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Lattice dynamics of single-walled boron nitride nanotubes
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The phonon dispersion of single-walled boron nitride nanotubes is calculated within a valence shell model
of the lattice dynamics. The model parameters are derived from fittings to the measured phonon dispersion of
hexagonal boron nitride and available optical data. The calculated phonon dispersion curves for the tubes
(10,10), (17,0), and (15,4) are presented. An analysis of the vibrational patterns of the zone-center phonons is
given. The results for the phonon dispersion, zone-center phonons, and nonresonant Raman intensity can be
used for the needs of characterization of boron nitride nanotube samples by Raman scattering and infrared
spectroscopies.
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[. INTRODUCTION persion and measured optical modes frequencies of h-BN is
proposed(Sec. I). This model is symmetry adapted, and is
Boron nitride nanotube@BNNTS) were theoretically pre- based on a unit cell of two atoms only. In Sec. lll, the results
dicted to be stable structures with an electronic band gapmf the calculations of the phonon dispersion for three BNNTs
independent of their radius and chirafttyExtensive first- are presented. Analysis of the zone-center phonons is given.
principles calculations showed that they are wide-gap semiThe derived radius dependence of the frequency of some of
conductors with an energy gap 6f5.5 eV, and that their the optical phonons for all tubes with radii between 5 and 25
stability is related to the buckling effettThe possibilities is also given. Finally, the nonresonant Raman spectra for
for techno]ogica| app]ications of BNNTs motivated the de_the considered three tubes is calculated within a bond-
velopment of various methods for their production: arcpolarizability model. The paper ends with conclusions
discharge® laser ablatiof,® and chemical vapor (Sec. V.
depositior” The structural study of the samples performed
by high-resolution transmission electron microscdpl/ re- Il. DYNAMICAL MODEL
vealed that synthesized BNNTs had a hexagdhal BN
stacking of zigzag type layet$, ABAB hexagonal stacking
of zigzag and armchair layet§rhombohedralr-) BN stack-
ing (ABCABC. . .) and anear zigzag arrangemetftBy an
x-ray diffraction analysis of catalytically grown BNNTS,
stacking of h-BN layers with two-layer repeat units and r-BN
layers with three-layer repeat units was meastteRe-
cently, it was possible to produce by laser-ablation BNNT:
samples which were composed mostly of single-walle
BNNTs of predominantly zigzag type with diameter of 1.6
nm and well-crystallized bundles of about ten tubes with
tube diameter of 1.4 nrif.

First of all, a simple structural model of a BNNT can be
considered in quite the same way as it was done for single-
walled carbon nanotube€NT9).2° In this model, a rectan-

a gular strip is cut out from an infinite BN honeycomb sheet
perpendicular the line connecting two given lattice points.
The strip is then rolled up into a seamless cylinder so that the
two points coincide. Such a tube can uniquely be specified

y the pair of integersr(;m) that define the lattice transla-

tion vector between the two points. Such an ideal tube can
also be characterized by its radiésand chiral angled,
which is the angle between the tube circumference and the

The characterization of the synthesized BNNTs can b@earest_zigzag of B-N bonds. The tube_s are called achiral for
accomplished by means of Raman scattering and infrareF:0 (zigzag type af‘d o=m/6 (armcha!r tpr and chiral
spectroscopies as faster, cheaper, and nondestructive meffll 0< ¢<7/6. The ideal tube is a periodic structure along
ods. The observed features in the Raman and infrared spectfg XIS With a primitive translation vector and hasN,
of BNNT samples can be assigned to definite tube vibra! oron-nitrogen atomic pairs in thg translational unit cell. The
tional modes by using theoretical predictions for these mode§uantitiesR, 6, T, and N are given by the relationsk
within a lattice-dynamical model. As far as it is known to the = V3(n?+nm+m?)a/2z, @=tan [3m/(m+2n)], T
author, no calculations of the phonons of BNNTs have so far237R/d, and N.=2(n?+nm+m?)/d where a is the
been reported, the theoretical efforts being directed mainly teearest-neighbor B-N distance adds the greatest common
electronic band structure calculatidisnd study of the me- divisor of 2n+m and 2n+n.
chanical properties of the BNNTS78The dynamical prob- Along with its translational periodicity, the ideal nanotube
lem for BNNTs can be solved by the zone-folding method orhas a specific screw symmetry. As a consequence of the lat-
by direct simulations for a particular tube. Since the formerter, a boron-nitrogetiB-N) atomic pair can be mapped onto
approach has certain drawbadRst is preferrable to use the the entire tube by use of two different screw operafors,
latter one. similar to the way in which the BN sheet is generated from

