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Energetics of bent carbon nanotubes

V. Meunier, L. Henrard, and Ph. Lambin
Département de Physique, Faculte´s Universitaires Notre-Dame de la Paix, 61 Rue de Bruxelles, B 5000 Namur, Belgium

~Received 11 June 1997!

Several junctions between different nanotubes have been constructed which preserve the Csp2 honeycomb
lattice with the sole insertion of a pentagon and a heptagon. This construction bends the structure at an angle
that depends on the distance between the pentagon and heptagon. The atomic structure of these systems was
optimized with empirical interatomic potentials. The nanotubes on both sides of the junctions were treated as
infinitely long. Locals1p electron densities of states were computed locally in the interfacial region with a
tight-binding Hamiltonian. From this, the electron energy of the junctions was computed and compared to that
of the separated nanotubes. It is found that the energy of a pentagon-heptagon defect in the graphitic tubular
network is around 6 eV.@S0163-1829~98!04504-4#
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I. INTRODUCTION

The prospect for potential applications of carbon na
tubes has become a field of growing interest.1–4 In this re-
spect, connecting two different nanotubes offers the poss
ity to build elementary logical devices at the nanome
scale.1,2 For that reason, the electronic properties of a ju
tion between two different nanotubes have been investig
with some details from the theoretical point of view.5–10

Since the electronic structure of a nanotube depends o
atomic structure,11–13the latter has to be changed at the jun
tion between two different systems. As predicted theor
cally, connecting two nanotubes with different diameters a
helicities can be realized by inserting a pentagon and a h
tagon in the otherwise perfect honeycomb lattice.14 A large
variety of connections can be realized in this way, depend
on the relative positions of the two defects.7,15 When the
pentagon and heptagon are aligned along a side, straight
nections can be realized.7,8 Moving the two defects around
the nanotube changes the structure and bends it at an a
that varies with the distance between the odd-membe
rings. Adjacent defects lead to a small-angle bent,6 while the
diametrically opposed pentagon-heptagon give a large a
(;36°). By repeating the insertion of a pentagon-heptag
pair at regular intervals, toroidal structures16 and helicoidal
coiled nanotubes17 can be generated.

On the experimental side, there is no direct observation
pentagons and heptagons in carbon nanotubes, although
presence is highly suspected in several instances.18 Penta-
gons are most likely present in the hemispheric caps
terminate a carbon nanotube, leading to specific effect
scanning tunneling microscopy and spectroscopy,19 whereas
the heptagons can explain how a conelike structure tra
forms into a straight cylinder.20 In addition, regular coiled
nanotubes have been produced,21 in which high-resolution
electron microscopy and diffraction studies revealed sh
bends between straight portions.22 The dozen layers which
the coils are composed of bend coherently at angles that
been determined to be;30°.23 A pentagon and an heptago
located at diametrically opposed positions in each layer
close to, easily explain this observation.24

In the pentagon-heptagon construction, it is not cl
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whether it is more favorable to have the two defects adjac
or well separated. If the perturbation concerned the imme
ate neighborhood of the defects, adjacent pentagons and
tagons would have a lower energy since the pair affect th
surrounding hexagons, instead of 12 for two separated
fects. It has been argued that a pentagon-heptagon pair
dislocation, or a series of dislocations, whose energy
creases with the logarithm of their distance to the free e
of the system.15 The present paper is aimed at examining t
energetic question from a microscopic point of view,
comparing the energies of a few nanotube connections r
ized with the pentagon-heptagon construction.

Several nanotube junctions were constructed, includ
straight connections of zigzag nanotubes, and both sm
and large-angle junctions between two nanotubes of diffe
helicities. The atomic structure of these systems was o
mized with a simulated annealing technique based on em
cal C-C potentials described in the next section. Local el
tron densities of states were computed on the optimi
structures in which the nanotubes on both sides of the ju
tions were treated as semi-infinite. A tight-binding Ham
tonian that included boths andp electrons was used. From
this, the band-structure energy of the junctions was co
puted and compared to that of the isolated nanotubes.
confirmed that the energy of a pentagon-heptagon defect
graphitic nanotube is 5 eV typically, that is to say of th
order of a C-C covalent bond as predicted by the disloca
theory. No definitive conclusion can be drawn to assign
attraction or a repulsion between the two odd-membe
rings.

