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Two different kind of SWCNT functionalized zigzag edge BN nanoribbons with n chains (n-ZBNNRs), namely, (a) B-edge func-
tionalized by (m,m)SWCNT and N-edge modified with H ("ZBNNR-B-(m,m)SWCNTs), (b) the B-edge modified with H and the
N-edge functionalized by (m,m)SWCNT (nZBNNR-N-(m,m)SWCNTs), have been predicted. Amazingly, we find that unlike
the semiconducting and nonmagnetic H-modified n-ZBNNRs, the n”ZBNNR-B-(m,m)SWCNTs are the intrinsic ferromagnetic
metals, regardless of ribbon widths n and tube diameters (m,m). At a given (m,m), its local magnetic moments, at first, exhibit
oscillation with increasing n, whereas when n is larger than 5, they are independent of n. In contrast, unlike the metallic and
nonmagnetic (m,m)SWCNTs, the nZBNNR-N-(m,m)SWCNTs are the ferromagnetic intrinsic spin-semiconductors with direct
band gap, regardless of n and (m,m). Its local magnetic moments and band gaps are independent of n and (m,m). The DFT
calculations reveal that the process of the SWCNT functionalized n-ZBNNRs does not need any activation energy. Moreover, the
formation energies of the SWCNT functionalized n-ZBNNRs are always less than zero. Therefore, the SWCNT functionalized
n-ZBNNRs not only are steady, but also can be spontaneously formed. Furthermore, compared with n-ZBNNRs, the SWCNT
functionalized n-ZBNNRs show significant improvement in the thermal and mechanical stabilities. Thus, (m,m)SWCNT func-
tionalization of n-ZBNNRs may open new routes toward practical nanoelectronic and optoelectronic as well as spintronic devices
based on BNC-based materials.
1 Introduction cently, Tang et al. have studied semiconductor-half-metal tran-
sition in zigzag graphene nanoribbons supported on hybrid
fluorographene-graphane nanoribbons.!® On the other hand,
SWCNTs can be considered to be rolled from graphene, -2
and thus, the geometric structure of a SWCNT can be de-
scribed by its chiral indices (m,l) that define its perime-
ter vector (chiral vector) 7 = (m,l) = md —&—m?, where
d and Z) are the basis vectors of graphene (¢ = b = ag =
2.46 A). The diameter d of the SWCNT is given by d =

(ag/m)vV/m? + 12+ ml (hereafter equivalently are identified by
(m,1), where m > [ > 0). One of the most striking characteris-

In the past few decades, graphene nanoribbons (made by cut-
ting graphene or unzipping carbon nanotubes) and single-
walled carbon nanotubes (SWCNTSs, one dimensional hollow
cylindrical nanostructures) have wined considerable attention
owing to their unique and fascinating properties, =34 One of
the most striking characteristics of graphene nanoribbons is
the sensibility of its properties to the details of the edge shape,
such as, H-passivated armchair edge graphene nanoribbons
possess nonmagnetic semiconducting ground states, while H-

passivated zigzag edge graphene nanoribbons possess mag-
netic semiconducting ground states which each zigzag edge
posses ferromagnetic order, but between the edge magnetic
coupling are antiferromagnetic coupling.! Such edge mag-
netisms originate from its peculiar edge state>™* and pro-
vide a new model for potential applications in spintronics.>~’
Whereas, if the edges are not straight, the edge magnetic
coupling can be different, such as a ferromagnetic coupling,
instead of usual antiferromagnetic coupling.®° In addition,
due to the chemical activity of the graphene nanoribbon
edges, 112 its electronic and magnetic properties can be mod-
ified by the termination and passivation of edges.!*"!7 Re-
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tics of SWCNTs is that its intrinsic electrical property depends
on the chiral indices (m,/), namely when m =1 or m — [ is di-
visible by 3, (m,/)SWCNTs belong to the nonmagnetic met-
als, otherwise it is nonmagnetic semiconducting, except that
the extremely small diameter’s SWCNTs are all metallic. !
Due to its fascinating thermal, mechanical, chemical, and elec-
trical and magnetic properties,?”3* SWCNTs have been ap-
plied to a wide range of scientific and technology fields, such
as, chemical and biological sensors,?3?7 gas’s purification
and adsorption,?? scanning probe microscopy tips,3° as well
as photo electronic devices3!=33 etc.

Extensive and in-depth study of graphene nanoribbons and
SWCNTs also have aroused great research interest in h-BN
nanosheets, BN Nanotube, and especially, BN nanoribbons
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(BNNRs), such as, experimental and theoretical studies have
confirmed that the pristine BNNRs are magnetic metals. 33
Note that both edges of the pristine graphene nanoribbons are
terminated with C. However, both edges of the pristine zigzag
edge BNNRs with n chains (n-ZBNNRs) are terminated with
N and B, respectively, whose are respectively called as the N-
edge and the B-edge. When the pristine n-ZBNNR is modified
by H at the B-edge (n-ZBNNR-BH), it turns into intriguing
half-metallicity.3”= Tt is known that the dangling bonds of
pristine BNNRs are rather active and can be easily passivated.
When the pristine n-ZBNNR is modified by H at both of the N-
edge and B-edge (n-ZBNNR-1H1H, see Fig. 11), it turns into
nonmagnetic semiconductor with indirect wide-band gap ow-
ing to the large ionic nature of N-B bonds. Moreover, as rib-
bon width n increases, the charge transfer from the B-edge to
the N-edge increases. As a result, as n increases, its band gap
decreases monotonically. However, for both N-edge and B-
edge H-passivated armchair edge BNNR with n dimer lines (n-
ABNNR-1HI1H), its band gap is direct band gap, which shows
oscillation behavior as n increases.**#? Similar to graphene
nanoribbons, the electronic and magnetic properties of BN
nanoribbons have been modified by the termination and passi-
vation of edges,***7 the vacancy defects, impurity or molec-
ular doping, 33 strain,>* and hydrogenation,>>~¢ as well as
external electric fields. 407

