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First-principles study of small-radius single-walled BN nanotubes
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The structural, electronic, and vibrational properties of small-radius single-walled BN nanotubes are studied
using the density functional method with the local density approximation. The results show that the chirality
preference of BN nanotubes observed in experiments may be explained from the relative stability of the
corresponding BN strips. Compared with the armchair BN strips, the zigzag BN strips have larger binding
energies and thus may be more easily formed. The smallest stable BN nanotube is found t[3 zigzag
nanotube. The energy gap of small zigzag BN nanotubes decreases rapidly with the decrease of radius. The
phonon dispersions of BN nanotubes are calculated and the frequency of the radial breathing mode is found to
be inversely proportional to the nanotube radius.
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[. INTRODUCTION properties of BN single-walled nanotub®s.
In this paper,we perform a systematic first-principles

BN nanotubek? are a kind of tubular material combining study on small-radius single-walled BN nanotubes. The
ultimate strength and stable dielectric properties. They arghirality preference, smallest nanotube, and the RBM of BN
predicted to be semiconductors regardless of diametefanotubes are investigated. We describe our computational
chirality, or the number of walls of the tué.This contrasts Method in Sec. II, and present our results and discussions in
markedly with the heterogeneity of electronic properties ofS€c. lll. Finally, a summary is given in Sec. IV.
carbon nanotubes, and also makes pure BN nanotubes par-
ticularly useful for potential device applications. It has al-
ready been realized that BN tubes have several unmatched
structural features which have never been noticed for C and Our calculations are performed using the Viermteinitio
other inorganic compound tub&ne of these features is simulation packagdVASP).131* In VASP, the generalized
that BN nanotubes have a chirality preference, that is, theelf-consistent Kohn-Sham equations are solved using an ef-
tube axes “prefer” the 1010 direction of the graphenelikeficient matrix-diagonalization routine based on a sequential
sheet(so-called zigzag tubgs Before this feature was dis- band-by-band residual minimization method and a Pulay-like
covered experimentally, Blag al® gave a contrary theoret- charge density mixing>®The electron-ion interaction is de-
ical prediction that the growth of single-walled armchair BN scribed by ultrasoft Vanderbilt-type pseudopotenttals)-
nanotubes would be better favored than the zigzag ondswing for a low cutoff energy in the plane-wave expansion
based on theb initio molecular dynamics simulations. Af- of the valence states. The cutoff energy is set to 347.9 eV in
terward, Menonet al.” related the observed feature to the the present work. The conjugate gradient method is em-
effect of relaxation on the chirality of nanotubes based on thgloyed to optimize the geometry until all the forces are small
structural data obtained by the generalized tight-binding mothan 0.01 eV/A . All calculations are performed using the
lecular dynamics method, but they did not confirm theirlocal density approximatiofLDA) in the density functional
analysis from an energy point of view. Obviously, further theory (DFT).*%° For the exchange-correlation energy
theoretical investigations are required to rationalize the examong electrons, we use a functional féfrfitted to the
perimental observation. Monte Carlo results for the homogeneous electron’gas-

The stability of nanotubes has been an important issue ithough VASP always employs periodic boundary conditions,
nanotube researches. Carbon nanotubes with diameters @fir calculations for BN single-walled nanotubes relate to in-
about 0.4 nm have been proved to be the smallest stable ongsitely long isolated tubes. This is achieved by arranging the
experimentall§f and theoretically. For BN nanotubes, how- tubes in a hexagonal lattice with lattice parameters of 20 A in
ever, there has been no study on this problem. How small théhe directions perpendicular to the tube axis, and only paral-
BN nanotube can be is still an open question. lel to the tube axisZ direction the periodicity is maintained.

Vibrational spectroscopy has been one of useful tools td'he resulting vacuum region is so large that there is almost
characterize carbon nanotube samples. There are many exe interaction between the tubes. To verify this point,we
perimental and theoretical studies on the vibrational properhave done two phonon calculations for a GN) nanotube
ties of carbon nanotubes. Especially, the Raman-active radiaith lattice parameters of 22.3 and 17.78 A respectively. The
breathing modéRBM) is found to be inversely proportional difference of the same phonon mode between the two calcu-
to the radius of a carbon nanotube, and offers a rapid way dhtions is less than 6 ciit. BN plane strips are treated in the
estimating the diameter distribution of tubes present in @ame way. Five irreducible k points are used in the z direc-
samplet®!! However, similar studies on BN nanotubes aretion to calculate the total energy and the forces of the nano-
very few. Very recently, Sechez-Portal and Herndez re- tubes accurately. Six and seven irreducible k points are used
ported a semiempirical tight-binding study on the vibrationalfor zigzag strips and armchair strips respectively.