II. ATOMIC STRUCTURE OPTIMIZATION

Starting from a two-dimensional mapping, a joint can
realized between two tubules specified by the coup
(L1 ,M1) and (L2 ,M2).14,7 From this construction, an ap
proximate configuration can be realized in three dimensio
We were at first interested in kneed junctions in which t
pentagon and the heptagon are on opposite sites of the s
ture. This geometry imposes the constraint25 L1L22L1M2
2M1L222M1M250 whenM1>0 andM2>0, and7 L1L2
12L1M22M1L21M1M250 whenM1>0 andM2<0. We
2586 © 1998 The American Physical Society
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57 2587ENERGETICS OF BENT CARBON NANOTUBES
constructed atomic clusters representing the juncti
~6,4!/~8,21!, ~9,0!/~5,5!, ~10,0!/~6,6!, ~18,0!/~10,10!, and
~20,0!/~12,12!. The first system is a hybrid of two chira
nanotubes. By contrast the next four junctions connect
zag to armchair nonchiral configurations. Our choice w
lead by the fact that the~9,0!/~5,5!@~18,0!/~10,10! and
~10,0!/~6,6!@~20,0!/~12,12! are possible models for bilaye
junctions.

For the purpose of comparison, we also investigated
systems in which the defects were adjacent, namely,
~12,0!/~11,0! and ~8,0!/~7,1! junctions. The first is a straigh
connection between two zigzag nanotubes where the ax
the pentagon-heptagon defect is parallel to the axis of
nanotubes. The 5-7 axis has been rotated in the second
nection, a small-angle knee. All the nanotube connecti
listed in Table I were optimized with the same techniqu
Several of these connections, having already been consid
in other works~see Table I!, will not be described in detai
here.

The starting atomic structures of the nanotube juncti
were relaxed numerically with a simulated-annealing al
rithm based on two different empirical potentials. The fi
one is a force-field model proposed recently by Bors˘tnik
et al.26 For the purpose of checking the optimization proce
the same annealing technique was used with the Tersoff
tential using the Brenner parametrization.27 The potential of
Bors̆tnik et al. is well adapted to fullerenes and relatedsp2

carbon networks. It includes nearest-neighbor two-, thre
and four-body interactions accounting for bond stretchi
bending, and torsion, respectively, plus next-neare
neighbor nonbonding van der Waals interactions.26 It was
this potential that we used in our previous evaluations of
conformation of the~9,0!/~5,5! and ~10,0!/~6,6! knees.5,28

The Tersoff potential is a sum of nearest-neighbor pair in
actions that are modulated by the local atom
environment.29 This potential is implicitly a three-body po
tential. It has been widely used in a range of applicatio
and, when applied with Brenner parameters, it reprodu
well the nearest-neighbor length and binding energy
graphite and diamond.27

TABLE I. Summary of results for nanotube junctions obtain
by introducing a pentagon and a heptagon as indicated in the se
column. The third column gives the angle of the optimized struct
of the junctions. The fourth column lists the energy of the def
based on as1p electronic calculation and the fifth column give
the defect energy given by the Tersoff potential.

Junction 5-7 positions Angle (°)DEbs ~eV! DETer ~eV!

~6,4!/~8,21! opposite 34 7.7 2.45
~9,0!/~5,5!a opposite 36 5.0 2.12
~10,0!/~6,6!b opposite 36 5.4 2.13
~18,0!/~10,10! opposite 36 7.8 2.81
~20,0!/~12,12! opposite 39 5.0 2.60
~8,0!/~7,1!c adjacent 12 4.7 1.41
~12,0!/~11,0!d adjacent 0 5.5 1.56

