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First principles calculations based on generalized-gradient approximation to density functional theory are
performed to study structural and electronic properties of the 2D sheets consisting of the elemental boron.
The results find that the boron sheet can be stable and can possess metallic or semiconducting character
depending on its atomistic configuration. The unique features present in the electronic properties of the buckled
{1212 and reconstructefil221 sheets would lead to a significant variation on electronic and mechanical
properties of the corresponding single-walled boron nanotubes.

I. Introduction geometric configurations that can be considered for the stable
configurations, the nature of the ground state of a 2D boron
sheet still remains an open question, which we address in the
present study.

We have organized the rest of the paper as follows. The
computational method used in this work is presented in section
II. In section Ill, we present and discuss our results, and we
give a summary of the work in section IV.

Elemental structures, in general, have always played a pivotal
role in the physics and chemistry of materials; they not only
give insight into the properties of the elements but also pose
challenging questions in their own right. The elemental boron
holds a unique place among the elements of the periodic table
by having the most varied polymorphism, which includes novel
nanostructures (e.g., nanowiresanoribbong,nanotubesand
nanoclusters®), and complex icosahedral networks observed

in the conventional boron-rich solids!® Similar to carbon- Il Methodology

based nanostructures (e.g., fulleréfesd nanotubéd®), which Electronic structure calculations were performed under the
are formed only under kinetically constrained conditions, boron- framework of density functional theory with the PerdeWang
based nanostructures have also been envisiBnétR3 25 (PW91) exchange and correlation function@l# plane wave

though their properties have not yet been fully elucidated. A basis set was used, and the valence-core interaction was
recent study of the syntheses of elemental single-walled borondescribed by the ultrasoft pseudopotential (US2P&$ imple-
nanotubes (SWBNTS),together with prediction of ballistic ~ mented in the Vienna ab initio simulation package (VASP).
conduction in SWBNT#% have certainly raised the expectation In the course of both the cell parameters and atomic positions
of their role in the next-generation devices for novel techno- optimization, thek-space integrations were carried out using
logical applications. the method of Methfessel and Paxtbm the first order, with
One of the main difficulties in synthesizing boron nanotubes employed smearing width of 0.05 eV. An energy cutoff of
appears to be the instability of a graphene-like boron sheet. It260 eV in the plane wave expansion and of 443 eV for the
is mainly due to the fact that, in contrast to carbon, multicentered augmented charge was used. The sizes ok{peint sampling
bonds and electron-deficient features of b8r&rare energeti- for different systems with different unique cells were individu-
cally more competitive and stable than bonding features with ally converged, with a precision of 5 meV/atom. For each
only the sp hybridization. In spite of this fact, single-walled  optimized structure, total energy was again calculated by using
boron nanotubes were proposed by folding a hypothetical the tetrahedron method with Bibl corrections using the cutoff
triangular boron sheet that was constructed by the hexagonalenergy value of 320 eV in the plane wave expansion as used in
pyramidal B units1® It is to be noted here that stability and VASP.
electronic properties of such a triangular boron sheet have so The reliability and accuracy of the computational model
far not been verified by experiments. employed was tested on the well studied boron crystalline solid,
Our group has recently performed a theoretical study to a-Bi, which occurs in the rhombohedral phase at ambient
investigate energetics and electronic properties of a boron sheepressure and temperature. Table 1 shows that the model
and the corresponding boron nanotubeghe preliminary parameters used in the current study have successfully repro-
results based on density functional theory (DFT) within the duced the results of previous theoretléh2%23and experi-
generalized gradient approximation (GGA) show the relative menta$?33 studies ona-B;, solid. Both LDA (i.e., using the
stability of the sheet reconstructed from the planar triangular Perdew-Zunger-Ceperley-Alder exchange-correlation func-
lattice?2 On the other hand, the calculations based on local tional) and GGA results predict very similar values of the
density approximation (LDA) in density functional theory find  structural parameters, though the LDA overestimates the binding
the ground state of a boron sheet to consist of a buckled energies.
triangular lattice?12324Because neither GGA-DFT nor LDA- We have used the same set of model parameters for
DFT calculations have resulted in an exhaustive search for thecalculations of the boron sheet that were used for elemental
structure calculations af-B1,. For the monolayer boron sheet,
* Corresponding author. E-mail: pandey@mtu.edu. a supercell was constructed by placing a basic unit of the sheet
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TABLE 1: Binding Energy (BE, eV/atom) and Geometrical sheets, reconstructefll221 sheets, sheets based on the
Parameters’ for a-Bi, Boron Solid icosahedral configuration, low-symmetry sheets, and hybrid
model ref BE dintra Chnter a sheets. It is to be noted that our preliminary work considered
LDA thiswork 710 1.72.1.76 1.77 165 1.97 a97 onlyidealized{1212 and reconstructefil22]} sheet configu-
23 6.84 ’ ’ ’ rations?2
21 7.37 Expecting the resemblance of the polymorphism of boron
GGA t2h|s work 6-213 1.74,1.77,1.80 1.66,2.00 5.04 crystalline solids with that of boron sheets, some of the structural
13 2:95 1.67,1.99 4.98 features can be extracted from the configurational parameters
11 1.72,1.76,1.78 1.65,1.98 4.98 given in Table 2. Most of the sheet geometries haw@0—
experiment 32, 33 5.81 1.71,2.02 5.06 92% of the binding energy of the-B1, solid, and the atomic
@ dea is the intra-icosahedral bond lengtne is the inter- arrangements can b'e found to have variations of those in the
icosahedral, and is the lattice parameter. The unit is A. triangular{1212 lattice. The flat{1212 sheet has a 6-fold

