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Structural and electronic properties of coiled and curled carbon nanotubes having a large number
of pentagon-heptagon pairs
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A family of Haeckelite nanotubes is generated by rolling up a two-dimensional threefold coordinated carbon
network composed of pentagon-heptagon pairs and hexagons in proportion 2:3. The corresponding two-
dimensional network is highly strained due to the presence of adjacent pentagons and heptagons. When the
sheet is folded into a cylinder, part of the strain is released by having the pentagons protrude outward, and
sometimes inward the tube. Due to that property, a large variety of structures can be generated such as coiled,
screwlike, curled, and pearl-necklace-like nanotubes. All the Haeckelite nanotubes obtained in this work are
semiconductors, some having a small band gap. Scanning-tunneling microscopy images, computed for a few
Haeckelite nanotubes, show salient topographic protrusions at the location of the pentagon pairs.
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[. INTRODUCTION on measured and calculated scanning-tunneling spectroscopy
(STS data.

Carbon is a remarkable element that shows a variety of The presence of pentagon—heptagon pairs, and more spe-
stable structures ranging from three-dimensio(@) dia-  cifically Stone-Wales defects, in nanotubes is highly sus-
mond to 0D fullerenes through 2D graphite and 1D nanoected, perhaps at a part per hundred 1&¥elithough no
tubes. These different forms are the consequence of the sedirect observation can confirm this. In direct connection with
eral possible electronic configurations of carbon. The recerfis high concentration of defects, a large quantity of penta-
discovery that fullerenes and nanotubes can form spontan@°ns and heptagons is actually required in ideal helical
ously under special but quite versatile conditions has beefoiled nanotubes to bend the structiitein fact, helical
followed by the observation that graphitic carbon can adopftructures can be produced at high yield by catalytic chemi-
many types of curvatures. Depending on the preparatiogal vapor depo_smonjCVD). N Recently, the production of
techniques and conditions, different kinds of structures hav ouble- and triple-strand coiled carbon nanotubes was re-

1 . .
been revealed by high-resolution transmission-electron miported tod”" The problem is to explain how pentagons and

. . . heptagons can be incorporated regularly in the structure dur-
croscopy(HRTEM), sc_anmng-tunnelmg microscopsTM) ing the nanotube growth process in order to generate a regu-
and atomic force microscopy, such as carbon onfons

‘lar pitch and diameter of the helix.
tripods? helices® rings' and tori® disks and cone%, bl ! x

d gs10 As an alternative to the periodic insertion of pentagons
nanohorns, and Y-branched tub€s.™ Most of these struc- 5 heptagons in the honeycomb networkslaand Rassat

tures can be explained if one incorporates pentagons anghye proposed to start with planar patterns of azulene units,
heptagons or larger polygons in the carbon honeycomiynich are fused pentagon-heptagon p&r&olling up a
network:" stripe of azulenes, possibly mixed with hexagons, leads to a
Pentagons are certainly present in fullerenes, nanotubgbe that automatically bends and may close itself in a
caps;? and nanoconesThe presence of heptagons is sus-torus?>2* This construction resembles the one used to gen-
pected in some negatively curved parts of multiwall erate Haeckelites nanotubes, which contain roughly equal
nanotubes?*3in ideal Y-type tube connectiort§,and more  numbers of pentagons, hexagons, and heptagons, but remain
in sophisticated nanotube junctiolsPentagons and hepta- straight cylinder$® Recently, Biroet al. applied the idea of
gons are very often grouped in paftor in the form of Laszlo and Rassat by assembling more complex patterns of
Stone-Wales defects which are associations of two suchzulenes and hexagons, and showed that specific wrappings
pairs. A systematic atomic resolution study of single-wallof these structures lead to a new variety of toroidal, coiled,
carbon nanotubes grown by laser ablation revealed that abostrewlike, and pearl-necklace-like structuf®she coiling
10% of the nanotubes show intramolecular junctions, i.e.appears naturally by rolling up a Haeckelite-like stripe and
localized defects which may change the chirality of the strucdoes not demand the insertion of additional polygons. The
ture and have a clear signature in StMn the topographic  building blocks are azulene and hexagonal units in propor-
STM images of these regions, the altered electronic structurgons that can vary from 2:1 to 2:3. In the coiled nanotubes
due to the defects dominates over the atomic structurgproduced by CVD, it is not impossible that such a high con-
Atomic models in which fused heptagon-pentagon pairs wereentration of azulene units in the structure is the result of a
incorporated in combination with tight-binding calculations fast kinetic that leads to metastable states due to the low
made it possible to identify possible defect structures basedgrowth temperature.

