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Superconducting metal leads strongly modify the electronic conductance through carbon nan-
otubes. Depending on the nanotube transparency, which is controlled by the gate voltage, we ob-
serve a strong enhancement of the zero-bias conductance (way above the ballistic limit of 4e2/h) or
formation of a tunneling gap. Subgap structures corresponding to the Multiple Andreev Reflections
are also found. At intermediate transparencies, the zero-bias differential conductance demonstrates
unexpected non-monotonic temperature dependence.

PACS numbers: PACS numbers: 73.63.Fg, 73.23.Hk, 74.45.+c, 74.50.+r

INTRODUCTION

Carbon nanotubes exhibit a variety of interesting
transport phenomena at low temperatures [1]. A number
of studies addressed the behavior of nanotubes attached
to superconducting leads [2–8]. The initial studies con-
centrated on suspended nanotubes and nanotube bun-
dles [2, 3], gated proximity effect in nanotubes [4], and
multi-wall nanotube Quantum Dots with superconduct-
ing leads [5, 6], while the recent measurements demon-
strated a gated supercurrent through a single wall nan-
otube [7].

In this work, we investigate transport through nan-
otubes contacted by superconducting Pb leads. We find
that the nanotube differential conductance G ≡ dI/dV
at small bias may be enhanced or suppressed depend-
ing on the transparency of the nanotube, which serves as
a weak link between the two bulk superconductors. In
particular, at high nanotube transparencies (measured
when superconductivity in the leads is suppressed) we
find a strong enhancement of zero-bias conductance, up
to 10e2/h in some of our samples. This value greatly ex-
ceeds the ballistic limit of 4e2/h achievable in single-wall
nanotubes with normal metal leads. We can control the
nanotube transparency by changing the gate voltage, and
observe that at small transparencies, the zero bias con-
ductance is suppressed, and prominent subgap features
appear at finite source-drain bias VSD. Finally, at in-
termediate transparencies, we observe a non-monotonic
temperature dependence of the zero-bias conductance
peak, which goes through a maximum as the tempera-
ture is lowered.

The carbon nanotubes were grown by a CVD method
using CO as a feedstock gas [9] on top of a degener-
ately doped Si/SiO2 substrate, which serves as a gate.
The average diameter of nanotubes in this sample is 2—
3 nanometers, indicating that most of the nanotubes
are single or double walled. Metal electrodes to the
nanotubes were patterned by e-beam lithography. We
choose to use Pb as the electrode material for its rel-
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FIG. 1: Differential conductance of a 100 nm-long nanotube
as a function of the gate voltage Vgate (horizontal axis) and
the source-drain bias VSD (vertical axis) at a) T = 1.2 K,
B = 0; b) T = 1.2 K, B = 0.5 T; and c) T = 10 K, B = 0.
In b) and c) superconductivity in the leads is suppressed. In
a) superconductivity in the leads induces greatly enhanced
conductance (Vgate ≈ 7.1 V, VSD ≈ 0), the gap and the sub-
gap features at VSD ∼ ±1 mV and ±0.5 mV. d) Differential
conductance as a function of Vg at VSD = 0 corresponding to
Figures 1a-c. Solid line: case a); dotted line: case b); dashed
line: case c). Colored bar: the color map of Figures 1a-c going
from 0 to 4e2/h.

atively high transition temperature of 7.2 K. Since Pb
itself was found to form low transparency contacts to
the nanotubes, a 15 nm Pd/Au alloy contact layer was
deposited directly on the nanotube, immediately fol-
lowed by the 70 nm Pb layer. While the nanotube is
not contacted by Pb directly, we expect the proximity-
induced superconductivity permeate through the thin
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Pd/Au film. Indeed, recent STM measurements demon-
strated proximity-induced superconducting gap in gold
films of a comparable or larger thickness deposited on
top of Nb substrate [10]. We have checked that the leads
become normal at T ∼ 7 K and zero magnetic field. At
the lowest temperature of 1.2 K we find that supercon-
ductivity in the leads may be suppressed by a perpen-
dicular magnetic field of ∼ 0.4 T. We use both the tem-
perature and magnetic field to tune the superconducting
properties of the electrodes. We measure the differential
conductance of the sample G(VSD, Vgate) by a standard
AC technique at the excitation level of 10-50 µV RMS
(voltage-biased).

