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Tight-Binding Computation of the STM Image of Carbon Nanotubes
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STM imaging of single-wall carbon nanotubes has recently been achieved with atomic resolution,
revealing the chirality of the carbon network. In this work, a theoretical modeling of scanning tunneling
microscopy of the nanotubes is presented, based on a tight-bineialgctron Hamiltonian. This
theory is simple enough to be used routinely for the computation of STM images and current-voltage
characteristics, making it possible to investigate specific effects of the network curvature and topology
such as a pentagon-heptagon pair defect. [S0031-9007(98)07951-4]

PACS numbers: 61.48.+c, 61.16.Ch, 68.35.Bs

The research on carbon nanotubes has attracted an iwhere|a) and|g8) are unperturbed electronic states of the
creasing growth of interest in the recent years due to thetip () and samples), respectively, with energies, and
quasi-one-dimensional structure [1]. Most of the properEjg, f, and f, are the Fermi-Dirac distributions, andis
ties of single-wall carbon nanotubes (SWNT’s) are nowthe coupling Hamiltonian between tip and sample. In tight
well understood, at least for defect-free materials havbinding, assuming one orbital per atom to simplify, one has
ing a remarkably simple atomic structure. This structure
is completely determined by the circumferential vector la) = Zﬁ'lm% 18) = Z ¢,f'|01>’ 2)
¢» = na, + ma, with componentgn, m) along two Bra- =) =
vais primitive translations of a graphene sheet. The ] ) )
vector in turn governs several properties dependent on théhere|n,) and|6,) are atomic orbitals on tip and sample
diameter (Young modulus [2], Raman spectrum [3], .. .)sites, respectively, witly;* and:p]ﬁ the LCAO coefficients.
and finely controls the electronic and magnetic propertieset v;; = (x;|v|6,) be the tight-binding tip-sample cou-
of the nanotube [4-7]. pling elements and use [15]

Scanning tunneling microscopy (STM) is one among the
very few experimental techniques available for determin- Z ¢f*5(5 - Eﬁ)wﬁ = —1 ImR3,(E + i0)
ing the(n, m) indices of an isolated nanotube [8—10]. This BEs ™
is not easy, however, since it demands the atomic resolu- _ s
tion. The indices are then deduced from two independent = nj(E), (3)
measurements [8,11]: The diameter of the nanotliié/(  valid with time reversal symmetry, wherg3, is an
27r) and the angle that a zigzag chain of atoms makeglement of the Green function of the sample (a similar

with the axis of the nanotubigitch angle tan'[(n — m)/  expression is obtained on the tip side). The current at 0 K
V3 (n + m)]). The diameter is difficult to measure with geduced from Eq. (1) is

precision, because of tip-shape convolution effects and o
various electronic effects [12]. The angle of a zigzag di- T =0rP2E f dE %

rection can be affected by distortions induced by a torsional @) h ) oy Z Z vy

twist [13] and by the cylindrical structure of the nanotube Lo

itself, as shown below. All these difficulties show that X ny(Ep + eV + E)nj,(Ep + E),  (4)
a theoretical calculation of the STM image is highly de-

sirable to check the validity of the interpretation. In th'SEF’s are the Fermi levels of the unperturbed systems.

galr;{ir:)%ncl)??ﬁg?ﬁ:r;Sel?:O\::vSr:gﬁ: ;2'mprlg\}:egg['&nig?uﬁnghen deriving that equation, the one-electron energy lev-
ng y prov els of the tip were shifted rigidly to accommodate the con-
that purpose. lIts validity has been confirmed recently b

C . Mact potential Ef — Ej-)/e and the bias potential.
ab_lfﬂg'ztt:r‘:f;[ncalcéjiIrz]itt'gfntsht[alg]_m current calculation is the Ab initio calculations have shown that the substrate on
well-known egppression which the nanotube is deposited plays only a small part in

the STM image [14]. The nanotubes can therefore be con-
2me sidered as being self-supported. For all the applications
1= h dE[f1(E) = f5(E)] illustrated below, the tip was described by a single atom
with an s orbital, as in the Tersoff-Hamann theory [16].
X Z KelvIB)*8(E — E.)8(E — Eg), (1)  The corresponding density of state$E) was assumed a
a.B Gaussian shape. The nanotube sample was described by a

LI'etJ,J'Es

whereV is the tip-sample bias potentiat & 0), and the

5588 0031-900798/81(25)/5588(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 25 PHYSICAL REVIEW LETTERS 21 BcemMBER 1998

ar-electron tight-binding Hamiltonian with constant first- states of the nanotubes [diagonal tetms: J' in Eq. (4)],
neighbor interactionsyy, = —2.8 eV). The correspond- affected by the convolution integral within the bias win-
ing diagonal and off-diagonal elements of the nanotubelow, and distorted by the contribution of the off-diagonal
Green functionR}, were calculated by recursion. The elementsn),. The latter, being nonsymmetric with re-
matrix elements coupling the tip apex atom to the atomspect to the Fermi energy, are responsible for the asym-
J of the nanotube were Slater-Kostep like hopping metry of the differential conductance curves. As shown
interactions decaying exponentially with the separatiorexperimentally [9], the essential difference between the
distanced;: metallic and semiconducting nanotubes is the width of the
small-conductance plateau around zero bias, which is about
1.7 V for the metals and 0.6 V for the semiconductors.
_ —ad’ —ad?, The chirality of the structure does not contribute much to
Wi J/;e " ©) the curves [18].
. ) ) In STM, a topographic image of a nanotube is repre-
Here vq is an unimportant scaling factor_(of the order gaonted against the coordinatesy) of the tip. Here, the
of 1 eV), 0, is the angle between the-orbital lobe on  ahope is supposed to have its axis horizontal, along the
site / and the local direction of the tip atom, and) | gjirection. At constant current, a moving pointlike tip re-
is a weighting factor used to select the carbon atomgnains roughly at constant heighfrom the nanotube. The
closest to the tip (within a disk of radius 2 A centerednneling current tends to follow the shortest path between
on the projection of the tip apex on the narltgtube)_. Th&ih and sample, i.e., to flow along the direction normal to
parameters used were = 0.85 A, a = 0.6 A% With g nanotube, Suppose there is an atom on the nanotube in
these_values, the tunneling current above'a flat ;hee’g ®his normal direction, at coordinatés, y', z') (see Fig. 2).
graphite decreases by a factor of 10 by increasing tiprhis atom is imaged by the tip when being at coordinates
sample distance by 1 A. It has also been checked that t .v,z) given byx = x, y = y'p/R, andz = z/p/R,
current asymmetry brough_t abou_t by the unequjvalence hereR is the nanotube radius apd= R + h is the dis-
the so-calledi andB atoms in multilayered graphite cCOmes (4 ce from the tip atom to the tube axis. In particular, there

