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Abstract

Metallic single wall carbon nanotubes have attracted much interest as 1D quantum wires combining a low carrier density and
a high mobility. It was believed for a long time that low temperature transport was exclusively dominated by the existence of
unscreened Coulomb interactions leading to an insulating behavior at low temperature. However experiments have also shown
evidence of superconductivity in carbon nanotubes. We distinguish two fundamentally different physical situations. When carbon
nanotubes are connected to superconducting electrodes, they exhibit proximity induced superconductivity with supercurrents which
strongly depend on the transmission of the electrodes. On the other hand intrinsic superconductivity was also observed in suspended
ropes of carbon nanotubes and recently in doped individual tubes. These experiments indicate the presence of attractive interactions
in carbon nanotubes which overcome Coulomb repulsion at low temperature, and enables investigation of superconductivity in a
1D limit never explored before. To cite this article: M. Ferrier et al., C. R. Physique 10 (2009).
© 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Propriétés supraconductrices des nanotubes de carbone. Les nanotubes de carbone monofeuillets, en combinant une faible
densité électronique et une forte mobilité, ont attiré un intérét considérable en tant que systéme modele pour I’étude du trans-
port quantique a une dimension. Dans ce type de systeme le transport a basse température était prédit tre dominé par I’existence
d’interactions coulombiennes non écrantées donnant lieu a un comportement isolant a basse température. Mais les expériences
montrent, quant a elles, 1’existence de supraconductivité dans les nanotubes de carbone. Il est important de distinguer deux situa-
tions physiques bien différentes. Dans la premiére, lorsque ils sont connectés a des électrodes supraconductrices, les nanotubes de
carbone deviennent supraconducteurs par effet de proximité avec des supercourants dont I’intensité dépend tres fortement de la
transmission des électrodes. Dans la seconde, lorqu’ils sont connectés a des contacts normaux, il a été aussi possible d’observer
de la supraconductivité intrinseque dans des faisceaux suspendus de nanotube de carbone et plus récemment dans des nanotubes
individuels dopés. Ces expériences montrent I’existence d’interactions attractives qui dominent la répulsion coulombienne a basse
température, ce qui permet une exploration de la supraconductivité dans une limite unidimensionnelle jamais encore atteinte. Pour
citer cet article : M. Ferrier et al., C. R. Physique 10 (2009).
© 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction

Single wall carbon nanotubes are constituted by a single graphene sheet wrapped into a cylinder. The Fermi surface
of graphene is very particular, it is reduced to six discrete points at the corners of the first Brillouin zone [1]. As a
result, depending on their diameter and their helicity which determine the boundary conditions of the electronic wave
functions around the tube, SWNT can be either semiconducting or metallic [2,3]. When metallic they have only two
conducting channels [2]. The minimum resistance of a single wall nanotube in good contact with normal electrodes is
thus Ry /2 where Rg = h/(2€?) = 12.9 kQ is the resistance quantum.

It has been shown that these two conduction modes of carbon nanotubes are only very weakly coupled by electron
interactions. SWNT are thus expected to exhibit electronic properties similar to systems presenting 1D conducting
ladders with very small transverse coupling. In such 1D systems electron—electron interactions have been shown to
determine the low temperature properties, with a non-Fermi liquid behavior characteristic of a Luttinger liquid state
(LL) [4,5] with collective low energy plasmon-like excitations giving rise to anomalies in the single particle density of
states. Proof of the validity of the LL description with repulsive interactions in SWNT was given by the measurement
of a resistance diverging as a power law with temperature down to 10 K [6] with an exponent depending on whether
contacts are taken on the end or in the bulk of the tube. This power law behavior would lead to an insulating state at
very low temperature.

However, in these measurements the nanotubes are separated from measuring leads by tunnel junctions. The low
temperature transport corresponding to kT < Ec is dominated by Coulomb blockade [7], where E¢ = e*/C of the
order of 10K is the charging energy of the nanotube of capacitance C =¢L/In(L/R) (L and R being respectively
the length and radius of the nanotube and € the effective dielectric constant of its surrounding medium). In contrast
it is also possible to investigate transport through carbon nanotubes in good contacts with metallic and possibly
superconducting electrodes.

Individual metallic tubes with a room temperature resistance between 10 k2 and 40 k2, were obtained either
using the nanosoldering technique developed by A. Kasumov [8] or by burying the tube ends over a large distance
under metallic electrodes fabricated with electron beam lithography [9,10]. The resistance increases only slightly
at low temperatures (typically a 20% resistance increase between RT and 1 K). The current versus voltage (/-V)
curves also exhibit logarithmic non-linearities at low temperature, in stark contrast with the temperature and bias
dependences of tubes with tunnel contacts. It is not surprising that in addition to the intrinsic conducting properties of
tubes (interactions, band structure, disorder), the way they are contacted should determine the temperature dependence
of the resistance. Extrapolating the results obtained on Luttinger liquids between normal reservoirs [11], the resistance
of a ballistic tube on perfect contacts is expected to be insensitive to interactions and to be given by Rp/2 = 6.5 k2
at all temperatures, as for an ideal two channel conductor. The intermediate conduction regime is also particularly
interesting with the formation, in case of an odd number of electrons on the nanotube, of a strongly correlated Kondo
resonant state where the magnetic moment of the highest occupied level is screened by the spins of the electrons in
the contacts [12]. Moreover, when the carbon nanotubes are in good contact with superconducting electrodes, it is
possible to induce superconductivity and observe supercurrents, as was first investigated in ungated suspended devices
[13,14] and then explored in gated devices with evidence of a strong modulation of subgap conductance, depending
on the transmission.

