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Abstract⎯The effect of spin–orbit coupling on the electron levels of (5, 3), (8, 7), (11, 3), (18, 11), (10, 5),
(8, 8), and (13, 0) gold nanotubes of various diameters and chirality was studied in the framework of the relativistic version of the linear augmented cylindrical wave method. Spin-dependent band structures and electron state densities were calculated. Spin–orbit coupling is manifested as splitting of nonrelativistic dispersion
curves. For the dispersion curve that crosses the Fermi level in the (5, 3) tube of the minimum radius, this
splitting reaches 0.5 eV and decreases on going to low-lying valence band states. An increase in the radius and
a decrease in the cylindrical surface curvature of these nanotubes suppress the spin–orbit splitting. All tubes
possess a metal type band structure in which the number of conduction channels increases with increasing
radius of the nanotube.
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INTRODUCTION
Experimental and theoretical studies of gold nanotubes and nanowires have been extensively developed
in recent years. Single-atomic and thicker gold
nanowires are obtained experimentally [1–7]. Hollow
cylindrical nanowires of small diameter are called gold
nanotubes. There are multiwalled [1] and singlewalled gold nanotubes [3]. A nanotube is called singlewalled if it is formed by one cylindrical monoatomic
layer. Single-walled tubes with a minimum diameter
of 4 Å were detected by transmission electron microscopy. An ideal single-walled gold nanotube is a sheet
rolled into a cylinder lined with regular hexagons with
gold atoms at the centers [3]. The spatial arrangement
of atoms in a single-walled gold nanotube is defined by
the tube diameter and orientation of hexagonal cells
relative to the nanotube axis or by the Au–Au bond
length and two integer indices n1 and n2 [2]. All singlewalled gold nanotubes have a screw axis of symmetry.
The (n1, n2) nanotubes with n1 ≠ n2 and n2 ≠ 0 are chiral; they possess very large translational unit cells. The
(n, n) and (n, 0) tubes are achiral, symmetrical relative
to inversion, and have rather small translational cells
comprising n and 2n gold atoms; (n1, n2) tubes can also
have an n-fold rotational axis of symmetry, where n is
the greatest common divisor of n1 and n2. The thinnest
observable single-walled (5, 3) gold nanotube is
formed by a chain of five Au atoms rolled around an
axis.

The technological interest in gold nanotubes is
due, first of all, by their possible use for the design and
connection of molecular electronic elements [8];
therefore, considerable attention is paid to modeling
of their electronic, optical, electrical, and spin properties. The electron band structure of gold nanotubes
was theoretically studied in several works. Initially, the
band structures and densities of states for (5, 3), (4, 0),
and (6, 3) nanotubes were calculated by the pseudopotential method in a plane wave basis set [9]. Later,
the optical properties of gold nanotubes were calculated by quantum chemistry methods and the nature
and polarization dependence of the plasmon resonance band in gold nanotubes was described [10]. The
results of measurement of the ballistic conduction of
gold nanotubes [11] were interpreted [12] using
Green’s function calculations with atomic orbital basis
set. Similarly, the electrical characteristics of gold
nanotubes as electrodes for a heterojunction in contact
with an organic molecule were determined by ab initio
calculations in a plane wave basis set [13]. The electronic conductivity of a gold nanotube hung between
two bulk gold electrodes was calculated [14]. Using
analytical modeling and numerical calculations, currents were studied and the formation of magnetic
fields inside chiral gold tubes was predicted [15].
In all of the above-mentioned theoretical works,
the spin–orbit coupling was neglected. It is well
known that relativistic effects, first of all, spin–orbit
coupling, are very important for quantitative description of the properties of heavy elements such as gold.

