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Electronic structures of �6,0�, �8,0�, and �10,0� single-walled boron nitride nanotubes �SWBNNTs� subjected
to tension, torsion, and flattening are investigated using first-principles calculations. Energy bands and charge
distributions of the SWBNNTs are calculated within the density-functional theory and forces required to
deform the SWBNNTs are estimated using energy variation with deformation. Our calculations show that all
the deformation modes decrease the energy gaps of the SWBNNTs because of a decrease in the conduction-
band minimum �CBM� energy, which is caused by an overlap of CBM charge densities between circumferen-
tially neighboring boron atoms. It is found that flattening with a force smaller than that applied for tension or
torsion causes a larger decrease in energy gaps of the SWBNNTs and that the force required for flattening
SWBNNTs is not unrealistic.
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I. INTRODUCTION

Boron nitride nanotubes �BNNTs� �Ref. 1� have a hexago-
nal ring structure,2 similar to that of carbon nanotubes
�CNTs�,3 and consist of alternately arranged boron and nitro-
gen atoms. Rubio et al.4,5 theoretically predicted the exis-
tence of BNNTs in 1994 and then Chopra et al.1 first synthe-
sized multiwalled �MW� BNNTs in 1995. Since then,
BNNTs have attracted the attention of many researchers ow-
ing to their important properties.6 The mechanical strength7,8

and thermochemical stability9 of BNNTs are comparable to
those of CNTs. For instance, experiments �using a thermal
vibrational amplitude technique7 and an electric field-
induced resonance method10� and atomistic simulations
�first-principles,11–14 tight-binding,15,16 and classical molecu-
lar mechanics17–21 calculations� measured the Young’s modu-
lus of BNNTs to be in the range 0.7–1.2 TPa, which is close
to that of CNTs �e.g., the average value is 1.8 TPa in Ref. 22
and 1.25 TPa in Ref. 23�. In contrast, the electrical conduc-
tivity of BNNTs is completely dissimilar to that of CNTs.
While CNTs become either metallic or semiconductive de-
pending on the chirality, BNNTs are electrically insulating
regardless of the diameter and chirality.6 This is a notable
characteristic of BNNTs that is different from CNTs. There-
fore, BNNTs are expected to be used as electrical insulation
coatings for conducting or semiconducting nanochains,
nanowires, and nanotubes in severe conditions such as high
temperatures and chemically hazardous environments.

However, a recent experimental study indicated that a
bent MWBNNT was electrically conductive,24 and a theoret-
ical study showed that flattening decreased the energy gap of
a zigzag single-walled �SW� BNNT.25 These results indicate
that the usefulness of BNNTs as nanocoatings might be lost
under certain conditions �e.g., deformation caused by ther-
mal stress or by a substrate constraint�. Alternatively, BNNTs
can be used in nanoelectronic devices by introducing defor-
mation. In any case, our aim is to elucidate the electronic
structures of deformed BNNTs.

The authors analyzed flattened SW and MWBNNTs using
first-principles calculations26 and clarified the mechanism of

flattening-induced electronic changes in the BNNTs. Flatten-
ing calculations performed by the authors showed that the
energy gaps of the BNNTs decreased with decreasing dis-
tance between circumferentially neighboring boron atoms in
curved regions. Thus, because axial tension decreases the
circumference of BNNTs as a result of Poisson contraction, it
may also decrease the energy gap of BNNTs. In contrast,
unless torsional buckling occurs, axial torsion may have little
effect on the energy gap of BNNTs because it hardly changes
the circumference of BNNTs.

In this study, to prove the above-mentioned hypotheses
about BNNTs under tension and torsion and compare the
magnitude of electronic changes in BNNTs under tension,
torsion, and flattening, we investigate the electronic struc-
tures of SWBNNTs in the three deformation modes by first-
principles density-functional-theory �DFT� calculations. We
also estimate the forces required to deform the SWBNNTs in
order to discuss the feasibility of deforming BNNTs. The
results indicate that flattening with a smaller force than those
applied for tension and torsion causes a larger decrease in the
energy gap of the SWBNNTs and that the forces required to
flatten the SWBNNTs are not unrealistic.

