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ABSTRACT

Novel forms of carbon have attracted intense interest since the
discovery of Cgo, a molecule with a spherical cage, and its solid form.
In this dissertation, our research work on the generation and
scanning tunneling microscopy (STM) studies of two novel carbon
structures, tubules and cones are summarized.

We have produced nanotubes of carbon on a highly-oriented
pyrolytic graphite substrate by vapor-phase growth. Using a
scanning tunneling microscope, we found tubules with extremely
small diameters from 1 nm to 8 nm. Their lengths are up to several
hundred nanometers. They are closed by hemispherical caps. Some of
them are isolated while some are parallel aligned and closely packed,
forming bundles. Atomic resolution images of carbon tubules were
obtained for the first time, showing that the tube surfaces are perfect
graphitic networks.

Besides tubular structures, we also produced nanocones of
carbon by the same generation method as that of tubules. This is the
first observation of carbon conical structures. The observed cones are

up to 24 nm in length and 8 nm in base diameter. Amazingly they all



vii
have a unique cone angle of ~19°. We show that this is the smallest
one among five possible opening angles for perfect graphitic cones.

Based on our STM observation, we propose that the growth of
carbon nanotubes, nanocones, and fullerenes may all be initiated by
fullerene-type nucleation seeds. The number and the distribution of

pentagons may play an important rule in their growth process.
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CHAPTER 1

INTRODUCTION

1.1. NOVEL FORMS OF CARBON

Carbon, one of the most common substances on earth, is also
one of the best understood. It has been known to exist in two crystal
forms, diamond and graphite, for a long time. In diamond, the carbon
atoms form a sturdy, three-dimensional lattice in which each atom is
fixed at the center of a tetrahedron by bonds to its four neighbors at
the tetrahedral vertices. In graphite, the carbon atoms bond together
in flat sheets of contiguous hexagons to form a honeycomb lattice.
Until the middle of the eighties of this century, all the evidences
suggested that it forms only two basic crystalline structures,
diamond and graphite. However the history of carbon has been
rewritten since the middle eighties.

In 1985, a group at Rice University, Smalley et al. discovered a
new all carbon molecule Cgg [1]. The molecules were first detected in
the mass spectrum of the cluster beam generated by laser
vaporization of graphite. It is soccerball shaped with all 60 carbon

atoms sitting on its surface (Its model is given in Fig. 1.1.). This cage-
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like molecule was named Buckminsterfullerene, reminiscent of the
geodesic domes championed by the eccentric architect and inventor
R. Buckminster Fuller. The discovery of Cgp also led to the realization
of a whole new class of cage-like all carbon molecules, named
“fullerenes.” Fullerenes, due to their unique structure, very different
from those of diamond and graphite, are considered to be the third
form of carbon.

Buckminsterfullerene was finally isolated in macroscopic
quantity in 1990 [2], five years after it was discovered. In their
method, the starting material was pure graphitic carbon soot with a
few percent by the weight of Cgp, which was produced in evaporation
of graphite electrodes in an atmosphere ~100 torr of helium. The
resulting black soot was dispersed in benzene. Cgo dissolved to
produce a wine-red or brown liquid, depending on the concentration.
The liquid was then separated from the soot and dried, leaving a
residue of dark brown to black crystalline material. The syntheses of
Ceo-derived solids, named “fulleride,” brought great opportunities to
explore its unique physical and chemical properties.

Early X-ray diffraction work revealed that

Buckminsterfullerene crystalline powder consisted of spheroidal
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molecules, of diameter 7.1 A, which formed a random mixture of
hexagonal close-packed (hcp) and face-centered cubic (fcc) arrays.
Careful elimination, by sublimation, of solvent molecules trapped in
interstitial cavities led to a room temperature fcc crystal structure.
Nuclear magnetic resonance (NMR) measurements [3, 4] have
confirmed that each Cgg molecule is orientationally disordered (i. e.,
the molecules are all spinning in different directions). This “rapid
isotropic reorientation” is characterized by a rotational correlation

time T, measured to be ~9 ps. The rotational motion of Cgg molecules

freezes at 90 K, although some static disorder persists to lower
temperatures.

The discovery of the van der Waals-bonded fullerene solid
immediately suggested the possibility of creating guest-host
compounds, analogous to other well known intercalation compounds,
in which the large number of tetrahedral and octahedral voids in the
fcc lattice would play a role of van der Waals galleries in layer-type
hosts, while the host structure will remain in its original identity. It
is known that Cgo is a very poor conductor with a bandgap ~1.9 eV. It
has a 3-fold-degenerate lowest unoccupied molecular orbital (LUMO).

This further suggested that the optimum metallic behavior (a half-
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filled band) could be obtained by adding 3 electrons/molecules to the
pseudo-II electronic system [5], e.g., by adding three monovalent
ions into all three void sites per Cgp (assuming complete charge
transfer). This quickly led to the discovery of first alkali-doped
fullerene superconductor, followed in rapid succession by its
identification as M3C¢o (M = K, Rb), as predicted. They were
confirmed to have fcc structures with M occupying all available sites
[6-8]. Their superconducting transition temperatures T, reached
above 40 K, almost two orders of magnitude higher than analogous
graphite intercalates.

It has also been found that metal atoms can be encapsulated
into the fullerene cage, forming “metallofullerenes,” donated (M),@Cp,
(where M donates metal element, n is number of metal atoms in the
cage, and m is the number of carbon atoms in the fullerene). Some of
the examples are Ca@Cgp, La@Cg2, Y@Cg3, Sc@Cs2 Sco@ Cgs, etc. [9-12].
Such metallofullerenes have very interesting properties and great
progress has been made in their isolation and property studies.

The discovery of fullerenes and the great achievements in
understanding and applications of this novel material which followed

have also stimulated research activity to find other possible novel
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forms of carbon. Indeed, concentric tubular carbon structures were
produced at the end of negative carbon electrode by an arc discharge
method by Iijima et al. in 1991 [13, 14], one year after the practical
synthesis of Cgo. Carbon tubules were grown out from the surface of
the carbon electrode in extreme hot plasma. Their cross-sections
were examined by transmission electron microscopy and their
concentric arrangement was found. Electron diffraction pattern
revealed the helical arrangement of graphitic networks. Such carbon
tubules could be produced in macroscopic quantities by using a
similar generation method, as demonstrated by Ebbesen and Ajayan
[15]. Thus the tubular configuration has been recognized as another
new form of carbon, besides spherical fullerenes.

Recently, it has been reported that lead can fill the carbon
tubular cages [16] and it is believed to be caused simply by
capillarity. Thinning and opening of carbon tubules during oxidation
were also observed [17, 18]. During the thinning process, the outer
shells of the concentric nanotubes were peeled off, and this can be
explained by the weak chemical bonding between the adjacent
layers. Opening of nanotubes at their cap regions provides the

possibility for encapsulating guest species into the tubular cavities.
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Single shell nanotubes with about 1 nm in diameter generated by
introducing nanophase iron and cobalt particles to an arc-discharge
arrangement either in helium or in other gases has also been
reported [19, 20].

Theoretical studies predict that carbon tubules should exhibit
striking electronic transport properties, from metallic to
semiconducting with narrow and moderate band gaps, depending on
the diameter and degree of helical arrangement [21-28]. The origin
of this drastic variation in the band structure can be explained in
terms of the two-dimensional band structure of graphite [22]. Also,
such tubules are predicted to show capillarity and to shield guest
atoms from external electric and magnetic fields [29]. Other
calculations have shown that such tubules should have high
strengths and rigidity [30].

