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Interaction of manganese with single-wall B,O nanotubes: An ab initio study
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Interaction of a manganese atom with a graphitic B,O sheet and a (3,0) single-wall B,O nanotube was
investigated using first-principles spin-polarized density functional calculations. The stable geometries, elec-
tronic and magnetic properties of the Mn-doped planar and tubular systems were analyzed. It was found that
the most stable adsorption site is above the hole site for the B,O sheet. For the (3,0) B,O nanotube, when the
Mn atom is adsorbed outside the tube, the most energetically favorable site is the center of the hexagon with
an axial symmetry, followed by the bridge site above the axial B-B bond. The magnetic moment of the
Mn-doped nanotube is similar to that of the free Mn atom. The atop oxygen site, however, is the most stable
site if the Mn atom is inside the tube. In this case, the Mn atom is seven-coordinated and the nanotube is
significantly distorted, leading to a larger binding energy and a smaller magnetic moment of ~1up.
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I. INTRODUCTION

The study of interaction of transition metal (TM) atoms
with nanotubes! is of great interest in nanophysics. On one
hand, it is important to understand the growth mechanism of
nanotubes and the roles played by the TM catalysts during
the synthesis.”>* On the other hand, it is essential to produce
TM-nanotube functional nanodevices, such as nanocontacts,
nanowires, metal coated or encapsulating ferromagnetic
structures, and nanoelectronic devices.)™!2

Besides carbon nanotubes, many other tubular sp2 struc-
tures, such as BN, BC,N, BC3, B,C,N, nanotubes,'*~'® have
been investigated. Recently, B,O nanotube has been theoreti-
cally predicted to be stable.'” Compared to carbon and BN
nanotubes, B,O has a moderate energy gap which is inde-
pendent of its chirality. Therefore, B,O nanotubes may have
potential applications in electronic and optical nanodevices.
While the planar B,O has been produced,'® to our knowl-
edge, the tubular form has not been synthesized yet, even
though one would expect that this kind of nanotube could be
synthesized via the current methods using TM atoms as cata-
lysts. To explore this possibility and to understand the effect
of adsorption of TM atoms on the properties of B,O nano-
tubes, it is of great interest to investigate the interaction of
TM atoms with single-wall B,O nanotubes.

In this study, we performed first-principles spin-polarized
density functional calculations to investigate the interaction
of a manganese atom with a (3,0) single-wall B,O nanotube.
The computational details are given in the next section. In
the first part of Sec. III, adsorption of a single Mn atom on
the graphitic B,O sheet is discussed. Results of binding en-
ergies, electronic structures, and magnetic properties corre-
sponding to various binding sites are presented. The adsorp-
tions of a single Mn atom at various sites on the outer and
inner walls of the (3,0) zigzag single-wall B,O nanotube are
discussed in the second and third parts of Sec. III, respec-
tively. In each case, the structural, electronic, and magnetic
properties of the Mn-doped (3,0) single-wall B,O nanotube
are analyzed. A conclusion is given in the last section.
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II. COMPUTATIONAL METHOD

Total energy calculations based on spin-polarized density
functional theory were performed using VASP code.!>?’ The
ultrasoft pseudopotentials?! were used for electron-ion inter-
actions and the generalized gradient approximation (GGA)
of Perdew and Wang?*> was used to describe the exchange-
correlation functional. The electron wave function was ex-
panded using plane waves with a cutoff energy of 520 eV.

