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Abstract

Carbon nanotubes are a very promising material for future nanoelectronics, batteries,
composite materials, and have many more applications. The electrical and chemical proper-
ties of carbon nanotubes vary significantly with different chirality and diameter, making the
experimental determination of these structural properties important. Here, it is shown that
the vibrational density of states (VDOS) contains information on the structure of carbon
nanotubes, particularly at low frequencies. It is shown that the diameter and chirality of the
nanotubes can be determined from the characteristic low frequency L and L’ peaks in the
VDOS. For zigzag nanotubes, the L peak splits into two peaks giving rise to another low en-
ergy L' peak. The significant changes in the frequencies and relative intensities of these peaks
open up a route to distinguish among structurally different nanotubes. A study of Stone—
Wales defects of different orientations, and with varying defect density reveals that different
structural defects also leave distinct fingerprints in the VDOS, particularly in the L and L’
modes. With these results, more structural information can be obtained from experiments
which can directly measure the VDOS, such as inelastic electron tunneling spectroscopy and
inelastic neutron spectroscopy.
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1 Introduction

Carbon is a very interesting element to study. Due to its valence of 4, many structures, called
allotropes, can be formed out of carbon alone. Diamond and graphite are well-known examples of
this, but many more exist. In most allotropes except diamond, carbon is found in sp?-hybridised
state, which means that it will form three bonds with its neighbors at angles of 120°. In this
state, carbon usually forms a hexagonal lattice. Graphite consists of many layers of carbon in
such a hexagonal lattice bound together by Van der Waals forces. Graphene, a single layer of

one atom thick, was first extracted from graphite in 2004 by Geim and Novoselov [1].

Many graphene-like materials had already been synthesised before graphene itself. In 1985, a
spherical molecule of 60 carbon atoms was found, which was named buckminsterfullerene by
its discoverers [2]. Since that discovery, a whole class of fullerenes has been found: hollow
carbon nanostructures consisting of hexagons and pentagons. In 1991, Iijima observed carbon
nanotubes: cylinders of carbon in a hexagonal graphene-like lattice [3]. Whether he was the first
to observe carbon nanotubes is a matter of debate [4], but this discovery certainly brought carbon
nanotubes to the attention of many scientists, resulting in a lot of theoretical and experimental
carbon nanotube research which is still ongoing as more applications of carbon nanotubes keep
to be found.

The goal of this work is to present the computer simulation research which I have done on carbon

nanotubes, following on the work on graphene by Jain et al. [5].

1.1 Carbon nanotubes: characteristics, production and applications

Carbon nanotubes can be seen as a graphene sheet, rolled into a tube. This is possible in many
different ways. Carbon nanotubes are characterized by two integer numbers (n,m), describing
the chiral vector between two equivalent lattice points on a graphene sheet, which coincide when

the sheet is rolled into a tube. In Figure 1, it is shown how this chiral vector can be formed

using the unit vectors of the graphene lattice.
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Figure 1: The unit vectors di and a3 of the graphene lattice and the chiral vector of a (5,5)
armchair tube: 5a7 + 5ad3. This vector describes which points coincide when a graphene sheet is
rolled into a carbon nanotube.



Two important chiralities are armchair (n,n), featuring C-C bonds perpendicular to the tube
axis, and zigzag (n,0), featuring C—C bonds parallel to the tube axis. A nanotube with any
other (n,m) chirality is called chiral [6]. Examples of armchair, zigzag and chiral nanotubes can

be seen in Figure 2.
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Figure 2: Examples of chiralities of carbon nanotubes.

Carbon nanotubes can be found in a large range of diameters. Nanotubes as small as 4 A have
been found [7], and an upper bound for the diameter of stable carbon nanotubes has been estab-
lished around 51 A [8]. In many experiments multi-walled carbon nanotubes have been found,
and nanotubes consisting of as much as 18 shells have been imaged with electron microscopy
[9]. The usual length of carbon nanotubes is in the order of millimeters [10], but carbon nan-
otubes of many centimeters long have been produced in experiments with well-controlled growth

conditions [11].

The production of carbon nanotubes is possible using various methods, generally starting with a
sample of graphitic carbon. The carbon nanotubes observed by Iijima [3] as well as the first mass-
produced carbon nanotubes were produced using arc discharge: by igniting an arc between two
graphite electrodes in a gas such as argon, carbon is evaporated and condenses to form carbon
nanotubes. Using a catalyst material, this process can be tuned to yield single-walled carbon
nanotubes.