Recently, the hybrid structures of BNNRs and graphene
nanoribbons have also been proposed,®® % such as the hy-
brid BN-C nanoribbons, 9926466 wwhich is considered as
graphene nanoribbons embedded in BN nanostructures and
vice versa, show rich electronic and magnetic properties. Tang
et al. find that the band gap and edge magnetism of the hy-
brid BN-C nanoribbons can be regulated by the BN/C ratio.%*
Dutta et al. have predicted intrinsic half-metallic hybrid C-
BN nanoribbons.® Tang et al. have observed that in the C
chain-doped half-bare ZBNNRs, as the doping proceeds grad-
ually from the N-edge to the B-edge, without an external elec-
tric field, there are semiconducting — half-metallic — metal-
lic transitions occur.% Du et al. have predicted that via hy-
brid connection between a graphene nanoribbon and a BNNR,
the hybrid C-BN single-walled nanotubes can be produced.>®
They also have found that armchair Cy 5(BN)gs SWNTs be-
long to gapless semiconductors, while zigzag Cys(BN)gs
SWNTs belong to narrow gap semiconductors, independent
of tube diameter.

On the other hand, in order to overcome the question which
a suspending or free-standing graphene nanoribbon is usually
twisted fairly easily (a practical application bottleneck),®’-%% a
hybrid structure, namely n”ZGNR-(m,m)SWCNT, is suggested
by Lou.”®’! He finds that the n”ZGNR-(m,m)SWCNTs be-
long to ferromagnetic spin semiconductors.’? Naturally, one
would ask whether it is possible to form hybridized structure
of the (m,m)SWCNT and n-ZBNRN? Moreover, heretofore,

the edge termination and passivation of n-ZBNRNs are done
via atoms or functional groups,*#7 such as, Wang et al. have
reported that functional group —C,H passivation can signifi-
cantly reduce the BNNRs’s band gaps.*® Krepel et al. have
studied edge oxidation effects on the structural, as well as
electronic and magnetic properties of n-ZBNRNs.* Zeng et
al. have studied edge fluorination effects on electronic struc-
tures and transport properties of BNNRs.*® Lopez-Bezanilla
et al. have revealed that O-passivation and S-passivattion
make n-BNNRs become metallic.*” However, how the edge
passivation, by a (m,m)SWCNT instead of H, O, and S atoms,
influences the thermal and mechanical stabilities, electronic,
and magnetic properties of the pristine n-ZBNNR is not clear.

Motivated by above issues, we systematically investigated
the thermal and mechanical, spin transport, as well as electri-
cal and magnetic properties of the (m,m)SWCNT functional-
ized n-ZBNNR, by using classical molecular dynamic (MD)
simulations, standard spin-polarized density functional theory
(DFT) calculations, as well as the first-principles nonequilib-
rium Green’s function method.

The remainder of this paper is organized as follows. In Sec-
tion 2, we briefly describe computational method details. In
Section 3, we display and discuss the results calculated for
the thermal and mechanical, spin transport, as well as elec-
trical and magnetic properties of the (m,m)SWCNT function-
alized n-ZBNNR, first the issue of the geometric structures,
then band structures, band gaps, magnetic moments, and spin
transport behaviors, as well as the thermal and mechanical sta-
bilities, after that, we discuss these results. We conclude the
paper in Section 4.

2 Computational methods

The DFT calculations, the FET simulation (using the nonequi-
librium Green’s function formalism’3), and the transition
state search (using the nudged elastic band (NEB) method 74),
within a generalized gradient approximation’> were per-
formed by using the version 3.7 of OPENMX code %7, which
is based on norm-conserving Kleinman-Bylander pseudopo-
tentials’® generated with multireference energies and opti-
mized pseudoatomic basis functions 7?89 with a kinetic energy
cutoff of 300 Ry. The cutoff radius of 7 bohrs has been chosen
for all the basis functions, namely, B7.0-s?p'd!,C7.0-s?p?d!,
N7.0-s2p3d!, and H7.0-s'p'. We adopted a supercell geome-
try where the length of a vacuum region along the nonperiodic
direction (x-, y-directions) was 30 A. 1 x 1 x 121 k-point sam-
pling points are adopted in the Brillouin zone integration.®!
The geometries were optimized until the Hellmann-Feynman
forces were less than 10~* Hartree/bohr and the energy was
less than 10~% Hartree.

In order to show the thermal and mechanical stabilities of
the studied systems, the MD simulations were performed by
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using the version 4.0 of GULP code, 84.85 in which the B-H,

N-H, C-C, B-N, C-B, and C-N interactions were described by
87

the generic Dreiding force field parameters.

3 Results and discussion

3.1 Geometric structures

Fig. 1 Geometric structures and spatial distribution of the spin
differences, (a) and (b) for 2ZZBNNR-B-(6,6)SWCNT, whereas (c)
and (d) for 2ZBNNR-N-(6,6)SWCNT. In spatial distribution of the
spin differences, the red and blue surfaces represent the spin-up (1)
and spin-down (J,). The isosurface is 0.03 p,B/A3. Geometric
structures, in (b), the edge B site is marked by edge-B and the
special N site is marked by Ng (purple balls), whereas in (d), the
special B site is marked by B (purple balls) and the edge N site is
marked by edge-N. Where Cy, C1, and C;, marked by the black, red,
and blue respectively, are the special C sites.

