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Energy band for single wall carbon nanotubes with spin—orbit interaction is calculated using non-
orthogonal tight-binding method. A Bloch function with spin degree of freedom is introduced to adapt
the screw symmetry of nanotubes. The energy gap opened by spin—orbit interaction for armchair
nanotubes, and the energy band splitting for chiral and zigzag nanotubes are evaluated quantitatively.
Spin polarization direction for each split band is shown to be parallel to the nanotube axis. The energy
gap and the energy splitting depend on the diameter and chirality in an energy scale of sub-milli-electron
volt. An effective model for reproducing the low energy band structure shows that the two mechanism of
the band modification, shift of the energy band in two dimensional reciprocal lattice space, and, effective
Zeeman energy shift, are relevant. The effective model explains well the energy gap and splitting for
more than 300 nanotubes within the diameter between 0.7 to 2.5 nm.
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1. Introduction

Carbon nanotubes are new candidates for molecular
nanoconductors.” Because of an unique electronic property,
being either metallic or semiconducting depending on their
cylindrical geometry,>” nanotubes as charge conductors
have been studied extensively. Spin properties, on the other
hand, have also been investigated with both scientific and
engineering interests. Spin-dependent current injected from
ferro-magnetic lead demonstrates that spin scattering length
is longer, at least, than the nanotube length which is typically
sub-micron.®'® Moreover, spin states in carbon nanotube
quantum dot seems to be independent from the orbital as
shown the four-electron shell structure.!®?® These experi-
ments seem to be consistent with an expectation of few spin
scattering events in carbon materials, because of relatively
small spin—orbit interaction in a carbon atom.

Since the spin—orbit splitting of a carbon atom has been
expected to be a few milli-electron volt,”*3 the effect of
spin—orbit interaction in carbon nanotubes might appear at
low temperatures. In the recent experiment, small energy
splitting has been observed by transport measurement, and
it is considered that the spin—orbit interaction is relevant to
the splitting.*® Using the perturbative approach, several
groups’*3? have shown that an energy gap opens for the
energy bands which cross at the Fermi energy, and that the
energy bands split for the other energy bands by the spin—
orbit interaction. Numerical tight-binding calculation® has
shown that the spin—orbit interaction lifts the spin degeneracy
of energy bands for chiral nanotubes due to the lack of
inversion symmetry, while the spin degeneracy survives for
achiral nanotubes. However, an unrealistic large spin—orbit
coupling parameter has been assumed in the calculation.’”
The previous theories’*3>333% can not explain the exper-
imental behaviors, such as asymmetric splitting between
conduction and valence bands** and chirality dependence of
spin—orbit interaction. In this paper, quantitative and system-
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atic calculation of single-particle spectrum including the
spin—orbit interaction for a variety of nanotubes is presented
to understand the low energy excitations in carbon nanotubes.

Screw symmetry of single wall carbon nanotubes enables
to map the nanotube problem to that of the two-dimensional
graphene.?”) In this paper, we adopt the screw symmetry in
the non-orthogonal tight-binding model*®*) using 2s and 2p
electrons of carbon atom, to calculate the electronic proper-
ties of carbon nanotubes. By taking into account the cylin-
drical structure of nanotubes, optimization of the structure,
and by using a density-functional theory framework for
transfer and overlap integrals,*” quantitative calculation for
all types of spinless nanotubes has been well establish-
ed.?®3 In the screw symmetry-adapted framework, 2p;, 2p,,
and 2p, atomic orbitals of tight-binding Bloch function are
defined on the curved surface coordinates of nanotubes.

For the spin problem with spin—orbit interaction, product
of a spinless Bloch function and a spin function is generally
adopted for the basis set for the Hamiltonian, which is
utilized in the perturbative approach.3%3239 However, the
product can not be used for the symmetry-adapted Bloch
function. It is because that the orbitals in an atom is defined
for each coordinate axis of the atom while the axes for
the spin does not change. Thus only the one-dimensional
periodicity of nanotubes can be used in the numerical tight-
binding calculation® in which the spin function is defined
in the three-dimensional coordinates, which requires a large
matrix size for the calculation.

In this paper we introduce a symmetry adapted Bloch
function with spin degree of freedom. This Bloch function
allows us to reduce the matrix size up to 16 x 16
(2 atoms x 4 orbitals (2s, 2py, 2p,, 2p, orbitals) x 2 spin
degree of freedom) for any nanotubes. Then we calculate the
energy band structure numerically for about 300 single wall
carbon nanotubes whose diameter from 0.7 to 2.5nm. We
will show that the spin—orbit interaction induces a small
energy gap at the Fermi energy for armchair nanotubes,
which does not have any curvature induced energy
gap.>*304D For chiral and zigzag nanotubes, the spin-
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degenerate energy bands split into two due to the spin—orbit
interaction. The spin polarization direction for each band is
parallel to the nanotube axis. The splitting shows diameter
and chirality dependences, and is generally asymmetric
between conduction and valence bands. An effective model
for spin—orbit interaction is also derived using second order
perturbation theory at K and K’ points. Two mechanism, (i)
shift of the energy band in two dimensional reciprocal lattice
space, which has been pointed out in the previous stud-
ies, 03239 and (i) effective Zeeman term given in the
present paper, are relevant. Together with the curvature
induced spin-independent term,?” the diameter and chirality
dependences of energy band are understood qualitatively by
the effective model.

This paper is organized as follows. In §2, a Bloch
condition and tight-binding function are given to calculate
the spin—orbit interaction for tubular materials. In §3, the
energy band calculations for armchair, chiral and zigzag
nanotubes are shown. The diameter dependence of the
energy gap for armchair nanotubes and the fitted function
of the gap are also given. In §4, the diameter and chirality
dependences of energy splitting are shown for chiral and
zigzag nanotubes in diameter 0.7 to 2.5nm. In §5, an
effective model is introduced to explain the origin of the
diameter and chirality dependences. In §6, comparison with
the experiment and the other theories is given. In §7, the
conclusion of this paper is given.

2. Formulation

A single wall carbon nanotube is defined by a rolled-up
graphene sheet. For the graphene, two carbon atoms in an
unit cell, A and B atoms, can be mapped onto the entire
graphene sheet by the two unit vectors, ; and a,.*? Structure
of a single wall carbon nanotube is determined by two
integers, (n,m), which define the chiral vector, C; =
na; + ma,, in two-dimensional graphene sheet. The unit
vector of nanotube is then defined by the translation vector
T =ta, + tha,, where t, =Q2m+n)/dr, tn =—-2n+
m)/dg, dg is the greatest common divisor of 2n + m and
2m + n. The one-dimensional nanotube unit cell contains
2N = 4(n*> + nm + m*)/dg carbon atoms, which are much
larger than two, especially for chiral nanotubes. This means
that a large matrix size is needed for the electronic state
calculation when we consider only one-dimensional perio-
dicity.