Another method to produce high quality carbon nanotubes is laser ablation, which has been
used for the production of fullerenes: by targeting a graphite target in a stream of helium gas
with an intense laser beam, carbon is evaporated. Catalyst particles ensure that it condenses to
carbon nanotubes with a narrow diameter distribution.

One of the easiest methods, currently used in many experiments is chemical vapor decomposition
(CVD), in which a volatile compound containing carbon is heated and decomposes on the surface
of catalyst particles [10]. By tuning the temperature [12] or the catalyst [13], this process can

be used to yield carbon nanotubes with a narrow diameter distribution.



Properties and applications of carbon nanotubes

Carbon nanotubes have remarkable mechanical and electronic properties. The tensile strength
and flexibility of carbon nanotubes are excellent, which allows using them in composite materials
[14]. The electronic properties of carbon nanotubes depend on chirality; carbon nanotubes can
either be metallic or semiconducting. Metallic carbon nanotubes are those with a chiral index
(n, m) where n—m is a multiple of 3; other carbon nanotubes are semiconducting [15, 16, 17], and
this distinction is important when applying carbon nanotubes in electronics. Carbon nanotubes

are extremely conductive and can carry large current densities [14, 18].

Applications of carbon nanotubes in electronics include the production of smaller transistors
than current silicon technology allows [19, 20], flexible integrated circuits [21, 22], conductors
for the interconnection of components in nanoelectronics [23], and as an electrode material in
improved batteries [24, 25]. Transistor and battery technology are currently limiting factors in
the production of electronic devices; the study of carbon nanotube electronics will make way for

innovations in this field.

Another interesting application for carbon nanotubes is found in chemical sensors. Carbon nan-
otubes have been proposed for high-sensitivity gas sensors [26, 27] and sensors for biomolecules
[28, 29].

For these applications it is important to be able to distinguish different carbon nanotube chiral-

ities, because of their variation in electronic properties.

Experimental characterization of carbon nanotubes

It is currently possible in experiments to identify a single carbon nanotube by its diameter
and chiral angle as measured by direct local techniques such as atomic resolution scanning
tunneling microscopy (STM) [16], transmission electron microscopy (TEM) [30, 31], and electron
diffraction [32, 33]. As these microscopy techniques are rather expensive, indirect methods for
characterization heave been developed, such as Raman spectroscopy [34], and photoluminescence
excitation spectroscopy [35, 36, 37]. Very recently, the determination of chiral indices of two- or
three-walled carbon nanotubes by a combination of electron diffraction and Raman spectroscopy

has been reported [38].

Defects in carbon nanotubes

In experimentally produced carbon nanotubes, intrinsic defects commonly occur. A common
defect is the Stone-Wales (SW) defect which is formed by the rotation of a C—C bond by 90°
[39, 40]. This rotation results in two pentagons and two heptagons in the otherwise hexagonal

lattice. A drawing of a Stone—Wales defect can be seen in Figure 3.

This SW defect is a common defect in graphene [41]. In carbon nanotubes, it has an even
lower formation energy, especially in tubes with smaller diameters [42], which makes it an
important defect to study. SW defects have direct consequences on the electrical [43], mechanical
[44, 45, 46], and chemical [47, 48] properties of carbon nanotubes. The SW defect is considered
to form spontaneously as a result of excess strain [49, 50], and is suggested to be responsible for

plastic deformation of carbon nanotubes [51].



Figure 3: A Stone—Wales defect in a graphene sheet, with the numbers indicating pentagons
and heptagons.

This defect can be considered as a dislocation dipole: further rotation of C—C bonds separates it
into two dislocation cores both consisting of a pentagon and a heptagon [52]. Other nanotubes

with topological defects, for instance containing octagons, have also been reported [49].

Other types of defects in carbon nanotubes include vacancies, which show a stronger effect on
the strength of a carbon nanotube [53]. Vacancy defects are commonly formed by irradiation
and can survive for macroscopic times at room temperature; but as a vacancy is metastable,

atoms will rearrange to mend the defect [54, 55].

