
Electromechanical switch based on pentaheptite nanotubes

I. Milošević,1,* Z. Popović,1 G. Volonakis,2 S. Logothetidis,2 and M. Damnjanović1,†

1NanoLab, Faculty of Physics, University of Belgrade, P.O. Box 368, 11001 Belgrade, Serbia
2Department of Physics, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece

�Received 8 July 2007; published 10 September 2007�

Full symmetry of the nanotubes rolled up from pentaheptite carbon lattices along an arbitrary chiral vector
is determined, and symmetry preserving relaxation of a large number of the simply rolled-up tubular structures
is performed in order to assess stability and conducting properties of the pentaheptite nanotubes relative to the
classical graphitic nanotubes. Density functional tight binding calculations are performed by full-symmetry
implemented POLSYM code. The vast majority of pentaheptite nanotubes is found to be metallic having con-
siderably higher electronic density of states at Fermi level than their metallic conventional counterparts.
Pathway for synthesis of certain types of pentaheptite nanotubes directly from the conventional hexagonal
nanotubes by putting them under uniaxial tension is proposed. Release of the strain goes through formation of
double pentagon-heptagon pairs. The findings promise application as mechanically induced electrical switches.
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I. INTRODUCTION

Intensive research of various carbon based nanostructures,
in particular, nanotubes,1 is to a large extent motivated by
possible technological applications.2 Even more striking ef-
fects may be obtained when different structures and proper-
ties are combined. Theoretically, graphene can be converted
into carbon planar pentaheptite sheet by simultaneous appli-
cation of the Stone-Wales bond rotation,3,4 which transforms
four adjacent graphene hexagons into two pentagon-
heptagon pairs. However, synthesis of pentaheptite modifica-
tions of the graphite sheet still remains challenging and thus
far pentagon-heptagon tiling has been realized only in boron
nets5 of YCrB4 and ThMoB4. These ternary borides form
face-regular �1,3�-pentaheptite structures where each penta-
gon has one pentagonal neighbor and each heptagon has
three heptagonal neighbors. Symmetry of their lattices is de-
scribed by hexagonal �ThMoB4� and rectangular �YCrB4�
diperiodic groups.6,7

In this paper, we present theoretical study of the penta-
heptite nanotubes, 57NTs �5 and 7 reflecting the two ring
types�, obtained by rolling up hexagonal and rectangular
�1,3�-pentaheptite carbon lattices along an arbitrary chiral
vector. We determine the symmetry of the 57NTs and per-
form symmetry preserving relaxation of a large number of
simply rolled-up tubular structures in order to assess the sta-
bility and conducting properties of the 57NTs. Density func-
tional tight binding �DFTB� calculations9 are performed by
full-symmetry implemented POLSYM code.10 Pentaheptite
tubes are found to be less stable than their conventional
counterparts but more stable than the pentaheptite carbon
sheet. We propose a pathway for synthesis of certain types of
pentaheptite nanotubes directly from the conventional nano-
tubes by putting them under uniaxial tension. Release of the
strain goes through formation of double pentagon-heptagon
pairs.11

II. SYMMETRY

Hexagonal and rectangular planar carbon �1,3�-
pentaheptite nets are given in Fig. 1. Unit cells of the both

structures contain eight carbon atoms. However, in our cal-
culations, instead of the unit cell, the symcell is used; this is
the minimal set of atoms from which, by applying all sym-
metry transformations, the whole structure is generated.12

Doubled graphite lattice constant a0=2.461 Å becomes
the constant of the hexagonal pentaheptite tiling and the unit
vectors are a1=2a0ex and a2=a0�ex+�3ey�. Symmetry is de-
scribed by the hexagonal diperiodic group DG47 �cmm�, and
this is the only �1,3�-pentaheptite group which contains a
reflection.6,7 As the net is composed of three orbits8 �one
general and the other two on the mirror planes�, the symcell
contains three atoms.

