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We calculated STM images of both metallic and semiconducting single-
wall carbon nanotubes with atomic vacancies. In our simulations, we
employed the tight-binding Green’s function technique and the recursion
method. We predict that at small bias voltages (of about 0.1 V) vacan-
cies will result in the formation of hillock-like features in STM images
of metallic nanotubes. An enhancement in the tunneling current is due
to the vacancy-induced states at the Fermi energy, which are spatially
localized on the atoms surrounding the vacancies. Electronic superstruc-
tures analogous to those in graphite near point defects are observed near
the vacancy. For semiconducting nanotubes, vacancies do not give rise
to hillock-like features at low bias voltages. However, at bias voltages
exceeding half of the semiconductor gap, hillocks and superstructures are
visible. Our results for nanotubes, if confirmed experimentally, may shed
light on the nature of similar hillock-like features and superstructures in
STM images of graphite surfaces with point defects.

1. Introduction

Since their discovery in 1991 by Iijima, [1] carbon nanotubes have attracted
considerable attention as a promising class of carbon-based materials. Indeed,
due to their extraordinary mechanical and electronic properties, [2] nanotubes
can potentially be used in numerous applications, such as nanoscopic quantum
wires, [3, 4] single-molecule transistors [5] and field-emission electron guns [6].

The atomic structure of a defect-free, infinitely-long single-wall nanotube
(SWNT) is usually described in terms of the chiral vector ch which connects
two crystallographically equivalent points on a two-dimensional graphene sheet.
ch = na1 + ma2 ≡ (n, m), where a1 and a2 are the graphene lattice vectors,
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whereas n and m are integers. As follows from band structure calculations,
[7] if (n − m)/3 is an integer, then the tubes are metallic or, otherwise, they
are semiconducting. Correspondingly, armchair SWNTs (n = m) are always
metallic, while zigzag SWNTs (m = 0) exhibit metallic properties if n/3 is an
integer.

This relationship between the atomic structure and the electronic properties
of SWNTs has been experimentally confirmed many times [8, 9, 10, 11, 12, 13,
14, 15] by scanning tunneling microscopy (STM) and scanning tunneling spectro-
scopy (STS), since these related techniques can potentially determine both the
atomic structure and the electronic density of states. In general, experimental
STM images are in good agreement with simulated ones, [16, 17, 18, 19, 20, 21]
although, for nanotubes, a convolution effect with the STM tip complicates the
mechanism of STM image formation because of a finite curvature of the nanotube
surface. Besides this, other phenomena such as electronic states induced by the
tip, structure relaxation due to interaction with the environment, quantum con-
finement in short SWNTs, and doping of nanotubes by the substrate must also
be taken into account in interpreting STM images. Various defects on nanotube
walls may also alter the STM images.

However, practically all the STM images were calculated for ideal, defect-free
nanotubes, with exception of nanotubes with pentagon/heptagon Stone-Wales
(SW) topological defects [20, 21, 22, 23] and polychiral nanotubes [24]. The issue
of how point defects on nanotube walls influence STM images was also addressed
in a recent paper [25]. Within the framework of single-particle density matrix
formalism, it was shown that such defects give rise to anisotropic STM images
near the defect. The particular type of defect was not specified in that work.

At the same time, real nanotubes may have defects of different types; those
can appear at the stage of nanotube growth. Defects can be also created under
external actions, e.g., by irradiating nanotubes.

Recent experimental studies [26, 27] evidence that high-dose electron irradi-
ation of nanotubes gives rise to surface reconstruction and drastic dimensional
changes, as a corollary of which the apparent diameter of nanotubes shrinks
from ≈ 1.4 to 0.4 nm. The diameter reduction is due to mending of irradiation-
induced vacancies through dangling bond saturation.

On the other hand, although experiments [28] on the interaction of nanotubes
with Ar ion beams also indicate that ion bombardment gives rise to amorph-
ization of nanotubes and shrinkage of their diameters, appearances of surface
dangling bonds in irradiated nanotubes are reported [28]. Since dangling bonds
are usually associated with isolated vacancies, such vacancies, even if metastable,
may be long-lived defects (and may survive for macroscopic times), especially
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under low-temperature, low-dose irradiation. Thus, stability of vacancies and
their influence on the electronic properties of nanotubes call for further studies,
both presenting considerable interest in themselves as well as with a view toward
understanding electronic transport [29, 30] in nanotubes.