II. COMPUTATIONAL METHOD
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FIG. 1. The mean radii and separations between the two cylin-
ders of the optimized BN nanotubes.

IIl. RESULTS AND DISCUSSION

We have optimized the zigzagh,0) nanotube withn
=3-15 and the armchain(n) nanotube with=3-9 BN
nanotubes. In our optimized nanotubes, the boron atoms ro-
tate inward to an approximately planar configuration,
whereas nitrogen atoms move outward into another planar FIG. 3. Relaxed structures df) a BN(5,0) strip, and(b) a
configuration. This buckling results in two cylinders formed BN(4,4) strip.
by boron atoms and nitrogen atoms respectively. Figure 1
shows the mean radii and separations between the two cyBN nanotube and plane sheet. From this figure, we can find
inders of the optimized BN nanotubes. From Fig. 1, one canhat the strain energy of a BN nanotube depends only on its
find that the smaller the nanotube is, the bigger the separaadius, but not on its chirality, contrasting sharply with the
tion between the two cylinders is. For example, the separasuggestion of Menoret al.” In fact, we can use a formula
tion is 0.11 and 0.03 A for BI6,0) and BN15,0 respec- E_, .. =2.89938R%>%%8L tg fit the strain energy of a BN
tively. Our results agree qualitatively with those obtained bynanotube, where the units of energy and radius are eV and A
Blaseet al® and by Kudinet al* In their studies, they used respectively. This formula is consistent with the conventional
DFT with the pseudopotential plane wave basis set and wit|astic theorem. Our fitting results agree well with those
the Gaussian type 3-21G basis set respectively. from non-orthogonal tight-binding calculations by Hemna

The total energies of BN nanotubes and an isolated BNjez et al,>®>?* who gave a behavior of 2.83®}%* for
plane sheet are displayed in Fig. 2. The strain energy of a BIBN(n,0) tubes and 2.78R~%° for BN(n,n) tubes respec-
nanotube can be defined as the energy difference between thigely. The calculations of Kudiret al?? gave a behavior of

3.30R?, and the discrepancy between theirs and ours may be

-174 —¢ Ttedlne due to diff_erent exchange-correlation functionals and basis
176} \a zigzagplane O | sets used in calculations.

7sl amﬂﬁ;ﬁgp}ggg 2] Since BN nanotubes can be viewed as formed by rolling

’ armchair tube 4 the h-BN sheet, we have studied the corresponding BN
- BN plane - . strips. First we optimize the structures of BN strips. Figure 3

5 —182 | shows the relaxed structures of two typical zigzag and arm-
S _igal chair strips. While the structural relaxation for armchair BN
3 ) strips is rather small, that for zigzag strips is very distinct.

g -1eer The unsaturated B-N dimers at the two sides of zigzag strips
-18.8 [ are buckled greatly. This kind of structural relaxation lowers
_19 | the energy of system, as shown in Fig. 2. As a result, the
zigzag BN strips are more stable than armchair strips with

-9z r similar widths. Thus we can propose a growth process of BN

—19-41 : : : : : ; : nanotubes to understand the chirality preference observed in
| ) RA ) experiments: first the BN zigzag strips are formed because of
(A) . . .
their favorable energies; then the BN zigzag nanotubes are
FIG. 2. The total energies of BN nanotubes, BN strips, and afformed from the BN zigzag strips. Experimentally, the
isolated BN plane sheet. The radius refers to that of an unrelaxeghirality preferential growths are observed in BN nanotubes
BN nanotube. produced by laser heating at high pressure or by thermo-
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Zig-zag nanotubes O is 1.2 eV for BN (15,0. If we assume this correction can
5 armchair nanotubes & apply for the smaller BN nanotubes, we will have a quasi-

a . N A & AO g particle energy gap of 3.2 eV for BN,0) which approaches

4l o o © ] the energy gap of GaN. So BBl0) may be used as quasi-1D

o © optoelectronic device.