SHORT NANOTUBES

Figures 1a-c show the differential conductance of a 100
nm - long nanotube (sample A) presented as a color map
as a function of the source-drain bias VSD and the gate
voltage Vgate at three different magnetic fields and tem-
peratures: a) T = 1.2 K, B = 0; b) T = 1.2 K, B = 0.5 T;
and c) T = 10 K, B = 0. The magnetic field of 0.5 T di-
rected perpendicular to the nanotube or the temperature
of 10 K are not expected to noticeably change the nan-
otube transparency, while the superconductivity in the
leads is suppressed. (Perpendicular magnetic field intro-
duces only Zeeman, not orbital splitting of the nanotube
energy levels; 0.5 T corresponds to the Zeeman splitting
of ∼ 0.5 K.) Therefore, we view Figures 1b and 1c as the
transparency maps of the nanotube with normal leads.

In Figure 1d we show the zero-bias conductance mea-
sured at the same three sets of parameters as in Figures
1a-c (the line graphs in Figure 1d could be viewed as hori-
zontal cross sections of Figures 1a-c). We see that as the
superconductivity in the leads is suppressed, either by
application of magnetic field or at elevated temperature,
the nanotube conductance demonstrates very broad oscil-
lations in Vgate. We associate these oscillations with the
single-particle interference of electronic waves reflected
from the metal contacts [11]. One of the tunneling bar-
riers that couples this nanotube to the leads is evidently
more transparent than the other. Indeed, we notice that
the widths of the peaks in the normal state conductance
in Figure 1d are comparable to their separations. There-
fore, at least one of the barriers has to be very transpar-
ent. Its presence suppresses the charging effects in the
nanotube. The conductance is limited below 1.5e2/h by
the second, more opaque barrier. The more transparent
barrier results in the life-time broadening Γ comparable
to the level spacing ∆ (∆ & 10 meV, as confirmed by
measurements at higher VSD). We also see, looking at
the Figures 1b and c, that the data is featureless in the
VSD (vertical) direction. Thus for a given gate voltage,
the nanotube transparency does not depend on energy
on the scale of & ∆/e. Therefore, we may consider the
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FIG. 2: Conductance measured vs. VSD at four gate volt-
ages for the same sample as in Figure 1 at different tem-
peratures: 7.5 K (black), 5.5 K (red), 4.0 K (green), 2.5 K
(blue), 1.2 K (purple). a) Vgate = 7.1 V, maximal nanotube
transmission. Zero-bias conductance increases at low tem-
peratures way above the ballistic limit of 4e2/h possible for
normal contacts. b) Vgate = 6.1 V, local minimum of the
nanotube transmission. Zero-bias conductance decreases as
the temperature is lowered and the 2∆ features are promi-
nent at VSD ≈ ±0.8 mV. c) Vgate = 5.3 V, intermediate
nanotube transmission. As the temperature is decreased, the
zero-bias peak first grows, but then vanishes. Subgap fea-
tures are clearly visible at VSD ≈ ±0.4 mV. d) Vgate = 9.3 V.
Negative differential conductance is observed at VSD ≈ ±0.8
mV.

whole nanotube as a single tunneling barrier with gate-
controlled transparency.

When the leads become superconducting in Figure 1a,
several features become visible: i) a region of enhanced
conductance at VSD ≈ 0 and Vgate ≈ 7.1 V; ii) horizontal
features at VSD ∼ ±1 mV and ∼ ±0.5 mV; iii) regions of
suppressed conductance at VSD ∼ 0 and extended ranges
of Vgate. These features correspond to: i) enhanced con-
ductance between two superconducting leads due to the
establishment of a weak link through the nanotube; ii)
Multiple Andreev Reflection features (MAR) at reso-
nant energies of 2∆/n, where n is an integer [12–15]; iii)
tunneling gap between two weakly coupled superconduct-
ing leads. In the following we consider these features in
detail.

Figure 2 shows the nanotube differential conductance
measured as a function of VSD for several temperatures
at B=0 T and at several values of the gate voltage. Each
of the curves in Figures 2a-d can be viewed as a vertical
slice through a map similar to Figures 1a,c at a fixed gate
voltage (the corresponding gate voltages are indicated by
arrows in Figure 1a). At all gate voltages, the highest
temperature data (T = 7 K) demonstrates only minor
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variations with the source-drain bias. This stresses our
notion that the nanotubes forms a weak link with energy-
independent transmission. The behavior of conductance
as a function of magnetic field is very similar, and these
data will be omitted for brevity.

