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This work is performed to study the effect of adsorption of various first row adatoms (such as Be, C, F, Li and
0O) on (8, 0) zigzag boron nitride nanotubes (BNNTSs) on their structural, electronic and magnetic properties.
These calculations are based on density functional theory using pseudopotentials technique. For this purpose,
five different sites namely axial, hexagonal, zigzag, on top of N and/or B (which are the most preferred avail-
able sites for adatoms on (8, 0) BNNTs) were utilized. The energetically stable sites for each of the first-row ada-
toms are found to be different because of their different electronic configurations caused by the charge transfer/
rearrangements between s-p or p-p orbitals. The binding energies of all adatoms on (8, 0) BNNTs have been cal-
culated through structural optimization process after adsorbing these five adatoms at the above said sites on
the BNNTs and are found to be in the energy range from —2.04 to 2.96 eV. It is further elaborated that F, Be
and C adatoms on (8, 0) BNNTs show strong induced magnetization at specific localized sites depending upon
the nature of adatom, whereas weak magnetization is noticed for Li and O adatoms on the BNNTs. Such local-
ized induced magnetization could be associated with the hybridization of s-p or p-p orbitals of adatoms and B

and/or N atoms.
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1. Introduction

Recent years have witnessed great efforts being dedi-
cated on two dimensional (2D) materials as inspired by
the extensive interest and intriguing properties of graph-
ene [1]. It is verified by many researchers and scientists
that graphene sheet possesses covalently bonded honey-
comb lattice which shows high stability and extraordinary
properties [2], such as ambipolar effect, Klein tunneling,
high electron mobility even at room temperature and
anomalous quantum Hall effect [3]. Moreover, theoretical
and experimental calculations on carbon nanotubes
(CNTs) have shown excellent properties that make CNTs
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suitable for many proposed applications in different fields
[3, 4]. The remarkable progress of graphene research has
motivated scientists to explore other 2D materials such as
phosphorene [5-7], MoS, [8] etc. Among these, boron
nitride (BN) sheet has become very popular, because it
shares the same honeycomb lattice structure as graphene.
Using a chemical solution derived method single crystal-
line hexagonal BN and BN monoatomic sheet have
successfully been synthesized [9]. Boron nitride nanotubes
are basically semiconducting with wide band gap [10]
and their electronic properties are independent of the
chirality, tube diameter and of whether a nanotube is
single walled or multiwalled [11]. Doping of various
metallic species is a conventional method which shows
capability to significantly enhance many of the physical
properties of the most materials [12]. Recently adsorption
of 5-fluorouracil molecule (5FU) into Al- and Ga- doped
BNNTs are noticed to be thermodynamically stable.
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Additionally, SFU depicts strong adsorption upon Al-
doped BNNTs [13]. The germanium doped (Ge-doped)
(8, 0) single-walled BNNTSs are proved to be novel sensor
for the detection of toxic pollutant in the atmosphere like
carbon monoxide (CO) and nitric oxide (NO) [14].
Furthermore, doping of carbon (C) atoms into BNNTSs
could noticeably decrease the energy gap [15, 16] and
such decrease is sensitively dependent upon the content of
C atoms. Additionally, the effect of radial deformation on
the bandgap tuning of single-walled (9, 0) and (5,5)
BNNTs have also been investigated by applying a
pressure of 10 GPa making it suitable for various device
applications [17]. Subsequently, Han et al. developed a
simple chemical route to coat BNNTs successfully with a
conductive stannic oxide for possible sensor applications
[18]. Experiments have shown that resistivity of the
fluorinated BNNTs are about one third of that of pure
BNNTs, which suggests that these materials may be
important for applications in the future nanoscale electronic
devices with tunable electrical properties [19]. It is note-
worthy that uniformly doped BNNTs obtained through
chemical modifications could be very effective for tailoring
the electronic properties. Recent studies on the first-row
adatom into different nanotubes like CNTs and SiC show
the induce magnetism [20]. Also, first-row atoms do not
exhibit cluster formation on the nanotube as noticed in the
case of transition metals with high cohesive energy. In
addition, adatoms to the first-row are inexpensive and less
toxic as compared to transition metal-based magnetic
materials. It is the main cause to choose light elements for
magnetism and it has become a hot topic now-a-days
[20]. More recently, Yasuhito Ohta [21] have studied BN
cluster formation through density functional tight-binding