Here a valence shell model for the lattice dynamics ofsuch a pair by use of two primitive translation vectors. The
single-walled BNNTs(hereafter, simply BNNTswith pa- lattice-dynamical model for a BNNT based on a two-atoms
rameters obtained from fitting to experimental phonon dis-unit cell can then be constructed in the same way as for a
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three-dimensional periodic structuie?® For small displace- Here a valence shell modéVSM) based on a two-atom
ments of the atoms from their equilibrium positions, theunit cell is used for the calculation of the phonon dispersion
Hamiltonian of the nanotube can be written as the sum of thef BNNTSs. In this model, the long-range interactions are de-
kinetic energy and the potential ener@y the harmonic ap- scribed by Coulomb potentials and the short-range interac-
proximations. Using this Hamiltonian, the equations of mo- tions are described by valence force field parameters of the
tion are readily derived. After Fourier transforming the types nearest-neighbor streteh, next-to-nearest-neighbor
atomic displacements and the force-constant matrix, the dystretch a,, in-plane bendy,, and out-of-plane beng,.?®
namical problem is reduced to the solution of a system of siXThe out-of-plane bend interaction is necessary for the model
homogeneous linear equations. The requirement for norbecause it stabilizes the out-of-plane dynamics that cannot be
trivial solutions of these equations leads to the secular equatone alone by the Coulomb potentials. The electron density
tion and, eventually, to the eigenvalue$qlj). Finally, the  deformations of the boron and nitrogen ions are also ac-
eigenvectors(k|qlj) (k=1,2) are obtained as solutions of counted for representing each ion by a massless spherical
the equations of motion. Here the two quantum numloers shell with chargeY coupled with a spring with constaktto
and| label the modes with a given wave numbgin the  a point core with massn and chargeX (Z=X+Y is the
one-dimensional Brillouin zone of the tube-r<q=<m) ionic charge. The ionic polarizability is thenr=Y?/k. The
and with 24 nodes of the eigenvector around the tube circum-strong anisotropy of the BN sheets suggests to use two dif-
ference (=0,1,...N¢/2). The indexj (j=1,2,...,6) ferent values of the polarizability; and a, for directions
enumerates the modes with givgrandl. There is an exact which are locally parallel and perpendicular to the tube sur-
correspondence between the modes with gigeand| and  face, respectively. The existing experimental data on the tube
the modes with giverk and w obtained within the zone- structure is rather scarcéAb initio structural studies of
folding method(see Eqg. 14 in Ref. 2%nly in the limit of ~ BNNTs have predicted buckling of the B-N bonds with a
very large tube radii. In that case, the phonon dispersion of formation of a concentric inner B cylinder and an outer N
tube can be “unfolded” into the phonon dispersion of the BN cylinder? Since the separation between the two cylinders is
sheet along the direction of the tube circumference by plot~0.1 a.u., the effect of the bond buckling on the phonons
ting it as a function of (1=0,1, ... N./2 andq=0). will be negligible. Therefore, a simple structural model was
The values of the quantum numbkrcorrespond to the considered here, in which it was assumed that for a given
irreducible representations describing the symmetry propettube all bonds are straight and of equal lengths of 1.44%\
ties of the phonons with respect to the symmetry groups oft is in the sheets of bulk h-BN all bond angles are equal to
the tubes* Thus theq=0 phonons withl=0,1,... N2  each other, and all atoms lie on a single cylindrical surface.
transform according to the irreducible representations Due to the large electronic band gap of the BNNTs of
AEGEoy, oo By (X=g or u), AEqEs, ... By (X ~5.5 eV, the Raman scattering of light is expected to be
=1 or 2), andA, E,, E,, ... ,B of the rod group,, nonresonant. Therefore, a bond-polarizability model that is
C,ny» @andCy, in armchair, zigzag, and chiral tubes, respec-suitable to describe the nonresonant Raman intensity was
tively. The group-theoretical analysis based on these rotised to calculate the Raman spectra of BNNTs. This model
groups reveals that the Raman- and infrared-active phonorngas applied here for three different tube types for back-
transform according to scattering geometry and parallel light polarization with aver-
aging over all tube orientations in space.