Inasmuch as STM probably remains the only tool to probe directly the elec-
tronic structure of nanotubes near a vacancy at the atomic scale, in this paper
we simulate STM images of SWNTs with single vacancies. We suggest that
vacancies have been created upon irradiating nanotubes with, e.g., low-energy
hyperthermal ions of inert gases. We neither model the impact event here nor
address the issue of vacancy stability; this will be done elsewhere [31]. Our main
goal here is to clarify how vacancies, if created, effect STM images of SWNTs.

We demonstrate for the first time that at small bias voltages (of about 0.1
V) vacancies result in the formation of hillock-like features in the STM images
of metallic nanotubes. Electronic superstructures analogous to those in graphite
near point defects are observed near a vacancy. For semiconducting nanotubes,
vacancies do not give rise to hillocks at these low bias voltages. However, hil-
locks and superstructures are observable at bias voltages exceeding half of the
semiconductor gap when band-edge states contribute to the tunneling current.

Given the similarities in the atomic and electronic structure of graphite and
nanotubes, we also discuss in the light of the results obtained the analogous
hillock-like features and superstructures observed in experimental STM images
of graphite surfaces with defects, since the actual nature of these features has
not yet been definitively established.

2. Theoretical model

In calculating STM images of nanotubes, we generally adopted the Green’s-
function technique used in Ref.[32] to simulate STM images of graphite surfaces.
Our approach is close to that employed in Refs.[17,24] for simulations of the
STM images of nanotubes, although there exist differences, e.g., in calculating
the tip-sample matrix element.

We described the SWNT-STM tip system within the tight-binding (TB)
approximation. While more sophisticated electronic structure ab initio calcu-
lations could provide greater overall accuracy, a relatively simple TB approach
makes it possible to elucidate the most important contribution to the tunnel-
ing current. The validity of the TB approach for calculating electronic and
mechanical properties of nanotubes has been confirmed by ab initio calculations
[19, 21, 33, 34]. The TB results on nanotube electronic structure also agree well
with experiments [9, 11, 15]. Besides this, the TB approach makes it possible
to deal with large systems (composed of 103–105 atoms) without translational



4 Arkady V.Krasheninnikov

Figure 1. STM image of defect-free SWNTs. (a) Schematic plot of tip
height h as a function of tip position for a scan in a direction perpendicular
to the tube axis. (b) Isometric plot of h as a function of tip position in
the (x, y) plane for (15,0) zigzag SWNT. Vbias = 0.1 V (throughout this
work, all STM images are computed for positive values of Vbias). (c)
Illustration for achieving atomic corrugation h′(x, y) = h(x, y) − h̄(y)
(“filtering” of the STM image) by subtracting the averaged (over the
nanotube axis x) profile h̄(y) of the nanotube. (d) 3D view of a filtered
STM image. (e) Corresponding contour map (gray-scale image). The
graphene network is also sketched. (f) Computed gray-scale STM image
of a (11,7) semiconducting nanotube. Vbias = 0.4 V.
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invariance, while at the same time retaining the quantum-mechanical nature of
interactions in solids.

The total Hamiltonian of the system reads:

H =
∑

i

|i〉εi〈i| −
∑
ij

|i〉Vij〈j|, (1)

where the sums run over all sites in the tip-nanotube system, Vij is the hopping
energy between sites i and j, and εi is the on-site energy at site i.

Inasmuch as the electronic structure of SWNTs near the Fermi energy is
governed by the π-states oriented perpendicularly to the nanotube walls, in our
simulations we employed a π-electron TB Hamiltonian which accounts for elec-
tron hopping between the first-neighbors carbon atoms. The hopping parameter
t0 was set equal to −2.7 eV [35].

