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Stable geometries, electronic structures, and magnetic properties of (8,0) and (4,4) single-walled BN

nanotubes (BNNTSs) doped with rare-earth (RE) atoms are investigated using the first-principles

pseudopotential plane wave method with density functional theory (DFT). The results show that
these RE atoms can be effectively doped in BNNTs with favorable energies. Because of the curvature

effect, the values of binding energy for RE-atom—doped (4,4) BNNTSs are larger than those of the
same atoms on (8,0) BNNTSs. Electron transfer between RE-5d, 6s, and B-2p, N-2p orbitals was also
observed. Furthermore, electronic structures and magnetic properties of BNNTs can be modified

by such doping. The results show that the adsorption of Ce, Pm, Sm, and Eu atoms can induce
magnetization, while no magnetism is observed when BNNTs are doped with La. These results are

useful for spintronics applications and for developing magnetic nanostructures.
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1 Introduction

Since its discovery by Iiyima, carbon nanotubes (CNT's)
have attracted a great deal of attention because of
their interesting optical, electronic, superconducting,
and magnetic properties [1-3]. Boron nitride nanotube
(BNNT) is an important lightweight nanotube. Unlike
CNTs, BNNTSs are semiconductors with a large band
gap of 4.0-5.8 eV, and are almost independent of tube
chirality and morphology [4]. Moreover, they possess ex-
cellent mechanic properties, high thermal stability, high
thermal conductivity, and outstanding chemical inert-
ness, and hence, they have been extensively investigated
in recent years [5-9].

Functionalization is an efficient approach to tune the
physical properties of materials through various meth-
ods, such as chemical bonding, doping, defect, and ad-
sorption. Many studies have investigated the adsorption
of transition-metal (TM) atoms on the surface of single-
walled carbon nanotubes (SWCNTSs) or SWCNT bun-
dles. SWCNTSs have applications in many fields [10-16].

Zhou et al. [17] have shown that when the concentra-
tion of defects is increased in SWCNTSs, their band gaps
decrease. It has been recently shown that the electronic
structures and magnetic properties of the ZnO mono-
layer can be modified by TM doping [18]. The function-
alized BNNTs have many applications. The adsorption
of transition metals on the (8,0) boron nitride nanotube
has been investigated, and it has been shown that the
adsorption of TM atoms can change the electronic and
magnetic properties of pure BNNTSs by introducting im-
purity states [19]. Wang et al. [20] investigated the elec-
tronic structure and optical property of 3d TM-doped
(5,5) BNNTs. They showed that doping systems are ideal
candidates for spintronics or diluted magnetic semicon-
ductor materials. C-doped BNNTs have been success-
fully synthesized and it has been predicted that their
electronic structure can be tuned [21-25]. In addition,
doped systems of BNNTs have been shown to possess
promising potential for gas-storage media. The adsorp-
tion of Hg, NO, Ngo, 02, CO, COQ, CQH4, CQHQ, HQO,
NHs, and other small molecules onto BNNTs and doped
BNNTs has been studied with the help of density func-
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tional theory [26-30].

However, to our knowledge, the adsorption of rare-
earth (RE) atoms on BNNTS has been rarely studied. In
this work, we performed a comprehensive first-principles
study on RE atom adsorption on single-walled (8,0) and
(4,4) BNNTSs. The rest of the paper is organized as fol-
lows. The computational method details are given in Sec-
tion 2. In Section 3, we discuss RE atom adsorption on
BNNTSs, and also discuss their adsorption energies, bond
lengths, bond angles, Mulliken charge, and magnetic mo-
ments. The electronic structure, spin charge density, and
density of state (DOS) of the functional systems are an-
alyzed in detail for each case. The results demonstrate
that BNNTs can be magnetized by doping with certain
RE atoms.