&
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Fig. 1. (Color online) Optimized structure for the most stable
configuration of first-row adatoms (a) on (8, 0) BNNTs; also
illustrating completely the various initial sites of adatom
adsorption chosen for calculations, and (b) (8, 0) zigzag single
wall BNNTs: blue, pink and white colored atoms represent
nitrogen, boron and hydrogen respectively.
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molecular dynamics and Peng Fu ef al. [22] have investi-
gated the hydrogen storage in BN systems.

In present study, BNNTs are adsorbed with various
adatoms in first-row at five different initial sites namely;
Axial B-N bond (AX), Zigzag B-N bond (ZG), Hexa-
gonal site (HS), on top of Boron (B) and on top of
Nitrogen (N) atoms as demonstrated in Fig. 1(a). This
work analyzes the stability of these adatoms and provides
a comprehensive study of magnetic properties of BNNTs
in the presence of these adatoms at different sites on (8,
0) BNNTs. The results have been discussed on the basis
of charge transfer and/or rearrangement due to different
electronic configurations of adatoms and BN nanotubes
and any hybridization between s-p or p-p orbitals of
adatoms and B and/or N atoms.

2. Computational Method

Since many experiments have shown that BNNT prefers
a zigzag orientation during the growth [16], so we focus
our investigations on the zigzag BNNTs in (8, 0) configu-
ration, which contains a total number of 96 atoms. All our
calculations are carried out within the plane-wave density
functional theory (DFT) by using the Vienna ab initio
simulation package (VASP) [23, 24]. The generalized
gradient approximation (GGA) with the Perdew Burke
Emzerhof (PBE) functionals and projector augmented
wave (PAW) potentials are selected in all these calculations
[25-27]. The periodic boundary condition is applied for
BNNTs along the tube axis followed by a vacuum region
of 14 A between various tubes to make sure that there is
no mutual interaction between BNNTs. In order to deter-
mine the equilibrium configuration of BNNTs, all the
atomic coordinates together with supercells were fully
relaxed using conjugate gradient (CG) method and Hellmann
Feynman forces were kept smaller than 0.01 eV/A. The
convergence tests on BNNTs systems were performed for
total energy with respect to the electron wavefunctions by
expanding plane-waves with optimized cut-off energy of
400 eV. The k points were generated with 1 x 1 x5 grid
based on Monkhorst pack (MP) scheme. The smearing
width having value of 0.1 eV was used in DOS plots
calculations to converge the system. In addition, the
binding energy (AE,,) of an adatom on (8, 0) BNNTs can
be obtained using the following equation [22, 28 and 29]:

AE ;= Ei(BNNT + adatom) — £,,(BNNT) — E;,(adatom)
where E(BNNT), FE(adatom) and FE(BNNT +

adatom) are the total energies of BNNT, free isolated
adatom and BNNT + adatom respectively.
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3. Results and Discussion

3.1. Binding energy

To identify the lowest energetic configuration, five
different initial sites were chosen for the incorporation of
first-row adatoms, and binding energies of an adatom on
(8, 0) BNNTs at each of these sites were determined
separately. The results of these calculations are presented
in Table 1. The smallest cell in BNNTs involves a
rectangular unit containing two boron and two nitrogen
atoms and repetition of such cell along the direction of
circumference creates the primitive cell for zigzag BNNTs.
The stable and fully optimized configuration (also illustrating
various initial sites of adatom adsorption chosen for
present DFT calculations) on (8, 0) BNNTs is displayed
in Fig. 1(a), while Fig. 1(b) demonstrates (8, 0) zigzag
configuration of BNNTs after full structural relaxation
and optimization. Binding energies involved in these
calculations due to hydrogen atoms attachments have
been extracted to observe only the effect of adatoms
adsorption.