aReferences 5,30.
bReferences 5,28.
cReference 6.
dReferences 7,8.
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During the optimization process, the semi-infinite chara
ter of the tubules on both sides of the junction was simula
by considering three circumferencial rings at both ends of
cluster as being rigid entities. Thanks to the short range
the interactions, three rings suffice to simulate infinitely lo
tubules. A circumferential ring in the (L,M ) nanotube is
defined as an ensemble of 2L atoms closest as possible to
circumference@whenM,0, the number of atoms required
2(L1M )#. This choice was inspired by the fact that for
chiral (L,M ) nanotube, a number of 2L atoms@2(L1M )
when M,0# is sufficient to define a complete thread
screw. For instance, a ring of 12~respectively, 14! atoms in
the ~6,4! @respectively,~8,-1!# tubules are shown in Fig. 1. In
the case of achiral nanotubes, a zigzag ring of 2L carbons is
used for the (L,0) nanotube, and a series ofL carbon pairs
around a circumference defines a ring in the (L,L) configu-
ration.

We first applied the potential of Bors˘tnik et al., which
permits a reasonably fast numerical convergence to the o
mum structure. The simulated annealing process was
formed with a fixed connection table of the atoms, wh
decreasing the temperature gradually from 500 to 1 K. T
optimized structure was then used as the input of a sec
simulated-annealing process with Tersoff potential, usin
lower starting temperature. This refinement of the struct
only leads to small changes of the coordinates.

The optimized structures of the bent nanotubes~6,4!/~8,
21! and ~20,0!/~12,12! are presented in Fig. 2. The ope
circles in Fig. 2 show the two parts of the~6,4! and ~8,21!
nanotubes that were kept rigid during the optimization. T
rings at the bottom end were kept fixed in position, while t

nd
e
t

FIG. 1. Definition of a screw-cell of~6,4! ~left! and ~8,21!
~right! nanotubes. The helical pattern containing, respectively,
and 14 atoms per thread are shown by large circles. The symm
operation is given by (t,c) wheret is a translation along tubule
axis andc is the rotation angle around tubule axis. For the~6,4!
tubule,t andc are respectively equal to 1.47 Å and 104°. For t
~8,21! tubule, the chiral parameters are 1.61 Å and 89°.
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2588 57V. MEUNIER, L. HENRARD, AND PH. LAMBIN
ones at the top could move rigidly. By doing so, the bend
angle between the two nanotubes was optimized by the
laxation process. The average length of the bonds is 1.4
This value increases slightly in the heptagon. The penta
is planar and the heptagon is boat shaped to accommo
the negative curvature at the inner side of the knee.
bending angles in the optimized structures are 34° for
~6,4!/~8,21! connection and 39° for the~20,0!/~12,12! sys-
tem, respectively. As indicated in Table I for the other jun
tions, opposite pentagon-heptagon bend the structure t
angle that varies between these two values, which are
nificantly greater than the angle of 30° obtained with t
two-dimensional Dunlap construction.14 The structure of a
cluster model of the~9,0!/~5,5! connection was also opti
mized by a semiempirical technique of quantum chemistr30

which led to the same 36° bending angle as here. The a
of the optimized structure of the~8,0!/~7,1! connection, with
its adjacent pentagon-heptagon, is 12°. In closing this s
tion, let us make a remark about the~20,0!/~12,12! structure
illustrated in Fig. 2. As in giant fullerenes, rebonding t
atoms around the pentagon so as to create an additiona
pair leads to a much more ‘‘round’’ structure of the knee31

Except for having tested that it works, this possibility w
not explored deeper.

III. ELECTRONIC PROPERTIES

The electronic properties of the nanotube connecti
were explored with a tight-binding Hamiltonian based on
four s andp valence orbitals. Only first-neighbor interaction
were considered in the Slater-Koster description,32 with pa-
rameters that were fitted to the band structure of graphi33