We modeled the STM tip as the final atom of a semi-infinite, one-dimensional
chain. All simulations were carried out at zero temperature. Treating the tip-
sample (nanotube) interaction perturbatively and employing the Green’s func-
tion method, we may write the STM current I(x, y, z) between the tip positioned
at the point with the coordinates (x, y, z) and the nanotube as [32]:

I(x, y, z) =
2πe

h̄

∫ EF

EF−eVbias

dE (2)

×
∑

i

|Vi(x, y, z)|2ρtip(E)ρtube(i, E)

|1−Gtip
∑

k,l VkVlGkl|2
,

where sums run over all sites involved in the tip-surface hopping, Vbias is the
bias voltage applied to the tip-surface interface, Vi(x, y, z) is the tunneling matrix
element coupling the tip apex atom to the atom i of the sample, Gtip and Gkl are
the matrix elements of the unperturbed Green’s function operator G of the tip
and of the sample, respectively. G may be defined in terms of the Hamiltonian
through the well-known expression:

G(E) =
1

EI−H
. (3)

In Eq.(2) the local densities of states of the noninteracting tip ρtip(E) and
the sample ρsurf(i, E) at site i may also be given in terms of the lattice Green’s
function by

ρi(E) = − 1

π
Im lim

ε→0+
[Gi,i(E + iε)]. (4)
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For the one-dimensional chain used to simulate the tip, the Green’s function
can be found analytically [36] and the LDOS reads:

ρtip(E) =
1

2πw2
(
√

4w2 − E2). (5)

Green’s functions and, correspondingly, LDOSs of SWNTs were computed by
the recursion method [37, 38]. This technique is based on the representation of
the Green’s function as a continued fraction whose components are expressed in
terms of the elements of the tridiagonalized Hamiltonian of the system [37]. The
recursion method proved to be very useful for calculating electronic characterist-
ics of a system with defects [38] since it does not rely on the Bloch theorem. It
has previously been applied successfully to calculate the LDOS of both SWNTs
and MWNTs [24, 17].

The TB tip-surface hopping parameter V was calculated within the frame-
work of the Bardeen formalism [39]. V is defined as

V = 〈ψsurf(i)|H|ψtip〉, (6)

where {ψsurf(i)} are the eigenstates of the TB Hamiltonian, which are the set of
Wannier states centered about the lattice sites. Similar to Ref.[32], we approx-
imated the Wannier states by atomic-like states {φsurf(i)}, so that to the first
order in perturbation theory the hopping element between the tip apex atom
and nanotube atom i may be written as follows:

Vi =
h̄2

2m

∮
~S
d~S{φ∗i 5 φtip − φtip 5 φ∗i }. (7)

The tip states were modelled [32] by a 3dz2 hydrogen-like wave function
mimicking a tungsten tip, whereas the nanotube states were approximated by
2p wave functions oriented perpendicular to the tube surface. The integral (7)
was evaluated numerically with the integration surface being the infinite plane
halfway between the tip and the tube surface.

We simulated a constant height mode of the STM operation. In this mode
the vertical coordinate z of STM tip (tip height h = z) is adjusted so that the
measured current remains constant. Solving Eq. (2) for h, we plotted h as a
function of the tip position in the (x, y) plane. We reckoned h relative to the
tube axis.

In our calculations we ignored the mechanical deformation of the surface
induced by the STM tip, as well as any possible ohmic contacts appearing due to
contamination of the STM tip as a result of working with carbonaceous materials
[40]. We assumed that the tip-surface hopping element has the form of Eq.(7),
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although the phenomena listed above may result in a somewhat different V vs.
h dependence.

The value of the reference current was set equal to 0.5 nA. At such current
values, the tip-surface separation constitutes 4 – 5 Å in our model, depending
on the value of the LDOS for a particular nanotube and Vbias. Given the fact
that hydrogen-like wave functions decay exponentially with distance and that
for such large separations V ¼ t, then we can simplify Eq.(2) by setting the
denominator equal to unity, which is correct to the first order in the tip-surface
interaction. Thus, we arrive at

I(x, y, z) =
2πe

h̄

∫ EF

EF−eVbias

(8)

×
∑

i

|Vi(x, y, z)|2ρtip(E)ρtube(i, E)dE.

