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Conductance of carhon nanotuhes (CN’s) with a lattice vacancy or strong and short-range 
impurity potential is studied within a tight-binding model. The conductance is quantized into 
zero, one, or two times the conductance quantum e2/xfi depending on the type of the vacancy 
i l  i ta Gze is much smaller than the circumference ol‘ CN. 

Keywords: graphite; carbon nanotube; recursive Green’s function technique; Landauer’s for- 
mula; mesoscopic system 

INTRODUCTION 

Carbon nanotubes (CN’s) were first discovered by Iijima in 1991.[’] They 
consist of coaxially rolled graphite sheets and their electronic states change 
critically from metallic to semiconducting depending on tubular circumfer- 
ential vector. Because of the peculiarity of their geometric and electronic 
structure, they are considered as a new kind of quantum wires. The pur- 
pose of this work is to study effects of scattering by a vacancy in metallic 
nanotubea and to demonstrate the quantized conductance in its presence. 

Recently, effects of scattering on impurity potential were studied theo- 
retically and it was proved that a Born series for back-scattering vanishes 
identically for scatters having a potential with a range larger than the lat- 
tice constant.1’j This intriguing fact was related to Berry’s phase acquired 
by a rotation in the wave-vector space in the system described by a k.p 
Hamiltonian which is same as Weyl’s equation for a neutrino.11 The con- 
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ductance was calculated in a tight-binding model by varying the strength of 
the potential.[4] Effects of scattering by a vacancy in metallic armchair nan- 
otubea in the presence and absence of a magnetic field were also 

Some recent experiments suggest the existence of defective nanotubes of 
carpet-roll or papiermkh6 forms.16,q These system have many disconnec- 
tions of the x electron network governing trrtnsport of CN’E and therefore 
are expected to exhibit properties different from those in perfect CN’e. 

MODEL AND METHOD 

We use a tight-binding model of a single x band with a nearest-neighbor 
hopping integral 70 and a lattice constant a. An armchair nanotube is known 
to be always metallic and has two bands in the vicinity of the Fermi energy 
crossing at 4 = 2n/3a (K point) and 4 = -2r/3a (K’ point). The energy 
dispersion near the Fermi energy is approximately given by E = rtrlkl, where 
k is the wave vector measured from the K and K’ point and 7 = &a70/2. 

For a given energy E = y k  2 0, for example, there are two channels denoted 
as K and K’ with positive velocity y/h and two with negative velocity -7/h. 

A unit cell of twedimensional graphite contains two carbon atoms de- 
noted aa A and B constituting a honeycomb network as shown in Fig. 1. 
We consider three typical vacancies: vacancy I, IV, and VI. In the vacancy 
I a single carbon site (site A) is removed, in the vacancy IV three B sites 
and one A site are removed, and in the vacancy VI three A and B sites on 
a ring are removed. 

given by G= (e2/xri) C,,” ItPY12, where p and v are out-going and in-coming 
channels, respectively. %ammission tp and reflection r p  coefficients are 
calculated by a recursive Green’s function technique.l*j In the following, we 
shall exclusively consider c = O .  In this case, the combinations of {p ,  v} are 
given by {KK}, {K’K‘}, {K’K}, and {KK’}. The former two correspond to 
intra-valley scattering within the K point or the K’ point and the latter two 
correspond to inter-valley scattering between K and K’ points. 

The vacancies can be simulated by two models. In the first model (l), 
we consider the explicit disconnection of bonds around the vacancy. In the 
second model (2), on-site energy V is introduced at vacancy sites on the 
perfect network of CN’s. In the following, we shall first choose the latter 

The conductance is calculated by multi-channel Landauer’s 
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TubeAxis ~ 
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FIGURE 1 (Left) Three typical vacancies. 

FIGURE 2 (Right) llansmission and reflection coefficients of armchair CN's 
with a vacancy I and circumference L/&z = 20 as a function of on-site 
energy V .  

model (2) and demonstrate that the results approach those of the former 
model (1) in the limit V-+oo. 

IMPURITIES WITH SHORT-RANGE POTENTIAL 

Figure 2 shows calculated transmission and reflection coefficients for CN's 
with the vacancy I as a function of on-site energy V. For small V the 
magnitude of all reflection coefficients lr,,,,l and intra-valley transmission 
coefficients J ~ K ' K I  and l t ~ ~ t l  increase in proportion to V in good agreement 
with those of the Born approximation. When V is much larger than the 
band width, both intra- and inter-valley components for transmission and 
reflection processes converge on a same value, i.e., It,,,,lz = Irwl2 = 1/4 

and therefore the conductance becomes G = e2 fdi. In this case, the wave 
function vanishes at the defect site and therefore the results are exactly 
same as in the case of a vacancy. 