coordination of boron atoms, which is uniformly repeated in a
in thexy-plane inside a rectangular grid with a surface-to-surface PasiC triangular three-atom unit. In fact, this terminology can
separation of~10 A in the zdirection, which ensures a D€ derived through a planar projection of Aufbau principle
negligible interaction between the sheet and its image. In Where the motifs consisting of a pentagonal pyramidaaBd
general, the configurations considered for the sheet were builtthe hexagonal pyramidal-Bare found to be the basic unit to
by repeating the basic unit which is composed &fl2 boron form elemental boron clusters. The calculated cohesive energy
atoms depending on a given configuration. The Brillouin zone ©f the flat{1212 sheet is 5.48 eV/atom, higher than that of
was sampled using a 8 8 x 8 Monkhorst-Pack grid for the the sp-bonded hexagonal graphene-like boron sheet, which is
integration in the reciprocal space. Calculations were deemed®nly 4.96 €V/atom (Table 2). When the symmetry of the flat
converged when changes in total energy were less thah 10 Sheetis broken, we find several degenerate metastable buckling
eV and those in the interatomic forces were less than 0.01 ev/configurations depending on the degree and direction of
A. Additional details of the calculations can be found else- Puckling. The structural details of these configurations can be
where34 obtained from one of the authors (kclau@mtu.edu).

The calculated results find the buckl¢d212 sheet to be
Ill. Results and Discussion the most stable configuration with cohesive energy 5.70 eV/
atom, achieving~92% of stability of theo-Bj, solid. The

bo(r?(\zll\i”r?g fte(;tﬁfe\;ai f\a Zﬁrlsr%::stsat:]l:;:]ureosf arg ggirgslgﬁlgorlgn buckling has induced stability withE = 0.22 eV/atom over
g ' g of prop the flat {1212 sheet. The order of the stabilization energy

nanostructures is not likely to be an easy ta;k. Boron has threeintroduced by the buckling is in agreement with the previous
valence electrons and a short covalent radius. It can undergo,

T . . theoretical studied'?324as shown in Table 3. The optimized
s hybridization in forming atomic clusters that leaves one . - ; .

. . . . puckering height of 0.93 A, is also comparable with the reported
unoccupied 2patomic orbital rendering boron to be electron-

S . LDA height of 0.82-0.85 A23.24
deficient? Consequently, the 2D planar and quasi-planar boron i
clusters are found to be benefitted fromdelocalization due Among all the planar isomers, the reconstru@@27} boron
to the unoccupied 2prbitals. In fact, the anomalous stability ~Sheet turns out to be the most stable configuration. #0s10

of these planar boron clusters is attributed to aromaticity arising €V/2tom more stable than its next competitive planar is?mer,
from s-electrons’;35-39 the idealized{ 1212 sheet. Instead of favoring the pure?sp