This approximation facilitates calculations since Eq. (8) does not necessitate
computing off-diagonal Green’s function elements. For small bias voltages used
in our work (Vbias ¼ t), the first-order results proved to be indistinguishable
from those computed through Eq. (2). It should also be noted that at such
small Vbias, the tip LDOS is practically independent of the energy [36]. Thus,
the value of tunneling matrix element of the tip (we set it equal to 1 eV) is not
important for calculating STM images, resulting only in a renormalization of
the tunneling current, i.e., in a uniform shift of the tip along the z axis at any
scan point.

3. Nanotubes without defects

We simulate both metallic and semiconducting SWNTs with various chiral-
ities. The diameters of SWNTs considered are 10–15 Å, a value most frequently
observed in STM experiments [9, 10, 11, 15]. We model macroscopically long
SWNTs (of up to 1 µm long) consisting of approximately 105 atoms and being
isolated from other nanotubes. The nanotubes are considered as self-supported,
i.e., we neglect the effect of the substrate on the electronic structure of SWNTs.
Although the charge transfer from the substrate induces a local electrostatic
potential perturbation giving rise to the Fermi level shift [41] as well as to other
effects, [18, 19] the substrate plays only a small part [17] in the formation of
STM images of nanotubes.
A. Metallic SWNTs

We begin by calculating the STM images of metallic nanotubes without
defects. We illustrate the image formation mechanism by considering (15,0)
zigzag metallic nanotubes, for which LDOS is finite [7, 35] at EF (which equals
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zero in our model), see also Fig.4. Evident peaks correspond to Van Hove
singularities, which have been experimentally observed [9, 11] as manifestations
of the one-dimensional nature of nanotubes.

Inasmuch as we are interested in what is taking place in the electronic struc-
ture of SWNTs upon vacancy formation and since the change is most dramatic
for the states near EF (as we show below), we take for metallic SWNT small bias
voltages Vbias = 0.1 V, i.e., eVbias ≈ 0.03t0 for all metallic nanotubes. Thus, only
electronic states near EF contribute to the tunneling current (in our model these
states lie in the middle of the plateau between two first Van Hove singularities
positioned at energy of ±1− 1.5 eV relative to EF ).

Due to the use of the nearest-neighbor approximation, the LDOS of a perfect
nanotube is symmetrical about EF . Thus, our computed STM images of perfect
nanotubes are the same at both positive and negative values of Vbias. Within
this approximation, as we show below, vacancies do not break the symmetry
of the LDOS (unlike other topological defects, e.g., SW defects [20, 21, 22,
23]). Thus, throughout this paper, we present STM images only for positive
voltages. It should be noted, however, that calculations beyond the nearest-
neighbor approximation give slightly asymmetric STM images. However, since
the next-nearest matrix element is much less than that for hopping between
nearest neighbors, STM images of metallic nanotubes are essentially independent
of the sign of Vbias.

Fig.1(a) schematically shows a plot of tip height h as a function of the tip
position for a scan in a direction perpendicular to the tube axis, i.e., along the y
axis. The nanotube axis is supposed to be oriented along the horizontal direction
x. Since we neglected the geometrical size of the tip, the outline of the curve
approximately traces the nanotube surface. However, this is not the case in
experiments where the ratio of nanotube “apparent diameter/height” is larger
than that in our simple model. This is due to the convolution effect between the
nanotube and the final-size tip [13] whose structure is an uncontrollable factor.
Contamination of the tip may also result in distortion of the topographic outline
of the nanotube. outline of the nanotube.

The isometric plot of h as a function of the tip position in the (x, y) plane
is represented in Fig.1(b). In the graphics of this paper, all lengths are given
in Ångstroms. We show the central portion of the image corresponding to the
topmost part of the nanotube (−5Å < y < 5Å, the diameter of the (15,0)
nanotube is ≈ 12 Å). It is evident that atomic corrugation is hidden by the
much larger nanotube topography.

In order to achieve atomic corrugation h′(x, y) = h(x, y)− h̄(y), we “filtered”
STM images by subtracting the averaged (over the nanotube axis x) profile h̄(y)
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Figure 2. Ball and stick representation of a (15,0) SWNT with a single
vacancy.

of the nanotube, see Fig.1(c). Fig.1(d) shows a 3D view of the filtered STM
image, whereas Fig.1(e) presents a usual contour plot. It is evident that STM
images do not demonstrate a hexagonal network of carbon atoms in the graphene
plane (this is in agreement with experimental data). Instead, a triangular lattice
of darkish spots is seen. These spots correspond to the centers of honeycomb
hexagons.