For the single B,O sheet, we adopted the model proposed
by Zhang and Crespi (ZC)'” (Fig. 1). Compared to other
models, the ZC model has the lowest energy and preserves
hexagonal symmetry after relaxation.'® A supercell contain-
ing a 24-atom B,O layer was used to model the Mn-doped
B,O sheet. A vacuum region of 10 A thick was used to sepa-
rate the periodic B,O sheets. The size of the supercell is
9.054 X 9.054 X 10.00 A3. The Brillouin zone was sampled
with a 4 X4 X1 k-point mesh based on the Monkhorst-Pack
scheme.?® The relaxed lattice constant of the single B,O
sheet is 4.527 A within GGA. The B-B and B-O bond
lengths are 1.545 and 1.494 A, respectively. The calculated
cohesive energy is 6.16 eV/atom. In the optimized single
B,O sheet, an out-of-plane relaxation is observed, resulting
in a C3, symmetry of the B,O sheet. The relative protrusion
(the distance between the highest oxygen and the lowest bo-
ron atom) is 0.1 A in our calculation. This, however, is
smaller than the value (1.5 a.u.) reported in an earlier local
density approximation (LDA) calculation.!” The energy gap
of 1.9 eV obtained in the present calculation is also smaller
compared to the value of 2.8 eV obtained in the earlier LDA
calculation.!” We have also optimized the geometry of the
single B,O sheet within LDA and obtained a lattice constant
of 4.44 A which is about 2% smaller than the GGA value. A
larger out-of-plane relaxation of 0.40 A was found and the
calculated band gap increased to 2.06 eV. It is known that
GGA (LDA) tends to overestimate (underestimate) the lattice
constant. The discrepancy in the magnitudes of out-of-plane
relaxation of the single B,O sheet obtained using GGA and
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FIG. 1. (Color online) Different adsorption sites for a single Mn
atom on the graphitic B,O sheet and the (3,0) B,O nanotube. The
dashed region indicates the unit cell of the graphitic B,O sheet. For
the B,O sheet, the axial and zigzag sites are equivalent, namely,
H,&H, T-2B,<T-2B,, A-BB<Z-BB, and A-BO<Z-BO.

LDA, respectively, could be due to the difference in lattice
constants. We checked this possibility by relaxing the atomic
positions within GGA but fixed the lattice parameter to the
LDA optimized value. As expected, a larger out-of-plane re-
laxation of 0.60 A and a wider band gap of 2.62 eV were
obtained, confirming that the larger out-of-plane relaxation in
the LDA calculations is due to the smaller LDA lattice pa-
rameter.

The single-wall (3,0) B,O nanotube, which is similar in
size to the (9,0) single-wall carbon nanotube (SWCNT), was
chosen in our study. To minimize the interaction between Mn
atoms in neighboring cells, we used a supercell which is two
units long in the direction of the tube axis, i.e., 8.833 A. The
lateral dimension of the supercell is 15X 15 A which is suf-
ficient to eliminate interaction between tubes in neighboring
cells. We used a 1X1X7 (I' included) k-point mesh to
sample the Brillouin zone. All structures were fully opti-
mized using the conjugate gradient method until the
Hellmann-Feynman forces were less than 0.05 eV/A. In the
optimized nanotube structure, the B-B and B-O bond lengths
are among 1.556—1.562 A and 1.487-1.493 A, respectively.
A significant buckling of 0.473 A 2* was observed for the
relatively weak B-B bonds, which resulted in the small cur-
vature energy of B,O nanotube, only 0.02 eV/atom in our
calculation. The average diameter of the (3,0) B,O nanotube
is 7.45 A. Compared to the value 1.63 eV in Ref. 17, our
calculated energy gap is 1.49 eV for the (3,0) B,O nanotube.

III. RESULTS AND DISCUSSION

To investigate the interaction of a single Mn atom with
the graphitic B,O sheet, six different adsorption sites were
considered (Fig. 1). These include a single Mn atom (i) over
the center of a hexagon (H, or H, site in Fig. 1), (ii) directly
over an oxygen atom (7-O site), (iii) atop a type I boron
atom which is bonded to three boron atoms (7-B site), (iv)
atop a type II boron atom which has two oxygen atoms and

PHYSICAL REVIEW B 73, 155429 (2006)

TABLE 1. The calculated binding energies (E,) and magnetic
moments (u) for different adsorption sites of a single Mn atom on
a graphitic B,O sheet and a (3,0) B,O nanotube, respectively. Only
the stable adsorption sites are listed.

