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Electronic structure of radially deformed BN and BC; nanotubes
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We investigate the band-gap modification by radial deformation in BN angl ié@otubes through first-
principles pseudopotential density-functional calculations. In zigzag BN nanotubes, radial deformations that
give rise to transverse pressures of about 10 GPa decrease the gap from 5 to 2 eV, allowing for optical
applications in the visible range. When armchair;Bt@notubes with the gap of about 0.5 eV are collapsed
down to the interlayer distance of 3.5 A, a gap closure occurs due to the lowering of the unocetyied.

On the other hand, the band gaps of armchair BN and zigzagrd@otubes are found to be insensitive to
radial deformations. This different behavior between zigzag and armchair nanotubes is attributed to the dif-
ferent characteristics of states near the gap.
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Carbon nanotubes that consist of only carbon atoms carandom helicities. Using molecular-dynamics simulations,
be thought as a single layer of graphite that is wrapped int@®lase and co-workers attributed this helicity selection to the
a cylinder! The electronic structure of a perfect C nanotubegreater stability of B-N bonds, as compared to B-B and N-N
is known to be either metallic or semiconducting, dependingonds®® In view of such difficulties in selective growth of
on tube diameter and wrapping angfé.The mean diameter nanotubes, band-gap engineering using simple flattening de-
of C nanotubes can be controlled by varying target temperaformation, combined with the lack of chemical reactivify,
ture in synthesi§.However, a broad distribution of nanotube is a promising means for device applications of B- and
diameters still exists, and to date it seems difficult to controlC-based nanotubes.
in a practical way, precisely the tube diameter and helicity In this paper, we study the electronic structure of col-
for nanosized electronic and photonic devices. Although théapsed BN and Bg nanotubes through first-principles
cylindrical form of nanotubes is extremely rigid to distor- pseudopotential density-functional calculations. In the zigzag
tions along the tube axis, it is very flexible to those perpen{9,0) BN tube, the LDA band gap varies from 3.5 to 1.0 eV
dicular to the axis. In addition, the electronic properties ofwith increasing severity of flattening deformation, while the
carbon nanotubes are sensitively modified by structuraband gap of armchair BN tubes is little affected. Similar
changes such as twisting and topological deféftgery re-  deformations induce a semiconductor-metal transition in
cent theoretical calculations proposed that it is possible t@armchair BG nanotubes, which have relatively small gaps.
control with relative ease the electronic structure of C nanoHowever, the electronic properties of zigzag f@anotubes
tubes by flattening deformations, which can be imposed byre insensitive to radial deformation, similar to the case of
transverse pressures or locally by electrode confd@Blat-  armchair BN tubes. Such distinct modifications by deforma-
tening deformations induce the band-gap modification suction should allow tuning of band gaps for device applica-
as opening and closure, thus, locally created energy barriet®ns.
can make quantum dots or wires in C nanotubes. To investigate the effect of radial deformations on the

The existence of BN, B{ and BGN nanotubes was electronic structure of BN and Bhanotubes, we perform
theoretically proposetf* and experimental realizations first-principles pseudopotential calculations within the LDA.
have been made for BN and B@anotubes as well as com- Ab initio norm-conserving pseudopotentials are generated by
posite BCyN, nanotubes including signature of B&.>~*"  the scheme of Troullier and Martii$and transformed into
Due to the ionic origin of the band gap, BN nanotubes withthe Kleinman-Bylander separable foff.The Ceperley-
diameters larger than 9.5 Jwhich corresponds to the diam- Alder exchange and correlation poterfttas used. The wave
eter of the(12,0 tube] have a very stable quasiparticle gap of functions are expanded in a plane-wave basis set with a
about 5.5 eV, almost independent of tube diameter, helicitykinetic-energy cutoff of 36 Ry, which ensures the conver-
and wall-wall interactions. As the C composition increases ingence of band energy differences to within 0.05 eV. The
B«CyN, nanotubes, the calculated band gap within the localL DA calculations are carried out for tetragonal supercells
density-functional approximation(LDA) generally de- with atoms on neighboring tubes at distances larger than 6 A
creases, to 2.0 and 0.5 eV, for BC and BG nanotubes, away. We calculate the Hellmann-Feynman forces and relax
respectively. Thus, the synthesis of composi{€l, nano-  ionic positions using the gquasi-Newton metfbdntil the
tubes would make possible applications for electronic anatollapsed geometry is fully optimized. During relaxation, we
photonic devices with a variety of electronic properfies. impose the constraint that atoms are only allowed to move
However, a helicity selection was observed in both multiwallbetween two infinite barriers, the separation of which gives
and single-wall BN nanotubé$,while C nanotubes exhibit the interlayer distance of the collapsed tube. Before gener-
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FIG. 1. The LDA band structures for BN and BGheets are <
compared with that for a single graphite sheet in the hexagonate
Brillouin zone. The dot-dashed line and shaded regions denote th<§
Fermi level and band gap, respectively.

