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The impurity effects on resonant Andreev reflection through a normal-metal/carbon-nanotube/
superconductor system are studied theoretically. The Andreev reflection current versus gate voltage clearly
shows that the impurity can break the electron-hole symmetry in nanotubes, and the symmetry broken depends
distinctly on the impurity strength. The length of the armchair nanotube can cause the on-resonance and
off-resonance behavior of the Andreev reflection. For the on-resonance case, the impurity narrows the distri-
bution of the Andreev reflection probability and decreases the current, while for the off-resonance case, the
impurity enhances the Andreev reflection probability and increases the current.
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Carbon nanotubes have been the subject of an increasing
number of experimental and theoretical studies due to their
quasi-one-dimensional structure and unique electronic
property.1 The perfect carbon nanotube is predicted to be
either metallic or semiconducting sensitively depending on
its diameter and chirality, which is uniquely determined by
the chiral vectorsn,md, wheren andm are integers.1–4 Ex-
perimental and theoretical studies have indicated that the
electronic and transport properties of carbon nanotubes can
be substantially modified by point defects such as the substi-
tutional impurities.5–11 Recent interests concentrate on the
electron transport through a hybrid nanotube system. Experi-
ments about some hybrid systems including nanotube-based
magnetic tunnel junctions12 and superconducting
junctions13,14 have been successfully fabricated. The electri-
cal transport about the carbon nanotube quantum dot in the
Kondo regime coupled to a normal and a superconductor has
also been reported.15 The theoretical investigation of trans-
port properties of these hybrid nanotube devices is of great
importance, not only for their basic scientific interest, but
also aiming at the design of novel nanodevices.

The resonant Andreev reflections in the superconductor/
carbon-nanotube devices has been theoretically studied.16

The proximity effect in superconductor/carbon-nanotube/
superconductor(S/CNT/S) tunnel junctions has also been
studied theoretically.17,18 Since carbon nanotubes are not
strictly one-dimensional(1D) materials but are quasi-1D
ones, it is expected that the impurity has unique effects on
the resonant Andreev tunneling. How does the impurity in-
fluence the Andreev reflection of the CNT system? Does the
impurity simply suppress the Andreev reflection probability
and current? In order to answer these questions, in this paper,
the impurity effects on the resonant Andreev reflection in the
hybrid normal-metal/carbon-nanotube/superconductor(N/
CNT/S) system are theoretically studied. In such a system,
the specific molecular orbital plays an important role. By
combing standard nonequilibrium Green’s function(NGF)
techniques19–21with a tight-binding model,22,23we have ana-
lyzed the quantum transport properties of the N/CNT/S sys-
tem with an impurity. The Andreev reflection through the
finite-sized carbon nanotube depends on the impurity
strength and the tube length. The tube length causes the on-

resonance and off-resonance behavior of Andreev reflection.
Since the impurity changes the energy structure of the CNT,
it has a great influence on the Andreev reflection of the sys-
tem. The dependence of the Andreev reflection current on the
gate voltage is also studied.

We assume that the system N/CNT/S under consideration
is described by the following Hamiltonian:

H = HL + HR + HCNT+ HT, s1d

where

HL = o
k,s

seL,k
0 − evLdaL,ks

† aL,ks,

HR = o
p,s

eR,p
0 aR,ps

† aR,ps + o
p

fD*aR,p↓aR,−p↑ + DaR,−p↑
† aR,p↓

† g,

HCNT= o
i,s

sei
0 − evgdcis

† cis,

HT = o
k,s,i

ftLaL,ks
† cis + H.c.g + o

p,s,i
ftReievRtaR,ps

† cis + H.c.g,

s2d

whereHL describes the noninteracting electrons in the left
normal-metal lead,aL,ks

† saL,ksd are the creation(annihilation)
operators of the electron in the left lead, andvL is the voltage
of the left lead.HR describe the right superconducting lead
with the energy gapD. HCNT is the Hamiltonian of the central
CNT with multiple discrete energy levelsei

0. It is noted that
the electron-electron interaction is important and results in
the Luttinger liquid behavior in nanotubes.24,25 However,
some transport properties in nanotubes can be well explained
by using a single-electron model despite the possible impor-
tant electron-electron interaction effect.13,14,16,17One can ob-
tain a qualitative understanding of the experimental results
observed from a single-electron picture of electron transport
in the CNT.13,14,16,17The reason may be that a single-electron
description is appropriate when the bias voltage and the tem-
perature are much lower than the energy-level spacing of the
experimental sample. Based upon this consideration, in this
paper, the single-electron model is used.vg is the gate volt-
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age which controls the energy levels in the CNT.HT denotes
the tunneling part of the Hamiltonian, andtL,R are the hop-
ping matrix.ei

