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ABSTRACT: Recently transition-metal-free magnetism and half-metallicity have drawn
enormous attention due to their potential applications in spintronic devices. In this work,
we examine the stability, electronic structures, and magnetic properties of single-walled
C4Nj nanotubes (SWCNNTs) by performing extensive spin-polarized density functional
theory calculations and molecular dynamics simulations. The theoretical results clearly
reveal that all examined SWCNNTs are stable at room temperature. Armchair (n, 1) (n =
4-10), zigzag (n, 0) (n = 7—10), and two helical SWCNNTs have ferromagnetic ground
states. All armchair SWCNNTSs are metal-free half-metals, helical SWCNNT's with small
radii are bipolar magnetic semiconductors, and zigzag SWCNNT's show size dependency,
in which the semiconductor-to-metal transition can be realized by increasing their radii.
Moreover, the total magnetic moments of SWCNNTSs can be tuned by changing the
number of primary C,N; unit cells. These findings bring us the possibility of building
functional electronic/spintronic devices with SWCNNTSs due to the tunable metal-free
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magnetism and half-metallicity.

B INTRODUCTION

Metal-free magnetism and half-metallicity are at the forefront of
spintronics study.' > Half-metals are important spintronics
materials with one metallic spin channel and another
semiconducting channel, which can thus provide a completely
spin-polarized current. Previous investigations have clearly
revealed that many transition-metal (TM)-containing half-
metals, such as manganese perovskites,4 silicon nanowires and
heterostructures,”® metal-DNA complexes,7 and Heusler
compounds,8 have robust half-metallicity. In these materials,
the TMs are believed to be responsible for their half-metallicity,
and the corresponding magnetism originates from TM d
electrons. Note that TMs may not be compatible with many of
the mature technologies, and the heavy TMs are toxic for
biological systems.”'® Fortunately, magnetism arising from a
pure 2p electron system without any TMs holds a great
advantage for spintronics due to the relatively long spin
relaxation time of 2p electron systems because of weak spin—
orbit coupling.11 Thus, developing metal-free ferromagnetism
and non-TM half-metallic materials based on 2p elements is
highly desirable.

Actually, many TM-free low-dimensional materials, including
graphene nanoribbons (GNRs), boron nitride (BN) sheets, and
hybrid C/BN sheets'? and nanotubes," have been predicted to
be half-metallic. To realize their metal-free magnetism or half-
metallicity, various strategies have been proposed."*™*° For
example, the zigzag GNRs can be tuned into half-metallic under
an electric field,"* although the required electronic field is so
strong that it is hard to realize in experiments."*'> Kan et al.'®
and Dutta et al."’~"” have predicted that half-metallicity in
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edge-modified zigzag GNRs can be realized by connecting small
organic molecules or B/N dopants. Besides, line defects®® and
other defects®' can tune the zigzag GNRs into half-metallic, and
hydrogenation and fluorination of graphene or h-BN sheets
have also been reported to change them to ferromagnetic and
half-metallic.>>>* However, the experimental realization of such
a hydrogenation is still a big challenge, since H atoms are often
formed in a random way on a host structure,** and they need to
be produced at the plasma state at high temperature. Moreover,
until now, in experiments, it has been very difficult to confirm
the predicted metal-free ferromagnetism and half-metallicity.”®

As a promising metal-free photocatalyst for water splitting,”"
recently graphitic carbon nitride (g-C;N,) with a band gap of
about 2.7 eV has attracted a lot of experimental and theoretical
attention.>*>® Very recently, a new kind of graphitic carbon
nitride (g-C,Nj;), which can be seen as C-doped graphitic C;N,,
has been successfully synthesized.> Interestingly, this layered g-
C,N; is a ferromagnetic half-metal, which is ascribed to the
substitution of one N atom by one C atom in nonmagnetic g-
C;N,, resulting in one hole injected per unit cell.** As expected,
g-C,Nj; sheets can be rolled into single-walled C,N; nanotubes
(SWCNNTs), similar to C;N, nanotubes.*""** This motivates
us to explore the possible properties of SWCNNTs since they
are unknown.