Vectors a1=a0�ex−�3ey� and a2=a0� 3
2ex+

�3
2 ey� are the ba-

sis of the rectangular lattice. Its symmetry is described by the
diperiodic group6,7 DG6 �pgg�. The lattice with four orbits is
generated by the symcell comprised of four carbon atoms.

Hexagonal and rectangular pentaheptite nanotubes
�H57NTs and R57NTs� are obtained by rolling up hexagonal
and rectangular planar carbon �1,3�-pentaheptite nets along a
chiral vector c=n1a1+n2a2, which then becomes a circum-
ference of the �n1 ,n2� tube �Fig. 2�. Chiral angle is also de-

FIG. 1. Hexagonal �left� and rectangular �right� pentaheptite lay-
ers with unit vectors and elementary cells �dashed�. Double
pentagon-heptagon motifs are shaded. Orbits are distinguished by
gray tones. For hexagonal tiling, zigzag �Z� and armchair �A� direc-
tions are along the symmetry planes � denoted by gray lines. Gray
circle is the C2 axis �U axis of NTs�.
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fined in a usual way: �= � �a1 ,c� and its range is �0,� /2�
for H57NTs and �0,�� for R57NTs. If inverse Stone-Wales
transformation is applied on all pentagon-heptagon double
pairs of a 57NT, a conventional nanotube is regained. To
each 57NT corresponds one conventional nanotube and we
call it the generic nanotube. Namely, if �n1 ,n2� are chiral
indices of a H57NT, its generic �conventional� nanotube is
�2n1 ,2n2� �or the equivalent one with ��30°�. Similarly,
�2n1+n2 ,−2n1+n2� is the generic nanotube of the �n1 ,n2�
R57NT.

Generally, symmetry of the �n1 ,n2� 57NT is described by
a line group of the fifth family, which is a product of screw-
axis group Tq

r�a�, rotational group Cn, n=GCD�n1 ,n2�, and
D1 group, generated by �Cq

r �an /q� �simultaneous rotation for
2�r /q around the tube axis and translation for an /q along
the same axis�, Cn �rotation for 2� /n around the tube axis�,
and rotation for � around a horizontal axis, the so-called U
axis.

The group parameters q, r, and n for H57NTs are the
same as for the conventional nanotubes,13 and only the pe-
riod a is doubled:

n = GCD�n1,n2�, q = 2
n1

2 + n1n2 + n2
2

nR
, a =

�3D�

nR
,

�1�

where D=�2nqRa0 /� is the tube diameter, R=GCD�2n1

+n2 ,n1+2n2� /n, while r is a more complicated number the-
oretical function.

For R57NTs, the line group parameters are14

q =
4n1

2 + 3n2
2

nR
, a =

�12D�

nR
. �2�

Here, the tube diameter is D=�nqRa0 /� and R
=GCD�3,n1 /n�GCD�4,n2 /n�.

Relative to the translational period of a generic nanotube,
the period of a corresponding R57NT quadruples or doubles
or remains the same.

While all R57NTs are chiral, H57NTs can either be chiral
�0� �n1��n2 ,0° ���90° � or achiral �with identical left
and right isomers�, i.e., of the zigzag �n2=0 ,�=0° � and of
the armchair �n2=−2n1 ,�=90° � type. Apart from the fifth
family line group symmetry, the achiral tubes have mirror
invariance and their full symmetry is thus described by the
line groups belonging to the 13th family:

L�13� = Tq
r�a�Dnh, achiral H57NTs, �3�

L�5� = Tq
r�a�Dn, chiral 57NTs. �4�

III. STRAIN

Simply rolled-up pentaheptite layer configuration is not
energetically the most favorable, as the curvature induces an
additional tension with respect to the layer. Therefore, in
order to find the configurations with the lowest energy, the
symmetry preserving density functional9 relaxation is ap-
plied: only the coordinates of the symcell atoms are varied,
as according to the topological theorem of Abud and
Sartori,15 the extremes of the invariant functions are on the
manifolds with maximal symmetry. In contrast to the con-
ventional carbon nanotubes, which are generated from a
single atom by action of the full-symmetry group,13 chiral
57NTs are generated from four and achiral H57NTs from
three atoms. Thus, 13 �or ten in the case of achiral H57NTs�
parameters are optimized, as apart form the unit cell length,
only the coordinates of the symcell atoms are varied.

