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Density-functional calculations for prototype metal-boron nanotubes
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Nanotubular materials inspired by crystalline diborides such as AtB proposed. The atomic structure, in
particular the basic chemical question of where to put Al atoms in order to stabilize nanotubular Al-B systems,
is investigated using density-functional calculations for prototype systems. The optimized tubular prototypes
are found to be competitive in energy with their bulk crystalline counterparts. All of the tubular Al-B systems
investigated are calculated to be metallic.
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. INTRODUCTION tubes. Diborides of the AlBlattice type have graphenelike
layers of boron atoms, with metal atoms located halfway
Soon after the discovery of carbon nanotubisvas rec-  between the boron layers. These structures are similar to the
ognized that these compounds can have electronic propertigsire boron surfaces discussed in Ref. 8. In fact, in Ref. 4, the
ranging from semiconducting to metallic, depending on theAlB, system was used to help elucidate the quasiplanar con-
details of their atomic structurgee Chap. 19 in Ref)2This  figurations found for pure boron. Here we extend the analogy
has led to much speculation about nanotubular systems bés the tubular systems. Density-functional calculations are
coming the materials of choice for future miniaturizations ofused to explore the geometry, stability, and electronic struc-
electronic devices towards the nanodontaiome major ture of some prototype Al-B nanotube materials. The proto-
challenges are the control of the growth mechanism in ordesype nanotubular systems presented here are found to be en-
to obtain carbon nanotubes with specific electronic propertieergetically competitive with the corresponding bulk
and the development of techniques to wire together semicoreounterparts, suggesting that synthesis of such nanotubes
ducting and metallic nanotubes in a controlled manner. Onenight be possible.
approach for connecting carbon nanotube devices could be The remainder of this paper is organized as follows. Sec-
the use of other metallic nanotubes that function as wires ofion Il is devoted to the structural properties of the diboride
the same length scale. systems. We analyze the AJBattice type, describe some of
In an earlier publicatiofi,we discussed the possible exis- the basic physical properties of diborides, and illustrate the
tence of metallic boron nanotubes that could serve such geometric construction of metal-boron nanotubes starting
purpose. Boron nanotubes can be constructed from the serom metal-diboride systems. In Sec. Ill, the technical details
called Aufbau principlefor the formation of stable boron of theab initio calculations are given. In Sec. IV, we present
compounds formulated in Ref. 5. This Aufbau principle iden-some prototypical Al-B nanotubular structures that are calcu-
tifies a small set of simple structural features characteristic ofated to be energetically favorable, and we discuss the bond-
the most stable isomers of pure boron clusters and propos@sg and electronic structure of these systems. Conclusions
that highly stable boron clusters, surfaces, and networks casind remarks about future work are given in Sec. V.
be constructed using only these structural elements. Crystal-
line a-boron has long been the paradigm for boron bonding. . CONSTRUCTION OF NANOTUBES FROM
It is comprised of B, icosahedra with sixfold inverse-
umbrella coordinatiofi,a configuration that obeys the Auf- CRYSTALLINE AB
bau principle. The coordination in the proposed boron nano- The typical diboride structure is the AjBattice, which is
tubes is very different—hexagonal pyramidal—but alsocomposed of two parallel systems of flat lay&i@ne layer
follows the Aufbau principle. In a recent study of clusters of contains boron atoms arranged in a honeycomb lattice like a
96 boron atom$,we showed that the formation of large qua- graphene shegsee Fig. 1a)]. The Al atoms form a triangu-
siplanar and tubular systems with sixfold pyramidal bondinglar lattice that is located halfway between the graphenelike
is favored over the formation of cluster aggregates typical fosheets, positioned so that the Al atoms project down onto the
crystalline a-boron. We also found that the strain energy ofcenters of the boron hexagofisee Fig. 1b)]. The space
boron nanotubes relative to the corresponding sheets is integroup isP6/mmm and the primitive cell is hexagonal with
mediate between those of the carbon and boron-nitridene formula unit per cell. Typically, the in-plane lattice con-
systemg, another favorable condition for the formation of stant is arounca=3.1 A ° This corresponds to an in-plane
boron nanotubes. B-B distance of about 1.8 A , which is similar to the B-B
In this paper, the large family of layered metal diboridesbond length ina-boron. The interplanar B-B distance is sig-
is used as a starting point for investigating metal-boron nanonificantly larger, with typicak/a ratios of about 1.%.
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e e R A . e e to what is found for planar forms of pure boron. In the planar
°b1°° I I systems, pairwise bonds between sevenfold-coordinated bo-
<{ o oo oo oo ron sticking out of puckered sixfold-coordinated layers of
D em e mm wa me ma o we sw aw nw boron were found to be the most favorable arrangement for
(a) Generating a (6,6) carbon nanotube binding single sheets together to form layered systéms.
uuuuuuuuuuuu . T DI R In earlier studied,we found that tubular boron systems
RN could stand alone; i.e., like carbon nanotubes, they tend to
2:1 .. ... bundle in the form of a hexagonal superlattice, but they do
LA AN P AT PN not have to. For the diboride system, the situation may be
(b) Generating a template (6,6) A1B, nanotube different. Studies of small boron clusters indicate that neither

