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Superstructure induced by a topological defect in graphitic cones
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When a pentagon defect is introduced into a graphite sheet, a cone structure is formed. We simulate
scanning-tunneling-microscog$TM) images of the graphitic cone based on density-functional calculations.
Simulated STM images show approximatelgx \/3 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.

[. INTRODUCTION states, and simulating STM images of the graphitic cone.
Simulated STM images are presented in Sec. lll, where the
Recently carbon nanotubes have been studied extensivetyigin of the superstructure is discussed using the effective-
using scanning tunneling microscop$TM), because STM mass theory.
provides simultaneously information about atomic structures

and electronic states of sample surfaces with atomic resolu- Il. METHOD OF CALCULATION
tion. The correlation between atomic structures and elec- .
tronic states of nanotubes has been directly verified by A. Atomic structure

STM.? In addition, the ends of carbon nanotubes have also We use a finite-size cluster as a model of graphitic cones.
attracted much attentiotf because peculiar electronic states Figure 1 shows a cluster consisting of 500 carbon atoms.
due to topological defects in the caps of nanotubes werghere is a pentagon defect at the center of the cluster. Fifty
theoretically predicted:’ Among the topological defects, hydrogen atoms are attached to the edge carbon atoms in
the pentagon is the most stabknd is frequently observed. order to eliminate artificial dangling bonds. We have

When a pentagon is introduced into a graphite sheet, ghecked that simulated STM images are almost unchanged
cone structure is formed. Graphitic cones have actually beepy using a cluster consisting of 405 carbon atoms and 45
observed in STM (Ref. 9 and transmission electron
microscopy'® but atomic resolution has not been achieved.
Very recently, STM images at conical protuberances of gra-
phitic nanoparticles were observed with atomic resolutfon.
The shapes of the protuberances are the same as those of the
graphitic cones with a pentagon defect, but the STM images
do not show the honeycomb structure of the graphite lattice.
Instead, strange structures like petals were observed. The
petal structures consist of ring patterns and form approxi-
mately /3% /3 superstructures of the graphite lattice.

The aim of this paper is to clarify the origin of the petal
structures experimentally observed. For this purpose we
simulate STM images of a graphitic cone with a pentagon
defect. Electronic states of the graphitic cone are calculated
by the density-functional method. Simulated STM images
reproduce well the petal-like superstructures, which identi-
fies the observed conical protuberances with graphitic cones.

3% /3 superstructures have often been observed in
STM images of graphite surfaces around deféttShese
superstructures are interpreted as interference of the Bloch
waves of graphite scattered by defects. We apply the
effective-mass theolyto the graphitic cone and find that the
superstructures induced by topological defects are not the
interference of extended Bloch waves but due to peculiar
states: the wave functions decayras’® with the distance FIG. 1. Atomic structure of the ggHso cluster used in this
from the pentagon defect. This means that the superstrugmper as a model of a graphitic cone. Upper and lower figures show
tures in graphitic cones are qualitatively different from thosethe top and side views, respectively. There is a pentagon at the
in flat graphite surfaces. In Sec. || we show the methods otenter of the cluster. Edge carbon atoms are terminated with hydro-
determining the atomic positions, calculating the electroniagyen atoms.
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hydrogen atoms. We present results calculated for the
CsodHsp cluster throughout this paper.

Positions of the carbon atoms in the cluster are optimized
using a refined version of the Tersoff potentialvhere a
torsionlike term is added to the original Tersoff potential.
Since the empirical potential is intended for the interaction
between carbon atoms, geometry optimization is performed
for a cluster consisting of 550 carbon atoms, where the edge
hydrogen atoms are replaced with carbon atoms. After opti-
mization, the 50 edge carbon atoms are replaced again with
hydrogen atoms. The carbon-hydrogen distance is fixed at
1.1 A which is the distance in a benzene molecule.

Before optimization the carbon atoms are initially posi-
tioned on surfaces of a five-sided pyramid which is made by
dividing a graphite sheet into six pieces and sticking together (b)
five pieces. Initial carbon-carbon distances are 1.42 A which
is the distance in graphite. By optimization, the shape of the
pyramid is smoothed into a cone, but the carbon-carbon dis-
tances remain within the range of 14R2.02 A. That dis-
tance for the pentagon is 1.44 A which is only about 1%
longer than for the hexagons in graphite.