As follows from Fig.1(e), the curvature of the nanotube and the effects of
oblique tunneling between the STM tip and carbon atoms in the upper part
of the nanotube result in a distortion of the image in the y-direction. This
distortion may be circumvented by rescaling the image, but we do not do so
since this effect does not alter the main conclusions of our work.

The atomic corrugation for the tip-surface separation of ≈ 4 − 5 Å consti-
tutes 0.1− 0.4 Å. This value is less than that observed in STM experiments on
nanotubes (of about 1 Å). However, contamination of the STM tip while work-
ing with carbonaceous materials [40] and even the formation of ohmic contacts
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Figure 3. (a) Isometric plot of variations in the tip height h for a scan
across (x, y) near the vacancy for a (15,0) zigzag SWNT with a single
vacancy. Vbias = 0.1 V. (b) Gray-scale STM image of the central part of
the nanotube. (c) Dependence of h on tip position for a scan along line
A-A, see Fig.2. The solid line corresponds to the SWNT with a single
vacancy and the dotted line stands for a defect-free SWNT. The solid
circles indicate positions of carbon atoms on the top of the SWNT.
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may result in abnormally high atomic corrugations. Corrugation is known [42]
to reach 24 Å in STM images of graphite.
B. Semiconducting SWNTs

Semiconducting SWNTs (the corresponding LDOS for a defect-free (11,7)
SWNT is shown in Fig.10) have semiconductor gaps Egap ≈ 0.25t0 ≈ 0.7 eV at
EF . Hence, for semiconducting nanotubes we set Vbias = 0.4− 0.6 V. This is the
value just exceeding Egap/2. It should be noted, however, that, for a variety of
reasons (tip-induced states within the semiconductor gap, states resulting from
the environment, etc), in real experiments a small but finite current is present
even for the values of Vbias < Egap/2.

Fig.1(f) presents a calculated STM image of (11,7) SWNTs. Vbias = 0.4 V.
As follows from Fig.1(f), the orientation of the visible hexagonal network relative
to the nanotube axis is different from that in Fig.1(e), which potentially makes
it possible [15] to determine the wrapping angle (the angle between the tube
axis and the chiral vector) and, correspondingly, the nanotube indices.

4. Nanotubes with vacancies

A. Metallic zigzag SWNTs
Now we proceed to SWNTs with vacancies. Let us postulate that a vacancy

is formed in a SWNT, see Fig.2. We assume that the vacancy is created in
the topmost part of a nanotube, although this detail is not important to our
reasoning. To establish a better correlation to the case of SWNTs without
defects, we start with a (15,0) zigzag SWNT.

In order to account for distortions of the carbon network near the vacancy,
we carried out relaxation of the atomic structure, making use of four-orbital-
per-atom TB Hamiltonian with the parametrization proposed in Ref.[43]. As
follows from our simulations, after the creation of a vacancy the change in the
interatomic distances for the atoms surrounding the vacancy is very small (less
than 10−1 Å), which correlates to the corresponding changes in interatomic dis-
tances near a vacancy in graphite [44]. Hence, we can neglect variations in
hopping parameters of the TB Hamiltonian resulting from the relaxation of the
carbon network. For our geometry, the vacancy is supposed to be at the origin
in the (x, y) plane.

Fig.3(a) presents an isometric plot of the variation in tip height h for a scan
across (x, y) near the vacancy. A dramatic protrusion above the vacancy is
evident. The height of the hillock constitutes ≈ 1Å, while its linear size is about
10 Å. To achieve atomic corrugation, we subtract the profile for a corresponding
defect-free nanotube from the profile for the nanotube with defects. Fig.3(b)
depicts the filtered STM image of the central part of the nanotube. Besides a
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Figure 4. LDOS (states/atom) of (15,0) zigzag SWNTs for the energy
range −t0 < E < t0 on atoms near the vacancy as labeled in Fig.3c. For
purposes of comparison, LDOS for a defect-free nanotube is also shown.
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Figure 5. Gray-scale plot of LDOS at the Fermi energy as a function
of atom position for a rolled-out (i.e., a Mercator) projection of a (15,0)
zigzag SWNT. The graphene network of the nanotube is shown in the
right-hand part of the plot.

hillock-like feature, it can also be seen that the STM image of the SWNT in the
vicinity of the vacancy is different from that observed for the defect-free case.
The network of dark spots corresponding to the centers of hexagons is no longer
evident, whereas modulations in h along the nanotube axis are present.

