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Energetics of bent carbon nanotubes
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Several junctions between different nanotubes have been constructed which presergptteeycomb
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. Localo+ 7 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 eM.S0163-182808)04504-4

[. INTRODUCTION whether it is more favorable to have the two defects adjacent,
or well separated. If the perturbation concerned the immedi-
The prospect for potential applications of carbon nano-ate neighborhood of the defects, adjacent pentagons and hep-
tubes has become a field of growing interedtin this re-  tagons would have a lower energy since the pair affect the 8
spect, connecting two different nanotubes offers the possibilsurrounding hexagons, instead of 12 for two separated de-
ity to build elementary logical devices at the nanometerfects. It has been argued that a pentagon-heptagon pair is a
scale'? For that reason, the electronic properties of a juncdislocation, or a series of dislocations, whose energy in-
tion between two different nanotubes have been investigategfeases with the logarithm of their distance to the free ends
with some details from the theoretical point of viéw® of the systent® The present paper is aimed at examining this
Since the electronic structure of a nanotube depends on igergetic question from a microscopic point of view, by
atomic structuré!~*3the latter has to be changed at the junc-comparing the energies of a few nanotube connections real-
tion between two different systems. As predicted theoretiized with the pentagon-heptagon construction.
cally, connecting two nanotubes with different diameters and Several nanotube junctions were constructed, including
helicities can be realized by inserting a pentagon and a hefgtraight connections of zigzag nanotubes, and both small-
tagon in the otherwise perfect honeycomb latfité large  and large-angle junctions between two nanotubes of different
variety of connections can be realized in this way, dependindj€licities. The atomic structure of these systems was opti-
on the relative positions of the two defeétS. When the — Mmized with a simulated annealing technique based on empiri-
pentagon and heptagon are a|igned a|0ng a side, Straight CO@ﬁI Cc-C potentials described in the next section. Local elec-
nections can be realizéd. Moving the two defects around tron densities of states were computed on the optimized
the nanotube changes the structure and bends it at an angi#uctures in which the nanotubes on both sides of the junc-
that varies with the distance between the odd-memberetions were treated as semi-infinite. A tight-binding Hamil-
rings. Adjacent defects lead to a small-angle Bemhile the  tonian that included bothr and 7 electrons was used. From
diametrically opposed pentagon-heptagon give a large angl®is, the band-structure energy of the junctions was com-
(~36°). By repeating the insertion of a pentagon-heptagoputed and compared to that of the isolated nanotubes. It is
pair at regular intervals, toroidal structutesnd helicoidal ~ confirmed that the energy of a pentagon-heptagon defect in a
coiled nanotubé§ can be generated_ graphitic nanotube is 5 eV typically, that is to say of the
On the experimental side, there is no direct observation oprder of a C-C covalent bond as predicted by the dislocation
pentagons and heptagons in carbon nanotubes, although th#ieory. No definitive conclusion can be drawn to assign an
presence is highly suspected in several instafft&enta- qttraction or a repulsion between the two odd-membered
gons are most likely present in the hemispheric caps thdtngs.
terminate a carbon nanotube, leading to specific effects in

scanning tunneling microscopy and spectroscSpyhereas Il. ATOMIC STRUCTURE OPTIMIZATION
the heptagons can explain how a conelike structure trans-
forms into a straight cylinde®® In addition, regular coiled Starting from a two-dimensional mapping, a joint can be

nanotubes have been produéédn which high-resolution realized between two tubules specified by the couples
electron microscopy and diffraction studies revealed sharglL,,M;) and (,,M,).**” From this construction, an ap-
bends between straight portioffsThe dozen layers which proximate configuration can be realized in three dimensions.
the coils are composed of bend coherently at angles that haWe were at first interested in kneed junctions in which the
been determined to be 30° 2® A pentagon and an heptagon pentagon and the heptagon are on opposite sites of the struc-
located at diametrically opposed positions in each layer, oture. This geometry imposes the constrairit;L,— LM,
close to, easily explain this observatith. —M;L,—2M;M,=0 whenM,;=0 andM,=0, and L,L,

In the pentagon-heptagon construction, it is not clear+ 2LM,—M;L,+MM,=0 whenM ;=0 andM,=<0. We
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TABLE |. Summary of results for nanotube junctions obtained
by introducing a pentagon and a heptagon as indicated in the second
column. The third column gives the angle of the optimized structure
of the junctions. The fourth column lists the energy of the defect
based on ar+ 7 electronic calculation and the fifth column gives
the defect energy given by the Tersoff potential.