When we adopt the screw symmetry, the unit cell consists
of only two carbon atoms. Here let us consider a nanotube
in the XYZ-coordinate system, where the nanotube axis
coincides with the Z axis as shown in Fig. 1. The A (or B)
atom can be mapped onto the entire tube by two screw
operations, S, (u = 1,2), which corresponds to the operation
with a, on two-dimensional graphene sheet. The two screw
operations are defined as the product of two operations,

Su=T(TIR®,), u=12), 2.1

where 7(T,) is the translation operator of 7, in the axis
direction, R(®,) is the rotation operator of angle ®, in the
circumference direction (see Fig. 1). The components of two
screw operations satisfy the relations, n®; +m®, = 2w,
nTy +mT, =0 for the circumference direction, 11®; +
Hh0®, =0, 1Ty + t,T, = T for the axis direction, respective-

Fig. 1. Two screw operations S, (u=1,2), and the XYZ- and xyz-
coordinates. All carbon atoms are on the cylindrical surface. S, is the
product of operations with axis and circumference components 7, and
®,, respectively. Surface coordinates are denoted by (x,y,z) which are
defined at each atomic position at (r cos 6;, r sin 6y, z;). The x axis is chosen
in the direction normal to the cylinder surface, the y axis in the
circumference direction, and the z axis in the nanotube axis direction.
Three-dimensional coordinates are denoted by (X, Y, Z).

ly. Here T = +/37d,/d is the length of nanotube unit cell, d,
is the diameter of nanotube.

The spinless, screw-symmetry-adapted,
Bloch function is defined as follows,>’3")

1 T
o) = = Y kg,
N !

where j=2s, x, y, z is the index for 2s, 2p,, 2p,, 2p;
orbitals, respectively, o = 1 (—1) denotes A (B) atom in the
two-atom unit cell. k = (k, i) is an one-dimensional wave-
vector with —m/T <k < n/T, for subband indices u =
0,...,N — 1 which corresponds to the circumference mo-
mentum. |@j,;) is the j-th atomic orbital at the /-th atomic site
r; = (rcos@, rsinéy,z), with r =d,/2, in which d, is the
diameter of nanotube. The summation on [ in eq. (2.2) is
taken over the N o-atoms, in which N, is the number of the
two-atom unit cell. The direction of the atomic orbitals is
defined at each atom with the xyz-coordinate system (see
Fig. 1), in which the x axis is chosen in the direction normal
to the cylinder surface, the y axis in the circumference
direction, and the z axis in the nanotube axis direction. Thus,
the 7 band consists of mainly from p,-orbitals (not p; in the
conventional notation) in our coordinates. The atomic orbital
satisfies the relation, 7 (z;)R(0))|@js1=0) = |@js1), Where the
label /=0 indicates the atom at the origin (X,Y,Z) =
(r,0,0). The function in eq. (2.2) satisfies the Bloch
condition,

tight-binding

2.2)

S.uljok) = e *Ku=irOu| jok) . (2.3)
The spin-independent Hamiltonian is given by,
»’
Hy = _—+V(r), (2.4)
2me

where p is the momentum operator, m. is the mass of an
electron, V(r) is the crystal potential. The 8 x 8 Hamiltonian
matrix elements and the overlap integral between the Bloch
functions defined by eq. (2.2) are written as,
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_ . b
(jok|Holj oK) =y e "7 (g1 | Ho |y o1—0) .
1

_ sl
= Hg,ja,j/g’gk,k" 2.5)
. o ! ikzi—i
(ok|j oKy =Y e 0 (g1 dyoi—0) St
I
=S oSk (2.6)
The matrix elements between atomic  orbitals,

(Bjot|Holdjori=0) and (Pjoilpjs1—0), have been evaluated by
the ab initio calculation.*”) By solving the secular equation,
[HY — E(S)ISSI]CSl =0, 8 eigenvalues EJ(k) and 8 eigenvec-
tors C*! are given.

Let us consider the spin—orbit interaction as an additional
term to Hy. Relevant contribution of the spin—orbit inter-
action comes from each atomic site. Under the atomic
potential in each site, the spin—orbit interaction of the system
can be expressed by,

1
Hy, = EVSOZZZZZ'&

Here ¢, is the angular momentum operator acts on the atomic
orbitals at site /, s is the Pauli spin matrix, and V, is
the spin—orbit coupling constant. The summation on [/ in
eq. (2.7) is taken over the 2N, atoms. In this paper we
consider only the on-site spin—orbit interaction.

If we define the product of the spinless Bloch function and
a spin function,

2.7)

1 AT
= 2 S gals), (2.8)
S 1

josk) = |jok)|s) =

ljosk) = |jok)|s) NaA
it is clear that eq. (2.8) does not satisfy the Bloch condition,
that is, S, |josk) # c|josk), where c is a constant factor, and
|s) is an eigenfunction of s - ny, n, is an unit vector of a-
direction in the XYZ coordinate system. Hereafter, let « = Z,
that is, |s) is the eigenfunction of sz, where s; is the Z
component of the Pauli matrix. s =1 (—1) is the spin
index for up (down) state. Even for this choice of the spin
function, eq. (2.8) is not suitable as a symmetry adapted
Bloch function for the presence of spin—orbit interaction.
In fact, the matrix elements of spin—orbit interaction
between the functions of eq. (2.8), (xosk|Hg|z0 — sk') =
(1/2)sVisoi jr8,, s> have the non-zero matrix elements be-
tween different wave numbers [see Appendix eq. (A-27)],
because of the azimuth-angle dependent factor on
(sHuot| Hsoldoot) | =) = (1/2)e7 %5V, reflecting that the
coordinate system for atomic orbital is rotated by 6; from
the fixed coordinate system for the spin function.

In order to avoid this problem, we define the symmetry
adapted tight-binding Bloch function as a linear combination
of the orbital, |¢js)|s;), with the same Bloch phase for the
opposite spin states. The state |s;) is a spin-1/2 eigenfunc-
tion defined in the surface coordinates at [, and its
quantization axis should be the same for all / in the sense
of the surface coordinates. In the present problem we use the
following function as |s;),

.86,

Is)) = R(ODIs) = eXP(—17> Is). (2.9)

Note that 7 (z;) operation doesn’t affect the spin function.
Hereafter we use the following tight-binding function,

1
Ny

josky) = —== Y e g s, (2.10)
1

where k; = (k,J), J = u; + 1/2 is a half-integer, u; =
0,...,N — 1 are subband indices for the presence of spin—
orbit interaction. The symbol tilde on spin index s is
put to emphasize that the spin state of Bloch function is
different from that defined in the XYZ-coordinates, but is the
linear combination of spin states which are defined on the
surface coordinates at each atomic site. In the sense of
angular momentum, J corresponds to total angular momen-
tum for spin up with u and spin down with pu + 1 states.
For the presence of spin—orbit interaction, p is not a good
quantum number. Therefore the index w; is convenient
to use for the subband index in the present problem.
The function (2.10) now satisfies the following Bloch
condition,

S.ljosk,) = e K VOu josk,). (2.11)

The Bloch condition eq. (2.11) has two phase factors
which come from the rotational boundary and translational
periodic boundary conditions. The rotational boundary
condition is written as, R(2m)|joSk;) = —|josk;), where
the minus sign reflects that the spin function changes its sign
under the 2m rotation. Therefore, the additional factor
exp(—i®,/2) appears in eq. (2.11) from the spinless case of
eq. (2.3).