These modulations, or superstructures, are also visible in Fig.3c, where the
dependence of h on the tip position is shown for a scan along line A-A, see Fig.2.
The solid line corresponds to a SWNT with a single vacancy and the dotted line
represents a defect-free SWNT. The solid circles indicate positions of carbon
atoms as scanned along line A-A on the top of the SWNT. As seen from Fig.3,
the superstructure has a period different from the distance between tunneling
current maximums in the defect-free case while its amplitude decreases with the
distance away from the vacancy.

To understand the origin of these modulations in the tip height, we plot
LDOS on carbon atoms contributing to the tunneling current. Fig.4 shows
LDOS near EF on atoms as labeled in Fig.3c. LDOS for the defect-free case is
also given (all atoms are equivalent since we consider infinitely long SWNTs).
A sharp increase in LDOS can be seen on those atoms nearest to the vacancy,
whereas, by contrast, LDOS on the next-nearest atoms is decreased. These
oscillations are preserved farther away from the vacancy, although the amplitude
of the oscillations diminishes with distance.

In Fig.5 we also present a contour plot of LDOS at the Fermi energy as a
function of atom position for a “rolled-out” (i.e., a Mercator projection) of the
nanotube. The superstructure

√
3 ×

√
3R30◦ is clearly seen near the vacancy.

To establish the correspondence between the observable superstructure and po-
sitions of carbon atoms, in the right-hand part of Fig.5 we show the graphene
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Figure 6. a) Isometric plot of variations in the tip height for a scan
across (x, y) near the vacancy for a (10,10) armchair SWNT. b) Gray-scale
STM image of the central part of the nanotube.

network for (15,0) SWNTs. Note that LDOS is enhanced on every fourth atom
and the amplitude of modulations decreases with the distance from the vacancy.
Reasoning from the changes in LDOS and from the fact that the network of
atoms remains practically the same, we conclude that the superstructure has a
purely electronic origin and does not correspond to any re-arrangement of atoms
in the SWNTs.

Qualitatively similar results are obtained for all metallic zigzag SWNTs with
various indices.
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Figure 7. Gray-scale plot of LDOS at the Fermi energy as a function
of atom position for a rolled-out projection of a (10,10) armchair SWNT.
The graphene network of the nanotube is shown in the right-hand part
of the plot.

Figure 8. Gray-scale STM image of the central part of a chiral (10,4)
metallic nanotube.

B. Metallic armchair SWNTs

Having considered at length STM images and LDOS for zigzag SWNTs, we
now proceed to armchair nanotubes, which are always metallic. We examine a
(10,10) SWNT. Again, the vacancy is presumed to be at the origin in the (x, y)
plane.

Fig.6(a) presents an isometric plot of a variation in the tip height for a scan
across (x, y) near the vacancy. As in the case of zigzag SWNTs, a hillock above
the vacancy is evident. The hillock has practically the same dimensions as that
in STM images of (15,0) SWNT, being ≈ 1 Å in height and about 10 Å in
lateral direction. Subtracting the averaged profile for a (10,10) SWNT without
defects, in Fig.6(b) we plot the filtered STM image of the central part of the
nanotube. Just as with zigzag nanotubes, we observe a superstructure instead
of a network of dark spots corresponding to the centers of hexagons. However,
the form of the superstructure is different from that seen in Fig.3b.

This superstructure also has an electronic origin, as follows from Fig.7, where
LDOS at the Fermi energy is plotted as a function of carbon atom coordinates in
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Figure 9. a) Isometric plot of variations in the tip height for a scan
across (x, y) near a vacancy for a (11,7) semiconducting SWNT. Vbias =
0.6 V. b) STM image of the central part of the nanotube.

the “roll-out” of the (10,10) nanotube. The positions of carbon atoms are shown
in the right-hand part of Fig.7. Note that the graphene network in armchair
SWNTs is 30◦ rotated relative to that for zigzag SWNTs.