It is noted that the both edges of the pristine n-ZBNNR
are respectively terminated with N and B atoms and are
called as the N-edge and the B-edge, respectively. Thus,
the (m,m)SWCNT functionalized n-ZBNNRs have two dif-
ferent kind of forms. They are: (a) B-edge is bonded
with (m,m)SWCNT while N-edge is modified with H
(nZBNNR-B-(m,m)SWCNT)), (b) N-edge is bonded with
(m,m)SWCNT while B-edge is modified with H (nZBNNR-
N-(m,m)SWCNT). For example, the geometric structures of
2ZBNNR-B-(6,6)SWCNT and 2ZBNNR-N-(6,6)SWCNT are
shown in Fig. 1. As shown in Fig. 1(b), in 2ZBNNR-B-
(6,6)SWCNT, each Cy possesses four nearest neighbor atoms,
as a result, the Cy and four nearest neighbor atoms form one
C-B bond and three C-C bonds, namely, two Cy-C; bonds
which bond distance is about 1.47 A, one Cy-C, bond which
bond distance is about 1.57 A, and one Cy-By bond which
bond distance is about 1.61 A, and hence, they belong to
sp>-hybridized. Similarly, in 2ZBNNR-N-(6,6)SWCNT (see
Fig. 1(d)), each Cy possesses four nearest neighbor atoms, as

Energy (eV)

Fig. 2 Band structures, (a) for 2ZBNNR-N-(6,6)SWCNT, and (b)
for 2ZBNNR-B-(6,6)SWCNT. Where the red solid and blue dash
dotted lines denote the spin-up (1) and spin-down ({) bands,
respectively. The Fermi level is set to zero. In (a), the common
conduction band is marked by ”"CB”, whereas the common valence
band is marked by "VB”. A| represents the spin-up channel’s gap,
and A, represents the spin-down channel’s gap.

a result, the Cy and four nearest neighbor atoms form one
C-N bond and three C-C bonds, namely, two Cyp-C; bonds
which bond distance is about 1.50 A, one Cy-C, bond which
bond distance is about 1.55 A, and one Cy-Ny bond which
bond distance is about 1.49 A, and hence, they belong to sp>-
hybridized. It is clear that both 2ZBNNR-B-(6,6)SWCNT
and 2ZBNNR-N-(6,6)SWCNT possess the sp>-hybridized Y-
shape and remaining tube-shape stability structures, which is
the origin of its thermal and mechanical stabilities.

3.2 Band structures

Fig. 2(a) and 2(b) plot the band structures for 2ZBNNR-
B-(6,6)SWCNT and 2ZBNNR-N-(6,6)SWCNT, respectively.
As shown in Fig. 2(a), in 2ZZBNNR-N-(6,6)SWCNT, each
spin channel possesses different band gaps, where A repre-
sents the spin-up channel’s gap and A; represents the spin-
down channel’s gap. Fascinatingly, the common conduction
band (CB) is spin-down channel, whereas the common va-
lence band (VB) is spin-up channel. As a result, a com-
mon band gap (Ag) appears. In addition, from Fig. 1(c)
and 4(b), one can find that each C;, C,, and Ny possesses
relatively large magnetic moments with same spin orienta-
tion, resulting in total magnetic moment of about 1 up per
unit cell. Note that when Ayg = 0, it turns into a spin-gapless
semiconductor. 38 Therefore, the 2ZBNNR-N-(6,6)SWCNT
belongs to ferromagnetic intrinsic spin-semiconductors.”? As
for 2ZBNNR-B-(6,6)SWCNT, from Fig. 2(b), one can find
that the 2ZBNNR-B-(6,6)SWCNT is a metal due to its spin-up
and spin-down channels crossing the Fermi level. Moreover,
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from Fig. 1(a) and 4(a), one can find that each C;, C,, and
By possesses relatively large magnetic moments with same
spin orientation, resulting in total magnetic moment of about
0.56 up per unit cell (see Table 2). Thus, the 2ZBNNR-B-
(6,6)SWCNT is a intrinsic ferromagnetic metal.

0.8 T T T T T T T T T T T T T
07L VT VT V—V——v—v |
<06 i —— spin-down gap (A,)

[ —/—spin-up gap (4,)
03F A—A—A— A A A A A

0.2¢ i
L O O——0 o o 1

0.1 - —O— common gap (4,) ]

00 I I . I . I . I R I . I

2 3 4 5 6 7 8
Width of ribbon (n)

Fig. 3 nZBNNR-N-(6,6)SWCNT’ Ag, A;, and A; as a function of n.

Table 1 Common band gap (Agp), spin-up band gap (A), and
spin-down band gap (A;) in the unit of eV for
8ZBNNR-N-(m, m)SWCNT.

SZBNNR-N-(1,m) Ao Al A
SZBNNR-N-(4.4) 0.146 0.393 1.054
8ZBNNR-N-(6,6) 0.128 0.285 0.717
8ZBNNR-N-(9,9) 0.138 0.199 0.513

3.3 Band gaps

For nZBNNR-N-(6,6)SWCNT, at a given (m,m)=(6,6), Ao, A
and A; as a function of n are shown in Fig. 3. Remarkably,
Ag, A1 and A, are also essentially independent of n, which is
different from that of "”ZGNR-(6,6)SWCNT.® On the other
hand, at a given n = 8, for 8BNNR-N-(m,m)SWCNT, Ag, A
and A, versus the tube diameter (m,m) are filled in Table 1.
It is clear that A; and A; decrease with increasing (m,m),
while Ag change a little. This is because in the n”ZBNNR-N-
(m,m)SWCNT, the orbital composition of its band edge states
are all originated from the atoms of -N-(m,m)SWCNT (see
Fig. 9). However, in the "”ZGNR-(m,m)SWCNT (see Fig. 14),
the orbital composition of its band edge states are originated
from the atoms of -(m,m)SWCNT as well as the edge atoms of
nZGNR, and as a result, its bang gap (Ag, A1 and A;) depends
on n, as well as (m,m).”®

@ ()

0.6 —
1.0
0.5+ 09} Unit cell
— Unit cell .
\3;: E;n 0.8+ ¢
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g g 03 —c
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Fig. 4 Local magnetic moment as a function of n, (a) each Cy, Cy,
C,, B atom, and per unite cell, for "ZBNNR-B-(6,6)SWCNTs; (b)
each Cy, Cy, Cy, Ng atom, and per unite cell, for
nZBNNR-N-(6,6)SWCNTs. Corresponding geometric structures
refer to Fig. 1.