Besides tubular structures other low-energy configurations
such as negative-curvature fullerene analogues have also been
suggested [31-33]. The figure shows two subunits of different
negative-curvature carbon networks, which like zeolitic structures.
While for the positive-curvature carbon network pentagons are

included in the hexagonal net, for negative-curvature network
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heptagons are required. Two examples of negative curvature carbon
structures are given in Fig. 1.2. Both positive and negative curvature
graphitic forms of carbon are expected to have fascinating new
physical and chemical properties. They might also have potential

applications in future nano-electronics.

1.2. SCANNING TUNNELING MICROSCOPE

Scanning tunneling microscope (STM) is a tool of determining
the surface morphologies and atomic structures of solids. It provides
direct real space images of the surface topography on an atomic
scale. It is a non-destructive technique that does not require
periodicity of the surface or even vacuum conditions for its
operation. Additionally, the STM can provide localized chemical and
electronic information as well [34-37]. We now describe the principle
of operation of the STM.

Its principles follow quantum mechanics. When a sharp metal
tip with an applied bias voltage V is stabilized very close to a
conducting surface, the atomic wavefunctions of the tip and the
surface overlap. When this distance becomes significantly small,

quantum-mechanically tunneling of electrons through the potential
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barrier between the tip and the surface occurs and becomes
dominant. The potential barrier depends on the work function, @,
and Z, the distance between the sample and tip. The magnitude of the
tunneling current is a measure of the wave function overlap and
depends exponentially on Z, and on @, @, the work functions of the
tip and sample. In the most general form, the tunneling current
density (J) can be written as a product of three functions [37]:

J = TFF; (1)
where T is the tunneling matrix for electrons penetrating the barrier,
and F,; and F; are the electron occupation probabilities of the tip and

sample, respectively.

By using the Bardeen formalism the tunneling current is [34]:

I; = (4n2e/h) X f(E)[1-f(Es+eV)] IM; 112 8(E-Ey) 2)

where f(E) is the Fermi function, V is the applied voltage, Mg, is the
tunneling matrix element between states W of the surface and ¥, of
the tip, and Eg is the energy of the state ¥ before tunneling. The sum

is over s and t.

The above equation gives the current when electrons tunnel

from occupied states of the tip to unoccupied states in the sample
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surface. The current due to electrons that tunnel in the reverse
direction (from occupied surface states to unoccupied tip states)
should also be considered. In this case, the transition matrix remains
the same (because the barrier does not change) and the equation

becomes:

I = (4n2e/h) X f(Es+eV)[1-f(Ep)] IMs4l2 8(Es-Ey) A3)

The net current is thus given by I = I - I, which is

I = (4n2e/h) X [f(E,)-f(Es+eV)] M2 8(E-Es) (4)

Since the STM experiments are usually performed at voltages much
smaller than the work function (a few tenths of mV for metal-metal
tunneling), so E; = Eg = E where E is measured from the Fermi level.
Therefore we can write [f(E.)-f(Es+eV)] as [f(E)-f(E+eV)] which can be
approximated by expansion to [eV(-df/dE)]. For low temperatures (-

df/dE) can be written as 3(E-Eg). So, we obtain

I = (4n2e2V/h) X IM, 2 8(Es-EF) 8(E-Er) 5)

This approximation is valid for our experiments, since all the imaging
was performed at room temperature. Substituting the expression for

M;, into the above, we get
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= (64n6e2/h)V®2D(Ef)R2 e2kR/k4 X |¥,| 2 8(E-EF) (6)

where R and D; are the radius of curvature and the density of states
of the tip, respectively, and k = 2x(2m®)1/2/h is the inverse decay
length of the wave function in vacuum. The effective work function,
@, is given by [38]
D =D, + D)2 -E +eV/2 (7
For a tip modeled as a point having a spherical wave function, ¥ is
proportional to e-k(R+Z) [39], Hence, I at constant V can be expressed
in terms of the sample-tip separation, Z, as
I = CD; exp[-(1.025Z®1/2)] (8)
where C is a constant that is specific to the tip material and geometry
and D is the electronic density of states (DOS) on the sample surface.
The atomic resolution of the STM is due to the strong
dependence of the current on the tip sample gap [38]. A small change
in the tip sample distance causes a large change in the tunneling
current. Therefore, most of the current will flow from that part of the
tip that is closest to the surface, typically one or a few atoms away.
The acquisition and imaging process is described below.

Imaging is performed by scanning the tip across the surface (in the
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XY plane) while maintaining a constant separation Z in the vertical
direction. This gives the constant height mode (shown in Fig. 1.3a).
Actually the separation Z is only roughly controlled to be a constant,
especially for a relative rough surface. Alternatively, an image also
can be formed in the constant current mode (shown in Fig. 1.3b). In
this mode, during scanning in the XY plane the tip is moved up and
down in the vertical direction to keep the tunnel current constant.
This mode is utilized when imaging rough surfaces and/or large
structures. For a flat surface, data acquisition in the constant height
mode has the advantage of faster scanning speeds and lower noise.
When the bias voltage is altered, the Fermi energy levels of the
tip and sample move relative to one another. Only electrons with
energies lying between the two Fermi levels can tunnel through the
barrier, defining an energy window whose size is related to the
applied voltage. When the tip is biased negatively with respect to the
sample, electrons from the occupied energy levels of the tip move to
the unoccupied levels of the sample. For reverse polarity, electrons
from the occupied levels of the sample tunnel to the unoccupied
levels of the tip. Thus if the bias voltage is ramped in either polarity,

the number of tunneling electrons change as additional states come
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within the energy window and is specific to the density of both the
occupied and unoccupied states.

The tunneling current, therefore, is a convolution of the local
density of states (LDOS) of tip and sample. Provided that the
electronic structure, position and the DOS of the tip remain constant
during measurement, the LDOS of the sample can be obtained from
the measurements of the tunneling current as a function of the
applied voltage, as indicated by [38]. By rastering the tip over a
surface, it is thus possible to acquire a map of the LDOS of a surface.
This is called Scanning tunneling spectroscopy (STS). STS is
performed by ramping the bias voltage and monitoring the tunneling
current [40]. From STS one can not only obtain the I-V characteristics

of the sample or tip but also the information about the electronic

band structures, such as DOS.

1.3. SPECIFIC THEMES OF THIS DISSERTATION

This dissertation deals with generation and STM studies of
carbon nanotubes and nanocones. Chapter 2 describes the production
of nanotubes of carbon (also named fullerene tubes) by vapor-phase

growth and STM analysis. We developed an entirely different
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method of production of carbon tubules from the previous reported
method. We determined their surface morphologies and obtained the
atomic resolution images of the carbon tubules for the first time and
directly prove their graphitic nature. The possible growth mechanism
of such a structure is also discussed.

In chapter 3 our experimental evidence of the observation of a
new carbon structure, the cone, is demonstrated. Carbon cones were
produced by the same method as was used for the generation of
carbon tubules. All the observed cones have a unique cone angle of
~19 degrees. We propose a model for its structure and illustrate that
this is the smallest possible perfect graphitic cones. The growth
mechanism is discussed and related to those of fullerenes and

graphitic tubules.



Figure 1.1: Ball-and-stick model of a Cgp molecule.

