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Superstructure induced by a topological defect in graphitic cones

Katsuyoshi Kobayashi
Department of Physics, Faculty of Science, Ochanomizu University, 2-1-1 Otsuka, Bunkyo-ku, Tokyo 112-8610, Japan

~Received 30 November 1999!

When a pentagon defect is introduced into a graphite sheet, a cone structure is formed. We simulate
scanning-tunneling-microscopy~STM! images of the graphitic cone based on density-functional calculations.
Simulated STM images show approximatelyA33A3 superstructures consisting of ring patterns which repro-
duce well the petal-like structure observed in experiments. An analysis using the effective-mass theory shows
that the superstructures by the topological defects are qualitatively different from those observed often around
defects of flat graphite surfaces.
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I. INTRODUCTION

Recently carbon nanotubes have been studied extens
using scanning tunneling microscopy~STM!, because STM
provides simultaneously information about atomic structu
and electronic states of sample surfaces with atomic res
tion. The correlation between atomic structures and e
tronic states of nanotubes has been directly verified
STM.1,2 In addition, the ends of carbon nanotubes have a
attracted much attention,3,4 because peculiar electronic stat
due to topological defects in the caps of nanotubes w
theoretically predicted.5–7 Among the topological defects
the pentagon is the most stable8 and is frequently observed

When a pentagon is introduced into a graphite shee
cone structure is formed. Graphitic cones have actually b
observed in STM ~Ref. 9! and transmission electro
microscopy,10 but atomic resolution has not been achieve
Very recently, STM images at conical protuberances of g
phitic nanoparticles were observed with atomic resolution11

The shapes of the protuberances are the same as those
graphitic cones with a pentagon defect, but the STM ima
do not show the honeycomb structure of the graphite latt
Instead, strange structures like petals were observed.
petal structures consist of ring patterns and form appro
matelyA33A3 superstructures of the graphite lattice.

The aim of this paper is to clarify the origin of the pet
structures experimentally observed. For this purpose
simulate STM images of a graphitic cone with a pentag
defect. Electronic states of the graphitic cone are calcula
by the density-functional method. Simulated STM imag
reproduce well the petal-like superstructures, which ide
fies the observed conical protuberances with graphitic co

A33A3 superstructures have often been observed
STM images of graphite surfaces around defects.12 These
superstructures are interpreted as interference of the B
waves of graphite scattered by defects. We apply
effective-mass theory13 to the graphitic cone and find that th
superstructures induced by topological defects are not
interference of extended Bloch waves but due to pecu
states: the wave functions decay asr 21/5 with the distancer
from the pentagon defect. This means that the superst
tures in graphitic cones are qualitatively different from tho
in flat graphite surfaces. In Sec. II we show the methods
determining the atomic positions, calculating the electro
PRB 610163-1829/2000/61~12!/8496~5!/$15.00
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states, and simulating STM images of the graphitic co
Simulated STM images are presented in Sec. III, where
origin of the superstructure is discussed using the effect
mass theory.

II. METHOD OF CALCULATION

A. Atomic structure

We use a finite-size cluster as a model of graphitic con
Figure 1 shows a cluster consisting of 500 carbon ato
There is a pentagon defect at the center of the cluster. F
hydrogen atoms are attached to the edge carbon atom
order to eliminate artificial dangling bonds. We ha
checked that simulated STM images are almost unchan
by using a cluster consisting of 405 carbon atoms and

FIG. 1. Atomic structure of the C500H50 cluster used in this
paper as a model of a graphitic cone. Upper and lower figures s
the top and side views, respectively. There is a pentagon at
center of the cluster. Edge carbon atoms are terminated with hy
gen atoms.
8496 ©2000 The American Physical Society
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hydrogen atoms. We present results calculated for
C500H50 cluster throughout this paper.

Positions of the carbon atoms in the cluster are optimi
using a refined version of the Tersoff potential,15 where a
torsionlike term is added to the original Tersoff potenti
Since the empirical potential is intended for the interact
between carbon atoms, geometry optimization is perform
for a cluster consisting of 550 carbon atoms, where the e
hydrogen atoms are replaced with carbon atoms. After o
mization, the 50 edge carbon atoms are replaced again
hydrogen atoms. The carbon-hydrogen distance is fixe
1.1 Å which is the distance in a benzene molecule.

Before optimization the carbon atoms are initially po
tioned on surfaces of a five-sided pyramid which is made
dividing a graphite sheet into six pieces and sticking toget
five pieces. Initial carbon-carbon distances are 1.42 Å wh
is the distance in graphite. By optimization, the shape of
pyramid is smoothed into a cone, but the carbon-carbon
tances remain within the range of 1.4260.02 Å. That dis-
tance for the pentagon is 1.44 Å which is only about 1
longer than for the hexagons in graphite.

B. Electronic states

Self-consistent electronic states of the cluster are ca
lated using the density-functional method with the loc
density approximation.16 The linear-combination-of-atomic
orbitals ~LCAO! method is used. Radial wave functions
atoms are obtained by solving numerically the Schro¨dinger
equation for atoms. Atomic orbitals used are 1s, 2s, and 2p
orbitals for carbon atoms and 1s orbital for hydrogen atoms
C5v symmetry is assumed in the calculations.