Table 2 The magnetic moments on each Cg, C;, C, and By atom, as
well as per unite cell, in the unit of ug for
8ZBNNR-B-(m, m)SWCNT.

Page 4 of 12

8ZBNNR-B-(m,m) Co C C, By Cell

8ZBNNR-B-(4,4) —0.032 0.267 0.155 0.021 0.636
8ZBNNR-B-(6,6) —0.026 0.250 0.089 0.026 0.554
8ZBNNR-B-(9,9) —0.025 0.252 0.080 0.033 0.543

3.4 Magnetic moments

Fig. 4(a) presents the magnetic moments on each Cy, Cj,
C, and B( atom, as well as per unite cell, for nZBNNR-
B-(6,6)SWCNTs, as a function of n. One can find that
at first the magnetic moments on each Cy, C;, C, and By
atom exhibit oscillation with increasing n, while when n >
6, they are essentially independent of n. However, in con-
trast to nZBNNR-B-(6,6)SWCNTs, the magnetic moments of
nZBNNR-N-(6,6)SWCNTs are essentially independent of n
(Fig. 4(b)). On the other hand, at a given n = 8, for SBNNR-
B-(m,m)SWCNT, the magnetic moments on each Cy, Cy, C;
and By atom, as well as per unite cell versus the tube diame-
ter (m,m) are filled in Table 2. It is clear that the magnetic
moments on each Cy, C;, C, and By atom, as well as per
unite cell are essentially independent of (m,m). In addition,
from Fig. 4 and Table 2, one can find that in both nZBNNR-
B-(m,m)SWCNTs and n”ZBNNR-N-(m, m)SWCNTs, each C
has negative moment, whereas its four neighbors have positive
moment, such as, in nZBNNR-B-(m,m)SWCNTs, the mag-
netic moment of each C-0 is spin-down, but the magnetic mo-
ments of its four neighbors (B, C,, and two C;) are spin-up.
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Fig. 5 Transmission coefficients versus gate voltage (V) under zero
bias, (a) SZBNNR-N-(6,6)SWCNT FET, (b)
5ZBNNR-B-(6,6)SWCNT FET, where Go = ¢2 /h. The other marks
are same as in Fig. 2.

In other words, the magnetic moments between each Cy and
four neighbor atoms adopt antiparallel spin orientation, which
satisfies a design rule.®

3.5 Spin transport behaviors

In order to display spin transport behaviors of (m,m)SWCNT
functionalized n-ZBNNR FET,% we calculate transmission
coefficients versus gate voltage (V,) under zero bias. The
results are shown in Fig. 5(a) and 5(b) for SZBNNR-N-
(6,6)SWCNT FET and 5ZBNNR-B-(6,6)SWCNT FET, re-
spectively. From Fig. 5(a), one can find that when V, = 0,
the spin-up transmission coefficient 7;,, at the Fermi level, as
well as the spin-down transmission coefficient Ty, iS Zero,
resulting in the relative spin polarization { = 0 (defined as
= %%,82’90’91 noting that the two particular values of
€ (=0 and £1) denote the completely unpolarized (CUP) and
fully polarization, (FP) states, respectively). Whereas V, > 0,
around the Fermi level, the spin-up transmission coefficient
T, increases from 0 to 2 Go (Go = &2 /h), but the spin-down
transmission coefficient T4, remains unchanged (0 Gy), re-
sulting in { = 1, namely, the FP current with spin-up goes
through the SZBNNR-N-(6,6)SWCNT FET. When V, <0, on
the other hand, around the Fermi level, the spin-up transmis-
sion coefficient T,,;, remains unchanged (0 Gy), but the spin-
down transmission coefficient Ty, increases from 0 to 2 Gy,
resulting in { = —1, namely, the FP current with spin-down
goes through the SZBNNR-N-(6,6)SWCNT FET.

(a) T7=298K

(b) 7=298K

5ZBNNR-B-(6,6)SWCNT 5ZBNNR-N-(6,6)SWCNT

5-ZBNNR 5-ZBNNR

(¢) T=1000K

(d) T=1000K

5ZBNNR-B-(6,6)SWCNT 5ZBNNR-N-(6,6)SWCNT

‘V 5-ZBNNR 5-ZBNNR
Fig. 6 Typical candid photos at 298 K and 1000 K, respectively, (a)
and (c) for 5ZBNNR-B-(6,6)SWCNT, and (b) an (d) for
SZBNNR-N-(6,6)SWCNT.

Interestingly, in 5ZBNNR-B-(6,6)SWCNT FET, as shown
in Fig. 5(b), when V, = 0, around the Fermi level, the spin-up
transmission coefficient T, as well as the spin-down trans-
mission coefficient Tyoun, i8S 1 Gy, resulting in § = 0, namely,
there is only CUP current through 5SZBNNR-B-(6,6)SWCNT
FET. Whereas V, > 0, around the Fermi level, the spin-up
transmission coefficient T, increases from 1 to 3 Gy, but the
spin-down transmission coefficient 75, remains unchanged
(1 Gy), resulting in { = 0.75, namely, 75% spin-up polariza-
tion current goes through the SZBNNR-B-(6,6)SWCNT FET.
When V, < 0, on the other hand, around the Fermi level,
the spin-up transmission coefficient T;,,, as well as the spin-
down transmission coefficient Tyoun, is 1 Gg, resulting in
¢ = 0, namely, there is only CUP current through 5ZBNNR-
B-(6,6)SWCNT FET.