B. Electronic states FIG. 2. Simulated STM images of the graphitic cone. The im-

Self-consistent electronic states of the cluster are calctgges are displayed if®) grayscale andb) three-dimensional view
lated using the density-functional method with the local-Cf the constant-current surface.
density approximatiof® The linear-combination-of-atomic-
orbitals (LCAO) method is used. Radial wave functions of Ill. RESULT AND DISCUSSION
atoms are obtained by solving numerically the Sdimger
equation for atoms. Atomic orbitals used arg 2s, and 2
orbitals for carbon atoms and drbital for hydrogen atoms. Figure 2 shows simulated STM images. The bias voltage
Cs, symmetry is assumed in the calculations. is +50 mV. Here we define the bias voltage as the sample
bias measured from the tip bias. The STM images are simu-
_ lated in the constant-current mode. The fixed current is the
C. STM images value at the position of the tip 2.6 A above a carbon atom of
STM images are simulated using only the local density ofthe pentagon along the symmetry axis of the cone. The scan
states of the sample clustérThe tunneling current at a  plane is perpendicular to the symmetry axis.
bias voltageV and a tip positiorr is expressed as In these images, we see not the honeycomb structure of
the graphite lattice but a petal-like structure consisting of
ring patterns. The sizes of the rings except for the center ring
IocfEFﬂVp(r,E)dE, 2.1) are approximately that of a hexagon in graphite. The _ring
Er patterns form a nearly3x \/3 superstructure of the graphite
lattice. The superstructure is also obtained for low negative
bias voltages and fades away with increase of magnitude of
the bias voltage. This means that the superstructure reflects
special wave functions near the Fermi level. These features
are in good agreement with the experim&ht.
p(r,E)=2 |¥i(n)|28(E-E). 2.2 The shapes of the rings are elliptically deformed. The
! center ring is about two times larger than the other rings and
does not correspond to the atomic positions of the pentagon.
In the above,W(r) is theith wave function of the cluster These results, however, are apparent, because the surface of
with an energyE; . Eg is the Fermi energy. the graphitic cone tilts against the scan plane of Fig. 2. Fig-
In the present calculation, th&function is replaced by a ure 3a) shows a STM image simulated for a scan plane tilted
Lorentz function. This is because the conical protuberanceBy 6, where co®=1/ 3 sin(m/5)]. This tilted plane is al-
observed in the experiment are actually not isolated clustersnost parallel to the surface of a 1/5 part of the cluster.
Since tunneling current flows, they should be connected witlClosed circles show atomic positions of the cluster projected
bulk parts. This effect is taken into account by introducingonto the scan plane.
the self-energy and thé function is broadened into a Lor- In this figure, the ring patterns correspond exactly to the
entz function. The energy width in the Lorentz function is atomic positions of the graphitic cone. The elliptical defor-
chosen at 0.1 eV which is approximately the interval of themation of the ring patterns in Fig. 2 is apparent due to the
energy levels of the cluster. tilt. This is similar to the apparent distortion in nanotub®s.

A. Simulated images

where
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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 show
antiphase bond#\ and B show theA andB sites, respectivelyb)

The first Brillouin zone of two-dimensional graphite. TKeandK'’
points are shown.

where ¢(r) andR are thes orbital and the position of the
carbon atoms, respectively.

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

C(R)xf(R)z(M+2)/5, (3.2

Details are shown in the Appendix. In the abowve,s an

integer andz is a complex number given g=Re?, where
FIG. 3. Simulated STM images of the graphitic caiaebased R is the distance of the sit® from the center of the penta-

on density-functional calculations arid) using the effective-mass gon. 6 is the azimuthal anglé.(R) is given by

theory. The scan plane is tilted almost parallel to the surface of the .

graphitic cone. Closed circles show the positions of carbon atoms f(RA):elK'RA: 3.3

projected onto the scan plane. The images show the 1/5 part of thi%r the A site and

graphitic cone. The poinD is the center of the pentagon.

The size of the center ring in Fig. 2 is apparently larger than f(Rg) =€ "Fo(—~1)"0?, 3.4
that of the pentagon, because the directions ofrtf@bitals  for the B site. In the abovep=e2"3. K andK' are wave
of the pentagon are not exactly perpendicular to the plangectors at thd< andK' points in the Brillouin zone of two-
containing the pentagon atoms but tilt outward. Here * gimensional graphite. Tha and B sites and the< and K’
orbitals” means the atomic orbitals constituting wave func-points are shown in Fig. 4. Since the complex conjugate of
tions near the Fermi level. Since the scan plane of the tip i?Eq. (3.2) is also a solutionC(R) can be chosen real.
far from the positions of the atoms, the pentagon in Fig. 2is 'wjth increase of the absolute value of the exponent
seen larger than actual size. The direction of#herbital at  |(3m+2)/5/ in Eq. (3.2), the wave functions localize more
each site is approximately perpendicular to the plane congirongly. Therefore, the solution witm=—1 contributes
taining three nearest-neighbor atoms. Actually, & tightyost to the electrical transport in STM. FiguréoBshows a
binding calculation with onlyr orbitals reproduces well the g1\ image simulated using Eqé3.1)—(3.4) with m=—1
image shown in Fig. 2, where the directions of therbitals 414 jts complex conjugate. In the simulation, we assume that
are locally varied as stated above. In other words, this resul&)(r) is proportional toze M for simplicity, wherez is the
means that information on the tip-sample distance is obggordinate perpendicular to the cone surface. The decay con-
tained from the apparent size of the pentagon. stant\ is 1.5 A", which is determined by fitting to thep2
orbitals obtained in the density-functional calculation. The
effective-mass theory qualitatively reproduces the image
The origin of the ring patterns can be understood usingimulated based on the density-functional calculation shown
effective-mass theor}? which was originally used for the In Fig. 3(a).
study of nanotube junctions. In the LCAO scheme with only ~ Figure 4 shows the factdi(R) defined in Eqs(3.3) and