Ene

ating collapsed nanotubes, we calculate the equilibrium bonc St i X T

distances. For a graphitic layer of BN, the B-N bond distance

is calculated to be 1.45 A, while the B-C and C-C bond FIG. 2. The variations of the band gaps with flattening deforma-
distances in a single BGsheet are 1.55 and 1.41 A, respec-tion in () (9,0 and (b) (5,5 BN nanotubes. The shaded regions

tively. We find similar bond distances in collapsed BN anddenote the band gaps and the number indicates the sepaitiuin
BC; nanotubes. the two opposing faces of the flattened tubes.

The band structure of a nanotube basically stems from th .
k-space energy surface of a graphitic sheet through ban%exagon surrounded by six B atoms. Thus, C-C and B-C

- : onds are symmetrically arranged with respect to the hexa-
folding effect. Thus, the band gap of the corresponding shee . -
is the limiting value of band gaps of nanotubes, as tube gidon center, while *B'B bonds are excluded. 'We f'nq linearly
ispersingr and7* bands crossing at th€ point, similar to

ameter increases. In Fig. 1, the LDA band structures of B he hite sheet. However. be e of the lack of one
and BG single layers are compared with that for a graphite grapnhite s - rlowever, becaus a ne va-
| nce electron on each B atom compared to carbonathe

sheet near the Fermi level. A graphite sheet has a hexagon . . - .
Hev graphi xag State is completely unoccupied, as shown in Fig. 1, becoming

primitive cell with two C basis atoms 40,0 and G,3) In e lowest-unoccupied-molecular-orbitaLUMO)  state,
units of the lattice vectors. In ar-orbital approximatior, which has the charge distribution mainly at the B-C bonds.
with only the p, orbitals of the basis atoms included, two The highest-occupied-molecular-orbit4dHOMO) state is
energy levels characterized by and 7* are degenerate at characterized by ther bonding between the constituent
the Fermi level. The Fermi point is positioned at @oint  3t0ms2526 \We find an indirect band gap of 0.46 eV frof
in the two-dimensional hexagonal Brillouin zone. Since theyg . Although a monolayer has a finite band gap, a layered
two basis atoms in the primitive cell are identical, the chargesirycture of bulk BG is known to have band overlaps and a
densities for themr and =* states are equally distributed high conductivity due to layer-layer interactioffs.
around the basis atoms. Theand 7* states are composed |t is known that BN and Bg nanotubes with large diam-
of a different combination of the, orbitals, corresponding eters are semiconductors with band gaps of about 5.5 and 0.5
to 142(1,1) and 142(1,~1), respectively, which we will eV, respectively:~13 while insulating C nanotubes become
simply denote al,1) and (1;-1) in the discussion beloW.  metallic with increasing diameter, independent of the wrap-
In a single BN sheet, the B-N bond length of 1.45 A is ping index?” In BN tubes with diameters less than 9.5 A,
slightly larger than the C-C bond length in a graphene. Behowever, previous tight-binding calculations showed that as
cause of the ionic B-N bond, the degeneracy at the Fermiube diameter decreases, the band gap of the zigzag tubes
level is removed. A large LDA direct gap of 4.5 eV is found decreases more rapidly, as compared to that of the armchair
at theK point, as compared to the measured gap of near 5.fubes** Since the curvature of tubes is effectively enhanced
eV. In supercell calculations, when the layer-layer distance ipy a flattening deformation, the sensitivity of band gap to
at about 6 A, we find however an indirect gap due to layerflattening deformation is expected to be higher in zigzag
layer interactions? It is noted that ther state mostly con- tubes. The band structures of the zigZ48¢D) and armchair
sists ofp, orbitals around the N atoms, while the" state is (5,5 BN tubes are plotted and compared for various flatten-
composed op, orbitals distributed around the B atoms; thus, ing deformations in Fig. 2. In the plot, for each deformed
the 7 and7* states are expressed @s1) and(1,0), respec- nanotube, the band energies are given with respect to the
tively. Because the electron affinity of the N atom is larger,vacuum level, which is defined as the total local potential
the (0,1) state has lower energy than ttig0) state. evaluated in the vacuum region of the supercell in the calcu-
For a BG sheet, we adopt the geometry proposed bylation. As expected, for th€d,0) nanotube, the band gap is
previous theoretical calculationdywhere six C atoms form a reduced from 3.5 to 1.0 eV as the tube is flattened febm