II. SIMULATION PROCEDURE

In this study, we focused on �n ,0� SWBNNTs with n
=6,8 ,10, where �n ,m� is the chiral index. The �n ,m� tube
has a diameter of �3a�n2+nm+m2 /�, where a is the nearest
interatomic distance between boron and nitrogen atoms. Fig-
ure 1 shows the simulation model of the �8,0� SWBNNT.
The BNNT was located at the center of the unit cell so that
the axial direction was parallel to the z direction. The cell
size was ��3an /�+2Lv�� ��3an /�+2Lv��3a with a
=0.145 nm and Lv=0.5 nm, where Lv is the length of
vacuum region in the unit cell. Although a three-dimensional
periodic boundary condition was used, the cell sizes in the x
and y directions were sufficiently large to avoid any interac-
tion with neighboring image cells. We confirmed that they
have little effect �less than 1%� on the total energy, charge
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distribution and energy band structure of a deformed BNNT
when they are larger than the tube diameter by 1.0 nm.

Atomic positions and the cell size in the z direction were
first relaxed using the conjugate gradient method until
atomic forces and the stress component, �zz, became less
than 0.01 eV /Å and 0.01 GPa, respectively. After obtaining
the equilibrium structure, tension, torsion, or flattening de-
formation was applied where atomic configurations were re-
laxed until their forces became less than 0.01 eV /Å.

In tension �Fig. 2�a��, the axial strain, �zz, was defined as

�zz =
Lz − Lz0

Lz0
, �1�

where Lz0 and Lz are the cell sizes in the z direction of un-
stretched and stretched BNNTs, respectively. In this study,
�zz was in the range 0.00–0.10 with an increment of 0.02.

In torsion �Fig. 2�b��, atom i was rotated �i degrees about
the z axis. �i was defined as

�i = �zi �2�

� =
360N�

nNzLz0
, �3�

where � is the specific angle of twist, zi is the z coordinate of
atom i, N� is an integer, and Nz is the number of primitive
unit cells in the z direction. The torsion angle must be an
integral multiple �N�� of 360 /n to fulfill the periodic bound-
ary condition. In this study, the value of N� was 1 and that of
Nz was in the range 3–5.

In flattening �Fig. 2�c��, compression in the x direction
was applied by reducing the distance between imaginary
walls. Once an atom contacts a wall, the atom is allowed to
move only on the wall. The flattening ratio, �, was defined as

� =
D0 − D

D0
, �4�

where D0 is the tube diameter at equilibrium and D is the
distance between the imaginary walls. In this study, � was in
the range 0.00–0.50 with an increment of 0.05.

We conducted first-principles DFT calculations using the
Vienna ab initio simulation package �VASP�.27,28 The wave
functions were expanded in a plane-wave basis set with a
cutoff energy of 350 eV. The ultrasoft pseudopotential pro-
posed by Vanderbilt29 was used and the exchange-correlation
energy was evaluated by the generalized gradient approxima-

tion of Perdew and Wang.30 The Brillouin zone integration
was performed by the Monkhorst-Pack scheme31 using a 1
�1�4 k-point mesh for atomic and electronic relaxations.
After the relaxation, the energy band structure was obtained
by calculating energy eigenvalues of 30 points on 	-X line in
the Brillouin zone.

III. RESULTS AND DISCUSSION

A. Energy-band structures

It is well known that the DFT underestimates the energy
gap. For a quantitative discussion of the energy gap, a modi-
fied theory such as the GW approximation �GWA� is
necessary.32–35 Nonetheless, previous studies on bulk hex-
agonal BN and an isolated BN sheet showed that the shape
of the energy bands by the DFT is quite similar to that by the
GWA except for the magnitude of the energy gap.32,33 Thus,
the DFT can qualitatively predict energy-band structures of
BNNTs.

Figure 3 shows the change in the energy-band structures
of the �8,0� SWBNNT under tension, torsion, and flattening.
The �6,0� and �10,0� show a changing trend similar to the
�8,0� band structure. A common feature among the three de-
formation modes is that both the valence-band maximum
�VBM� and conduction-band minimum �CBM� are located at
the 	 point �k=0� during the deformations. Another common
feature is that the change in the energy of the VBM, EVBM, is
almost zero. Note that while the tension and flattening obvi-
ously decrease the energy of the CBM, ECBM, the torsion
hardly decreases ECBM. The results suggest that all the three

FIG. 2. Schematics of tension, torsion, and flattening of
SWBNNT.

FIG. 1. Simulation model of �8,0� SWBNNT.
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deformation modes decrease energy gaps, Eg=ECBM−EVBM,
of SWBNNTs but torsion has less of an effect on the energy
gap than tension and flattening, demonstrating that the hy-
potheses stated in Sec. I are correct.

