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We study carbon nanotubes �CNTs� connected to Nb superconducting electrodes through a thin �less than 5
nm� Pd layer. We show that the carbon nanotubes form nanoscale point contacts detecting superconducting
proximity effect via Andreev reflection, where an electron injected from the nanotube is reflected as a hole at
the Pd/Nb interface and a Cooper pair forms in the Nb. Our data cannot be quantitatively explained by a single
interface model, where only one interface between the CNT and a superconducting electrode is considered.
Instead, we present a quantitative analysis that includes two separate interfaces—CNT/Pd and Nb/Pd—at each
end of the CNT. The data can be used to determine the transparencies of the Pd/Nb and CNT/Pd interfaces.
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I. INTRODUCTION

Due to their small diameter, carbon nanotubes �CNTs�
offer unprecedented opportunities to study phase-coherent
charge transport phenomena at the nanometer scale. In the
case of carbon nanotubes connected to superconducting elec-
trodes, examples include the interplay between superconduc-
tivity and Kondo effect,1 Andreev reflection and multiple An-
dreev reflection at superconductor/CNT interfaces.2,3

Nanoscale superconducting devices such as supercurrent
transistors4 and gated superconducting quantum interference
devices4 have also been demonstrated.

Earlier work on the subject was focused either on the
Josephson effect4–6 or on multiple Andreev reflections2,3

with the requirement that the superconducting phase coher-
ence had to be preserved through the whole device. Conse-
quently, the CNT section connecting the electrodes had to be
shorter than the phase-coherence length. By contrast, here we
focus on the local phase-coherent properties of the carbon
nanotube/electrode interface, and study how superconductiv-
ity is induced from a superconducting electrode �Nb� to the
CNT through a thin �less than 5 nm� layer of a normal metal
�Pd�, using devices with relatively long CNT sections be-
tween electrodes, so that the superconducting phase coher-
ence across the whole device is not established. Remarkably,
our data indicate that in this regime, a carbon nanotube/
electrode junction behaves as a nanoscale point contact de-
tecting Andreev reflection at the superconductor/normal-
metal interface.7–10 �We note that since superconducting
materials do not typically form highly transparent contacts
with carbon nanotubes, a thin layer of Pd or Ti is usually
applied between the superconductor and the nanotube to ob-
tain highly transparent electrical contacts in CNT/
superconducting junctions.4–6,11,12�

In our experiment, where the thickness of the normal
metal is smaller than the electron mean free path, and the
diameter of the CNT point contact is smaller than the thick-
ness of the normal layer, the charge-transport process can be
pictured as follows. An electron injected from the CNT and

undergoing Andreev reflection at the Pd/Nb interface is re-
flected as a hole. The hole follows the same path as the
incoming electron �retroreflected�, and consequently is fo-
cused back on the CNT, enhancing the current. By contrast,
an electron injected from the CNT that undergoes conven-
tional reflection at the Pd/Nb interface is deflected away
from the CNT and does not contribute to the current �see
Fig. 1�.

The CNT thus detects the excess current due to the
Andreev-reflected holes. This excess current causes the mea-
sured device differential conductance, Gs, to be higher than
the normal conductance, Gn, �the conductance measured with
Nb electrodes in the normal state�. We have found that the
ratio Gs /Gn does not depend on the gate voltage or Gn. Fur-
thermore, we show that, since Andreev reflection depends
only on properties of the CNT/Pd and Pd/Nb interfaces, the
data can be used to determine the transparencies of these
interfaces.

II. EXPERIMENTS

Our devices are carbon nanotube field effect transistors.
They are fabricated on Si substrates, which are capped with
�350 nm-thick thermally grown dry Si oxide. The Si sub-
strates are doped and are used as a back gate. Carbon nano-
tubes were grown by chemical vapor deposition. The source
and drain electrodes were patterned by conventional photo-
lithography and deposited by rf magnetron sputtering. A thin
�2.5–5 nm� Pd layer was deposited directly onto nanotubes,

Nb Pd CNT

FIG. 1. �Color online� Carbon nanotube point contact: in the
case of Andreev reflection, the retroreflected holes are focused back
toward the nanotube whereas electrons undergoing normal reflec-
tion are deflected away from the nanotube.
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followed by deposition of a thick �about 200 nm� Nb layer.13

The CNT length between the source and drain electrodes was
between 1 and 5 �m. Differential conductance measure-
ments were performed with an ac voltage level of 54 �Vp-p.
Here we present results for one particular sample. In this
device the Pd layer was 3.5-nm thick, the Nb layer thickness
was 200 nm and the carbon nanotube diameter and length
were 1.5 nm and 1 �m, respectively. Similar results were
obtained from four samples.