Due to its electron-deficient character, multicentered bonds 9raphene-like structure, the reconstructed configuration settles
are expected to help in understanding the way boron atoms tend?oWn to & “distorted” hexagonal unit yielding a triangular-
to interact with each other. For example, dominance of three- square-triangular unit network. Such a network facilitates the
centered bonds in boron compounds precludes the formationcharge transfer, thereby forming a strong localizetbnd with
of chains or rings in boron clusté® and leads to the a bond Iengt_h 1.63 A. In contrast to the case of the{fl&t12
importance of a B-B—B unit in boron chemistry. In this case, sheet, buckling of reconstruct¢dd221} boron sheet does not

a three-center bond generally involves two electrons in a @PPear to enhance its stability (Table 2).
localized molecular orbital formed by three atomic orbitals ~ We also find several stable configurations, other than those
(AOs) directed toward the center of the trian§f& Realizing in the{1212 category. Despite the predicted instability of the
that the boron atoms tend to assume the geometries that ardsolated B, icosahedral configuratidh in the small boron
based on polyhedra or fragments of a polyhedra in which cluster regime, the 2D sheet consisting of the icosahedral
triangular faces prevail, our choice of sheet configurations for network of boron atoms (i.e., icosahedral-l in Table 2) is the
DFT calculations will be based on the interplay of the bonding second lowest isomer with the binding energy~e$.60 eV/
features, overlap of the atomic orbitals, and geometrical featuresatom. The icosahedral boron sheet mimics its bulk structure,
in the formation of the 2D boron sheet with respect to the 3D and the average inter-icosahedrén:) and intra-icosahedral
boron crystal. bond, Rnira) are nearly the same as those in thdi, solid.
Becasue the previous studi&3242%n the boron sheet were ~ Another competitive isomer arising due to a different cluster
limited in sampling the potential energy landscape, calculations orientation (i.e., icosahedral-Il) is separated by only 0.09 eV.
were performed by considering a diverse and extensive set of Knowing that the nearly flat energy surface requires the use
initial configurations with and without symmetry constraints. of more accurate methods for total energy calculations, Table
The resulting optimized configurations are then classified into 3 shows the calculated results obtained using the projector
different categories to provide a better representation of the augmented wave (PAW) method for three representative sheet
potential energy landscape of the boron sheet. configurations. Although the PAW method is computationally
A. Structural Properties. Figure 1 displays the several sheet intensive, it is known to provide relatively more accurate energy
configurations divided into several distinct categories, namely than the ultrasoft pseudopotentfil§US-PP) within DFT42:43
hexagonal graphene-like sheet, idealized and buckl&x 2 To get a consistent comparison among different schemes (i.e.,
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Figure 1. Boron sheets: (a) hexagonal graphene-like; (b) idealized and buck®4@® ; (c) reconstructefi1221; (d) icosahedral; (e) low symmetry;
(f) hybrid.

TABLE 2: Symmetry, Binding Energy (BE, eV/atom), {1212 sheet, which are consistent in both US-PP and PAW
Relative Stability with Respect to the Buckled{12123 (AE, models and are in agreement with the previous LDA stud-
eV/atom), and Bond Lengths Rg_g, A) Based on GGA ies2123.24

Results for the Boron Sheet

B. Chemical Bonding. We will now begin analysis of the

sheet configuration sy?nor:?(;try BE AE Re s cher_nical _bon(_jing knowing that st_ability of a given sheet
configuration is controlled by an interplay of the valence
ibclgcslgﬁggﬁﬂla gih g:gg 8:(1)8 i:%’ 1.89 electrons with its atomistic configuration. Indeed, we find that
1.6% the atomic coordination indexZ (i.e., number of nearest
buckled C 559 0.11 1.56,1.61,1.64 neighbors of a given atom in the 2D network) essentially
“twisted-helix” 1.78 determines the bonding features and stability of a given sheet.
reconstructed 1221 Cun 5.57 013 163,166,2.00  Fyrthermore, a combination of the localized two-center (2c) and
gﬂg:ﬂggﬁgﬁ_” gi g:gz 8:12 i:gg’ i:;g delocalized three-center (3c) covalent bonds network which
icosahedral-Ii Cin 551 019 1.8a threads through atoms on the icosahedron surface to stabilize
1.7% the lattice of a conventional 3D boron crystalline s#ii4>27
idealized{1212% Con 548 022 171 plays a vital role in determining the stability of the boron sheet.
Eﬁgggonm g; 451:32 8:%51 1:2213’ 1.68,1.92 In a-B1y, boron atoms tend to form multicenter bonds in
graphene-like addition to two-center two-electron covalent bonds between

