VOLUME 80, NUMBER 8 PHYSICAL REVIEW LETTERS 23 EBRUARY 1998

Frustration Effects and Microscopic Growth Mechanisms for BN Nanotubes
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Using ab initio molecular dynamics simulations, we have studied the growth mechanisms of boron-
nitride (BN) nanotubes. In the experimental conditions of temperature, the behavior of single-
wall BN nanotubes strongly depends on their helicity. Open-ended “zigzag” tubes close into an
amorphouslike tip, preventing further growth. In the “armchair” case, the formation of squares traps
the tip into a flat cap able to revert to a growing hexagonal network by incorporating incoming
atoms. These findings are related to the greater stability of B-N bonds as compared to B-B or N-
N bonds. [S0031-9007(98)05301-0]

PACS numbers: 61.48.+c, 71.15.Pd, 81.10.Bk

While carbon nanotubes [1] have attracted a lot of atboring tubes. Standard nonlocal pseudopotentials [13] are
tention in the last few years, boron-nitride (BN) nanotubegyenerated for B, N, and H atoms [14]. The system sizes
[2—4] have been studied much less extensively. BN nancare ranging from 70—120 atoms per unit cell with a typical
tubes are insulating with &5.5 eV band gap [5]. More simulation time of~10 ps per system. The diameter of
generally, it has been shown that controlling they(z)  the studied BN nanotubes-().8 nm) is consistent with a
stoichiometry of composite &, N, nanotubes can be used dominant peak observed in the diameter frequency histo-
as a means to tailor their electronic properties [6]. In addigram of pure SW carbon nanotubes [15] and comparable,
tion, the lack of chemical reactivity displayed by BN nano-even though smaller, with the diameter of the BN nano-
tubes leads to the idea that BN nanotubes could be used aghes observed so far-(1.2—4 nm) [4].

“protecting cages” or “molds” for any material encapsu- First, we evaluate the energy cost associated with a frus-
lated within [7]. These potential applications provide atrated N-N or B-B bond as compared to a B-N bond. Start-
strong motivation for pursuing the experimental and theoing from an isolated BN hexagonal sheet, we exchange two
retical effort of better understanding BN tubular systems.neighboring B and N atoms, creating two B-B bonds and

Recent experimental studies [3,4] have shown that thewo N-N bonds. The computed energy cost of this anti-
morphology of BN nanotubes differs significantly from the site defect is 7.1 eV, after atomic relaxation. Second, we
one of their carbon analogs. BN nanotubes tend to havstudy various isomers of small,Cand B;,N;, clusters.
amorphouslike tips or closed-flat caps, which are venyin particular, we compare the energies of two fullerenelike
rarely observed in carbon systems. In order to underelosed structures, one with pentagons and hexagons only
stand the origin of these differences, we have studied th@abeled [5,6]), the other with squares and hexagons (la-
growth mechanisms of BN nanotubes by means of firstbeled [4,6]). In the case of carbon, we find tha[G,6]
principles molecular dynamics simulations [8,9]. We findis more stable than £]4,6] by 1.5 eV, while in the case
that the high energy cost of “frustrated” B-B and N-N of BN compounds, the BN,[5,6] isomer is less stable
bonds strongly affects the modalities of growth. In par-than B,;N,[4,6] by 7.8 eV [16]. Assuming that elastic
ticular, odd-member rings are not stable at the growingenergies are equivalent for both C and BN compounds, we
tube edge at experimental temperatures. In the case ofin estimate the cost of the six frustrated bonds present in
single-wall armchair [10] (SW) nanotubes, a metastablehe B;N;,[5,6] isomer to be 9.3 eV, that is'1.6 eV per
“open” tip structure with even-member rings only and nofrustrated bond. This is consistent with the energy found
frustrated bonds is created. Furthermore, the calculatiorsbove for a planar geometry.
suggest that these SW tubes may grow uncatalyzed by We now turn to the study of the dynamics and growth
chemisorption from the vapor phase. On the contrary, ifnechanisms of BN nanotubes. In particular, we consider
the network helicity imposes the presence of frustrated ohere the issue of further growth, once an initial tubular
dangling bonds (e.g., zigzag [10] nanotubes), these bondsructure has already been formed [17]. We consider first
are unstable, breaking and forming during the simulationthe case of a (5,5) armchair nanotube. Starting from an
This leads to an amorphous tip structure, which is likely to*ideal” cleaved geometry [Fig. 1(a)], we gradually raise
prevent growth. the temperature up to 3000 K which is typical of the