FIG. 2. Optimized structure of~20,0!/~12,12! and ~6,4!/~8,21!
bent nanotubes using Bors˘tnik et al. force-field potential in a simu-
lated annealing Monte Carlo process. During the optimization p
cess, the semi-infinite character of the tubules on both sides o
junction was simulated by considering three circumferencial ri
at both ends of the cluster as being rigid entities. These atoms
explicitly shown by open circles on the figure for the junctio
~6,4!/~8,21!. The 3 times 12 atoms of the~6,4! tubule ~bottom!
were kept fixed in position whereas the 3 times 14 atoms of the~8,
21! tubule~top! could only move as a single entity. In both case
the heptagon is opposite to the pentagon. The measured ang
slightly greater than the value expected with a two-dimensio
graphene sheet construction. The first structure is bent at an ang
39° and the second one has an angle of about 34°.
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(es525.49 eV, ep50, Hsss524.80, Hsps54.75, Hpps

54.39, andHppp522.56 eV!. Local electronic densities o
states~DOS! were obtained by application of the recursio
method.34 By contrast with the one-orbital (p) approxima-
tion widely used in the present context,10 the four-orbital
DOS’s depend on the detailed atomic structure and not o
on the connection table of the atoms. These details, thro
thes-p mixing brought about by the curvature of the carb
network, do not modify significantly the behavior of th
DOS near the Fermi level, except for the case of ‘‘metalli
nanotubes~for which L2M is a multiple of 3!.35 In fact,
only the armchair (L,L) nanotubes are real conductors. A
the other ‘‘metallic’’ nanotubes~in the sense of the men
tioned rule! have a small gap at the Fermi level, which ra
idly decreases with increasing diameter. This property d
not show up within the simple one-orbital approximation b
is clearly demonstrated with the four-orbital Hamiltonian35

This indicates that the rule mentioned previously is based
topological effects only. This also underlines the importan
the relaxation process has on the electronic properties.

Calculations of the charge on the defect rings reveals
excess of electron on the pentagon~10.40 electron! and a
deficiency on the heptagon (20.25 electron! for all the joints
listed in Table I. This might be understood as a conseque
of Hückel’s rule which states that cyclicp-electron systems
having 6, 10, . . . ,p electrons are the most stable ones. T
five- and seven-membered rings of the junction will the
fore tend to form a six-p-electron system by charge transfe
to stabilize the defect.36

The electronic properties of the relaxed~6,4!/~8,21! and
~20,0!/~12,12! junctions are shown below. In both cases, t
Fermi levelEF coincides with the atomicp level, taken as
the zero of energy. Two long nanotubes were connecte
both ends of the structures to avoid border effects. The
cursion method leads to a continued-fraction expansion
the density of states as a function of the energy. In this wo
150 continued-fraction levels were used with a small ima
nary part~0.02 eV! added to the energy to force the conve
gence. The drawback of this procedure is that rapid va
tions of the DOS, such as the band edges, are slig
smoothed out.

A. „6,4…/„8,21… junction

This junction resembles the~8,0!/~7,1! system investi-
gated by the Berkeley group.6 Their ~7,1! and our ~8,21!
nanotubes are two enantiomers which should be ‘‘metall
according to theL2M rule. In fact, they are semiconducto
with a small gap~0.10 eV!. By comparison, the~6,4! nano-
tube is a moderate-gap semiconductor~0.90 eV!. The
~6,4!/~8,21! junction is not truly a semiconductor-metalli
joint, nor either is the~8,0!/~7,1!.

The DOS of the two separate~6,4! and~8,21! nanotubes
are shown in the left-hand side of Fig. 3, together with t
local DOS averaged on the two defect rings of the juncti
The small band gap of the~8,21! nanotube appears as a d
in a large plateau of states aroundEF . The local DOS’s
across the junction are shown in the right-hand side of Fig
These DOS’s were averaged on successive circumferen
rings labeled~a!–~m!, as defined above@12 atomic sites for
the ~6,4! nanotube, 14 atomic sites for the~8,21! part, see
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57 2589ENERGETICS OF BENT CARBON NANOTUBES
FIG. 3. LDOS of the~6,4!/~8,21! bent nanotube formed with one single 5/7 defect. The left panel shows perfect~6,4! and ~8,21!
nanotubes and LDOS averaged on pentagon and heptagon, respectively. The right panel presents LDOS from semiconductor
nanotube. The LDOS is averaged on 12~respectively, 14! sites in the~6,4! @respectively,~8,21!# region. There is no evidence of oscillatio
at Fermi level for this chiral nanotubes junction. Although further investigations of the local density of states show some effec
metallic part, there is no such clear effect as in the~20,0!/~12,12! junction.
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also Fig. 1#. Above the interface, the plateau of states fro
the ~8,21! nanotube rapidly takes place on both sides of
small gap@curves~i!–~m!# that forms a small dip atEF in all
the curves. As with the~8,0!/~7,1! system,6 states are induced
in the band gap of the~6,4! semiconductor by the states o
the ~8,21! nanotube. The density of these induced sta
decreases with increasing distance to the interface@curves
~d!–~a!# but is still there in section a, located 20 Å below th
interface.