For H,,, we have non-zero atomic matrix elements as
follows,

(51l {brot Hsolbron)Is1) = — =

> $1Vso» 2.12)
(811{@xotl Hso Pz01) | —51) = Esleo» (2.13)

1
(s1l{PyotlHsol o) | —51) = — 3 Vso- (2.14)

Here we note that the matrix elements have no azimuth-
angle dependence. Then the corresponding matrix elements
between the Bloch functions of eq. (2.10) are written as,

i
<XU§k1|Hs0 |y0§kjj> = - Egvso(sk/,k/,

= Hso,xaf,yaf(sk,,k’ls (2.15)
N VN
(xo8k;|Hgolz0 — 3k;) = > §Vso0k, x,
= Hoxos20-0k,k,,  (2.16)
. B i
(yUSkJ|Hso|ZU - Sk‘//> = - 5 Vsoakj,k',
= Hso,yaizaffék,,kjj . (2.17)

Matrix elements of spin-independent Hamiltonian Hy and
overlap integral between the Bloch function (2.10) are
written as,

(josk;|Hy\j o'5k;)
= Z/ exp(—ikz; — ij;6;)
7

1-75
X exp(—l 7 91) (Dot Holdjo1=0) Sk, 1,

= Ho jos.jo's0k, k)» (2.18)
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(josky|j'o’'3k)
= Z/ exp(—ikz; — ij;0y)
]

1-75
x exp(—l > 91) (DjotlPjori=0) Sk, k,

= Sjos,j 0’50k, J, - (2.19)
Even though the Hamiltonian Hj itself doesn’t contain a
spin-dependent term, the spin dependent factor exp{—i[(l —
§)/216;} appears in the matrix element in eq. (2.18) [also in
eq. (2.19)] because of the Bloch function (2.10). Therefore
we have the same matrix elements between spin “down”
state (§ = —1) of (u; — 1)-th subband and spin “up” state
(§ = 1) of uy-th subband as follows,

Ho jos=—1,jos=—1(k, g — 1) = Ho jos=1,jo5=1(k, s). (2.20)

Thus it is important to note that for the absence of spin—orbit
interaction, Vi, = 0, the two-fold spin degeneracy occurs
between the 1;-th and (u; — 1)-th energy subbands,

Eos——_1(k, g — 1) = Eg5—1(k, uy),

which is independent of the degeneracy of energy bands due
to the time-reversal and inversion symmetries.*> When we
use eq. (2.8) for the basis sets of Hamiltonian matrix, for
Vio = 0, the two-fold spin degeneracy occurs in the same
subband, Eo,—(k, 1t) = Eo,e1 (k, o).

In the presence of spin—orbit interaction, eigenvalues
E,(k;) and eigenvectors C; (4 =1,...,A) are given by
solving the secular equation, [H — E,S]C, = 0, in which,
[—chi,j’d’f/ = HO,](TE,j’a’f’ + Hso,jaf,j’o’i’ is the matrix element of
the total Hamiltonian, A =3, > > - = 16. As shown in
egs. (2.15) and (2.16), since p,-orbital, which is relevant to
band, has the matrix elements between p, and p.-orbitals (o
band), the spin—orbit interaction induces the o—m hybrid-
ization. It is well known that the curvature of nanotube
induces the o—m hybridization,>*34D too. We will show
how these two effects appear in energy band structure.

(2.21)

3. Energy Band for Achiral and Chiral Nanotubes

We calculate energy band for achiral and chiral nanotubes
by solving the secular equation. The atomic hopping
and overlap integrals, (¢joi|Hol¢yoi=0) and (@jeilPyoi=0),
in egs. (2.18) and (2.19) are taken into account up to
10bohr ~ 5 A distance. These integrals are estimated from
the ab initio calculation.*” The curvature induced hybrid-
ization is automatically taken into account. Optimization of
the structure®® has also performed so as to minimize the
total energy with inter-atomic potential which is also given
by the ab initio calculation.*”

In Fig. 2, the energy band of (n,m) = (6,6) armchair
nanotube is shown. Because the low energy properties are the
main interest in this paper, only energy region near the Fermi
level is shown. In the calculation, spin—orbit coupling con-
stant Vi, = 6 meV is used, which is estimated by the local
spin density calculation for an isolated carbon atom.?'*?
Because Vg, for the nanotube might be different than that of
an isolated atom, calculations for other Vi, values have also
been done, as shown later. For comparison, energy band
without spin—orbit interaction is also shown as the dashed
line in the inset of Fig. 2. For the absence of spin—orbit
interaction, the two linear bands cross at the Fermi energy
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Fig. 2. Energy band of (6,6) armchair nanotube. Spin—orbit coupling

constant is Vi, = 6meV. Inset shows in larger scale near the Fermi

energy. The dashed line in the inset is the energy band calculation for the
absence of spin—orbit interaction.
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Fig. 3. Energy gap of armchair nanotubes, as a function of inverse of
nanotube diameter. Spin—orbit coupling constant is Vs, = 6 meV. Inset:
Energy gap of armchair nanotubes, as a function of spin—orbit coupling
constant.

near kT = 2m/3 (—2m/3). Note that the crossing points are
shifted to the smaller |k|, kT /27w >~ £(1/3 — 0.0111), be-
cause of the curvature effect.>3? It has been pointed out that
the armchair nanotubes with small diameter still have the
linear band at the Fermi energy, even the other types of chiral
and zigzag metallic nanotubes have a small energy gap at the
Fermi energy by the curvature effect.>*3*4) However, the
robustness of the metallic nature for armchair nanotubes is
broken by the spin—orbit interaction.’**>3) The present
calculation shows a small gap (=~ 0.72meV) at the Fermi
energy. However, each energy subband still has the two-fold
degeneracy, because the spin—orbit interaction does not
break the time-reversal symmetry, and the armchair nano-
tubes have the inversion symmetry.’> These properties are
consistent with the previous theories.?*3239 The energy gap
can be understood as the shift of energy crossing point in
two-dimensional k-space,30’32) as also discussed later.

In Fig. 3, energy gap for armchair nanotubes is plotted as
a function of inverse of diameter. The gap as a function of
spin—orbit coupling constant Vy, is also shown in the inset,
because Vs, might be different than that of an isolated carbon
atom. It is shown that the energy gap is proportional to the
inverse of diameter, and to the spin—orbit coupling constant.
From the calculation, the energy gap for the armchair
nanotubes is estimated as

VSO

(@) _ @)
Egz,;p =a*? Tr, (31)
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Fig. 4. Energy band of (a) (7,4), (b) (8,2), and (c) (9, 0) nanotubes. Spin—orbit coupling constant is Vy, = 6 meV. Each inset shows in larger scale near the
Fermi energy. The arrows indicated on each band in inset show the spin polarization direction, right (left) direction corresponds to the polarization to z

(—z) direction.
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Fig. 5. Energy band splitting as a function of diameter for (a) metallic, (b) type-I semiconducting, (c) type-II semiconducting nanotubes. Spin—orbit
coupling constant is Vi, = 6 meV. The splitting for valence band is shown with symbol x, that for conduction band is shown with symbol +. The
numbers indicated on each line are the corresponding 2n + m values. Z (A) denotes (n, m) value close to zigzag (armchair) nanotube. The fitting function
eq. (4.1) for each (n, m) is also plotted as the open circles. Each inset shows the fitted coefficients, LEJU; 2 in eq. (4.1), as a function of spin—orbit coupling

constant V.

where the constant is estimated to be a® = 0.098 nm. The
energy gap expression for the armchair nanotubes, eq. (3.1),
will be analytically derived in §5, as a combined effect of the
curvature induced o-m hybridization and the spin—orbit
interaction.3%-3?)