2 Method

All calculations were carried out by using the DMol?
program [31, 32] based on the density functional theory.
The generalized gradient approximation (GGA) with the
Perdew, Burke, and Ernzerhof (PBE) functional was em-
ployed to describe the exchange and correlation terms.
DFT calculations with GGA treat the nonlocality of
exchange-correlation better than local density approxi-
mation (LDA) [33, 34]. The DFT semicore pseudopoten-
tial (DSPP) was performed to determine the relativis-
tic effect, which replaces core electrons as a single effec-
tive potential [35]; a double numerical plus d-function
(DND) was selected. Structural optimizations were ob-
tained without any symmetry constraints by using a con-
vergence tolerance of energy of 1.0x10~° Ha, a maximum
force of 0.002 Ha/A, and a maximum displacement of
0.005 A. The orbital cutoff was set to be global with a
value of 4.5 A, and smearing was 0.005 Ha.

The binding energy was calculated by the following

formula:
E, = E(BNNT) + E(RE) — E(RE_.BNNT)

where E(RE_BNNT) is the spin-polarized total energy
of the optimized configuration of RE-doped BNNTSs,
E(RE) is the energy of an isolated RE atom, and
E(BNNT) is the energy of pure BNNTSs.

3 Results discussion

First, pure armchair (8,0) and zigzag (4,4) BNNTs were
fully optimized and their electronic band structures were
calculated by considering spin polarization. Before inves-
tigating the adsorption of RE atoms on the BNNTSs, pure
armchair (8,0) and zigzag (4,4) BNNTs were obtained,
and their spin-polarized electronic band structures were
determined (Fig. 1). The symmetry between majority
spin and minority spin states was investigated by band
structure analysis, and it was found that pure (8,0) and
(4,4) BNNTSs have no magnetism. To conduct a suitable
comparison of adatom adsorption on BNNTSs, it is im-
portant to determine the conditions required for ener-
getically favorable adsorption of RE atoms. For this, we
considered the following five possible different initial sites
to adsorb RE atoms: (i) top of the B atom (B site); (ii)
top of the N atom (N site); (iii) the hexagon center (H
site); (iv) armchair direction (BA site); and (v) zigzag
direction (BZ site) [Fig. 1(a)]. After full structural opti-
mization, all RE atoms are found to locate on the top
of the H site, regardless of the initial location of the RE
atoms. The tube structures changed slightly on RE-atom
doping.

Based on the optimization structures, we calculated
the average distance of the RE atom to the six nearest B
and N atoms to determine the binding energy, magnetic
moment, and Mulliken charge. As shown in Table 1, Sm
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Fig. 1 (a) five different adsorption sites of BNNTSs, including (i) the on-top of the B atom (B site); (ii) the on-top of the
N atom (N site); (iii) the centre of the hexagon (H site); (iv) the armchair direction (BA site); (v) the zigzag direction (BZ
site), the electronic band structure of (b) pure (8,0) BNNT and (c) pure (4,4) BNNT. The Fermi level is set to zero.
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Table 1 Summary of results for RE metal atoms adsorbed on the (8,0) and (4,4) BN nanotubes. The average distance (A) of adatom
to six nearest B and N atoms, binding energies (e€V), the magnetic moments of the RE impurities prg (#p), RE-doped BNNT system
magnetic moment purg-sNNT (4B) per supercell and Mulliken charge (a.u.) of RE atoms are listed, respectively.

System Dag-N Dag-B Ey, HRE HRE-BNNT Charge
La-(8,0)BNNT 2.810 2.841 1.087 0 0 0.248
Ce-(8,0)BNNT 2.773 2.810 2.155 2.163 2.080 0.427
Pm-(8,0)BNNT 2.895 2.965 1.494 5.968 6.173 0.193
Sm-(8,0)BNNT 2.906 2.981 6.608 7.284 7.723 0.292
Eu-(8,0)BNNT 2.944 3.022 0.495 8.270 8.837 0.286
La-(4,4)BNNT 2.729 2.734 5.663 0 0 0.327
Ce-(4,4)BNNT 2.809 2.820 6.657 -1.906 -1.961 0.503
Pm-(4,4)BNNT 2.869 2.925 5.846 6.341 7.017 0.105
Sm-(4,4)BNNT 2.855 2.919 10.437 -7.019 —7.338 0.292
Eu-(4,4)BNNT 2.913 2.974 4.852 8.319 8.887 0.253