B. „20,0…/„12,12… junction

This is a real semiconductor-metal hybrid. The~20,0! zig-
zag nanotube is a semiconductor with a gap of 0.30
whereas the armchair~12,12! nanotube is a true metallic sys
tem. Figure 4 shows how the transition operate between
two types of systems when moving from the semiconduc
e

s

,

he
r

to the metallic nanotube. In the metallic part, the DOS n
EF oscillates around the value of the plateau typical of
armchair nanotubes. This was already noted for the ana
~10,0!/~6,6! connection.5 This effect reflects the existence o
standing waves generated by metallic Bloch states with w
vectors close to the Fermi wave vectorkF . These waves are
evanescent in the zigzag~20,0! tubule because they fal
within the semiconductor band gap. They are, therefore,
flected towards the metallic nanotube where their interf
ence with the incoming states and form a standing wave.
period of the spatial oscillation of the local DOS so gen
ated is around 2p/2kF , which is three times the distanc
between two circumferencial rings in the armchair tubul
~The Bravais period is two times that distance, but additio
symmetry brought about by screw operations allows one
work in a double-sized first Brillouin zone.35!
r to metallic
ves which
FIG. 4. LDOS of the~20,0!/~12,12! bent nanotube formed with one single 5/7 defect. The left panel shows perfect~20,0! and ~12,12!
nanotubes and LDOS averaged on pentagon and heptagon sites, respectively. The right panel presents LDOS from semiconducto
nanotube. The oscillations around a plateau near the Fermi level in the metallic part are an evidence of the existence of standing wa
oscillate with a wave vectorkF and which do not propagate deeply in the semiconductor part of the heterostructure.
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IV. ENERGY OF 5-7 DEFECT

In this last section, we discuss the energy of the de
which we evaluated from two different approaches. The fi
one is an electronic calculations and the other is based on
Tersoff potential. They are both a measure of the lack
stability of the bent nanotube versus straight, defect-free
bules.

A. Electronic energy of the defect

The tight-binding calculations referred to in the previo
section allow us to evaluate the energy associated with
pentagon-heptagon defect. The electron band energy o
defect is computed from

DEbs5(
i 51

Nat

(
m51

4 E
2`

EF
~E2« im!Dnim~E!dE, ~1!

where« im is the energy of themth orbital centered on thei th
atomic site andDnim(E) is the difference in the local DOS’
on the sitei between the joint and the perfect tubule. Th
supposes that the sites can clearly be identified as com
from one nanotube or the other, which causes no problem
the sections~a!–~f! and ~d!–~n! illustrated in Figs. 3 and 4
The sites belonging to the intermediate region were att
uted to both nanotubes with 50-50 %.

With the four-electron tight-binding Hamiltonian, w
foundDEbs 5 7.7 eV in the case of~6,4!/~8,21! and 5.0 eV
in the case of~20,0!/~12,12!. The defect energies of the othe
junctions are given in Table I. The values obtained by t
approach agree qualitatively with an estimation of the de
energy based on the dislocation point of view.15 In contrast,
the defect energy obtained by tight-binding calculatio
based on the solep-orbital is too small by a factor of 4 to 10
For instance, the adjacent pentagon and heptagon in
~12,0!/~11.0! junction have an energy of 1.3 eV with th
p-electron approximation,8 to be compared with the prese
5.5 value. A reason for this discrepancy has already b
noticed that not all geometrical effects are taken into acco
with this one-orbital approximation.