Figure 4 shows the energy band calculation of (7,4), (8,2)
chiral, and (9, 0) zigzag nanotubes. The nanotubes of (6, 6),
(7,4), (8,2), and (9,0) belong in the same 2n+m = 18
metallic family, in which the diameters of nanotubes are
similar to one another. First let us discuss on the chiral
nanotubes. For the both cases, energy gap opens near the
Fermi energy. The energy gap can be understood by the
spin-independent curvature effect.>*3%4!) The effect of the
spin—orbit interaction appears as the splitting of the energy
bands?> as shown in the inset of Fig. 4. The arrows indicated
on each energy band in the inset show the spin polarization
direction to the nanotube axis for each band, where right
(left) arrow corresponds to positive (negative) polarization.
The calculated result shows that the spin in each energy band
is almost perfectly polarized (>99%) to the nanotube axis
direction for all k values shown in inset, and the direction is
opposite to each other for the split pair of the energy bands.
The splitting of the conduction band [0.45 meV for (7,4)
nanotube, 0.18 meV for (8, 2) nanotube] is smaller than that
of the valence band [1.1 meV for (7,4) nanotube, 1.4 meV
for (8,2) nanotube]. It is a common feature of spin—orbit

splitting in metallic nanotubes. (More quantitative discus-
sion on the splitting will be given in the next section.) Here
we note that the energy band at —k is the same with that at k,
even the spin polarization direction is opposite to each other.
For (9,0) zigzag nanotube, the splitting of energy band
caused by the spin—orbit interaction is also seen. However,
each band still have the two-fold degeneracy.’> Since the
two-fold degeneracy is due to the contribution from K and
K’ points, the spin polarization direction between degenerate
two bands is opposite to each other.

4. Energy Band Splitting of Chiral and Zigzag
Nanotubes

As shown in the previous section, the splitting of energy
bands shows the asymmetric splitting between valence and
conduction bands and the chirality dependence. To inves-
tigate the splitting for many nanotubes, energy splitting at
the top (bottom) of the highest valence (lowest conduction)
band for all nanotubes with diameter between 0.7 to 2.5 nm
is shown as a function of diameter in Fig. 5. The energy
splitting is defined as Ej oplic = Epp — Ep,, Where b = + (—)
is the index for the conduction (valence) band, and the arrow
(1 or |) indicates the spin polarization direction. E 4/,
(E_4,,) is the energy of bottom of conduction (top of
valence) band with corresponding spin polarization. There
are two energy-gap points in one-dimensional k, one comes
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from the point near the K point and the other from the K’
point. In this analysis, we select the one-dimensional
Brillouin zone near the K point, by using the analytic
formula that gives (k, i) which is closest to K point for given
(n,m).*¥

The results are classified into three cases: metallic
[mod(2n 4+ m,3) = 0], type-I semiconducting [mod(2n +
m,3) =1] and type-Il semiconducting [mod(2n +
m, 3) = 2] nanotubes are separately shown. It is shown that
the absolute value of splitting becomes larger with decreas-
ing diameter. Moreover the chirality dependence for a given
2n 4+ m = const. family has also been seen. For the metallic
and type-I semiconducting nanotubes, the sign of splitting is
negative for valence band and positive for conduction band.
As the chiral angle becomes larger (closer to the armchair
nanotube), the absolute value of splitting becomes smaller
(larger) for the valence (conduction) band. (The chiral angle
6 is defined as the angle between the chiral vector and zigzag
direction.*”) For the type-II case, the opposite behaviors to
metallic and type-I cases are seen: positive (negative)
splitting for the valence (conduction) band, and the absolute
value of splitting becomes larger (smaller) for the valence
(conduction) band as the chiral angle becomes larger. For the
three cases, it is commonly seen that the asymmetry of the
splitting between valence and conduction bands becomes
smaller with increasing the chiral angle.

Here we introduce a fitting function for the diameter and
chirality dependent energy splitting as,

c(b”; + c(b‘g cos(36)

b,split — dt (4 1)

where an integer v is introduced, to indicate the metallic
(v=0), type-I (v=1) or type-II (v = —1) nanotubes. The
fitted function for each (n,m) is also plotted in Fig. 5 The
fitted coefficients, cﬁ,"} s2» are shown in the each inset. From
the calculation of the several spin—orbit coupling constant
Vso, the coefficients are plotted as a function of Vi, in the
inset. The diameter and chiral angle dependences of the
energy splitting can be reproduced well within 0.06 meV by
eq. (4.1) except for very small diameter (d; < 1.0 nm) of the
semiconducting nanotubes. For the metallic nanotube of
d;, > 0.8nm, or larger diameter semiconducting nanotubes
d, > 1.5nm, eq. (4.1) reproduces quite well, within 102
meV. Because the absolute value of the coefficients cé‘fi for
valence (b = —) and conduction (b = +) bands are the
almost same each other, the asymmetry of the splitting is
mainly due to the second term of eq. (4.1). Each coefficients
is proportional to Vy, as,

cgﬂ = a(b‘ji Vso, and c,(;j% = a(b‘g Vso-

a)’) and a’) are given from the numerical results shown in

Fig. 5, and are summarized in Table I. In order to under-
stand the diameter, chirality and type dependences, we will
discuss the energy splitting by an effective model analysis in
the next section.

4.2)

5. Effective Model Analysis

To understand the chirality dependent splitting, let us
consider an effective Hamiltonian of 7 electrons near the
Fermi energy. To derive the effective model, we consider
eq. (2.8) for the basis sets of Hamiltonian matrix, in which

Table 1. The parameters in eq. (4.2), given by the data shown in Fig. 5.
The unit is nm.

(V) (v)

a(fv,)l a(:,)z aii a2
Metallic (v = 0) —0.095 —0.090 0.096 —0.090
Type-1 (v=1) —0.087 —0.085 0.105 —0.094
Type-1I (v = —1) 0.087 —0.086 —0.105 —0.093

the spin function is defined in the XYZ-coordinates. The
detailed derivation of the effective model will be given in
Appendix.

