
With the use of Eq. (B65), we have
Y1 kv
0 —syby = sy———. B74
SMOm = Sm y kxkfc‘” ( )

Effects of nonzero but small k, strongly depend on v = 0 or
v = =£1. In fact, for v = %1 corresponding to semiconducting
nanotubes, the large diagonal elements of 7y 7 are different
between the K and K’ points. In this case, effects of the off-
diagonal elements appear in the eigenvalues of #-#R in the
second order of k. Therefore, the quantization conditions are
not affected to the first order in k,, and the energy bands exhibit
a parabolic dependence on k. Explicit numerical calculations
seem to show that the coefficient of the term proportional to
k? has the sign same as s, i.e., o« +k* for & > +y; and o« —k?
fore < +y;.

(

In the case of metallic nanotubes with v = 0, on the other
hand, the diagonal elements of 7,7z are the same and effects
of the off-diagonal elements appear in the first order in k. To

the first order, 77X is diagonalized as

i[E(LrR)+E(LL)]
Fifp = ikl Le yikiLr <e ¥ ! 0 >

0 e—iELR+ELL)]

(B75)

e

Y —Y% ! Y ;%

(b) v=-+1, -1

(a) v=0

FIG. 20. A schematic illustration of the band structure of a
collapsed zigzag tube having AA stacking structure in the flattened
region. (a) v = 0. (b) v = £1.
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The quantization condition becomes
suk Le + ke Lp £[E(Lg) + E(Ly)] =27j.  (B76)

These show that the quantized wave vectors vary linearly as a
function of k, for small k, with a coefficient dependent on the
band index j. For sufficiently small L¢, we have

—BE (= 0%
ke~ ~ . (B77)
-t G20
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The energy bands in the collapsed tube become

—y(Ble £k) (=0
s 1770 . B78
(k) M_L/V_yl%:i:%k (J #0), (B78)

to the first order in k. Explicit numerical calculations seem to
show again that the coefficient of the term proportional to k>
has the sign same as s, i.e., X +k%fore > 4y and —k? for
& < +y. The energy bands for t = —1 can be obtained by the
energy inversion. The results of the above analysis show that
the band structure near k = 0 can be illustrated as in Fig. 20.
They can explain the main features of the results of explicit
numerical calculations in Sec. V [see Figs. 14(a) and 14(d)].
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