neighboring icosahedra, which typically appear at high electron
density region 0f~0.95 A3 (Figure 2-Al). There are intrac-
luster 3c bonds on the twenty triangular planes of an icosahedron
US-PP and PAW), we have used the same set of modelat low-density region of 0.77/&3 (Figure 2-All), and a
parameters for all calculations, as we mentioned in section II. relatively weaker intercluster ¢gbond at a low-density region
The GGA-DFT calculations in terms of either US-PP or PAW  0f ~0.60 &A% (Figure 2-Alll) among three icosahedra on a (111)
predict the reconstructe@122% sheet to be energetically —Plane of rhombohedral lattice? It therefore helps us in
preferable AE ~ 0.10 eV/atom) to the flat idealizefll212 explaining why the isolated 8 icosahedral unit is not stable
sheet. At the LDA-DFT level, however, both methods (i.e., US- N the small cluster regint¢l-37without the coexistence of both

PP and PAW) find the reconstruct€@i221 sheet to be nearly intra- and inter-icosahedron bonds. Indeed, such subtle bonding
degenerate with the idealizéd 213 characters are present in the 2D icosahedral-based (i.e., icosa-

hedral-1 and -Il) boron sheets.

We note that the reconstruct¢d22] boron sheet can be Being one of the energetically competitive isomers among
visualized as an assembly of the ground state configuration of the poron sheets (see Table 2), the icosahedral-l sheet is being
Be unit in Dzn symmetry“ with aromaticity in bonding that  stabilized by both inter- and intra-icosahedralbonds with
facilitates extra stability over the other planar configurations, comparable strength (Figure 2-Bl). In addition, a stronger intra-
such as the idealizefl1212 sheet!* To enhance the extra jcosahedral 3c bond (Figure 2-Bll) appears, which can be
stability of the planaf12123 boron sheet, “buckling” has to  interpreted as the preservation of the intrinsic stability of each
be induced to facilitate stronger localized bonds in the network. individual icosahedron by the unusual 3c bonds, where the
Table 3 also collects the LDA and GGA results for the buckled electron-deficient nature of bonding forces electrons to be shared

a [Rintram b [RinterD
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TABLE 3: Binding Energy (BE, eV/atom) and the Bond Lengths Rgs—s, A) for the Buckled and Idealized {1213 and
Reconstructed{1221} Sheet Configurations

idealized buckled reconstructed
{12123 {1213 {1223
ref model BE Rs-8 BE Rs-8 BE Rs-8
this work LDA 6.36 1.69 6.54 1.60, 1.83 6.33 1.62,1.64,1.92
PAW-LDA 6.39 1.70 6.57 1.60, 1.83 6.37 1.62, 1.65,1.97
this work GGA 5.48 1.71 5.70 1.61,1.89 5.57 1.63, 1.66, 2.00
PAW-GGA 5.69 1.71 5.92 1.61, 1.88 5.78 1.63, 1.66, 2.01
21 LDA 6.53 6.79
23 LDA 6.06 1.70 6.27 1.63,1.81
24 LDA 6.76 1.69 6.94 1.60, 1.82
23 GGA 5.49 1.71 5.72 1.64,1.82

at the triangular surfaces of the icosahedron. However, in In the {1212 category, the atomic coordination index,
contrast tax-Bj,, the icosahedral-l sheet has no inter-icosahedral essentially determines the bonding features and stability of a
3c bonds (Figure 2-Blll) at a low electron density of 0.68% given boron sheet. In the flat idealiz§dl212 sheet, the

as compared to the solid that possesses fairly strong inter-presence of the degenergierbitals makes the highly sym-
icosahedral 3c bonds at 0.60A& shown in Figure 2-Alll. metrical plana{1212 sheet less energetically stable (Table
Therefore, it might explain why the 2D icosahedral boron sheet 2). Here, the atomic environment with the high coordination
cannot be the lowest energy isomer due to the absence of thenumber (i.e.Z = 6) and the electron-deficient character yield
inter-icosahedral 3c bond, which utilizes the 3D space config- the nearly homogeneous delocalized bonds (Figure 3-Al). A
uration, despite the unsaturated dangling bonds on its surfacehomogeneous charge density distribution associated with de-