14
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Figure 1.2: Two-fold symmetry axis views of models of two negative
curvature carbon structures. The negative curvature is due to the
seven-member rings (heptagons).
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CONSTANT CURRENT MODE | CONSTANT HEIGHT MODE

SCAN

SCHEMATIC VIEW

ONE SCAN

v
v

(a) (b)

Figure 1.3: Two STM operation modes: (a) constant current mode and
(b) constant height mode.
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CHAPTER 2

NANOTUBES OF CARBON

2.1. BACKGROUND
2.1.1. Experimental Background

Carbon is a valence 4 element. Four valence electrons can form
both sp2 and sp3 hybridization, making carbon unique among the
group IV elements. The former (sp2) leads to the graphite structure
and the later (sp3) leads to the diamond structure. These two
structures have very different physical and chemical properties.
Graphite has a layered structure with weak bonding (m bonds)
between the layers. Diamond has very strong tetrahedral bonding
and is one of the hardest materials known. While graphite is a semi-
metal, diamond is an insulator.

The question, as to whether any other carbon configurations
besides graphite and diamond are possible arises naturally. The
discovery of Cgp brought an answer. In this cage-like spherical
molecule (also called a buckyball), which contains 12 pentagons and
20 hexagons, all carbon atoms have the same chemical environment

and form chemical bonds with near sp2 hybridization. Its cage



18
diameter is 6.8 A. The Cgg-derived solid, fulleride is a very special
molecular solid. It has face-centered-cubic (fcc) crystal structure at
room temperature and undergoes a phase transition from fcc (face
centered cubic) to sc (simple-cubic) structure at 255 K [41].

Besides Cgg, other carbon clusters, such as Czp, C76, Cg2, Cgs, Cop
etc. were also found having similar closed cage structures. The whole
class of these all-carbon molecules were named fullerenes, the third
form of carbon. Among them, C;¢ is also special. It has an elongated
soccer ball shape, with a Cy¢ ring added to the equator of Cgpo. It has
also been extracted in large quantities from the soot that was
generated by arc-discharge.

One year after the breakthrough of a practical synthesis of Cgp,
another novel form of carbon was found, the tubule (or “buckytube”).
They were first produced at the end of negative graphite electrode in
an arc discharge arrangement in partial helium atmosphere [13].
Transmission electron microscopy revealed that each tubule was
composed of concentric cylinders [13]. The smallest innermost shell
had a diameter of 2.2 nm [13]. Electron diffraction pattern indicated

that the concentric cylinders were graphitic in nature [13]. However
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direct determination of the atomic structures has not been done. The
growth mechanism of such structures is not understood.

In our laboratory, we have developed an entirely different
method, a vapor condensation method, to generate buckytubes. We
have produced nanotubes of carbon with extremely small diameters
on a graphite substrate. We have also carried out STM analysis,
revealed three-dimensional morphologies of buckytubes, and

directly identified their atomic structures for the first time.

2.1.2. Theoretical Background

Carbon nanotubes have became a subject for theoretical studies
since 1992. Within a period of less than two years, great progress has
been made in understanding the physical nature of tubules [21-28],
especially their electronic properties.

The general structure of a graphitic monolayer tube can be
projected on a two-dimensional hexagonal (honeycomb) lattice. In
Fig. 2.1a, a 2-D hexagonal lattice is given. Rolling the stripe within
two dashed lines and matching the lattice perfectly at the closure

line leads to a graphene tubule. Its diameter is given by vector Cp,

which points from A to A’ in the figure. Generally, the chirality and
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the tubule diameter of any carbon tubules are uniquely specified in
terms of the chiral vector Cp = na; + map, where a; and @, are unit
vectors. The chiral angle 0, is defined as the angle between Cp and
zigzag direction (0 = 0°). Because of the six-fold rotational symmetry
of the honeycomb lattice, 0 is defined in the range 0° <101 < 30°. In
the case of @ = 0° (zigzag tubule) and 6 = 30° (armchair tubule), there
is mirror symmetry and one of the six-fold symmetric axis of the
hexagons is along the tubule axis. We call those tubules with
0°<101<30° chiral. An ensemble of possible vectors specified by pairs
of integers (n, m), which donate the vector Cy =na; + ma, is given in
Fig. 2.1b.

In the (n. m) notation, the vectors (n, 0) donate zigzag tubules
and vectors (n, n) donate armchair tubules. Both right- and Ieft-
handed chiralities are possible. Therefore, it is expected that chiral
tubules are optically active to either left or right circularly polarized
light, depending on their chiralities. In terms of (n, m) the tube
diameter is given by:

d = 31/2a(m2 + mn + n2)/n (1)
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where a = 1.42 A is the nearest-neighbor C-C distance. The chiral
angle is given by:

0 = tan-1[{31/2n/(2m + n)] 2)
From theoretical point of view, graphene tubules are examples of a
one-dimensional periodic structure along the tubule axis. The
confinement of the radial direction is provided by their monolayer
thickness. In the circumferential direction (perpendicular to the
radial direction), periodic boundary conditions apply. One expects to
observe one-dimensional dispersion relationships for electrons and
phonons in graphene tubules. Calculations of 1-D bands for graphene
tubules from various methods [21, 22, 24] show that, for small
diameter graphene tubules, about one-third of them are metallic and
two-thirds are semiconducting, depending on the tubule diameters
and chiral angles. This is also shown in Fig. 1b. The metallic tubules
are indicated in Fig. 2.1b as open circles with a dot inside. The
metallic condition in a fullerene tubule with (n, m) is achieved when
n - m = 3q, where q is an integer. The solid circles in the figure
correspond to semiconducting tubules. Calculations show that all the
armchair tubules (n = m) are metallic and only one-third of the

possible zigzag tubules (m = 0) are metallic. It is surprising that the
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calculated electronic structure can be either metallic or
semiconductor, depending on the choice of (n, m), although there is
no difference in local chemical bonding between the carbon atoms in
the tubules, and that no doping impurities are present [21].

The above results can be understood on the basis of the
electronic structure of graphite, which has zero band-gap [42] with
bonding and anti-bonding = bands, degenerate at the K point (zone
corner) of the hexagonal Brillouin zone. For a graphene cylinder, the
periodic boundary conditions kecp = 2nq (q is integer) permit only a
few wave vectors to exist in the circumferential direction. If one of
these wave vectors passes through the K point in the Brillouin zone,
the metallic conduction results. Otherwise, the tubules are
semiconductor.

It is interesting to note that as the tubule diameter increases,
more wave vectors are allowed for the circumferential direction, the
tubule becomes more 2-D and semiconducting band gap decreases
approximately as 1/d [21].

Calculations have also been performed for the electronic
structures of two concentric tubules [28]. Results show that two

concentric metal-semiconductor tubules are stable in the sense that
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the metallic energy band is not affected by the interlayer interaction.
For the metal-metal tubules, the two metallic bands are split by the
interlayer interaction when the lattice structures of inner and outer
tubules are commensurate, and metallic nature of the tubules is also

preserved in the case.

2.2. EXPERIMENT METHOD

The samples were prepared by vapor deposition method. The
substrate, highly oriented pyrolytic graphite (grade-A HOPG) was
freshly cleaved in HV and carefully examined by STM before the
deposition. The HOPG surface was ensured to be atomically flat and
defect-free over micrometer dimensions after the cleavage. It was
cooled to typically -30 °C during evaporation.

Carbon was deposited on graphite through thermal evaporation
in high vacuum (HV). The base pressure for the evaporation is
typically ~10-8 Torr. The carbon vapor was produced by resistively
heating a pure carbon foil close to its melting point temperature
through a large DC current. The carbon foil was pre-outgassed before
the deposition. The deposition rate was monitored by a quartz crystal

film thickness monitor. The average thickness of the carbon adlayers



24
was in the range of 2 to 6 nm. For such thickness the substrate was
not fully covered. The substrate was placed about 10 cm away from
the filament. The total evaporation time was several minutes. Within
such short time the radiation from the hot filament on the substrate
can be ignored when the substrate is cooled. We measured the
substrate temperature change when it was not cooled and otherwise
under identical conditions to be only a few degrees.