C. STM images

STM images are simulated using only the local density
states of the sample cluster.17 The tunneling currentI at a
bias voltageV and a tip positionr is expressed as

I}E
EF

EF1eV

r~r ,E!dE, ~2.1!

where

r~r ,E!5(
i

uC i~r !u2d~E2Ei !. ~2.2!

In the above,C i(r ) is the i th wave function of the cluste
with an energyEi . EF is the Fermi energy.

In the present calculation, thed function is replaced by a
Lorentz function. This is because the conical protuberan
observed in the experiment are actually not isolated clust
Since tunneling current flows, they should be connected w
bulk parts. This effect is taken into account by introduci
the self-energy and thed function is broadened into a Lor
entz function. The energy width in the Lorentz function
chosen at 0.1 eV which is approximately the interval of t
energy levels of the cluster.
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III. RESULT AND DISCUSSION

A. Simulated images

Figure 2 shows simulated STM images. The bias volta
is 150 mV. Here we define the bias voltage as the sam
bias measured from the tip bias. The STM images are si
lated in the constant-current mode. The fixed current is
value at the position of the tip 2.6 Å above a carbon atom
the pentagon along the symmetry axis of the cone. The s
plane is perpendicular to the symmetry axis.

In these images, we see not the honeycomb structur
the graphite lattice but a petal-like structure consisting
ring patterns. The sizes of the rings except for the center
are approximately that of a hexagon in graphite. The r
patterns form a nearlyA33A3 superstructure of the graphit
lattice. The superstructure is also obtained for low nega
bias voltages and fades away with increase of magnitud
the bias voltage. This means that the superstructure refl
special wave functions near the Fermi level. These featu
are in good agreement with the experiment.11

The shapes of the rings are elliptically deformed. T
center ring is about two times larger than the other rings
does not correspond to the atomic positions of the pentag
These results, however, are apparent, because the surfa
the graphitic cone tilts against the scan plane of Fig. 2. F
ure 3~a! shows a STM image simulated for a scan plane til
by u, where cosu51/@A3 sin(p/5)#. This tilted plane is al-
most parallel to the surface of a 1/5 part of the clust
Closed circles show atomic positions of the cluster projec
onto the scan plane.

In this figure, the ring patterns correspond exactly to
atomic positions of the graphitic cone. The elliptical defo
mation of the ring patterns in Fig. 2 is apparent due to
tilt. This is similar to the apparent distortion in nanotubes18

FIG. 2. Simulated STM images of the graphitic cone. The i
ages are displayed in~a! grayscale and~b! three-dimensional view
of the constant-current surface.
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8498 PRB 61KATSUYOSHI KOBAYASHI
The size of the center ring in Fig. 2 is apparently larger th
that of the pentagon, because the directions of thep orbitals
of the pentagon are not exactly perpendicular to the pl
containing the pentagon atoms but tilt outward. Here ‘p
orbitals’’ means the atomic orbitals constituting wave fun
tions near the Fermi level. Since the scan plane of the ti
far from the positions of the atoms, the pentagon in Fig. 2
seen larger than actual size. The direction of thep orbital at
each site is approximately perpendicular to the plane c
taining three nearest-neighbor atoms. Actually, a tig
binding calculation with onlyp orbitals reproduces well the
image shown in Fig. 2, where the directions of thep orbitals
are locally varied as stated above. In other words, this re
means that information on the tip-sample distance is
tained from the apparent size of the pentagon.

B. Effective-mass theory

The origin of the ring patterns can be understood us
effective-mass theory,13 which was originally used for the
study of nanotube junctions. In the LCAO scheme with on
the p orbitals, the wave function is expressed as

C~r !5(
R

C~R!f~r2R!, ~3.1!

FIG. 3. Simulated STM images of the graphitic cone~a! based
on density-functional calculations and~b! using the effective-mass
theory. The scan plane is tilted almost parallel to the surface of
graphitic cone. Closed circles show the positions of carbon at
projected onto the scan plane. The images show the 1/5 part o
graphitic cone. The pointO is the center of the pentagon.
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wheref(r ) andR are thep orbital and the position of the
carbon atoms, respectively.

By applying the effective-mass theory to a graphite sh
with a pentagon defect, the coefficient for wave functions
the Fermi level is obtained as

C~R!} f ~R!z(3m12)/5. ~3.2!

Details are shown in the Appendix. In the above,m is an
integer andz is a complex number given byz5Reiu, where
R is the distance of the siteR from the center of the penta
gon.u is the azimuthal angle.f (R) is given by

f ~RA!5eiK•RA, ~3.3!

for the A site and

f ~RB!5eiK8•RB~21!mv2, ~3.4!

for the B site. In the above,v5ei2p/3. K andK 8 are wave
vectors at theK andK8 points in the Brillouin zone of two-
dimensional graphite. TheA and B sites and theK and K8
points are shown in Fig. 4. Since the complex conjugate
Eq. ~3.2! is also a solution,C(R) can be chosen real.

