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Impurity effects on resonant Andreev reflection in a finite-sized carbon nanotube system
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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 increasimgsonance and off-resonance behavior of Andreev reflection.
number of experimental and theoretical studies due to thei&ince the impurity changes the energy structure of the CNT,
quasi-one-dimensional structure and unique electroni@ has a great influence on the Andreev reflection of the sys-
property: The perfect carbon nanotube is predicted to betem. The dependence of the Andreev reflection current on the
either metallic or semiconducting sensitively depending orgate voltage is also studied.
its diameter and chirality, which is uniquely determined by = We assume that the system N/CNT/S under consideration
the chiral vector(n,m), wheren andm are integerd=* Ex- is described by the following Hamiltonian:
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 substivhere
tutional impuritiess~'! Recent interests concentrate on the

; . _ 0 +
electron transport through a hybrid nanotube system. Experi- Hy = > (€l k— €A ko ko
ments about some hybrid systems including nanotube-based ko
magnetic  tunnel junctiod$ and superconducting
junctiong®1* have been successfully fabricated. The electri- Hg= ) €} ;ak ,ar po + E [A"ag pjag —p +Aaf _ak ],
cal transport about the carbon nanotube quantum dot in the p.o
Kondo regime coupled to a normal and a superconductor has
also been r_eportejt?. The theo_retlcal investigation qf trans- Hent= > (e?_evg)c;‘gcim
port properties of these hybrid nanotube devices is of great [
importance, not only for their basic scientific interest, but

H=H_+Hg+Hcnrt+ Hr, (1)

also aiming at the design of novel nanodevices. Hr= > [taf G+ Hel+ X [tReieuRTa;po-Cio__i_ H.c],
The resonant Andreev reflections in the superconductor/ Ko P
carbon-nanotube devices has been theoretically stdélied. )

The proximity effect in superconductor/carbon-nanotube/

superconductoS/CNT/S tunnel junctions has also been whereH; describes the noninteracting electrons in the left
studied theoretically’'® Since carbon nanotubes are not normal-metal Ieacb[ka(aLyko) are the creatioannihilatior)
strictly one-dimensional(1D) materials but are quasi-1D operators of the electron in the left lead, ands the voltage
ones, it is expected that the impurity has unique effects owf the left lead.Hg describe the right superconducting lead
the resonant Andreev tunneling. How does the impurity in-with the energy gap. Heyris the Hamiltonian of the central
fluence the Andreev reflection of the CNT system? Does th&€NT with multiple discrete energy Ievek?. It is noted that
impurity simply suppress the Andreev reflection probabilitythe electron-electron interaction is important and results in
and current? In order to answer these questions, in this papehe Luttinger liquid behavior in nanotub&s?® However,

the impurity effects on the resonant Andreev reflection in thesome transport properties in nanotubes can be well explained
hybrid normal-metal/carbon-nanotube/superconductblf by using a single-electron model despite the possible impor-
CNT/S) system are theoretically studied. In such a systemtant electron-electron interaction efféé:*161’One can ob-

the specific molecular orbital plays an important role. Bytain a qualitative understanding of the experimental results
combing standard nonequilibrium Green’s functiddGF)  observed from a single-electron picture of electron transport
technique¥-2with a tight-binding modet?>23we have ana- in the CNT3.1416.17The reason may be that a single-electron
lyzed the quantum transport properties of the N/CNT/S syselescription is appropriate when the bias voltage and the tem-
tem with an impurity. The Andreev reflection through the perature are much lower than the energy-level spacing of the
finite-sized carbon nanotube depends on the impurityexperimental sample. Based upon this consideration, in this
strength and the tube length. The tube length causes the opaper, the single-electron model is useglis the gate volt-
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FIG. 1. Andreev reflection curreihf vs the gate voltage for the + B i ife] ,
(6,6) nanotube of lengtlia) L=6 and(b) L=7 with different impu- 4(é - A2)<gf22 (e)+=I'| + ,—FR>
rity strengthU. Here,V=0.5A, andI"=0.01y,. 2 2\ - A?
age whlch_controls the energy_leve_ls in the CINff.denotes G (€)= Grn(f);—er
the tunneling part of the Hamiltonian, amgdg are the hop- 2Véé- A
ping matrix. e can be obtained from the Hamiltonian of the . e .
nanotube with an impurity, which is described by the tight- Xlgrz'zl(f) vir 4 ,I—EFR} . (6
binding model with oner electron per atom as 2 2\ - A?
! ; wherel| i are the appropriate linewidth functions describing
Hiube= 2 [= %Ci,Cjo+ H.C] + UC,Co, (3)  the coupling of the CNT to the respective leads. Under the
(.o wide-bandwidth approximation, the linewidth functions are

