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Electronic and structural properties of carbon nanohorns

Savas Berber, Young-Kyun Kwdhand David Tomaek
Department of Physics and Astronomy, and Center for Fundamental Materials Research, Michigan State University,
East Lansing, Michigan 48824-1116
(Received 3 March 2000; revised manuscript received 3 May 2000

We use a parametrized linear combination of atomic orbitals calculations to determine the stability, optimum
geometry, and electronic properties of nanometer-sized capped graphitic cones, called “nanohorns.” Different
nanohorn morphologies are considered, which differ in the relative location of the five terminating pentagons.
Simulated scanning tunneling microscopy images of the various structures at different bias voltages reflect a
net electron transfer towards the pentagon vertex sites. We find that the density of states at the tip, observable
by scanning tunneling spectroscopy, can be used to discriminate between different tip structures.

Since their first discoverycarbon nanotubes have drawn ~ We consider a microscopic understanding of the elec-
the attention of both scientists and engineers due to the largeonic and structural properties of nanohorns a crucial pre-
number of interesting new phenomena they exHibitand  requisite for understanding the role of terminating caps in
due to their potential use in nanoscale devices: quanturihe physical behavior of contacts between nanotube-based
wires® nonlinear electronic elementstansistord molecular  nanodevices. So far, neither nanohorns nor other cone-
memory devices, and electron field emitterS~** Even  shaped structures have been investigated theoretically. In the
though nanotubes have not yet found commercially viabldollowing, we study the structural stability of the various tip
applications, projections indicate that this should occur in thénorphologies, and the interrelationship between the atomic

very near future, with the advent of molecular electronicsfangement and the electronic structure at the terminating
and further miniaturization of micro-electromechanical de-c&P, @ Well as the disintegration behavior of nanohorns at

vices (MEMS). Among the most unique features of nano- high temperatures.

tubes are their electronic properties. It has been predicted COF‘GS can be fO”T‘ed by cutting a wedge_from planar
that single-wall carbon nanotuldé<® can be either metallic graphite and connecting the exposed edges in a seamless

or semiconducting, depending on their diameter andnanner. The opening angle of the wedge, called the discli-

L 618 . .- hation angle, isn(#/3), with 0=n=<#6. This disclination
chgallty. q t_Regeﬂtly,. thefcorreI?tlt? n t:qetwgen the th'ra“;ybangle is related to the opening angle of the cone oy
and conducting behavior ot nanotlbes has been conirMea By 5 gjy-1(1 —nyg) . Two-dimensional planar structurésg., a
high resolution scanning tunneling microscogsTM)

raphene shegetare associated withn=0, and one-
studiest®?° grap e

) dimensional cylindrical structures, such as the nanotubes, are
Even though these studies have demonstrated that atomigscribed byn=6. All other possible graphitic cone struc-
resolution can be achieved;* the precise determination of {yes with 0<n<6 have been observed in a sample gener-
the atomic configurationcharacterized by the chiral vector, zieq by pyrolysis of hydrocarbof$.According to Euler's
diameter, distortion, and position of atomic defects, is still aple, the terminating cap of a cone with the disclination angle
very difficult task to achieve in nanotubes. Much of the dif- n(7T/3) containan pentago(s) that substitute for the hexago_
ficulty arises from the fact that the electronic states at theal rings of planar graphite.
Fermi level are only indirectly related to the atomic posi- The observed cone opening angle~o20°, corresponding
tions. Theoretical modeling of STM images has been foundo a 57/3 disclination, implies that all nanohorns contain
crucial to correctly interpret experimental data for exactly five pentagons near the tip. We classify the structure
graphite?>?®> and has been recently applied to carbonof nanohorns by distinguishing the relative positions of the
nanotubes** As an alternative technique, scanning tunnel-carbon pentagons at the apex which determine the morphol-
ing spectroscopy combined with modeling has been used togy of the terminating cap. Our study will focus on the in-
investigate the effect of the terminating cap on the electronigluence of the relative position of these five pentagons on the
structure of nanotubés. properties of nanohorns.

Among the more unusual systems that have been synthe- The cap morphologies investigated in this study are pre-
sized in the past few years are cone-shaped graphitic carbgented in Fig. 1. Nano-horns with all five pentagons at the
structure€’?® Whereas similar structures have been ob-“shoulder” of the cone, yielding a blunt tip, are shown in
served previously near the end of multiwall nanotubidsijs Figs. 1@—(c). Nanohorns with a pentagon at the apex of the
only recently that an unusually high production rate of up totip, surrounded by the other four pentagons at the shoulder,
10 g/h has been achieved for single-walled cone-shapedre shown in Figs.(#)—(f). Note that the cone angle of each
structures, called “nanohorns,” using the €@ser ablation nanohorn is=20°, even though the size of the terminating
technique at room temperature in absence of a metalap varies with the relative position of the pentagons.
catalyst®® These conical nanohorns have the unique opening To determine the structural and electronic properties of
angle of~20°. carbon nanohorns, we used the parametrized linear combina-
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TABLE I. Structural data and stability results for carbon nano-

