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Kekulé pattern on conductance
images between two STM probes
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The conductance image between two probes of scanningdtngsmaicroscopy (STM) is calculated in a zigzag carbon
nanotube within a tight-binding model and a realistic mddelSTM probes. A Kekulé-type pattern usually appears
due to interference of states at K and K’ points.
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1 Introduction Carbon nanotubes are regarded as baldate the conductance in a zigzag nanotube and discuss the
listic conductors. In metallic nanotubes, in particulag t robustness of the Kekulé pattern for arbitrary chirality.
backward scattering is entirely suppressed for scatterers
with potential range larger than the lattice constant of a 2 Formulation
two-dimensional graphite and the conductance is quantized 2.1 Preliminaries Figure 1 (a) shows the structure of
into 22 /71 [1,2]. When several bands are occupied, a pertwo—dimensional (2D) graphite or graphene, two primi-
fectly conducting channel transmitting through the systemtive translation vectora andb, and three vectors; (I =
without being scattered back is present [3]. Itis known that1, 2, 3) connecting nearest-neighbor atoms. A unit cell con-
scanning tunneling microscopy (STM) and spectroscopytains two carbon atoms denoted as A (open circle) and B
(STS) are a powerful technique for directly viewing elec- (closed circle). The origin of the coordinates is chosen at
tronic wave functions at the atomic level. Quite recently a B site,i.e., a B site is given byR 3 = nga+nyb and an
multi-probe STM was developed [4]. The purpose of this A site iSR 4 = n,a+n,b+7 with n, andn, being inte-
paper is to explicitly visualize interference effects irotw gers andr = 71 = (a+2b)/3. In the coordinate system
probe STM images in ballistic carbon nanotubes. (2',y’) fixed onto the graphene sheet, we havea(1, 0),

b=a(1/2, v3/2), andt =a(0, 1/4/3), wherea = 0.246

STM measurements have been conducted in order tam s the lattice constant. In the following we use a tight—
observe the electronic wavefunctions in carbon nanotubeginding model with a nearest—neighbor hopping integral
[5,6]. Energy-dependentinterference patterns in the wave_- .
functions were observed in nanotubes shortenedtoless than |n a 2D graphite, two bands having approximately a
40 nm [6]. Numerical calculations were made on electroniciinear dispersion cross the Fermi level at corner K and K’
states and STM images in a finite carbon nanotube [7]points of the first Brillouin zone. The wave vectors of the
Topographical STM images have been calculated withink and K’ points are given byK = (27/a)(1/3, 1//3)

a tight-binding model and the appearance of the honeyznqk’ — (27 /a)(2/3, 0). For states in the vicinity of the
comb structure has been demonstrated in infinitely longrerm; levels =0, the wavefunction is written as [11]
nanotubes [8]. Electron transmission has been studied be- , o, ,

tween two STM tips as leads which contact the nanotubela(Ra) = e ® R4 FF (Ra)+ee™ R4 (RA), (1)
via single carbon atoms [9]. Recently, we have shown _ in iK-RppK iK' ‘Rp K’
Kekulégtype pattern in two-probe STM images in armchairawB(RB) _c.de ‘ F5 (Rp)+e F5 (R),(2)
carbon nanotubes due to interference of states at K and Kwith w = 2™/3 in terms of the slowly—varying envelope
point except in special cases [10]. In this paper, we calcufunctions FX, Fj, FX', and FX' with chiral angle.
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the coupling between the STM tip and carbon atoms, be-
cause the coupling is usually very weak. The injected elec-
tron equally propagates to both right and left directions,
because of the symmetry of the configuration. Further, the
wavefunction of the injected electron is decomposed into
those at the K and K’ point with the same amplitude. Then,
eg. (2) shows that on the right hand side of the injection
pointR 5 =0, the envelope functions become