Perturbation expansion at K and K’ points has been often
used for low energy analysis of nanotubes and graphene.*
The effective Hamiltonian of 7 electrons with spin—orbit
interaction is given by taking the two types of o—x
hybridizations using the perturbation theory. The effective
Hamiltonian for our system is written as the sum of three
terms, H' = HX\ + H  + HE . The first term, HE,
is the effective Hamiltonian without both the spin—orbit
interaction and the curvature induced hybridization, and is
written as,

5.1

L |

ke + itk 0

where T = 1 (—1) is the index of K (K’) point. The first and
second columns of the matrix correspond to m states of A
and B atomic sites (o = 1 and —1), respectively. vg is the
Fermi velocity, k. is the wave number in the circumference
direction, k; is that in the axis direction. Both k. and k; are
measured from K (K’) point. For the nanotubes, k. =
2(u' — vt/3)/d,, where p' is an integer counted from K (K")
point.**49 The term HZI gives the well-known Dirac-cone
energy bands in two-dimensional k-space. Then we add the
two o—m hybridization effects, the spin—orbit interaction and
the curvature of nanotubes,’®*? to HZ. These effects on
7 electrons can be taken into account by second order
perturbation framework. After long but simple calculation,
the following additional terms are obtained (see the
derivation of eqs. (A-41) and (A-42) in Appendix),

ells/hvp  —Ak
H;fgoc — th< 50cs/ (%3] socS >, 5.2)
’ —Akoes €05 /hvp
Heff — th 0 _(Ak((:,rgv - erkng)V
ey —(AKD, +itAKD) 0 '
(5.3)
where the terms
VSO
hvpAkgoe = ) —, 5.4)
d;
(T) VSO
8o = TOy — COS 30, (5.5)
t
give spin-dependent energy shift, while the term
® cos 360
hvpAkS), = 1P , (5.6)
s dt2
gives spin-independent energy shift. The term
AKD — sin 360 57
tev T ‘Cé— d2 ) ( . )

t
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gives the ke-shift in the nanotube energy band. The
parameters, o, an, B, ¢, are given analytically in simpler
tight-binding model (see Appendix). The value will be given
by fitting to the numerical calculation, too as below. The
term HT  is the result as first order processes of both the
spin—orbit coupling and the curvature induced hybridization,
whereas H;fﬁv the result as second order processes of the
curvature induced hybridization. Although the off-diagonal
terms in eqs. (5.2) and (5.3) have also been pointed out in
the previous studies,’3%3 the diagonal term in eq. (5.2) is
derived in this study. Both terms should be considered to
reproduce the diameter, chirality dependences, and asym-

metry of conduction and valence band splitting, as shown

below. The second order contribution of spin—orbit inter-
action is the order of peV and thus can be neglected. In the
presented effective model, the spin index s, denotes two spin
states parallel to the nanotube axis, is a good quantum
number. However, there are also spin-flip processes between
the u and p £ 1 energy subbands in the same order of the
perturbation with eq. (5.2). [The explicit expression is given
in eq. (A-53) in Appendix.] However, the spin-flip between
neighbor subbands can also be neglected in the energy band
calculation, because the energy difference between the
subbands is sufficiently large.

By diagonalizing the effective Hamiltonian, Hfrff =

eff eff eff :
Hy o+ H . + H; ., We get the energy band expression as

(v)
Eqiy ke i) = eDs+ th\/[ 7

The first term &5 in eq. (5.8) results from the diagonal
term in eq. (5.2). This term causes the chirality dependent
spin splitting, and also the asymmetric splitting between
conduction and valence bands together with the terms of
the shift of energy crossing point in k-space, Ak}, and
Akges. If the first term is missed,>*3239 the splitting
between the conduction and valence bands are the same.
Comparing with egs. (4.1) and (4.2), we get the following

relation,

) =2bay,  (for v=0,1), (5.9)
a) = ~2ba;, (for v=—1), (5.10)
ay) = 20, (for v =0, +1). (5.11)

As shown in egs. (5.9) and (5.10), the coefficient a,; for
type-II semiconducting nanotubes has the opposite sign to
the metallic and type-I cases. This is because that the nearest
cutting line to the energy crossing point for type-II sits on
the opposite side to the metallic and type-I. Note that the
energy crossing point in two dimensional k-space is shifted
to ke >0 (k. <0) from K (K’') point, by the term of
eq. (5.6). Equations (5.9)—(5.11) indicate that the (absolute
value of) coefficients for the valence and conduction bands
are the same, |a$,)1| = |a(_"?l s ‘1(4:,)2 = a(_“,)z. Indeed, for the
metallic nanotubes, the evaluated coefficients shown in
Table I reproduce the above relations. However, for the
type-I and type-II cases, there are small differences, |a(fr’)1| >
|a(”)1 [, a(f)z < a(f)z. Moreover, the coefficients have the small
typé depéndencé, |a(fll)| < |a(£))l|, |a(f3)l| < |a(f11)|, a(f))z <
a(_i’%, and af:zl) < a(f’)z. The small deviation from eqs. (5.9)—
(5.11) for the semiconductor nanotubes reflects that the
energy band deviation from the linear band is relatively large
for larger /k2+ k?. Thus within the effective model of
linear band approximation, the parameters, «;, ap, B, ¢, are
determined by fitting from the numerical results of the
metallic nanotubes. We get o; = 0.048 nm and o, = —0.045
nm. We also get B = 24meV-nm” and ¢ = —0.18 nm from
our numerical results of spin-independent energy gap and
k.-shift for metallic nanotubes.

For the armchair nanotubes, we get the energy gap
expression eq. (3.1) from the effective model with,

a® =2y

(5.12)

2(u" —vr/3)

2
— Ak, — Akmos] + (ke — AR (5.8)

The value a® = 0.098 nm estimated in §3 is consistent with
eq. (5.12) with «; = 0.048 nm estimated from the splitting
data of chiral and zigzag nanotubes.

6. Discussion

In the previous section, we have introduced the effective
Hamiltonian for the m electrons. The Hamiltonian is
constituted by three terms, unperturbated term H;f(f), the
spin—orbit term on curved nanotube surface HST which is
proportional to Vi.d,; !, and the term of spin-independent
curvature effect HE which is proportional to d;2. Even
the effect of spin—orbit interaction itself appears only in the
term Hffgoc, considering only Hf;fgoc”’%) as the additional
term to Hfrff) is not sufficient to give the correct energy band
structure, especially for the metallic nanotubes. In fact, the
term HZ gives an additional spin-independent shift of the
energy crossing point in two-dimensional k-space. As a
consequence, the small energy gap opens for the chiral and
zigzag metallic nanotubes.>*3*4D As shown in eq. (5.8),
H;fﬁv also lifts the degeneracy of the energy subband
together with the term HZ__ for the lowest subband (1 = 0)
of metallic (v = 0) nanotubes. These terms give the micro-
scopic explanation for the energy splitting of metallic
nanotubes, in addition to the group theoretical explanation,
lack of an inversion center for the chiral nanotubes.>”

As shown in eq. (5.2), not only the off-diagonal
term’*-323% but also the diagonal term appear in HS" . The
diagonal term of H°f 6 an effective Zeeman term (with
opposite effective magnetic field between K and K’ points),
appears by considering the intermediate states of o bands as
the linear combination of A and B sub-lattice Bloch func-
tions. The diagonal term together with the off-diagonal term
cause the asymmetric energy band splitting between con-
duction and valence bands. The asymmetry becomes larger as
the effective Zeeman term becomes larger with decreasing
the chiral angle. The asymmetry in the recent experiment®*
would be explained by the present model as shown below.