//,//,;-'," = T == = ) X X
007 =N e ~" N\ horn structurega)—(f), presented in Fig. INi=Nijp+ NeggeiS the
6’11///I/I/II.. N\ [T \\‘i total number of atoms, which are subdivided into tip and edge at-
l\l\\l\l\{lll\l\l\!\:. ‘/)% !{\T{{{i\ W y oms.(Econtop iS the average binding energy, taken over the entire
\\\\\\\\\\\‘329// e structure, andEqn 4y the corresponding value excluding the edge
NS 7

region. (Econeqge IS the binding energy of the edge atoms, and

(d) - . (Econpent is the average over the pentagon sites in each system.
Iﬁ%%‘/l"\.’ AN i, N\ WL P\ W Quantity (a (b) (@) (d) (e (f)
WS oY) Niot 205 272 296 290 308 217

N\l Nip 172 233 257 251 270 180
T Nedge 33 39 39 39 38 37

FIG. 1. Optimized carbon nanohorn structures with a total dis-<E°°h’t0> (ev) —7.28 -729 -7.30 -7.30 —7.31 —7.28
clination angle of 5¢/3), containing five isolated pentagons at the (Econgp) (€V)  —7.36 —7.36 —7.37 —7.36 —7.37 —7.36
terminating cap. Structure&)—(c) contain all pentagons at the (Ecohedgs (€V) —6.88 —6.88 —6.88 —6.88 —6.87 —6.89
conical “shoulder,” whereas structuréd)—(f) contain a pentagon {Econpent (€V) —7.28 —7.28 —7.28 —7.28 —7.28 —7.28
at the apex. The pentagons are highlighted by a darker color.

tion of atomic orbitals(LCAO) technique with parameters strain energy induced by bending the lattice could be ig-
determined byab initio calculations for simpler structurds.  nored.
This approach has been found useful to describe minute elec- When comparing the stabilities of the tip regions, de-
tronic structure and total energy differences for systems wittscribed by(Eqn iy, We found no large difference between
unit cells that are too large to handle accuratelyabyinitio  blunt tips that have all the pentagons distributed along the
techniques? Some of the problems tackled successfully bycylinder mantle and pointed tips containing a pentagon at the
this technique are the electronic structure and superconducipex. We found the structure shown in Figc)lto be more
ing properties of the doped (¢ solid®® the opening of stable than the other blunt structures with no pentagon at the
pseudogaps near the Fermi level in(80,10 nanotubes apex. Similarly, the structure shown in Fig(el is most
rope®*®® and a(5,5@(10,10 double-wall nanotub& as stable among the pointed tips containing a pentagon at the
well as fractional quantum conductance in nanoti@his  apex. Equilibrium carbon-carbon bond lengths in the cap re-
technique, combined with the recursion technique to achievgion are dcc=1.43—1.44 A at the pentagonal sites and
anO(N) scaling, can determine very efficiently the forces ondcc=1.39 A at the hexagonal sites, as comparedi¢e
individual atoms*® and had previously been used with suc- =1.41—1.42 A in the mantle. This implies that the “single
cess to describe the disintegration dynamics of fulleréhes, bonds” found in pentagons should be weaker than the
the growth of multiwall nanotub&$and the dynamics of a “double bonds” connecting hexagonal sites, thus confirming
“bucky-shuttle.”® our results in Table | and the analogous behavior in thg C
To investigate the structural stability and electronic prop-molecule.
erties of carbon nanohorns, we first optimized the structures Since pentagon sites are defects in an all-hexagon struc-
with various cap morphologies, shown in Fig. 1. For the sakdure, they may carry a net chareTo characterize the na-
of an easier interpretation of our results, we distinguish thdure of the defect states associated with these sites, we cal-
Nq~40— 50 atoms at the terminating cap from those withinculated the electronic structure at the tip of the nanohorns.
the cone-shaped mantle, that is terminatedNy,c.atoms at  The charge density associated with states rigar corre-
the other end. We associate the tip region of a hypotheticallgponding to the local density of states at that particular po-
infinite nanohorn with all the sites excluding the edge. Strucsition and energy, is proportional to the current observed in
tural details and the results of our stability calculations areéSTM experiments. To compute the local charge density as-
presented in Table I. These results indicate that atoms isociated with a given eigenstate, we projected that state onto
nanohorns are only0.1 eV less stable than in graphite. The a local atomic basis. The projection coefficients were used in
relative differences in(Egoniop reflect the strain energy conjunction with real-space atomic wave functions from den-
changes induced by the different pentagon arrangements. ity functional calculatiorfs to determine the charge density
minimize the effect of under-coordinated atoms at the edgeorresponding to a particular level or the total charge den-
on the relative stabilities, we excluded the edge atoms fronsity. To mimic a large structure, we convoluted the discrete
the average when calculatiq@ .o, i - Since our results for level spectrum by a Gaussian with a full-width at half-
(Econtip and(Econtop follow the same trends, we believe maximum of 0.3 eV. Using this convoluted spectrum, we
that the effect of edge atoms on the physical properties caalso determined the charge density associated with particular
be neglected for structures containing hundreds of atomsnergy intervals corresponding to STM data for a given bias
Even though the total energy differences may appear minuteoltage.
on a per-atom basis, they translate into few electron-volts In Fig. 2, we present such simulated STM images for the
when related to the entire structure. Our results suggest thaanohorns represented in Figgc)land 1d). We show the
the under-coordinated edge atoms are all less stable than tabarge density associated with occupied states within a nar-
cone mantle atoms by0.5 eV. Also, atoms in pentagons are row energy interval of 0.2 eV below the Fermi le{fehs
less stable than those in hexagons~+9§.1 eV, resulting in  three-dimensional charge density contours, for the density
an energy penalty 0f0.5 eV to create a pentagon if the value ofp=1.35<10"* electrons/&. Very similar results to
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FIG. 2. Simulated STM images in the tip region f@ the T TS T A [ Y
nano-horn shown in Fig.(&) and (b) the nanohorn shown in Fig. (C)’\/\ ,\/-// (f) N T
1(d). These results for the occupied electronic states near the Fermi =
level, corresponding to the bias voltage\gf=0.2 V, are sugges-
tive of a net electron transfer from the hexagonal to the pentagonal
sites. The charge density contour displayed corresponds to the value F|G. 3. Electronic densities of states, normalized per atom and
of p=1.35x 10" electrons/R. Dark lines depict the atomic bonds  shown in consistent arbitrary units, for the terminating cap of the tip
to guide the eye. (solid line) and for the pentagon sites onfglashed ling of nano-