Junction 5-7 positions Angle (°)AEys (eV) AEq, (V)
(6,4/(8,—1) opposite 34 7.7 2.45
(9,0/(5,92 opposite 36 5.0 2.12
(10,0/(6,6)° 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)° adjacent 12 4.7 1.41
(12,0/(11,0  adjacent 0 5.5 1.56

8References 5,30.
bReferences 5,28.
‘Reference 6.
dReferences 7,8.

constructed atomic clusters representing the junctions
(6.4/(8,~ 1), (3,0/(59, (10,0/(6,6, (18,0/(10,10, and FIG. 1. Definition of a screw-cell of6,4) (left) and (8,—1)

(20,0/(12,12. The first system is a hybrid of two chiral (right) nanotubes. The helical pattern containing, respectively, 12

nanotubes. By contrast the next four junctions connect zig: .
. . . ; . and 14 atoms per thread are shown by large circles. The symmetry
zag to armchair nonchiral configurations. Our choice was

operation is given by £,¢) where 7 is a translation along tubule
lead by the fact that th&9,0/(5,9@(18,0/(10,10 and axis andys is the rotation angle around tubule axis. For {bed)

(10,0/(6,6@(20,0/(12,12 are possible models for bilayer tubule, 7 and ¢ are respectively equal to 1.47 A and 104°. For the

junctions. _ _ _ (8,—1) tubule, the chiral parameters are 1.61 A and 89°.
For the purpose of comparison, we also investigated two

systems in which the defects were adjacent, namely, the During the optimization process, the semi-infinite charac-
(12,0/(11,0 and(8,0/(7,1) junctions. The first is a straight ter of the tubules on both sides of the junction was simulated
connection between two zigzag nanotubes where the axis &y considering three circumferencial rings at both ends of the
the pentagon-heptagon defect is parallel to the axis of theluster as being rigid entities. Thanks to the short range of
nanotubes. The 5-7 axis has been rotated in the second cailre interactions, three rings suffice to simulate infinitely long
nection, a small-angle knee. All the nanotube connectiontubules. A circumferential ring in theL(M) nanotube is
listed in Table | were optimized with the same technique.defined as an ensemble of Ztoms closest as possible to a
Several of these connections, having already been considereticumferencéwhenM <0, the number of atoms required is
in other works(see Table), will not be described in detail 2(L+M)]. This choice was inspired by the fact that for a
here. chiral (L,M) nanotube, a number ofl2atoms[2(L + M)

The starting atomic structures of the nanotube junctionsvhen M<0] is sufficient to define a complete thread of
were relaxed numerically with a simulated-annealing algo-screw. For instance, a ring of XBespectively, 14atoms in
rithm based on two different empirical potentials. The firstthe (6,4) [respectively(8,-1)] tubules are shown in Fig. 1. In
one is a force-field model proposed recently by Buiks the case of achiral nanotubes, a zigzag ring lofcarbons is
et al?® For the purpose of checking the optimization processused for the [,0) nanotube, and a series ofcarbon pairs
the same annealing technique was used with the Tersoff p@round a circumference defines a ring in thel() configu-
tential using the Brenner parametrizatidiThe potential of  ration.

Bor&nik et al. is well adapted to fullerenes and relateg? We first applied the potential of Bdrsk et al, which
carbon networks. It includes nearest-neighbor two-, threepermits a reasonably fast numerical convergence to the opti-
and four-body interactions accounting for bond stretchingmum structure. The simulated annealing process was per-
bending, and torsion, respectively, plus next-nearestformed with a fixed connection table of the atoms, while
neighbor nonbonding van der Waals interactih# was  decreasing the temperature gradually from 500 to 1 K. The
this potential that we used in our previous evaluations of theptimized structure was then used as the input of a second
conformation of the(9,0/(5,5 and (10,0/(6,6) knees>?®  simulated-annealing process with Tersoff potential, using a
The Tersoff potential is a sum of nearest-neighbor pair interfower starting temperature. This refinement of the structure
actions that are modulated by the local atomiconly leads to small changes of the coordinates.
environment® This potential is implicitly a three-body po- The optimized structures of the bent nanotub@#)/(8,
tential. It has been widely used in a range of applications-1) and (20,0/(12,12 are presented in Fig. 2. The open
and, when applied with Brenner parameters, it reproducesircles in Fig. 2 show the two parts of tt{6,4) and(8,—1)