After deposition, the samples were transferred to a STM
(McAllister UHV-STM) operated at 2 x 10-10 torr, without breaking
vacuum. The UHV chamber was pumped by a high speed Perkin-
Elmer ion pump. The STM imaging was performed at room
temperature. The microscope was mostly operated in the constant-
current mode in which the tip-to-sample distance is kept constant by
means of an electronic feedback control. The atomic scale images
were obtained in the constant-height mode. Bias voltages of 100 to
800 mV (both positive and negative) and tunneling currents of 0.5 to
3.0 nA were applied. Both mechanically shaped tungsten and Pt/Ir
tips were used. After the samples were analyzed by the UHV STM

some of them were taken out from the vacuum and imaged again by
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a STM (NanoScope II) in air to check their stability in ambient

conditions.

2.3. RESULTS AND DISCUSSION

The STM images showed abundance of carbon tubules with
various sizes and orientations on the graphite substrates. Their
diameters were between 1 and 8 nm and the lengths were from 10
up to several hundred nanometers. They were positioned almost
horizontally on the substrates. Some of them were isolated from each
other while some were assembled in form of bundles. Other
nanostructures from deposited carbon were also observed on the

substrates.

2.3.1. Single tubules

All the STM images given in this dissertation are in grey-scale.
In the grey-scale pictures, the brightness represents height
information. The white areas are higher than the darker areas.

Two grey-scale STM images of carbon tubules are shown in Fig.
2.2 and Fig. 2.3. In the images, their cylindrical shapes are well

displayed. Both figures show parts of much longer tubes. The tube



26
diameters are about 6 nm. Two of them in Fig. 2.3 are broken at the
lower-left corner of the image.

In Fig. 2.4 some smaller tubules are shown. The tubes are
terminated by hemispherical caps at least at one end. The tube
diameters are from 4 to 6 nm and their lengths are from 20 to 30
nm. They are lying horizontally on the substrate. In all three images,
nanophase carbon particles are also present.

In the above STM images, the relative height information (Z
direction) was provided. From our measurements, the apparent
heights of the tubules were from half to equal of the corresponding
tubule diameters.

We observe in some cases coaxial arrangement of the
outermost and an inner tube. This is shown in Fig. 2.5 (middle part)
and Fig. 2.3 (low-right corner). The outer tubes are terminated in
these regions and the adjacent inner ones are imaged simultaneously.
We measure an interlayer spacing of 3.4 A, which is about the
graphite interlayer distance (3.35 A ). Such possible coaxial
arrangement was confirmed by atomic scale imaging. The concentric
configuration is consistent with the previously reported results of arc-

discharge generated carbon nanotubes [13].
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In Fig. 2.6 we show an atomic resolution image of a carbon
tube, 35 A in diameter. The structure imaged at the upper-right
corner of the picture comes from another tube. Both of them were
~100 nm long. A perfect honeycomb surface structure is observed.
By taking into account the curvature of the tube surface and the STM
imaging profile we find the same lattice parameter as that of
graphite (1.42 A). This directly proves that the tubular surface is a
graphitic network.
For the tube in Fig. 2.6, the honeycomb surface net is arranged

in a helical way. A chiral angle of 5.0°+0.5°is obtained. The chiral

angle is defined as the smallest angle between the tube axis and the
C-C bond directions of the honeycomb lattice (also see Fig. 2.1a). Due
to the six-fold symmetry of honeycomb lattice, the chiral angle is
only between 0° and 30°. We determined the tube axis accurately
from a large-scale image.

One question arises if the observed tubules are scroll-type
filaments or perfect cylinders. Scroll-type filaments should have
edge overlaps on their surfaces. During our extensive STM survey

along the tube surfaces on the atomic scale we did not observe any
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edges due to incomplete carbon layers. Therefore we conclude that
the tubes are complete graphitic cylinders.

For the structural consideration, the graphitic monolayer tube
can be treated as a rolled-up graphite sheet that matches perfectly at
the closure line. Diameter and helicity are the two most important
parameters that characterize the graphene tube. One single helicity
gives a set of discrete diameters. In order to obtain the diameter
which matches exactly the required interlayer spacing, the tube
layers need to adjust their helicities. Therefore, in general, different
helicities for different layers in a multilayer tube are expected. In
fact, this is confirmed by our experiment.

In Fig. 2.6 we observe, in addition to the atomic lattice, a zigzag
superpattern. It appears along the axis at the surface of the tube. The
zigzag angle is ~120° and the period is about 16 A . This
superstructure can be considered as part of a honeycomb-type giant
lattice. Such giant lattices have been observed for plane graphite,
when imaged by STM [45-50]. We have studied this phenomenon in
great details [46]. The giant lattices with different lattice periods
have been observed on four different graphite samples [46]. They

exhibit hexagonal symmetry, and the atomic resolution of graphite
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was obtained simultaneously. We also observed boundaries of such
giant lattices, which showed that the giant lattices were confined
within certain areas. Near the boundary the giant lattice side is about
one monolayer higher than the other side. This showed that the top
graphitic layer (a flake) was terminated along the boundary. We
directly imaged the graphite atomic lattice near the boundary for
both areas simultaneously, and we found that the two lattices were
misoriented by a small angle. This proved that the giant lattice is
originated form the misorientation of a top graphitic layer relative to
the bulk graphite. Such explanation had been proposed by several
groups [45, 47] before, however no experimental evidence had been
obtained.

The misorientation of the top graphitic layer relative to the
bulk crystal results in a Moire pattern, which has the same type of
lattice structure but much larger lattice parameter. The angle of

misorientation (0) determines the lattice constant (D). Their

relationship is given by an expression D = d/[sin(6/2)], where d =
2.45 A is the graphite lattice parameter [45]. Due to the
nonequivalent atomic stacking, the local electron density of states

(LDOS) at the Fermi level of the top layer is modulated [46].
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Therefore the STM can image a giant lattice in addition to the atomic
lattice. This gives the relative orientation of the first two layers.
From our STM observation, the measured lattice constant of the giant
lattice matched with the predicted value from the misorientation
angle.

In the case of multilayer tubes with different helicities
between the top and the second layer one expects such a
superpattern to be observed. From the period of the superstructure
the helicity of the second layer can be determined.

However besides the analogy between two misoriented
graphite sheets and two concentric cylindrical graphitic sheets of
different helicity, there is also a difference. For planar sheets the
superpattern is extended throughout the whole plane, while for
cylindrical sheets it should appear only within narrow stripes along
the tube axis. This is due to the difference in curvature of the two
cylinders which effects the atomic stacking, mainly perpendicular to
the tube axis. Since STM only scans the upper part of the rest object,
such pattern, if is imaged, should only be seen with a narrow strip

along the tubule axis on top of a tubule.
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In Fig. 2.7 we illustrate a schematic model of such a
superpattern. Two graphene sheets being rotated relative to each
other are superimposed. This results in a giant honeycomb lattice. In
the figure the carbon atoms in the first layer are shaded while the
second layer atoms are open. Between the two dashed lines we
highlight those first layer atoms with white which do not overlap
with second-layer atoms. Due to their higher local density of states

(LDOS) at the Fermi level these atoms (B-type atoms) appear

particularly bright in STM images [46, 51]. They produce a zigzag
superpattern along the tube axis, within the two white dashed lines
as indicated. By choosing an angle of 9° for the misorientation we
obtain a superlattice period of 16 A.