is the most favorable dopant for both (8,0) and (4,4)
BNNTSs with binding energies of 6.608 and 10.437 eV, re-
spectively, which are the largest values. In contrast, the
adsorption energy of Eu is the smallest for both (8,0)
and (4,4) BNNTs. However, positive binding energies of
all configurations indicate that the chemical adsorption
process is exothermic. Thus, it can be concluded that the
values of binding energies are suitable enough to dope
both (8,0) and (4,4) BNNTs. After adsorption on (8,0)
BNNTSs, however, the binding energy of an individual
RE atom becomes lower than that observed with (4,4)
BNNTSs. This trend can be explained by the curvature
effect [36]. The average B-RE (RE = La, Ce, Pm, Sm,
and Eu) bond lengths range from 2.773 to 2.944 A, while
the N-RE bond lengths range from 2.734 to 3.022 A.
An important aspect of RE-doped BNNTSs is their mag-
netic behavior. The magnetic moments are also listed in
Table 1. These results show that no magnetism is ob-
served when La atom is adsorbed on the BNNTs. This
phenomenon can also be observed for La adsorption on
SWCNTs [36]. In this study, the local magnetic moments
for Ce, Pm, Sm, and Eu are 2.163, 5.968, 7.284, and 8.270
ug, respectively, for adsorption on (8,0) BNNTSs, and are
-1.960, 6.341, -7.019, and 8.319 up, respectively, for ad-
sorption on (4,4) BNNTs. The nearest-neighbor B and
N atoms of RE atoms make only a small contribution
to the total magnetic moments. Analysis of spin charge
density distribution of Ce, Pm, Sm, and Eu shows that
the magnetism is mainly contributed by the RE atoms
(in Fig. 3). This indicates that most of the spin density
is localized around the RE adatom. The magnetic mo-
ments of adtoms are predominantly contributed by the
polarized 5d6s electrons and the localized 4 f electrons.
Mulliken charge analysis of the single RE atom adsorbed
on BNNTs shows that metal atoms donate electrons to
the neighboring B and N atoms of the BNNTs (Table
1). Upon metal doping, most of the 6s electrons of La

Juan Ren, et al., Front. Phys. 11(2), 118101 (2016)

transfer to neighboring B-2p and N-2p orbitals, whereas
4f electrons of Ce, Pm, Sm, and Eu remain in the or-
bital. This phenomenon may explain why the magnetic
moment of Ce, Pm, Sm, and Eu is maintained but that
of La becomes zero. Based on these results, we surmise
that the magnetic moments of the RE-adsorption BNNT
systems should originate from the doped RE impurities,
because the ground state of pure BNNTSs is nonmagnetic.

Figure 2 shows that comparison of spin-polarized band
structures of doped-BNNTs with that of pure BNNTSs.
For pure (8,0) BNNTSs, both the valence band maxi-
mum (VBM) and the conduction band minimum (CBM)
are located at the I' symmetry point with a gap (I'—-
I') of 3.788 €V and an indirect gap (I'-Z) of 4.062 eV
for the (4,4) BNNTs. We observed that the majority
(spin-up) and minority (spin-down) band structures of
La-adsorption BNNTSs are identical, with zero magnetic
moment for La atom. In La-doped (8,0) BNNTSs, a small
energy gap (0.864 eV) is present just near the Fermi en-
ergy level. A comparison of the bands of La-doped (4,4)
BNNTSs with those of bare (4,4) BNNTs shows that the
valence band of La lies near the Fermi level and the en-
ergy gap decreases to 0.573 eV. In the case of Ce-doped
(8,0) BNNT, the majority spin state is semimetallic with
an energy gap of 0.058 eV and the minority spin state
is semiconducting with an energy gap of 0.919 eV. How-
ever, the situation is different for Ce adsorption on (4,4)
BNNTSs, where both the spin-up and spin-down states
are semiconducting with energy gaps of 0.718 and 0.233
eV, respectively. The Pm-doped (8,0) BNNT is a semi-
conductor with a direct band gap of 0.121 eV for the
spin-up channel and of 3.392 eV for the spin-down chan-
nel. In the case of Pm-doped (4,4) BNNT, the spin-up
and spin-down band gaps are 0.804 and 4.097 eV, re-
spectively. The Sm-doped (8,0) BNNT is a semiconduc-
tor with a direct band gap of 0.528 eV for the spin-up
channel and that of 3.615 eV for the spin-down channel.
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Fig. 2 Band structures of RE (RE=La, Ce, Pm, Sm, and Eu) doped (8,0) and (4,4) BNNTS, respectively. The horizontal
dotted line represents the Fermi energy level.