0 can be obtained from the Hamiltonian of the
nanotube with an impurity, which is described by the tight-
binding model with onep electron per atom as

Htube= o
ki,jl,s

f− g0Cis
† Cjs + H.c.g + UC0

†C0, s3d

where the sum ini, j is restricted to nearest-neighbor atoms,
and the bond potentialg0=2.75 eV, which is used as the
energy unit in the following calculations. This model is
known to give a reasonable, qualitative description of the
electronic and transport properties of carbon nanotubes.22,23

We focus on metallic armchair nanotubes of finite lengthL.
For armchair nanotubes,L is measured in terms of unit cell.
A unit cell is the repeat unit along the armchair tube consist-
ing of two carbon rings. The pointlike defect is defined by
setting site energy equal toU at one of the sites of the unit
cell, and various strengths represent typical substitutional
impurities or vacancy.10 This perturbation can represent an
impurity or a point vacancy. For example, the strengthU
=3, −5, and 106 can simulate the substitutional boron, nitro-
gen, and vacancy, respectively, according to former tight-
binding andab initio calculations.10,11Similar to the methods
used before to deal with the central part,17 Htube can be nu-
merically diagonalized to obtainei

0, the discrete energy lev-
els for the isolated nanotube with the impurity. Then the
probability and current of Andreev reflection can be calcu-
lated from standard NGF techniques.

It is convenient to introduce the 232 Nambu representa-
tion in which the Green’s function can be expressed by

Gr,ast,t8d

= 7 iust 7 t8do
i j
Skci↑std,cj↑

† st8dl kci↑std,cj↓st8dl
kci↓

† std,cj↑
† st8dl kci↓

† std,cj↓st8dl
D .

s4d

Without couplings to the leads, the retarded Green’s function
of the isolated CNT is calculated as17,21

grst,t8d = − iust − t8d

3Soi
e−isei

0−evgdst−t8d 0

0 oi
eisei

0−evgdst−t8d D . s5d

Using the standard NGF technique,19–21 the needed Green’s
functions are obtained as

G11
r sed = 3g11

r−1
sed +

i

2
GL +

i ueu

2Îe2 − D2
GR

+
D2

4se2 − D2dSg22
r−1

sed +
i

2
GL +

i ueu

2Îe2 − D2
GRD4

−1

,

G12
r sed = G11

r sed
D

2Îe2 − D2
GR

3Fg22
r−1

sed +
i

2
GL +

i ueu

2Îe2 − D2
GRG−1

, s6d

whereGL,R are the appropriate linewidth functions describing
the coupling of the CNT to the respective leads. Under the
wide-bandwidth approximation, the linewidth functions are
independent on the energy variable. This means that the
transporting electrons in the leads are equally coupled to dif-
ferent energy levels of CNT. Furthermore, the linewidth
functions are set asGL=GR=G with small values compared
with the energy-level spacing for the symmetric and weak-
coupling case. HereG11 and G12 are the retarded Green’s
functions of the CNT, which include the proper self-energy
of the leads.19–21Then the current and probability of the An-
dreev reflection are given by

IA =
2e

h
E deffLse + evLd − fLse − evLdgTAsed, s7d

TAsed = GL
2uG12

r sedu2, s8d

wherefL denote the Fermi functions of the left lead. Clearly,
the conventional tunneling is completely forbidden forV
,D, and only the Andreev reflection exists. In the following
numerical calculations, we discuss in detail the Andreev re-
flection at zero temperature in the case ofV,D. We set(1)
the temperatureT=0, (2) the voltage of the right leadvR
=0 due to the gauge invariance, and carry out all calculations
in units of h=e=1. The energy gap of the superconductor is
fixed asD=1.45 meV(about 5.27310−4g0), corresponding
to the Nb leads. The conductanceG and the Andreev reflec-
tion currentIA are scaled byG0=2e2/h and I0=2eg0/h, re-
spectively.