In general, from such modeling, one finds that for small chiral
angles of both cylinders the tube axis is approximately along the
zigzag direction of the giant honeycomb lattice. The zigzag
superpattern along the tube axis is directly observed in the STM
image of Fig. 2.6. The measured period of 16 A reveals that the
second layer of the tube is rotated relative to the first layer by 9°
The first and the second cylindrical layers have chiral angles of 5°

and -4°, respectively. It proves that the tubes are indeed composed
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of at least two coaxial graphitic cylinders with different helicities.
The concentric configuration of graphitic tubules is therefore further
confirmed.

During the STM imaging, we used different bias voltages, from
100 to 800 mV, and for both positive and negative values. This
showed that we could detect both occupied and unoccupied electronic
states of the tubules. The bias voltage that we used to obtain good
images suggest that the tubules were either metallic or
semiconducting with a bandgap smaller than the bias voltage used.

In our STM images, we found other deposited carbon
nanostructures. Few of them were spherical and the rests were
irregular in shape. The spherical type particles had diameters about
1 to a few nanometers and they might be Cgp and higher fullerenes.
However, high occurrence of tubes clearly shows that the carbon
atoms prefer to condense to tubular structures, as opposed to other
nanostructures, under our preparation conditions.

In order to check the stability of buckytubes in ambient
conditions, we took some of the samples out from the UHV chamber
after in situ STM analysis and then imaged them again using a STM

in air. The samples showed high stability. The structures remained to
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be the same in air even after several months. Such high stability can
be explained by their surface inertness (graphitic nature).

From the above text, we have clearly demonstrated the
presence of carbon nanotubes produced by the vapor condensation
method. One crucial question about this experiment is how do
tubules form. We now discuss their possible growth mechanism. For
the formation of carbon tubes, spherical-type nucleation seeds seem
to be required. In a common method for the production of tubular
carbon fibers, the growth is initiated by submicrometer size catalytic
metal particles [43]. Tube-growth out of a graphite rod during arc-
discharge also might be initiated by nanoparticle-like seeds present
at the substrate [14] and further continuing growth may related to
the high electric field between two electrodes. Recent experiments
[19, 20] on single-walled buckytubes showed that metal (ion and
nickel) nano-particles were responsible for the tube growth. Under
the vapor-phase growth conditions that resemble those for the laser
ablation production of fullerenes (first successful method of fullerene
generation), another type of nucleation seed is possible. In this case,
the tubes may rather grow out of a hollow fullerene cap than out of a

compact spherical particle. After half of a fullerene is formed, the



34

subsequent growth can rather proceed to a tubular structure than to
a spherical cage, and this leads to an open end growth. Tubular
growth can continue as long as one end is open and there are
sufficient carbon supplies from the vapor. At a certain stage, the
open end can be closed by incorporating six pentagons and form
another cap. Depending on the distribution of the pentagons in the
cap region the shape of the cap can be different. In our experiment,
all the tubules were closed by hemispherical type caps at least at one
end while some of them had differently shaped caps at the other
end. In the case of tubules with two hemispherical type caps, either
end might be the nucleation seed. In the case of tubules with one
hemispherical and the other non-spherical cap, the hemispherical
end should presumably be the nucleation seed.

Indeed, the smallest tube that we found had a diameter of ~1
nm, which is of the size of Cgg. Fig. 2.8 shows such a tube. The quality
of the image is not as good as those of larger tubules, and it is very
likely due to the high surface curvature on such a small object that
makes imaging more difficult. It is predicted that 1 nm is the limiting
case of vapor-grown graphitic tubes with monolayer thickness [44].

Our observation of hemispherically capped 1 nm tubes suggests that
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an incomplete Cgo-cluster is the nucleation seed for these tubules.
The Cgo-derived tube could be the core of possible multilayer
concentric graphitic tubes. After the fullerene-based tube has been
formed, further concentric shells can be added by graphitic
cylindrical layer growth.

A ball-and-stick model of a Cgp+10j G = 1, 2, 3, . . .) tube with Cs
symmetry is demonstrated in Fig. 2.9. It gives a diameter of 6.83 A.
By considering the charge distribution, the resulting outer diameter
is 9.6 A [44] that is nearly the same as the smallest one observed in
our experiment. In the model, one end of the tube is closed by a Cgo
hemisphere. The cap contains six pentagons and the body part of the
tube contains only hexagons. The hexagonal rings are arranged in a
helical fashion with a chiral angle of 30° ( armchair configuration ).
One obtains this result when the tube axis is the fivefold symmetric
axis of the Cgp-cap. Other symmetry axes of Cgo-caps (e.g., the three-
fold symmetry axis) also can be chosen which leads to slightly larger
tube diameters and different helicities.

In the experiments, hot vapor is suddenly quenched on a cold
surface. The substrate is atomically flat and chemically inert. This

leads to cooling and supersaturation of the incoming vapor on a
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nearly non-interacting surface. The resulting quasi-free growth
conditions resemble those for vapor-phase fullerene formation. Our
experimental conditions differ from that of the arc-discharge method
in which the high temperature plasma and high electric field might
play crucial rules in the growth process. Our method gives a new
approach to understand the formation of novel hollow graphitic
structures. Our observations suggest that the growth to tubular
rather than spherical configurations is preferred for giant fullerenes

in the vapor phase.

2.3.2. Bundles

On many of our samples, besides isolated single tubules,
assemblies of tubules in form of bundles were often observed. The
bundles are very long, up to several hundred nanometers, containing
perfectly aligned nanotubes over the full length. OQur STM analysis
suggests that the bundles were not formed by single tubes moving at
the substrate after their formation but were rather produced
simultaneously with the tubes in the growth process.

Fig. 2.10 is a STM image showing a bundle of carbon nanotubes.

It is ~20 nm in width. Its total length is 200 nm as determined from
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a larger scale image. The diameters of the individual tubes range
from 2-4 nm. They are perfectly aligned and closely packed over the
whole length of the bundle. It is located horizontally on the flat
graphite substrate. It is separated from other deposited carbon
nanostructures. Some single tubes are also displayed in the image. A
very thin tube with 1.7 nm diameter can be seen in the upper right
section of the image. In addition, a few nanophase carbon particles
are present.

The tubes in the bundles are indeed graphitic in nature. This is
show in the atomic-resolution image in Fig. 2.11. The honeycomb
lattice of the outer graphene cylinder is clearly seen with all six
carbon atoms in each hexagonal ring being resolved. We determine a
nearest-neighbor spacing of ~1.4 A, close to the nearest C-C distance
of graphite. Our extensive STM survey on the tube surfaces did not
reveal any steps or edges, which shows that the tubes are perfect
graphitic cylinders.

We notice that the bundle in Fig. 2.10 is disturbed in a small
region in the upper left part of the image. Also a crack in the
substrate appears in the nearby area. A closer view is given in Fig.

2.12. Six tubes are displayed at the bundle surface. The outer shell of
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each tube is broken, leaving a gap, where an inner tube is exposed.
We measure an intershell spacing for a multishell tubule of ~3.4 A
which is close to the interlayer distance of 3.35 A of graphite. This
shows that the exposed inner tube is the adjacent concentric
graphene shell. Only the outer shell is disturbed while the inner shell
remains complete.

Presumably, after the formation of the bundle both the bundle
and the substrate were disturbed in this area leading to a crack in
the substrate and at the bundle. The fact that all the outer shells of
the tubes in the bundles are broken, suggests that the tubes are
strongly coupled through the outer shells. The interaction between
the tubes is presumably van der Waals in nature [52]. The inner
tubes however were not disturbed. This indicates that the intertube
interaction is weaker than the intra-tube interaction.