With increase of the absolute value of the expon
u(3m12)/5u in Eq. ~3.2!, the wave functions localize mor
strongly. Therefore, the solution withm521 contributes
most to the electrical transport in STM. Figure 3~b! shows a
STM image simulated using Eqs.~3.1!–~3.4! with m521
and its complex conjugate. In the simulation, we assume
f(r ) is proportional toze2lr for simplicity, wherez is the
coordinate perpendicular to the cone surface. The decay
stantl is 1.5 Å21, which is determined by fitting to the 2p
orbitals obtained in the density-functional calculation. T
effective-mass theory qualitatively reproduces the ima
simulated based on the density-functional calculation sho
in Fig. 3~a!.

Figure 4 shows the factorf (R) defined in Eqs.~3.3! and
~3.4!. This explains theA33A3 ring patterns. The factor is
antiphase between neighboring atoms in neighboring rin
but it is not antiphase between atoms within each ri
Though the coefficientC(R) is f (R) multiplied byz21/5, the

e
s

he

FIG. 4. ~a! The factorf (R) defined in Eqs.~3.3! and~3.4!. The
region shown is the same as those in Fig. 3. Dotted lines s
antiphase bonds.A andB show theA andB sites, respectively.~b!
The first Brillouin zone of two-dimensional graphite. TheK andK8
points are shown.
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PRB 61 8499SUPERSTRUCTURE INDUCED BY A TOPOLOGICAL . . .
z dependence is weak between neighboring atoms for largR
and the patterns in the STM images are governed mainly
f (R). It can also be shown by using the effective-ma
theory that in the case of a heptagon defect the factorf (R) of
the most extended wave functions is the same as that sh
in Fig. 4. Therefore, STM images similar to those around
pentagon defect are also expected around a heptagon d
Furthermore, it can also be shown using the effective-m
theory that no superstructure appears around even-memb
rings and only one type of superstructure different from
ring pattern is possible around a trigonal defect.

TheseA33A3 superstructures are different from tho
observed often around defects of flat graphite surfaces.
latter are caused by the scattering of extended Bloch wa
at theK andK8 points.12 The wave functions of superstruc
tures induced by topological defects are not extended
decay or grow with powers of the distance from the pen
gon. This means that the size of the graphitic cones is
important factor for the superstructures to be observed. W
increase of the size, the superstructure would be less vis
Furthermore, various types of patterns are observed in
superstructures of flat graphite surfaces with defects,19 be-
cause the amplitudes and relative phases of the wavesK
and K8 depend on details of the scattering potential of
defects. On the other hand, in the case of topological defe
the superstructures do not depend on the potential at
defects. Equations~3.3! and ~3.4! show that there are only
two types of patterns and the pattern experimentally
served is almost restricted to the ring pattern. This prope
is useful for identifying the observed structures with g
phitic cones.

The present case is similar to screw dislocations
crystals.14 It was shown that the Schro¨dinger equation of an
electron around a screw dislocation is equivalent to that
vector potential, and phenomena similar to the Aharon
Bohm ~AB! effect are expected around screw dislocatio
The pentagon defect in a graphite sheet plays the same
as screw dislocations and the superstructure is interprete
an interference pattern in the AB effect, because the su
structure appears without any classical force and is es
tially caused by the topological factor around the defect.
the case of the graphitic cones we observe the topolog
effect directly by STM.

IV. CONCLUSION

We presented theoretical STM images of a graphitic c
with a pentagon defect simulated based on density-functio
calculations. The simulated images reproduce well the pe
like superstructure observed in experiment. The origin of
superstructure was clarified using the effective-mass the
It was found that the superstructure in the graphitic cone
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induced by the topological defect and is qualitatively diffe
ent from those often observed on flat graphite surfa
around defects.
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APPENDIX

In this Appendix, we derive Eq.~3.2!. Within the
effective-mass approximation,13 the coefficient in wave func-
tions near the Fermi level is expressed as

C~RA!5eiK•RAFA
K~RA!1eiK8•RAFA

K8~RA! ~A1!

for the A site and

C~RB!5eiK•RBFB
K~RB!1eiK8•RBFB

K8~RB! ~A2!

for the B site.
In the case of the pentagon defect, the envelope funct

must satisfy the boundary conditions13

FA
K@R~5p/3!r #5v21FB

K8~r !,

FB
K@R~5p/3!r #52FA

K8~r !,
~A3!

FA
K8@R~5p/3!r #52v21FB

K~r !,

FB
K8@R~5p/3!r #5FA

K~r !,

whereR(5p/3) is a rotation operator by 5p/3 around the
center of the pentagon.

Since the envelope functionsFA
K(r ) and FB

K8(r ) at the
Fermi level are functions of onlyz5x1 iy ,13 a kind of solu-
tion satisfying the above boundary conditions is

FA
K~r !5z(3m12)/5,

FB
K8~r !5~21!mv2z(3m12)/5,

~A4!
FA

K8~r !50,

FB
K~r !50,

which is the solution shown in Eq.~3.2!.
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