IRM=3A®2E @4y, I'i"=A,®3E;,, (2.1 lIl. RESULTS AND DISCUSSION

The model parameters of any phenomenological lattice
dynamical model are usually determined via fitting to avail-
able experimental data on the same or similar structures. In
the case of BNNTs it is appropriate to derive the model pa-
rameters from data for graphite-like BN crystals. There are

Irg"=4A®5E,®6E,, T'S"=4A®5E;. (2.3  two such polymorphic structures. The most common one,
h-BN, hasAA’ layer stacking with all hexagons in all layers
coinciding but with boron and nitrogen atoms alternating

Note that there are only eight, eight, and 14 Raman-activérom layer to layer at the same position. The unit cell of
phonons and three, three, and six infrared-active phonons in-BN contains two boron and two nitrogen atoms. The less
armchair, zigzag, and chiral CNTs, respectivly. common one, r-BN, has aABC layer stacking with the

It is important to point out that the necessary computahexagons no longer coinciding but translated parallel to each
tional time for solving the eigenvalue problem for the two- other from one layer to the other. This structure is stable only
atom unit cell is linear inN; while that for the N.-atom  at pressures 10 GPa. A structure with layer stacking AB as
translational unit cell increases & . Thus this problem in graphite does not exist for bulk BR.For this reason, the
will be practically unsolvable for certain experimentally ob- VSM parameters were derived here by fitting to available
servable chiral nanotubes with lartje (note that among the experimental data on h-BN, namely, the surface phonon dis-
404 BN tubes with radii between 5 and 15 A, 142 tubes haveersion curves of epitaxial monolayer films of h-BN mea-
N.>1000 and 61 tubes haw,>2000). sured by high-resolution energy-loss spectrosédi§aman

IR9=3A185E,@6E,, If%=3A@5E;, (2.2
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TABLE I. VSM parameters fitted to the measured phonon dis- 1800 T T T T T T
persion in Ref. 29. [

rTrrr7rv1rT1T
® datafrom Rokutaetal. ]

1600 - LO

Parametérand unit Symbol Value 1400 | -
lonic charge(e) Zg 1.29 ~ 120 i
Zy —-1.29 E:, 1000 [
Shell chargge) Yg 1.90 & ol
Yy ~1.90 3
lonic polarizability (A%) o 0.01 £ sor
(for B andN) 400 |-
a, 0.61 w00 .
Nearest-neighbor stretdiN/m) a1(B—N) 610.8
Next-to-nearest neighbor a,(B—B) 23.6 °A - ot
stretch(N/m)
as(N—N) 25 FIG. 1. Phonon dispersion curves of bulk h-BN along several
In-plane bend (10%° Nm) v1(B—N—B) 29.5 high-symmetry directions calculated within a valence shell model
y1(N=B—N) —-10.0 with parameters fitted to the experimental data from Refs. 29 and
Out-of-plane bend (10?° Nm) v, 14.8 30. The type of the phonon branches aldri§ direction and the
(for B andN) symmetry of the optical phonons are given as well.