Quite generally, the optimized 57NTs have slightly corru-
gated tubular structure, as the diameters of the different or-
bits are independently varied. Further, relaxed structures
have more regular pentagons and heptagons. Accordingly,
optimization leads to chirality dependent change of period
accompanied by the opposite change in average diameter.
For H57NTs, value of d �average diameter of the relaxed vs
simply rolled-up 57NT� decreases, approaching zero at �c
�� /3, where from the relaxed structures become more nar-
row �relative to the unrelaxed ones�. In particular, relaxed
zigzag tubes are �20% thicker, while optimization proce-
dure diminishes the diameter of the armchair H57NTs for
�10%. In the case of the R57NTs, relative change of the
diameter increases with the chiral angle. These oscillations
of the d value of 57NTs with the similar diameter but differ-
ent chiral angle are attributed to the curvature effects.

In Fig. 3, the calculated diameter dependencies of the cur-
vature strain energies, i.e., the differences of the total ener-
gies �per atom� between the 57NTs and the corresponding
pentaheptite layer, are shown. The calculated strain energies
of the 57NTs follow roughly 1/D2 behavior as in conven-
tional carbon nanotubes.16

FIG. 2. Pentaheptite carbon nanotubes: armchair �−3,6� and
zigzag �7,0� H57NTs and chiral �4,8� R57NT �from top to bottom�.
Orbits are distinguished by gray tones.
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Our calculations show that the curvature strain energy of
the achiral H57NTs is lower than the strain energy of the
conventional graphitic nanotubes, which is in accordance
with the calculations of Terrones et al.,17 where the strain
energy of the zigzag H57NTs is presented. We find the ener-
gies of the relaxed H57 and R57 sheets to be, respectively,
297 and 329 meV/atom above that of graphene. The former
value is a bit less than the estimations reported in Refs. 4 and
17, while the latter has not been reported yet. Strain energy
of the R57NTs is slightly larger than the strain of the gra-
phitic and hexagonal pentaheptite nanotubes. Nevertheless,
R57NTs should also be feasible as their strain is just a few
meV larger than the strain of the graphitic nanotubes with the
same diameter.

IV. CONDUCTING PROPERTIES

Figure 4 shows that vast majority of 57NTs has consider-
ably larger electronic density of states �DOS� at the Fermi
level than their graphitic armchair counterparts. This is due
to the band topology of 57NTs, which is characterized by
several subband crossings at the Fermi level, Fig. 5. How-
ever, this is not the rule: Some of the 57NTs, although gen-
erated from conventional �n ,n� tubes, turn out to be either
narrow or moderate band gap semiconductors �see Table I�.

Calculations of the electronic band structure of the defec-
tive �n ,n� tubes18 showed that DOS at Fermi level increases

with the concentration of bond-rotation defects. Our calcula-
tions reveal that direct extrapolation of the results obtained
for the defective nanotubes is not plausible. Namely, unlike
the case of nanotubes with 2% or 3% of bond-rotation de-
fects, for the 57NTs, perturbative approach �i.e., analysis of
the evolution of the electronic structure of a graphitic sheet
upon introduction of the defects� is not applicable. Besides,
only armchair nanotubes which have even chiral index can
be converted, by means of Stone-Wales C-C bond rotations,
into H57NTs, while graphitic �2k+1,2k+1� tubes can be
converted into �0,2k+1� R57NTs. In particular, �0,5� and
�0,9� R57NTs are narrow band gap semiconductors �Table I�.