Carbon nanotubes can also contain heteroatoms: atoms from elements other than carbon. Com-
mon hetero-atom dopants experimentally integrated into the graphene lattice include nitrogen
and boron. Due to the different electrical and chemical properties of doped carbon nanotubes,
applications are suggested in chemistry and energy storage devices [56]. It is also possible for
foreign atoms or molecules to be adsorbed to the carbon nanotube surface; for many molecules
adsorption occurs most strongly at defect sites [48, 57]. This effect is studied to use carbon

nanotubes as chemical sensors [48, 27].

Why simulations?

Computer simulation is a powerful tool in carbon nanotube research. By simulations, the prop-
erties can be predicted of carbon nanotubes of any chirality or any number of defects: many
different nanotubes can be studied without having to synthesize every single one of them. A
common and frequently used method to simulate carbon nanotubes is density-functional theory
(DFT). However, DFT is computationally intensive and therefore limits the size of the system
that can be studied [58, 59]. Because the study of vibrational properties requires simulation of
systems larger than a few hundred atoms, DFT is not a suitable technique here. A semiempirical
potential was used instead: a simplified model describing the behavior of a carbon molecule,
with parameters determined by DFT calculations. This allows to study much larger systems in
far less computation time. Semiempirical potentials for carbon nanotubes have recently been

shown to correspond fairly well with experiments [60, 61].



1.2 Vibrational density of states

The vibrational density of states (VDOS) can well be used to determine many chemical and
physical properties of carbon nanotubes. Besides studying chirality and defects, the VDOS can
also be used to calculate thermal conductivity [62]. There are different ways to determine the
VDOS experimentally. Raman spectroscopy allows measuring certain Raman active vibrational
modes [63, 64, 65] and has been used to study many carbon nanotube properties such as chirality
and defects [34, 39, 65, 66, 67, 68]. It is possible to study the full vibrational spectrum in
experiments by inelastic neutron scattering [69, 65], or inelastic electron tunneling spectroscopy
(IETS) [70]. IETS can also be used for localized measurements using the tip of an STM (STM-
IETS), which allows study of local properties such as defects, different tubes joined together,
or tube caps [71, 72]. The vibrational spectrum of graphene has already been experimentally
mapped with IETS [73], and this opens up a possibility to use the same technique to characterize

carbon nanotubes.

Using the same semiempirical potential, the VDOS of graphene depending on the number of
defects has already been studied [5]. As a carbon nanotube can be seen as a graphene sheet
rolled into a tube, it is expected that the VDOS of a carbon nanotube will approach that of
graphene in the limit of large diameter. The effect of defects is expected to be comparable,
with the prominent peaks in the spectrum becoming weaker. However in the case of carbon
nanotubes, there are various different chiralities to be studied and in each of them, multiple
defect orientations are possible. In this work, the vibrational properties will be reported for
a selection of carbon nanotubes which allows studying the dependence of the VDOS on the
diameter and chiral angle and provides insight into the effects of different defect orientations on
the VDOS.



2 Computational method

To study the defect mechanics and vibrational properties of a carbon nanotube, a semiempirical
potential recently developed for graphene was used [74]. Apart from the already mentioned
VDOS of graphene, this potential has also been used effectively to study twisted bilayer graphene
[75], the effect of boundary conditions in graphene samples [76], and graphene nanobubbles [77].

In this method, the potential of a system of carbon atoms is given by the following expression:

3 « 2 22, 34 2m\? 2
E=qgm 2y —d) + ghd 2 (=) D i (1)

1,7 Jk 1,5kl

Here, 7;; is the length of the bond between two atoms ¢ and j, 0;; the angle between the two
bonds connecting atom 4 to j and k, respectively, and r; j; the distance between atom 7 and the
plane formed by its three neighboring atoms j, k, and I. The parameters a = 26.060 eV/ AQ,

8 =5.511 eV/AQ7 ~=0.517 eV/A2, and d = 1.420 A are used, which were obtained by density-
functional theory (DFT) calculations for graphene [74].

This equation is applied to a system of carbon atoms connected together. Because the potential
does not allow for dangling bonds or atoms of other species, a periodic boundary condition is
used in the direction of the tube axis. This means atoms at the top and bottom of the tube are
connected together. Another possible option in simulations is to put caps on the simulated tube,
but this would introduce unwanted effects from the caps when studying vibrational properties;
periodic boundary conditions are in this case the best approximation of a macroscopically large
tube. The boundary condition is force-free: the size of the simulated system is allowed to change

under forces between atoms on both sides of the edge.