Figure 4 shows the energy gaps of the �6,0�, �8,0�, and

�10,0� SWBNNTs as a function of the axial strain, specific
angle of twist, and flattening ratio. The energy gap of the
�10,0� with �=41.7° /nm �Nz=5� is not shown in the figure
because it collapsed. Under tension and torsion except for
�=20.8–27.8° /nm in the �10,0�, the energy gap decreases
almost linearly and the rate of decrease hardly depends on
the diameter. In contrast, under flattening, the energy gap
decreases quadratically or exponentially and the amount of
decrease significantly depends on the diameter; a SWBNNT
with the smaller diameter shows a larger decrease in the
energy gap. It is also shown that flattening results in a few
times larger decrease in the energy gap than tension and
torsion.

Although the discussion so far in this paper has dealt with
the SWBNNTs under the three simple deformation modes,
BNNTs would be subjected to combined deformation in their
practical use. We therefore further analyzed the energy gap
of the SWBNNTs subjected to flattening following axial ten-
sion �Fig. 5�. It is found that preceding tension shifts an Eg-�
curve downward without dramatic changes in its shape and
that the extent of the shift almost corresponds to the energy
gap decrease induced by simple tension �Fig. 4�a��. This re-
sult suggests that the energy gap of the SWBNNTs under a
combination of the three deformation modes can be deduced

FIG. 3. Change in the band structure of an �8,0� SWBNNT. The
origin of the energy scale is set at the Fermi level.

FIG. 4. Energy gaps of the SWBNNTs as a function of �a� axial strain, �b� specific angle of twist, and �c� flattening ratio.

FIG. 5. Change in the energy gap of �8,0� SWBNNT under
flattening following axial tension.
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from Fig. 4. In the rest of this paper, therefore, only the
simple deformation modes will be discussed.

B. Charge densities at the CBM

Here the mechanism of deformation-induced electronic
changes in the SWBNNTs is discussed in terms of charge
densities at the CBM �Fig. 6�. The CBM is composed of
boron-derived states. In fact, CBM charge densities are high
around boron atoms while they are low around nitrogen at-
oms. We find that the �� state �pz orbitals of boron atoms�
hybridizes with the �� state along a circumference passing
through boron atoms under no deformation �Fig. 6�a�, �zz

=0.00� and that the tension, torsion, and flattening induce the
change in the CBM state.

The authors have already discussed changes in CBM
charge densities of BNNTs due to flattening:26 charges are
transferred from the flattened to the curved regions, resulting
in an overlap of the charge densities and formations of elec-
tronic bonds between neighboring boron atoms in the curved
regions �Fig. 6�d��. It is this mechanism that results in the
decrease in ECBM in the flattened SWBNNTs. Comparing the
three SWBNNTs with �=0.45 �Figs. 6�d�–6�f��, we see that
the electronic bonds become stronger as the diameter be-
comes smaller. Therefore, a flattened SWBNNT with a
smaller diameter shows a larger decrease in the energy gap.

Under tension �Fig. 6�a��, the tube curvature increases be-
cause of Poisson contraction, leading to the enhancement of
��-�� hybridizations and the decrease in ECBM. Figure 6�a�
shows the narrowing white center area of zero-charge densi-
ties and the spreading gray area of ��-�� hybridizations. The
same is true for the torsion �Fig. 6�b�� but it induces less
change in charge densities than tension �the size of the white
center area changes little in Fig. 6�b��, resulting in a smaller
decrease in the energy gap under torsion than under tension
�Figs. 4�a� and 4�b��. It should be noted that elastic buckling
occurred at a � between 20.8 and 27.8° /nm in the �10,0�,
leading to local flattening �Fig. 6�c��. Therefore, the relation
of Eg versus � deviates from the linear decrease at � of
20.8–27.8° /nm in the �10,0� �Fig. 4�b��. It is obvious that
the overlap of charge densities is much stronger under flat-
tening than under tension or torsion. Therefore, the decrease
in the energy gap in the former is much larger than in the
latter.

C. Deformation forces

Figure 7 shows the deformation energy as a function of
axial strain, specific angle of twist, and flattening ratio. The
curves in tension, torsion, and flattening are fitted by cubic,
quadratic, and quartic polynomials, respectively. The first
and second derivatives of each curve provide the deforma-
tion force �Fig. 8� and the elastic modulus, respectively.
Young’s moduli of the �6,0�, �8,0�, and �10,0� are thus calcu-
lated to be 0.759 TPa, 0.794 TPa, and 0.811 TPa, respec-

FIG. 6. Change in the CBM charge density. Cross sections pass-
ing through boron atoms are shown.

