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AB INITIO STUDY OF ELECTRONIC STRUCTURE OF DEFECT CARBON (14, 0) NANOTUBE
AND (5, 5)/(10, 0) INTERMOLECULAR JUNCTION

P.V. Avramov, B.1. Yakobson®
and G.E. Scuseria”

We study the electronic structure of a variety of defect structures of (14, 0) single wall carbon
nanotube and intermolecular (5, 5)/(10, 0) junction by Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation using Gaussian type orbitals and periodic boundary conditions (PBC). We
demonstrate the adaptability of the PBE PBC for the electronic structure calculations of the 1D carbon
defects structures. Comparison of our results with experimental density of states obtained by scanning
tunneling spectroscopy indicates that the presence of defects can significantly change the density of
electronic states of the SWNT5.

The experimental scanning tunneling microscopy and scanning tunneling spectroscopy (STM+STS) atomic and
electronic structures of a defect in (13, 13) metallic nanotube and intermolecular junction (IMLJ) between (21, -2) and (22,
-5) nanotubes have been reported in [1-3]. It has been shown that a defect in perfect (13, 13) metallic SWNT creates
additional spectroscopic peculiarities between the first two van-Hove singularities [1, 3]. The energetic positions and
intensities of the new peaks are functions of a distance from the defect at which they are recorded. These oscillations
were explained in terms of resonant backscattering of an incident electronic plane wave from quasibound defect state [1,
3]. STS experimental DOS [2, 3] of IMLJ (21, -2)/(22, -5) recorded near the junction reveals mixture of spectroscopic
peculiarities of both metallic (22, -5) and semiconducting (21, -2) structures. The relative weight of the peculiarities
depends on the spatial position of recording of the spectra. A decay of the IMLJ local electron states occurs at the
distance of several nanometers.

Another type of the defects has been studied experimentally in [4, 5]. It has been shown that exposure of
semiconducting SWNTs by O, and NO, increases density of states at Fermi level and makes these species metallic.
Based on the ab initio pseudopotential calculations [6] of chemisorbed O, molecule these results have been interpreted
as an adding of hole carriers at the Fermi level of a p-semiconducting SWNTs and closing the forbidden gap due to this
reason. A prediction of the gap closing in semiconducting SWNTs due to a creation of Stone-Wales defect [7] has been
made using Tight-Binding (TB) model and LDA calculations. The TB results of a set of IMLJ structures have been
observed in [8]. The theoretical results [8] qualitatively confirm experimental [3] results.

Nevertheless some experimental results even of achiral SWNTs [9] have not been explained successfully. The
simplest example of SWNT [9] corresponds to the (14, 0) SWNT (specimen No 7, diameter d=1.1 nm, and chiral angle
$=30°). In accordance to the 2m+n rule [10] that SWNT should be a semiconductor, but the experimental DOS of the
SWNT reveals metallic properties. We assume that such discrepancy of experimental and theoretical results can be
explained by presence of defects in atomic structure of the individual (14, 0) SWNT [9].

To examine the hypothesis we performed ab initio PBE [11] 3-21G, 6-31G and 6-31G* calculations [12] taking into
account periodic boundary conditions of 1D structure of pristine (14, 0) and a set of a defect structures (Stone-Wales
defect, double vacancy (2V), ad dimmer defect (2 additional carbon in the carbon wall) and two defect structures caused
by saturation of one double C-C bond by OH and H groups (20H and 2H). For correct description of isolated defects the
lengths of unit cells of the objects have been chosen up to 20 E. To model a change in defect concentration, the unit cells
with different lengths (and different numbers of carbon atoms) have been chosen. To study a changing of atomic
symmetry of a nanotube by insertion of 5/7 defect we performed ab initio PBE PBC 3-21G calculations of the IMLIJ (5, 5)/
(10, 0) structure.

The geometry optimization of the defect structures has been performed by analytic energy gradient and the PBE
functional [11] using a 3-21G basis set. The number of atoms in the unit cells varies from 226 for the 2H defect (saturated
C-C bond by two hydrogen atoms) (2020 basis set functions in 6-31G basis set) to 334 atoms for the structure with
double vacancy (3006 basis set functions in 6-31G basis set). The electronic structure has been obtained using 128
points in k-space for the Brillouin zone. The electronic structure of pristine (14, 0) SWNT has been calculated by both
PBE [11] and PBEO [13] functionals. The last one gives much better agreement with the experimental DOS for the
semiconducting SWNTs in comparison with the PBE functional [14]. The unit cell of the IMLJ (5, 5)/(10, 0) structure
contains 360 carbon atoms ((3240 basis set functions in 3-21G basis set). The length of the unit cell is equal to 40 E. The
geometry optimization of the IMLJ structure has been performed by semiempirical PM3 method for a structure containing
3 unit cells (more than 900 carbon atoms) and using analytic energy gradient. For the IMLJ the electronic structure has
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been obtained using 64 points in k-space for the Brillouin zone. To interpret the DOS of IMLJ (5, 5)/(10, 0) the electronic
structure PBC PBE calculations of (5, 5) and (10, 0) pristine structures have been performed using 6-31G* basis set. The
electronic structure of (5, 5) and (10, 0) SWNTSs has been obtained using 128 points in k-space for the Brillouin zone.

In Fig. 1, the STS experimental ((a), [9]) and theoretical DOSes obtained with the PBE and PBEO functionals ((b) and
(¢)) for the (14, 0) zigzag semiconducting SWNT are presented. Surprisingly, the experimental DOS of the (14, 0) sample
displays the metallic nature. The PBE and PBEO electronic structure calculations display semiconducting properties of
the electronic structure of the (14, 0) SWNT in accordance with well known theoretical result [10].