Our simulations are carried out within the local densityexperimental synthesis conditions. At relatively low tem-
approximation [11] to density functional theory [12]. We perature {1500 K), the topmost BN hexagons bend in-
adopt periodic boundary conditions and a plane wave exside connecting each other. This creates five squares and
pansion for the wave functions with a 36 Ry energy cutoff.a decagon [Fig. 1(b)]. In this configuration, all atoms are
We keep a minimum distance of 6-10 A between neighthreefold coordinated and no frustrated bonds are present
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cap, consisting of squares and a large even-member ring,
which is able to incorporate incoming B or N atoms
(or BN dimers) from the plasma phase. This contrasts
significantly with the case of armchair carbon nanotubes
where the formation of pentagons leads to closure into a
hemi-G cap which does not incorporate any incoming
atoms, preventing further growth [9].

We consider now the case of a (9,0) zigzag nanotube.
In the chosen starting configuration, the final ring of
atoms is made of B atoms only and important frustration
effects can be expected in an attempt to close this con-
figuration. For temperatures lower than 3000 K, the only
observed process is a dimerization of some B atoms at the
FIG. 1. Symbolic ball-and-stick representation of the (5,5) BNtop [Fig. 3(a)]. However, around 3000 K, a remarkable
nanotube. Large white and small black circles are, respectively‘diffusion” process at the tip of the nanotube brings N
B and N atoms. (Only the atoms in the *front” of the atoms above the terminal B ring [Fig. 3(b)] in order to

structure are displayed.) In (a), the initial configuration of the . .
molecular dynamics simulation is shown (0 K). In (b), the final create a BN square [Fig. 3(c)]. The formation of two more

configuration at 3000 K exhibits the [4,6,10]-rings geometry_SquareS.by th? same mec_hanism is sybsgqugntly observed
discussed in the text. In (c), the hypotheticah-@Gke capping in the simulation. This first reorganization is followed
is shown. The arrows indicate the motion of the atoms. by the formation of a “bridging” bond across the open
end of the nanotube. However, contrarily to the armchair
[18]. Brought to 3000 K for more than 5 ps, the squarescase’ the system d_oes not evolve towards ast.able minimum
energy configuration but samples several tip structures.

tion is observed. This suggests that tip structures contai %_Ve plot in Fig. 3(d) the configuration reached by the

ing several squares and a “large” even-member ring areyStem after 3 ps of simulation at 3000 K.
quite stable in the case of BN based systems. An analcﬂ The zigzag BN nanotube open edge is therefore very

gous molecular dynamics study has been performed forflnstable, evolving rapidly towards an amorphouslike tip.
BN(4,4) nanotube leading to the creation of a [4,6.8] tip he creation of BBN triangles in Fig. 3(a) indicates that the

containing four squares and an octagon. energy cost of two dangling bonds is larger than the cost

Further, we test the stability of the obtained caps again ssociated with an homopolar bond. As a resti;5

. ; . omopolar bonds are formed at the tip of our (9,0) sys-
arrival of incoming B and N atoms from the plasma. W(.etem. At given “constant” frustration cost, we may expect

of the BN(4,4) nanotube onto the [4,6,8] tip structure. Wéhat pentagons are preferred over triangles, driving the sys-

find that the impinging atom is rapidly incorporated bytem towards tip closure. The rearrangements observed in

reopening a square [Fig. 2(a)] to create a pentagon WFigs. 3(b) and 3(c) which lead to the replacement of tri-
P 9 q y 9. R A P gon. ¥ gngles by pentagons and squares are indeed very similar
repeat the same “experiment” with a BN dimer and, again

! . oo : to what was observed in the carbon case [9]. However,
the dimer is rapidly incorporated by a square in order tg

. . ., rearrangements at the zigzag BN nanotube egde are not as
form a perfect hexagon [Fig. 2(b)]. The picture which stable as in the case of carbon nanotubes. This is because

o s b ot e omoplar bonds e much wesker han - bonds These
%omopolar bonds are observed to break and form fre-
quently at temperatures3000 K. As a result, the zigzag
BN edge does not reach any stable configuration as long
b. as these frustrated bonds are present.