In Figure 2a, we consider nanotube conductance at the
gate voltage Vg = 7.1 V corresponding to the maximum
of the differential conductance. The nanotube conduc-
tance is relatively insensitive to the temperature changes
in the range T > 7 K. As the leads become superconduct-
ing at lower temperatures, a peak grows at small VSD

(Figure 2a). The peak greatly exceeds the ballistic limit
of conductance (4e2/h) possible for a complete transmis-
sion of the four modes in the nanotube with normal leads.
Similar peak in dI/dV was observed in [5, 6, 8] and indi-
cates the establishment of a weak link between the two
superconducting leads. In principle, one may expect to
observe signatures of a supercurrent (which would corre-
spond to an infinite dI/dV ), similar to Ref. [7]. It was
suggested that the inelastic scattering limits the zero-bias
conductance [15, 16]. In this case, the height of the zero-
bias peak in Figure 2a reflects the corresponding scatter-
ing time. The dependence of zero-bias conductance on
temperature is shown by square symbols in Figure 5a. In
this case the growth of the conductance saturates or even
slightly decreases at T ∼ 2 K. While we cannot exclude
the possible spurious effects of the external electromag-
netic environment, we note that in a more transparent
sample the zero bias conductance does not saturate and
continues to grow down to the lowest measured temper-
ature (Figure 5b).

In Figure 2b, we show the temperature dependence
of the nanotube conductance measured vs. VSD at
Vgate = 6.1 V corresponding to the low conductance re-
gion (arrow in Figure 1a). As the temperature or mag-
netic field is reduced, the zero-bias conductance drops,
and the conductance peaks appear symmetrically at pos-
itive and negative VSD. We attribute these features to
the quasiparticle tunneling across the gap [12–15]. The
superconducting gap in Pb is known to be ∆ = 1.3 meV.
The significant (more than twofold) reduction of the gap
in our measurements is likely caused by the proximity
Au/Pd layer, which directly contacts the nanotube. A
significant reduction of the gap has been measured in
other nanotubes with composite superconducting con-
tacts [5–8].

Going back to Figure 2a, we note that features at en-
ergies ∼ ±1 meV are also visible there. The 2∆ and
∆ peaks are expected to be washed away at high trans-
parency (cf. Fig. 2 in [14] or Fig. 2 in [15]). The appear-
ance of these features together with the high zero-bias
peak indicates that more than one conductance mode is
present. The more transparent mode is responsible for
the zero-bias peak and the smooth background, while the
less transparent mode adds the faint gap features. In-
deed, in a single-wall Carbon nanotube two conductance

modes should exist, which become non-degenerate in the
presence of mode-mixing scattering.

Another noticeable feature of the differential conduc-
tance in Figure 2b is a small peak formed at zero Vgate

at intermediate temperatures, which is suppressed as the
temperature is lowered. The peak is due to the enhanced
density of states for the tunneling of the thermally ex-
cited quasi- particles at small biases, which is an effect
that can be described within the single-particle ”semi-
conductor model” [17]). As the temperature is reduced
the thermal population of the quasi-particles decreases
and the peak vanishes (Figure 5a, circles).

Figure 2c focuses on the region of intermediate trans-
parency, where the subgap structures are best visible
(Vgate = 5.3 V). In addition to the features at ≈ ±0.8
mV, we see prominent peaks at ≈ ±0.4 meV, which we
identify with the MAR. The zero bias peak is again visi-
ble in Figure 2c. Here, the zero-bias conductance demon-
strates a non-monotonic dependence on temperature (di-
amonds in Figure 5a).

Finally, Figure 2d demonstrates pronounced negative
differential conductance (NDC) observed at Vgate = 9.3
V. The conductance deeps occur at the same VSD ≈ ±0.8
mV as the conductance peaks in Figures 2b and c. At
the same time, the positions of the conductance peaks
at VSD ≈ ±0.4 mV in Figure 2d coincide with the ±∆
features in Figure 2c. The models of Andreev transport
through a resonant level indeed predicted NDC [18, 19],
however, it remains unclear why the conductance peaks
at VSD ∼ ±2∆/e turn into deeps, while the peaks at
VSD ∼ ±∆/e survive.
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FIG. 3: Differential conductance maps as a function of Vgate

and VSD measured in 100 nm-long sample B at a) B = 0 T,
b) B = 0.2 T and c) B = 0.4 T. Colormap: 0 to 6 e2/h.