0163-1829/2003/620)/2054139)/$20.00 67 205413-1 ©2003 The American Physical Society



PH. LAMBIN, G. I. MARK, AND L. P. BIRO PHYSICAL REVIEW B 67, 205413 (2003

TABLE 1. List of Haeckelite nanotubes that were generated
from the planar network shown in Fig. 1. Wrapping indices are
(n,m), initial diameterd=Cy/, energy per atom i\E, and
width of the topological band gap &y .

(n,m) d (nm) AE (eV/atom Eq (eV)
(1,0 0.223 —6.38
(2,0 0.446 —6.81
(3,0 0.669 —6.92 0.67
(4,0 0.892 —7.00 ~0.1
1,2 0.259 —6.69
(2,2 0.519 —6.96
(3,3 0.778 —6.98 0.57
(4,9 1.038 —7.04 0.48
0,9 0.665 —7.06 0.65
(3,2 0.705 —6.93 0.76
(2,6 1.036 —7.08 0.40
(5,2 1.119 —-7.02 ~0.1

site located atC,=na;+ma, and the tube if,m) is ob-
tained. The length of the rolled-up structures corresponded to

10 to 15 units along théz vector whenn=m, or 8 to 12

units along they; vector in the other cases. The atomic struc-
ture of the perfectly cylindrical nanotube so generated was
then fully relaxed with a conjugate-gradient algorithm, using

FIG. 1. (Color onling Regular tiling of the plane with hexagons the Brenner-Tersoff potential. The energy of the optimized
and azulene units in proportion 3:2. The unit cell is defined by thestructures listed in Table | is the average energy of the three-
primitive vectorsa, anda,. The bonds shared by two pentagons fold coordinated atoms. In such a way, the effects of the open
(“stressors” have been highlighted by black dots. (&), a 7x7 ends are partly eliminated.
cell is shown to illustrate the wrapping vectdis0), (0,7), and(7,7) The network shown in Fig. 1, in a similar way to the
along the special direction®1(0), (0On), and (,n). The stressors graphene sheet in the case of rolling up straight carbon
closest to the wrapping vectors are encircled. Rows of stressors ar&anotube§,7 possesses a number of particular rolling direc-
indicated by the thin solid lines defining the angles 3, and vy. tions: the two axesr(,0) and (Op), and the line f,n). On
These rows will generate helical patterns along the structur@In  the other hand due to the much lower symmetry of the net-
the wrapping vectoré4,2), (5,2), (4,4), and(2,6) are represented by \york than that for graphene, all the points with>0,m)
arrows. The asymmetrically placed stressors in the unit@%®  gefine individual structures. Th@®,0) point also has some
are highlighted by encircling. In the unit céR,), all stressors are o0 jarities. It is close to constituting an inversion center for
symmetrically placed around the wrapping vector. The dashed-lin tructures which can be generated so that all the structures
circle corresponds to a critical nanotube radius of 0.45 nm abov?n>0 m) will have an almost structurally identical corre-
which some stressors can dip inward toward the strudage text sponcient in the half plane for whiah<0. Due to the fact

Il. STRUCTURAL PROPERTIES that the origin of the axes is fixed at one apex of a heptagon,

it cannot be a real inversion center, still the objects defined
by (n,m) and (—n,—m) will have structures very close to
each other.