It is likely that a similar amorphous structure would
naturally develop at some stage of the growth of any
comparable zigzag tip, compromising further growth. This
contrasts with the armchair nanotube case, suggesting that
the growth of SW armchair nanotubes will be favored as
compared to the one of zigzag nanotubes. Even though
there is no available experimental data concerning the
helicity of SW BN nanotubes, recent experimental results
FIG. 2. Symbolic ball-and-stick representation of a (4,4) BN [4,19)] indicate _that helicity selection meghanlsms absentin
nanotube after incorporation of (a) a B atom and (b) a gncarbon determine the growth_of BN multiwall (MW) tubes.
dimer. The incorporated atoms have been labeled by theifrurther, the present simulations lead to the idea that SW
chemical element symbol. BN armchair nanotubes may grow uncatalyzed, in great

a.
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FIG. 3. Symbolic ball-and-stick representation of the (6,0) BN nanotube. In (a), the low-temperature dimerized configuration is
shown. In (b) and (c), the flipping over of a N atom followed by the formation of a square is depicted. As a result, a frustrated
pentagon has been “buried” inside the hexagonal network. In (d), we represent the final configuration reached by the system at the
end of our simulation run. The arrows indicate the motion of the atoms.

contrast with the carbon case. This is consistent withnteractions stabilize the open edge of each nanotube by
the recent production of SW BN nanotubes [4] whichforming bridging bonds between concentric shells. We ex-
show no trace of catalytic particle incorporated in (orpect that this mechanism would apply also to BN concen-
protruding from) their tips. Other clear differences be-tric nanotubes, with the additional constraints introduced
tween BN and C tubes are found experimentally. Fomy frustration effects. Contrarily to the carbon case, SW
instance, MW and SW BN nanotubes are found in theBN nanotubes [4] are always imaged by wavy lines [23]
same thin deposit collected on the anode [4] differentlyand have amorphous tips, while MW nanotubes (even bi-
from what is observed in the case of the arc-dischargéayers) are imaged with perfectly straight lines and present
catalytic growth of carbon nanotubes [20]. Further, thegenerally well ordered caps. This suggests that the lip-lip
observed SW BN nanotubes are always terminated binteractions contribute to reduce the number of frustrated
an amorphouslike tip [4]. Our results show that thebonds and hence the number of residual defects in the
onset of an amorphization process can be determinegrown structure. In particular, zigzag edges should benefit
by the occurrence of frustrated bonds. This suggeststrongly from this effect since such a geometry, by alter-
a scenario of tube closure in which a sudden nonstoichioaating B and N edges, would ensure that all lip-lip bonds
metric fluctuation of plasma phase composition occurs durare heteropolar (this would not be the case in general for
ing growth, inducing the formation of a large number of helical tubes). Further, as we saw above, the open edge of
frustrated bonds at the growing edge and thus leading tmdividual armchair tube shells can be already metastable
amorphization. and frustration free, and in this case lip-lip interactions are
Concerning the growth of large (n) shells, we note that simply expected to further favor the growth. The stability
the bending inside of the dangling dimers cannot lead to thef the isolated armchair edge and the efficiency of the lip-
formation of exactlyn squares as in the cases consideredip interaction may explain why recent experiments [4,19]
above [21]. However, local fluctuations of curvature atalways show, for a given MW BN nanotube, a narrow dis-
3000 K can allow for the creation of one or several squarepersion of the helicities centered around the armchair or
through the same mechanism. Since these squares do mgzag geometry.
survive the arrival of impinging atoms, the final closure of In conclusion, we have shown that very different growth
the BN tube shell (apart from the amorphization mechamechanisms can be expected for BN nanotubes with differ-
nism discussed above) can occur only under the unlikelgnt chiralities. In particular, it appears that SW armchair
event that such squares are incorporated in the hexagorBN nanotubes can develop an ordered metastable edge, and
network. This is consistent with the topological modelsthus may grow uncatalyzed. SW zigzag BN nanotubes, on
proposed in Refs. [3,4] for BN tubes. The presence othe contrary, rapidly evolve into an amorphouslike struc-
squares in the hexagonal network induces flat tips of théure. This difference originates in thel.6 eV average
kind observed experimentally. Our dynamical simulationdrustration energy associated with N-N or B-B bonds as
suggest that the number of squares in the final tip may beompared to B-N bonds. The role played by frustration
larger than three, implying that large even-member ringeffects and that of square rings in determining disordered
may be present at BN nanotube tips [22]. This possibilityor ordered tube-edge structures are in agreement with the
was pointed out in Ref. [3] on the basis of Euler's theorenobserved morphology of BN nanotube tips and with the
for even-member ring systems. helicity selection evidenced experimentally in the case of
The present results together with those of previous caBN MW nanotubes.
culations on carbon nanotubes lead to a few more specu- We thank W. A. de Heer and F. Willaime for stimulat-
lative considerations on the growth mechanism of MW BNing discussions. We are indebted to A. Canning and G. M.
nanotubes. In the case of MW carbon nanotubes, lip-ligRignanese for technical help with the parallel molecular
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