The disturbance in the above case might be caused by the
movement of the STM tip. When the tip is too close to the sample it
may crush the sample and change the surface morphology. In the
case of tubes the tip may break the tubes due to this reason. This
phenomenon is likely to happen when a constant-height mode

(current-mode) is used to image a rough surface. We have seen this
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in some cases. An example is given below. A bundie of tubules was
broken during the imaging and one broken part was moving during
the imaging. This is demonstrated in Figs. 2.13a, b, which show two
consecutive STM pictures. One part of the broken bundle shifted
from its original position (Fig. 2.13a) to about 30 nm (measured from
the far end) away (in Fig. 2.13b).

Actually this observed phenomenon gave us a hint that the
principle can be used to achieve controlled cutting of the carbon
nanotubes. One might apply a short voltage pulse or suddenly
increase the tunneling current to STM at a desired position during
the scanning and cut the tube exactly at that position. By using the
method, one could cut the tubes to certain length with great
accuracy. It might have some technological importance if carbon
nanotubes are used in the future nano-electronics.

In Fig. 2.15, another bundle of tubules is displaced. It is
composed of very small carbon tubules, which has similar length of
~35 nm. Some of the individual tubes are ~1 nm in diameter.

In Fig. 2.14 the sample area is almost fully covered by bundles
of nanotubes. Each of them is composed of closely packed tubules

with similar diameters of around 1 nm. These bundles are oriented
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in different directions. Some other tubules are also displayed in the
image. Some horizontal lines which interrupt in the pictures are due
to the scanning noise. The building units for the bundles in Fig. 2.15
are the tubules with close to 1 nm of diameter and they are
presumably single wall carbon tubes. It has been reported that single
wall carbon tubules produced by arc-discharge method in which
nanophase metal catalytic particles were used have diameter
between 0.9 nm and 1.4 nm [19, 20]. This suggests single wall
tubules have a certain radial size distribution and the diameter
might be determined by the size of the nucleation seed.

Making an assembly of same diameter tubes in form of a
bundle should have importance not only from the physics and
chemistry point of view but also from technological point of view. By
assembling such bundles to a larger scale, one could obtain a highly
ordered solid of buckytubes, or buckytube quasi-crystal. If one is
able to make such a system, many interesting experiments, such as
optical and magnetic studies can be carried out. Recently Wang et al.
reported that bundles of carbon tubes could be produced as deposits
on the cathode of a dc arc [53] and they showed anisotropic

diamagnetic properties from magnetic susceptibility measurement.
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In our experiments we were able to produce an assembly of
bundles in addition to single isolated bundies. High yield of bundles
as opposed to isolated tubules and other nanostructures was
obtained for some samples. Our results suggest that production of
bundles in macroscopic quantities by vapor phase growth is feasible.
However, to produce practical quantity of bundles consisting uniform-
sized carbon tubules remains a challenge.

The formation of bundles of carbon tubules from the vapor
phase suggest that bundle is another growth path besides that of
single isolated tubes. Presumably, when carbon vapor becomes
supersaturated at the substrate, after a certain diameter is reached
for a single tube the addition of further concentric graphene shells
might not be energetically favorable. Instead, growth rather
proceeds to form additional adjacent tubes leading to the generation
of bundles. This is possibly the reason why there is a limiting
diameter for the vapor-phase grown carbon nanotubes in our
experiment. However the limiting diameter may depend very
sensitively on the experiment conditions and may vary for different

samples.
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2.4. CONCLUSIONS

We have produced nanotubes of carbon on a highly-oriented
pyrolytic graphite substrate by vapor-phase growth. Using a
scanning tunneling microscope, tubules with extremely small
diameters from 1 nm to 8 nm were observed. Their lengths are up to
several hundred nanometers. They are mostly closed by
hemispherical caps. Coaxial multi-layer arrangement was found and
the interlayer spacing was determined to be 3.4 A. Atomic resolution
of the tubules was achieved for the first time, and directly proved
that the tubule surfaces are perfect graphitic networks. A giant
zigzag pattern was observed in addition to the atomic lattice and this
phenomenon is caused by two concentric tubules with different
chiralities. We also found that some of tubules are parallel aligned
and closely packed, forming bundles. Some of the bundles are
remarkably long, up to a few hundred nanometers in length. The
formation of bundles in the vapor phase suggests that bundles is

another growth path for tubular carbon structures.
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Figure 2.1: (a) AA’ in a honeycomb lattice specifies a chiral tubule.
Connecting two dotted lines at A and A’ forms a tubule. (b) Possible

The circled dots and the small solid

dots denote metallic and semiconducting behavior for each tubule.

vectors (n, m) for chiral tubules.
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33.0 X 33.0 (nm)?2

Figure 2.2: A 33.0 X 33.0 (nm)2 grey scale STM image of a fullerene
tubule on a graphite substrate.
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41.7 X 41.7 (nm)2

Figure 2.3: STM image of three tubules on a graphite substrate. Two
of them are broken.
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85.3 X 85.3 (nm)2

Figure 2.4: STM image of a few small fullerene tubules on a graphite
substrate. Other carbon nanostructures are also displaced.



52.9 X 52.9 (nm)2

Figure 2.5: STM images of two fullerene tubules on a graphite
substrate.
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4.2 X 4.2 (nm)2

Figure 2.6: Atomic resolution STM image of a carbon tube, 35 A in
diameter. In addition to the atomic honeycomb structure a zigzag
superpattern along the tube axis can be seen.
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Figure 2.7: Structural model of a giant superpattern produced by two
misoriented graphitic sheets. The carbon atoms in the first layer are
shaded while the second layer atoms are open. Between the two
dashed lines we highlight those first layer atoms with white which
do not overlap with second-layer atoms and they form a =zigzag

pattern.



6.7 X 6.7 (nm)2

Figure 2.8: STM image of a carbon tubules with ~1 nm in diameter.
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Figure 2.9: Ball-and-stick structural model of a Cgp-based carbon
tube. The left side is closed by a Cgp hemisphere cap.
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85.1 X 85.1 (nm)2

Figure 2.10: STM image of a long bundle of carbon nanotubes. The
bundle is partially broken in a small area in the upper-left part of

the image. Single tubes on the flat graphite surface are also
displayed.
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3.1 X 3.1 (nm)?

Figure 2.11: Atomic resolution image showing the graphitic surface
structure of a tube in the bundle displayed in Fig. 2.10.
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25.1 X 25.1 (nm)2

Figure 2.12: A closer view of the disturbed area of the bundle in Fig.
2.10. The concentric nature of the tubes is shown. The outermost
tubes are broken while the adjacent inner tubes are complete.



100.9 X 100.9 (nm)2

Figure 2.13: Two consecutive STM images (a)
displacement of a bundle.

and (b) showing
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112.2 X 112.2 (nm)?2

Figure 2.13: Two consecutive STM images
displacement of a bundle.

(a) and (b)

showing a



30.0 X 30.0 (nm)2

Figure 2.14: STM image of a bundle composing some small tubules.