- o We use a direct approattto study the phonon properties

3}»3 I o 1 of BN single-walled nanotubes. Within the harmonic ap-
w

proximation, the phonon frequencies and phonon modes are
2r © ] obtained by diagonalizing the dynamical matrix given at
each wave vector by

DLl = > explik-(ri—7—R)}®" (5,—7,—R)

L L L L L L . L L a,B e 1 ] a,B\ 11 ] ’

1 15 2 25 3 3.5 4 4.5 5 55 6 M i M i R
R(A)

where @) ;(7— 7,—R), R, M; and r; are the force con-
FIG. 4. Energy gaps of BN(0) zigzag nanotubes with=3  stants, lattice vectors, mass, and position of each atom in the
—15 and BN@,n) armchair nanotubes with=3—8. The radius  ynit cell respectively. Labelsandj denote the atoms in the
refers to that of an unrelaxed BN nanotube. unit cell, while « and 8 denote the Cartesian coordinates
,Y,z) of the atomic displacement.

chemical processes. At these growth conditions, the h-BI@X
In order to calculate the force constantss 1X 3 super-

particles or sheets could pre-exist. In addition, we find that "
the carbon zigzag strips do not take such a kind of structur ell is usgd for BN nanowbes. In general, we need to per-
relaxation, and the energy difference between the zigzag a grm 6N times superpell total-energy cqlculatlons bec_ause
armchair carbon strips with similar widths is small. TheseS2ch atom in the unit cell needs two displacements in all

results indicate that the growth of carbon nanotubes is not,ﬂree directionslﬁ(l;l is the nufmﬁer of atoms infthe unit cellbof
the chirality preference, in good agreement with the experitl® System But because of the symmetry of BN nanotubes,
mental observation. there are only two kinds of ions, so we can reduce the dis-

With the total energies of BN nanotubes and strips aplacement number to 12 for all kinds of BN nanotubes. The

hand, we now can address the problem of the smallest stabfiler force constants can be obtained using symmetry. To
BN nanotube. In Fig. 2, we can see there is a crossoverneck the accuracy of our method, we calculate the phonon

between the energy curve of zigzag strips and that of zigzag/a”d structure of h-BN plane sheet first. In this calculation,
e use a X3X 1 supercell containing 18 atoms. The calcu-

nanotubes. Fan=5, (n,0) zigzag nanotubes are more stable :
than zigzag strips, but far<5 the relationship is reversed. |ated frequency of the Raman-actizgy mode due to B and
NN atoms moving against each other in a plane is 1379%m

So, from the energy point of view, the smallest stable B e X pyes
nanotube will be 45,0) zigzag nanotube, which has a radius Which is very close to the experimental value 1I32§6;sing

of about 2.0 A. This result also agrees well with that of Ohbga

Though it is a generally view that BN nanotubes are semidensity-functional perturbation theory (1382 chyand that

28 . . .
conductors with a nearly constant quasiparticle energy gap dff Kern etal™ using ab initio force constant method

5.5 eV regardless of diameter, chirality, or the number of(1390 cm h.

walls of the tubé very small nanotubes are expected to have W& Show the phonon DOS and phonon band structure of
some different energy gap dependences because of the stroR})(5:0 in Fig. 5. The phonon DOS of the BH,0) nanotube
hybridization effect. Here we have calculated the electronidS Similar to that of the h-BN plane sheet, except for more
structure of the zigzagn(0) (with n=3—-15) and armchair complicated structures. Moreover, the nanotube ha§1a con-
(n,n) (with n=3-8 BN) nanotubes. We show the calculated Stant phonon DOS in low frequency {0-<100 cm -)
energy gap results in Fig. 4. From the figure, one can find’"h'ch is the.chara.cter of phonon DOS of one-dimensional or
that the energy gap of small zigzag BN nanotubes decreas@s/@si-one-dimensional systems such as carbon nandtubes.
rapidly with a decrease of the radius, while that for armchaif ©" the BN5,0) nanotube, the in-plane mode is softened and
nanotubes changes a little. This different behavior has beeif€ frequency now is 1310 cm. This effect can also occur
explained by Blaseet al® They showed that for armchair I carbon nanotub&$because of the curvature effects. .
tubes the near free electronic statelatorresponds to the !N order to see more details about the Raman-active
bottom of the conducting band while this is not the case fofP0non modes, we try to find all the Raman active and IR
zigzag nanotube. We also find that all the small zigzag nancctive modes. Aloft has shown that the rod group of the
tubes are direct gap semiconductors and all the armchaBN(n.0) zigzag nanotubes 5, . There are total 12 pho-
nanotubes are indirect gap semiconductors, consistent wiffon modes for a BN{,0) nanotube. Four of them, which
previous theoretical resulfslt is well known that the LDA  transform ad’,=A,®E, andT'r , have vanishing frequen-
calculation underestimates the energy gap. Since the quasgiies at thel’ point. Two of the four modes are degenerate
particle energy gap of large BN single-walled nanotubes igvhich can be seen from Fig. 5. The modes that transform
5.5 eV(Ref. 3 and our LDA gap of BN(15,0 is 4.3 eV, we accordingl';=A;®E;®E, and/orl", are Raman and/or IR
estimate the quasiparticle correction of the LDA energy gamctive, respectively:

