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Resonant Andreev reflections in superconductercarbon-nanotube devices
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Resonant Andreev reflection through superconductor-carbon-nanotube devices was investigated theoretically
with a focus on the superconducting proximity effect. Consistent with a recent experiment, we find that for
on-resonance high-transparency devices, the Andreev current is characterized by a large value and a resistance
dip; low-transparency off-resonance devices give the opposite result. We also give evidence that the observed
low-temperature transport anomaly may be a natural result of the Andreev reflection process.
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The field of carbon nanotube research has recently enteradfer interested readers to Ref. 11 for the standard but tedious
a new phase with the fabrication of hybrid device structuresalgebra?), the electric current flowing through the device is
in which carbon nanotubes are contacted electrically witffound to have two contributions: i.el=1,+1;. The An-
other materials™* This is a crucial step, as a carbon- dreev currentl,, or subgap contribution, is given by (
nanotube-based microelectronics is only possible when finiteee=1):
nanotubes can be efficiently fabricated and coupled to exter-
nal leads. Examples of such hybrid devices include
nanotube-based magnetic tunnel junctibngjanotube
heterostructuré, and superconducting junctioftd. These
systems not only have significant application potential inwheref, r denote the Fermi functions of the left and right
their own right, but also provide an important testing groundleads, respectivel\& denotes the electron energy, avidle-
for fundamental physics at the nanometer length scale. Ofotes the bias potential. The Andreev reflection probability
particular interest is the important role played by the elec-TA(E) is given by
tronic structure in determining the transport properties of
nanotube devices. TA(E)=THT G E)I GIE)], )

In this paper we report a theoretical analysis of a hybrid
superconductor-nanotube junction that has been the subjesherel’, r are the appropriate linewidth functions describ-
of a recent experimental studyThe experimental device ing the coupling of the SWNT to the respective leads. Here
consists of a single-wall metallic carbon nanotyB&/NT) ~ Gi; and G;, are the retarded Green’s functiohs' of the
bridging two superconducting electrodes. By tuning theSWNT, which include the proper self-energies of the leads.
transparency of the devideclear signals of Andreev These are evaluated by direct matrix inversfofor tight-
reflections were detected via changes in the subgap resishinding Hamiltonians. The remaining contribution to the cur-
tance at a temperature @f=4.2 K, while other transport rentis given by
anomalies were observed at low&r To date, there have
been many theoretical and experimental studies of normal
metal (N)/superconductor §) interfaces on a mesoscopic
scale®1® However, no such analysis exists for molecular
devices where the specific molecular orbitals play a impor- X[fL(E=V)=Tfr(E)]pr(E), 3)
tant role. By combining standard nonequilibrium Green’s . .
function techniqués®! (NEGP with a tight-binding model Where the density of states of th& lead is pr(E)
(TB) for the SWNT, we have analyzed quantum transport= El/VE*—A®for [E|>A, and zero otherwise, antiis the

properties of SWNTS junctions. Our results are consistent 98P energy of the superconductor. H&we T, T are trans-
with the experimental dath. mission probabilities for different physical processes that are

Although the experimental device consisted bfio only nonzero wherE|=A. Hence, these processes de:rc,cribe
SWNT-S junctions, the data indicates that each of theseexcitations of the system. In particulaf,=1I"| G14I'rGyy
junctions acts independentlytience, we focus here on the gives the familiar tunneling currenf, =T G;,I'rG], de-
somewhat simpler problem ofM-SWNT-S system, leaving notes the branch-crossing process of Blonder-Tinkham-
an analysis of the multiple Andreev reflections of aKlapwijk theory?® and T;= —(A/|E])[T G I'rGlL+H.c]
S-SWNT-S system for the future. Our theory proceeds bydescribes the Cooper pair formati¢or annihilation inside
combining the NEGF with a standard TB model for thethe superconducting lead by an incoming electf@nhole).
SWNT?° such that the coupling of the nanotube to tde Clearly, at zero temperature when bias voltdge>A, all
(left) and S (right) leads are included via their appropriate the processes will contribute to current, while faf| <A
self-energies. By iterating the equation of mofibfand we  only the Andreev currerit, is nonzero.