In this work, we carry out a first-principles study of the
stability, electronic structures, and magnetic properties of
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SWCNNTSs by performing extensive density functional theory
(DFT) calculations and ab initio molecular dynamics (MD)
simulations. The theoretical results clearly reveal that all
examined SWCNNTSs are stable at room temperature.
Armchair (n, n) (n = 4—10), zigzag (n, 0) (n = 7-10), and
two helical SWCNNTSs have ferromagnetic ground states. All
armchair SWCNNTSs are metal-free half-metals, helical
SWCNNTs with small radii are bipolar magnetic semi-
conductors, and zigzag SWCNNTs display size dependency,
in which the semiconductor-to-metal transition can be realized
by increasing their radii. The predicted metal-free magnetism
and half-metallicity of SWCNNTSs lead to their great potential
for functional electronic devices.

B COMPUTATIONAL DETAILS

Our calculations are performed using DFT with generalized
gradient approximation (GGA) implemented with the DMol®
package.**** In our calculations, the exchange correlation
interaction is treated by using the Perdew—Burke—Ernzerhof
functional.*® The basis set consists of the double numerical
atomic orbitals augmented by polarization functions, which are
comparable to Gaussian 6-31G** sets. The one-dimensional
periodic boundary condition is applied along the proposed
nanotube axis. The neighboring distance between the
neighboring nanotubes is larger than 15.0 A to neglect their
interaction. The real-space global cutoff radius is chosen to be
43 A, and 20, 40, and 104 Monkhorst—Pack*® k-points are
sampled for geometry optimization, total energy, and band
structure calculations to sample the Brillouin zones, respec-
tively. The calculations are all-electron ones with scalar
relativistic corrections. The self-consistent field procedure is
carried out with a convergence criterion of 107° au on the
energy and electron density. Geometry optimizations are
performed with convergence tolerances of 2 X 107 au on
the gradient, 5 X 1072 au on the displacement, and 1 X 107° au
on the energy.

A single-walled C,N; nanotube can be constructed by rolling
up a g-C,Nj; sheet, as shown in the top panel of Figure Ia,
along any roll-up vector. Similar to that of single-walled carbon
nanotubes, the helicity of a SWCNNT is defined by a pair of
integers (m, n). As examples of these examined computational
models, the bottom panel of Figure 1a illustrates zigzag (10, 0),
armchair (5, S), and helical (6, 4) SWCNNTs.

To evaluate the stability of zigzag and armchair SWCNNTs,
we perform ab initio MD simulations in the canonical (NVT)
ensemble, in which the temperature controlled by a Nose—
Hoover thermostat* is fixed at 300 K, the time step is 1.0 fs
(107" 5), and the total steps are 10 000.

B RESULTS

We perform benchmark calculations for g-C,N; sheets. The
optimized results show that the g-C,N; sheet displays an
uneven structure, in which C and N atoms are not located at
the same plane, and the vertical distance between two N atoms
in the top and bottom outer layers is about 0.64 A, as shown in
Figure 1b. The geometric distortion of the N atom is mainly
caused by the electrostatic repulsion between the neighboring
N atoms charged with —0.27 e. Note that there are two
different kinds of C atoms in the g-C,N; sheet. Namely, the C
atom connects to three neighboring C atoms or bonds to two
neighboring N atoms and one C atom, labeled as C; and Cy in
Figure la, respectively. Due to the symmetry, there are only
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Figure 1. (a) Top view of the g-C,Nj; sheet. The red lines label a2 X 2
supercell, which includes four primary C,N; unit cells. The gray and
blue balls stand for C and N atoms, respectively. The zigzag (10, 0),
armchair (5, S), and helical (6, 4) SWCNNTs are plotted in the
bottom panel. (b) Side view of the g-C,N; sheet with an uneven
feature. (c) Calculated spin-resolved band structures of the g-C,Nj
sheet and corresponding total and partial DOSs. The Fermi level is set
to zero for clarity.