&The repulsion between B and N atoms of neighboring sheets is o ) )
described by a Born-Mayer potenti&l(r)=aexp(—br) with a & derivation of a quadratic dependence, and the resulting
—638 eV andb=3.18 A L. dependence will only be linear in the wave vector. It is worth
bAnisotropic ionic polarizability was assumed for both B and N, Méntioning that such problems do not ariseaminitio dy-
The symbols| and L denote directions which are parallel and N@mical calculations of h-BN, possibly due to the many-body
perpendicular to the sheets, respectively. character of the long-range interactions thérahe men-
tioned drawback of our model is not expected to influence
the results for the high-intensity Raman-active phonons of a
scattering and infrared absorption data on bulk h3Nhe BN tube much because they are in-plane stretching phonons
best-fit VSM parameters are given in Table 1. The in-plane(G-band phononsor are determined by bond-stretching in-
polarizabilitiesa were found to be vanishingly small, while teractiongthe radial breathing modd&kBM)]. For these rea-
finite values were necessary for the out-of-plane amgsn  sons, only the experimental points for the in-plane phonons
order to reach agreement with the experimental data. Thegether with the two optical out-of-plane phonon frequen-
fitting procedure yielded for each of the quantitigsanda,  Cies were accounted for in the fitting procedure. In Table I,
nearly the same values for B and N. The out-of-plane bendthe calculated frequencies and vibrational patterns of the
ing parameters for B and N were assumed equal becaug@ne-center optical phonons of bulk h-BN are given together
different values of these parameters do not improve much thwith the observed oné¥.
disagreement with experiment for the out-of-plane phonon The derived model parameters can be used to calculate
branches. the phonon dispersion of various BNNTs. The phonon dis-
The calculated phonon dispersion curves are shown ipersion of tubes (10,10), (17,0), anth,4, with N.=20,
comparison to the experimental points in Fig. 1. The in-plane34, and 602, respectively, and nearly the same radius of
acoustic and optical phonon curves, denoted by LA;,TA ~6.8 A, are presented in Fig. 2. The branches wiith
LO, and TQ, could be reproduced quite well while there is =0,1,2 are drawn by solid lines and those with
a clear disagreement for the out-of-plane phonon curves TA=3,4, ... N¢/2 are drawn by dotted lines or are omitted as
and TQ . The reason for this can be found in the high an-in the case of tube (15,4). The symmetry of the Raman- and
isotropy of bulk h-BN along and perpendicular to the BN infrared-active phonons is shown as well. The zone-center
sheets. Due to the layered structure of h-BN, the separatghonons of the tubes (10,10) and (17,0) are given in a un-
layers must have out-of-plane phonons with a nearly quafolded graph in Fig. 3. For armchair and zigzag tubes with
dratic wave-vector dependence of their frequency. Howevenery large radii, the unfolded curves will coincide with the
such dependence cannot be reproduced by use of two-bo@prresponding curves for the BN sheet along the directions
interaction force constants but requires the introduction of'M andI'K, respectively. In the case of armchair and zigzag
many-body ones. In the case of a graphite sheet, the quédbes with finite radii there will still be a similarity between
dratic dependence could only be described by the introdudhe unfolded curves and the sheet dispersion alokyand
tion of out-of-plane bending and bond-twisting valence forcel'K. Thus thel'-point phonons of the sheet are displace-
field parameters! This set of parameters allowed one to pre-ments identical for all boron-nitrogen pairs, while those for
dict a quadratic wave-vector dependence for the transversg# 0 are standing waves alorgg Similarly, the zone-center
acoustic branches of carbon nanotufds the case of a BN  tube phonons witi=0 are displacements identical for all
sheet, one has to account for the long-range interactions BN pairs with respect to the tube surface and those Wwith
use of Coulomb potentials which rules out the possibility of#0 are standing waves with 12 nodes around the
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TABLE Il. Calculated and measured fequencies of the zone-center optical phonons of bulk h-BN.