In Fig. 1 the common bond of the two adjacent pentagons
; : ; . . 2 X was highlighted by heavy dots, because in all the tubular
_5|de _by side, described in detail earffeThis k'nd of stripe structu?es £é]&:neratgd, thisybond was found to be a stress con-
is built of three hexagons and two azulene ufatsthe ends  opirator placed in regions with strong local curvature. These
per unit cell, which contains 14 atoms. The hexagons are n onds will be called from here ostressors The unit cell
reggla_r because the structure was opti'mi'z.ed in the plane Wi(tgefined by(1,1) contains one such stressor. The stressors will
periodic tloundary conditions. The primitive vectors of thegenerate regions of protrudirigositive stressoror dipping
structurea; and a, have lengths of 0.700 and 0.522 nm, (negative stressprocal curvature, which will spiral along
respectively, and the angle between them is 97.8°. the tube. In Fig. (a) the distribution of the stressors around

Stripes of the Haeckelite-like 2D network shown in Fig. 1 the circumference of three tubular structufés), (7,0, and
were rolled up following the usual wrapping rules used for(0,7) have been further highlighted by encircling. These will
graphitic nanotubes. In this construction, the site at the origilbe used to discuss the three particular directions mentioned
of the primitive vectorsa; anda, is superimposed on the above. As in the case of nanotubes generated from graphene,

The structures were generated by rolling up a perfect
threefold coordinated carbon network as shown in Fig. 1
This network is a periodic tilling made of azulene unis-7
pairg and hexagons generated by placing 5763unit cells
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(1,1

FIG. 3. Atomic structures of open-end nanotukbied) and(2,2)
{4, 4) 4, 0) 0,4 viewed from two directions.

FIG. 2. Atomic structures of open-end nanotubes with indicespne finds four stripes spiraling around the tubular structure.
(4,4), (4,0, and(0,4) viewed from a direction perpendicular to the On the other hand the pitch values and the left or right hand-
axis (top) or close to the axigbotton). edness are different for each object. An interesting feature

worth pointing out for(4,0) is the occurrence of some of the
the wrapping vector will become a closed cuivt neces- highlighted bonds in cavitiegiegative stresspso deep, that
sarily a circle in the case of smai) on the tubular structure, the two neighboring positive stressors on the sides of the
which defines a plane locally perpendicular to the tube axisavity are almost at the same distance as the side by side
even in the case of more complex shapes. The safest way psitive stressorsFig. 2, longitudinal view. While (4,4) is
decide the number of stressor stripes spiraling along the ciclose to a circular section tube, which has some local protru-
cumference of a tubular structure is to count the number o$ions,(0,4) is a necklace of pearls. The “pearls” are made by
highlighted heavy dots closest to the wrapping vector. Asstressor rows that encircle the nanotube at regular intervals
discussed later on in this section, it may happen that not aflong the axis, with rings of heptagons between them where
stressors will generate protrusions, in which case the surface negative curvature is realized. It is worth mentioning that
will be curved locally in such a way that the continuity of the the bonding energy per atom for this structure is
stripe generated by the spiraling positive stressor is main="7.06 eV, below that of the planar Haeckelite sheet of Fig.
tained. In this way, one can easily observe that the number df, —6.83 eV, and close to the value for a graphene sheet,
such stripes, called the “multiplicity” of the tubular struc- —7.37 eV. Another interesting feature of this structure is
ture, will be seven for all the structures discussed in thighat it can be easily amplified, i.e., by inserting additional
paragraph. The angles under which these seven rows of prpolygons in the equatorial region, one may increase the size
trusions are seen from the wrapping vector is different forof the “pearls.”
each of thg7,7), (7,0, and(0,7) structures. This means that A particular case of then;n)-type structures has to be
the pitch of the multiple helices will be different for each mentioned: thé1,1) case. For this structure in any section of
tube. In order to save computing capacity the three discussatie 0.56-nm length of the tube, one finds zero or one positive
notable directions are illustrated for=4. The structures stressor. This means that there is no stress compensation
were generated as described above. within the section and this will lead to the curling of the tube

In Fig. 2 the views close to the axi@liewing along the (curling is discussed previously in Ref. 26or the (2,2
axis and the longitudinal viewsgviewing perpendicular to case, there will be zero or a multiple of two stressors in any
the axis are shown for the tubular structures4), (4,0, and  section of the tube. The two stress concentrators are placed
(0,4). One may notice that for all the structures, even for then such a way that they face each other, so that the stress is
very “crumbled” (4,0), there is either zero or a multiple of equilibrated and a somewhat flattened double helix is pro-
four stressors in any section of the tubular structure, produced(Fig. 3), like the one discussed in Ref. 26.
vided the borders of the section are chosen normal to the The first three structures situated on theQ) axis are
tube axis. Another common feature is that in the axial viewsshown in Fig. 4(1,0) is a nice coil similar to the one already
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FIG. 4. Atomic structures of
open-end nanotubeél,0), (2,0,
and (3,0) viewed from two direc-
tions.