3.6 Thermal and mechanical stabilities

Fig. 6 shows the results of the MD simulations for 5-ZBNNR,
5ZBNNR-B-(6,6)SWCNT, and 5ZBNNR-N-(6,6)SWCNT,
which were performed in the NVT ensemble, by 10° MD steps
with a time step of 0.5 fs, at 298 and 1000 K, respectively.
It is clear that the 5ZBNNR-N-(6,6)SWCNT, as well as the
57ZBNNR-B-(6,6)SWCNT, does not wrinkle even at 1000 K
(Fig. 6(c) and 6(d)). However, at 298 K the 5-ZBNNR is al-
ready wrinkled (Fig. 6(a) and 6(b)). These results show that
the sp3-hybridized Y-shape and remaining tube-shape stabil-
ity structure commonly used for building construction that the
(m,m)SWCNT functionalized n-ZBNNR entails much greater
flexural rigidity than a n-ZBNNR.
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5ZBNNR-B-(6,6)SWCNT and (b) for formed pristine
5ZBNNR-N-(6,6)SWCNT.

3.7 Synthetic route

Here, a simple two-step synthetic route for the preparation
of (m,m)SWCNT functionalized n-ZBNNRs from n-ZBNNR
and (m,m)SWCNT is presented. Firstly, we synthesize pris-
tine (m,m)SWCNT functionalized n-ZBNNRs, and then the
pristine (m,m)SWCNT functionalized n-ZBNNRs are modi-
fied by H, we get (m,m)SWCNT functionalized n-ZBNNRs.
For example, a pristine SZBNNR-B-(6,6)SWCNT, as well
as a pristine SZBNNR-N-(6,6)SWCNT, can be assembled
through the edge of a pristine 5-ZBNNR vertically absorbed
on the side wall of (6,6)SWCNT. Then, the pristine SZBNNR-
B-(6,6)SWCNT is modified by H, we get 5SZBNNR-B-
(6,6)SWCNT, while the pristine SZBNNR-N-(6,6)SWCNT
is modified by H, we get SZBNNR-N-(6,6)SWCNT. On the
other hand, from Fig. 7(a) and 7(b), one can find that pristine
5-ZBNNR and (6,6)SWCNT formed the pristine SZBNNR-B-
(6,6)SWCNT or the pristine SZBNNR-N-(6,6)SWCNT does
not need any activation energy. Moreover, the formation ener-
gies of pristine SWCNT functionalized n-ZBNNRs are always
less than zero, such as the pristine SZBNNR-B-(6,6)SWCNT
is about —2.32 eV, and the pristine SZBNNR-N-(6,6)SWCNT
is about —1.48 eV. Therefore, the pristine SZBNNR-B-
(6,6)SWCNT and pristine SZBNNR-N-(6,6)SWCNT not only
are steady, but also can be spontaneously formed. In addition,
the conformation of the pristine 5SZBNNR-B-(6,6)SWCNT is
more energetically favorable than the conformation of pristine
the 5ZBNNR-N-(6,6)SWCNT.

Non-spin-polarized

U\
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(b) "Spin-polarized *
. . 3
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> —/HOVB(XW
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4 LUCB(I")

Fig. 8 Nor-spin-polarized structure and spin-polarized band
structure with partial charge densities of the lowest unoccupied
conduction band (LUCB), as well as the highest occupied valence
band (HOVB), near the I" and X points for
5ZBNNR-B-(6,6)SWCNT. (a) Nor-spin-polarized structure with
partial charge densities in the paramagnetic state. A partial-filled
band (PF-B) across the Fermi level is marked by "PF-B”. (b)
Ferromagnetic state’s band structure with partial charge densities.
The isosurface of 0.05 ¢/A3 is adopted. The other marks are same as
in Fig. 2.

3.8 Origin of electronic and magnetic properties

In order to explore the origin of the electronic and magnetic
properties of the SWCNT functionalized BN nanoribbons, for
5ZBNNR-B-(6,6)SWCNT, the nor-spin-polarized band struc-
ture and spin-polarized band structure with corresponding
partial charge densities of the lowest unoccupied conduction
band (LUCB), as well as the highest occupied valence band
(HOVB), near the I" and X points are calculated and are dis-
played in Fig. 8. From Fig. 8(a), one can find that at the
Fermi level, there is a partial-filled band (PF-B). Such PF-B is
the source of the SZBNNR-B-(6,6)SWCNT’s magnetism. °>%4
Note that both N-edge and B-edge of 5-ZBNNR-1HI1H are
modified by H (Fig. 13),”> whereas, in the SZBNNR-B-
(6,6)SWCNT, N-edge is modified by H, but B-edge is func-
tionalized with a (6,6)SWCNT instead of H (B-edge of 5-
ZBNNR-NH through Cp bonding with —(6,6)SWCNT, re-
fer to Fig. 1(b)). Thus, such PF-B is originated from the
special edge shape of 5ZBNNR-B-(6,6)SWCNT. Indeed, as
shown in Fig. 8(a), the PF-B marked by HOVB(X), as well
as marked by LUCB(I'), is contributed mainly by the atom
orbitals of —(6,6)SWCNT which are absent in the 5-ZBNNR-
1H1H. On the other hand, the PF-B corresponds to electron
states localized and makes the system occur spin symme-
try breaking.”>** As shown in Fig. 8(b), now there are two
bands across the Fermi level, namely, (i) the spin-up band
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Fig. 9 Nor-spin-polarized structure and spin-polarized band
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HOVB for the 5ZBNNR-N-(6,6)SWCNT. (a) Nor-spin-polarized
structure with partial charge densities in the paramagnetic state,
where a half-filled flat band is marked by “Half-B”. (b)
Ferromagnetic state’s band structure with partial charge densities.
The other marks are same as in Fig. 8.
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marked with TLUCB(I") and THOVB(X), (ii) the spin-down
band marked with [LUCB(I") and JHOVB(X). As a result, the
magnetism appears in the SZBNNR-B-(6,6)SWCNT. Thus,
the 5ZBNNR-B-(6,6)SWCNT is a ferromagnetic metal.