the honeycomb lattice nor the related carbon-type nanotube
FIG. 1. Cut-and-paste construction ft (6,6) carbon nano-  structure is stable for borohin fact, the local atomic struc-
tubes and(b) (6,6) AIB, nanotubes. Ina) circles (O) denote C ture of the diboride systems suggests that metal atoms are
sites; in(b) circles (O) denote B sites and crosses ( denote the  necessary to stabilize honeycomb boron layers and the tubes
projection of Al sites onto the B plane. In each casé.8) tube is  derived from such layers. The metal atoms themselves have
generated by rolling up the shaded strip, the edges of which argp bind to a sufficient number of boron atoifi® in the case
defined by the vectorlf +6b, and the shortest lattice vector per- of the AIB, lattice). It is not cleara priori whether one could
pendicular to this direction. simply bind metal atoms inside or outside of a carbon-type
) o ) boron tube to stabilize a single tube or whether those tubes
The family of diborides of the AlB type comprises ma-  are more likely to come in larger bundles of carbon-type
terials with a wide variety of metal atoms substituting for the |, 5,on nanotubes with metal atoms both inside and between
Al position. There are at least 22 members of the fafhily, e tubes, serving in part to bind the tubes together. For Al-B

ranging from MnB with an effective metallic diameter of hes ourb initio calculations show that the latter arrange-
2.58 A to GdB with an effective metallic diameter of 3.61 ent is preferred, as discussed in Sec. IV.

A. Simple sp elements, as well ag- and f-electron atoms,
can be accommodated. The ability of the AlBittice to in-
corporate metals that differ so much in size and electronic
structure is remarkable, and it raises the possibility of form-
ing alloys between members of this family. Calculations were carried out using tisesp package’°

The construction of nanotubular structures from the AIB a density functional bas&t%b initio total-energy code us-
lattice type is shown in Fig. 1. Ignoring the amplitudes of theing plane-wave basis sets and ultrasoft pseudopotehti4is.
Al atoms for the momertFig. 1(b)], we see that AIBnano-  The electron-electron interaction was treated within the local
tubes can be generated by the same cut-and-paste proceddemsity approximation(LDA) with the Ceperley-Alder
used to generate carbon nanotubes from graphene $heetsxchange-correlation function®l.When performing struc-
Nanotubes may be classified by a pair of integésM),  tural optimizations, we leall degrees of freedom relax, i.e.,
which specify a cut along a vectdlb, + Mb,, whereb; and  the complete set of atomic positions as well as the param-
b, are primitive lattice vectors for the honeycomb lattice. eters of the unit cell. The optimal configurations as well as
This first cut is followed by a second cut perpendicular tothe electronic structure for each relaxation step were deter-
this direction that continues until another atom of the honeyimined  using  preconditioned  conjugate  gradient
comb lattice is hit. Figure 1 shows the resulting sheet for gprocedures®!’” Starting configurations and relaxed struc-
(6,6) type of nanotube in both systems. Rolling up a generatures are available from the authors.
sheet and pasting it along the perpendicular direction from The kinetic-energy cutoffs used for the plane-wave expan-
both ends of theN,M) cut vector generates the basic unit sion of electronic wave functions were 358.2 eV for C
cell of an (N,M) nanotube. For the purpose ab initio  (which we use as a reference sysjef61.5 eV for Al, and
simulations, it is common practice to place these tubes sid@21.4 eV for B and all of the Al-B systems. The Brillouin
by side on a hexagonal superlattfc&thereby approximating zone was sampled on grids of (433X 13) k points in the
the bundles in which these compounds form in nature. cases of crystalline Algand fcc Al, (8X8X8) k points in

It is interesting to note that if B is substituted for Al in the case of graphite, (66X6) k points in the case of
Fig. 1(b), the structure becomes a puckered layer of sixfold-a-boron, and (55X5) k points in the case of all tubular
coordinated boron. If the construction described above is apsystems with the exception of tl{6,6) carbon nanotube for
plied, we obtain the pure boron nanotubes described in Refvhich (4xX4X4) k points were used. These meshes yield
4, where we also introduced a different but equivalent conmeV accuracy in the binding energies, and their differing
struction procedure labeled by a pair of integers that desizes reflect differences in unit-cell sizes. Care was taken to
scribes cuts along the unit vectors of a triangular lattice. Wenclude a sufficient number of bands above the Fermi level to
conjectured that the best way to put boron nanotubes on avoid numerical problems in the iterative diagonalization
hexagonal superlattice would be to arrange them such thacheme.
pairs of boron atoms meet along the directions of the under- Although the calculations were well converged with re-
lying hexagonal superlatti¢eSuch an arrangement leads to a spect to the number of plane waves &nploints, the relative
type of chemical bonding between the tubes that is analogousnergetics of different phases presented in Sec. IV must be