Pm-doped (8,0) BNNT
(cy)

Sm-doped (8.0) BNNT

" Ce-doped (4.4) BNNT ~ Pm-doped (44) BNNT  Sm-doped (4.4) BNNT ~ Fu-doped (4.4) BNNT

Fig. 3 The spin charge density distribution of RE-(RE=Ce, Pm, Sm, and Eu) doped (a;—di1) BNNTSs (isovalues=0.05

e/A) and (az—d2) BNNTSs (isovalues=0.03 e/A), respectively. The red and green colors represent positive (spin-up) and
negative (spin-down) values, respectively.
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Fig. 4 The local density of states (LDOS) of RE (RE= La, Ce, Pm, Sm, and Eu) atoms doped on (8,0) and (4,4) BNNTSs,
colored lines represent up-spin and down-spin, respectively. The Fermi level is set zero energy and indicated by the vertical
dashed lines.
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In the case of Sm-doped (4,4) BNNT, the spin-up and
spin-down band gaps are 3.861 and 0.262 eV, respec-
tively. In the Eu-doped (8,0) BNNT, both the majority
and minority spin states are semiconducting with band
gaps of 0.640 and 3.611 eV, respectively. In the case of
Eu-doped (4,4) BNNT, the spin-up and spin-down band
gaps are 0.731 and 4.078 eV, respectively.

To further evaluate the electron distribution using the
energy of the doped RE atoms and the spin-up and
spin-down states, we present the local density of states
(LDOS) of the RE atoms for all configurations (Fig. 4).
The Fermi level is set to zero and is indicated by the ver-
tical dashed lines. As shown in Figs. 4(a;) and (ag), for
the La-doped (8,0) and (4,4) BNNTSs, both the spin-up
and spin-down DOSs of La are completely symmetrical,
indicating the nonmagnetic state of the systems. It can
also be seen that the Ce-, Pm-, Sm-, and Eu-doped BN-
NTs are magnetic, because there is a clear spin polariza-
tion between the DOSs of the two spin channels at/near
the Fermi level. The analyzed LDOS results are entirely
consistent with the calculated magnetic properties and
band structures in the former. In order to understand
the origin of magnetism, the projected DOSs of doped
and pure BNNTs are also plotted in Fig. 4. Taking the
Sm-doped (8,0) BNNTSs as an example, we analyzed the
magnetic moments, band structure, and DOS together
in detail. The Sm-doped (8,0) BNNT is a semiconductor
with an indirect band gap of 0.528 eV for the spin-up
channel. A few bands above the Fermi level correspond
to Sm’s orbitals, as can be seen from the DOS in Fig.
4(dy). The Sm-doped (8,0) BNNT is a semiconductor
with a direct band gap of 3.615 eV for the spin-up state.
In the spin-down channels, we can see that the bands
above Fermi energy are very similar to those of spin-
down channels. However, six nearly flat bands appear at
0-0.8 €V below the Fermi level for spin-up, and disap-
pear for spin-down states. The total magnetic moment
per supercell of Sm-doped (8,0) BNNTs is 7.723 up, and
the local magnetic moment of the Sm atom is 7.284 ug,
while the sum of the neighboring B and N atoms’ contri-
bution is 0.439 pp. Similar analysis can be obtained for
the doped BNNT systems.

4 Conclusions

This study presents a comprehensive investigation of
the structures and electronic and magnetic properties of
BNNTs doped with RE atoms (La, Ce, Pm, Sm, and
Eu). The adsorption energies indicate that the doping
is suitable, and the optimized structures show that RE
atom adsorption leads to structural distortion around the

118101-6

RE impurity compared to pure BNNTs. The electronic
structure of the BNNTSs is significantly changed after RE
incorporation. Furthermore, the doping of BNNTs with
Ce, Pm, Sm, and Eu atoms can induce magnetization.
However, La-doped BNNTs show no magnetism. These
results may help in understanding the effect of RE metal
adsorption on BNNTs.
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