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Density-functional calculations for prototype metal-boron nanotubes
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Nanotubular materials inspired by crystalline diborides such as AlB2 are 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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I. INTRODUCTION

Soon after the discovery of carbon nanotubes,1 it was rec-
ognized that these compounds can have electronic prope
ranging from semiconducting to metallic, depending on
details of their atomic structure~see Chap. 19 in Ref. 2!. This
has led to much speculation about nanotubular systems
coming the materials of choice for future miniaturizations
electronic devices towards the nanodomain.3 Some major
challenges are the control of the growth mechanism in or
to obtain carbon nanotubes with specific electronic proper
and the development of techniques to wire together semic
ducting and metallic nanotubes in a controlled manner. O
approach for connecting carbon nanotube devices could
the use of other metallic nanotubes that function as wires
the same length scale.

In an earlier publication,4 we discussed the possible exi
tence of metallic boron nanotubes that could serve suc
purpose. Boron nanotubes can be constructed from the
called Aufbau principle for the formation of stable boron
compounds formulated in Ref. 5. This Aufbau principle ide
tifies a small set of simple structural features characteristi
the most stable isomers of pure boron clusters and prop
that highly stable boron clusters, surfaces, and networks
be constructed using only these structural elements. Cry
line a-boron has long been the paradigm for boron bondi
It is comprised of B12 icosahedra with sixfold inverse
umbrella coordination,6 a configuration that obeys the Au
bau principle. The coordination in the proposed boron na
tubes is very different—hexagonal pyramidal—but a
follows the Aufbau principle. In a recent study of clusters
96 boron atoms,7 we showed that the formation of large qu
siplanar and tubular systems with sixfold pyramidal bond
is favored over the formation of cluster aggregates typical
crystallinea-boron. We also found that the strain energy
boron nanotubes relative to the corresponding sheets is i
mediate between those of the carbon and boron-nit
systems,4 another favorable condition for the formation
boron nanotubes.

In this paper, the large family of layered metal diborid
is used as a starting point for investigating metal-boron na
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tubes. Diborides of the AlB2 lattice type have graphenelik
layers of boron atoms, with metal atoms located halfw
between the boron layers. These structures are similar to
pure boron surfaces discussed in Ref. 8. In fact, in Ref. 4,
AlB2 system was used to help elucidate the quasiplanar c
figurations found for pure boron. Here we extend the analo
to the tubular systems. Density-functional calculations
used to explore the geometry, stability, and electronic str
ture of some prototype Al-B nanotube materials. The pro
type nanotubular systems presented here are found to be
ergetically competitive with the corresponding bu
counterparts, suggesting that synthesis of such nanot
might be possible.

The remainder of this paper is organized as follows. S
tion II is devoted to the structural properties of the dibori
systems. We analyze the AlB2 lattice type, describe some o
the basic physical properties of diborides, and illustrate
geometric construction of metal-boron nanotubes star
from metal-diboride systems. In Sec. III, the technical deta
of theab initio calculations are given. In Sec. IV, we prese
some prototypical Al-B nanotubular structures that are cal
lated to be energetically favorable, and we discuss the bo
ing and electronic structure of these systems. Conclus
and remarks about future work are given in Sec. V.

II. CONSTRUCTION OF NANOTUBES FROM
CRYSTALLINE AlB 2

The typical diboride structure is the AlB2 lattice, which is
composed of two parallel systems of flat layers.6 One layer
contains boron atoms arranged in a honeycomb lattice lik
graphene sheet@see Fig. 1~a!#. The Al atoms form a triangu-
lar lattice that is located halfway between the graphene
sheets, positioned so that the Al atoms project down onto
centers of the boron hexagons@see Fig. 1~b!#. The space
group isP6/mmm, and the primitive cell is hexagonal with
one formula unit per cell. Typically, the in-plane lattice co
stant is arounda53.1 Å .6 This corresponds to an in-plan
B-B distance of about 1.8 Å , which is similar to the B-
bond length ina-boron. The interplanar B-B distance is sig
nificantly larger, with typicalc/a ratios of about 1.1.6
©2001 The American Physical Society22-1
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The family of diborides of the AlB2 type comprises ma
terials with a wide variety of metal atoms substituting for t
Al position. There are at least 22 members of the fami6