IIl. TECHNICAL DETAILS
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TABLE I. Number of atoms per unit celh, and cohesive ener- against phase separation into fcc Al ameboron. However,
giesEcop for pure and mixed boron nanotubes and reference structhe validity of this result is questionable given the known
tures. stability of crystalline AlB,.® While our value for the cohe-
sive energy ofa-boron is somewhat higher than previous

System N Bcon [€V/aton] pseudopotential result$*® the cohesive energies of
(6,6) boron nanotube 36 7.00 a-boron, fcc Al, and AIB listed in Table | are all in excel-
Al 3B, nanotube 33 6.88 lent agreement with recent LDA calculations employing the
AIB,, nanotube 36 6.23 linearized augmented plane wave metRbef suggesting

that the problem lies in the LDA. In particular, the problem

a-boron 12 7.51 of overbinding is likely to be more extreme in covalent
fcc Al 1 4.19 a-boron than in the metallic fcc Al and AlBphases, which
AlB, 3 6.45 would lead to an underestimate of the heat of formation of
s i AlRg teresingl we have found iatuhle e generalzed
(6,6) carbon nanotube 24 10.02

all three solids, it does not significantly stabilize the diboride
compared to the elemental systems.

, ) ) The same considerations apply when we examine the sta-
interpreted with care. The tendency of the LDA to overblndbi”ty of the (6,6) boron nanotube. The results in Table |

is problematic in first-row elements like B and C which have,gicate that the6,6) boron nanotube is unstable by 0.5 eV/
very localized atomic orbitals and inhomogeneous charggom compared to crystalline-boron. On the other hand,
densities. Since the degree of overbinding varies depending, racent all-electron Hartree-Fock study ofsRelusters

on the nature of the bonding in a solid, LDA estimates forg oqasts that nanotubular isomers challenge the stability of
heats of formation can have significant errors. Results for the o, aggregates found irboron’ While it is not appro-

stability of planar gnd .tubular Al-B cpmpounds with reSpeCtpriate to directly compare the cluster results with the present
to phase separation into covalent mverse-umbreIIa—bondegladcuhaﬁonS on periodic systems, it is likely the LDA

a-boron and metallic fcc Al, for exam.ple, ‘may not b? reI|.- overbinding problems discussed above overestimate the sta-
able. Comparisons between phases with similar bonding, “kBiIity of a-boron relative to the nanotube.

the quasiplanar configuration of _boron in the diborides, The situation looks more promising when we analyze the
sheets, and tubes, are more meaningful. chemistryof the boron nanotubes. The relaxed structure for

Another potential problem is the fact that the conjugatéye (g 6) horon nanotube is shown in Fig(t. Note that the
gradient optimization does not guarantee the detection of ?epresentation of the tubes in Fig. 2 is perhaps unusual in

global minimum. Given the reported pathology of the energyna+ g tube is shown in its entirety. Instead, this representa-

hypersurfaces of boron cluster,is likely that for the large tion is used to emphasize the bonding between nanotubes

systems discussed below, we relax into local minima rath.egitting on the hexagonal superlattice. Prominent boron-to-

than global minima. However, as discussed in Ref. 5, it iS,54n ponding along the direction of the lattice is evident in

?"SO likely that the relaxed structures capture the right ChemFig. 2(b). Further, there is a slight faceting due to undulations

Istry, qnd all we have to worry abo.ut IS th? fact th_at the tOtalfrom the basic hexagonal lattice of the quasiplanar reference

energies of these chgl minima will be slightly higher thanstructure. Both of these features are in perfect agreement

that of the global minimum. with the structure and the chemical bonding found in boron
sheet$ Therefore, it is reasonable to take the relaxém)

IV. RESULTS AND DISCUSSION boron nanotube as a good starting structure when looking for

nanotubes of the Al-B type.