FE(r) = —w le M§FET (1), (")
F¥' (r) = 0FK +(r), (8)
with ¢ being the amplitude. Upon substitution of the above
(a) into eq. (2), we have
. 0 —1 —in iK- in iK’-
Figure 1 (a) Lattice structure of a two—dimensional graphite ¥a(Ra) = lm(w lemingik-Ra 4 oingiK-Ray = (g)

sheet. The coordinates are chosen in such a wayztigalong
the circu_mfe_rence of a nanotube ands a_long the axis._ (b) A . 15 — E 9 (10)
schematic view of a carbon nanotube with two STM tips mod- =N T7alc €os |3 (na—2np) + 1|,

eled by 1D wires. (c) A model of the STM tip and the carbon

nanotube with ar orbital on a carbon atom &. A is the normal ~ ¢)3(Rp) = 0 (KRB 1 K Ri) (11)
distance of the STM tip to the nanotube. V2LA
=4/ ié '™ cos [z(na —2nb)} . (12)
Then, in the vicinity of the K point, for example, they sat- LA 3 o
isfy thek-p equation: The conductance between the STM probe at the origin and
. that atR g is approximately proportional to the probability
V(o - k)FX (r)=cF(r), (3)  density|yz(Rg)|?. It becomes the maximunx 262 for
FX(r) nq —2n, = 3m with an integenm and becomes: (1/2)4?
FX(r)= < & ) , (4)  for n, —2n;, = 3m+1. The probability density at A sites
Fy (r) depends on the chirality. For zigzag nanotuhes 0, it

becomes the maximum 252 for n, —2n; = 3m andoc
(1/2)6% for ng —2np=3m=1.

The sitesR = n,a-+n,b satisfyingn, —2n;, = 3m with
integerm form a honeycomb lattice. Its basis vectors can

In nanotubes, the coordinate systémy) will be cho- be chosen aa—=—a—2b andb =2a+b as shown in Fig. 1
sen in such a way that theaxis is in the chiral direction, (@): for example, and therefore the lattice constam’_fﬂ%
i.e., the direction along the circumference or the chiral vec-2nd the area of the unit cell &2y with 2 = (\/5/2)@
tor L, and they axis in the direction of the axis. In metal- P€ing the area of the original honeycomb lattice spanned
lic nanotubes, th&-p equation is solved under a periodic PY the basis vectora andb. The maximum conductance
boundary condition in the direction. The wave function IS Observed when two STM probes couple to atoms on this
for the linear bands at=0 is independent of the position enlarged lattice for both A and B sublattices. This so-chlle

wherey =v/3a,/2 is the band parameter with being a
nearest-neighbor hopping integril= (k., k,) = —iV is
a wave vector operatos,is the energy, and, ando, are
the Pauli spin matrices.

and given by Kekulé pattern is a result of the interference of traveling
waves at the K and K’ points as clearly shown in eq. (12).
Kt 1 Fi The pattern also appears in the wavefunction around a sin-
F*5(r) = VarA\ 1)’ () gle vacancy [12,13].

2.3 Tip Model We consider a more realistic model of
1 (ii) ©) a nanotube with curvature and an STM tip with coupling

K't/\ _ >
F&5 () = V2LA \ 1 to several carbon atoms. The hopping integral between the
tip s atom and ar orbital atR of the tube is given byp

where L = |L|, A is the length of the nanotube, and the Slater—Koster form [8]:

upper and lower signs correspond to right and left-going dr

waves, respectively. trR = towr €Xp (_ T) cos R, (13)
2.2 Interference between K and K’ Points We con- —1

sider the conductance between two STM tips in an infinitelywr = exp(—a’dg) [Z exp(—a”dg /)} ; (14)

long metallic nanotube as illustrated in Fig. 1 (b). Firsé, w R/

consider traveling wave with~ 0 injected from the B site  wheredy is the distance between the tip atom and the car-
R = 0. We may approximately take the lowest order of bon atom,fr is the angle with the orientation of the
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Table 1 The coordinates of the left STM tip shown in Fig. 2 (a) fact, the conductance is largest at B sifég and A sites
and the maximum values of the conductar&g.«, used for plot- ~

ting Figs. 2. Rp + 7 related to the left-tip atom by the basis vectors

3A 3A a 10-19¢2 /=h a _and b. Further, iF is smqll at the other A and B sites.
r/a_ V34y/a max( ¢ /mh) With the increase in the displacement ‘c’ to the hexagon

(b) 0 0 15 center ‘d’ along the axis corresponding to (c) and (d), re-
© 0 -0.5 9.5 spectively, the same image appears with the Kekulé pat-
(d) 0 -1 13 tern. Actually, the same image always emerges while the
(e) 0.4 -0.6 4.8 left-tip is on the line along tube axis, including on top of
) 0.75 -0.25 5.7 A site, where a total phase factor is the only difference of
@ 11 0.1 4.8 wavefunctions injected from B sil& 3 and A siteR 5 + 7.