ranging from MnB2 with an effective metallic diameter o
2.58 Å to GdB2 with an effective metallic diameter of 3.6
Å. Simple sp elements, as well asd- and f-electron atoms,
can be accommodated. The ability of the AlB2 lattice to in-
corporate metals that differ so much in size and electro
structure is remarkable, and it raises the possibility of for
ing alloys between members of this family.

The construction of nanotubular structures from the Al2
lattice type is shown in Fig. 1. Ignoring the amplitudes of t
Al atoms for the moment@Fig. 1~b!#, we see that AlB2 nano-
tubes can be generated by the same cut-and-paste proc
used to generate carbon nanotubes from graphene sh2

Nanotubes may be classified by a pair of integers (N,M ),
which specify a cut along a vectorNb11Mb2, whereb1 and
b2 are primitive lattice vectors for the honeycomb lattic
This first cut is followed by a second cut perpendicular
this direction that continues until another atom of the hon
comb lattice is hit. Figure 1 shows the resulting sheet fo
~6,6! type of nanotube in both systems. Rolling up a gene
sheet and pasting it along the perpendicular direction fr
both ends of the (N,M ) cut vector generates the basic un
cell of an (N,M ) nanotube. For the purpose ofab initio
simulations, it is common practice to place these tubes
by side on a hexagonal superlattice,2,4 thereby approximating
the bundles in which these compounds form in nature.

It is interesting to note that if B is substituted for Al i
Fig. 1~b!, the structure becomes a puckered layer of sixfo
coordinated boron. If the construction described above is
plied, we obtain the pure boron nanotubes described in
4, where we also introduced a different but equivalent c
struction procedure labeled by a pair of integers that
scribes cuts along the unit vectors of a triangular lattice.
conjectured that the best way to put boron nanotubes o
hexagonal superlattice would be to arrange them such
pairs of boron atoms meet along the directions of the und
lying hexagonal superlattice.4 Such an arrangement leads to
type of chemical bonding between the tubes that is analog

FIG. 1. Cut-and-paste construction for~a! ~6,6! carbon nano-
tubes and~b! ~6,6! AlB2 nanotubes. In~a! circles (s) denote C
sites; in~b! circles (s) denote B sites and crosses (1) denote the
projection of Al sites onto the B plane. In each case, a~6,6! tube is
generated by rolling up the shaded strip, the edges of which
defined by the vector 6b116b2 and the shortest lattice vector pe
pendicular to this direction.
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to what is found for planar forms of pure boron. In the plan
systems, pairwise bonds between sevenfold-coordinated
ron sticking out of puckered sixfold-coordinated layers
boron were found to be the most favorable arrangement
binding single sheets together to form layered systems.8

In earlier studies,7 we found that tubular boron system
could stand alone; i.e., like carbon nanotubes, they ten
bundle in the form of a hexagonal superlattice, but they
not have to. For the diboride system, the situation may
different. Studies of small boron clusters indicate that neit
the honeycomb lattice nor the related carbon-type nanot
structure is stable for boron.5 In fact, the local atomic struc-
ture of the diboride systems suggests that metal atoms
necessary to stabilize honeycomb boron layers and the t
derived from such layers. The metal atoms themselves h
to bind to a sufficient number of boron atoms~12 in the case
of the AlB2 lattice!. It is not cleara priori whether one could
simply bind metal atoms inside or outside of a carbon-ty
boron tube to stabilize a single tube or whether those tu
are more likely to come in larger bundles of carbon-ty
boron nanotubes with metal atoms both inside and betw
the tubes, serving in part to bind the tubes together. For A
tubes, ourab initio calculations show that the latter arrang
ment is preferred, as discussed in Sec. IV.