discussed in our earlier pap@tere again, the coiling is due
to the asymmetric position of the single stressor within the
unit cell. The structure$2,0) and(3,0) gain an increasingly
circular section tube aspect with increasimgStarting from A c
the tube(4,0) shown in Fig. 2, the stress resulted from rolling
the planar structure into a tube has decreased sufficiently to
allow some of the stressors to occupy an inward position. For
example, the tub€7,0) will have a structure in which both
the dips and the protrusions spiral regularly along the tube.
Apparently, there is a radius limit, around 0.5 nm, over
which the stress due to the cylindrical curvature is low
enough to allow inward dips for some stressors. However,
not all tubular structures with a larger radius will show dips.
While none of the structures that we investigated in detail
shows dips below this radius, there are structures with a sym-
metric distribution of stressors around the wrapping vector, (5, 2)
such as(4,4) or (2,6), Fig. 1(b), which have a larger radius
than 0.5 nm and do not present dips. On the other hand the
structures with an asymmetric distribution of stressors, such
as(5,2) and(4,2), show dips.4,3), next to(4,4), has a flat-
tened out, twisted ribbonlike shape due to the dips.

The region between thea(n) and the (,0) axes contains
tubular-type structuresn(m), where n#¥m and n,m#0,
such as the ones shown in Fig. 5. The number of stressor
stripes in the structure is equal to< m, however, not nec-
essarily all stressors are “visible” when scanning along the
tube axis. For example, in the case of struct@), half of
the stressors are situated in cavities. Figuii® $hows the
stressor arrangement for this structure. The stressors which
are not equilibrated by corresponding stressors on the other
side are highlighted by encircling. There is an observation to
be made: the stresses on the left- and right-hand sides of the FIG. 5. Atomic structures of open-end nanotut&®) and(3,2)
wrapping vector are not equal; this will yield a mild curva- viewed from two directions. The slight curling of the nanotube axis
ture of the structure, which may be the indication of supercan be seen by refering to the thin vertical lines.

3.2
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6.4 T were rolled up, is a zero-gap semiconductor like graphene.
e The density of states of this structure, calculated with#the

i electrons only, is shown in Fig. 6. Because it is a planar
4.8 : structure, ther states do not couple to thestates. The zero

of energy is the energy of the Cp2orbital. Two 7 bands
cross each other at the Fermi energy locatedEat
3R R —0.43 eV. This crossing takes place at two points in the first
i i Brillouin zone, symmetrically located with respect to the
point at a distance of 0.25 & (see the inset of Fig.)6Due
to the absence of symmetry in the first Brillouin zone, almost
all the nanotubes built from Fig. 1 will be semiconductors,
because it is unlikely that the Fermi wave vector of the 2D
0.0 * J J J t : * : sheet be an allowed wave vector of the nanotube when cyclic
6 -4 ;; - 0 c periodic conditions are imposed along the circumference, ex-
cept for large diameters.

FIG. 6. Tight-bindingr density of states of the two-dimensional ~ As illustrative examples, the densities of states of three
Haeckelite network of Fig. 1 calculated with the hopping interactionnanotubes are shown in Fig. 7. For each tube, the solid-line
Yo=—2.77 eV(Ref. 28. The Fermi level is located in the zero gap curve is the density of statedOS computed with the
at -0.43 eV. The inset shows the first Brillouin zone of the Haeck-Slater-Koster Hamiltonian, taking into account the bond
elite plane, the two black circles are the Fermi points, and the arstrain as explained above. The DOS so obtained depends on
rows indicate the axial directions of tha,0) and (0n) nanotubes. the details of the geometry optimization. The positive and

negative curvatures of the structure generated by the penta-
coiling with a very large radius of curvature. As shown in gons and heptagons is indeed responsible for a strong mixing
Fig. 5, the(3,2) tube also shows a mild curvature due to thebetweens and o states. The effects of this mixing can be
nonsymmetrical distribution of the stressor around the wrapmeasured by comparing the four-electron DOS with the one
ping vector such as for thg,2) case, but here all stressors obtained with ther electrons only, assuming further that the
are visible on protrusions, so that six stressor stripes are visiopping parameter is independent of both the bond length
ible parallel to the tube axis, and the individual stressors caand the relative orientation of the orbitals. In so doing, a
be grouped in three spirals coiling around the tube. A similapurely topological part of the DOS is determined. It is rep-
arrangement of stressors is found 2r6), but the number of resented by the dashed-line curves in Fig. 7, which can be
axial stripes is 12. directly compared to ther DOS of the flat sheet shown in
Fig. 6. This topological DOS is robust, since it is indepen-
dent of the structural optimization. The-7 mixing clearly
affects the density of states, even close to the Fermi level. By