System Site E, (eV) w(ug)
Sheet H 1.32 5.00
BB 1.22 5.00
BO 1.18 3.02
T-0 1.02 3.00
T-B 0.60 3.39
Outer wall of (3,0) tube H, 1.70 5.00
A-BB 1.47 5.00
H, 137 5.00
Z-BB 1.28 5.00
T-0 1.10 3.00
A-BO 0.85 3.00
Inner wall of (3,0) tube T-O 1.62 1.00
Center 0.41 5.00
A-BB 0.26 5.00
A-BO 0.15 3.00
H, 0.13 5.00

one boron atom as its nearest neighbors (7-2B, or 7-2B,
site), (v) at the bridge site over a B-B bond (A-BB or Z
-BB site), and (vi) at the bridge site over a B-O bond
(A-BO or Z-BO site).

For the Mn-doped (3,0) B,O nanotube, a bond can be
oriented either along the direction of the tube axis (axial
direction) or along the zigzag lines around the tube (zigzag
direction) and some of the aforementioned adsorption sites
become inequivalent. Here H, refers to the center of the
hexagon with an axial symmetry while H_ refers to the center
of hexagons with a different orientation. 7-2B, indicates the
adsorption site atop a type II boron atom which forms an
axial bond with another boron atom, while 7-2B, involves a
type II boron atom which forms a zigzag bond with its neigh-
boring boron atom. A-BB and Z-BB refer to the bridge sites
over an axial B-B and zigzag B-B bond, respectively. Simi-
larly, A-BO and Z-BO indicate the bridge sites over an axial
B-O and zigzag B-O bond, respectively. Since B,O tube has
two surfaces, inside and outside, adsorptions on both sides of
the surface were considered. Thus, we considered a total 20
initial adsorption sites for the Mn-doped B,O nanotube.
These different sites are shown in Fig. 1.

For each adsorption site, we fully relaxed the structure
and calculated its binding energy and magnetic moment. The
results are listed in Table I. The binding energy (E;) is de-
fined as

E, = E(pure) + E(Mn) — E(Mn-doped), (1)

where E(pure) is the total energy of the undoped system (the
pure B,O sheet or the pure B,O nanotube), E(Mn) is the
spin-polarized total energy of a Mn atom in the 3d°4s’
ground state configuration, and E(Mn-doped) is the spin-
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polarized total energy of the optimized structure of the Mn-
doped system (the Mn-doped B,O sheet or the Mn-doped
B,0 nanotube).

A. Interaction of Mn with the graphitic B,O sheet

As shown in Table I, the H (H, or H.) site was found to be
most stable among the various adsorption sites considered
for the graphitic B,O sheet, with a binding energy of
1.32 eV. In the optimized structure, the position of Mn is
2.56 A above the B,O sheet. Two of the boron atoms
(B, and B, in Fig. 1) moved towards the Mn atom, through a
0.97 and 0.62 A out-of-plane relaxation, respectively, result-
ing in formation of two Mn-B bonds. The bond lengths are
2.22 and 2.36 A, respectively.

The calculated band structures and local density of states
(LDOS) for the H configuration of the Mn-doped B,O sheet
are shown in Figs. 2 and 3, respectively. The band structure
of the clean graphitic B,O sheet is also shown in Fig. 2 for
comparison. In the majority spin bands [Fig. 2(b)], five
bands characteristic of Mn 3d orbital are located between
4.0 eV and 4.8 eV below the Fermi level, with small disper-
sion. Another flat band appears at 2.8 eV below the Fermi
level, which corresponds to the Mn 4s orbital and boron
(B,,) 2p orbital, as can be seen from the LDOS (Fig. 3). On
the other hand, in the minority spin bands [Fig. 2(c)], a dis-
persionless band appears at 2.6 eV below the Fermi level,
which is due to the mixture of the Mn 4s and boron (B,) 2p
orbitals. Another nearly flat band appears at 2.0 eV below
Fermi level, which is mainly contributed by the 2p orbitals
of borons (B, and B,, see Fig. 1). The total magnetic moment
per Mn atom of the Mn-doped graphitic B,O sheet is almost
the same as that of a free Mn atom. Projection of the mag-
netic moment onto the atomic sites showed that B, contrib-
utes about —0.1up to the total magnetic moment. A Mulliken
charge analysis indicated that there is a small charge transfer
from the Mn 4s orbital to the 2p orbital of B,.