The perturbation brought about by the pentagon-hepta
defect affects the electronic properties of the system i
relatively large neighborhood. This was already clear fr
the local densities of states shown in Figs. 4 and 3, an
also apparent from the variations of the electronic ene
shown in Fig. 5 for the~10,0!/~6,6! joint. Whereas the con
vergence of the local energy@obtained from Eq.~1! by re-
stricting the summation to those sites located at a given
tance from the interface# is rapid on the metallic~6,6! side,
the energy on the semiconductor~10,0! side is more deeply
perturbed.

No systematic rule can be deduced from the data ofDEbs
listed in Table I about a possible decrease of the defect
ergy that would favor adjacent pentagons and heptagons.
nanotubes involved in the~6,4!/~8,21! and ~8,0!/~7,1! con-
nections have nearly the same radii, but there is a clear l
ering of energy in favor of the latter. In contrast, the~10,0!/
~6,6! and ~12,0!/~11,0! joints are very different but have
roughly the same energy. The fact is that displacing the p
tagon one step relative to the heptagon needs to rebond
all structure and therefore leads to a system which does
ct
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directly compare with the original one. The energy can
crease or decrease as well. The absence of general tr
reported here could result from the fact that the structu
optimizations were not based on a minimization of the el
tronic energy but minimized the Tersoff potential instead

B. Structural energy of the defect from the Tersoff potential

The force-field potential allows us to obtain a rapid me
sure of the structural energy cost of a single bent nanotu
working along the same way as for the band structure
ergy. Numerical results are given in Table I. The five jun
tions with opposite pentagon and heptagon have roughly
same energy, around 2.5 eV above that of the isola
defect-free nanotubes. The energy is lower for the last
systems, where the odd-membered rings are adjacent.
result indicates that, with a local-energy model such as T
soff’s description, the energy cost introduced by the pen
gon and heptagon is mostly located in the immediate ne
borhood of these defects, and the perturbation is sma
when these two defects are joined. This result is in cont
with the relatively long range of the electronic energy as
ciated with the defect illustrated in Fig. 5.

V. CONCLUSIONS

Several junctions between carbon nanotubes based on
pentagon-heptagon construction have been realized.
atomic structure of each system was optimized with the
teratomic potential of Bors˘tnik et al., and further refined with
the Tersoff potential using the Brenner parametrizati
These calculations show that diametrically opposed pe
gons and heptagons bend the structure at an angle ar
36°. For instance, the~9,0!/~5,5! and~18,0!/~10,10! homolo-
gous junctions have the same bending angle and can th
fore be nested inside one another to make a bilayer kn
nanotube, with the required 3.4 Å distance between the
ers. The bend angle is reduced to 12° in the~8,0!/~7,1! joint
where the pentagon and heptagon are adjacent.

Treating the half nanotubes as semi-infinite, local den
ties of states were determined along the joints with a tig
binding Hamiltonian that incorporates boths and p elec-
trons. This description improves earlier calculations of t
p-electron DOS carried out for a few of the systems cons

FIG. 5. Local variation of the electronic energy along the~10,0!/
~6,6! junction. The computed energies are averaged on rings o
~respectively, 12! atomic sites for~10,0! @respectively,~6,6!# tu-
bules. A continuous curve has been drawn between the poin
guide the eyes.
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57 2591ENERGETICS OF BENT CARBON NANOTUBES
ered here. Quasioscillations of the local DOS with a trip
period around the Fermi level was found in the metallic p
of the ~20,0!/~12,12! metal-semiconductor hybrid, very muc
as in the~10,0!/~6,6! junction. With the Tersoff potential, the
excess of energy of the junction above that of the two h
nanotubes is significantly smaller when the pentag
heptagon is adjacent. No such trends could be deduced
the electronic contribution of the pentagon-heptagon de
energy, the averaged value of which was found to be 5.9
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