well the nearest-neighbor length and binding energy ohanotubes that were kept rigid during the optimization. The
graphite and diamont. rings at the bottom end were kept fixed in position, while the
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(es=—5.49 eV, €,=0, Hgs,=—4.80, Hg,,=4.75, Hy
=4.39, andH,,,= —2.56 eV). Local electronic densities of
states(DOS) were obtained by application of the recursion
method® By contrast with the one-orbital®) approxima-
tion widely used in the present contéftthe four-orbital
DOS'’s depend on the detailed atomic structure and not only
on the connection table of the atoms. These details, through
the o-7r mixing brought about by the curvature of the carbon
network, do not modify significantly the behavior of the
DOS near the Fermi level, except for the case of “metallic”
nanotubesfor which L—M is a multiple of 3.3 In fact,
only the armchair I(,L) nanotubes are real conductors. All
the other “metallic” nanotubegin the sense of the men-
tioned rulg have a small gap at the Fermi level, which rap-
idly decreases with increasing diameter. This property does
FIG. 2. Optimized structure of20,0/(12,12 and(6,4/(8,—1)  not show up within the simple one-orbital approximation but
bent nanotubes using Bangk et al. force-field potential in a simu- s clearly demonstrated with the four-orbital Hamiltoni&n.
lated annealing Monte Carlo process. During the optimization proThis indicates that the rule mentioned previously is based on
cess, the semi-infinite character of the tubules on both sides of thﬁ)pological effects only. This also underlines the importance
junction was simulated by considering three circumferencial ringsthe relaxation process has on the electronic properties.
at blgt.hl enoklls of thbe cluster as Ibeing rigki]d ?_ntities.fThehse atoms are caicylations of the charge on the defect rings reveals an
explicitly shown by open circles on the figure for the junction g, -es of electron on the pentagen0.40 electrop and a
(6,4/(8,~ 1).' Th? 3 times 12 atoms of thé.s’ﬂ') tubuile (bottom deficiency on the heptagon-(0.25 electronfor all the joints
were kept fixed in position whereas the 3 times 14 atoms of&he listed in Table I. This might be understood as a consequence

—1) tubule (top) could only move as a single entity. In both cases, Hiickel | hich h lig-el
the heptagon is opposite to the pentagon. The measured angle % uckel’s rule which states that cyclig-electron systems

slightly greater than the value expected with a two-dimensionar1aVing 6,10, ... g electrons are the most stable ones. The

graphene sheet construction. The first structure is bent at an angle €~ and seven-membered rings of the junction will there-
39° and the second one has an angle of about 34°. fore tend to form a sixs-electron system by charge transfers

to stabilize the defect

ones at the top could move rigidly. By doing so, the bending The electronic properties of the relaxe#{4)/(8,—1) and
angle between the two nanotubes was optimized by the rd20,0/(12,12 junctions are shown below. In both cases, the
laxation process. The average length of the bonds is 1.42 Aermi levelEg coincides with the atomip level, taken as
This value increases slightly in the heptagon. The pentagoi€ zero of energy. Two long nanotubes were connected at
is planar and the heptagon is boat shaped to accommoddpeth ends of the structures to avoid border effects. The re-
the negative curvature at the inner side of the knee. Theursion method leads to a continued-fraction expansion of
bending angles in the optimized structures are 34° for théhe density of states as a function of the energy. In this work,
(6,4)/(8,— 1) connection and 39° for thé20,0/(12,19 sys- 150 continued-fraction levels were used with a small imagi-
tem, respectively. As indicated in Table | for the other junc-nary part(0.02 eV} added to the energy to force the conver-
tions, opposite pentagon-heptagon bend the structure to &gNce. The drawback of this procedure is that rapid varia-
angle that varies between these two values, which are siglons of the DOS, such as the band edges, are slightly
nificantly greater than the angle of 30° obtained with theSmoothed out.
two-dimensional Dunlap constructidh.The structure of a
cluster model of thg9,0/(5,5 connection was also opti-
mized by a semiempirical technique of quantum chemitry,
which led to the same 36° bending angle as here. The angle This junction resembles the8,0/(7,1) system investi-
of the optimized structure of the,0)/(7,1) connection, with  gated by the Berkeley grodipTheir (7,1) and our(8,—1)
its adjacent pentagon-heptagon, is 12°. In closing this sed?anotubes are two enantiomers which should be “metallic”
tion, let us make a remark about tt20,0/(12,12 structure  according to the&. —M rule. In fact, they are semiconductors
illustrated in Fig. 2. As in giant fullerenes, rebonding thewith a small gap(0.10 e\). By comparison, thé€6,4) nano-
atoms around the pentagon so as to create an additional 5tgbe is a moderate-gap semiconduct@.90 e\). The
pair leads to a much more “round” structure of the kriée. (6,4)/(8,—1) junction is not truly a semiconductor-metallic
Except for having tested that it works, this possibility wasjoint, nor either is the8,0/(7,1).
not explored deeper. The DOS of the two separa(6,4) and(8,— 1) nanotubes
are shown in the left-hand side of Fig. 3, together with the
local DOS averaged on the two defect rings of the junction.
The small band gap of th@,— 1) nanotube appears as a dip
The electronic properties of the nanotube connectiongn a large plateau of states arouigt. The local DOS’s
were explored with a tight-binding Hamiltonian based on theacross the junction are shown in the right-hand side of Fig. 3.
four s andp valence orbitals. Only first-neighbor interactions These DOS’s were averaged on successive circumferencial
were considered in the Slater-Koster descripffomjth pa-  rings labeled@—(m), as defined abovgl2 atomic sites for
rameters that were fitted to the band structure of grafi?nite the (6,4) nanotube, 14 atomic sites for tli@,— 1) part, see