two different bond lengths in the g-C,Nj sheet, and the C;—Cy
and Cy—N distances are 1.46 and 1.36 A, respectively. The
energy difference (AE) between the ferromagnetic (FM) and
antiferromagnetic (AFM) states of g-C,Nj is defined as AE =
Expm — Epwe Here, E gy and Egy stand for the total energies of
a 2 X 2 supercell in which four neighboring primary g-C,N;
unit cells ferromagnetically and antiferromagnetically couple
with each other, respectively, similar to the previous model
calculations.** AE is predicted to be 222 meV, which indicates
that the ground state of the g-C,N; sheet is ferromagnetic.
Figure 1c shows the calculated spin-polarized band structures
and total and partial densities of states (DOSs) of the g-C,N;
sheet. Clearly, the spin-up channel is semiconducting with a gap
of 2.08 eV, while the spin-down channel is metallic. This result
implies that the g-C,Nj sheet is intrinsically half-metallic. These
benchmark calculated results are consistent with the previous
reports™ and also show that the methods adopted here are
suitable to investigate the following examined systems.

In the optimization process, we initially construct an
SWCNNT by rolling up the optimized C,Nj; sheet and then
fully relax all atomic positions without any constraint. In the
next step we elongate and compress the lattice constant with at
least five different values for each SWCNNT and fully optimize
them again. According to the static self-consistently calculated
total energies for these SWCNNTSs with different constant
lattices, it is easy to find the equilibrium lattice constant by a
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polynomial curve fitting. On the basis of these equilibrium
lattice constants, we fully relax all atomic positions to obtain
their stable SWCNNT structures and then perform static self-
consistently spin-polarized DFT calculations.

Zigzag SWCNNTs. We first focus on zigzag (n, 0)
SWCNNTs with different radii, i.e., n varying from 7 to 10.
As an example, the side and top views of the optimized
structure of the (8, 0) zigzag SWCNNT are plotted in parts a
and b, repectively, of Figure 2. In the optimized zigzag

primary C,Nj cell contributes 1 g, in which the spin density
mainly localizes on N atoms and the atomic MM of each N
atom is 0.33 yg. In the zigzag (7, 0) SWCNNT, there are 14
primary C,N; unit cells. Therefore, the total MM of the zigzag
(7, 0) SWCNNT is 14 pg. This observation is the same for the
examined zigzag SWCNNTSs, which implies that the MM can
be tuned by changing the number of primary C,N; unit cells.

Figure 3 shows the calculated band gaps (E,) of zigzag
SWCNNTs with different radii. It is clear that the band gaps of
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Figure 2. (a) Side view of the optimized zigzag (8, 0) SWCNNT. (b)
Top view along the tube axis. (c) Magnetic moments of zigzag (1, 0)
(n=7-10) SWCNNTs. (d) Magnetic moments of armchair (1, n) (n
= 4—10) SWCNNTs.

SWCNNTs, the N atoms move along two opposite directions
and then form the inner and outside layers due to the
electrostatic repulsion of the lone pair electrons localized on N
atoms and the curved strain effect, while the three-coordinated
C atoms located in the middle region can be divided into three
types: Cl, as labeled in Figure 2a, bonds to three neighboring C
atoms, C2 connects to C1 and two N atoms of the inner layer
(N}), and C3 touches C1 and two N atoms of the outer layer
(Np)- Here, the radii of the inner and outer layers are labeled
with r; and rg, respectively. We find that the radius difference
(Ar) between the inner and outer layers is obvious for the
zigzag SWCNNT s with a small radius, i.e., n < 10. For example,
r; and ro of the (7, 0) zigzag SWCNNT are predicted to be
about 4.97 and 5.71 A, respectively. Both C;—Cy and Cy—N
distances in the zigzag SWCNNT become nonequivalent due
to the curved effect. The C2—N;, C3—N, C1-C2, and C1—
C3 distances in the (8, 0) SWCNNT are 1.35, 1.36, 1.49, and
1.48 A, respectively. Compared with the C;—Cy and Cy—N
distances in the g-C,Nj sheet, these values just slightly change.
Note that the values of ¢ in these examined zigzag SWCNNTs
are predicted to be about 8.38 A and are insensitive to their
radii.