Unlike pure boron and pure carbon nanotubes, the Al-B  Table I includes an additional set of benchmarks. By com-
nanotubes we investigated do not appear to be stable g@@ring graphite and th@,6) carbon nanotubgFig. 2@)], we
stand-alone tubes. We were unable to converge structural oget a realistic measure for the energetic difference between
timizations of isolated tubes constructed by rolling up puck-comparable carbon nanotubes and their layered reference
ered sheets of AIB Furthermore, in structural optimizations structure. We calculate th&,6) carbon nanotube to be about
of Al-B nanotubes on periodic superlattices, the tubes alway®.14 eV/atom higher in energy than graphite. Tubes with
ended up packed closely together, even if they started ouarger radii would have even smaller instabilitfes.
well separated. Hence, for the remainder of this paper, we Among the many variants of Al-B nanotubes that we ex-
focus on results for Al-B tubes arranged on a hexagonal suplored, we focus on the two shown in FiggcRand Zd).
perlattice. For comparison, parallel calculations were perOur approach was to start with the relaxed B nanotube and
formed for pure boron and pure carbon nanotubes. In eacbubstitute Al for B. The structure shown in Fig(cR has
case, thg6,6) nanotube was used as a prototype. composition AjB3, and was generated from tli@,6) nano-

The first step was to generate reference data for atomitube by removing pairs of boron atoms located along the
structure and cohesive energies. These data are listed directions of the hexagonal superlattice and substituting them
Table 1. fcc Al anda-boron serve as basic reference struc-by single Al atoms. This can happen at three different places
tures for the Al-B systems. The bulk diboride AlBs calcu-  within the unit cell. The resulting atomic arrangement near
lated to be only marginally stablgy about 0.05 eV/atojn the Al atom is similar to that in AIB. Indeed, after full
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FIG. 2. Comparison of various
optimized tubular structures. Each
panel shows one unit cell of the
hexagonal superlattice on which
tubes are arranged. lic) and (d),
the light atoms are B and the dark
atoms are Al. Units of the sur-
rounding boxes are given in A.
Note that even after relaxation, the
atoms remain stacked in two lay-
ers only.

(a) (6,6) carbon nanotube (b) (6,6) boron nanotube

(c) Al 3B30 nanotube (d) AIB, nanotube

relaxation, the system tends to recreate these local envirosee from Fig. 3, all of the tubes are metallic. This result was

ments, with the tube as a whole becoming less puckerepredicted in Ref. 4 based on qualitative arguments related to

[compare Fig. &) to the puckered B tube in Fig(l® and hexagonal tight-binding modefé,as well as on stati@ab

the unpuckered C tube in Fig(#2]. However, the energetic initio calculations. The present results show that these pre-

gain is not substantial: the 485, tubular system is calcu- dictions even hold after a complete structural relaxation. The

lated to be about 0.3 eV/atom higher in energy than phasesverall shapes of the DOS for crystalline and tubular AIB

separatedv-boron and fcc Al, so there is only a small im- are similar due to similarities in local atomic environments.

provement in stability as compared to tf&6) boron tube.  The DOS of the AIB nanotube, however, has much more
Figure 2d) shows an Al-B nanotube system with stoichi- fine structure, which can be understood in terms of a back-

ometry AIB,. This configuration is calculated to be unstablefolding of the bands of crystalline AlBinto the reduced

by only 0.23 eV/atom compared to crystalline AlIBNhile  Brillouin zone of the tubular lattice. The DOS of M3,

this energy difference is not quite as small as that betweeplotted in Fig. 3c) on the other hand shows some similarity

the (6,6) carbon tube and graphite, it is close. The structurego the DOS of th€6,6) boron nanotube depicted in Figb3,

was generated from th@&,6) boron nanotube by substituting with some distortion due to the modest content of Al atoms.

Al for boron at the six positions located along the directions

of the hexagonal superlattice, _Whlch_z_ire on the ogts]de layer V. CONCLUSIONS

of the puckered tube, and at six positions on the inside layer

of the tube. In the optimized structure, the tubes are rotated We have explored the plausibility of metal-boron nanotu-

from the orientations they adopt in the superlattice of purebular systems derived from diboride materials. Our data sug-

boron nanotubes in such a way that Al atoms sticking ougest that it may be possible to synthesize such systems. We

from adjacent tubes do not face each other, but rather sfiredict that metal-boron nanotubular materials will likely

between boron layers. Such an arrangement locks the tub&srm in bundles built from rolled up graphenelike sheets of

together in a gearlike fashion and creates a local environmetioron, with metal atoms sitting inside and outside the tubes,

similar to that in crystalline AIB. The inclusion of Al atoms preserving as much as possible the local atomic environ-

inside the tube is found to be important for stabilizing thisments found in the AIB lattice. Ab initio calculations of

structure. their basic electronic properties show that such tubular
The electronic densities of statéPOS) calculated for metal-boron systems are metallic.
crystalline AIB, as well as thg6,6) B, Al;B3y, and AlB, There are numerous issues of interest for future studies.

tubes are plotted in Fig. 3. The DOS curves were obtainedFirst, a comparison of the properties expected for nanotubes
with the help of static calculations on relaxed structures usderived from different diboride compounds—including an
ing the tetrahedron method f&rpoint sampling. As one can assessment of which, if any, form stand-alone tubes—would
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