108

SPIN–ORBIT COUPLING

For example, in a single-atomic hexagonal gold layer,
spin–orbit coupling induces the formation of a 0.1 eV
band gap, so that the gold layer switches from the
metallic state to unusual semiconductor state [16].
The cylindrical geometry of nanotubes also promotes
stronger spin–orbit effects compared with bulk materials; owing to the cylindrical structure, some electronic states correspond to clockwise and counterclockwise electron rotation around the cylinder axis
[17]. Two magnetic moments arising upon this electron motion point in opposite directions along the system axis and can be summed up with the electron spin
(intrinsic angular momentum), resulting in increasing
spin–orbit gaps and formation of the spin-dependent
charge carrier transport, which is relevant to the design
of spintronic elements.
The first electron band calculation for gold nanotubes with allowance for the spin–orbit contribution
was performed by the pseudo-potential and the linear
augmented cylindrical wave method in [18, 19]. In
these studies, only the translational symmetry of
nanotubes was taken into account; therefore, the calculations were restricted to the thinnest (5, 3), (4, 0),
and (6, 0) nanotubes, which contain minimum numbers of atoms in unit cells. The symmetrized linear
augmented cylindrical wave (LACW) method being
developed in our works [20–23] takes into account all
symmetry features of nanotubes, including the screw
symmetry; as a result, the unit cell of any gold nanotube can be reduced to a single atom and calculations
can be carried out for any nanotubes irrespective of the
diameter and chirality. This study addresses the effect
of the spin–orbit coupling on the electron levels of
gold nanotubes of different diameters and chiralities in
terms of the relativistic version of the LACW method.
The study supplements the previous nonrelativistic
calculations of gold nanotubes [24].
CALCULATION METHOD
The LACW method is an extension of the augmented plane wave (APW) method to nanotubes [25–
29]. As in the APW method [26], the spin–orbit coupling is represented by a Hamiltonian of the following
form:
(1)
H = H 0 + H S–O.
The first term H0 = –Δ + V(r) corresponds to the
nonrelativistic Hamilton operator, the second one is
the spin–orbit coupling operator HS–O. Since the nonrelativistic term of Hamiltonian (1) makes the major
contribution to energy, the H eigenvalues were found
by the following procedure. First, the ψ0λ ( r | kL )

eigenfunctions and E λ0 ( kL ) eigenenergies of the nonrelativistic Hamiltonian H0 were calculated for gold
nanotubes using the nonrelativistic LACW method
[23]. (The eigenfunctions and eigenvalues of the nonrelativistic Hamiltonian depend on the wave vector k
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belonging to the Brillouin zone –π/h ≤ k ≤ π/h and on
the rotational quantum number L = 0, 1, …, n – 1).
Then the basis set is doubled by inclusion of the spin
functions: ψ0λ ( r | kL ) χ, where χ = α or β are purely
spin functions. It remains to calculate the matrix elements HS–O in the spinor basis set ψ0λ ( r | kL ) χ . Then
the energies and wave functions of full Hamiltonian (1)
are determined by matrix diagonalization:

ψλ2 ( r | kL ) χ 2 H ψλ1 ( r | kL ) χ1
0

0

= E λ1 ( kL ) δλ2,λ1δχ2,χ1
0

+

ψ0λ2

( r | kL )

χ 2 H S−O ψ0λ1

(2)

( r | kL ) χ1 .

The one-electron potential V(r) is represented by
local density functional approximation with the
assumption that this potential is spherically symmetrical around atoms and is constant in the space between
atoms all the way to two cylindrical potential barriers
impermeable for electrons, which separate the gold
nanotube region from the outer and inner vacuum
regions [24]. In the space between the spheres in which
the potential V(r) is constant, the contribution of the
spin–orbit coupling operator is zero, while for the spherically symmetrical part of the potential in the atomic
sphere region, this operator can be calculated using the
angular momentum operator [22, 26]. As a result, the
integral ψ0λ2 ( r | kL ) χ 2 H S −O ψ0λ1 ( r | kL ) χ1 is represented as the product of radial and angular integrals of
atomic type functions; the ultimate formulas for nanotubes were reported in [22].
For all nanotubes, the Au–Au distance is 2.9 Å, as
found by transmission electron microscopy for a (5, 3)
tube [3]. The method was implemented as a new C++
computer program using the OpenMP parallel programming environment. Owing to inclusion of the
screw symmetry of nanotubes, a stable band structure
was achieved when about 25 basis functions were used.
CALCULATION RESULTS
As the first example, we will consider the calculation results for the spin-dependent band structure and
density of electron states for a (5, 3) gold nanotube
with a radius of 3.23 Å from the center (k = 0) to the
boundary (k = π/h) of the Brillouin zone (Fig. 1).
Here and below, the figures show dispersion curves on
the left and densities of states on the right. For clarity,
data for the vicinity of the Fermi level are shown in the
upper part of the figures on an enlarged scale. The
dashed and continuous lines correspond to α- and
β-spin polarization along the nanotube axis in the z
and –z directions.
(5, 3) Nanotube is a chiral system without rotational symmetry and a translational unit cell composed of 98 Au atoms (Table 1). However, since the
screw symmetry of the tube is taken into account, only
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Fig. 1. Band structure and density of electron states of (5, 3) gold nanotube.