As for 5ZBNNR-N-(6,6)SWCNT, from Fig. 9(a), one
can find that at the Fermi level there is a half-filled
flat band (Half-B). Such Half-B is the source of the
5ZBNNR-N-(6,6)SWCNT’s magnetism.>°* In contrast to
the case of the 5ZBNNR-B-(6,6)SWCNT, in the case of
the 5ZBNNR-N-(6,6)SWCNT, B-edge is modified by H in-
stead of a (6,6)SWCNT, but N-edge is functionalized with a
(6,6)SWCNT instead of H (N-edge of 5-ZBNNR-BH through
Cp bonding with —(6,6)SWCNT, refer to Fig. 1(d)). Indeed,
as shown in Fig. 9(a), the calculated partial charge densi-
ties of the LUCB(I') and HOVB(X) show that the Half-B is
contributed mainly by the atom orbitals of —(6,6)SWCNT
which are absent in the 5-ZBNNR-1H1H. On the other hand,
such Half-B corresponds to electron states localized and
makes the system occur spin symmetry breaking. °>%* Indeed,
as shown in Fig. 9(b), near the Fermi level there are two
bands to appear, namely, (i) the spin-up band marked with
”VB”, (ii) the spin-down band marked with ”CB”. Thus, the
5ZBNNR-N-(6,6)SWCNT belongs to ferromagnetic intrinsic
spin-semiconductors.

3.9 Understanding of ferromagnetism

The ferromagnetic properties of n”ZBNNR-B-(m, m)SWCNTs
and nZBNNR-N-(m,m)SWCNTs can be better to understand

(a) 5ZBNR-B-(6,6)SWCNT

Q Q
lolp= o= OP=

Ny ¢
edge-B (d) 5zBNR-BH

SRS

Fig. 10 Spatial distribution of the spin differences: (a)
5ZBNNR-B-(6,6)SWNT, (b) Each edge-N atom of 5-ZBNNR is
passivated with H atom (5-ZBNNR-NH), (c)
5ZBNNR-N-(6,6)SWNT, and (d) 5-ZBNNR-BH. ”X” and ”Y” mark
different sublattice, namely, X-sublattice, Y-sublattice. The other
marks are same as in Fig. 1, except that the isosurface is 0.015
us/A3, instead of 0.03 pp/A3, for spin-down ({).

by using a design rule.® For example, the S5ZBNNR-N-
(6,6)SWCNT can be viewed as a BNNR coupled with a
graphene nanoribbon shown in Fig. 10(c). On the left, there
is a 5-ZBNNR-BH, which one edge is on the X-sublattice (H-
passivated edge-B atom shown in Fig. 10(c)) and the other
edge is on Y-sublattice (N atom shown in Fig. 10(c)). The
two edges must be antiferromagnetic coupled, according to
the design rule. However, because the local spin moment on
the edge-B (belong to X-sublattice) is completely destroyed
due to each edge-B atom H passivation, the 5-ZBNNR-BH
displays ferromagnetic, which is shown in Fig. 10(d). On the
other hand, on the right, because the -(6,6)SWCNT connected
with the 5-ZBNNR-BH via Cy, each Cy has sp® hybridiza-
tion with four nearest neighbor atoms (Np, C, and two C;
atoms, refer to Fig. 1(d)). Assume that each Cy is removed,
the -(6,6)SWCNT that Cy atoms have been removed can be
viewed as curved graphene nanoribbon, except that two edges
belong to the same Y-sublattice (C; and C; atoms). Accord-
ing to the design rule, the curved graphene nanoribbon’s two
edges should be ferromagnetic coupled. Therefore, on the left,
there is a flat ferromagnetic BNNR (5-ZBNNR-BH), and on
the right, there is a ferromagnetic curved graphene nanoribbon
(broken -(6,6)SWCNT). Note that the orientation of magnetic
moment of Cy atom should be different from that of its four
neighbors (Ng, C;, and two C; atoms). Thus, between the 5-
ZBNNR-BH and curved graphene nanoribbon should be a fer-
romagnetic coupling shown in Fig. 10(c). Hence, 5ZBNNR-
N-(6,6)SWCNT possesses a ferromagnetic ground state.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-12 |7



Physical Chemistry Chemical Physics

Spin up

Q @ O=<§ ] X\&JJC :ch:d/o =Qo

T LUCB(X)

T LU(,B(I')

Energy (V)
o - n

C ] \W \ﬂ:;d.f =<a\c:s=<f 29\7%

T HOVB(I)

1T HOVB(X)
Spin down

=

:Q\O ! :QLC%‘? g 4z\o =JC ﬂo =6’C ?j

L o/ w s oo

L LUCB(T) \? /' L LUCB(X)
< O P - AW .
o< < B3 od odl (YD
L HOVB(T) aF 4 HOVB(X)

Fig. 11 The band structures of the 5-ZBNNR-BH in the
ferromagnetic state with partial charge densities of the LUCB, as
well as HOVB. The other marks are same as in Fig. 8.