To determine the ground states of these zigzag SWCNNTs,
we compute the AE by performing spin-polarized calculations.
We find that their ground states are all FM since the minimum
of AE is larger than 120 meV. The predicted magnetic
moments (MMs) of the zigzag (n, 0) SWCNNTs with n = 7—
10 are plotted in Figure 2c. Clearly, the total MMs (ug, Bohr
magneton) of the zigzag SWCNNT can be linearly enhanced
by increasing its radius. Similar to the g-C,Nj; sheet, each
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Figure 3. Band gaps of zigzag (1, 0) SWCNNTs with n = 7—10. The
yellow area is for the indirect semiconducting zigzag SWCNNTs, while
the green area is for the half-metals.

zigzag SWCNNT's strongly depend on their size. These zigzag
SWCNNTs with relatively small radii (ie, n < 8) are
semiconductors. Their band gaps decrease with an increase of
their radii. For example, the band gaps of zigzag SWCNNTs
with n = 7 and 8 are 0.25 and 0.11 eV, respectively. This
observation is contrary to that of the C;N, nanotubes,*" whose
band gaps increase with an increase of their radii.*’
Interestingly, we observe that the electronic structures of
zigzag SWCNNTs also display size dependency. When n > 9,
ie., the (10, 0) zigzag SWCNNT, the band gap is zero. This
indicates that the zigzag SWCNNT with a relatively large radius
(ie, n > 9) becomes metallic with a zero band gap. These
observations provide us the opportunity to realize the
semiconductor-to-metal transition in zigzag SWCNNTs by
increasing their radii.

To explore the electronic structures of zigzag SWCNNTs, we
take (8, 0) and (9, 0) SWCNNTs as examples. Figure 4a shows
the spin-polarized band structures of the (8, 0) SWCNNT at
the FM ground state. It is clear that it is a semiconductor with
an indirect gap. The energy gaps of the spin-up and spin-down
states are 2.67 and 0.11 eV, respectively. The band structures of
the (8, 0) SWCNNT at the AFM state are plotted in Figure 4b.
Clearly, it is also a semiconductor with an indirect gap of 0.08
eV, the band dispersions of the spin-up and spin-down
electrons are the same, and the total MM is zero. With
increasing radius, Figure 4c shows the half-metallic band
structures of the (9, 0) SWCNNT. The spin-up channel has a
band gap of 2.62 eV, while the spin-down channel is metallic.

To understand the electronic properties of zigzag
SWCNNTSs with different radii in detail, we calculate their
spin-resolved DOSs. The calculated results for zigzag (7, 0) and
(9, 0) SWCNNTs are plotted in parts a and b, respectively, of
Figure S. It is clear that these results verify the above
observations, as shown in Figure 4. The partial DOSs (PDOSs)
of C and N atoms are strongly hybridized, which leads to the
covalent C—N bonds in the zigzag SWCNNT. As for the zigzag
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X

Figure 4. (a) Spin-resolved band structures of the zigzag (8, 0)
SWCNNT at the ground FM state (left) and spatial distribution of the
CBM and VBM of spin-down electrons at the I' point (right). The
isovalue is 0.02 au. (b) Band structures of the (8, 0) SWCNNT at the
AFM state. (c) Band structures of the zigzag (9, 0) SWCNNT.
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Figure 5. Total and partial DOSs of zigzag SWCNNTs: (a) (7, 0) and
(b) (9, 0) SWCNNTSs. The black, blue, and red lines stand for the
total DOS and partial DOSs of N and C atoms, respectively.

semiconductors, and the energy gap of their spin-down
electrons is significantly less than that of the spin-up electrons.
With continuously increasing radii, the broad DOS peak of the
spin-down electrons gradually moves toward the Fermi level.
When n < 9, the energy gap of the spin-up electrons still exists
(about 2.62 eV), while the bottom conducting sub-bands of the
spin-down electrons fuse with the topmost valence sub-bands,
which leads to the half-metallicity of the (9, 0) SWCNNT. The
calculated PDOSs for the (9, 0) SWCNNT are shown in Figure
Sb. It is clear that the valence bands are mainly contributed by
the N atoms, while the conduction bands are cocontributed by
C and N atoms. This is in line with the g-C,N; sheet.** In other
words, the bigger the radius, the smaller the curve effect, and
then the electronic properties of the zigzag SWCNNT become
more similar to the properties of the g-C,Nj; sheet.