h din Ei btained higher bi Ihorn structures shown in Fig. 1. The similarity between the results
those presented in Fig. 2 were obtained at a higher bias vo for the entire cap and the pentagon sites necessitated a vertical

age of 0.4 eV. As seen in Fig. pp interactions dominate  qgtset of one set of data for an easy distinction, thus indicating that
the spectrum nedg . These Images also show a net excessyariations in the arrangement of pentagons affect the densities of
of electrons on the pentagonal sites as compared to the hexgtes not only at the pentagonal sites, but within the entire cap

agonal sites. This extra negative charge at the apex shoutdgion. The most marked differences are noted near the Fermi level,
make pointed nanohorn structures with a pentagon at thgE~0 ev.

apex better candidates for field emitt@ré®than structures

with no pentagon at the apex and a relatively blunt tip. cap, including all five pentagons and consisting N,

It has been shown prewously that thepretlcal quelmg oL 40-50 atoms, depending on the structure. The correspond-
STM images is essential for the correct interpretation of ex-

. : X ing density of states, given by the solid line in Fig. 3, is
perimental data. Atomically resolved STM images, howeVer\/ertically displaced for easier comparison. Our results show

are very hard to obtain, especially near the terminating cap at the densities of states, both normalized per atom, are
of tube<® and cones, due to the large surface curvature th ery similar. Thus, we con’clude that the pentagonal éites
can not be probed eff|C|en'tIy using current cone-shapeq ST etermine all essential features of the electronic structure
tips. A better way to identify the tip structure may consist Ofnear the Fermi level at the tip. We note that a perturbation of
scanning tunneh_ng spe_ctrosco@TS measurements in the the electronic structure far from defects has also been pre-
vicinity of the tip. This approach is based on the factdicteol in nanotube®

tr\l/a;tl lgl/gTSi exrpenr::ierr]]tsl,tthtﬁ réo;mie;hzefd tc:)nd\lljvztiaﬂce In summary, we used a parametrized linear combination
(V/1)( V) is proportional to the density of states M. of atomic orbitals calculations to determine the stability, op-

in turn, is structure sensitive. We have calculated the density geometry and electronic properties of nanometer-

of states at the terminating cap for the different nanohorrgized capped graphitic cones, called nanohorns. We consid-

itorﬁ\(/:gljlfj dsr:;\;\:]r;] InaFI(gél}ésci)aunr r\f/istﬁltz afrjll-svt]/iodvtvhn 'ant Fk"g'lf_?’Ered_ differer_1t nanoho_rn morp_hok_)gies that differ in the

maximum of 0.3 eV relative location of the five terminating pentagons. We found_
- investigéte thé effect of pentagonal sites on the elecg net glectron transfer to_the pen_tag(.)nal sites of the. cap. This
egative excess charge is seen in simulated scanning tunnel-

tronic structure at the tip, we first calculated the density Of::1g microscopy images of the various structures at different

states only at the 25 atoms contained in the five terminating)ias voltages. We found that the density of states at the tip

tphentglgona Thfvcoirr:eéipongmgr d(fansrl%e? O{/ s:ateis,n?f?ov:‘?l li’)‘()servable by scanning tunneling spectroscopy, can be used
€ dashed curve 9. 5, are fou o vary signiicantlyy, giscriminate between different tip structures.
from structure to structure near the Fermi le¥felThus, a

comparison between the densities of stateB<aEg should We thank S. lijima for fruitful discussions on carbon
offer a way to discriminate between the various tip mor-nanohorns. We acknowledge financial support by the Office
phologies. For an easy comparison with experiments, wef Naval Research and DARPA under Grant No. NOO014-
also calculated the density of states in the entire terminatin§9-1-0252.
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