035427-3



H. J. XIANG, JINLONG YANG, J. G. HOU, AND QINGSHI ZHU PHYSICAL REVIEW B58, 035427 (2003

1600 600
550 | .
1400
500 |
1200 ; 1
< 450 | BN(5,0)|
A s
; it 1 g 00T BN(4.4) BN(6.0) 1
) 3 350 | ]
5 800 . I BN(5.5) BN(7,0)
7 300 | BN(8.0) .
0 600 1 !
iL = 250 [BN(12,0 T
400 F 200 . ‘ . . ‘
0.2 0.25 0.3 0.35 0.4 0.45 0.5
0t ] 1R (A
0 FIG. 7. Frequencies of the RBM of BN nanotubes. The radius

refers to that of an unrelaxed BN nanotube.

FIG. 5. Phonon band structure and density of states of th

BN(5,0) nanotube. ?Ne fit the results using the formule= A/R whereR is the

radius of the nanotube andi=1005 cmi A, One can see
from the figure the fitting is a straight line. The deviation
from the linear fit is due to the two cylinders in the BN
2ig nanotubes. If all atoms lie in the same cylinder the frequency
I'iR=3A1®5E;. of the RBM will inversely proportional to the radius of the

Al IR acti h d R ve. We sh htubes. Because the distance of the two cylinders is smaller
active phonon modes are Raman active. We show thg, 546 diameter nanotubes than that for small diameter

calculated frequencies of the Raman-active modes of severgh oy hes, we expect the fit will be better if we fit the results

zigzag nanotubes in Fig. 6 and Ref. 32. of the larger BN nanotubes. In fact, the BN nanotubes ob-

) For EN nanotubes, the RBM |s_b|oth Il?an:jan Snd IR activegeryeq in experiments are larger than the ones studied here.
Since the Raman spectrum is mainly related toltfghonon, o gptaineda value is a little smaller than that of carbon

we can calculate the phonon frequency of this mode effiy, ;4 ned033 we expect the fitting formula will be useful

ciently by using only one unit cell in the force constant cal-¢, qetermining the radius of a BN nanotube from Raman
culation. We use this method to calculate the RBM for S'Xspectra in experiments.

kinds of zigzag nanotubes: BBL0), BN(6,0, BN(7,0),
BN(8,0), BN(10,0, BN(12,0, and two kinds of armchair
nanotubes: Bi,4) and BN5,5). Figure 7 shows the calcu- V. SUMMARY
lated results. From this figure, we find that the frequency of

the RBM decreases as the radius of the nanotube increases.We have performed a first-principles study on the struc-
tural, electronic, and vibrational properties of small BN

Ig9  =3A,®5E,®6E,,

- - - . RemanRAT O single-walled nanotubes. A growth mechanism is proposed
1800 RamaniRE1 @ as an explanation why zigzag nanotubes dominate in the
1600 Raman E2 products of BN nanotubes. The smallest stable BN nanotube
2 e o ® is shown to be the B%,0) zigzag nanotube. We find that for
1400 2
PR 5 s 2 @ e ® small zigzag nanotubes the energy gap decreases rapidly
g 1200 2 with the decrease of radius, while armchair nanotubes almost
> 1000 have a constant energy gap. We have calculated the phonon
1 800 A o N e dispersions of BN nanotubes and found the frequency of the
£ bt L g n RBM is inversely proportional to the nanotube radius.
600 g . A
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