The electronic densities of states of the Haeckelite nanocomparison with the topological gap, the band gap obtained
tubes were computed with a tight-binding Slater-Kosterby the Slater-Koster Hamiltonian is modified in position and
Hamiltonian that incorporates the fous 2and 2 valence Width by a few tenths of an eV. However, the mixing
orbitals of C. The tight-binding hopping parameters usecnd the bond strain do not modify qualitatively the important
were taken from Ref. 28. In all the optimized structures, the'esult that the nanotubes all are semiconductors. The band
bond lengths were found to lie in a narrow interval aroundgap, centered o&, is located slightly below the energy of
0.142 nm, of 2—4 pm width, typically. The correspondingthe C 2o orbital unlike the case of the semiconducting
strain of the bonds was accounted for by allowing the hopsingle-wall graphitic nanotubes where the gap is centered on
ping parameters to vary according tala? law. The effects the position of the P orbital. Here, the presence of odd-
of electron transfer from the heptagons to the pentagons wergembered rings destroys the electron-hole symmetry, which
neglected. These charge transfers could have been treatgbifts the gap down. There is an effect of the wrapping indi-
self-consistently. However, this procedure was not underces of the width of the topological band gap, the overall rule
taken because, to our best knowledge, there is no result froleing that increasing diameter decreases the(gee Table
density-functional theory with which to compare. Instead,!). The nanotub¢5,2) is nearly metallic. It has a small band
the electronic structures of Haeckelite structé®é$pub-  gap of about 0.1 eV, not totally formed due to a broadening
lished so far were obtained with a tight-binding Hamiltonian function used in the DOS calculations, and which only ap-
similar to ours, without charge transfers. Only the nanotubegears as a dip ne&= —0.45 eV in the topological DOS of
with a diameter larger than 0.6 nm were considered in thigtig. 7(c). All the nanotube densities of states shown in Fig. 7
study, because the tight-binding Hamiltonian may not be acpresent a peak at aroundl eV that is already present in the
curate enough for carbon nanotubes with small diametersr DOS of the 2D Haeckelite plane, Fig. 6.

The nanotubes are listed in Table I. Interestingly enough, all
the nanotubes were found to be semiconductors. By compari- V. COMPUTED STM IMAGES
son, the Haeckelite nanotubes of Ref. 25 were all metallic.

Here, the infinite, two-dimensional Haeckelite sheet hav- It is difficult to obtain atomic resolution with the
ing the flat structure of Fig. 1, from which the nanotubesscanning-tunneling microscope on nanotubes grown by cata-

DOS/eV/cell

1.6

IIl. ELECTRONIC PROPERTIES
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FIG. 7. Tight-bindingo+ 7 (full line) andr-only (dashed lingdensities of states of the nanotul§@g), (3,3), and(5,2) calculated with
the Mintmire and White parametetBef29). All the tubes are semiconductors. The zero of energy is the position of the @ftal.

lytic CVD.% It is a fact that these nanotubes are produced at
lower temperature than that realized with laser ablation or
arc discharge techniques. For that reason, the CVD nano
tubes have probably more defects than the ones produced k
the other, high-temperature techniquege discussion be-
low). It is therefore interesting to explore by computer simu-
lation whether the atomic resolution of a nanotube can in-
deed be lost when a large number of defects are incorporate 4
in the structure. The Haeckelite nanotubes are good candi 2
dates to deal with for that purpose.