In addition, comparing the spatial distribution of the
spin differences between 5SZBNNR-N-(6,6)SWCNT and 5-
ZBNNR-BH (bare N-edge), namely comparing Fig. 10(d)
with Fig. 10(c), one can find that after N-edge of 5-ZBNNR-
BH bonded by a (6,6)SWNT, its magnetic properties occur
to obviously change. Indeed, in pristine 5-ZBNNR-BH, each
edge-N atom possesses a magnetic moment of 0.954 ug.
While in SZBNNR-N-(6,6)SWCNT, each edge-N atom (N-
0 atom) possesses only a magnetic moment of 0.05 up (see
Fig. 4(b)). In order to find out the reason of magnetic prop-
erty change, for the 5-ZBNNR-BH, the ferromagnetic state’s
band structure and with corresponding partial charge densi-
ties of the LUCB, as well as HOVB, at the I" and X points
are calculated and are displayed in Fig. 11. One can find
that fHOVB(), JLUCB(I"), and {HOVB(X) correspond to a
dangling-bond state at the N-edge and are strongly affected by
the passivation. In contrast, THOVB(X) and |LUCB(X) cor-
respond to the usual lone-pair state of a threefold coordinated
nitrogen and are hardly affected by the passivation. Indeed,
from Fig. 9, one can find that the original dangling bond states
of 5-ZBNNR-BH have been removed by (6,6)SWCNT passi-
vation, which is similar to H passivation. On the other hand,
in contrast to the H passivation, where the H passivation de-
stroys the local spin moment on the edge-N atom completely
(see Fig. 13), the (6,6)SWCNT passivation reduces the local
spin moment of each edge-N atom from 0.954 to 0.05 up.

Similarly, 5SZBNNR-B-(6,6)SWCNT can be viewed as a
BNNR coupled with a graphene nanoribbon. On the left, there
is a 5-ZBNNR-NH, which one edge is on the X-sublattice (H-
passivated edge-N atom shown in Fig. 10(a)) and the other
edge is on Y-sublattice (By atom). According to the design
rule, ® the two edges must be antiferromagnetic coupled. How-

Spin up

5
(:): \39\30% ‘\[ UJHC JHC
1 LUCB(T) <, \/AT LUCB(X)
50
_ 51/\
) P - .7 =1 >
s &0 o= j/ %J#HOJ(\TQ\O
T HOVB(T) 5L T HOVB(X)
Spipdown

p
(ev)
S o s o
\ i
i

" L LUCH( r

% 4)* )4)*‘ ‘_‘_/::;.E_;;\ Wy ﬂHJ?%

J HOVB(TI') 5k Ao 4 HOVB( X)

Energy

mm_o

&

Fig. 12 The spin-polarized band structures of the 5-ZBNNR-NH in
the ferromagnetic state with partial charge densities of the LUCB, as
well as HOVB. The other marks are same as in Fig. 8.

ever, because the local spin moment on the edge-N (belong to
X-sublattice) is completely destroyed by each edge-N atom
H passivation, the 5-ZBNNR-NH displays ferromagnetic, as
shown in Fig. 10(b). On the other hand, on the right, be-
cause the -(6,6)SWCNT connected with the 5-ZBNNR-NH
via Cp, each Cy has sp> hybridization with four nearest neigh-
bor atoms (Bg, C, and two C; atoms, refer to Fig. 1(b)). As-
sume that each Cy is removed, the -(6,6)SWCNT that Cy have
been removed can be viewed as curved graphene nanorib-
bon, except that two edges belong to the same Y-sublattice
(C and C, atoms). According to the design rule, the curved
graphene nanoribbon’s two edges should be ferromagnetic
coupled. Therefore, on the left, there is a flat ferromagnetic
BNNR (5-ZBNNR-NH), and on the right, there is a ferromag-
netic curved graphene nanoribbon (broken -(6,6)SWCNT).
Note that the orientation of magnetic moment of Cy atoms
should be different from that of its four neighbors (Bg, C,, and
two C; atoms). Thus, between the 5-ZBNNR-NH and curved
graphene nanoribbon should be a ferromagnetic coupling, as
shown in Fig. 10(a). Hence, 5ZBNNR-B-(6,6)SWCNT pos-
sesses a ferromagnetic ground state.

In addition, by comparing Fig. 10(a) with Fig. 10(b),
one can find that after B-edge of 5-ZBNNR-NH bonded
by a (6,6)SWNT, obviously its magnetic properties occur to
change. Indeed, in 5-ZBNNR-NH, each edge-B atom pos-
sesses a magnetic moment of 1.014 pp. While in 5ZBNNR-
B-(6,6)SWCNT, each edge-B atom (B atom) possesses only
a magnetic moment of 0.025 up (see Fig. 4(a)). This is due
to that the original dangling bond states of the 5-ZBNNR-
NH have been removed by (6,6)SWCNT passivation. Indeed,
from Fig. 12, one can find the THOVB(I'), THOVB(X), and
JLUCB(I'), which correspond to a dangling-bond state at the
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Fig. 13 The band structure of 5-~ZBNNR-1H1H, and partial charge
densities of the LUCB, as well as HOVB, at the I" and X points. The
other marks are same as in Fig. 8.

B-edge. While in Fig. 8, the corresponding dangling-bond
state is completely removed by the (6,6)SWCNT passivation.
Meanwhile, the (6,60)SWCNT passivation reduces the local
spin moment of each edge-B atom from 1.014 to 0.025 ugp.

3.10 Differences between SWCNT and H passivations

In order to further study the differences between (6,6)SWCNT
and H passivations, the band structure with partial charge
densities of the LUCB, as well as HOVB, at the I" and X
points of the 5-ZBNNR-1H1H are calculated and are shown
in Fig. 13. By comparing Fig. 11 with Fig. 13, one can find
that after each edge-N atom of 5-ZBNNR-BH is bonded by
H, that |LUCB(X) and THOVB(X) correspond to the edge
state localized at edge-N atoms is still remained as shown in
Fig. 13 (HOVB(X)), while that fHOVB(I"), JLUCB(I’), and
JHOVB(X) correspond to the dangling-bond state at the N-
edge is completely removed. Meanwhile, the local spin mo-
ment on each edge-N atom vanishes. By comparing Fig. 13
with Fig. 12, we find that after each edge-B atom of 5-
ZBNNR-BH is modified by H, that TLUCB(X) corresponds
to the edge state localized on edge-B atoms is still remained
as shown in Fig. 13 (LUCB(X)), while that fHOVB(I") and
THOVB(X), as well as JLUCB(I') correspond to the dangling-
bond state at the B-edge is completely removed. Meanwhile,
the local spin moment at each edge-B atom vanishes.