The forces on the atoms in the system are calculated by taking the derivative of the energy with
respect to the coordinates of the atoms. The system is relaxed by to its lowest-energy state by

iteratively moving the atoms into the direction of the force until the force is zero.

Determining the vibrational density of states

Starting with a carbon nanotube in its lowest-energy state, the second derivatives of the energy
were calculated with respect to the z-, y-, and z-coordinates of all atoms by slightly displacing
an atom and calculating the resulting force on all atoms. Because of the angular term in (1),
this does not only include neighbors of the atom but also neighbors of neighbors. For a system

of N atoms, the result is a 3N x 3N matrix called the Hessian matrix.

From the Hessian matrix the vibrational modes of the system can be derived by diagonalization.
The eigenvalues of this matrix represent the force constants of the vibrational modes in eV/ AQ,
and the eigenvectors represent the normal coordinates of the vibrational modes. These force

constants k are converted into frequencies as:

/= er\/z (2)



Here, c is the speed of light and m = 1.99 x 10726 kg the mass of a carbon atom. This results
in 3N vibrational modes, including three translational modes and one rotational mode around
the axis, which can be recognized by their force constants which are zero. The VDOS is now
the density of vibrational modes as a function of frequency. To plot the VDOS, the energies
of the vibrational modes are taken and convoluted with a Gaussian function with a width of

=14 cm~1L.

The semiempirical potential above allows studying the VDOS of systems with hundreds of atoms
without much computational effort. This is crucial for determining the VDOS; calculations on
smaller systems are only able to determine a limited number of modes, and the resulting VDOS

would only be a crude approximation of the VDOS of a macroscopic carbon nanotube.



3 Results

3.1 Armchair nanotubes

The vibrational spectrum of various armchair nanotubes of different diameters (D) has been
calculated and compared with the VDOS of graphene by Jain et al. [5] as shown in figure 4. It
can be seen that the small diameter tube (5,5) has high frequencies for the L and L modes;
there is a shift towards lower frequencies as the diameter of the tubes increases and converges
to the values of graphene in infinite diameter limit. The VDOS of three armchair nanotubes
and graphene has been plotted as shown in figure 4(a). The frequencies of the L and L’ peaks
for many armchair tubes as a function of (n,n) chiral index, and as a function of inverse tube
diameter are shown in figure 4(b) and figure 4(c), respectively. For figure 4(c), the diameter D

of an (n,m) tube is computed using

D = —dv/n? 4+ nm + m?, (3)

with d = 1.420 A, the ideal C~C bond length [6].

1%

At high frequencies, the VDOS is very similar to that of graphene but the variation occurs in
the low frequency range (0 — 600 cm™!). It is apparent that the L and L’ peaks shift towards
a lower frequency as a function of increasing diameter. The frequency of the L peak for the
smallest diameter (5,5) tube (D = 6.78 A) is around 99% higher compared to that of graphene
but rapidly decreases to 31% for the (10,10) tube (D = 13.56 A) and 15% for the (15,15)
tube (D = 20.34 A) The variation in the frequency of the L’ peak is even more prominent
compared to graphene as the values are: 240% for the (5,5) tube, 89% for the (10, 10) tube and
34% for the (15,15) tube. There is a significant decrease in the intensities of both L and L’
peaks as a function of decreasing diameter. The intensity of the L peak decreases by 5% for the
(15,15) tube, 12% for the (10, 10) tube, and 28% for the (5, 5) tube, compared to bulk graphene.
Similarly, the intensity of L’ peak decreases by 5% for the (15,15) tube, 11% for the (10,10)
tube, and 19% for the (5,5) tube, compared to bulk graphene.

To further characterize these two low energy vibrational modes, vibrational modes found in
the L and L' peaks have been plotted in figure 4(d) and figure 4(e), respectively. One of the
vibrational modes in the L’ peak is the radial breathing mode (RBM), a Raman active mode for
which the frequency has been determined experimentally for many carbon nanotubes [65, 78].