Table 1. The binding energies and total magnetic moment of
first-row adatoms on (8, 0) BNNTs.

First-row . Magnetic

Adatom Sites ABw (V) moment (43)

AX —-0.02 0.00

B 0.98 -0.01

Li HS 0.98 -0.03

N 0.98 -0.01

7G 0.98 0.03

AX -0.01 0.09

B -2.04 0.00

(0] HS -2.04 0.00

N 2.96 0.00

7G -2.04 0.00

AX 0.96 0.00

B 2.96 0.00

C HS 2.96 0.00

N 1.96 2.02

7G -0.04 0.00

AX 0.98 0.00

B 1.98 0.00

Be HS -1.05 1.93

N 0.98 1.13

7G -2.03 1.79

AX 2.90 0.16

B 1.90 0.16

F HS 2.90 0.53

N -0.10 1.12

7G 2.90 1.13
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For first-row atoms incorporated on the (8, 0) BNNTs,
it is noticed that the most stable sites are different for
different elements as obvious from Table 1. The Li as
first-row adatom energetically prefers to stay at AX site
as compared to all other sites since binding energy at AX
site is negative (the lowest) indicating exothermic nature
of the adsorption process. Similarly, O adatom prefers
almost all chosen sites except on top of N atom, illustrating
strong interaction when incorporated on top of B atom, at
HS and ZG sites, while C adatoms energetically favor to
bind themselves at zigzag sites, however adsorption of C
adatom on top of N atom appears to be magnetically
encouraging phenomenon. On the other hand, Be and F
atoms exhibit strong binding at adsorption sites such as
Be is most stable at ZG and HS sites while F prefers to be
suitable on top of N atoms. It is notable that these
adsorbed atoms on (8, 0) BNNTs possess lower energies.
Oxygen adsorption requires the lowest energy which
might be attributed to a significant transfer of charge from
BNNTs to oxygen atom, whereas the highest binding
energy for an adatom could be related with the structural
deformation, which might occur during the adsorption
process. Moreover, several other contributions such as the
localized nature of occupied/unoccupied states near Fermi
level of BN nanotubes, electronegativity’s of first row
adatoms with respect to neighboring B and N atoms etc.
might also play dominant role in this adsorption process.
As it is known that the electronegativity is responsible for
the direction of charge transfer either from adatom toward
nanotubes or from nanotubes toward adatom [28]. On the
adsorption of an adatom, electrons transfer from an
element of higher chemical potential to that of lower
chemical potentials in order to balance the charge.

3.2. Magnetic properties

Several methods can be employed to study the magnetic
coupling between similar and/or dissimilar atoms. In the
present work we have chosen the same method which has
been successfully employed by Wu et al. [30] in their
research work. Figure 2 shows calculated density of states
(DOS) at the AX site for all the studied adatoms. A deep
observation of this plot depicts that the ferromagnetic
(FM) coupling is detected only in F atoms adsorbed
BNNTs present at AX sites close to B-N atoms. However,
very weak magnetic behavior is noticeable on the
adsorption of Li atoms on BNNTs as clear from Fig. 2. It
is known that the spin-polarization mainly comes from s-
p orbital hybridization of the atoms and so is responsible
for the localized magnetic moments [9]. The interaction
of F electron with those of B and/or N may cause
localized magnetic moments. Moreover F also shows half
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Fig. 2. (Color online) Spin polarized DOS of Be, C, F, Li and
O. Fermi level is set at zero energy.
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metallic characteristics with zero band gap due to shifting
or rearrangement of charge at the Fermi level particularly
the shifting of charge for spin down electrons from
valence toward conduction band as obvious from Fig. 2.
Be adatoms are creating localized impurity states in the
band gap region. There is a clear spin polarization
between DOS of the two spin channels at the Fermi level
of adsorbed atoms on BNNTs, which shows magnetic
behavior due to the majority and minority spin that
crosses the Fermi level [31].