57



58

47.4 X 47.4 (nm)2

Figure 2.15: STM image of a sample area which is fully covered by
bundles.
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CHAPTER 3

NANOCONES OF CARBON

3.1. INTRODUCTION

For both fullerenes and fullerene tubes, the surfaces can be
considered as hexagonal networks with pentagonal ¢ defects’.
Following Euler’s theorem, from a geometric point of view, the
closure condition for a polygon network is X; (6 - i)m; = 12, where i
stands for an i-member ring and m; is the number of corresponding
rings. Therefore, for a hexagon-pentagon network (fullerene
network) a fixed number of twelve pentagons is required for the
closure while any numbers of hexagons are allowed. The pentagons
may have different locations in the network, leading to different
morphologies. Fullerenes and closed fullerene tubules are two typical
examples. For a close-end tubule, twelve pentagons are evenly
distributed on two caps.

The presence of pentagons separates fullerene-type networks
from graphitic (all hexagon) network. It is impossible to form a
spherical configuration without pentagons. But an all hexagon

network can also have non-planar structures without pentagons. One
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example is the graphitic tubules. Now one question is if there are
other graphene configurations besides tubule. Hypothetically, there is
another configuration, cones, that is also possible for a graphitic
network. It can be considered as another novel carbon structure.

In the following text we report the observation of carbon cones.
This was indeed the first observation of such a structure. The cones
are found together with tubules on a flat graphite surface. They were
generated by quenching hot carbon vapor on the substrate. The
cones were in nanometer dimensions. All the observed cones had the
same opening angle of 19°. We show that this is the smallest among
five possible opening angles for graphitic cones.

It is predicted that helicity of a carbon tubule plays an
important role in its electronic transport properties [21-24]. In the
case of a carbon cone however, helicity is not defined. Indeed, the
cone angle entirely determines the atomic configuration. While the
bulk of a cone is a honeycomb network, the apex is a fullerene-type
cap. The apex might be the nucleation seed for a fullerene cone. The
proceeding growth is then determined by the number and location of

initially incorporated pentagonal defects .
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3.2. EXPERIMENTAL METHQOD
The samples were prepared by the same technique as that of
the generation of tubules. The system configuration is the same as
that for the production of nanotubes, and other details are given in
chapter 2. Both the sample preparation and STM analysis were

performed in UHV.

3.3. RESULTS

In Fig. 3.1 and Fig. 3.2, two grey-scale STM images are
displayed. A single carbon cone is shown in Fig. 3.1, while two carbon
cones are displayed in Fig. 3.2. Other nanostructures such as islands
and tubules are also visible in the images. The adlayer structures are
found on top of the atomically flat graphite substrate. The images
showed high stability over a long period of time. Even for several
days the structures remained the same.

The length of the cone in Fig. 3.1 is ~22 nm. We measure an
opening angle of 19° with an uncertainty of 0.5°. The cone is located
nearly horizontally on the substrate. One tubule in this area touches
the cone from the side and another tubule is near the cone apex. The

two cones in Fig. 3.2 both have an opening angie of ~19.0°. The larger
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cone is 24 nm long. The apex is rounded. The other cone is 13 nm
long. In the STM survey we found as many as 10 cones in an (80
nm)2 area. This is demonstrated in Fig. 3.3. Many nanocones are
displayed together with other nanostructures. Some of them are
isolated and some are paired. Strikingly, all the observed cones have
nearly identical cone angles ~19°. We notice that the base (large end)
has a different shape. Some are hemispherical, while some have
sharp facets with irregular shapes.

The cone surfaces are atomically flat. No steps were observed.
Such steps, if present, would be ~3.4 A high (the spacing between
layers in graphite) which could well be resolved by STM. This
excludes the scroll-type configuration and strongly suggests that the
cone surfaces are complete conical graphitic networks.

Generally, any cone can be modeled by rolling a sector of a
sheet around its apex and joining the two open sides. For plain sheets
without any structures, any cone angles can be produced. However, if
the sheet is periodically textured, this is no longer the case. Matching
the structure at the closure line is required to form a complete
network, leading to a set of discrete opening angles. The higher is the

symmetry of the network the larger is the set. In the case of a
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honeycomb structure, due to its six-fold symmetry, one expects five
possible cone angles. This is illustrated in Fig. 3.4.

Curling any of the sectors between the indicated lines in Fig.
3.4 leads to perfect closure of the honeycomb network. Only those
sectors with angles of n x (2n /6) (n = 1, 2, 3, 4, 5) can satisfy such
perfect matching. This gives a set of five possible cone angles. In Fig.
3.5 the vertex of the sectors is at the center of a hexagon. By
choosing the vertex at either a lattice point or the midpoint between
two nearest lattice points one obtains the sector angles of n x (2 n/6),
where n = 2, 4 and 3 respectively. The different choices of vertexes
lead to a maximum number of five possible sectors which can form
perfect graphitic cones. Each cone angle is determined by the
corresponding sector. From simple geometry, converting a sector to a
cone the sectors angle and cone angle should satisfy:

sin(@/2) = 6/2x,
where 0O is the sector angle and ¢ is the cone angle. Therefore the
possible cone angles are 19.2°, 38.9°,60°,86.6 °, and 123.6° . They are
illustrated in Fig. 3.5. Only the 19.2° angle agrees with that observed

for all the cones in our experiment.
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One can easily see that the cone models, displayed in Fig. 3.5,
have sharp apices. Such a sharp apex is unlikely to be formed for a
real graphitic cone. With increasing surface curvature when
approaching the apex of the cone, the curved graphitic network is
expected to become unstable. A cutoff for the continuing graphitic
network should occur when the curvature of the cone surface
reduces to a certain limit. Presumably, this limit is reached when the

cone diameter is about 10 A (the diameter of Cgp), as predicted for

the smallest diameter of a graphitic tubule [25]. At this cutoff, the
inclusion of pentagons into the hexagonal network is required to
close the cone smoothly. So the small end of the cone should have
fullerene-type of structures.

Fig. 3.6 shows a ball-and-stick model of the 19.2° fullerene
cone. The body part is a hexagon network, while the apex contains
five pentagons. Each of the pentagons is surrounded by five
hexagons. This is better illustrated from the top view of the apex in
the figure. The 19.2° cone has mirror symmetry through a plane
which bisects the armchair and zigzag hexagon rows (indicated in the

side views of these two parts).
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Graphitic is the common nature for both carbon nanocones and
nanotubes. However, their surface networks are configured
differently. The graphitic tubule is characterized by its diameter and
its helicity. Though helicity is not defined for the graphitic cone, the
hexagon rows are still arranged in helical-like fashion locally. Such
local helicity varies monotonously along the axis direction of the
cone, as the curvature gradually changes. One can show that moving
a pitch (the distance between two equivalent sites in the network)
along any closure line of the network leads to another identical cone.
Fig. 3.7 illustrates how this works for a 19.2° come. In a planar
graphitic lattice we mark two 600 sectors, one with solid line (named
sector I) and the other with dashed line (named sector II). For sector
I when we fold it to a 19.2° cone (named cone I), point 1 joints point
2. For cone I, along one closure line (indicated also by solid side line
in the figure, if we shift the cone surface by one pitch, which means
joint point 1 and 3 together, another cone (cone II) is produced.
However this new cone is the same as the one which is produced by
rolling sector II. Since both sectors are 60°, therefore moving a pitch
along the closure line indeed doesn’t change the hexagon

arrangement and only moves the closure line to another position on
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the cone surface. The new cone is the same as the old one. Obviously
we can extend this conclusion to the case of moving any number of
pitches, and to any other possible cone angles. Therefore a graphitic
cone is entirely characterized by cone angle. This is very different
from graphitic tubules.

For the 19.2° cone, a hexagon row changes its local helical
direction at half a turn around the cone axis and comes back after a
full turn, due to its mirror symmetry in respect to its axis. The other
four cones, with larger opening angles, have Dpq (n = 2, 3, 4, 5)
symmetry along the axis. The local helicity changes its direction at
each of their symmetry planes, e.g., for n = 5 it changes as many as
10 times. Such a complex structure leads to a very complicate and
interesting electronic band structure, making it a good object for

theoretical study.