. ) ) independent on the energy variable. This means that the
where the sum in, j is restricted to nearest-neighbor atoms, yransporting electrons in the leads are equally coupled to dif-
and the bond potentiaj,=2.75 eV, which is used as the ferent energy levels of CNT. Furthermore, the linewidth
energy unit in the following calculations. This model is fynctions are set aE, =I'x=I" with small values compared
known to give a reasonable, qualitative description of theyith the energy-level spacing for the symmetric and weak-
electronic and transport properties of carbon nanotébes. coupling case. Her&,, and G,, are the retarded Green's
We focus on metallic armchair nanotubes of finite lenigth  fnctions of the CNT, which include the proper self-energy

For qrmchgir nanotubes, is_ measured in term_s of unit ceII_. of the leadd®2'Then the current and probability of the An-
A unit cell is the repeat unit along the armchair tube consisty,eey reflection are given by

ing of two carbon rings. The pointlike defect is defined by 5

setting site energy equal 10 at one of the sites of the unit _<® + _ _

cell, and various strengths represent typical substitutional a h delfi(e+ev) ~file=ev)]Ta(e),  (7)

impurities or vacancy® This perturbation can represent an

impurity or a point vacancy. For exa_mp_le, the streng_th Ta(e) :rE|Gf12(€)|2, (8)

=3, -5, and 1B can simulate the substitutional boron, nitro- ) ]

gen, and vacancy, respectively, according to former tightyvherefL den_ote the Ferrr_u funct|0ns of the left Ie_ad. Clearly,

binding andab initio calculations®! Similar to the methods the conventional tunneling is completely forbidden f@r

used before to deal with the central pHrt,,,. can be nu- <A, and only the Andreev reflection exists. In the following

merically diagonalized to obtaisﬂ the discrete energy lev- numerical calculations, we discuss in detail the Andreev re-

els for the isolated nanotube with the impurity. Then thefléction at zero temperature in the casevot A. We set(1)

probability and current of Andreev reflection can be calcu-the temperature=0, (2) the voltage of the right leadg

lated from standard NGF techniques. =0 due to the gauge invariance, and carry out all calculations
It is convenient to introduce thex22 Nambu representa- 1N Units ofh=e=1. The energy gap of the superconductor is

tion in which the Green’s function can be expressed by ~ fixed asA=1.45 meV(about 5.27 10"%yp), corresponding
to the Nb leads. The conductanGeand the Andreev reflec-

G"3(r,7) tion currentl, are scaled byG,=2€?/h and|y=2ey,/h, re-
' spectively.
o (c”(r),cﬁ(r’» (Cip(7),¢, (7)) In order to clearly show the impurity effects on the An-
=Fi0(r+ 71 )% <CiTL(T)'CJTT(T,)> <CiTL(T)’Cji(T’)> : dreev reflection current. The current versus gate voltage for

(6,6) armchair nanotubes coupled to normal and supercon-
(4) ducting leads are plotted in Fig. 1. The nanotube lehgtias

a great influence on the energy structure and the transport
Without couplings to the leads, the retarded Green'’s functioproperties of the nanotube. Finite-size effects in carbon
of the isolated CNT is calculated '&g* nanotubes lead to the quantization of the energy levels. The
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FIG. 2. Conductanc& (uppe) and Andreev