In Fig. 2, the STS experimental ((a), [9]) and theoretical DOSes of a set of defect structures (Stone-Wales defects (b),
2H defect (c), 20H defect (d), ad dimmer defect (¢) and 2V defect (f)) are presented. Introduction of the defect structures
(Figs. 2b, 2c, 2d, 2e and 2f) into the atomic lattice of the pristine structure leads to the creation of embedded states inside
the gap. In all cases we can describe qualitatively (or semiquantitatively) the main peculiarities of the experimental DOS
displayed at ~-0.9 and 1.4 eV. The (14, 0) structure with Stone-Wales defects remains semiconducting, whereas all others
defects convert the semiconducting electronic structure of pristine (14,0) SWNT into metallic one.

Modulations of the local DOS of SWNT near defects has been observed in [2] and qualitatively attributed to the
interference between incident and scattered electron waves in the nanotubes. The energy dispersion of the SWNTSs with
defects has been interpreted in terms of quantum interference of electrons scattered by defects in [1]. A specific energy-
dependent oscillations [15] is modeled using 1D plane wave exp(ikx), where x is position. The incident plane wave can
resonantly backscatter from the quasibound state with reflectivity [R|> (R=|R|exp(-i(kx+0)), where J is the phase shift).
The corresponding standing wavefunction is written as Y(k, x)=exp(ikx+R|exp(-i(kx+0d), which corresponds to a spatial
oscillations in the DOS p(k, x)=|W(k, x)]> =1+R[*+2[R|cos(2kx+0) [ 15].

To study an influence of concentration of defects on the electronic structure of SWNT we performed the PBE
PBC calculations of two 2V defect structures. The first one, with one 2V vacancy in the unit cell (334 atoms) corresponds
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Fig. 1. The STS experimental [9] (a) and theoretical PBE (b) and PBEO (c) DOSes of semiconducting zigzag (14,0) SWNT.
The insert shows an STM image of the sample. It has been clearly seen that the SWNT has atomic structure of zigzag type.



Fig. 3. Density of states of (5, 5), (10, 0) and IMLJ bent
(5, 5)/(10, 0) structure. Blue arrows mark peculiarities
attributed to the (5, 5) SWNT, red arrows mark peculiarities
attributed to the (10, 0) SWNT, green stars mark
peculiarities attributed to the peculiarities caused by
the IMLJ structure. Black arrow marks a position
of the Fermi level of the bent IMLJ (5, 5)/(10, 0) structure.
The insert shows the IMLJ bent (5, 5)/(10, 0) structure.
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The performed PBC PBE calculations demonstrate the excellent adaptability for the 1D electronic structure calculations
of defect carbon nanostructures. To study the effect of intermolecular junction we modeled the periodic IMLIJ (5, 5)/(10,
0) structure (see insert on Fig. 3). The length of the translation vector of the system is ~ 40 E. Application of the
translational symmetry for the unit cell creates an infinite zigzag carbon nanostructure with alternation of (5, 5) and (10,
0) sites which are separated by structures containing 5- and 7-member rings.

In Fig. 3, the density of states of (5, 5) and (10, 0) SWNTs as well as the DOS of IMLJ (5, 5)/(10, 0) structure are
presented. The IMLJ structure has metallic DOS (the Fermi energy is located at -4.7 eV). The electronic states near the
Fermi energy are determined by the IMLJ structure. The electronic states below and above the Fermi energy are
determined mainly by the pristine (5, 5) and (10, 0) sites (Fig. 3).

The comparison of the theoretical results with experimental ones shows the adaptability of PBC PBE calculations for
the electronic structure calculations of the semiconducting carbon nanostructures with defects of several types. Essential
differences in density of states of pristine structures and structures with defects can serve as a simple test for the
presence of defects in atomic structure of the SWNTs using STS experiments.
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HESMINPUYECKOE UCCJIEJJOBAHUE YIEKTPOHHOI CTPYKTYPHI PSITA TEDPEKTHBIX
CTPYKTYP OJHOCTEHHOI1 YIJIEPOJHOM HAHOTPYEBI (14, 0) 1 MEJKMOJIEKY/ISIPHOTO
(5, 5)/(10, 0) KOHTAKTA

I1.B. Apamos, b.H. fIko0con, I.E. Cxycepus

B cmamuve npusooamcs pesyromamet 30un1x DFT (PBE nomernyuan) pacuemog 31eKkmpoHHOU CIpyK-
mypul HAbopa dehekmHvLX CmpyKmyp 00OHOCMEHHOU yenepooHol Hanompyoul (14, 0) u mesxcmonexyiap-
nozo (35, 5)/(10, 0) konmaxkma c ucnoavbsosanuem 2ayccosoeo muna opoumanei. B pabome demoncmpu-
PYyemcs npUMeHUMOCHb 0AHHO020 N00X00a 05l N0O0OH020 poda 06vbekmos. Cpagnenue HaWUx pe3yib-
Mamos ¢ IKCNePUMEHMANbHLIMU CHEKMPAMU CKAHUPYIOWel MYHHEIbHOU CNeKmMpPOCKORUY NOKA3alo,
Ymo Hanuyue OeheKnos Modicenm cyuecmeeHHbIM 00pa30M IUAMb HA NIOMHOCHb JIEKMPOHHBIX COCO-
SHULL YeNepOOHbIX HAHOMPYO.