The radial breathing mode frequency is given by Maultzsch et al. [78] as

C
WRBM = 51 + o, (4)

with experimentally determined constants ¢; = 2154+ 2 ecm™'nm and ¢y = 18 =2 cm ™!, and D
is determined by eq. (3). It is interesting to note that the position of the L’ peak in armchair
nanotubes complies almost exactly with this experimental radial breathing mode frequency, as

seen in figure 4(c). This observation further validates the numerical results presented here.
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Figure 4: Dependence of VDOS for armchair carbon nanotubes on the diameter D. (a) VDOS of
three armchair nanotubes compared to graphene. (b) Position of L and L’ peaks as a functlon of
chiral index n for nanotubes with chirality (n,n) . Dashed lines are for graphene. (c) Position of
L and L' peaks as a function of inverse tube diameter, with the radial breathing mode frequency
from eq. (4) shown in dashed blue. (d) One of the vibrational modes in the L peak of a (10, 10)
nanotube. Here, red dots are carbon atoms in the nanotube and green arrows are corresponding
vibrational displacements. (e) The radial breathing mode in the L’ peak of a (10, 10) nanotube.
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3.2 Zigzag nanotubes

The vibrational spectrum of various zigzag nanotubes of different diameters has been calculated
and compared with the VDOS of graphene as shown in figure 5. Interestingly, there are three,
rather than two distinct low frequency peaks visible for n < 20 tubes. In these small diameter
zigzag tubes (D < 15 A), the L peak splits into two: the one with the lower frequency has been
labeled L”. Tt can again be seen that the small diameter tube (10,0) has high frequencies for
the L and L’ modes and there is a shift towards higher frequencies as the diameter of the tubes
increases; it converges to the values of graphene in the infinite diameter limit. The VDOS of
three zigzag nanotubes and graphene has been plotted in figure 5(a). Figure 5(b) and figure 5(c)
show the frequencies of the L, L', and L” peaks for many zigzag tubes as a function of (n,0)

chiral index, and as a function of inverse tube diameter, respectively.

At high frequencies, the VDOS is very similar to that of graphene but the variation occurs in
the low frequency range (0 —600 cm™!). It is clear that the L and L’ peaks shift towards a lower
frequency as a function of increasing diameter. The frequency of the L peak for the smallest
diameter (10,0) tube (D = 7.83 A) is around 104% higher compared to that of graphene but
rapidly decreases to 12% for the (30, 0) tube (D = 23.48 A). The intensity of this peak decreases
by 10% for the (30,0) tube, to 36% for the (10,0) tube compared to graphene. The variation
in the frequency of the L’ peak is even more prominent as the values are: 114% for the (10,0)
tube, 44% for the (20,0) tube and 18% for the (30,0) tube. There is a significant decrease in
the intensities of the L’ peak as a function of decreasing diameter. The intensity of the L’ peak
decreases by 2% for the (30,0) tube, 12% for the (20, 0) tube, and 37% for the (10,0), compared
to bulk graphene.

3.3 Chiral nanotubes

It is now clear that diameter has a large influence on the low frequency vibrational spectrum of
a carbon nanotube. In both armchair and zigzag, these results can be used to characterize the
diameter of carbon nanotubes using the VDOS. The effect of chiral angle on the VDOS can be
studied by comparing the VDOS of carbon nanotubes with a comparable diameter and different
chiral angle. To achieve this, the armchair (7,7), chiral (10, 3) and zigzag (12, 0) nanotubes have
been used, which have diameters of 9.49 A, 9.23 A, and 9.39 A respectively. The VDOS of these

three nanotubes is visible in figure 6.

Figure 6(a) shows, as expected, that there is a significant difference in the low frequency part
of the VDOS of these carbon nanotubes of equal diameter with different chiral angles. For the
armchair (7,7) tube, there are two prominent low energy L and L’ peaks; but as the chirality
changes from armchair to zigzag the L peak splits into two, giving rise to the L” peak. Comparing
the L and L” peaks of the chiral (10,3) and zigzag (12,0) nanotubes to the L peak of the
armchair (7,7) nanotube, it was found that the frequency of the L peak is 17% higher for the
(10, 3) nanotube and 19% for the (12,0) nanotube, and the frequency of the L” peak is 6%
lower for the (10,3) nanotube and 9% lower for the (12,0) nanotube. Compared to the (7,7)
nanotube, the frequency of the L' peak is 8% lower for the (10,3) nanotube and 25% lower