III. TECHNICAL DETAILS

Calculations were carried out using theVASP package,9,10

a density functional based11,12ab initio total-energy code us
ing plane-wave basis sets and ultrasoft pseudopotentials13,14

The electron-electron interaction was treated within the lo
density approximation~LDA ! with the Ceperley-Alder
exchange-correlation functional.15 When performing struc-
tural optimizations, we letall degrees of freedom relax, i.e
the complete set of atomic positions as well as the par
eters of the unit cell. The optimal configurations as well
the electronic structure for each relaxation step were de
mined using preconditioned conjugate gradie
procedures.16,17 Starting configurations and relaxed stru
tures are available from the authors.

The kinetic-energy cutoffs used for the plane-wave exp
sion of electronic wave functions were 358.2 eV for
~which we use as a reference system!, 161.5 eV for Al, and
321.4 eV for B and all of the Al-B systems. The Brilloui
zone was sampled on grids of (13313313) k points in the
cases of crystalline AlB2 and fcc Al, (83838) k points in
the case of graphite, (63636) k points in the case of
a-boron, and (53535) k points in the case of all tubula
systems with the exception of the~6,6! carbon nanotube for
which (43434) k points were used. These meshes yie
meV accuracy in the binding energies, and their differi
sizes reflect differences in unit-cell sizes. Care was take
include a sufficient number of bands above the Fermi leve
avoid numerical problems in the iterative diagonalizati
scheme.

Although the calculations were well converged with r
spect to the number of plane waves andk points, the relative
energetics of different phases presented in Sec. IV mus
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DENSITY-FUNCTIONAL CALCULATIONS FOR . . . PHYSICAL REVIEW B 64 125422
interpreted with care. The tendency of the LDA to overbi
is problematic in first-row elements like B and C which ha
very localized atomic orbitals and inhomogeneous cha
densities. Since the degree of overbinding varies depen
on the nature of the bonding in a solid, LDA estimates
heats of formation can have significant errors. Results for
stability of planar and tubular Al-B compounds with respe
to phase separation into covalent inverse-umbrella-bon
a-boron and metallic fcc Al, for example, may not be re
able. Comparisons between phases with similar bonding,
the quasiplanar configuration of boron in the diborid
sheets, and tubes, are more meaningful.

Another potential problem is the fact that the conjug
gradient optimization does not guarantee the detection
global minimum. Given the reported pathology of the ene
hypersurfaces of boron clusters,5 it is likely that for the large
systems discussed below, we relax into local minima rat
than global minima. However, as discussed in Ref. 5, i
also likely that the relaxed structures capture the right ch
istry, and all we have to worry about is the fact that the to
energies of these local minima will be slightly higher th
that of the global minimum.

IV. RESULTS AND DISCUSSION

Unlike pure boron and pure carbon nanotubes, the A
nanotubes we investigated do not appear to be stabl
stand-alone tubes. We were unable to converge structura
timizations of isolated tubes constructed by rolling up pu
ered sheets of AlB2. Furthermore, in structural optimization
of Al-B nanotubes on periodic superlattices, the tubes alw
ended up packed closely together, even if they started
well separated. Hence, for the remainder of this paper,
focus on results for Al-B tubes arranged on a hexagonal
perlattice. For comparison, parallel calculations were p
formed for pure boron and pure carbon nanotubes. In e
case, the~6,6! nanotube was used as a prototype.

The first step was to generate reference data for ato
structure and cohesive energies. These data are liste
Table I. fcc Al anda-boron serve as basic reference stru
tures for the Al-B systems. The bulk diboride AlB2 is calcu-
lated to be only marginally stable~by about 0.05 eV/atom!