FIG. 7. Deformation energy of the SWBNNTs as a function of �a� axial strain, �b� specific angle of twist, and �c� flattening ratio.
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tively. They are in good agreement with those measured in
experiments �1.22
0.24 TPa in Ref. 7 and 0.722 TPa in
Ref. 10� and other first-principles calculations �e.g., in Ref.
14, 0.762 TPa, 0.785 TPa, and 0.803 TPa for �6,0�, �8,0�, and
�10,0�, respectively�. It is found in Fig. 8 that forces under
flattening are smaller than under tension and torsion, because
strong in-plane B-N covalent bonds prevent in-plane tension
and torsion. It is also found that forces rapidly increase later
under flattening. The rapid increase starts from around �
=0.3 and 0.4 in the �6,0� and �8,0�, respectively, where the
imaginary wall distances are 0.35 nm and 0.38 nm, respec-
tively. Because the interlayer distance of hexagonal BNs and
MWBNNTs is around 0.34 nm, the rapid increase would be
attributed to the repulsive force between the two flattened
regions.

Figure 9 shows the relationship between energy gap and
deformation force. The three bands to the right illustrate the
obtainable range of the energy gap by introducing tension,
torsion, and flattening. In tension and torsion, a larger force
is required for a larger tube to induce the same amount of
energy gap decrease. The opposite is true in flattening, i.e., a
larger force for a smaller tube. The key findings from Fig. 9
are that �i� the flattening with a force smaller than that ap-
plied for tension or torsion leads to the larger decrease in the
energy gap and �ii� flattening offers a larger obtainable range
of the energy gap than tension and torsion: 1.4–4.0 eV under
flattening, 2.5–2.8 eV and 3.1–4.0 eV under tension, and
2.7–2.8 eV, 3.4–3.6 eV, and 3.8–4.0 eV under torsion. These
findings indicate that flattening has the potential to enable
BNNTs to be used as nanoelectronic devices. However, a
valid question is whether flattening BNNTs is experimentally
feasible.

In order to answer this question, we compare the esti-
mated flattening forces with those of SWCNTs that Barboza
et al.36 have already experimentally succeeded in flattening
by means of an atomic force microscopy �AFM� tip. Al-
though they did not actually measure flattening forces of
�n ,0� SWCNTs with n�10, they proposed and validated a
universal relationship among the applied force, SWCNT di-
ameter, AFM tip radius, and flattening ratio

FD0
3/2

�2R�1/2 =
�

�1 − ��3/2��2� + �2 + tg−1�� �

1 − �
�	 , �5�

where R is the AFM tip radius and � is a constant �=1.2
�10−18 J�. Equation �5� indicates that the quantity
FD0

3/2�2R�−1/2 should be universal to any SWCNT. They
showed that all experimental data fall on a single curve ob-
tained by Eq. �5� up to �
0.4. From Eq. �5� and the geo-
metric contact conditions between a tube and an AFM tip,
the flattening force per unit length of a �6,0� SWCNT �D0
=0.470 nm� is calculated to be 15.4 N/m when �=0.4 and
R=30 nm. In contrast, from Fig. 8, that of the �6,0�
SWBNNT �=F /Lz0� is estimated to be 16.8 N/m at �=0.4.
The results demonstrate that the flattening force is almost
equal in SWCNTs and SWBNNTs, indicating that the same
experiments as Barboza et al. would be feasible for
SWBNNTs. The fact that CNTs and BNNTs almost have the
same tube shape and size when their chiral indexes are the
same �a
0.142 nm in CNTs and a
0.145 nm in BNNTs�
also encourages the feasibility of flattening BNNTs. We
therefore conclude that the flattening forces estimated are not

FIG. 9. Relationship between energy gap and force of �6,0�,
�8,0�, and �10,0� SWBNNTs.

FIG. 8. Forces required to deform �6,0�, �8,0�, and �10,0� SWBNNTs.
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unrealistic and strongly expect that the same or similar ex-
perimental technique also applies to BNNTs.

IV. CONCLUSION

In this study, the electronic structures of �n ,0� zigzag
SWBNNTs subjected to tension, torsion, and flattening were
investigated by first-principles DFT calculations. The results
revealed that the three deformation modes decrease the en-
ergy gaps of the SWBNNTs because of the decrease in the
CBM energy caused by an overlap of CBM charge densities
between circumferentially neighboring boron atoms. The key
findings of this study are that flattening with a force smaller
than that applied for tension or torsion causes a larger de-

crease in the energy gap and that the force required for flat-
tening SWBNNTs is not unrealistic.

One of the issues to deal with in the future is to determine
how defects and deformation concentration affect electronic
structures of BNNTs. Electronic changes in BNNTs with
such local nonuniformities will also be presented elsewhere
in the near future.
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