Constant-current STM images of Haeckelite nanotubes_
were computed with a tight-binding formalisthThis for-
malism has been shown to agree fairly well with Tersoff-
Hamann density-functional theory of STM in the case of
perfect carbon nanotub&For the sake of simplicity, only
the 7r orbitals of the nanotube were considered. This is jus-
tified because for the bias potential used, the density of state
is dominated by ther-electron states. A general observation
that can be made from these calculations is that the protrud
ing stressors in the Haeckelite nanotubes give rise to maxim:
of tunneling current. This is a general property of the pen-
tagonal defects in carbon nanotubes that gives rise to salier (0,4)

features in the STM imagéd>* One clearly sees hillocks 5w
associated with the pentagon pairs in the STM imag@& & 2 m H g
displayed in Fig. 8). This nanotube is characterized by © g
three rows of positive stressors that spiral around the nano-2 6.9
tube. The stressors do not protrude very much, 0.75 A above4

the average radius of the nanotube. Nevertheless, they give —12 —4 4 12
rise to remarkable corrugation in the STM image. Although  giG. 8. Computed STM images of two Haeckelite nanotubes
only the topmost section of the nanotube is seen in the compjith indices(a) (3,3 and(b) (0,4). A top view of the atomic struc-
puted STM image, still it is possible to identify rows of ture is displayed above the STM image, both with the same scale
stressors from the bright features, oriented at 38° with realong the axial direction. The Fermi level of the tip is 0.1-eV above
spect to the tube axis and spiraling around the structure. the C 2o atomic orbital (which corresponds tot0.1 eV in the

In a similar way the positive stressors generate maximalensity of states represented by dashed lines in Fig. 7
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for the pearl-necklace-likéD,4) nanotube shown in Fig.(B).  sheet. Most frequently the nonhexagonal rings are incorpo-
Regularly spaced hillocks of protrusions are clearly seentated randomly, and randomly curved tubes are produced.
with an elongated shape oriented parallel to the stressorslowever, under specific conditions such as those used in
They are separated by sharp dips associated with the heptRefs. 3, 20, and 21, a particular combination of hexagonal
gons. and nonhexagonal rings may be achieved, which has a sta-
Another remarkable characteristic of the computed STMjlity comparable to that of graphene, see Table I. At the low
images is that it is impossible to recognize the atomic struCyrowth temperatures used in the catalytic process, such a
ture of the Haeckelite nanotubes from the topography. Theympination may not anneal out, when the growing léger
number of pentagons and heptagons is so large that the elegsparate from the catalytic particle. Then the addition of new
tronic density of states is deeply perturbed. The perturbatiogzhon atoms to the growing tube has to match the structure

atomic structure is strongly deformed by the electronic ef+,ym.

fects. This observation confirms recent calculations of the A justified question is why in the single-wall carbon nano-