1.0t 1.0t reflection probability T, (lower) for the (6,6)
nanotube of lengtha) L=6 and(b) L=7 with
different impurity strengtiJ. Here,I'=0.1A.
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current peaks are reflections of the band structures of thated with positive or negativid is analogous to the acceptor
finite-sized nanotubes, because these resonant states are closéonor state in semiconductdfsEurthermore, the original
to the eigenvalues for small coupliflg In the m-electron  peak at the Fermi level fdc=7 splits into two ones, one of
tight-binding model, the defect-free nanotubes have comwhich is still at the Fermi level. The reason is that the single
plete electron-hole symmetry with their Fermi levels at Zero. impurity breaks the mirror symmetry planes containing the
At U=0, the current peaks are symmetric around the Fermiube axis, and then the two resonant states at the Fermi level
level E=0. Compared witH , for L=6 and 7, it is evident split into two ones. For the vacancy with very larde 10P,
that positions of the current peaks depend on the nanotulibe current peaks become symmetric around the Fermi level
length. There is one peak at the Fermi level lier7, which  again, because the position of the resonant state caused by
is absent folL=6. This is attributed to the electronic proper- the impurity approaches to the Fermi level at very strong
ties of the nanotubes. The band structure of armchair nandJ.1° For the off-resonant nanotube, the vacancy causes the
tubes consists of two nondegenerate bands that cross tl@pearance of a resonance state at the Fermi level, where it is
Fermi level atk-=27/3a, with lattice constang. In finite-  originally zero for the perfect nanotube with=0. For the
length nanotubes, the wave vectérgurn out to be discrete on-resonant nanotube, the vacancy also induces a new reso-
numbers. If there ar® cells along the helical line of nano- nant peak at the Fermi energy, and the original one at the
tubes, the quantum box boundary condition leads td-ermi level splits into two ones near the Fermi level. The
gM-Ya=1and therk=2jw/(M-1)a with j=0,1,.... For electron-hole symmetry is recovered at infinitely latge
the armchair nanotube witM=3N+1, k- is an allowed To better understand the impurity effects on the Andreev
value and the energy gap is zéfdn general, one resonant reflections probability, the Andreev reflection probability
peak appears at the Fermi level witlr3N+1 (N denoting  of the N/CNT/S system and the conductanGe of the
the number of carbon repeat unjtbecausek: is now an  N/CNT/N system are calculated. The upper plot of FiGy)2
allowed wave vector, a large conductance exists due to shows the conductanegfor the (6,6) armchair nanotubes of
crossing of two resonant states at the Fermi |éV€lbr other  lengthL=6. At U=0, the conductance is zero because there
lengths, kg is not an allowed wave vector and no resonantis no resonant state at the Fermi level ks¥r6. At U=5000,
state exists at the Fermi level, thus conductance is mucthe impurity leads to one new peak below the Fermi level.
smaller due to the energy gap between the resonant statdhe positions of the resonant peaks are not symmetric
These are referred to as on-resonance and off-resonance @gound the Fermi level due to the broken symmetry caused
havior of Andreev reflection, respectively. by the impurity. The other resonant states that extend beyond
The impurity can greatly change the electronic structurghe region(—A,A) are not shown here. With increasitg
of the nanotubes and then the transport properties. In generdhe position of the resonant peak caused by the impurity
the impurity increases the normal reflectidrHowever, itis  approaches and finally reaches the Fermi level at infinitely
quite different for finite-sized carbon nanotubes. A new resolarge U.2° The electron-hole symmetry is recovered again.
nant state appears when the incoming electron energiekhe lower plot of Fig. 2a) shows the Andreev reflection
match that of the quasibound state induced by the impurityprobability T, for the (6,6) armchair nanotubes of length
ForL=6 andL=7, the impurity withU=3 leads to one new =6. Since the chemical potential of the right superconducting
peak below the Fermi level as shown in Fig. 1. The resonariead isug=0, it is lined up with the Fermi level of the nano-
states for the conduction and valence bands are quite diffetube. If there exists the electron-hole symmeiiuy, is just
ent due to the impurity, because the electron-hole symmetripcated in the middle of two symmetric states with eneggy
is broken by the impurit§. Thus the positions of the current and —. A hole can propagate back to the state with the
peaks are not symmetric around the Fermi level. The impuenergy - when an electron incident from the left lead has
rity with negative strengthu=-5 has similar effects on the the energye. Then a Cooper pair creates in the right super-
Andreev reflection current, except that it induces one resoeonducting lead because of Andreev reflectionUAtO, the
nant state above the Fermi level. The resonant state assoéindreev reflection probability is zero, because there is no
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resonant state within the regiof+A,A). Since the level
spacings of the CNT are much larger than the damnly