It is noted that the second most stable configuration, the
BB site (A-BB or Z-BB in Fig. 1), has a binding energy of
1.22 eV, only 0.1 eV smaller than that of the most stable H

site. In the relaxed BB configuration, the Mn atom moved
closer to the type II boron atom. The distances between the
Mn atom and the bridge boron atoms are 2.16 and 2.36 A,
respectively. The total magnetic moment of the BB configu-
ration is the same as that of the H configuration. The 7-2B
site (T-2B, or T-2B. in Fig. 1) was found unstable and trans-
formed into the BB configuration after structural relaxation.

The remaining three configurations, i.e., 7-B, 7-O, and
BO (A-BO or Z-BO in Fig. 1) were also found less stable, as
indicated by the smaller binding energies in Table 1. They
also have lower magnetic moments, about 3up. In the opti-
mized 7-O configuration, the O atom below the Mn was
pushed away from its original position in the B,O sheet by
Mn, resulting in its vertical position being 0.73 A lower than
that of its three B neighbors. The distance between this O
atom and the Mn is 2.21 A. A similar analysis, as done for
the H site, revealed that the effective electronic configura-
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FIG. 3. Projections of local density of states onto (a) the Mn 3d
orbital, (b) the Mn 4s orbital, (c) the B, 2p orbital, (d) the B, 2p
orbital, (e) the B, 2p orbital, for Mn adsorption at the H site on
B,0 sheet. Atoms B,, B, and B, are labeled in Fig. 1.
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tions of the Mn atom in the 7-B, 7-O, and BO sites are close
to 3d’4s". The low binding energies of these configurations
could be due to the high energy penalty for promoting the 4s
orbital to the 3d orbital.

B. Adsorption of Mn to the outer wall of (3,0) B,O nanotube

For the B,O nanotube, in principle, the Mn atom can be
attached to either inside or outside of the tube wall. Both
cases were considered in our study. In the case of outside
adsorption, the H, site was found energetically most favor-
able, with a binding energy of 1.70 eV, followed by the
A-BB site with a binding energy of 1.47 eV. The other hole
site, H,, however, is only 0.1 eV less stable than the second
most favorable A-BB site. Both H, and H, configurations
show high magnetic moments, Sup per Mn. Metastable H,,
and H, configurations with low magnetic moments (3up per
Mn) were also found in our calculations. The binding ener-
gies of these states are 1.32 and 0.90 eV, respectively. The
Z-BB site is also quite stable, with a binding energy of
1.28 eV, very close to that of the H, site. Adsorptions at the
T-2B, and Z-BO site were unstable and both transformed to
the Z-BB configuration after structural relaxation. Similarly,
the initial configurations with Mn adsorbed at the 7-B and
T-2B, sites both relaxed to the A-BB configuration. It is
interesting to note that in the optimized 7-O configuration,
the Mn atom pushed the oxygen atom below inward by
1.18 A from its position in the pure B,O tube.

In the relaxed H, configuration [Fig. 4(a)], the distances
between the Mn atom and its two nearest neighboring boron

(a)
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FIG. 4. (Color online). (a) The relaxed struc-
ture of the B,O nanotube with a Mn atom ad-
sorbed at the H, site. The spin density isosurfaces
correspond to (b) 0.02 ¢/A3, and (c) -0.01 e/A3
for the same configuration.