STM image of zigzag and armchair nanotube tapers where gpes grown by the catalytic procedure no regularly coiled
series of pentagon-heptagon pairs masks the underlyingarhon nanotubes found? As the data of Ref. 3 show, the
atomic structure: growth temperature has a strong influence on the morphol-
ogy of the grown tubes even if all other parameters are kept
constant. Similar findings were reported for the case of
V- DISCUSSION coiled carbon filament$, which have a thickness in the
As is well known, the multiwall carbon nanotubes range of several hundreds of nanometers. A very narrow tem-
(MWCNTs) grown by various low-temperature methods, perature range from 740°C to 820°C was found in those
usually based on the use of some kind of catalytic procesgegular coils that were produced. It is worth pointing out that
and low growth temperatures in the range of 600 °—800 °Cfor the case of vapor-grown graphitic filaments, it was shown
frequently present random curvature. This is clearly oppositéhat the backbone of the filament is a carbon nanotube, over
to the arc grown MWCNTSs, which usually are straight, al-which amorphous carbon is deposit@d* It is then justified
though, under certain special conditions, these tubes may assume that in the case of the regular coils reported in Ref.
exhibit knees and branching but they remain straight be39, the core of the growing coil may be a nanotube, too.
tween these well-localized modifications in structure. ATaking into account that the single-wall carbon nanotubes
quantitative investigation by x-ray diffraction, TEM, and grown by the catalytic method are produced in the range of
electron microdiffraction of the defect removal by thermal temperatures around 1000 °C, it is unlikely to find coiled
annealing up to 3000 °C of catalytically produced MWCNTstubes at this temperature. On the other hand, single-wall,
showed that the interlayer spacing of as-grown tubes may bightly wound carbon nanotube coils have been found by
as large asdont(200=0.34235 nm, and this spacing de- STM in catalytic tubes grown at 700 °C by the decomposi-
creases after the highest-temperature annealindy,o0)  tion of acetylene over a Co catalyétCoiled and branched
=0.33982 nnt® Parallel to the reduction of the interlayer carbon nanotubes were grown on graphite substrates at room
spacing, the electron-diffraction pattern shows the increaseemperature by a different method: the deposition of carbon
of graphitic ordering. Indeed, the HRTEM images of cata-clusters resulted from & decompositiort® However, in this
lytically grown nanotubes taken in an as-grown state mayexperiment the growth does not take place on catalyst par-
show from mild” to strong® crumbling of the layers consti- ticles, but the fullerene fragments may take a conformation
tuting the tube. The global morphology of the grown nano-which will promote the growth of coiled tubes.
tubes is heavily influenced by the growth temperature in the One of the structures with the stability close to that of
range 550 °C—-850°@2 the lower the growth temperature, graphene is the necklace of peais4d). It should be pointed
the more curved the tubes. Although the HRTEM images dmut that the increase aof for these (0p)-type structures re-
not readily identify the kind of defects, it is reasonable tosults in the increase of diameter of the “pearl,” while the
accept that the crumbling of the perfect graphene sheets amgriodicity of the object is conserved due to the way in
the curved shape of the nanotubes are caused by the incathich the heptagonal rows are arranged in the sheet shown
poration of nonhexagonal rings. in Fig. 1. This means that the necklaces of pearls can be
Atomic resolution STM images and STS spectra showecaasily generated as multishell objects. As a matter of fact, in
that even in the case of single-wall nanotubes grown by lasea recent papéef Jourdainet al. describe pearl-shaped re-
ablation, for which a growth temperature over 2000 °C maygions on catalytically grown carbon nanotubes. It is remark-
be assumed, 10% of the nanotubes may incorporate nonheable that according to their growth mechanism, the catalyst
agonal rings.” This is a very strong argument for the fact particle is in a molten state during the growth, so that its
that the nanotubes grown at much lower temperatures cashape cannot determine the shape of the pearl, but the suc-
contain a much larger fraction of nonhexagonal rings. cessive pearls still show similarity in shape. In contrast to
When a catalytic nanotube starts growing, the first step isheir pearls which contain encapsulated catalysts, similar
the encapsulation of the catalyst particle by graphiticlike lay-structures have been reported by Blaetkal,** which are
ers. Since most catalyst particles have rounded shapes, espeade of a succession of empty, roughly spherically shaped
cially in the melt or premelt state, this can be achieved only‘pearls.” The authors called these structures “surface modu-
if some nonhexagonal rings are incorporated in the graphititated spherical layer nanotubessee Fig. 7 in Ref. 44
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These types of nanotubes were observed when the carbdully constituted of Haeckelite tubes, or in the case of ran-
vapor was generated using a mixture of,@nd Fe. The domly curved tubes, from pieces of different Haeckelite
HRTEM images clearly show that the walls of the pearls arestructures.
constituted from slightly crumbled sheets, contrary to other The Haeckelite 57-86 sheet discussed in the present pa-
carbon nanostructures produced in the same installatiomer is just one of the many possible ones, yet it generates a
which have straight, well-graphitized wallsee Fig. 6 in very rich variety of shapes. It is reasonable to assume that by
Ref. 44. We may identify these crumbled sheets with Haeck-starting from different sheets it is possible to build multiple
elite sheets. shell structures, such as the ones more frequently observed
The Haeckelite 57-86-type plane itself, Fig. 1, is a experimentally?%2!
stable structure which, if allowed to relax freely in three
dimensions will transform into a crumbled sheet that has a VI. CONCLUSIONS
binding energy Qf_ 7.05 eV/atom, close tq that ofgraph_ene. A family of Haeckelite-type, tubular carbon nanostruc-
The crumbling is caused by the relaxation of stress intro- . . o
tures with complex shapes was generated using a similar
duced by the stressors. On the other hand the structure doFs . - .
. L .~ Tormalism to the one usually applied for the generation of
not have to be perturbed by inserting into it polygons which_, _. " -~
p " - straight, graphitic carbon nanotubes. The stability of the fully
are not “naturally” incorporated. This means that when a laxed 57-%6 h found to be cl hat of
structure such as that formed by wrapping such a sfzeet relaxe ~X6-type sheet was found to be close to that of a
. S . ) graphene plane. The structures are constructed by rolling up
discussed earlier in this papegrows in low-temperature

conditions. with low mobility of adatoms and possibly on a & perfect, threefold coordinated carbon network built from
' Y P y two azulene unit$fused 5—7 ringsand three hexagons. The

spherically shaped molten or solid catalytic particle—the, L ;