12
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Figure 5: Dependence of VDOS for zigzag carbon nanotubes on the diameter D.(a) VDOS of
three zigzag nanotubes compared to graphene. (b) Position of L, L’ and L” peaks as a function
of chiral index n for nanotubes with chirality (n,0). Dashed lines are for graphene. (c) Position
of L, L' and L” peaks as a function of inverse tube diameter. (d) One of the vibrational modes
found in the L peak of a (20,0) nanotube. Here, red dots are carbon atoms in the nanotube
and green arrows are corresponding vibrational displacements. (e) The radial breathing mode
in the L' peak of a (20,0) nanotube. (f) One of the vibrational modes found in the L” peak of
a (20,0) nanotube.
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for the (7,7) nanotube. The effect of the chiral angle on the intensities of these low frequency
modes is also very prominent. The intensity of the L peak is 20% lower for the (10, 3) nanotube
and 23% for the (12,0) nanotube, and the intensity of the L” peak is 18% lower for the (10, 3)
nanotube and 16% for the (12,0) nanotube. The intensity of the L’ peak is 28% lower for the
(10, 3) nanotube and 26% for the (12,0) nanotube. Therefore these significant changes in the
frequencies and intensities of the L and L’ peaks in the VDOS can be used to characterize the

chirality of carbon nanotubes independent of the diameter.

3.4 Stone—Wales defects

The effect of point defects such as Stone-Wales (SW) defects on the VDOS has been studied in
two types of nanotubes: armchair (10,10) and zigzag (20, 0), which have diameters of 13.56 A
and 15.43 A, respectively. An SW defect is formed by the rotation of a C-C bond by 90° in a
crystalline tube. In general, bonds of three different orientations are found in a carbon nanotube.
In the case of armchair and zigzag chiralities, this reduces to two as two types of bonds are equal

by symmetry.

Defects in armchair nanotubes

In armchair tubes, every carbon atom is connected to one circumferential and two equivalent
axial bonds, thus the possible SW defects are obtained by either circumferential bond rotation
(CBR) or axial bond rotation (ABR) [79]. The VDOS of a (10,10) carbon nanotube has been
calculated with one to four evenly spaced SW defects of both kinds (CBR and ABR) as shown
in figure 7.

It can be observed in the (10, 10) armchair nanotube with CBR SW defects, that the intensity of
the L and L' peaks decreases systematically with an increasing number of SW defects compared
to the pristine tube. The intensity of the L peak decreases by ~ 5% for one SW defect to ~ 13%
for four SW defects as shown in figure 7(g). Similarly the intensity of the L’ peak also decreases
simultaneously by ~ 6% for one SW defect to ~ 14% for four SW defects. For ABR SW defects
in an armchair tube, the intensity of the L peak decreases by ~ 11% for one SW defect and
saturates at 13% with a further increase in the number of defects as shown in figure 7(h). But
at the same time, the intensity of the L’ peak decreases by ~ 9% for one SW defect to ~ 14%
for three defects, and further decreases to ~ 15% for four SW defects. For CBR SW defects in
armchair tube, the frequency of both peaks does not change significantly as the defect density
changes. But in the case of ABR SW defects, there is a minor decrease in the frequencies of the
L and L’ peaks. The frequency of the L peak decreases by ~ 2% for one SW defect to ~ 5% for
four SW defects. The frequency of the L’ peak decreases by ~ 4% for one SW defect to ~ 14%
for four SW defects.

Defects in zigzag nanotubes

In zigzag nanotubes, every carbon atom is connected to one axial bond and two circumferential
bonds, again leading to two possible configurations of SW defects (ABR and CBR). The VDOS
as a function of SW defect density has been calculated for both types of defects in a (20,0)
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Figure 7: VDOS of armchair (10, 10) tube with one to four evenly spaced Stone-Wales defects.
(a) VDOS for circumferential bond rotation (CBR) SW defect in armchair (10,10) tube with
different numbers of defects. (b) Front view of the tube with four SW defects. (c¢) Side view of
the same tube. (d) VDOS for axial bond rotation (ABR) SW defect in armchair (10, 10) tube
with different numbers of defects. (e) Front view of the tube with four SW defects. (f) Side view
of the same tube. (g) Relative intensity of L and L’ peaks as a function of number of CBR SW
defects. (h) Relative intensity of L and L’ peaks as a function of number of ABR SW defects.
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Figure 8: VDOS of zigzag (20,0) tube with one to four evenly spaced Stone-Wales defects. (a)
VDOS for circumferential bond rotation (CBR) SW defect in zigzag (20, 0) tube with different
numbers of defects. (b) Front view of the tube with four SW defects. (c) Side view of the same
tube. (d) VDOS for axial bond rotation (ABR) SW defect in zigzag (20, 0) tube with different
numbers of defects. (e) Front view of the tube with four SW defects. (f) Side view of the same
tube. (g) Relative intensity of L/L” and L' peaks as a function of number of CBR SW defects.
(h) Relative intensity of L/L” and L’ peaks as a function of number of ABR SW defects.
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zigzag tube and is shown in figure 8. In figure 8(a) and (d) it can be seen that the L and
L" peaks almost merge into a single peak for this tube. As the defect density increases, the
distinction between these two peaks becomes even more unclear therefore only the maximum of