atoms [atoms 1 and 2 in Fig. 4(a)] are 2.20 and 2.28 A,
respectively, very close to those in the H configuration of the
Mn-doped B,O sheet. The calculated band structure and
LDOS for the H, configuration are shown in Figs. 5 and 6,
respectively. The energy band diagram of the pure (3,0) B,O
tube is also shown in Fig. 5(a) for comparison. In the band
structure of majority spin [Fig. 5(b)], five Mn 3d bands are
clearly visible between 3.0 and 4.8 eV below the Fermi level
[Fig. 6(a)]. One Mn 4s band lies at 3.0 eV below the Fermi
level. Similarly, one Mn 4s band is clearly seen at 3.0 eV
below the Fermi level in the minority spin. However, there is
no Mn 3d band in the valence bands of minority spin. Figure
4(b) shows the spin density isosurface corresponding to
0.02 /A3 for the H, configuration of Mn-doped (3,0) B,O
tube. It shows that boron atoms 3, 4, and 5 [Fig. 4(a)] have
finite positive spin densities, with 0.02, 0.02, and 0.03up
local magnetic moments, respectively. On the contrary, the
two axial boron atoms which are nearest neighbors of Mn
[atoms 1 and 2 in Fig. 4(a)] have negative spin densities, as
shown in Fig. 4(c). Notice that the local magnetic moment
(=0.10p) of boron atom 1 is very large, which comes
mainly from its 2p orbitals, as clearly shown by the LDOS
[Fig. 6(d)].

C. Adsorption of Mn to the inner wall of (3,0) B,O nanotube

For adsorption on the inside wall of the nanotube, it is
interesting to note that the initial H,, 7-B, Z-BB, Z-BO, and
A-BB configurations all relaxed to the same structure which
is indicated by A-BB in Table I. In this optimized structure,

FIG. 5. Band structures of (a) the pure (3,0)

B,0 nanotube; (b) the majority spin, and (c) the

minority spin of Mn adsorption at the H, site on

Energy (eV)

the outer wall of the (3,0) B,O nanotube. The
Fermi level is indicated by the dashed line.
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FIG. 6. Projections of local density of states onto (a) the Mn 3d
orbital, (b) the Mn 4s orbital, (c) the 2s orbital, and (d) the 2p
orbital of boron atom 1, (e) the 2s orbital, and (f) the 2p of boron
atom 2, for Mn adsorption at the H, site on the outer wall of the
(3.0) B,O nanotube. Boron atoms 1 and 2 are shown in Fig. 4(a).

the Mn atom is left encapsulated inside the tube without
chemically bonding to any atoms, as shown in Fig. 7. This is
similar to the equilibrium structure when a substitutional
catalytic Ni atom in a SWCNT is spontaneously replaced by
a nearby C atom.? The distances between the Mn atom and
the two closest neighbors, the axial bridge boron atoms, are
2.34 and 2.58 A, respectively, both are larger than the sum-
mation of the covalent radii of Mn atom (1.39 A) and B
atom (0.82 A). The lower binding energy (0.26 eV) implies
that the Mn atom is physisorbed on the B,O nanotube. As a
result, the magnetic moment of the Mn-doped system in
these configurations is exactly the same as that of a free Mn
atom. For adsorption at the 7-2B, or 7-2B; site, it was found
that the Mn atom was relaxed almost to the center of the
tube, without bonding to any atoms. This configuration
(indicated by “Center” in Table I) is slightly more stable than
the A-BB configuration.

The most stable adsorption site on the inner wall of the
nanotube is 7-O, as shown by the large binding energy in
Table 1. In the optimized structure [Fig. 8(a)], the Mn atom
pushed outward the oxygen atom next to it [atom 4 in Fig.

®B
®0
® Mn

(b)

FIG. 7. (Color online) Top view (a) and side view (b) [along the
direction indicated by the arrow in (a)] of the relaxed (3,0) B,O
nanotube with a Mn atom adsorbed at A-BB, where the Mn atom is
encapsulated inside the tube without chemically bonding to any
atoms.
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FIG. 8. (Color online) (a) The relaxed structure of the (3,0) B,O
nanotube with a Mn atom adsorbed at the 7-O site inside the tube
wall. The spin density isosurfaces corresponding to (b) 0.015 e/A3,
and (c) —0.025 e/ A3, respectively, for the same configuration.