B. Effective-mass theory

the 7 orbitals, the wave function is expressed as (3.4). This explains the/3x /3 ring patterns. The factor is
antiphase between neighboring atoms in neighboring rings,
_ but it is not antiphase between atoms within each ring.
Y(r)y=2, C(R -R), 3.1 " - o _
(") ER: (R)¢(r=R) 39 Though the coefficienE(R) is f(R) multiplied byz~, the
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z dependence is weak between neighboring atoms for Rrge induced by the topological defect and is qualitatively differ-
and the patterns in the STM images are governed mainly bgnt from those often observed on flat graphite surfaces
f(R). It can also be shown by using the effective-massaround defects.
theory that in the case of a heptagon defect the fadtR) of
the most extended wave functions is the same as that shown ACKNOWLEDGMENTS
in Fig. 4. Therefore, STM images similar to those around the ) ]
pentagon defect are also expected around a heptagon defect. We thank K. Yokogawa for useful discussions and for
Furthermore, it can also be shown using the effective-masshowing us experimental data prior to publication. Numeri-
theory that no superstructure appears around even-memberéd calculations were performed at supercomputers at the In-
rings and only one type of superstructure different from theStitute of Molecular Science. This work was partially sup-
These \3X 3 superstructures are different from those S¢iénce, Sports and Culture, Japan.

observed often around defects of flat graphite surfaces. The
latter are caused by t[]ze scattering of extended Bloch waves APPENDIX
fures nduced by topological defects.are not exiended bu " 1S Appendix, we derive E(32. Wit the
decay or grow V\)//ith gowgrs of the distance from the penta_é\ffective-mass approximatidrithe coefficient in wave func-

. . o . _tions near the Fermi level is expressed as
gon. This means that the size of the graphitic cones is an
important factor for the superstructures to be observed. With iK-RaK iK' Ra—K'
increase of the size, the superstructure would be less visible. C(Ra) =7 AFA(R) +€7 TAFL (Ra) - (A1)
Furthermore, various types of patterns are observed in thfor the A site and
superstructures of flat graphite surfaces with defEttse-
cause the amplitudes and relative phases of the wavks at C(Rg)=eX ReFK(Rp) + e ReFK'(Rp) (A2)
and K’ depend on details of the scattering potential of the i
defects. On the other hand, in the case of topological defector the B site. _
the superstructures do not depend on the potential at the !N the case of the pentagon defect, the envelope functions
defects. Equation§3.3) and (3.4) show that there are only Must satisfy the boundary conditidis
two types of patterns and the pattern experimentally ob-

served is almost restricted to the ring pattern. This property FALR(57/3)r]=w"Fg (1),
is useful for identifying the observed structures with gra- )
phitic cones. FEIR(57/3)r]=—FX% (r),
The Eresent case is similar to screw dislocations in (A3)
crystals' It was shown that the Schdinger equation of an Ff[R(Sw/S)r]z _ w—l,:g(r),

electron around a screw dislocation is equivalent to that in a
vector potential, and phenomena similar to the Aharonov- ,
Bohm (AB) effect are expected around screw dislocations. FE [R(57r/3)r]:F,'_<\(r),

The pentagon defect in a graphite sheet plays the same rolghere R(57/3) is a rotation operator by /3 around the
as screw dislocations and the superstructure is interpreted @gnter of the pentagon.

an interference pattern in the AB effect, because the super-

structure appears without any classical force and is essep:

tially caused by the topological factor around the defect. In N
the case of the graphitic cones we observe the topologicetl
effect directly by STM. Fﬁ(r) = 7(3m+2)/5

Since the envelope functiorsK(r) and FK'(r) at the
rmi level are functions of onlg=x+iy,*® a kind of solu-
ion satisfying the above boundary conditions is

IV. CONCLUSION '
Fg (r) — ( _ 1)mw22(3m+2)/5,

We presented theoretical STM images of a graphitic cone (A4)
with a pentagon defect simulated based on density-functional FX'(n=0,
calculations. The simulated images reproduce well the petal-
like superstructure observed in experiment. The origin of the FK(r)=0,

superstructure was clarified using the effective-mass theory.
It was found that the superstructure in the graphitic cones isvhich is the solution shown in E¢3.2).
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