Simulations of armchair SWNT with other indices give similar results.

C. Metallic chiral SWNTs

To be complete, we will also dwell briefly on chiral metallic SWNTs with
vacancies. All chiral nanotubes have a finite wrapping angle φ (the angle between
the tube axis and the chiral vector) with 0◦ < φ < 30◦ [9]. The situation when
φ = 0◦, or φ = 30◦ corresponds to zigzag or armchair SWNTs, which may be
considered as the limiting cases for chiral nanotubes.

Fig.8 shows an STM image of the central part of a (10,4) nanotube. Again,
a hillock and a superstructure near the vacancy are observable instead of the
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Figure 10. LDOS (states/atom) of a (11,7) SWNT for the energy range
−t0/2 < E < t0/2 on the atoms nearest and next-nearest to the vacancy.
For purposes of comparison, LDOS for the defect-free nanotube is also
shown.

network of dark spots corresponding to centers of hexagons. However, the shape
of the superstructure is different from those found for armchair and zigzag nan-
otubes.

Our simulations of STM images of various metallic chiral nanotubes with
single vacancies indicate that, similar to armchair and metallic zigzag SWNTs,
vacancies result in the formation of hillock-like features in STM images and in
superstructures near vacancies. The shape and size of these protrusions are
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Figure 11. Gray-scale STM image of the central part of a (14,0) zigzag
semiconducting nanotube. Vbias = 0.4 V.

practically the same as for other nanotubes. At the same time, the form of the
superstructures and their orientation relative to the tube axis are found to be
dependent on the chirality of the SWNT.

D. Semiconducting SWNTs

Fig.9(a) presents an isometric plot of a variation in the tip height for a
scan across (x, y) near the vacancy created in a (11,7) semiconducting SWNT.
Vbias = 0.6 V. The STM image of the central part of the nanotube is shown in
Fig.9(b). As follows from these figures, vacancies in semiconducting nanotubes
also change the STM images, resulting in the formation of hillock-like features
and superstructures near the defect.

The hillocks and superstructures stem from the changes in the LDOS on the
atoms in the vicinity of vacancies for energies corresponding to the band edges,
see Fig.10 where the LDOSs on atoms near the vacancy are given. Note that
the LDOS is different on atoms surrounding the vacancy since atoms in chiral
nanotubes are non-equivalent if a vacancy is present.

A vacancy also results in the formation of dispersionless peaks at the Fermi
energy for some atoms in its vicinity. However, as follows from our calculations,
the contribution of these states to the tunneling current is very small.

The STM image for (14,0) semiconducting zigzag SWNTs is represented in
Fig.11. Analogous to the case of (11,7) chiral semiconducting nanotubes, vacan-
cies result in electronic superstructures, which themselves stem from oscillations
of the electron density at the band edges. However, the lateral size and the
height of the hillock are smaller than those in metallic nanotubes (similar to
other nanotubes under consideration, it is supposed that the vacancy is in the
middle of the image).

We examined semiconducting SWNTs with different chiralities as well. As
follows from our simulations, vacancies always result in the formation of su-
perstructures and hillock-like features, but the dimensions of the hillocks are
sometimes very small. Here, we also stress that when we account for the next-
nearest-neighbor hopping, hillocks and superstructures may be different for pos-
itive and negative bias voltages.
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It is also of interest to consider the limit of small Vbias < Egap/2. If we
assume that due to environmental effects there exists a small but finite LDOS
in the energy region of the semiconductor gap and, hence, there also exists a
finite tunneling current for Vbias < Egap/2, then no changes in STM images
should be present, since the contribution of vacancy-induced states is negligible,
at least within the framework of our model. Due to the removal of carbon atoms,
vacancies will be imaged as very small depressions (less than 1 Å in diameter)
if STM can resolve them.

5. Discussion and conclusions

As follows from our simulations, within a simple tight-binding model, atomic
vacancies in walls of SWNTs dramatically influence STM images of nanotubes.