8(a)] and another oxygen atom nearby [atom 5 in Fig. 8(a)],
by 1.34 and 1.41 A, respectively, and the two oxygen atoms
ended up at the bridge sites above boron atoms. The seven-
coordinated Mn atom is almost in the tube wall and occupies
the original position of oxygen atom 4. As a result, the B,O
nanotube is severely distorted. Considering also the relaxed
structures of Mn adsorption at the 7-O sites of the B,O gra-
phitic sheet and the outer wall of the (3,0) B,O nanotube,
there seems a general trend: Mn tends to push the oxygen
atom out of the plane or the tube wall so that it can form
more bonds with B atoms. As a matter of fact, this is also
true for the 7-B site. In the relaxed 7-B configuration of Mn
adsorbed on the B,O sheet, the boron atom underneath Mn
was also pushed out of the plane but by a smaller amount
compared to the oxygen atom in the 7-O site, which could be
due to different strengths of the B-B and B-O bonds. In the
case of Mn adsorption to the outer wall of the nanotube, the
situation is slightly different due to the curvature of the tube
wall. The BB site (A-BB or Z-BB) is a stable adsorption site
and Mn simply took the easy way and relaxed to this site.
This tendency of Mn preferring large coordination leads to
the significant deformation of the B,O nanotube when Mn is
adsorbed to the inner wall of the nanotube.

Due to the large coordination and interaction with the
neighboring oxygen atom, the Mn in the 7-O configuration
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2L i 4
_4 [ o 1 o 1 o 1 ¢ 1 s 0 4 1 i a1 o 1 ]
0-5 T T T T T T T
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FIG. 9. The projected local density of states onto (a) the Mn 3d
orbital; (b) the Mn 4s orbital, and (c) the 2p orbital of the oxygen
atom which is bonded to the Mn atom for a single Mn atom ad-
sorbed at the 7-O site inside the (3,0) B,O nanotube.
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inside the nanotube shows different LDOS (Fig. 9). It can be
seen in Fig. 9 that bonds are formed from the two Mn 4s
electrons and two 2p electrons of the neighboring oxygen
atom. The Mn 3d electrons are delocalized and their densi-
ties are broadened. About 3.34 ¢ and 2.07 e occupy the
spin-up and spin-down channels of the Mn 3d orbitals, re-
spectively. As a result, the total magnetic moment of the
doped system is very small, only 1ug. Figures 8(b) and 8(c)
show the spin density isosurfaces corresponding to 0.015 and
-0.025 e/ A3, respectively, for the 7-O configuration of the
Mn-doped (3,0) B,O tube. As seen in Fig. 8(c), three of the
boron atoms surrounding Mn [atoms 1, 2, and 3 in Fig. 8(a)]
have significant negative spin densities, with local magnetic
moments of —0.04, —0.05, and —0.03 wp, respectively. On the
other hand, the oxygen atom bonded to the Mn atom has
positive spin density [Fig. 8(b)], with 0.01u; local magnetic
moment. The local magnetic moment of the Mn atom is
1.23ug. Contributions from all atoms result in a total mag-
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netic moment of 1wy for the Mn-doped tube system.

IV. CONCLUSIONS

In conclusion, a systematic investigation on the interac-
tion of a Mn atom with a graphitic B,O sheet and a single-
wall zigzag (3,0) B,O nanotube was presented. For the Mn-
doped B,O sheet, the most stable adsorption site is the H
site. For adsorption of a single Mn atom on the outer wall of
the (3,0) B,O nanotube, the most energetically favorable site
is the H, site, followed by the A-BB site, with the total
magnetic moment equivalent to that of a free Mn atom. On
the other hand, the 7-O site is the most stable adsorption site
inside the nanotube, with a low magnetic moment of 1ug. In
the relaxed 7-O configuration, the B,O nanotube is signifi-
cantly distorted due to adsorption of the Mn atom. Further
studies of the interactions of other TM atoms, such as Fe, Co,
Ni, with B,O nanotubes will be useful to fully understand the
binding trends and in exploring potential applications.
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