In CN's with vacancy IV,  IT,,,,^, J~K,K(, and J t K p I  increase in proportion 
to V following the result of the lowest Born approximation as shown in Fig. 
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FIGURE 3 Thnsmission and reflection coefficients of CN’s with a vacancy 
N(a )  and VI@) as a function of on-site energy V, where L / d a  = 20. 
Dashed line shows I T K K I  and ) fK‘K’I  for a model with on-site energy on only 
three B sublattice sites of vacancy IV. 

3(a). Both transmission and reflection coefficients show singular behavior 
around V N 370, and lt,,,,l, IrKKf  1, and I T K I K I  decrease monotonically with 
further increasing of V. When V is large enough, we have IrKKI = I T K ~ K I (  = 1 
and the conductance vanishes. The resonance behavior around V 21 370 
appears in various other kinds of impurities (see Fig. 3(b) also). It is difEcult 
to explain the origin of this resonance intuitively. 

The reflection coefficients ~ T K K ~  and I T K ~ K , )  for a model with on-site en- 
ergy only on three B sublattice sites of wancy  IV are denoted by dashed 
lines. When V is sufFiciently large, they agree with those for vsc~mcy N, 
meaning that two models are equivalent &s the vacancy. This is quite rea- 
sonable because the wavefunction cannot penetrate into the central A site 
through surrounding B sites due to the large on-site energy. Note that no 
resonance behavior is present in this m e .  

Figure 3(b) shows results for the vacancy VI. The back scattering within 
each valley TKK and T K ~ K ~  and the transmission between different valleys 
t ~ ~ f  and ~ K ’ K  are absent because of a mirror symmetry about a plane 
containing the exi~.I’~] At V - 70, l tKKI and ( t K t ~ t J  have a dip and I T K K , )  
and I w K I  reach a peak with height N 1, and therefore the conductance 
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EFFECI  OF LATTICE VACANCY IN CARBON NANOTCIBES 723 

becomes vanishingly small in a very narrow range of V .  For V > ro the 
conductance takes a value which is close to but slightly smaller than 2e2/nti. 
The amount of the very small deviation is proportional to (a /L)2 .  Because 
of this power-law dependence, we can neglect effects of the vacancy VI in 
sufficiently large CN’s. 

LATTICE VACANCY 

Numerical calculations in the model (1) have provided completely the same 
results as those obtained in the model (2) discussed above for the vacancy 
I and IV.[’] Further, the results for the vacancy consisting of a pair of A 
and B sited5] are essentially same as those for the vacancy VI presented 
above. In fact, in CN’s with an AB pair vacancy, the conductance around 
e = 0 is slightly smaller than 2e2/nh and gradually increases and approaches 
2e2/rh with the increase of the circumference. The deviation from the 
perfect trammiasion decreases with the increase of L almost in proportion 
to (a/L)*.  

Quite recently the conductance w&s calculated for CN’s with over thirty 
thousand types of vacancies. The results show that the conductance is 
always quantized into zero, one, or two times e2/atL depending only on 
the difference between numbers of sites on each sublattice and independent 
of the shape of the vacancy, when the vacancy is much smaller than the 
circumference of CN’s and closely situated each other. These elaborate 
calculations will be reported elsewhere. 

Although not shown explicitly, in the presence of a magnetic field per- 
pendicular to the axis, the conductance is independent of the field and 
remains constant at e 2 / s h  for the vacancy I and zero for the vacancy N .  
The conductance for the vacancy VI shows a large positive magnetoresie 
tance, i.e., it decreases from = 2e2/nh to zero with the increase of the field. 
A peculiar feature is the existence of a universal dependence on the field 
component in the direction of the vacan~y.1~1 

CONCLUSION 

In this paper, we have studied the conductance as a function of the strength 
of the impurity potential based on a tight-binding model. When the strength 
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724 MASATSURA IGAMl et ( I / .  

of the impurity is of the same order as the width of the ?r band, the t r w  
mission and reflection coefficients exhibit a complicated resonance behavior 
for many impurities. For a sufficiently strong potential the results are same 
as those of vacancies. In the case of vacancies, the conductance at c = O  is 
quantized into zero, one, or two times e2/nfi  depending on the difference 
between numbers of removed sites on each sublattice and independent of 
the shape of the vacancy. In the presence of a magnetic field perpendicular 
to the tube axis, the conductance depends only on the field component in 
the direction of the vacancy. 
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