1
|A:;J dE[f(E-V)—f (E+V)]TA(E), @

1
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FIG. 1. Andreev reflection coefficiefit, as a function of elec- K. The SWNT is a(5,5 metallic tube with length. =19 unit cells.
tron energyE. Main graph: for devices consisting @,5 SWNT  Solid curve is for a low-transparency devieff-resonance trans-
with lengthL =19 unit cells. Inset: Fo(9,0) zigzag nanotube sys- mission with parameter§’| =I'z=0.8 andV,=0. Dashed curve is
tems. Other parameters are fixed as zero bias and zero gate volbr a high-transparency devic@n-resonance transmissjomwith
ages. Solid curve: ' =T'g=5x10"% dotted curve: I'| I' =Tr=5x%10"% andV4=0.6 mV. Inset!-V curves(same units
=6x10"°% TI'kR=4x10"% dashed curve:I'|=4X10"%, T  as the main graphfor tubes withL =17 and 18 unit cells witf",
=6x10"3. Here thel’'s are measured in a.u. =I'g=5X10"% andV,=0.6 mV.

In our numerical calculations, we fixed the gap energy aSWNT. As expected, high-transparency devices have a
A=1.45 meV corresponding to that of Nb leads; the SWNTlargerT,, since more electrons arriving at the SWiSTin-
TB Hamiltonian is taken to be a nearest-neighhboeorbital  terface increase the magnitude of the Andreev reflection pro-
model with bond potentialV,,,=—2.75 eV, which is cess.
known to give a reasonable description of the electronic and Figures 2 and 3 show the current-voltage characteristics,
transport properties of carbon nanotuB®& We focus on and the differential resistancéV/dl for high- and low-
metallic nanotubes of finite length. The proximity of the transparency(5,5 SWNT devices, respectively. TheV
nanotube to the superconductor is modeled through the cowurves of Fig. 2 are qualitatively consistent with and quanti-
pling parametersI" r, which are treated as input tatively close to the experimental ddtdt is clear that a
parameter$® higher slope is observed for theV curves within the subgap
The solid lines of Fig. 1 show the Andreev reflection co-range for on-resonance devicétashed curve This gives
efficient To(E) for a metallic(5,5 SWNT device of lengtff  rise to an asymmetric resistance dip near bias voliag®
L=3X6+1=19, and for a(9,0) zigzag SWNT device of [see Fig. 8] with the asymmetry due to the finite gate
L =49, with coupling parametef, =I's=5%10° a.u. (1 voltageVy. This resistance dip is simply a reflection of the
a.u. energy is 13.6 eVIlt is clear that resonant transmission high value ofT , for on-resonance devicésolid line, Fig. 1.
with TA(E)=2.0,i.e., high device transparencgominates The resistance dip has a value closét(2 x 4e?) =3.2 K,
the transport aE=0. This may be understood as follows. It which is precisely the expected value of Andreev reflection
is well known, that infinitely long armchair nanotubes haveprocesses in a SWNS$- junction with two transmitting
two states crossing the Fermi level Bt=0. On the other modes. The experimental datior two SWNT-S junctions
hand, a finite-length isolated armchair nanotube has a gagonnected in series actually gives a value close to ¥ K
between the two eigenstates n&ar, and this gap is mini- which is not far from the expected value of 6.4)KThis
mized for tube length.=3n+1 wheren an intege’?>  difference is perhaps due to parallel connection of three
Therefore, when coupled to the device electrodes, which alsSWNT’s bridging the superconductor electrodes in the ex-
adds a finite width to the levels, these nanotubes have twperimental setuf.When the device transparency is low, the
scattering states & giving rise to large transmission with differential resistance displays a large peak\Vat0, as
Tao=2 as shown in Fig. 1. The large, for the zigzag tube is shown in Fig. ). This is consistent both with tHeV curve
also due to a resonance transmission through the nanotuloé the low-transparency device shown in Fig. 2 and the ex-
states at the Fermi level. The two other curves in Fig. 1 shovperimental dat4.
results forasymmetriccouplings and will be discussed later.  So far, the data presented have been for temperatures of
Thus, for aN-SWNT-S system, the device transparency is T=4.2 K, so that features reflecting smaller energy scales
critically determined by quantum resonance phenomenorare completely washed out. However, at a lower temperature
which is qualitatively different from the case of an infinite of T=2 K, the experimental datshows that a narrow peak
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amplitudes, Eq(2) takes on the Breit-Wigner form:

FIG. 3. Differential resistancdV/dl as a function of bias volt-
ageV. (a) For high-transparencfon-resonandedevice correspond- rira
ing to the dashed I-V curve of Fig. Zb) For low-transparency Ta(E)= > =2 5 o2 22 P
(off-resonancgdevice corresponding to the solieV curve of Fig. A[E°—Eo+ I ol/a1"+ T+ B[+ 61'7]