Quantum and classical simulations11 show that strain re-
lease in carbon nanotubes under uniaxial tension larger than
5% goes through reversible formation of topological defects,
the simplest of which is the Stone-Wales rotation of a C-C
bond. Plausible conjecture is that further increasing of the
strain could yield onset of Stone-Wales deformations and
ultimate crossover from a graphitic to a pentaheptite nano-
tube, especially if the activation barrier for a Stone-Wales
bond rotation within the stretched generic classical nanotube
is not too high.19–21

In Fig. 6, change of the total energy �at 0 K� of the
�10,10� graphitic nanotube under uniaxial strain is shown.
Our calculations predict that stretched generic �10,10� tube
for more than 10.8% becomes less energetically favorable
than hexagonal pentaheptite �−5,10� nanotube. Such an
elongation falls well below the experimental values of the
breaking strain level.22

FIG. 3. Curvature induced strain energy of 57NTs as a function
of the tube diameter. Strain of graphitic armchair nanotubes is
shown for comparison.

FIG. 5. Electronic band struc-
ture and density of states in
the Fermi level region of the
hexagonal pentaheptite nanotubes
�−5,10� and �5,5�. For both tubes,
the generic graphitic nanotube is
�10,10�.

FIG. 4. Rate of the DOS at the Fermi level of the 57NTs and
their �n ,n� graphitic counterparts.
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Recall that the configuration of �−5,10� H57NT is gener-
ated by applying Stone-Wales transformations on all dia-
mond shaped primitive cells of hexagons of the classical
�10,10� nanotube. The other two 57NTs for which �10,10� is
also generic, i.e., �0,10� R57NT and �5,5� H57NT, become
energetically preferable when uniaxial strain exceeds 15%
and 20%, thus approaching the failure strain of the armchair
carbon nanotubes.19

V. CONCLUSION

We have found unique relation between the chiral vector
indices of the hexagonal and rectangular pentaheptite
allotropic modifications of the graphitic nanotubes and their
full symmetry groups. The latter we have used to perform
symmetry preserving relaxation of the simply rolled-up car-
bon pentaheptite sheets. Electronic band structure and curva-
ture induced strain energy are calculated by means of DFTB
within full symmetry implemented POLSYM code. Hexagonal
57NTs are found to be more stable than the R57NTs. In
particular, the calculated strain energy of the armchair and
zigzag H57NTs is lower than the strain energy of conven-
tional nanotubes with similar diameter. Achiral H57NTs are
metallic, irrespective of the conducting properties of their
graphitic counterparts. Electronic DOS at the Fermi level of
the �n ,0� and �−n ,2n� H57NTs is, at last, several times
larger than DOS of the classical armchair nanotubes. How-
ever, neither all H57NTs nor all R57NTs are metallic, not
even if their generic tubes are of the armchair type.

Total energy calculations indicate that spontaneous
growth of 57NTs is not likely as graphitic nanotubes are
energetically preferable. However, difference in total energy
is not large: In the case of the �−5,10� H57NT and its ge-
neric �10,10� tube, �Etot�250 meV. Hence, it is plausible to
induce the allotropic transition by an external field. Namely,
if within the plastic deformation, which can be controlled by
the direction and strength of the strain applied, the param-
eters of the generic nanotube �nearly� matches the parameters
of the corresponding most favorable pentaheptite allotrope,
the activation barrier is expected to be accessible.

Numerical simulations have shown that under tensile
strain, the total energy of the graphitic nanotubes increases,
approaching the energy of the pentaheptite counterparts. Be-
sides, period and diameter of the classical tubes change si-
multaneously, matching the values of the corresponding re-
laxed achiral pentaheptite tubular structures. Hence,
allotropic transition can be mechanically induced and, de-
pending on the conducting properties of the graphitic nano-
tube, it is either �moderate or narrow band gap�
semiconductor—metal or semimetal—metal phase transition.
The findings promise application as mechanically induced
electrical switches.
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