At low temperature, the zero-bias differential conductance
as a function of the gate voltage VG shows a dip and irregular
oscillations �see Fig. 2�a��. A two-dimensional �2D� map of
dI /dVds versus VG and drain-source bias voltage Vds mea-
sured in a range of high conductance revealed a region with
a clear oscillatory pattern characteristic of Fabry-Perot-type
interference14 as well as regions of conductance dips at zero
bias surrounded by irregular patterns �see Fig. 2�b��. These
are signatures of energy-dependent resonant scattering at im-
purities or defects along the nanotube.15,16

The differential conductance when the Nb is supercon-
ducting �T�9.0 K in zero magnetic field� is greater than
the differential conductance when the Nb is normal
�T�9.0 K� for all values of the gate voltage. Figure 3�a� is
a surface plot of conductance versus temperature and gate
voltage, where the appearance of the excess conductance is
manifested by a kink of the surface at the transition tempera-
ture of the leads. A magnetic field B=3 T, applied normal to
the substrate, suppresses superconductivity in the whole tem-
perature range, and the excess conductance is removed,
which is evident from Fig. 3�b�.

The magnetic field dependence of the differential conduc-
tance at fixed temperature �T=4.2 K� is shown in Fig. 4, in
a range of gate voltage where the conductance is high. The
conductance as a function of magnetic field is approximately
constant after increasing the magnetic field above 1.5 T.

In Fig. 5�a� we plot differential conductance vs VG curves
obtained at T=4.2 K. The upper curve corresponds to the

superconducting state of the electrodes �Gs� and the lower
curve correspond to the electrodes in the normal state �Gn�.
If we multiply the curve Gn by a factor �=1.13, we obtain
the curve indicated by the open dots. Note that the open dots
fall onto the upper curve, clearly indicating that Gs is pro-
portional to Gn. Figure 5�b� shows similar curves corre-
sponding to a positive range of gate voltage. Remarkably, the
same factor �=1.13 can be used to scale the curves, imply-
ing that the proportionality factor is independent of both VG
and Gn within a large conductance and gate voltage range. In
the range of gate voltage with lowest conductance, at about
VG=−5 V, the uncertainty on the measured value of � was
quite large, due to smaller signal-to-noise ratio, however we
could estimate its value to be within the range 1.05��
�1.3. The factor � was smaller for other devices we mea-
sured, ranging from �=1.10 for a device with similar thick-
ness of the Pd layer to �=1.01 for a device with a thicker �5
nm� Pd layer. A couple of devices with smaller thickness of
Pd, about 2.5 nm, were only characterized at room tempera-
ture, because they showed very low conductance at all values
of gate voltage.

FIG. 2. �a� Zero-bias differential conductance vs gate voltage
�VG� in zero magnetic field at a temperature T=4.2 K. The inset
shows the schematic of the CNT-field-effect transistor. �b� A gray-
scale 2D map of differential conductance as a function of gate volt-
age �VG� and bias �Vds� at T=4.2 K in zero magnetic field. Brighter
tone corresponds to higher conductance.

FIG. 3. �Color online� Surface plots of the zero-bias differential
conductance as a function of gate voltage �VG� and temperature �T�:
�a� in a magnetic field B=0 and �b� at B=3 T applied perpendicular
to the substrate.
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FIG. 4. �Color online� Zero-bias differential conductance as a
function of gate voltage and magnetic field at T=4.2 K.
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III. DATA ANALYSIS

A quantitative analysis of our data requires a detailed
model of superconducting proximity effect in the contact re-
gion between the nanotube and the electrode. At first glance,
it may seem reasonable to model the contact as a single
interface between the carbon nanotube and a superconduct-
ing electrode, considering that the Pd layer is made super-
conducting by proximity effect. In this case, Andreev reflec-
tion occurs at the CNT/Pd interface. Electronic conduction in
our nanotube is not ballistic because there are impurities or
defects in the nanotube causing quantum interference effects
and a strong dependence of the conductance Gn on gate volt-
age. The normal-state conductance can be expressed in terms
of the Landauer-Büttiker formula, Gn=4G0T�E�, where G0
=e2 /h is the quantum conductance and T�E� is the energy-
dependent transmission. The formula accounts for the four
one-dimensional �1D� channels conducting in parallel in a
single-walled carbon nanotube due to spin degeneracy and
the sublattice degeneracy of graphene. Benakker17 has shown
that, when considering Andreev reflection at the interface
between a normal metal and a superconductor, quantum in-
terference effects within the normal metal �the carbon nano-
tube in our case� lead to a strong dependence of the ratio
Gs /Gn on the transmission T�E�. Therefore, according to this
model, the ratio Gs /Gn should depend strongly on gate volt-
age. Our measurements, however, clearly show that the ratio
Gs /Gn does not depend on gate voltage.