205408-2



ELECTRONIC STRUCTURE OF RADIALLY DEFORMED.. .. PHYSICAL REVIEW B3 205408

find that appreciable charge densities are accumulated at the
B atoms, while very little charges at the N atoms, as illus-
trated in Fig. 8b). When the tube is flattened, tlhe=0 band-
folded state is mixed with a subband state in the conduction
band, causing a charge transfer from the flattened layers to
the curved regions. Then, an overlap of the charge densities
is induced in the curved regions. Because of the formation of
weak bonds between the B atoms in the curved regions, the
conduction-band minimum state decreases under flattening
deformation. Similar behavior was also found in zigzag car-
bon nanotubes, where the singly degenerate state decreases
due to the enhanced accumulation of charge densities in the
curved regiong:°

The armchair nanotube lattice can also be constructed by
repeating the same building block as that in zigzag tubes, but
now it is rotated by 90° with respect to the tube axis. For the
consecutive B-N-B-N atoms in a rectangular cell, the LUMO
state @*) is represented as (1;01,0), similar to theq
=0 state in the(9,0 tube, while the HOMO stater) is

Perfect

) Be & & & represented as (0,1;01). The results indicate that thg,
®0 i @03 - = orbitals reside only at one type of atoms for these states.
N s o ey ) Figure 3d) shows the charge densities of the HOMO states
oB -~ B B for the perfect and the flattened tubes, indicating that this

) state maintains the characteristics of the (0;1,0, wave
FIG. 3. Ball-and-stick models fofa) (9,0 and (c) (5.9 BN fynction, with almost equal weights inside and outside the
nanotubes. The rectangular poxes are the ‘smallest bqulng block§pe. A charge transfer from the flattened layers to the
to construct the nanotube lattices by repeating along the circumfers 6 regions is not found, in contrast to the case of zigzag
ehntlal d;recﬁ'of?(b) Chargj-fcliensny cc_mrt]ours for tg%LU't\)AO §tatr¢]as " tubes. This is due to the large distance between same species
the per eCt(.e pane) and flattenedrig tpane.] (9,0 tubes in the along the circumference, which makes it unfavorable for an
cross sectionsg; and a,. (d) Charge-density contours for the Lo -
HOMO states in the perfecteft pane) and flattenedright pane) overlap of Ch‘?‘rge densities in the curved regions. As the
(5.5 tubes in the cross sectiong, and 3,. (5,5). BN tube is cplla_psed, the free—electronllkeT ty_bule con-
duction band? which is the LUMO state at the initial stage
=7.4tod=2.0 A, varying almost linearly with the interlayer of flattening, moves to higher energies, while a netvsub-
distanced. However, a gap closure does not occur and &and appears as the LUMO state nearXhgoint, as shown
direct gap is found at th&€ point in all the collapsed tubes in Fig. 2(b). Nevertheless, for small deformations down to
considered. To deform BN nanotubesde3.0 A, a trans- d=5.0 A, the band gap is little affected by flattening defor-
verse pressure of about 10 GPa is needed, as estimated frangtion. However, ford less than an interlayer spacing of
the total-energy variation with deformation. For moderate3.35 A, the gap suddenly decreases by 0.5 eV due to inter-
deformations down to near the van der Waals interlayefctions between the two facing layers of the collapsed tube.
spacing, the gap is found to be about 2 eV. Since zigzad his situation is similar to the case of collapsed armchair C
tubes with large diameters have a gap-~d eV, flattening nanotubes. When armchair C nanotubes undergo flattening
deformation allows the tuning of energy gap in the range ofleformation that breaks all mirror symmetries of the tube,
1-5 eV. the broken symmetry induces a mixing of two linear bands,
In zigzag nanotubes, the smallest building block in con-which are even and odd under mirror symmetry operations,
structing the nanotube lattice is a rectangular cell containingesulting in a gap opening. In this case, very small géges
two B and two N atoms, as shown in Fig(@® which is than 10 meV are induced for flattening deformations of
twice as large as the unit cell of an isolated flat sheet. Re=4.0 A, while the gap increases to about 0.1 eV as layer-
peating the rectangular cell along the circumferential direclayer interactions become significantdat 3.35 A%
tion gives rise to the conventional primitive cell of the zigzag In previous tight-binding calculations for BGanotubes,
nanotube. An analysis of wave functions in the rectangulathe band gap of perfect zigzag tubes was found to decrease
box is important in understanding the wave functions of theas tube diameter decreases, while armchairn) (n
whole nanotubé® When a graphitic BN sheet is rolled up, =3,4,5) tubes have an almost constant gap independent of
the wave vectorsk,) perpendicular to the tube axis are their diameters? Thus, one might naively expect a band gap
guantized such ds,=2q/L, wherelL is the circumference closure to be more likely to occur in zigzag B@ubules
of the tube andj is an integer. In the perfe¢®,0) BN tube, under flattening deformation. In our LDA calculations for
the LUMO state corresponds to tlge=0 state. Since thg  collapsed(4,0) and(3,3) BC; nanotubes, we only find a gap
=0 state is represented by the wave function (200) for  closure in the armchair tube, as shown in Fig. 4. This pecu-
the four consecutive atongB-N-B-N) in the rectangular cell liar behavior results from the fact that B@bes have both
in Fig. 3(@), only the B atoms have, orbitals. In fact, we the s and#* bands above the Fermi level, while the top of
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FIG. 4. Variations of the band gaps with flattening deformation
in (a (4,00 and(b) (3,3) BC; nanotubes. The shaded regions denote ° o 5 .

the band gaps and the number indicates the separatfipof(the o C . B R olo e
two opposing faces in the flattened tubes. B 2 .