0-B,,rhombohedral solid icosahedral-l boron sheet

Alll

Figure 2. Equidensity surfaces of electron density with the section contour maps of the icosahedratiigsesblid (Al, All, Alll) and the

icosahedral-l boron sheet (BI, Bll, Blll). The red region represents the high electron density contour, and the low electron density contour is shown

by the blue region. The bonding is represented by the gray isosurfaces. The Al-2c inter-icosahedral bond is4t 088 All-3c intra-icosahedral
bond is at 0.77 3. The Alll-3¢ inter-icosahedral bond is at 0.60R& The BI-2c inter- and intra-icosahedral bonds are at 0/84.&he BlI-3c
intra-icosahedral bond is at 0.91A&. The BllI-3c inter-icosahedral bond cannot be found at 068.e
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Figure 3. Equidensity surfaces of electron density with the section contour maps for the idedl2eg (Al, All), buckled {1212 (BI, Bll),
graphene-like (Cl), and reconstructet?23 (Cll, Clll). The red region represents the high electron density contour, and the low electron density
contour is shown by the blue region. The bonding is represented by the gray isosurfaces. The isosurfaces ard 288D &5 ¢A3 (All), 0.95

e/A3 (Bl), 0.61 ¢A3 (BII), 0.87 dA3 (Cl), 0.98 ¢A3 (Cll), and 0.87 A3 (CIII).

localized -electrons is dominant, as shown in Figure 3-All, in-plane localized directional covalent (i.esbond) and delo-

for the density region around 0.6%28. calized 3c bonds spreading along the triangular lattice networks.
When the symmetry of the planar sheet is broken by inducing The electron density distribution, shown in Figure 3-ClII, reveals

the buckling height of 0.90 A, the bucklefll213 sheet that the charge transfer between the delocalized 3c bonds at

becomes the lowest energy configuration by gaining extra 0.87 éA3in the network can be accommodated by the formation

stability of the 0.22 eV/atom witl = 2 andZ = 4 for the first of directional covalent bonds (i.es-bond) that interconnect
and second nearest neighbors. Here, the puckering stabilizeghe triangular units (Figure 3-Cll). Analogous to the case of
the triangular sheet by inducing a strong directiongdond the solids (i.e.p-B12),° 13 it therefore appears that the coexist-

along the infinite boron chains (Figure 3-Bl), which breaks the ence of three-center and two-center covalent bonds makes the
degeneracy of p orbitals. Also, the infinite long boron chains reconstructedi1221} sheet more stable relative to the puré-sp
along the “hill” and “valley” rows are each connected by a more bonded graphene-like boron sheet. Hence, we believe, the
delocalized weakew—x bond between the adjacent rows mixture of 2c and 3c bonds found in several lower energy 2D
(Figure 3-Bll), despite the chain-like configurations not being sheet configurations in the present study might give us an insight
stable on their own in the cluster regith&®.Therefore, similarly in understanding and designing the boron-based novel nano-
to the icosahedral clusters based configurations, the buckledstructures.
{1212 sheet prefers a mixture of localized and delocalized C. Electronic Properties. The electronic properties of the
covalent bonds, which is analogous to dominant features of asheet configurations considered depend on their unique atomic
mixed 2c¢ and 3c covalent bonded network. arrangements and bonding features. The icosahedral-l and
Regarding the most stable planar 2D boron sheet, the buckled “twisted-helix” boron sheets are semiconductors, and
reconstructed{ 1221 sheet can be viewed as a “distorted” the rest of the boron sheets are metallic.
hexagonal ring as compared to the graphene sheet. If the The semiconducting icosahedral-I boron sheet yields different
symmetry is altered, the reconstructet?2l} sheet has the  features in its band diagram as compared to the me{dl2d¢ 2
atomic coordination index = 1 andZ = 2 for its first and and reconstructeffl221 boron sheet. It possesses a rather flat
second nearest neighbors in the triangular-square-triangularband dispersion (Figure 4) for both valence and conduction
network, in contrast t& = 3 for the sg-dominant (Figure 3-Cl) bands. The icosahedral-1 boron sheet has an indirect band gap
hexagonal graphene-like sheet. In a planar configuration, it hasof ~0.50 eV atI' (Figure 4). Knowing that the conventional
been pointed out by Evans etZlthat boron has one less 3D boron crystalline solid (i.eq-B1) and boron nanowirés
electron than carbon, which makes the domination of the are semiconducting, we can attribute the semiconducting nature

bonding in the graphene-like sheet by botik apd 7z bonds of the icosahedral sheet to the similarity of the atomistic and
energetically unfavorable. It is likely to be why one cannot find bonding features in the icosahedral-based configurations. Ac-
the analogous graphene sheet for boron in nature. cordingly, the rich features of the p states around the top of the