The right panel of Figure 4a presents the spatial profile of the
conduction band minimum (CBM) and the valence band
maximum (VBM) of spin-down electrons at the I' point.
Through further analysis, we find that the VBM of the (8, 0)
SWCNNT is mainly contributed by the p, and p, orbitals of the
N atoms, while the CBM mainly comes from the N p, and C p,
orbitals, exhibiting 7-like bonding character. According to the
Hirshfeld analysis of the population, the N atoms in the inner

SWCNNTs with a relatively small radius (n < 8), they are

layer (labeled with N in Figure 2a) get about 0.13 e from the
neighboring C atoms, the N atoms in the outer layer (labeled
with N) obtain 0.12 e, and the C atoms labeled with C1 and
C2, lose about 0.04 and 0.12 e, respectively. It is easy to
understand the net different charge transfer of C and N atoms
since their local chemical environments are different.
Armchair SWCNNTs. In general, there are two typical
edges in nanotubes, namely, zigzag and armchair edges. Now
we turn to examine armchair SWCNNTs from (4, 4) to (10,
10). The top and side views of armchair (4, 4) SWCNNTs are
plotted in Figure 6a. According to the optimized structures, we

(@) (b)

iy ¢ o = -':» » ","‘ : 5
922€
YLy 7 K % A

Ne8 9351
e Q,\'Q. 3‘,‘ i
."-‘n- '.;‘-’ G
y LY 7 £ S 30/

Figure 6. (a) Top and side views of the armchair (4, 4) SWCNNT.
(c) Spin-resolved band structure of the armchair (4, 4) SWCNNT.

find that the lattice constants along the tube axis are all about
9.70 A, and the C—C and C—N bond lengths in these armchair
nanotubes vary from 1.45 to 1.34 A and from 1.46 and 1.35 A,
respectively. These values are close to that of the g-C,N;
sheet.*” Note that these armchair SWCNNTs with different
radii show different polygons along the direction of the
nanotube axis. This feature is especially obvious for the
armchair SWCNNTSs with a small radius since the smaller
radius nanotube suffers from stronger strain, resulting in the
obvious geometric deformation. For example, the (4, 4)
armchair SWCNNT displays an octagon-like shape, as shown
in Figure 6a. When the radius increases, the armchair
SWCNNTs (ie., n > 6) are well-ordered with a circle feature.

The minimum of AE per primary g-C,N; unit cell in
armchair SWCNNTs is predicted to be about 31 meV. This
shows that the ground states of all armchair (1, n) SWCNNTs
for n = 4—10 are ferromagnetic. According to the calculated
band structures, we find that all examined SWCNNTSs are half-
metallic. Figure 6b plots the band structure of the (4, 4)
SWCNNT. Clearly, the spin-down channel is conducting, but
the spin-up channel is semiconducting with a gap of 2.62 eV,
similar to the half-metallicity of the g-C,Nj sheet.*’

Helical SWCNNTSs. To clearly explore the effect of chirality
on electronic and magnetic properties, two helical SWCNNT's
are also examined. Due to the helicity, there are too many
atoms in the supercell to model the system. For example, the
computational model for the helical (6, 4) SWCNNT contains
532 atoms (304 C atoms and 228 N atoms), and the
corresponding lattice constant along the tube axis is about
58.68 A. Because the computing cost for these helical
SWCNNTs with relatively large radii is not bearable for our
current computational resources, we take the (3, 2) SWCNNT
as an example to explore the electronic properties. Its ground
state is confirmed to be FM. The total MM is predicted to 32
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Hp, which is equal to the number of primary C,Nj; cells in the
computational model. Parts a and b of Figure 7 show the band
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Figure 7. (a) Spin-resolved band structure of the helical (3, 2)
SWCNNT. (b) Corresponding total DOS.

structures and DOSs of the helical (3, 2) SWCNNT,
respectively. It is clear that the helical (3, 2) SWCNNT is a
semiconductor with a direct band gap. The band gap of the
spin-up electrons is about 2.80 eV, which is significantly larger
than that of the spin-down electrons (0.97 eV). We find that
the gap of the spin-down electrons can be gradually reduced by
increasing the helical SWCNNT radius; i.e., it is about 0.63 eV
for the helical (6, 4) SWCNNT.