Noted that both ”ZGNR-(m,m)SWCNT and nZBNNR-N-
(m,m)SWCNT %71 are intrinsic spin semiconductors. There-
for, it is interesting to compare the electronic and magnetic
properties between nZBNNR-N-(m,m)SWCNT and nZGNR-
(m,m)SWCNT. Fig. 14 shows band structures with spatial
distribution of the spin differences, and partial charge den-
sities of the LUCB, as well as HOVB, at the I' and X
points for SZGNR-(6,6)SWCNT. By comparing Fig. 9 with
Fig. 14, one can find that both SZBNNR-N-(6,6)SWCNT and
5ZGNR-(6,6)SWCNT have very similar band structures, ex-
cept that for spin up channel, the band gap of SZBNNR-N-

Non-spin-polarized

Half-B

;/\ A
S -

Fig. 14 Band structures with spatial distribution of the spin
differences, and corresponding partial charge densities of the
LUCB, as well as HOVB, for 5ZGNR-(6,6)SWCNT. (a)
Nor-spin-polarized structure with corresponding partial charge
densities in the paramagnetic state, where a half-filled flat band is
marked with “Half-B”. (b) ferromagnetic state’s band structure with
corresponding partial charge densities, and (c) spatial distribution of
the spin difference. The other marks are same as in Fig. 8.

(6,6)SWCNT is direct, whereas, the band gap of 5ZGNR-
(6,6)SWCNT is indirect. However, by comparing Fig. 10(c)
with Fig. 14(c), one can find that there are obviously differ-
ences in their local magnetic moment distributions, such as
in 5ZBNNR-N-(6,6)SWCNT, each C;, C,, and Ny has a rel-
atively large local magnetic moment (Fig. 10(c)), whereas in
5ZGNR-(6,6)SWCNT, in addition to C; and C,, each edge-
C by H passivation also has a relatively large local mag-
netic moment (Fig. 14(c)). This is due to that in SZGNR-
(6,6)SWCNT, the edge state localizes at edge-C atoms with
H passivation (HOVB(X), THOVB(X), and |LUCB(X), as
shown in Fig. 14(a-b)) and leads corresponding local spin
moment on the edge-C atoms with H passivation. However,
in 5ZBNNR-N-(6,6)SWCNT, the edge state localizes at Ny
atom (belong to original 5-ZBNNR-BH) and C, atom (be-
long to original (6,6)SWCNT) (HOVB(X), THOVB(X), and
JLUCB(X), as shown in Fig. 9(a-b)) and leads corresponding
local spin moment on the Ny and C, atoms.

3.11 Understanding of band gap change

From Fig. 9(b), one can find that both "CB” and "VB”
of 5ZBNNR-N-(6,6)SWCNT are all originated from the
atom orbitals of -N-(6,6)SWCNT. However, in 5ZGNR-
(6,6)SWCNT (see Fig. 14(b)), near at I" point, its "CB” and
”VB” are originated from the atom orbitals of -(6,6)SWCNT,
but near at X point, its ’"CB” and ”VB” are originated from the
atom orbitals of the edge-B atom. This is reason that the band

This journal is © The Royal Society of Chemistry [year]
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gap change of nZBNNR-N-(m,m)SWCNT is different from
that of n”ZGNR-(m,m)SWCNT. In order to further verify this
conclusion, we calculate total density of states and the LDOS
of the edge atoms and C; atom for 5ZBNNR-N-(6,6)SWCNT
and 5ZGNR-(6,6)SWCNT systems, respectively. The results
are shown in Fig. 15. Indeed, by comparing Fig. 15(a) with
Fig. 15(b) and Fig. 15(c), one can find that in SZBNNR-
N-(6,6)SWCNT, the band edge states are contributed by the
C; atom of (m,m)SWCNT (Fig. 15(b)), whereas the edge-B
atom of 5ZBNNR only contributes to the hight energy band
state (Fig. 15(c)). As a result, the bang gap of nZBNNR-
N-(m,m)SWCNT changes with (m,m), but is independent of
n. However, by comparing Fig. 15(d) with Fig. 15(e) and
Fig. 15(f), one can find that in 5ZGNR-(6,6)SWCNT, the
band edge states are contributed not only by the C; atom of
(m,m)SWCNT (Fig. 15(e)), but also by the edge-C atom of
5ZGNR (Fig. 15(f)). As a result, the bang gap of nZGNR-
(m,m)SWCNT depends on both n and (m, m).”°

4 Conclusion

Based upon MD simulations, DFT calculations, as well as
the first-principles nonequilibrium Green’s function method,
we have been predicted the (m,m)SWCNT functional-
ized n-ZBNNRs, namely, nZBNNR-B-(m,m)SWCNTs and
nZBNNR-N-(m,m)SWCNTs. The DFT calculations reveal
that there is no any activation barrier in the processes
of pristine nZBNNR-B-(m,m)SWCNTs and nZBNNR-N-
(m,m)SWCNTs formed. Moreover, the formation energies of

pristine SWCNT functionalized n-ZBNNRs are always less
than zero, such as the pristine SZBNNR-B-(6,6)SWCNT is
about —2.32 eV, and the pristine 5ZBNNR-N-(6,6)SWCNT
is about —1.48 eV. Therefore, they not only are steady, but
also can be spontaneously formed. Amazingly, regardless
of n and (m,m), the nZBNNR-B-(m,m)SWCNTSs belong to
the intrinsic ferromagnetic metals, whereas the n”ZBNNR-N-
(m,m)SWCNTs belong to the ferromagnetic intrinsic spin-
semiconductors in which completely spin-polarized currents
can be created and manipulated only just by applying a gate
voltage. These unique electronic and magnetic properties are
originated from the special edge shape of —(m,m)SWCNT,
which have potential applications in nanoelectronics and spin-
tronics.
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