Figure 3 shows the conductance maps a function of
Vgate and VSD measured on another 100 nm-long nan-
otube (Sample B) at several values of the perpendicular
magnetic field. As in Figure 1, the zero-bias conduc-
tance at some gate voltages is enchaned beyond 4e2/h at
low temperature and zero magnetic field. Application of
magnetic field supresses this enhanced conductance, but
increases conductance elsewhere. This can be best seen
in Figure 4a, where zero-bais conductance is shown as
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a function of magnetic field. The zero-bias conductance
in the absence of supercunductivity (0.4 T) is greater
than 2e2/h in the whole range of gate voltages, and
the Coulomb blocade is suppressed. The single-particle
Fabry-Perot conductance oscillations are clearly visible.
The arrows in Figure 4a indicate the gate voltages at
which the VSD dependence is recorded at several mag-
netic fields (Figures 4b-d). In Figures 4b and d, the con-
ductance demonstrates a zero-bias peak exceeding 4e2/h
and MAR features, rather similar to Figure 2a. At the
same time, in Figure 4c we see the development of the
zero-bias dip, like in Figures 2b and 2c.
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FIG. 4: a) Differential conductance of sample B as a function
of Vgate at small bias. b-d) Differential conductance as a
function of VSD measured at Vgate=6.3 V, 7.7 V, and 8.3 V,
respectively. (These gate voltages are indicated in Figure 4a
by arrows.)

We summarize the temperature dependence of the
zero-bias conductance at several gate voltages for the two
100 nm-long samples A and B in Figure 5. As discusses
above, depending on the sample transparency, the con-
ductance may i) grow as the temperature is lowered, ii)
drop due to the suppression of the quasiparticle tunnel-
ing, or iii) demonstrate a non-monotonic behavior (more
clearly seen in sample B, Figure 5b). We tentatively at-
tribute this behavior to competition between the conduc-
tance enhancement followed by saturation (as in Figure
2a) and the suppression of the quasi-particle tunneling as
the temperature is lowered (as in Figure 2b). A unified
description of this behavior remains a challenge.

We now discuss the excess current Iex, which unlike the
zero-bais conductance should be relatively insensitive to
the presence of inelastic processes. The excess current
measured in sample A as a function of the normal state
conductance is plotted in Figure 6. We use the value
of ∆ ≈ 0.43 meV extracted from the positions of the
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long samples A and B as a function of temperature at several
different gate voltages. Figure 5a corresponds to the same
data as Figure 2. Squares: Vgate = 7.1 V (same as Figure
2a), circles Vgate = 6.1 V (same as Figure 2b), diamonds
Vgate = 5.3 V (same as Figure 2c). Figure 5a corresponds to
the same sample B as in Figures 3-4. Squares: Vgate = 6.3 V,
circles: Vgate = 7.7 V, diamonds: Vgate = 8.3 V.
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MAR features in Figures 1 and 2. The excess current in a
multi-mode junction was theoretically derived in Refs. [?
] ADD OTHER REFS. Assuming an equal transparency
for the 2 modes in the nanotube, the authors of Ref.
[8] obtain the following expression: Iex = e∆

h
G2

4−G2 [1 −
G2

4(8−G)
√

4−G
ln( 2+

√
4−G

2−
√

4−G
)] and find an excellent agreement

with their data. The result of applying this expression is
shown by a dotted line in Figure 6. Clearly, the fit falls
short of the experimental data. Most likely the value of ∆
is in reality greater than 0.43 meV. Another major source
of discrepancy is the assumption of equal transparency of
two modes. If one of the modes dominates, in the regime
of low transaprencies the excess current may be up to
two times larger than the above expression.
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LONG NANOTUBES

So far, we presented data measured on short nanotube
segments, 100 nm in length, where the single-particle
energy spacing and level broadening were significantly
greater than the superconducting energy gap. The con-
tacts to the nanotubes were rather transparent, so that
the Coulomb blockade effect in the nanotubes was sup-
pressed. Therefore, it made sense to characterize the
nanotube by an energy-independent transparency that
may be controlled by the gate voltage.

We now consider a longer nanotube, with a length of
650 nm, which demonstrates a clear Coulomb blockade
pattern. Figure 7a displays the conductance map mea-
sured in magnetic field of 0.3 T. The Coulomb blockade
“diamonds” are clearly visible, as well as the resonant
lines corresponding to the excited states (running par-
allel to the diamond boundaries) [20]. The extracted
Coulomb charging energy (∼ 2 meV) and the level spac-
ing (∼ 0.5 meV) are comparable to the superconducting
gap. Therefore, the nanotube may no longer be consid-
ered as a weak link with an energy-independent transmis-
sion coefficient. A more involved conductance behavior
may be expected as a result of an interplay between sev-
eral comparable energy scales.