2. (5,5 SWNT with lengthL =19 unit cells are used. 4
where SI'=I"| —T'g. This result allows us to draw several

emerges in thalV/dl curves for zero bias, which is super- conclusions. For simplicity, we set the level Bt=0, to

imposed on the Andreev dip. Such anomalous behavior hagptain

previously been ascribed to the strong electron-electron in-

teractions characteristic of Luttinger liquids. Surprisingly, 3 Iirg

our analysis shows that these features emerge naturally at Ta(B)= 4(E2+T 8T /4)2+T212

lower temperatures, even within the context of a single- LR

electron theory as presented here. This is shown in Fig. 4[hese expressions reduce, exactly, to the result of scattering

which illustrates the emergence of a narrow peak out of thenatrix theory forN-Dot-S system$& when we séf E=E,

overall Andreev dip as the temperature is lowered. =0. Equation(5) indicates that ifl', =I'g so thatsI'=0,

We can trace this low-temperature anomaly to the basithen resonant Andreev reflection occursEat 0 with TA(E
physical process which gives rise to the Andreev current. Te=0)=1. On the other hand, iF >T"g so thaté'>0, T,
demonstrate this, we neglect complications due to the matakes on a maximum value Bt=0 but this maximum value
lecular structure of the nanotubes and assume that the resis-less than 1. For nanotubes this situation is shown by the
nant Andreev process is mediated by a single state at energiptted lines of Fig. 1. Furthermore, Iif, <I'g such thatsI"
E,<A, i.e., we “shrink” the nanotube to a simple quantum <0, T, is characterized by two resonant peaks vilifh= 1
well with a single level. This is qualitatively reasonable be-at energie€ .. = + —I'6'/2. For nanotubes this behavior is
cause the subgap energy scale is set by gap ederghich  shown by the dashed lines of Fig. 1. Hence, due to a split
is much smaller than the level spacing of the nanotube wgetween the electron and hole levels when the nanotube is in
study?® Hence, we expect that only the two degenerate leveontact with a superconducting lead, the Andreev coefficient
els at the Fermi energy will contribute appreciably to thein the subgap region can display different behaviors. When
Andreev current. For this single-level case, the Green’s funcT ,(E) displays a double peak, the Andreev currepshows
tions are drastically simplifi¢d so that equivalently, familiar a resistance anomaly such that a small peak develops inside
scattering matrix theory can be appliétlear the resonance, the overall dip at low temperatures. At higher temperatures
the transmission amplitude in the normal state assumes thgich as 4.2 K, the anomaly is smeared out, and hence, not
Breit-Wigner form,t(E)=iyI' I'r/(E—Ey+il'/2), and the observable. One can also confirm that, qualitatively, the
reflection amplitude becomesr(E)=1-il'r/(E—E, above conclusion holds for cases of nonzero gate voltage.

©)
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The analysis presented so far has beer{5¢5) nanotubes showed a sensitive gate voltage dependence at very low tem-
with a length of L=19 unit cells and (9,00 zigzag peratures on the order of 40 mK, where the differential re-
nanotube? with L=49. However, we expect our results to sistance anomaly could be a peak or a dip depending on the
be general for other metallic nanotubes and lengths. Previouslue of the gate voltage. This behavior has been considered
investigations showédthat transport througfinite armchair  as likely due to electron-electron interactidiSecond, there
nanotubes differ qualitatively from thifinite length limit.  js experimental and theoretical evidence that nanotubes can
In particular, ifL=3n+1 wheren s an integer, the armchair haye non-Fermi-liquid behavidt:*? It will be of great inter-
tube has large conductance due to the crossing of scatteringt to investigate the situation of a non-Fermi-liquid model
state energy levels at the Fermi energy. Other tube lengthst nanotubes in contact with a superconductor to see if other,
produce much smaller conductance due to a gap between th@er features emerge. Another important problem is the de-
scattering state;. The.mset of Fig. 2 showsIthé curve.of tailed atomic structural analysis of the nanotube-
N-SWNT-S devices withL =17 andL=_18: these devices superconductor interface, which, to a large extent, controls
have very small currents because their device transparenwe interface transparency. Finally, although we do not ex-
are drgstlcally diminished by the Energy gap between th?)ect charge transfer to play a critical role in understanding
scattering states of the SWNT. Experimentally, such an €¥he Andreev current for SWNB-interfaces because of the
ergy gap along with conductance oscillations on finite tubessuperconducting gap, a more complete investigation of this

ha\llﬁ ?urri?;jgrbeanedr?;\e/gteiﬁvvev;? Z?Zgnt'r?g EL?)%ZS' transpot elicate effect will certainly enhance our understanding of
Y 9 9ap POluantum transport for nanoscale devices.

properties oN-SWNT-S systems and our results are consis-
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