Here we propose a model that includes two interfaces,

CNT/Pd and Pd/Nb. In this model Andreev reflection occurs
at the Pd/Nb interface, whereas the CNT/Pd interface is a
major electron scatterer in the system, and it effectively “iso-
lates” the CNT from the Pd/Nb interface. The carbon nano-
tube then acts as a point contact and detects excess current
due to Andreev reflection at the Pd/Nb interface.7,8 The su-
perconducting state conductance Gs will be higher than the
normal-state conductance, Gn, due to the retroreflected holes
contributing to the current through the point contact. Gs will
be proportional to Gn, with the ratio of the two values of
conductance, at zero temperature, given by8

Gs/Gn = 1 + �A�eVpc� , �1�

where Vpc is the voltage applied to the point contact and A is
the energy-dependent Andreev reflection probability. The
factor � strongly depends on the transparencies of these
interfaces.18 In our case, Vpc should be considered as the
voltage drop across one of CNT/electrode contacts. In the
ideal situation of ballistic transport in the nanotube and iden-
tical contacts, the source-drain voltage across the device can
be simply related to Vpc according to Vds=2Vpc. Scattering in
the nanotube will cause additional voltage drop along the
nanotube and increase Vds so that Vds�2Vpc.

The bias dependence of the excess conductance is consis-
tent with the two-interface point-contact picture. Regardless
of the shape of the curves Gs,n versus Vds �peak or dip�, the
ratio Gs /Gn is a symmetric curve always peaked around
Vds=0 �see inset in Fig. 6�. The smallest width of the peak in
the Gs /Gn vs Vds curves is about 3 mV and occurs at gate
voltages where the transparency of the sample is highest, i.e.,
scattering within the nanotube is negligible and the voltage
drop across the sample �Vds� is approximately equal to the
sum of the voltage drops across the two CNT/electrode con-
tacts. The smallest width of the peak corresponds to roughly
twice the superconducting gap of Nb, as is expected for two
Pd/Nb interfaces in series.
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FIG. 5. �Color online� Zero-bias differential conductance vs gate
voltage �VG� at T=4.2 K. Upper solid curves in �a� and �b� were
taken in zero magnetic field and lower solid curves were taken at
B=3 T �Nb electrodes in the normal state�. Open dots are the data
of the lower curves multiplied a factor �=1.13. Panels �a� and �b�
correspond to greatly different ranges of the gate voltage VG.

FIG. 6. �Color online� Pairs of curves of differential conduc-
tance vs bias �Vds� for two different values of the gate voltage at
T=4.2 K. Within each pair, the open dots correspond to zero mag-
netic field �superconducting electrodes� and the lines corresponds to
B=3 T �normal electrodes�. Inset: ratio of the superconducting
state and normal-state differential conductances �Gs /Gn�. The line
is a fit to the experimental data �dots� using Eqs. �1� and �2� with
T1=0.85 and T2=0.8.
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The shape of the Gs /Gn versus bias curves with a peak at
Vds=0 indicates very transparent Pd/Nb interfaces with a
high probability of Andreev reflection.10 We note that, with
highly transparent interfaces, the probability of Andreev re-
flection is high, and one would expect the current in the
superconducting state to be close to the ideal limit with no
interface barrier, i.e., twice as large as that in the normal
state. However, in our device the current in the supercon-
ducting state increases only by about 13%. This low value of
the excess current can be understood if we take into account
that not all the retroreflected holes reach the nanotube. In our
case, a finite potential barrier at the Pd/CNT interface is most
likely the main factor preventing the retroreflected holes
from getting back into the CNT.