To check the effect of Li adatom on the magnetic
behavior of BNNTs at all possible sites on the nanotubes,
PDOS was calculated. The spin polarized PDOS of
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Fig. 3. (Color online) Spin polarized PDOS of component atoms when Li atom is adsorbed at (a) AX, (b) on top of B, (c¢) HS, (d)

on top of N and (e) ZG sites.
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component atoms when Li atom is adsorbed at various
sites is shown in Fig. 3. It can be clearly seen that none of
the doping sites except ZG are suitable for localized
magnetic behavior in the BNNTs. Li adatoms at all other
sites either create impurity states at the Fermi level and
shift the conduction band minimum toward Fermi level or
generate impurity levels in between the band gap region
due to interaction of electrons in similar or different
orbitals. None of the component elements except N at ZG
site has contribution towards the localized net magnetic
moment caused by the spin polarization of Li 2s' and N
2p* electrons particularly the spin down electrons. Such
behavior results in weak magnetic nature of this system.
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Furthermore, it can be observed that there is a significant
band gap present between valance and conduction bands.

To explore the behavior of O adatom on BNNTs at
various sites, PDOS was calculated and results are shown
in Fig. 4. Although the PDOS of O adsorbed BNNTs is
noticed to be significantly different from that of Li
adatom BNNTs, however the net effect is magnetically
equivalent. Results reveal that for O adatoms the axial
adsorption sites are suitable for localized magnetic behavior
in the BNNTs as some splitting of spin up and down
states is observed for AX sites (Fig. 4a). This might be
caused by the rearrangement of charges in the 2p states in
the axial configuration due to the mutual interaction of
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Fig. 4. (Color online) Spin polarized PDOS of component atoms when O atom is adsorbed at (a) AX, (b) on top of B, (c) HS, (d)

on top of N and (e) ZG sites respectively.
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both B and N with oxygen atom [9, 31]. Due to the
interaction of 2p-electrons of both N and O, there is a
shifting of charge toward conduction band leading some
large peaks close to Fermi level. There is no other element
which contributes towards the net magnetic moment
resulting in non-magnetic nature of BNNTs. However
these elements shift the Fermi level to the valence band
edge and some of them create impurity states close to
conduction band minimum (e.g. when O adatoms was
placed on top of N atom in the BNNTSs). Furthermore
there still exists a large band gap between valance and
conduction bands.

Figure 5 displays resultant spin polarized PDOS illustrating
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the effect of C adatom on the magnetic behavior of
BNNTs when adsorbed at various possible sites on the
nanotubes. It is noticeable from Figs. 3 to 5 that the
PDOS of C adatom on BNNTs is significantly different
from that of O and Li adatoms. There is generation of
sufficient amount of impurity/defect states at or close to
Fermi level due to interaction of electrons of 2p-orbitals
of C with that of B and N for both spins so the valance
band shifts toward the Fermi level. This results in large
PDOS peaks at or close to Fermi level. In addition, it is
observed that when C adatom is adsorbed at top of N
atom, there is a significant splitting of both the spin states
in the case of both B and N atoms demonstrating the
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Fig. 5. (Color online) Spin polarized PDOS of component atoms when C atom is adsorbed at (a) AX, (b) on top of B, (c) HS, (d)

on top of N and (e) ZG sites respectively.
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Fig. 6. (Color online) Spin polarized PDOS of component atoms when Be atom is adsorbed at (a) AX, (b) on top of B, (c) HS, (d)

on top of N and (e) ZG sites respectively.

realignment of magnetic moments at these lattice sites.
Due to the creation of states at or close to Fermi level,
either there is no band gap or it is very small (0.7 eV) as
compared to all other adatoms. Because of a lot of
splitting of spin down states observed at B and N sites in
conduction band, BNNTs depict localized magnetic
behavior.