(h) -04 1.19 21 With the increase in the deviation from the hexagon center,
Q) 0.4 119 21 the image varies continuously from (d) to (f) toward the

same one as Fig. 2 (d) but shifted dy+ b, when the left
tip is on another hexagon center at'd
orbital as shown in Fig. 1 (c). This model hopping inte- Wg have demonstrated in arm(;hair nanotubes that the
gral with parameters — 0.085 nm, o~ ~ 0.13 nm, and Kekylg pattern dlsappears for special cases and orig@al p
A=0.5nm has been introduced in previous works [8, 10]. r|od|C|ty_ recovered in the conductance images, due to the
The STM tip is modeled by a chain eflike atoms with lack pf interference betwegn .K'and K" states [10]. In the
nearest neighbor hopping integral and the Fermi energy §peC|aI case, the electrpn is mpcted into a s'lngle travel-
being fixed at the center of the one-dimensional band.  Ng state at one of Fermi points, if a wave is injected from

In order to deal rigorously with the infinite nanotube, three carbon atoms in the specific ratio shown in our previ-
we solve numerically a scattering problem in a finite nan-0US Work for arbitrary chirality, because the injected wave
otube between two STM probes connected at both endgmctl_om; orthogonal to that of traveling waves at the othe
to semi-infinite nanotubes. We calculate the transmissiorf €mi point.
probability between these two STM tips. In terms of the ~ For zigzag nanotube, the ratio is givenw8 : 2 : 1,
transmission probabilit§’, the conductanc€' is given by ~ when the left tip couples to three carbon atoms denoted as
G = (e2/7h)T using the Landauer formula. In actual cal- B2 : A4 : Ay in Fig. 2 () for the injection into K state and
culations we consider the so-called (15,0) zigzag nanotub®3 : A4 : A3 for K’ state. Figures 2 (h) and (i) show the
with L = 15a, and choose fixed parametesg~o = —10, conductance, when the left tip position is precisely chosen
t/v0 = 1. The Fermi energy is chosenat= 0.05(27y/L) to satisfy the ratio for the injection into K and K’ state,
in such a way that the Fermi wave-length is much longerrespectively. The Kekulé pattern almost disappears but is
than the distance of STM tips, which enable us to clearlyweakly seen, because the coupling to the fourth sité; at
see the Kekulé pattern. Even if Fermi wave length is shorte€an not be ignored and thus weak interference remains,
than the tip distance and thus the Fermi energy is highevithin our model of the hopping integral eq. (14). Actu-
the calculated conductance images exhibit the same behadlly the coupling strength to the fouriB, site is 70% of
ior except for an interference-like modulation due to thethat to the third sites (h)» and (i) As.
finite wave length.

4 Conclusions We have calculated numerically the

3 Numerical Results In the following, the left STM  conductance between two STM probes in a metallic zigzag
tip is fixed at several points marked by open circles in Fig.nanotube. The STM probes have been modeled wjith
2 (a) and the right tip is continuously swept over the wide Slater-Koster hopping terms. It has been shown that a kekul
region. The actual coordinates of the left tip are given inpattern usually appears due to interference between travel
Table 1. ing waves at K and K’ points.

Figure 2 shows the conductance for varying the po-
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Figure 2 (a) The left STM-tip positions for which the STM image of thght tip is calculated. The actual coordinates are giveraiold

1. Calculated conductance as a function of right STM tip fomsifor the left-tip position from ‘b’ to ‘i’ of (a). The [eflSTM tip is fixed
above a position denoted by a open circle, but its actuatiposi at(0, —26+/3)a in the coordinate system and therefore is quite far
from the right tip. The conductance is shown by the densithémaximum listed in a Table 1 as plot range.
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