In order to clearly show the impurity effects on the An-
dreev reflection current. The current versus gate voltage for
(6,6) armchair nanotubes coupled to normal and supercon-
ducting leads are plotted in Fig. 1. The nanotube lengthL has
a great influence on the energy structure and the transport
properties of the nanotube. Finite-size effects in carbon
nanotubes lead to the quantization of the energy levels. The

FIG. 1. Andreev reflection currentIA vs the gate voltage for the
(6,6) nanotube of length(a) L=6 and(b) L=7 with different impu-
rity strengthU. Here,V=0.5D, andG=0.01g0.
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current peaks are reflections of the band structures of the
finite-sized nanotubes, because these resonant states are close
to the eigenvalues for small couplingG. In the p-electron
tight-binding model, the defect-free nanotubes have com-
plete electron-hole symmetry with their Fermi levels at zero.7

At U=0, the current peaks are symmetric around the Fermi
level EF=0. Compared withIA for L=6 and 7, it is evident
that positions of the current peaks depend on the nanotube
length. There is one peak at the Fermi level forL=7, which
is absent forL=6. This is attributed to the electronic proper-
ties of the nanotubes. The band structure of armchair nano-
tubes consists of two nondegenerate bands that cross the
Fermi level atkF=2p /3a, with lattice constanta. In finite-
length nanotubes, the wave vectorsk turn out to be discrete
numbers. If there areM cells along the helical line of nano-
tubes, the quantum box boundary condition leads to
eiksM−1da=1, and thenk=2jp / sM −1da with j =0,1, . . .. For
the armchair nanotube withM =3N+1, kF is an allowed
value and the energy gap is zero.26 In general, one resonant
peak appears at the Fermi level withL=3N+1 (N denoting
the number of carbon repeat units), becausekF is now an
allowed wave vector, a large conductance exists due to a
crossing of two resonant states at the Fermi level.27 For other
lengths,kF is not an allowed wave vector and no resonant
state exists at the Fermi level, thus conductance is much
smaller due to the energy gap between the resonant states.
These are referred to as on-resonance and off-resonance be-
havior of Andreev reflection, respectively.

The impurity can greatly change the electronic structure
of the nanotubes and then the transport properties. In general,
the impurity increases the normal reflection.10 However, it is
quite different for finite-sized carbon nanotubes. A new reso-
nant state appears when the incoming electron energies
match that of the quasibound state induced by the impurity.
For L=6 andL=7, the impurity withU=3 leads to one new
peak below the Fermi level as shown in Fig. 1. The resonant
states for the conduction and valence bands are quite differ-
ent due to the impurity, because the electron-hole symmetry
is broken by the impurity.8 Thus the positions of the current
peaks are not symmetric around the Fermi level. The impu-
rity with negative strengthU=−5 has similar effects on the
Andreev reflection current, except that it induces one reso-
nant state above the Fermi level. The resonant state associ-

ated with positive or negativeU is analogous to the acceptor
or donor state in semiconductors.11 Furthermore, the original
peak at the Fermi level forL=7 splits into two ones, one of
which is still at the Fermi level. The reason is that the single
impurity breaks the mirror symmetry planes containing the
tube axis, and then the two resonant states at the Fermi level
split into two ones. For the vacancy with very largeU=106,
the current peaks become symmetric around the Fermi level
again, because the position of the resonant state caused by
the impurity approaches to the Fermi level at very strong
U.10 For the off-resonant nanotube, the vacancy causes the
appearance of a resonance state at the Fermi level, where it is
originally zero for the perfect nanotube withU=0. For the
on-resonant nanotube, the vacancy also induces a new reso-
nant peak at the Fermi energy, and the original one at the
Fermi level splits into two ones near the Fermi level. The
electron-hole symmetry is recovered at infinitely largeU.

To better understand the impurity effects on the Andreev
reflections probability, the Andreev reflection probabilityTA
of the N/CNT/S system and the conductanceG of the
N/CNT/N system are calculated. The upper plot of Fig. 2(a)
shows the conductanceG for the(6,6) armchair nanotubes of
lengthL=6. At U=0, the conductance is zero because there
is no resonant state at the Fermi level forL=6. At U=5000,
the impurity leads to one new peak below the Fermi level.
The positions of the resonant peaks are not symmetric
around the Fermi level due to the broken symmetry caused
by the impurity. The other resonant states that extend beyond
the regions−D ,Dd are not shown here. With increasingU,
the position of the resonant peak caused by the impurity
approaches and finally reaches the Fermi level at infinitely
large U.10 The electron-hole symmetry is recovered again.
The lower plot of Fig. 2(a) shows the Andreev reflection
probability TA for the (6,6) armchair nanotubes of lengthL
=6. Since the chemical potential of the right superconducting
lead ismR=0, it is lined up with the Fermi level of the nano-
tube. If there exists the electron-hole symmetry,mR is just
located in the middle of two symmetric states with energyei
and −ei. A hole can propagate back to the state with the
energy −ei when an electron incident from the left lead has
the energyei. Then a Cooper pair creates in the right super-
conducting lead because of Andreev reflection. AtU=0, the
Andreev reflection probability is zero, because there is no