The spin polarized PDOS of component atoms when Be
adatom is adsorbed at different possible sites is revealed
in Fig. 6. It is seen that the adsorption of Be adatoms on
BNNTs at AX and on top of B site just creates impurity

states close to Fermi level along with shifting of conduc-
tion band minimum close to Fermi level as obvious from
Fig. 6(a, b). However, for all other cases, splitting and
rearrangement of states in the conduction band occurs for
the both spin states and particularly in the spin down
states. Therefore, it can be said that the adsorption of Be
at HS, ZG and on top of N sites on BNNTs are suitable
for induced local magnetic behavior as compared to AX
and on top of B sites that show non-magnetic characteristics.
Due to the shifting of conduction band minimum to the
Fermi level, the calculated band gap is noticed to be 0 eV
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Fig. 7. (Color online) Spin polarized PDOS of component atoms when F atom is adsorbed at (a) AX, (b) on top of B, (c) HS, (d)

on top of N and (e) ZG sites respectively.

and lots of splitting states are observed in case of Be
adsorption at HS, N and ZG sites near the Fermi level and
in the conduction band that confirm the magnetic behavior
of this element. Such change of behavior for Be adatom
on BNNTs can be understood in terms of the mutual
interactions between 2s and 2p orbitals of Be along with
both B and N atoms, which looks to be responsible for
the transfer/rearrangement of charge [31].

The calculated spin polarized PDOS of component
atoms when F adatom is adsorbed at different sites is
portrayed in Fig. 7. This figure clearly demonstrates the
appearance of either weak or strong local magnetic effects
observed at all the studied adsorption sites. So the PDOS

of F adatom on BNNTs are considerably different from
that of Be and all other adatoms. It can be seen from Fig.
7(d, e) that for the F adatom on top of N and at ZG sites
on BNNTs illustrates strong splitting of particularly spin
down states for both B and N atoms so these sites are
more suitable for locally induced magnetic behavior as
compared to all other sites that show weak magnetic
characteristics. The calculated band gap is very small and
lots of splitting states are observed for all adsorption sites
near the Fermi level that confirms the local magnetic
behavior of this element. Such change of behavior for F
adatoms on BNNTs can be explained on the basis of the
mutual interaction between F 2p and 2p orbitals of both B
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and N atoms and more contributions from N atoms, being
responsible for the transfer/rearrangement of charge.

The FM coupling involving strong induced local mag-
netization is observed in case of Be, C and F atoms that
are close to the neighboring atoms of boron and nitrogen
[31]. This coupling is caused by orbital hybridization and
the electrons rearrangements that occur between the
adatoms and BNNTs [30]. In case of F adatoms, an
acceptor level appears near the Fermi level close to the
valence band edge, which is split into spin up and down
states and ensures the local magnetization of the F ad-
sorbed BNNTs. The PDOS indicates that the spin-polari-
zation mainly comes from either p-p or s-p orbitals
hybridization of the adatoms and both B and N atoms
which appear to be responsible for the locally induced
magnetic moments in adsorbed BNNTs [9].

4. Conclusions

Present study elaborates the method of locally inducing
magnetization in non-magnetic BNNTs. For this purpose
we have chosen five first-row adatoms to be adsorbed at
various available sites on the (8, 0) BNNTs. All the
calculations have been done with the help of VASP code
employing GGA approximation and pseudo- potential
technique. On the basis of these calculations several
important conclusions can be made. It is found that for
each adatom all sites have different binding energies and
hence the sites are not equally preferable in terms of
energy and stability of these adatoms. Among all of these
adatoms, C adsorbed on top of N site and Be adatom at
HS, ZG and on top of N sites locally induce significant
magnetic moments in BNNTs due to p-p and s-p orbital
hybridization. However, F adatom induces localized
magnetic moments at all studied sites with ZG and on top
of N sites are magnetically more preferred sites depicting
strong spin polarization due to p-p orbital hybridization.
All of these sites are magnetically favorable for F adatoms
and so F can be considered as the most favorable candi-
date for inducing localized magnetization in BNNTs. Be
can also be considered as good candidate due to its strong
localized magnetic behavior at three of the studied
adsorbing sites. Out of all the adatoms, Li and O show
very low contribution towards the induction of localized
magnetization hence cannot be used for this purpose.
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