Let us compare the present results with the recent
experimental results.>¥ For single-electron and single-hole
regions, each corresponds to the bottom of conduction and
the top of valence bands, respectively, the spin—orbit energy
splitting has been reported in the transport measurement.>®

However the large asymmetry of the splitting, 0.37 &
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0.02meV for single-electron and 0.21 +0.01 meV for
single-hole, is observed®® which is explained by the present
paper. On the other hand, the previous theories couldn’t
explain the asymmetry.**323% The origin of the asymmetry
is an additional term of the effective Zeeman term [diagonal
term in eq. (5.2)] to the previous theories.’*3239 Because
the effective Zeeman term has the chiral angle dependence,
the energy splitting has the chirality dependence as shown in
eq. (4.1). This implies that we can evaluate the chiral angle
of nanotubes from the observed energy splitting. By
comparison with the numerical data and experiment,’® the
nanotube for the measurement would be a type-II semi-
conducting nanotube because of the larger splitting for
single-electron level. Then, by fitting the experimental data
with the analytic expression of eqs. (4.1) and (4.2) with the
coefficients in Table I, we get the chiral angle § = 26° £ 1°
for the nanotube in the experiment. We also get the diameter
in the experiment to be d; = 2.0 £ 0.1 nm, by assuming the
coupling constant Vi, = 6 meV. The possible (n,m) values
are (16, 12) which has d; = 1.90nm, 6 = 25.3°, and (17, 13)
which has d; = 2.04 nm, 6 = 25.6°. However, the diameter
in the experiment is estimated to be 5nm.* One possible
reason of the difference between theory and experiment
would be due to the spin—orbit coupling constant. The
estimated diameter in the present theory is proportional to
the coupling constant. Therefore the coupling constant for
the nanotubes might be V,, >~ 15meV, which is 2.5 times
larger than that for an isolated carbon atom. If we adjust d; to
the experiments, which will need the further study.

To understand the spin—orbit interaction is also a key for
application to spintronics device. The additional term, the
diagonal term of eq. (5.2), would give a chirality depend-
ence on not only the energy band structure, but also on time
evolution*’*® and relaxation mechanism®® of the electron
spin in carbon nanotubes. Other types of spin—orbit
interaction, e.g. Rashba type interaction under gate volt-
age3>3%4®) might also contribute to the electronic structures.
Further experiments for many types of nanotubes are desired
to be clear the spin—orbit interaction in nanotubes.

7. Conclusion

In this paper, we calculated the low energy band structures
for single wall carbon nanotubes with spin—orbit interaction.
The symmetry adapted Bloch function was introduced to
utilize the screw symmetry of nanotubes. The non-orthog-
onal tight binding calculation has been done numerically for
more than 300 nanotubes within the diameter between 0.7 to
2.5nm. It has been shown that the spin—orbit interaction
opens the energy gap for armchair nanotubes. The energy
band splitting, which is chirality dependent, has been seen
for chiral and zigzag nanotubes, while armchair nanotube
does not show any splitting for the lowest conduction and
highest valence band. The spin polarization direction for
each splitting band is almost polarized to the nanotube axis.
Especially the splitting is generally asymmetry between
valence and conduction bands. The asymmetry, chirality and
diameter dependences of the splitting have been explained
by the effective Hamiltonian with the diagonal effective
Zeeman term. By comparing with the present theory, the
chiral angle of the nanotube used in the experiment*® has
been estimated.
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Appendix: Effective Hamiltonian for = Electrons

In this appendix, we derive the effective Hamiltonian
given in eqgs. (5.1)—(5.3). We use a simpler tight-binding
model for this purpose, in which only the nearest neighbor
hopping integral is considered, and the overlap integral
between the other sites is neglected. Four atomic orbitals on
each site are considered, 2s and 2py, 2p,, 2p; orbitals in the
direction of x, y, z-axes, respectively. The xyz-coordinates
are the surface coordinates defined at each atomic site (see
Fig. 1). The unperturbated s electrons, which has two
energy bands crossed at the K and K’ points, are constructed
from the p, orbitals. To derive the effective Hamiltonian,
the spin function defined in the XYZ-coordinate system in
eq. (2.8) is adopted as the basis sets of Hamiltonian matrix.
The effective Hamiltonian derived by the basis sets of
eq. (2.10) is also given for comparison.

The effective Hamiltonian is written as the sum of the
three terms, Heft = HN +H + Hf;“;v The first term,
Hff{), will be derived by expanding the tight-binding
Hamiltonian for unperturbated 7 electrons around K (K')
point. The second and third terms, Hfgoc and Hﬁfﬁv, will be
derived by the second order perturbation processes of the
o—n hybridizations at K (K’) point. There are two types of
o—m hybridization, one is the curvature induced hybrid-
ization, and the other is the spin—orbit interaction, whose
Hamiltonians are written as H., and Hy,, respectively. Then
the effective Hamiltonian, which takes into account these
hybridizations, is derived as,

it
(xors212|H(,lxo181T1)

_ y bomnllimimbosia) g,

— Em
where H' = H,, + H,,, the summation m takes over all
possible intermediate states of o bands. Here the Fermi
energy is taken to be zero. The initial and final states, |xosT),
are the 2p, tight-binding function at K (K”) point. t = 1 (—1)
is used as the index of K (K’) point. (In the present model
we don’t consider the mixing between K and K’, therefore
we only have diagonal terms for 7 states.) The effective
Hamiltonian Hf’(fﬂﬂ) contains Hffgoc in which both Hy, and
H_., contribute as first order, and Hffﬁv in which H,,
contributes as second order. The other contributions, second
order of H,, and both first order of Hy, and H., for inter-
subband process, are also contained in HCT In the

(o—m)*
following we will show the matrix elements of eq. (A-1).

A.l1 Curvature induced hybridization

First we derive the matrix elements of the curvature
induced hybridization. For larger diameter nanotubes, a p,
orbital has the hopping integral between only p, orbitals on
the neighbor atoms. However when the diameter becomes
smaller, the hopping between the other orbitals occurs for
the finite curvature on the cylindrical surface. Since the
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(b)

Fig. A-1.

(©)

(a) Axis and circumference components of A to its neighbor three B atoms, (Tag,, 6ag,)- (b) Angle between circumference direction and ABy, ¢,

and chiral angle, 6. (c) Wave vector for nanotube, (k., k), and that for graphene, (kox, koy).

curvature induced hybridization itself is spin independent
effect, we consider the spinless tight-binding function
eq. (2.2). Extension to spin problem is simply given by
adding the spin index.

First let us consider the hopping integral between 2p,
orbital on a carbon A atom and j orbitals (j = 2s,x,y,z) on
its three nearest neighbor B atoms. Using the Slater-Koster
type projection for the orbitals, the hopping integral between
j orbital on A atom at position / and j’ orbital on B atom at
position 7, for both j, j/ = x,y,z, is written as,’”

(BjarlHoldynr)

(Lyp - mj)(Lyp - mjy)
Ly - Ly
where nj; is the unit vector of the direction j at /, and Ly; is
the vector from [ to /. H, is the hopping integral between o
orbitals, and H,, is that between 7 orbitals.*? Similarly, the
hopping integral between j = x,y, z orbitals on A atom and

2s on B atom is written as,

=n; - nj’Z’Hrr - (Hy + Hy), (A2)

Ly -n
|Ly

where Hg, is the hopping integral between 2s and o
orbitals.*?