A. (6,4/(8,—1) junction

Ill. ELECTRONIC PROPERTIES
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FIG. 3. LDOS of the(6,4)/(8,—1) bent nanotube formed with one single 5/7 defect. The left panel shows péfdcand (8,—1)
nanotubes and LDOS averaged on pentagon and heptagon, respectively. The right panel presents LDOS from semiconductor to metallic
nanotube. The LDOS is averaged on(t@spectively, 14sites in the6,4) [respectively(8,— 1)] region. There is no evidence of oscillation
at Fermi level for this chiral nanotubes junction. Although further investigations of the local density of states show some effect in the
metallic part, there is no such clear effect as in (8@,0/(12,12 junction.

also Fig. 1. Above the interface, the plateau of states fromto the metallic nanotube. In the metallic part, the DOS near
the (8,— 1) nanotube rapidly takes place on both sides of theEg oscillates around the value of the plateau typical of the
small gapg curves(i)—(m)] that forms a small dip & in all armchair nanotubes. This was already noted for the analog
the curves. As with thés,0)/(7,1) systent, states are induced (10,0/(6,6) connectior? This effect reflects the existence of
in the band gap of thé6,4) semiconductor by the states of standing waves generated by metallic Bloch states with wave
the (8,—1) nanotube. The density of these induced stategectors close to the Fermi wave vectgr. These waves are
decreases with increasing distance to the interfaceves  ayanescent in the zigza(0,0 tubule because they fall
_(d)—(a)] but is still there in section a, located 20 A below the \ithin the semiconductor band gap. They are, therefore, re-
interface. flected towards the metallic nanotube where their interfer-
ence with the incoming states and form a standing wave. The
B. (20,0/(12,12 junction period of the spatial oscillation of the local DOS so gener-
This is a real semiconductor-metal hybrid. T26,0 zig- ated is around 2/2kg, which is three times the distance
zag nanotube is a semiconductor with a gap of 0.30 eVbetween two circumferencial rings in the armchair tubules.
whereas the armchait2,12 nanotube is a true metallic sys- (The Bravais period is two times that distance, but additional
tem. Figure 4 shows how the transition operate between theymmetry brought about by screw operations allows one to
two types of systems when moving from the semiconductomwork in a double-sized first Brillouin zor®)
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FIG. 4. LDOS of the(20,0/(12,12 bent nanotube formed with one single 5/7 defect. The left panel shows p&e6t and (12,129
nanotubes and LDOS averaged on pentagon and heptagon sites, respectively. The right panel presents LDOS from semiconductor to metallic
nanotube. The oscillations around a plateau near the Fermi level in the metallic part are an evidence of the existence of standing waves which
oscillate with a wave vectdke and which do not propagate deeply in the semiconductor part of the heterostructure.
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IV. ENERGY OF 5-7 DEFECT T . T . . T . T T

3111
In this last section, we discuss the energy of the defect //
which we evaluated from two different approaches. The first ETRCYS 1
one is an electronic calculations and the other is based on the - H \/
Tersoff potential. They are both a measure of the lack of 3118 f- / \
a1.14 (10,00 |
-31.15 |

)

stability of the bent nanotube versus straight, defect-free tu-
bules.