For metallic SWNTs, at small Vbias, vacancies result in two effects: (i) form-
ation of hillock-like features in STM images and (ii) appearance of a superstruc-
ture near the vacancy. The characteristic size of a vacancy-induced hillock is
about 10 Å, whereas its height constitutes 1 Å. Although a carbon atom is re-
moved when a vacancy is created, the increase in the tunneling current above
the vacancy (i.e., the formation of a hillock-like feature) is governed by a gain
in LDOS on the carbon atoms surrounding the vacancy. This increase occurs
only for the states with energies close to EF .

Superstructure patterns with a period commensurate with (but larger than)
that of the underlying graphene lattice also stem from electronic effects: the
periodic modulations in the LDOS on carbon atoms in the vicinity of the va-
cancy. The form and orientation of the observed superstructures depend on
nanotube chirality. Superstructures are most evident for low bias voltages when
STM probes the states close to the Fermi energy. The amplitude of super-
structures diminishes with the increase in Vbias. Superstructure patterns may
be interpreted in terms of the interference between normal electron waves and
those scattered by point defect [45].

For semiconducting SWNTs, if Vbias > Egap/2, then vacancies also lead to the
appearance of hillocks and superstructures, but unlike metallic nanotubes, these
features originate from the variations in LDOS on the atoms near the vacancy
at energies corresponding to the band edges.

Our results are in agreement with the data from a recent theoretical work
[25], where appearances of superstructures in nanotube STM images near point
defects were predicted. In that work, however, the formation of hillock-like fea-
tures was not reported. This is likely due to the fact that a relatively simple
theoretical approach was used which did not account for the actual nature of
point defects of different types, nor, in particular, for the states spatially local-
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ized near the vacancy.

Our results for nanotubes with vacancies are also noteworthy within a con-
text of interpreting STM images of irradiated graphite surfaces: appearances of
hillock-like features in STM images of graphite after irradiation with noble gas
ions have been repeatedly reported [46, 47, 48]. Near some of the hillocks the
electronic superstructures were imaged [47].

It has been established that hillocks may result from local buckling of the
surface due to internal stresses induced by subsurface defects (e.g., interstitial
atoms and interstitial atom clusters) [46], or due to surface atomic vacancies
[47, 48] which give rise to an enhancement in the surface electron local density
of states localized on carbon atoms near the vacancy. The real geometry of the
surface remains practically flat.

Both interstitials and vacancies likely result in the formation of hillocks, as
also numerical simulations on this subject indicate [49, 50]. However, in graphite
it is very difficult to determine precisely which type of defect gives rise to a
particular hillock observed in STM images. It is also not quite clear what type
of defect results in the formation of superstructures. This is because both types
of defects are present in graphite. Absorbed atoms can also modify the image. At
the same time, it is very probable that atomic vacancies represent a predominant
type of defects [31] arising under irradiation of SWNTs with ions having energies
close to the energy needed to knock off a carbon atom in a SWNT wall (e.g.,
about 50 eV for argon ions). Thus, the topographic mechanisms associated with
surface buckling may be eliminated from consideration. Adsorbate effects are
also believed to be negligible for carbon nanotubes.

The STM images which we have calculated for nanotubes and STM images
of graphite surfaces with vacancies have much in common. In particular, the
dimensions of hillocks, their trigonal form, and the form of superstructures are
almost identical in both cases. As follows from the theoretical simulations car-
ried out within the framework of a tight-binding approximation [50, 51, 52],
an extended Hückel model [53, 54], and first-principles plain-wave formalism
[49, 55], the features predicted for STM images of nanotubes and observed for
graphite have the same physical origin. Thus, our results for nanotubes, if cor-
roborated experimentally, may confirm the presence of vacancy-induced hillocks
in STM images of graphite and may also help identify the actual type of point
defect which resulted in a particular feature.

It should also be noted that experimentally observed protrusions in STM
images of SWNTs may be larger than those we predict because of a finite size of
STM tips, which results in images of point defects being broadened if the linear
size of these defects is less than that of the nanotip where the tunneling occurs
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[56].
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[8] L.C.Venema, J.W.G.Wildöer, J.W.Janssen, S.J.Tans, H.L.J.Temminck Tu-

instra, L.P.Kouwenhoven, and C.Dekker, Science, 283 (1999) 52.
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