Optical phonof Symmetry Obs? Calc.
antisymmetric counterphase in-plane E . (TO/LO) 1367/1610 1367/1612
symmetric counterphase in-plane Eoq 1366 1366
antisymmetric counterphase out-of-plane A, (TO/LO) 783/828 758/819
symmetric counterphase out-of-plane Big - 819
symmetric in-phase out-of-plane Byg - 100
symmetric in-phase in-plane Ezqg 52 43

&The descriptions “in-phase” and “counter-phase” refer to the dispacements of B and N on the same BN
sheet, and “symmetric” and “antisymmetric” characterize the atomic displacements with respect to the
center of symmetry of h-BN.

circumferencé? For =0 andl=0, there are two acoustic

phonons with equal displacements of all atoms along the w(RBM)= R

tube axis and along the circumferendthe two zero-

frequency transverse acoustic phonons havé) and four

optical phonons: one with uniform in-phase radial displace4n the case of CNTs, the force-constant approach yields val-

ments of all atomgthe RBM), another with counterphase ues for the RBM frequency which are lower by a few percent

radial displacements of all atoms, and two with counterphasehan the experimental ondsf., e.g., 1148 (Ref. 22 to

in-plane phonons. The phonons of the “acoustic” and “op- 1240R (Ref. 33]. Therefore, it is expected that this formula

tical” branches in Fig. 3 are in-phase and counterphase mawill underestimate the actual RBM frequency. The radius

tions of the unit cell pair in the form of sinosuidal standing dependence of the frequencies of fBeband modes for alll

waves with 2 nodes around the tube circumference. 1189 tubes with radii from 5 to 25 A is shown in Fig. 5. With
The zone-center Raman- and infrared-active phonons afge increase of the radius, all curves tend asymptotically to

important for the structural characterization of the BNNTthe frequency of the BN sheet stretching mode of

samples. In the case of CNTs, the RBM and the in-plane1367 cm . The curves were fitted with simple power laws

stretching modes forming the so-call&l band have the (with respect to the frequency 1367 ch): —115R%*!!and

highest Raman intensity. These modes are expected to give199R>% (A mode3, 272R°® and —155R%(E,

rise to high-intensity Raman peaks for BNNTs as well. Heremode3, and 382R°7% and —364R'%° (E, modes. The

the dependence of the RBM frequentip cm™') on the  softening/hardening of the frequencies of tidand modes

radiusR (in A) (see Fig. 4 was fitted with a simple power is entirely a curvature effect in the current dynamical simu-

law: lations. Electronic band structure effects, which are signifi-
1800 r . . . . . . r . . ——T—TT 1800 T T 1T T T 17 171 T T T T T T T T T T T 1T TT
r 10,10 1 T 17,0
L use ] wo 00910 (7.0 ]
£ L
\ o . . ‘A
A =] m - . =]
‘ eAE = I L T I . .o AEY
A F . . HE LS ¢ e .
= 1200 527_ i 1200 |- 4 L T, 4
£ < F 4
L £ . AL T
P - 4 S 1000 - - . u
(5] .
= A} > F . F .
g £ S sopOA, . 4t . . L L. AES
g e/l = r e, . I
L 600 L 4 ® 600 | T Rttt 4
w L . .o, .
Eaf g 400 A I T e Lt
E A . .° {1} .t A
iz 200b0, " o[ A 0 A ¢ 21 o AN
Zi F ’ E‘ . m Eig O Elu = Et . o
oW 1 V. P R R E; A ppep— 0 ,*II‘Ezg 42 ||||||||||1+1
00 0.1 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 05 01234567 8910 17161514131211109 8 7 6 54 3 21 0
q/2n q/2n q/2n Quantum number | Quantum number |