when the resonant state is at the Fermi level can there exis
distinct Andreev reflections. At =5000, there appears weak
Andreev reflection probability with two small peaks which = 0.0000
are symmetric around the Fermi level. The positions of the=

left peaks ofT, at U=5000 and 1% are the same with the
corresponding ones 0B, respectively. The reason is that
although the resonant states are not symmetric around th ;oo ( ]
Fermi level, it has a broadened width extended over the , -0.0004} ,
Fermi level. Thus it is possible for the Andreev reflections to -0.0005 0.0000 0.0005 -0.0005 0.0000 0.0005
appear and then the probability is not zero. With increasing Vi Vi)

U, T, increases and finally reaches 1 at infinitely latydue )

to the recover of the electron-hole symmetry. Although the F!G. 3. Andreev reflection currems vs the voltage for thé6,6)
resonant peak in the N/CNT/S systerrlt 10° is similar to ~ nanotube of lengtha) L=6 and(b) L=7 with different impurity
that in the normal N/CNT/N system, it is different from the SU'€n9thU. Here,I'=0.1A.

conventional resonant tunneling, because the conventiongk (=0 for the nanotube with.=7, which shows the on-

tunneling is completely forbidden fdE|<A. In fact, the  resonant behavior. If there is an impurity in the nanotube, the
peak comes from the Andreev reflection. _current is suppressed and the amplitude of the current de-
The conductance fok=7 is shown in the upper of Fig. creases to about one half of the original one, because only
2(b). At U=0, the conductance is two units of quantum con-gne resonant state contributes to the Andreev reflection. The
ductance &, becal_Jse there are two resonant states_thaéurrent still exists even when the impurity strendth- o
overlap at the Fermi level. AU =10, G reduces t0 one unit pecause of the existence of one resonant state at the Fermi
Go, because the original peak with the magnitu@® 2plits  |eyel. |t means that whether the impurity increases or de-
due to the perturbation of the impurity, and then there existgeases, the Andreev reflection current depends on the nano-
only one resonant state at the Fermi level. The curve$for ype ength. The reasons are related to the impurity effect on
at other impurity strength& are almost the same with that e Andreev probabilityT, as mentioned above.
for U=1CF and not shown _here. The I_ower plot of Figh? In summary, the probability and the current of the An-
shows the Andreev reflection probabilify for L=7. AtU  greey reflection for the N/CNT/S hybrid system are studied
=0, there is a larg& , approaching 1 at the Fermi level due i, getail. The dependence of the Andreev reflection current
to the existence of two resonant statesUst 10°, the impu-  on the gate voltage shows that the impurity can break the
rity does not reduces the magnitude of the Andreev reflectioR|ectron-hole symmetry in the nanotubes and the symmetry
probability, because there still exists one resonant state at thgoken depends distinctly on the impurity strength. The An-
Fermi level. However, the distribution df, with energy is  greev reflection exhibits the on-resonance and off-resonance
narrowed by the impurity, because only one resonant stal§enayior at the Fermi level for the nanotubes with lenigth
contributes to the Andreev reflection. For other Impurity —3N+1 and other lengths, respectively. With increasing the
strengthU, the curves for thel, are almost the same with jmpyrity strength, the position of the resonant state induced
that for U=10° and not shown here. by it approaches the Fermi level. For the on-resonance case,
_ Figure 3 shows the Andreev reflection current as a functne impurity narrows the distribution of the Andreev reflec-
tion of the bias voltage. For the,6) nanotube of length. o probability and decreases the amplitude of the current.
=6, the Andreev reflection current is zero @0, which  \hjle for the off-resonance case, the impurity enhances the

shows the off-resonance behavior. While a&5000, the — apgreev reflection probability and increases the amplitude of
nonzero current appears due to the nonzero Andreev reflegse current.

tion probability. The amplitude of the current increases with

increasingU and finally reaches a constant. The reason is This project is supported by NSFC under Grant Nos.
that T, increases and approaches a constant with increasir@)103027 and 50025206, and by the National “973” Projects
U. However, the Andreev reflection current is nonzero everiFoundation of ChingNo. 2002CB61350b
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