TABLE I. Number of atoms per unit cell,n, and cohesive ener
giesEcoh for pure and mixed boron nanotubes and reference st
tures.

System n Ecoh @eV/atom#

~6,6! boron nanotube 36 7.00
Al3B30 nanotube 33 6.88
AlB2 nanotube 36 6.23

a-boron 12 7.51
fcc Al 1 4.19
AlB2 3 6.45

Graphite 4 10.16
~6,6! carbon nanotube 24 10.02
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against phase separation into fcc Al anda-boron. However,
the validity of this result is questionable given the know
stability of crystalline AlB2.6 While our value for the cohe-
sive energy ofa-boron is somewhat higher than previou
pseudopotential results,19,18 the cohesive energies o
a-boron, fcc Al, and AlB2 listed in Table I are all in excel-
lent agreement with recent LDA calculations employing t
linearized augmented plane wave method,20,21 suggesting
that the problem lies in the LDA. In particular, the proble
of overbinding is likely to be more extreme in covale
a-boron than in the metallic fcc Al and AlB2 phases, which
would lead to an underestimate of the heat of formation
AlB2. Interestingly, we have found that while the generaliz
gradient approximation yields smaller cohesive energies
all three solids, it does not significantly stabilize the dibori
compared to the elemental systems.

The same considerations apply when we examine the
bility of the ~6,6! boron nanotube. The results in Table
indicate that the~6,6! boron nanotube is unstable by 0.5 eV
atom compared to crystallinea-boron. On the other hand
our recent all-electron Hartree-Fock study of B96 clusters
suggests that nanotubular isomers challenge the stabilit
cluster aggregates found ina-boron.7 While it is not appro-
priate to directly compare the cluster results with the pres
calculations on periodic systems, it is likely the LD
overbinding problems discussed above overestimate the
bility of a-boron relative to the nanotube.

The situation looks more promising when we analyze
chemistryof the boron nanotubes. The relaxed structure
the ~6,6! boron nanotube is shown in Fig. 2~b!. Note that the
representation of the tubes in Fig. 2 is perhaps unusua
that no tube is shown in its entirety. Instead, this represe
tion is used to emphasize the bonding between nanotu
sitting on the hexagonal superlattice. Prominent boron
boron bonding along the direction of the lattice is evident
Fig. 2~b!. Further, there is a slight faceting due to undulatio
from the basic hexagonal lattice of the quasiplanar refere
structure. Both of these features are in perfect agreem
with the structure and the chemical bonding found in bor
sheets.8 Therefore, it is reasonable to take the relaxed~6,6!
boron nanotube as a good starting structure when looking
nanotubes of the Al-B type.

Table I includes an additional set of benchmarks. By co
paring graphite and the~6,6! carbon nanotube@Fig. 2~a!#, we
get a realistic measure for the energetic difference betw
comparable carbon nanotubes and their layered refere
structure. We calculate the~6,6! carbon nanotube to be abou
0.14 eV/atom higher in energy than graphite. Tubes w
larger radii would have even smaller instabilities.2

Among the many variants of Al-B nanotubes that we e
plored, we focus on the two shown in Figs. 2~c! and 2~d!.
Our approach was to start with the relaxed B nanotube
substitute Al for B. The structure shown in Fig. 2~c! has
composition Al3B30 and was generated from the~6,6! nano-
tube by removing pairs of boron atoms located along
directions of the hexagonal superlattice and substituting th
by single Al atoms. This can happen at three different pla
within the unit cell. The resulting atomic arrangement ne
the Al atom is similar to that in AlB2. Indeed, after full

c-
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FIG. 2. Comparison of various
optimized tubular structures. Eac
panel shows one unit cell of the
hexagonal superlattice on whic
tubes are arranged. In~c! and ~d!,
the light atoms are B and the dar
atoms are Al. Units of the sur-
rounding boxes are given in Å
Note that even after relaxation, th
atoms remain stacked in two lay
ers only.
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relaxation, the system tends to recreate these local env
ments, with the tube as a whole becoming less pucke
@compare Fig. 2~c! to the puckered B tube in Fig. 2~b! and
the unpuckered C tube in Fig. 2~a!#. However, the energetic
gain is not substantial: the Al3B30 tubular system is calcu
lated to be about 0.3 eV/atom higher in energy than pha
separateda-boron and fcc Al, so there is only a small im
provement in stability as compared to the~6,6! boron tube.