FIG. 2. Calculated phonon dispersion curves for the tubes FIG. 3. Unfolded phonon dispersion for the zone-center
(10,10), (17,0), and (15,4) of armchair, zigzag, and chiral typesphonons of the tubes (10,10) and (17,0). The Raman-active
respectively. The branches witk 0,1,2 are drawn with continuous (infrared-activgé modes withl=0,1,2 are given by solidempty)
lines and those fok=3,4, ... N./2 are drawn with dotted lines or circles, squares and triangles. The semisolid symbols denote modes
are omitted. The symmetry of the Raman- and infrared-activevhich are both Raman and infrared active. The symmetry of these
phonons is given as well. phonons is provided in the legends.
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FIG. 4. Calculated radius dependence of the frequency of the
radial breathing mode for all 1189 tubéshiral and achiral with
radii between 5 and 25 A. The curve was fitted with a simple power
law (see the text for details

Raman shift (cm™)

FIG. 6. Calculated Raman spectra for the three tubes (10,10),
(17,0), and (15,4). Full width at half maximum of 1 chwas
assumed for all lines. The symmetry and position of the Raman-
cant in CNTs** can be ruled out for BNNTs due to the large active lines is shown as well.
electronic band gaps.

The assignment of the peaks in the observed Raman spec-
tra can essentially be facilitated if the Raman intensity can beensitive to large variations of the bond polarizability param-
predicted as well. Due to the large electronic band gaps ofters, while the intensity of the RBM changed by several
BNNTSs, the resonant Raman scattering effects are relativelgrders of magnitude for the same parameters variations. This
weak. For this reason, the calculation of the Raman intensitjustifies the presentation of the-band region of the Raman
is carried out here within a nonresonant model, namely, spectra mainly for illustration that certain Raman-active
bond-polarizability model. Since there are no available poimodes give rise to significant intensity and other Raman-
larizabilities and their derivatives for the B-N bonds, the cal-active modes have vanishingly small intensity. The high-
culation was done with parameters for the C-C bofidghe  frequency regions of the calculated spectra containing the
Raman intensity of th&-band modes was found to be in- lines of the G-band modes for the three tubes (10,10),
(17,0), and (15,4) are shown in Fig. 6. It is seen that the
modes withA andE, symmetry give rise to higher peaks that
the E, modes. Several peaks are closely situated at about
1370 cm ! and they could be seen as a single peak. How-
ever, the observation of tHe, peak at 1419 cm’ or theE,
peak at 1457 cm® will be a signature for the presence of
] tubes (10,10) or (17,0), respectively. In the case of a BNNT
. sample with a certain distribution of the tube radii, the as-

1470 =TT LI DL B B |
[ G-band, Amodes] G-band, E modes]

1460 -I;andl, E, Imodleg'
1450 |- 1 1
1440 [ I I
1430 N 1 1
1420 |-

1410
1400
1390

Frequency (cm™)

1380

1370 |-

1360

1350

1015 20 25 5
Radius (A)

Radius (A)

Jo 15 20 25
Radius (A)

10 15 20 26 5

signment of the Raman lines can be done by use of Fig. 5
and the calculated Raman intensity. The latter data are not
given here because the Raman intensity ofGh@odes as a
function of the tube radius and chirality cannot be fitted with
smooth curves. In the case of the RBM, however, the product
of the intensity and the volume per boron-nitrogen pair is
approximately a constant which is independent of the tube
radius and chirality. The RBM intensity itself will depend on
the choice of the unit cell volumegfor a discussion,
see Ref. 22

FIG. 5. Calculated radius dependence of the frequency of the six

in-plane stretching optical modes witk-0,1,2 for all 1189 tubes

IV. CONCLUSIONS

with radii between 5 and 25 A. The three symmetry species at each

of the curves refer to tubes of armchair, zigzag, and chiral types, [N conclusion, the lattice dynamics of single-walled boron
respectively. The dashes mean that for the corresponding tube typ&éride nanotubes is calculated within a valence shell model.
the modes are neither Raman active nor infrared a¢ee Eqs. The results for the phonon dispersion for three different
(2.D-(2.3]. tubes are presented. Special attention is given to the study of
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