It should be pointed out that the unique feature of the
calculated spin-polarized PDOS, as shown in Figure 7b,
indicates that the helical SWCNNTs with a relatively small
radius are bipolar magnetic semiconductors (BMSs).** By
applying a gate voltage or carrier doping, it is easy to create the
completely spin-polarized currents with reversible spin polar-
ization in BMSs. Thus, we also expect that the helical
SWCNNTSs have the potential for various applications, e.g, as
a field effect spin rectifier.

Stability of SWCNNTSs. It is useful to check the stability of
these proposed zigzag and armchair SWCNNTSs relative to the
g-C,Nj; sheet, which can provide a possible explanation for the
rolling up of the tubes. Here, the stability of SWCNNTs is
defined by the strain energies (E,), defined as E, = Eyye — Egreer
where E.,. and Eg.. stand for the total energy of the
SWCNNTs and the corresponding unrolled g-C,N; sheet,
respectively. The positive value of E; denotes that this
SWCNNT is less stable than the g-C,N; sheet. The calculated
E, values of these zigzag (n, 0) (n = 7—10) and armchair (n, )
(n = 4—10) SWCNNTs are plotted in parts a and b,
respectively, of Figure 8. As for the (n, 0) SWCNNTs, it is
expected that the SWCNNTs with a relatively small radius (i.e.,
n < 9) have positive strain energies due to the curvature effect.
With increasing radius, the stability of these zigzag SWCNNTs
gradually approaches the stability of the g-C,N; sheet. Note
that E; is predicted to be —0.07 eV for the zigzag (10, 0)
SWCNNT. This negative strain energy suggests that the zigzag
(10, 0) SWCNNT is more stable than the g-C,Nj; sheet,
indicating that it is the zigzag (10, 0) SWCNNT with the
smallest radius, which may be automatically produced in
experiments.

As seen in Figure 8D, the stability of the examined armchair
SWCNNTSs can be enhanced by increasing their radii, similar to
the zigzag SWCNNTSs. The armchair (7, 7) SWCNNT is the
first one whose stability is better than that of the g-C,Nj sheet.
The calculated E, of the (7, 7) tube (its average radius is about
9.22 A) is —0.06 €V. Clearly, all armchair SWCNNTSs with n >
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Figure 8. Calculated total strain energies for SWCNNTs: (a) zigzag
(n, 0) (n = 7-10) SWCNNTs, (b) armchair (n, n) (n = 4—10)
SWCNNTs.

7 are more stable than the g-C,Nj; sheet. This fact suggests that
it is possible to successfully synthesize armchair SWCNNTSs
with a relatively large radius, i.e, 1.0 nm, in experiments.

To examine whether these SWCNNTSs are stable and
whether the magnetic state survives at room temperature, we
perform ab initio MD simulations for SWCNNTs. As an
example, the fluctuations in the total energies and snapshots of
the (5, S) SWCNNT structure are given in parts a and b,
respectively, of Figure 9. It is clear that this SWCNNT is quite
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Figure 9. (a) Fluctuations of the total energy as a function of the MD
simulation time for the (5, S) SWCNNT. (b—e) Top and side views of

snapshots at 6.0, 6.5, 7.0, and 8.0 ps of ab initio MD simulation at 300
K, respectively.

stable at room temperature. The essential tube structure is
intact, although a small distortion is found. This can be
understood by the fact that the binding energies of the C—N
and C—C bonds are much larger than the thermal energy
corresponding to the room temperature. This observation is in
contrast to those for C;N, nanotubes.** ™' Due to the presence
of relatively large holes in the g-C;N tubes,>” their structures
obviously distort. Moreover, we find that the magnetic
properties are robust against structural deformation. The
magnetism of the (S5, S) SWCNNT remains with an average
MM of 10 ps.