Figure 7b shows the conductance maps measured at
zero magnetic field. Clearly, superconductivity in the
leads greatly modifies the nanotube conductance. In par-
ticular, resonance conductance features appear at VSD ≈
2∆/e. These features are best visible in the center of the
image as lines of constant VSD ≈ ± 1 mV. However, in
the left and right side of the image, the resonances form a
more intricate pattern, where the energies of the conduc-
tance resonances depend on the gate voltage. Namely,
the resonance positions in VSD curve toward zero at
Vgate positions corresponding to the single-electron con-
ductance peaks, and grow to approach ∼ 2∆/e in the
Coulomb blockade valleys, in qualitative agreement with
the results obtained in multi-wall CNT [6]. Such behavior
may be explained by considering Andreev transmission
through a resonant weak link [6, 18, 19].

Interestingly, the excited state lines, which in Figure 7a
terminate at the boundaries of the Coulomb diamonds,
in Figure 7b extend into the diamonds. The lines are
best visible in Figure 7c, which reproduces the data of
Figure 7b with a 5 times greater contrast, in the gate
voltage range -4.9 V< Vgate < -4.6 V. The resonances
approach zero VSD inside the Coulomb diamonds, away
from the single-electron conductance peaks. We surmise
that these features likely arise due to Multiple Andreev
Reflections of quasiparticles transmitted through the res-
onance levels in the nanotube Quantum Dot.

The appearance of the resonances does not mean that
conductance there is enhanced when the leads become su-
perconducting. On the contrary, the conductance inside
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FIG. 7: Differential conductance maps as a function of Vgate

and VSD at magnetic field of 0.3 T (a) and without magnetic
field (b) in case of a well-developed Coulomb blockade in a
650 nm-long nanotube. Colormap: 0 to 0.5 e2/h. Establish-
ment of superconductivity in the leads introduces a number
of resonant features in b). Same data as in (b) are reproduced
in (c) using 5 times greater contrast colormap. d): zero-bias
conductance corresponding to Figure 7a (lower curve) and 7b
(upper curve). (The curves can be viewed as horizontal cross-
sections of Figures 7a,b.) Superconductivity in the leads re-
duces the zero-bias differential conductance. The suppression
is stronger at the single electron peaks (up to tenfold) rather
than in the valleys (threefold).

the Coulomb diamonds drops (compare Figures 7a and
b). In Figure 7d we plot the zero-bias conductance cor-
responding to Figures 7a and b (which can be viewed as
horizontal cross-sections of these figures). Indeed, in the
Coulomb blockade regime, the superconductivity in the
leads suppresses the zero-bias differential conductance.
Interestingly, the suppression is stronger at the single
electron peaks (up to a factor of 10) and weaker in the
valleys (about a factor of 3).
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and VSD at magnetic field of 0.3 T (a) and without magnetic
field (b) in case of a well-developed Coulomb blockade in a
650 nm-long nanotube. Colormap: 0 to 0.5 e2/h. Establish-
ment of superconductivity in the leads introduces a number
of resonant features in b). Same data as in (b) are reproduced
in (c) using 5 times greater contrast colormap. d): zero-bias
conductance corresponding to Figure 7a (lower curve) and 7b
(upper curve). (The curves can be viewed as horizontal cross-
sections of Figures 7a,b.) Superconductivity in the leads re-
duces the zero-bias differential conductance. The suppression
is stronger at the single electron peaks (up to tenfold) rather
than in the valleys (threefold).

Finally, in Figure 8 we show conductance of another
650 nm - long nanotube with and without magnetic field.
This sample clearly shows the

CONCLUSION

In conclusion, we investigate the influence of the su-
perconducting leads on the properties of single-wall car-
bon nanotubes. For short nanotubes, several transport
regimes are observed depending on the normal state
transparency. For high transparency, the small-bias con-
ductance grows as the temperature is reduced, and sig-
nificantly exceeds 4e2/h, reaching 10e2/h in some of our
samples. We also observe the gap and subgap (Multi-
ple Andreev Reflection) features at lower transparencies.
At intermediate transparencies, the temperature depen-
dence of the zero-bias differential conductance may be
non-monotonic, where as the temperature decreases the
initial rise of dI/dV is replaced by an eventual drop. Fi-
nally, in longer nanotubes, where the Coulomb charging
energy and the level spacing are comparable to the super-
conducting gap, we find a complicated pattern of conduc-
tance resonances inside the Coulomb diamonds. In this
regime, the zero-bias conductance is suppressed stronger
at the single-electron conductance peaks rather than in

the valleys.
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