Let an A atom be on (r,0,0) with label [ =0, and its
neighbor three B atoms be labeled by [=1,2,3 [see
Fig. A-1(a)]. For the nanotube with chiral angle 6, the
vectors are written as, Ly = (r(cosBOap, — 1), 7sinbag,,
Tag), n, = (Cos Oap,, SinOap,, 0), ny = (—sinfap,,
c0s Oag,,0), ny = (0,0, 1), here Tap, = —yi(a/~/3) sin(g, +
;) and Oap, = yl(a/\/-S-r) cos(p. + &;) are the axis and angle
components of the B atom on site /, where y; =1, —1, —1
and 6, =0,7/3,—n/3, for 1 =1,2,3, respectively [see
Fig. A-1(a)]. a = 2.46 A is the lattice constant of graphene,
¢ = /6 — 0 is the angle between circumference vector and
Ly [see Fig. A-1(b)]. Then the hopping integrals between
atomic orbitals are calculated as,

(DjailHolposer) = Hgp, (A-3)

1
(@xao0lHolP2sBr) = (P2saolHolds) = — e % cos*(gc + 81)Hp, (A-4)
(&xao0lHolPysr) = —{(dyaolHolPxni)
1 1
=—V e g cos(@c + 5l)|:Hrr ) (H + H,) cos*(gc + 81)}, (A-5)
(DxaolH|dp1) = —{(D.a01H |sB1)
1
=-37 % yrsin(pe + 8) cos* (e + 8)(Hy + Hy), (A-6)
1 2 1
(GxaolH|pspr) = Hy — 3 (j) cos*(¢c + 81)|:H7r —5 (Hy + Hy) cos*(¢c + 81)}. (A7)

Here we considered the lowest order contribution of curvature (a/r) in each integral.
Using the above integrals, the hopping integral matrix elements between the tight-binding functions eq. (2.2) are obtained

as,

(xAko|Ho|2sBko) = (2sAko|H|xBky)

1
=-17 %Hsp (ko) — (ko) cos 2¢. — h(ko) sin 2¢.], (A8)
(xAko|Ho|lyBko) = —(yAko|H|xBk)
1
= = E [(Hrr + Ha)f(kO) Ccos 3(;00 + (SHn - 3Ha)(g(k0) COS @ — h(kO) sin (Pc)], (A9)
83 r
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(xAko|Ho|zBko) = —(zAko|H|xBky)

1
= 83 % (Hy + Hy)[—f(ko) sin 3¢ + g(ko) sin ¢, + h(ko) cos ], (A-10)
1 2
(xAko|HolxBko) = Hy f(ko) — % (;) [f(ko)(5SHy — 3H,) — 4(Hy — H;)(g(ko) cos 2¢ + h(ko) sin 2¢.)
+ (Hz + Ho)(g(ko) cos 4¢. — h(ko) sin 4¢c)], (A-11)
where
flko)=¢e <i k0xa> +2e ( i koxd) cos(koya> (A-12)
= X = X —] —— .
0 p \/g P 2\/§ ) B
glky) = — exp(i ko—j;) + exp(—i 12(07)(%) cos(ko%a), (A-13)
— Viexp( —i @) gin( 2@ :
h(ko) = ~/3i exp( i 2«/§> sm( > ) (A-14)

Here we introduced the two dimensional wave vector kg = (kox, koy), which has the following relations between k = (k, i) as

[see Fig. A-1(¢c)],

kox COS @
koy ~ \sin @c

—singc\ (u/r
COS ¢ k)

(A-15)

At K (K') point, kg = 27/a(0, —2/3) [ko = 27/a(0,2/3)] in this calculation, the matrix elements of egs. (A-8)—(A-11) are

simply written as,

3 )
(2so’t|Hy|xot) = — \/?— 4 Hspe’zm“’“(Sm,gr, (A-16)
r
3a :
(yo't|Hp|xoT) = —0% —(5H; — 3H,)e ™8y o, (A-17)
r
3 .
(z0't|Hlxo) = it % 2 (Hy + Hy)e"™ 55, (A18)
r
/ 1 (a\’ —2ioT 4i
<XO’ ‘[|H()|XU‘L'> = - a - [4(H71 - Ha)e 10T (Hﬂ + Ha)e mr%]ga,—o” (A19)
r
where 0 = 1 (—1) is the index for A (B) atom. Hereafter we write the Hamiltonian of eqs. (A-16)—(A-19) as H.y.
A.2  Spin—orbit interaction 1
Next let us consider the matrix elements of the spin—orbit (—${P.01lHso|ror) I8) = 5 e%sVi,. (A-25)

interaction. The inner product of the spin—orbit interaction in
eq. (2.7) is expanded as,

ll 8§ = EH_S_ + E,,_s+ + El,zsz, (A20)

where €, = {;, £ il [s+ = (s, £1isy)/2] are the ascent/
descent operators for the angular momentum (Pauli matrix
for spin). The components of these operators are defined
in the xyz-coordinate system at /-th atomic site. The atomic
2p-orbitals are written as the linear combinations of £,
eigenfunctions,

1
(Buo) = 5 (=10 = D) 16 = =Dl], (A21)
(o) = % (06 = Do) + 106 = =Dyl (A22)
(rot) = 12 = 0),0), (A23)

therefore, using the relation eq. (2.9), p,-orbital at site [ with
spin s has the finite matrix elements between the orbitals as
follows,

(s byoilHsolProt) |5) = %svso’ (A-24)

Here the azimuth-angle dependent factor e* in eq. (A-25)
appears, because the coordinate system for spin function
|s) 1is rotated from the coordinate system for atomic
orbital by —6;. The corresponding matrix elements be-
tween the tight-binding functions given in eq. (2.8) are
given by,

i
(yos'k'|Hy,|xosk) = > $VoOkxs.s' (A-26)

1
(ZUS/k/|Hso |xosk) = 5SVSOSk,k’(SM’,/L-HSs,—s“ (A-27)
As shown in eq. (A-27), the spin state s (= =£1) with
circumference momentum 4 has the finite matrix element
between the opposite spin state —s with circumference
momentum i + S.

A.3  Unperturbed o band at K/K' points

To obtain the second order perturbation processes
of H =Hy, + H., to 7 electrons, energies and eigen-
functions of the intermediate states |m) in eq. (A-1),
that are the unperturbed o bands at K (K’) point, are
needed. Because the unperturbed o bands are spin degen-
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erate, we consider the spinless states for this subsection.
The Hamiltonian matrix elements between the Bloch
functions eq. (2.2) for o bands is obtained*” as the simi-
lar manner in subsection A.1 of this Appendix. Then, at
K (K’) the matrix can be separated into three block matrices
as,

1
HY) 0 0
o H" o | (A-28)
0 0 Hyy
where
|2s, —0, T) |(ly = —oT)0T)
3.
€25 —=Tel7 qu
H(()({) — 2 , (A29)
— e loTee 0
V2 *
and
(¢ = D)AT) |(¢x = —7)B7)
3
0 —e " (Hy + H,)
Hy, = ; 2 . (A-30)
ECZir(pC (Hrr + H(T) 0

Here €, is the energy of 2s orbital. The origin of energy is
taken at energy of 2p orbital. The states indicated on the
columns of each matrix denote the basis states of the matrix.
The state labeled by £, is defined as,

\/_c_,,(H

(mo1; no’s't'|Hey |x0sT) =

f

(mi1:ns'T'|Hey|xosT) =
and for the spin—orbit interaction as,

C_
(mo1; n0’s'U'|Hyo|xosT) = — 2

(mi; US/T,|HSO|XUST)

where the second terms in eqgs. (A-39) and (A-40) denote the
inter-subband mixing with spin flipping. The index wu (1)
belongs to the index t (7'). The other terms in eqs. (A-37)-
(A-40) denote the intra-subband processes, and we omit §,, ,,/
in these expressions.