In Fig. 6, we fit the measured excess conductance using a
point-contact model for each end of the nanotube. We as-
sume that the device is symmetric, namely, that the effective
transparency of each nanotube/electrode contact, Tend, is the
same at both ends �in the case of devices that are not sym-
metric, different transparencies for each end can be included
in the model�. Assuming that the nanotube/electrode contacts
act as two identical incoherent scatterers, the total transpar-
ency due to the contacts is given by T=Tend / �2-Tend�. The
total resistance of the device can then be modeled as the sum
of the quantized contact resistance and the intrinsic resis-
tance of the barriers at the end, G−1=h /4e2�1+2Rend /Tend�,
where Rend=1-Tend.

19 We note that the assumption of a sym-
metric device is consistent with our experimental data since
the high conductance indicates that the total transparency of
the sample is close to the ideal case �T=1�. Such high trans-
parency cannot be achieved unless both ends are very trans-
parent with asymmetry smaller than about 10%.

To calculate the effective nanotube/contact transparency
Tend, we assume that the transport is fully coherent in vicinity
of the Nb/Pd and Pd/CNT interfaces and also across the nor-
mal Pd layers �the phase coherence breaks inside the CNT
section�. We note that here we neglect unconventional inter-
band processes, such as specular Andreev reflection,20 which
have been predicted to occur in graphene. We use the point-
contact model described by Eq. �1�, where at zero tempera-
ture the energy-dependent Andreev reflection coefficient is
A���= ��−�� / ��+��, � is the electron energy, and �
=��2−	2 is the electron kinetic energy. The factor � is cal-
culated using the Landauer-Büttiker formalism and the scat-
tering matrix �S-matrix� technique19 for electron and hole
transport at the electrode/nanotube contact. The contact is
modeled as an SI1NI2C junction �S is the superconducting
electrode, N is the normal layer, C is the CNT section, I1�2�
are the S /N and N /C interface barriers� and, for each 1D
channel in the nanotube, Andreev reflection at the S /N inter-
face is introduced using the BTK model.10 The scattering
matrix for the contact, SEND is composed of the partial
4
4 S matrices as SEND=SS � SI1 � SN � SI2 � SC, where SS,

SI1�2�, SN, and SC are the S matrices of the superconductor,
the barriers, the normal metal, and the carbon nanotube, re-
spectively. The calculation yields �= ���2, with

� = 2T2�� + ��e−i��+�1+�2�/2/D�, �2�

where D�=4�+��1−T2Z1
2�2−4T2�−T2

2Z1
2�+8T2

2��+��
−2T2�5�+3��+2Z1

2�, T2 is the N /CNT interface transpar-
ency, Z1=2��1−T1� /T1, T1 is the normal-state S /N interface
transparency, �1, �2, and � are the electron wave-function
phase shifts at the I1�2� barriers and in the N layer, respec-
tively. The phase factors play a role when computing the
conductance in magnetic field or the Josephson current while
they cancel in Eq. �1�. From the fit, we extract the interface
transparencies T1=0.85 and T2=0.8. The theoretical solid
curve in the inset of Fig. 6 is normalized to the normal-state
voltage-dependent conductance Gn�Vds�. We also examined
the contribution of inelastic scattering and the role of the
junction inhomogeneity by introducing an imaginary part of
the energy gap . We find that, if T1�0.85, which is the case
in our experiment, the zero-bias peak does not depend much
on . Detailed calculations show that for devices with lower
S /N interface transparency, T1�0.7 and  set below 0.1 �in
units of energy gap 	�, additional conductance sidepeaks
would appear at Vds= �	 /e.

IV. CONCLUSIONS

We study superconducting proximity effect in carbon
nanotubes contacted by superconducting electrodes �Nb�
through thin �less than 5 nm� Pd layers. In contrast to Refs. 4
and 5, where supercurrent through CNTs was observed, our
nanotubes are longer than the phase-coherence length. Nev-
ertheless, high interface transparency ensures that the excess
current is not suppressed as it would be in the case of a
low-transparency tunnel junction.21 Phase-coherence persists
along the electron-hole trajectory across the Pd layer and
extends into the Nb electrodes and into the nanotube. The
phase-coherent current is converted to a normal current
deeply inside the nanotube, where there is no Cooper cou-
pling and the phase coherence is eventually destroyed due to
inelastic scattering. Under these conditions the carbon nano-
tube behaves as a local probe for superconducting proximity
effect at the CNT/Pd/Nb interfaces and the point-contact be-
havior can be used to determine CNT/Pd and Pd/Nb interface
transparencies.
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