In the reconstructed1223 sheet, there exists anisotropic valence band (Figure 5) can be attributed to the localized
chemical bondingf with significant contributions from the both  directional inter-icosahedrab-bonds. Whereas in the close
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Figure 4. Band structure (from top to bottom) of the idealiZe®212, ig 3 5 a]
buckled{ 1212, reconstructed 1221}, and icosahedral-l boron sheets. & N 8 &
Zero is aligned to the Fermi energy. Red and green lines represent theg ‘_),\JJ g 4
alence and conduction bands, respectively. 1-% 2
" ‘ pectivel {2 R e
Saq et b 2 J
imi I i I 2 -1 a 1 2 2 -1 o 1 2
proximity of bottom of the conduction bands, contributions of Enery (e Encray (W

the overlap of s and p states can be seen in the projected densit¥__ : )
of states igure 5. Total density of states, DOS (top panel), dratojected s

. . . and p orbital in separated cases (bottom panel): (top left) idealized

In contrast to the icosahedral-l boron sheet, dispersion of {1212 sheet; (top right) buckle§1213 sheet; (bottom left) recon-
electronic bands is rather significant in the idealiZd®12 structed{ 1221 sheet; (bottom right) icosahedral-I boron sheet. Zero
sheet. The nearly homogeneous distribution of the electron cloudis aligned to the Fermi energy. The orange region in the top panel
of the{1212 sheet leads to the isotropic metallic character in represents the occupied states in DOS, and the red region in the bottom
the band structure. A partially filled conduction band and strong Pane! represents the s orbitalliprojected DOS.
overlap among valence and conduction bands can be seen inhe top of the valence band and bottom of the conduction bands
Figure 4, which also displays the isotropic features of metallic to be associated with andz* states, respectively.
character in the band dispersion along kxeandKy directions. In the reconstructefi1221} sheet, the anisotropic nature of
The total density of states shown in Figure 5 indicates the the chemical bonding yields different dispersions alongkte
appearance of the nonvanishing states near the vicinity of FermiandKy directions (Figure 4) in its band structure. In contrast to
level, suggesting that the high electron conductivity is accessible the planaf{ 1212 sheet, thd-projected DOS shows dominant
in the {1212 sheet. From the calculatdeprojected DOS, it features associated with the p state (i.eamul p characteristics)
can be seen that s and p states contribute equally to thein the proximity of the Fermi level (Figure 5). Accordingly,
conduction bands, and thereby indicate the occurrence of the sthe rich features of the p states around the top of the flat valence
and p hybridization. Because the conduction bands are unoc-band are attributed to the localized directionabonds along
cupied, the no s states occupied feature found in the idealizedthe Y direction. They open up the gap0.8 eV) atl" along the
{1212 sheet might be the cause of why it is energetically less Ky direction by lifting the degeneracy of the bands. On the other
favorable as compared to the others. Buckling of {h212 hand, the low-lying conduction bands are associated with the
sheet induces anisotropy in the band dispersion alongnd delocalized ptypes-bonding with bands crossing at Fermi level
Ky directions (Figure 4). In th&x direction, the conduction  in the Kx direction. Similar to the case for the bucklgti212
bands are partially filled ,suggesting a metallic-like character sheet, anisotropic features of the chemical bonding together with
for the buckled{1212 sheet. Thd-projected DOS identifies its band dispersion in the reconstruc{ed®21} sheet suggest a
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strong variation in the electronic and mechanical properties of  (6) Lau, K. C.; Deshpande, D. M.; Pati, R.; Pandey|rR.J. Quantum

; intdChem.2005 103 866.
th_e corresp_ongllng na_motubes, when the sheets are rolled intd® (7) Zhai. H. Kiran, B.: Li, J.: Wang, L. SNature Mater.2003 2,
different chirality of single-walled boron nanotubes. 827.
(8) Kiran, B.; Bulusu, S.; Zhai, H.; Yoo, S.; Zheng, X.; Wang, L. S.
IV. Conclusions Proc Natl. Acad. Sci. U.S./2005 102 961.
. o ) (9) Muetterties, E. L., EdThe Chemistry of Boron and Its Compounds
In summary, first principles calculations were performed to John Wiley: New York, 1967.
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