Now we derive the effective Hamiltonian.
egs. (A-32), (A-34), and (A-37)—(A-40) for the second order
perturbation expansion in the right hand side of eq. (A-1),
we get the following effective Hamiltonian,

H;fﬁoc = [A1(cos .0y T — sin 9.6, T;)

+ A, sin 3¢.61%,152, (A-41)
Hf,fiv = [(B} cos 2¢. + By cos 4¢. )6, T

+ (=By sin2¢, + B, sin 4¢.)6,1,15;, (A-42)

for intra-subband processes. Here 6, §, T are the Pauli matrix
operators for the states |o), |s), |t), respectively. The suffix /
denotes the unit matrix. The coefficients are written as,

(6, = £1)o1) = +ilzot)), (A31)

1
—(lyot
¥ NG (Iyot)
where the double-signs correspond to one another.
The eigenvalues and corresponding eigenfunctions of Hgf)

are,
1

Eoip =3 (Ezs + /e, + 18H2 ) (A-32)

lmo1; not) = —nteyl2s, —o, 1) + c_,,e*“"‘”°|(£x = —0T1)0T),

(A-33)

and, these for H;; are,

3

Ell,n == r)(Hrr + H(T)a (A34’)

i1 t) Z( DT (€, = or)oT). (A35)

Here n = %1 indicates the two eigenstates for each block
matrix, and, ¢, is given by,

o nEo1
! Eor+ — Eo1—

A.4  Effective Hamiltonian

Using the results of egs. (A-16)—-(A-19), (A-31), (A-33)
and (A-35) with adding the spin degree of freedom, and
egs. (A-26) and (A-27), the matrix elements between

(A-36)

states, |xost), and intermediate o states, |mg;;nost) and
|my1;nst), are written for the curvature induced hybrid-
ization as,

H(r)(sa,—a/ + UcneiziawcHprsa,a’]nSs,s"Sr,r’, (A37)
- 1y T AT BH, — H,)eb, 8, (A38)
T S(0T8s 0 + 85— )18, Or. (A-39)
_( I)Tn% 7101’%5‘(_07—'8&‘?’ + 8‘?,—‘?'8#,/.1,’—5')6‘[,1'” (A4O)
Hn - Ha S
= (Hy — Hy)ers Ve a (A-43)
12V/3HZ, r
H, a
- V& —, (A-44)
1T 2 BHL+Hy) 7
Using H. —H. /a\2
s I
H,(H, — H, 2
= — 7(Hy )(g) (A-46)
8(H, + Hy)

The term (A-41) is proportional to both the spin—orbit
interaction and the curvature of nanotube, Vi, (a/r), and the
term (A-42) is proportional to the square of curvature, (a/ 2.
To derive the term (A-42), we also added the contribution
from eq. (A-19).

By expanding the first term of eq. (A-11) around K and K’
points, we get the unperturbed effective Hamiltonian for =
electrons as

074707-11
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0 —ie 1% (k. — itky)
iel™c (k. + itk;) 0
The Fermi velocity can be written by the hopping parameter

as, vp = —~/3aH,/2h. By performing the unitary transform-
ation, H;fg = UI:I;f(f) U~!, with the following unitary matrix,

< iel™ee () )
U= ,
0 1

we get the unperturbed Hamiltonian shown in eq. (5.1). Both
the terms (A-41) and (A-42) have the diagonal form for
§z and ., therefore these can be written as the matrix form
of 6,. After the same unitary transformation with eq. (A-48),
we get the effective Hamiltonian as shown in egs. (5.2)
and (5.3).

Equation (A-41) is divided into two terms, off-diagonal
term proportional to A; and diagonal term proportional to
Aj,. The off-diagonal term has also been pointed out in the
previous calculations,?%323% and affects as the spin-depend-
ent shift of the energy crossing point in two dimensional k-
space. On the other hand, the diagonal term in eq. (5.2) is
obtained in this calculation. The diagonal term appears by
considering the intermediate states of o bands as the linear
combination of A and B sub-lattice Bloch functions, as
shown in egs. (A-33) and (A-35). The diagonal term affects
as an effective Zeeman term with the opposite effective
magnetic field between K and K’ points.

The parameters in eqs. (5.4)—(5.7) are given by,

a(H; — Hy)ep,

, (A-47)

(A-48)

_ O oo A-49
o 6 3IE, (A-49)
aHx (A-50)

0 =———, .

2 V3(H + Hy)
az(Hﬂ — Hy)(H, — 3Hy)
B=— , (A-51)
8(H, + Hy)

_ a(Hn - HO)(HO’ + SHn) (A52)

4/3Hy(Hx + H,)
If we use the values, H, = —3.033eV, H, = —5.037 ¢V,
Hy, = —5.580eV and e = —8.868¢eV,**?) then we get
o) =0.014nm, o, = —0.054nm, B=7.8meV-nm?, =
—0.060 nm. However, these parameters should be estimated
by more precise calculation, e.g., the numerical calculation
shown in this paper, or by experiments.

To derive (A-41), we restricted only the intra-subband
processes in eqgs. (A-39) and (A-40). It is important to stress
that there is also inter-subband mixing with spin flipping as
we discussed in eqgs. (A-39) and (A-40). The corresponding
effective Hamiltonian is written as,

Heff

soc, inter = [A1(sin .6, + cOS ¢:6,T;)

(A-53)

where (. are the ascent/descent operators for subband
index . Fortunately, the term can be safely neglected if the
energy difference of two subbands is large enough compared
with A; and A,. However the term should also be considered
for spin relaxation processes in long time.’*3® We also get
the second order contribution of spin—orbit interaction as,

— A2 c08 396/ T Ji(—81 - + 8_[iy),

2
et _ €25V,

- : A-54
s0? 18Hsp TS ( )

The corresponding term also appears for the flat graphene
problem.?!33%9) The term can be safely neglect because the
energy scale of the factor is sufficiently small, eV?2/
18Hy, ~ 1peV. Note that, when we use the symmetry
adapted Bloch function, eq. (2.10), instead of eq. (2.8)
for the basis state, we get the effective Hamiltonian by
changing, (1A +38 ) — &, (i —35 A)/i— 3,
§7 — §z, $ — 5,. The relation of eq. (2.20) should also be
considered in the term (5.1) for this case, which will be
reported elsewhere.
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