B DISCUSSION AND CONCLUSION

In general, electronic spin in elements has two z-components
(+1/2 and —1/2), and both are equally probable. Half-metallic
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ferromagnets, defined as fully spin-polarized compounds, are
rare because of their unique electronic structures. In a half-
metallic ferromagnet, there is a band gap at the Fermi level for
the electrons of one spin direction, whereas there are sub-bands
responsible for the metallic character for the electrons of the
opposite spin direction, similar to the calculated results plotted
in Figures lc and 4d. All examined SWCNNTSs do not have
inversion symmetry, which breaks not only their time-reversal
symmetry but also their conjugation symmetry. The ferromag-
netism appearing in these systems may be understood by the
fact that the pair of electrons (occupying a C—N bonding
orbital) is broken up after injection of a hole into g-C,N,
around each substitutional N site. The observed spin-polarized
electronic structures originate from the different numbers of
majority and minority electrons. For the spin-up channel, the
hybridization of 2p orbitals on C and N atoms leads to the
separation of the z-like bonding and antibonding states by a
band gap. For the spin-down electrons, the sub-bands of 2p,
and 2p, orbitals connect with lower 2p, states and are
responsible for the metallic character.

It is well-known that the general gradient approximation
(PBE functional adopted in this work) can be used to obtain
reliable energy results. However, the size of the band gap will be
underestimated. A hybrid functional, ie. Heyd—Scuseria—
Ernzerhof (HSE06),> is commonly expected to perform well
in predicting the accurate band gap and magnetic moment. A
band gap difference between PBE and hybrid functional
methods can be about 1 eV in carbon-based materials.
Therefore, we perform test HSE06 functional calculations by
using the plane-wave basis Vienna ab initio simulation package
(VASP)***° to re-examine the electronic structures of the (7,
0) SWCNNT. Herein, the full potential projected plane wave
framework is used with an energy cutoff of 400 eV, and the
hybrid HSE06 exchange correlation functional is employed. All
atoms are fully relaxed until the force on each individual atom is
less than 0.02 eV/A. The calculated spin-resolved band
structures are plotted in Figure 10. Compared to the results

Figure 10. Spin-resolved band structure of the zigzag (7, 0) SWCNNT
at the HSE06 hybrid functional level.

shown in Figure 5, we find that the HSE06 hybrid functional
predicts similar dispersion curves of valence and conduction
bands, while the position of the conduction bands is obviously
up-shifted. Fortunately, the ground state remains FM, and the
predicted metal-free ferromagnetism survives the choice of
functional.

In conclusion, we perform extensive DFT calculations and ab
initio MD simulations to explore the stability, electronic

structures, and magnetic properties of zigzag, armchair, and
helical SWCNNTSs with small radii. Theoretical results reveal
that all examined SWCNNTSs are stable with ferromagnetic
ground states. All armchair C,N; nanotubes are half-metallic,
the helical SWCNNTSs are BMSs, and the ferromagnetic zigzag
nanotubes can be tuned from semiconductor to half-metal by
increasing their radii. Moreover, we find that each primary
C,N; unit contributes 1.0 iy to the total magnetic moments of
the SWCNNTSs. As a metal-free material, the SWCNNT
potentially offers large spin relaxation times due to small spin—
orbit coupling.'"' Our findings imply that SWCNNTs are
promising candidates for future spintronics devices because of
the predicted robust and tunable metal-free magnetism and

half-metallicity.
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B NOTE ADDED IN PROOF

After submitting this paper, we became aware of a similar
independent work conducted by Hu, Hashmi, and Hong.56 On
the basis of DFT calculation by using the VASP package, they
examined the electronic and optical properties of zigzag and
armchair g-C,N; nanotubes with relatively small diameters.
They found that the properties of zigzag SWCNNTSs show size
dependency and that zigzag (1, 0) tubes with n = 4 and 6 show
an AFM ground state with band gaps while (1, 0) tubes with n
> 7 have FM ground states and display half-metallicity. Note
that, on the basis of our test calculations at the GGA-PBE level,
we find that both ground states of (4, 0) and (6, 0) tubes
should be FM. Moreover, they did not investigate the helical
SWCNNTs.*
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