one atom with eleven valence electrons per true unit
cell is present; therefore, the symmetrized LACW
method is suitable for relativistic band structure calculation. The results are represented in a very simple
form as ten filled and one half-filled bands. (If only
the translational symmetry was taken into account, the
band structure would comprise 1078 curves). A comparison with nonrelativistic calculation results [24]
shows that the spin–orbit coupling appears as splitting
of nonrelativistic dispersion curves. For the dispersion
curve crossing the Fermi level, this splitting reaches
0.5 eV and decreases on going to the inner valence
band states. For the band located below –5 eV, this
splitting is an order of magnitude smaller. The directions of spin polarization are opposite for the split
band pairs and spin polarization is nearly ideal
(>0.99).
Curves for the density of states for α and β spins
considerably differ, especially near the Fermi level,
which is indicative of spin dependence of the electron
conductivity in the nanotube, which is significant for
spintronic applications. Each point of intersection of
the dispersion curve with the Fermi level corresponds
to a ballistic transport channel. In the (5, 3) nanotube,
there are seven such channels for the α and β spins
according to calculations.
Two more examples of calculated spin-dependent
band structures of chiral gold nanotubes devoid of
rotational symmetry axes are shown in Figs. 2 and 3.
This concerns (8, 7) and (11, 3) tubes with different
chiral angles, but virtually identical radii of 5.9 and 6.0 Å
and translational cells formed by 338 and 326 Au
atoms. An almost twofold increase in the radius and
decrease in the curvature of the cylindrical surface of
these nanotubes compared with (5, 3) tube lead to a
noticeable decrease in the spin–orbit splitting, the
maximum spin–orbit gap being ~0.2 eV. Conversely,
the number of conduction channels is twice higher in
these tubes than in (5, 3) tube.

Transition to (18, 11) nanotube with an almost
invariable chiral angle is accompanied by further,
almost twofold increase in the tube radius to 11.7 Å
and decrease in the spin–orbit splitting, at most, down
to 0.1 eV as a result of decreasing curvature of the
cylindrical surface. The twofold increase in the tube
radius leads to an approximately doubled number of
conduction channels in the (18, 11) tube compared
with the (8, 7) or (11, 3) tube (Fig. 4).
The dispersion curves for (5, 3), (8, 7), (11, 3), and
(18, 11) tubes for negative π/h ≤ k < 0 values can be
found using the Kramers theorem; they are antisymmetric with respect to k replacement by –k, i.e., they
have the same energy but opposite spins:
→
←
E←
(k ) = E→
(−k ).
(10, 5) Nanotube is one more chiral system; however, apart from the screw axis, this tube also has a
fivefold rotational axis. Figure 5 shows the dispersion
curves for this tube for integer L values in the range
Table 1. Geometric structure parameters of the calculated
gold nanotubes
R, Å

θ, deg

NТР

(5, 3)

3.23

21.79

98

(8, 7)

6.00

27.79

338

(11, 3)

5.90

11.74

326

(18, 11)

11.71

22.07

1286

(10, 5)

6.10

19.11

70

(8, 8)

6.40

30

16

(13, 0)

6.00

0

26

Nanotube
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Fig. 2. Band structure and density of electron states of (8, 7) gold nanotube.
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Fig. 3. Band structure and density of electron states of (11, 3) gold nanotube.
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Fig. 4. Band structure and density of electron states of (18, 11) gold nanotube.
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Fig. 5. Band structure and density of electron states of (10, 5) gold nanotube.
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Fig. 6. Band structure and density of electron states of (8, 8) gold nanotube.

from 0 to 4 and 0 ≤ k ≤ π/h. The radius of this tube (6.1 Å)
barely differs from those of (8, 7) and (11, 3) tubes;
therefore, the maximum spin–orbit band splitting
energy is 0.2 eV and the number of electron transport
channels is virtually the same as for (8, 7) or (11, 3)
tube.
Figures 6 and 7 present the calculated spin-dependent band structures for achiral (8, 8) and (13, 0) tubes
with rotational symmetry axes, similar radii (6.0 and
6.4 Å), and markedly different chiral angles (0 and
30°). Comparison of Figs. 2, 3, and 5–7 indicates that
the radius or the curvature of the nanotube surface
rather than the chirality dictates the size of the spin–
orbit energy gaps in the system. It is noteworthy that
the dispersion curves of (10, 5), (8, 8), and (13, 0)
nanotubes with n = 5, 8, and 13 rotational axes, L = 0,
and negative k values obey the equation
→
←
E←
(k ) = E→
(−k ), i.e., the energy is the same as for
positive k values, but the spin direction is reversed.

When L ≠ 0, the same energy but opposite spins are
inherent in the states at points (k, L) and (−k, n − L).
For (8, 8) nanotubes with the inversion symmetry of
the L = 0 state, no spin–orbit splitting is observed.

CONCLUSION
The spin–orbit coupling appears as splitting of
nonrelativistic dispersion curves. This splitting
declines on going to low-lying states of the valence
band and to nanotubes of a greater radius. All tubes
have a metallic type band structure, with the number
of conduction channels increasing with increasing
radius of the nanotube.
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