E,(eV atom

(6,6) —

A. Electronic energy of the defect B At A

The tight-binding calculations referred to in the previous Bpe e
section allow us to evaluate the energy associated with the Ring Position (A)
pentagon-heptagon defect. The electron band energy of the
defect is computed from FIG. 5. Local variation of the electronic energy along ¢h@,0/

(6,6) junction. The computed energies are averaged on rings of 10
N 4 Er (respectively, 12 atomic sites for(10,0 [respectively,(6,6)] tu-
AEbSZE E f (E—¢,)An;,(E)dE, (D) bules. A continuous curve has been drawn between the points to
I=1p=1J-c guide the eyes.

whereg; , is the energy of theth orbital centered on thigh  directly compare with the original one. The energy can in-
atomic site and\n; ,(E) is the difference in the local DOS’s  crease or decrease as well. The absence of general trends
on the sitei between the joint and the perfect tubule. Thisreported here could result from the fact that the structural
supposes that the sites can clearly be identified as comingptimizations were not based on a minimization of the elec-
from one nanotube or the other, which causes no problem fa¥onic energy but minimized the Tersoff potential instead.

the sectionga)—(f) and (d)—(n) illustrated in Figs. 3 and 4.

The sites belonging to the intermediate region were attrib- B. Structural energy of the defect from the Tersoff potential

uted to both nanotubes with 50-50 %.

With the four-electron tight-binding Hamiltonian, we The force-field potential allows us to obtain a rapid mea-

) sure of the structural energy cost of a single bent nanotube,
foundAE, = 7.7 eV in the case d#,4)/(8,—1) and 5.0 eV .

: : working along the same way as for the band structure en-
in the case 020,0/(12,12. The defect energies of the other ergy. Numerical results are given in Table I. The five junc-

junctions are given in Table I. The values obtained by thisEons with opposite pentagon and heptagon have roughly the
approach agree qualitatively with an estimation of the defec ame energy, around 2.5 eV above that of the isolated,

energy based on the dislocation point of vig&an contrast, : ;
the defect energy obtained by tight-binding calculationsdefeCt free nanotubes. The energy is lower for the last two

based on the sole-orbital is too small by a factor of 4 to 10. systems, where the odd-membered rings are adjacent. This

For instance, the adjacent pentagon and heptagon in th;éasult indicates that, with a local-energy model such as Ter-

i i X off's description, the energy cost introduced by the penta-
(12,0/(11.0 junctu_)n ha\ée an energy of 1'.3 eV with the gon and heptagon is mostly located in the immediate neigh-
7-electron approximationfo be compared with the present borhood of these defects, and the perturbation is smaller

2.5 value. A reason for this discrepancy has already beey hen these two defects are joined. This result is in contrast

noticed that not all geometrical effects are taken into accou%ith the relatively long range of the electronic energy asso-

with this one-orbital approximation. : . . -
The perturbation brought about by the pentagon—heptago(r:fated with the defect illustrated in Fig. 5.

defect affects the electronic properties of the system in a
relatively large neighborhood. This was already clear from
the local densities of states shown in Figs. 4 and 3, and is Several junctions between carbon nanotubes based on the
also apparent from the variations of the electronic energypentagon-heptagon construction have been realized. The
shown in Fig. 5 for thg(10,0/(6,6) joint. Whereas the con- atomic structure of each system was optimized with the in-
vergence of the local enerdpbtained from Eq(1) by re-  teratomic potential of Botaik et al, and further refined with
stricting the summation to those sites located at a given dighe Tersoff potential using the Brenner parametrization.
tance from the interfadds rapid on the metalli¢6,6) side, These calculations show that diametrically opposed penta-
the energy on the semiconductd@0,0 side is more deeply gons and heptagons bend the structure at an angle around
perturbed. 36°. For instance, th€,0/(5,5 and(18,0/(10,10 homolo-

No systematic rule can be deduced from the datAlBf;  gous junctions have the same bending angle and can there-
listed in Table | about a possible decrease of the defect erfere be nested inside one another to make a bilayer kneed
ergy that would favor adjacent pentagons and heptagons. Theanotube, with the required 3.4 A distance between the lay-
nanotubes involved in thé,4)/(8,— 1) and (8,0/(7,1) con-  ers. The bend angle is reduced to 12° in (Bd)/(7,1) joint
nections have nearly the same radii, but there is a clear lowwhere the pentagon and heptagon are adjacent.
ering of energy in favor of the latter. In contrast, tti®,0/ Treating the half nanotubes as semi-infinite, local densi-
(6,60 and (12,0/(11,0 joints are very different but have ties of states were determined along the joints with a tight-
roughly the same energy. The fact is that displacing the perbinding Hamiltonian that incorporates both and 7 elec-
tagon one step relative to the heptagon needs to rebond thens. This description improves earlier calculations of the
all structure and therefore leads to a system which does nat-electron DOS carried out for a few of the systems consid-

V. CONCLUSIONS
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