Figure 2~d! shows an Al-B nanotube system with stoich
ometry AlB2. This configuration is calculated to be unstab
by only 0.23 eV/atom compared to crystalline AlB2. While
this energy difference is not quite as small as that betw
the ~6,6! carbon tube and graphite, it is close. The struct
was generated from the~6,6! boron nanotube by substitutin
Al for boron at the six positions located along the directio
of the hexagonal superlattice, which are on the outside la
of the puckered tube, and at six positions on the inside la
of the tube. In the optimized structure, the tubes are rota
from the orientations they adopt in the superlattice of p
boron nanotubes in such a way that Al atoms sticking
from adjacent tubes do not face each other, but rathe
between boron layers. Such an arrangement locks the t
together in a gearlike fashion and creates a local environm
similar to that in crystalline AlB2. The inclusion of Al atoms
inside the tube is found to be important for stabilizing th
structure.

The electronic densities of states~DOS! calculated for
crystalline AlB2 as well as the~6,6! B, Al3B30, and AlB2
tubes are plotted in Fig. 3. The DOS curves were obtai
with the help of static calculations on relaxed structures
ing the tetrahedron method fork-point sampling. As one can
12542
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see from Fig. 3, all of the tubes are metallic. This result w
predicted in Ref. 4 based on qualitative arguments relate
hexagonal tight-binding models,22 as well as on staticab
initio calculations. The present results show that these
dictions even hold after a complete structural relaxation. T
overall shapes of the DOS for crystalline and tubular Al2
are similar due to similarities in local atomic environmen
The DOS of the AlB2 nanotube, however, has much mo
fine structure, which can be understood in terms of a ba
folding of the bands of crystalline AlB2 into the reduced
Brillouin zone of the tubular lattice. The DOS of Al3B30
plotted in Fig. 3~c! on the other hand shows some similari
to the DOS of the~6,6! boron nanotube depicted in Fig. 3~b!,
with some distortion due to the modest content of Al atom

V. CONCLUSIONS

We have explored the plausibility of metal-boron nano
bular systems derived from diboride materials. Our data s
gest that it may be possible to synthesize such systems
predict that metal-boron nanotubular materials will like
form in bundles built from rolled up graphenelike sheets
boron, with metal atoms sitting inside and outside the tub
preserving as much as possible the local atomic envir
ments found in the AlB2 lattice. Ab initio calculations of
their basic electronic properties show that such tubu
metal-boron systems are metallic.

There are numerous issues of interest for future stud
First, a comparison of the properties expected for nanotu
derived from different diboride compounds—including a
assessment of which, if any, form stand-alone tubes—wo
2-4
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FIG. 3. Densities of state
~DOS! in states/eV/cell vs energy
in eV for crystalline AlB2 and
various optimized tubular sys
tems. All systems are metallic
Similarities in the DOS arise from
similarities in local atomic envi-
ronments.
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be of interest. Continuing along those lines, it may be p
sible to tune some of the properties of the metal-boron tu
by forming alloys. Alternatively, substitution of boron atom
by carbon is likely to have a serious impact on the electro
structure of the resulting tubular materials, bringing the
closer to BN materials.6 Also, the recent discovery of supe
conductivity in MgB2 raises the question of whether some
the diboride-derived tubular materials might superconduc23

Finally, and most importantly, we look forward to coopera
ing with experimental groups that may be able to synthes
tubular metal-boron materials.
,
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