. . . ond joining the two adjacent pentagons was found to be a
curvature of which selected a particular Haeckelite shee .

from the multitude of possible arrangements—it is moreStreSS concentrator of the structure, which we call a stressor.
. P 9 . , The shape the tubular structures take after energy minimiza-
likely that the newly arriving carbon atoms will be incorpo-

. . tion using the Brenner-Tersoff potential is strongly influ-
rated in a way determined by the structure of the sheet more ) . . .
: . X enced by the way in which the stressors are placed in the unit

than any other way, including the atomic arrangement corre- . )
X . : cell. A large variety of stable structures was constructed:
sponding to a graphene sheet. This is a mechanism that ca : o . ; .
Single and multistrand coils; straight, circular section tubes

explain the question that previously did not have a satlsfac—n which multiple stressor stripes spiral along the axis, pro-

tory answer: why are some of the experimentally produce(? . . S
coils so regularly coiled? Although structurally correct, theducmg both topographic features and STM current maxima

previous models did not elucidate which mechanism facili-pearl-necklace-type structures with a very high degree of sta-

o - bility and from which one can easily build multishell struc-
tates the regular switching back and forth from the formauor‘h”e)f5 etc. Most frequently the strug:/tures investigated in de-

of a perfect graphitic network and the local incorporation oftail are semiconductors with a gap of approximately 0.6 eV,

pentagon_s or heptagons. and sometimes nearly metallic structures are found too, such
We believe that the above results may prove useful for the h d b bl

interpretation of the experimental data. For example thé® the(4,0 an (5,2 nanotu eﬁ{seg Ta ?)L _—
. ' The STM images calculated using a tight-binding formal-

STM image of the coil in Fig. &) of Ref_. 101s clearly 2 ism showed that due to the large number of nonhexagonal
single-strand coil, but the object shown in Fighpwas in- ; . . .
rings, no atomic resolution is to be expected on Haeckelite-

terpreted to be a double-strand coil in a similar way to th o .
multiple coils reported in Refs. 20 and 21. As long as SUC'ﬁtype tubular structures, and the positive stressors are associ

. : .~ ated with tunneling current maxima.
objects are rarely found, one may accept the accidental inter- . . .
By comparing our constructions to experimental results of

coiling of two identical pitch coils. However, when such ob- . )

) T some unusual-looking carbon nanostructures, we tentatively

jects can be produced on a regular basis, it is difficult to e . .
ropose a mechanism which would be responsible for thledentlfled some of the double- and triple-strand coiled tubes,

brop ; . : esponsib . and the pearl-necklace-like structures with possible structural

systematic production of multistrand coils with identical

pitch values. It seems reasonable to identify these multi[‘nOdGIS of those recently reported carbon nano-obfects.

strand objects with Haeckelite-type tubes produced under the
specific growth conditions used.

When the growth takes place at higher temperatures, the This work has been partly funded by the IUAP research
mobility of adatoms and even the mobility due to the thermalProject No. P5/01 on “Quantum Size Effects in Nanostruc-
energy of the already incorporated carbon atoms is highured Materials” of the Belgian Office for Scientific, Techni-
enough—as shown by the annealing experiments carried ogal, and Cultural Affairs. It has been supported by the EU in
by Andrewset al2*—to allow jumping over the energy bar- the frame of a Center of Excellence project under Contract
rier which separates a certain Haeckelite-type sheet from thido. ICA1-CT-2000-70029. This work has also benefitted
slightly more stable graphene sheet. Therefore in the arc arfdom financial support from the Belgian FNRS and the Hun-
the laser ablation grown nanotubes only isolated defects amgarian Academy of Sciences and by Hungarian OTKA Grant
found, whereas the catalytically grown nanotubes may bé&lo. T043685.
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