out correctly from the calculations [17]. is an inflation of the distance by a factorbf+ //R along
Figure 1 shows the derivativé//dV of I-V curves pq transverse direction.

computed for several nanotubes'vv'ith diameter arpund The atomic corrugation of a nanoscopic object is gen-
14 A. These curves reflect the variations of the density OEraIIy hidden by its much larger geometrical corrugation
which the tip must follow. The simplest way we found to

’ ’ ’ subtract the cylindrical profile of the nanotube was to rep-
resent the axial distange of the tip (or equivalently the

distancehn to the nanotube). On the topmost part of the
tube, this is equivalent to representing theoordinate of

the tip, except for the lateral distortion mentioned above.
We did not try to correct this distortion: maps @fat con-

stant current were produced directly from Eq. (4) versus

vow,se /" cosd, (5)

vy
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FIG. 1. Differential STM conductance when the tip is 5 A \\\ e

above a sample atom for several nanotubes with equivalent
diameters. The thin horizontal bars indicate zero conductancélG. 2. When a pointlike tip moves at constant distanée
(10,10) and (15,3) are metallic nanotubes; the others are semfrom a nanotube, the tunnel current through the atbis at a
conductors. The same units have been used for all the graphsnaximum whery andJ are aligned with the normal direction.
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the tip atomx andy coordinates. We used the above re-respect to the tube axis is overestimated, roughly by a fac-
lation betweeny andy’ only to superpose the nanotube tor of 1 + 2/R: 11° for (12,8) (instead of 6.9 and 43
graphitic lattice onto thep(x,y) maps, so as to identify for (17,0) (instead of 30). Whereas the atoms all look the
the topographical features. same in thep(x, y) profile of a single-wall nanotube, the
Figure 3 shows the(x,y) profile at constant current bonds are not. In (17,0), for instance, the bonds parallel to
for four SWNT's of equivalent diameters. In all cases,the axis protrude more than the others. This characteristic
the nanotube axis is along the horizontal directiop the  changes with the chirality of the nanotube.
topmost generator of the tubes coincides with the horizon- Signatures of pentagons have already been detected in
tal median (¢ = 0) of the rectangular maps. The height of scanning tunneling spectroscopy near the ending cap of
the tip above the central atom is 5 A. The atomic corrugamultiwall nanotubes [19]. By contrast, a direct proof of the
tion is the smallest (0.7 A) for the (17,0) zigzag nanotubeso-called pentagon-heptagon (5-7) defect, although proba-
and reaches 1 A with the (10,10) armchair structure. Thély a current feature [20], has never been clearly estab-
centers of the honeycomb hexagons appear as sharp difished. To help in the identification of such a defect, Fig. 4
which is confirmed byab initio calculations [14], validat- shows STM images computed for a hybrid system made
ing thereby the interpretation of the experimental obseref connected (12,0) and (11,0) nanotubes. The connection
vations [8—10,13]. This is also what is found in graphitebetween them is made possible by the presence of a pair
[17]. The hexagon holes of the nanotubes are elongateaf adjacent pentagon and heptagon aligned parallel to the
along the vertical ¢) direction due to the geometrical dis- axis [21]. The STM images in Fig. 4 are 3-dimensional
tortion discussed above. A consequence of the distortiorepresentations of the tip vertical positiefx, y) at con-
is that the apparent angle of a zigzag chain of atoms witlstant current for two opposite bias potentials. The (11,0)
nanotube is on the right, with its topmost generator 0.8 A
below that of (12,0). This difference in height (diame-
ter) is represented by gray scale variations in the figure.
The shape suggesting an arrowhead at the center is made
by the bonds of the 5-7 defect lying on the top part of
the structure. This arrowhead is a characteristic feature
of the adjacent pentagon-heptagon defect. The two shal-
low dips on the right-hand side of the edge shared by the
two odd-membered rings is the consequence of the boat-
shaped form of the heptagon. The density of states of the
(11,0) semiconductor is weakly affected by the 5-7 defect:
T its STM images look the same for two opposite bias po-
tentials. One easily recognizes there the elongated shapes
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FIG. 3. Topographical STM images(x,y) at constant cur- FIG. 4. Top: Atomic structure of the (12,qQ)L1,0) connec-
rent for four nanotubes with equivalent diameters. In bothtion with its 5-7 defect (shaded). Bottom: 3D representation
cases, the horizontal direction is parallel to the nanotube axisf the STM tip heightz(x, y) at constant current for the same
The tip potential is—0.5 V. The distorted graphitic lattice is junction at +0.5 and —0.5 V bias voltages. The horizontal
visualized by black lines and black circles. x dimension fits that of the atomic model.
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