FIG. 2. ConductanceG (upper) and Andreev
reflection probability TA (lower) for the (6,6)
nanotube of length(a) L=6 and (b) L=7 with
different impurity strengthU. Here,G=0.1D.
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resonant state within the regions−D ,Dd. Since the level
spacings of the CNT are much larger than the gapD, only
when the resonant state is at the Fermi level can there exist
distinct Andreev reflections. AtU=5000, there appears weak
Andreev reflection probability with two small peaks which
are symmetric around the Fermi level. The positions of the
left peaks ofTA at U=5000 and 104 are the same with the
corresponding ones ofG, respectively. The reason is that
although the resonant states are not symmetric around the
Fermi level, it has a broadened width extended over the
Fermi level. Thus it is possible for the Andreev reflections to
appear and then the probability is not zero. With increasing
U, TA increases and finally reaches 1 at infinitely largeU due
to the recover of the electron-hole symmetry. Although the
resonant peak in the N/CNT/S system atU=106 is similar to
that in the normal N/CNT/N system, it is different from the
conventional resonant tunneling, because the conventional
tunneling is completely forbidden foruEu,D. In fact, the
peak comes from the Andreev reflection.

The conductance forL=7 is shown in the upper of Fig.
2(b). At U=0, the conductance is two units of quantum con-
ductance 2G0, because there are two resonant states that
overlap at the Fermi level. AtU=106, G reduces to one unit
G0, because the original peak with the magnitude 2G0 splits
due to the perturbation of the impurity, and then there exists
only one resonant state at the Fermi level. The curves forG
at other impurity strengthsU are almost the same with that
for U=106 and not shown here. The lower plot of Fig. 2(b)
shows the Andreev reflection probabilityTA for L=7. At U
=0, there is a largeTA approaching 1 at the Fermi level due
to the existence of two resonant states. AtU=106, the impu-
rity does not reduces the magnitude of the Andreev reflection
probability, because there still exists one resonant state at the
Fermi level. However, the distribution ofTA with energy is
narrowed by the impurity, because only one resonant state
contributes to the Andreev reflection. For other impurity
strengthU, the curves for theTA are almost the same with
that for U=106 and not shown here.

Figure 3 shows the Andreev reflection current as a func-
tion of the bias voltage. For the(6,6) nanotube of lengthL
=6, the Andreev reflection current is zero atU=0, which
shows the off-resonance behavior. While atU=5000, the
nonzero current appears due to the nonzero Andreev reflec-
tion probability. The amplitude of the current increases with
increasingU and finally reaches a constant. The reason is
that TA increases and approaches a constant with increasing
U. However, the Andreev reflection current is nonzero even

at U=0 for the nanotube withL=7, which shows the on-
resonant behavior. If there is an impurity in the nanotube, the
current is suppressed and the amplitude of the current de-
creases to about one half of the original one, because only
one resonant state contributes to the Andreev reflection. The
current still exists even when the impurity strengthU→`
because of the existence of one resonant state at the Fermi
level. It means that whether the impurity increases or de-
creases, the Andreev reflection current depends on the nano-
tube length. The reasons are related to the impurity effect on
the Andreev probabilityTA as mentioned above.

In summary, the probability and the current of the An-
dreev reflection for the N/CNT/S hybrid system are studied
in detail. The dependence of the Andreev reflection current
on the gate voltage shows that the impurity can break the
electron-hole symmetry in the nanotubes and the symmetry
broken depends distinctly on the impurity strength. The An-
dreev reflection exhibits the on-resonance and off-resonance
behavior at the Fermi level for the nanotubes with lengthL
=3N+1 and other lengths, respectively. With increasing the
impurity strength, the position of the resonant state induced
by it approaches the Fermi level. For the on-resonance case,
the impurity narrows the distribution of the Andreev reflec-
tion probability and decreases the amplitude of the current.
While for the off-resonance case, the impurity enhances the
Andreev reflection probability and increases the amplitude of
the current.
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