the intensities of both L and L” peaks has been plotted in the intensity plots in figure 8(g) and
(h).

It can be seen that in the (20,0) zigzag nanotube with CBR SW defects, the intensity of the
L/L" and L' peaks decreases systematically with an increasing number of SW defects compared
to the pristine tube. The intensity of L/L"” peak decreases by ~ 4% for one SW defect to ~ 8%
for four SW defects as shown in figure 8(g). The intensity of the L’ peak decreases more rapidly
from ~ 6% for one SW defect to ~ 16% for four SW defects. For ABR SW defects in this zigzag
tube, the intensity of the L/L"” peak decreases by ~ 6% for one SW defect to a significant 18%
for four SW defects as shown in figure 8(h). But at the same time, the intensity of the L’ peak
also decreases by ~ 7% for one SW defect to ~ 21% for three defects, and further decreases to
~ 22% for four SW defects. As in the case in armchair tubes, the frequencies of both peaks do
not change with change in defect density in zigzag tubes with CBR SW defects. But in the case
of ABR SW defects, there is a minor decrease in the frequency of the L’ peak. The frequency of
the L' peak decreases by ~ 2% for two SW defects to ~ 19% for four SW defects. This effect is
stronger in the (20,0) zigzag tube compared to the (10,10) armchair tube. As such, it appears
that axial bond rotation in a zigzag nanotube is the defect with the largest influence on the
VDOS.
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4 Conclusion and outlook

In conclusion, it is clear that the vibrational density of states can be used to characterize the
structure of carbon nanotubes. With the help of a semiempirical potential, the vibrational
spectrum of various carbon nanotubes has been calculated and the characteristic low frequency
L and L” modes have been studied. It appears that the high frequency VDOS (> 600 cm™!) of
carbon nanotubes is almost identical to that of graphene, but there are significant differences
in the low frequency VDOS. By numerical simulations the Raman active radial breathing mode
has been identified as the L’ peak in the VDOS of armchair nanotubes. Both low frequency L
and L” peaks show a shift towards lower frequencies as the diameter of the nanotube increases,

and the values of the frequencies converge to that of graphene in the infinite diameter limit.

The results suggest that an L peak in the VDOS with a frequency over 400 cm™!, indicates
a diameter < 8 A. For nanotubes with a diameter < 15 A, two sharp peaks close to each
other in the low frequency range indicate an armchair chirality of the tube. When the two
peaks are further apart and an extra third peak L” peak appears in between, the tube can be
characterized as chiral or zigzag nanotube. An L peak with a frequency about twice that of the

L' peak, indicates a zigzag chirality.

The effect of point defects such as the Stone-Wales defect on the vibrational spectrum of the
nanotubes has been studied as a function of defect density. Increasing the density of Stone—
Wales defects leads to broader and less intense peaks, depending on the orientation of the defect
with respect to the tube axis. For axial bond rotation there is a slight shift in the frequency of

the L’ peak for both armchair and zigzag tubes.

This work has resulted in a manuscript which is currently under review [80]. I hope that these
results will be useful for further research on carbon nanotubes and their vibrational properties,
for instance using inelastic electron tunneling spectroscopy and neutron scattering spectroscopy.
Other possibilities for future research include vibrational properties of other carbon structures
such as multi-walled carbon nanotubes. Due to their many applications, some of which have
been described in the introduction of this work, I expect carbon nanotubes to be important in

scientific research for many more years.
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