3.4. DISCUSSION

From the fact that fullerenes, nanotubes, and nanocones can all
be produced in vapor phase, one naturally asks if there is a common
growth mechanism for all three novel structures. We now discuss the

possible growth process of fullerene cones in comparison to tubes
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and to fullerenes. We consider all three structures originating from a
similar-type nucleation seed, a small curved carbon sheet composed
of hexagons and pentagons. The number of pentagons (m) in this
fullerene-type (m-P) seed determines its shape. Continuing growth of
an alternating pentagon/hexagon (5/6) network leads to the
formation of fullerenes. The number of hexagons in the molecule
determines the size of fullerenes. If however, after the fullerene-
type hemisphere is completed, growth continues rather as a graphitic
(6/6) network, a tubule is formed. If six pentagons are incorporated
in the end the tube can be healed by another fullerene-type cap. The
fullerene-type hemisphere contains six pentagons. If graphitic
growth progresses from seeds containing one to five pentagons,
fullerene cones may be formed. It is clear that the seed with less
number of pentagons should have larger opening angle, due to its
smaller curvature. Since there are only five possible cone angles as
showed from the structural models of graphitic cones without
considering the caps, the growth progresses from 1-P, 2-P, 3-P, 4-P,
and 5-P seeds may leed to the formation of 19.2°, 38.9°,60°, 86.6°,
and 123.6° cones, respectively. However in the growth process the

transition from the fullerene-type seed to the body of the graphitic
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cone is crucial in determining weather the continuing growth to
graphitic cones is favored.

The shape of the 5-P seed is closest to spherical among the five
possible seeds. One can see this from the comparison of 5-P seed and
a Cgp hemisphere given in Fig. 3.8. Also opening angle of the 5-P seed
matches well with the 19.2° graphene cone, as shown in Fig. 3.6.
Therefore, continuing growth of a graphitic network can proceed
from the 5-P seed, without considerable strain in the transition
region. The 2-P, 3-P, and 4-P seeds have non-spherical shapes, and
the shapes of the cross sections at the edges of the seeds are not
circular. Since a perfect graphitic cone has circular cross section, the
continuing growth from 2-P, 3-P, and 4-P seeds would induce higher
strain to match their corresponding cones. Therefore these cones are
unlikely to form. A cone can grow from the 1-P seed without strain.
Yet, if it is formed, due to its large opening angle of 123.6° and the
relatively large exposed surface to the carbon vapor, it might easily
be covered by other nanostructures and therefore not be resolved in
STM studies. The above discussion explains why the cones with
opening angles other than 19.2° have not been observed in our

experiment.
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In general for a cone with m pentagons in the small end, its
bottom can in principle also be closed, by a giant fullerene cap
containing (12 - m) pentagons, following Euler’ s theorem. Depending
upon the distribution of the pentagons in the cap region, the base
(larger cap) of the cone can have different shapes, e.g., spherical or
with irregular facets. In the experiment we observed both spherical
and irregular shaped caps at the base of the 19° cones.

The lengths of the observed cones are in a very narrow size
range, typically about 20 nm. We measure upper limits of ~24 nm
and ~8 nm for the lengths and base diameters, respectively. The
fullerene tubules observed on the same sample [54], had about the
same limiting diameter but a wide range of lengths (up to several
hundred nanometers). It indicates that there is a cut-off diameter for
the vapor-condensation growth of both fullerene cones and tubules.

Carbon cones have the remarkable characteristic of a
continuous transition from fullerene to graphite through a tubular-
like intermedium along its axis. The dimensionality changes
gradually as the cone opens. It resembles a 0-D cluster at the apex,
then proceeds to a quasi-1-D pipe and finally approaches a 2-D layer.

The carbon cones may have complex band structures and fascinating
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charge transport properties, from insulating at the apex to metallic at
the base. Also encapsulating guest atoms or molecules might be
easier for nanocones than for nanotubes due to their special shape.
They may exhibit the similar property to shield guest species from
outside electronic and magnetic fields as that of nanotubes. Both
nanotubes and nanocones might be used as building units in future

nano-scale electronics devices.



35.2 X 35.2 (nm)2

Figure 3.1: A grey-scale STM image, showing one fullerene cone.
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35.2 X 35.2 (nm)2

Figure 3.2: A grey-scale STM image, showing

two fullerene cones.
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72.8 X72.8 (nm)2

Figure 3.3 : STM image showing many carbon nanocones.
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Figure 3.5: The five possible graphitic cones, with cone angles of
19.2°, 38.9°, 60°, 86.6°, and 123.6°.
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Figure 3.6: Ball-and-stick model for a 19.2° fullerene cone. The back
part of the cone is identical with the front part displayed in the
figure, due to the mirror symmetry. The network is in armchair and
zigzag configurations, at the upper and lower sides, respectively. The
apex of the cone is a fullerene-type cap and contains five pentagons.
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Figure 3.7: A model demonstrating that moving a pitch along any

closure line of a 19.2° graphitic cone results an identical cone.



Figure 3.8: Top views of a Cgg hemisphere (a) and a 5-P seed (b).

the pentagons are shaded.
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CHAPTER 4

CONCLUDING REMARKS

In this dissertation, I review our experimental results on the
generation and scanning tunneling microscopy studies of nanotubes
and nanocones. Novel forms of carbon have become an emerging
field since the historic discovery of Cgp in 1985 and its solid form in
1989. The discovery of nanotubes of carbon added great potential to
this exciting field. We in our laboratory have developed an entirely
different method to generate carbon nanotubes. We produced
nanotubes by vapor-phase growth on highly oriented pyrolytic
graphite in high vacuum [54], which differs from the first reported
generation method [9, 11]. Our method gave a new approach for
understanding this structure. We have performed scanning tunneling
microscopy study in ultrahigh vacuum and the whole process of
substrate and sample preparations and analysis were done in situ in
ultrahigh vacuum. This procedure ensured the cleanness of the entire
experiment and reliability of our experimental results. We have
determined the surface morphologies of nanotubes. We have also

obtained directly their atomic structures for the first time and
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proved their graphitic nature. We have clearly demonstrated that
nanotubes generally have concentric multi-shell structures with
different helical arrangements, through the observation of a giant
super-pattern superimposed on the atomic lattice. Single-walled
carbon tubules with about 10 A in diameters were also produced and
they are the smallest possible graphene tubules. We have found that
nanotubes are often parallelly aligned and closely packed, forming
bundles. This suggests that bundles are another growth path for
tubular carbon structures in vapor phase.

By applying the same method as we used to generate
nanotubes, we have produced another hollow carbon structure,
nanocones. They have almost perfect conical shape and are in
nanometer dimensions. This was the first observation of such a
structure. Strikingly all the observed cones have a unique angle of
~19°. We have proposed their structural models and demonstrated
that there are only five possible cone angles for the graphitic cones
and 19.2° cone is the smallest among these five.

The growth mechanism of both nanotubes and nanocones are
discussed in the dissertation and it has also been related to the

growth mechanism of fullerenes. We believe the growth processes of
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these three novel carbon structures are closely correlated, and they
may all be initiated by a common fullerene-type nucleation seed in
vapor phase.

The discoveries of novel forms of carbon have brought great
attention to these fascinating new materials. They are also having an
important impact on the future developments in physics and

chemistry overall, as well as other fields of science and technology.
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