FIG. 5. Ball-and-stick models ofa) (4,0 and (c) (3,3) BC;
the valence bands has character. The folded bands of the nanotubes(b) Charge-density contours for the LUMO states in the

unoccupieds band of a single Bgsheet have a bandwidth perfect @=6.5 A) and flattenedd=5.0 A) (4,0 BC, tubes in the
of about 1.5 eV and are located just above the band gap. fyoss sectionse; and a,. (d) Charge-density contours for the
higher energy gap between the and 7* bands, which is  LUMO states in the perfectd=8.5 &) and flattened ¢=5.0 A)
analogous to real gaps in C nanotubes, is seen df fh@int (3,3 BC; tubes in the cross section8; and 3,.
in the zigzag tube, and decreases under flattening deforma-
tion, similar to collapsed C nanotubes. Such a gap in thgause of the weak bonds induced by the overlap,abrbit-
conduction-band complex is in fact closed for an interlayerals, the lowest conduction-band state is lowered. We find a
spacing between 5 and 6 A. However, as the zigzag tube igap closure when the tube is flattened dowmite3.5 A for
flattened, ther band complex width increases slightly, with the (3,3) BC; tube.
a small upward movement at tfiepoint. Figure %b) shows In device applications, the preferentially grown zigzag
the charge densities for the lowestconduction-band state BN nanotubes would be promising optical materials in nano-
located at theX point, which are mostly distributed at the metric size, because the band gaps are tunable with flattening
zigzag B-C bonds, with ther orbitals at the B atoms. Since deformation. Depending on the severity of flattening, the en-
flattening deformation does not disturb this charge distribuergy gaps range from ultraviolet to infrared. On this basis,
tion, the lowest conduction-band state is insensitive to deforwe consider the effect of localized deformations in zigzag
mation. In addition, the highest valence-band state with BN nanotubes, where a small deformed region is sandwiched
character is also unaffected by deformation. Thus, the fundasetween two longer and perfectly shaped tubes. From our
mental gap of about 0.6 eV fromi to X for the (4,0) BCq LDA calculations, we find band offsets of about 0.4 and 2.1
tube is almost independent of flattening deformation. eV for the valence and conduction bands, respectively, for
On the other hand, for the armchair B@be, ther and  the locally deformed tube wit=2.0 A, as shown in Fig. 6.
7* conduction bands cross each other near 2/3 of the disFhis band diagram is quite similar to that of the double het-
tance fromI’ to X on theI'-X line. When one mirror sym-
metry is preserved during deformation, the degeneracy still
remains at the crossing point. But, the crossing point ofithe
and w* bands moves closer to thépoint as flattening de-
formation is enhanced, indicating that the movements of the
7 and =* bands are opposite withr bands lowering in
energy. In collapsed armchair C nanotubes, the crossing
point of = and7* was found to move to thE point. Figure
5(d) shows the charge densities for the lowest conduction-
band state located at tHe point, which are accumulated at FIG. 6. The band diagram for 6,00 BN nanotube device,
the B-C bonds normal to the tube axis. In collapsed armchaiwhere a locally deformed tubal&2.0 A) is sandwiched between
tubes, we find that thp, orbitals on both the B and C atoms two perfect tubes. Herg, and E. denote the valence-band maxi-
are more noticeably overlapped in the curved regions. Bemum and conduction-band minimum states, respectively.

2.1leV

35eV

f.0ev
04 eV
_I_'_\e— E,

Perfect region  Deformed region  Perfect region

Electron energy
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erostructure laser diod&, suggesting that the locally de- very different from those in both C and BN nanotubes. We

formed tube may act as an optically active region. find that flattening deformation induces a semiconductor-
In conclusion, we have performed first-principles pseudometal transition in armchair B{hanotubes. In both armchair

potential density-functional calculations on BN and 8C BN and zigzag Bg nanotubes, the band gap is insensitive to

nanotubes under flattening deformation. A pressure of abodf2ttening deformation.

10 GPa is needed to collapse the nanotubes down to & van \ye thank Y.-G. Jin for his helpful discussions. This work
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