More surprising, intrinsic superconductivity was also observed in suspended ropes of carbon nanotubes and re-
cently in doped individual tubes. These experiments indicate the presence of attractive interactions in carbon nanotubes
which overcome Coulomb repulsion at low temperature.

The article is organised as follows:

— The next section is devoted to proximity induced superconductivity focusing mostly on experiments in ungated
suspended carbon nanotubes performed in our group which also offer the possibility of the investigation of transverse
vibration modes. We also discuss more recent experiments on gated tubes (performed by several groups including
ours) which lead to tunable Josephson junctions.

— The third section is devoted to intrinsic superconducting fluctuations observed by our group at sub Kelvin
temperatures in suspended ropes of carbon nanotubes. We discuss the various parameters which influence this su-
perconductivity like the invasive character of the normal contacts, the number of tubes and disorder within a rope,
and finally the suspended character of the tubes. Magnetisation experiments on similar samples reveal a small but de-
tectable Meissner effect, difficult to observe because of residual catalytical magnetic particles in the tubes. We finally
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discuss recent experiments performed by other groups showing evidence of superconducting fluctuations at much
larger temperature, above 10K, in doped carbon nanotubes.

2. Proximity induced superconductivity in carbon nanotubes as a probe of phase coherent transport

Several transport experiments were performed on individual carbon nanotubes (SWNT) connected to supercon-
ducting electrodes. These experiments probe not only the conduction of SWNT but also the coherent nature of the
transport from the observation proximity induced superconductivity below the superconducting transition temperature
of the electrodes. A normal metal in good contact with macroscopic superconducting leads is in the proximity effect
regime: superconducting correlations enter the normal metal over a characteristic length Ly which is the smallest of
either the phase coherence length in the normal metal Ly or the thermal length L. Both lengths, of the order of a
few um, can be much greater than the superconducting coherence length £ of the superconducting contacts. This effect
was extensively investigated in mesoscopic wires made of noble metals [15—17] connected to massive superconduct-
ing electrodes. These so called SNS junctions exhibit a Josephson effect like tunnel junctions, i.e. a supercurrent at
zero bias. The maximum low temperature value of the supercurrent (critical current) in such SNS junctions of normal
state resistance Ry is related to the superconducting gap A by: 7 A /e Ry in the short junction limit L < & [18], and
o E./eRy, with a a numerical factor of the order of 10, in the limit of long junctions L >> & where E. =/ /tp and tp
is the typical traversal time of charge carriers through the junction [16]. Probing the proximity effect in a normal wire
connected to superconducting electrodes and in particular the existence of a Josephson current constitutes a powerful
tool for the investigation of phase coherent transport through this normal wire.

2.1. Supercurrents in ungated suspended SWNT

Proximity induced superconductivity was first observed in suspended carbon nanotubes mounted on Ta/Au elec-
trodes [13] which are a bilayer (5 nm Ta, 100 nm Au) with a transition temperature of the order of 0.4 K. This value
is strongly reduced compared to the transition temperature of bulk tantalum (4 K) due to the large thickness of gold
relative to tantalum. Tubes were soldered with a laser pulse on low resistive metallic contacts across a slit etched in
a silicon nitride membrane. This technique enables both the realisation of contacts with a transmission probability of
carriers between the nanotube and the electrodes close to unity, and a good characterisation of the samples by trans-
mission electron microscopy. The temperature dependence of the low current resistance exhibits a broad transition
around the superconducting transition temperature of the contacts and becomes zero at lower temperature as seen on
Fig. 1. The transition is shifted to lower temperature when a magnetic field is applied in the plane of the contacts and
perpendicular to the tube axis. Above 2 Tesla all signatures of superconductivity disappear: the resistance becomes
field independent and slightly increases when the temperature is lowered below 0.2 K. The critical field, can be ex-
tracted as the inflection point of the magnetoresistance depicted in Fig. 1 (left); its value of the order of 1 Tesla for all
samples is surprisingly high and is ten times larger than the measured critical field of the contact (0.1 T). It is possible
that these high values of critical field are due to local modifications of the bilayer Ta/Au film in the contact region
due to the laser pulse, in particular the melted upper gold film is probably much thinner than the original one. It is,
however, important to note that the critical fields are nearly the same for the various samples measured and all vary
linearly with temperature down to 7.

The most striking signature of proximity induced superconductivity, is the existence of Josephson supercurrents
through the samples at low temperature as shown in Fig. 1 (right). The transition between the superconducting state
(zero voltage drop through the sample) and the dissipative (resistive) state is quite abrupt and displays hysteresis. It
is characterised by a critical current i, = 0.14 uA near zero temperature. The value of the product Ryi. at T = 0, for
the 3 samples depicted in Fig. 1 (left), varies between 1.6 and 3.5 mV, it is of the order but significantly larger than
the expected value of the order of the gap of pure tantalum A1, = 0.7 mV in the short junction limit.

Observation of a strong proximity effect indicates that phase coherent transport takes place in carbon nanotubes
on the micron scale. However, the surprisingly high values of critical currents measured cannot be described by the
theory of SNS junctions where the normal part N is a LL with repulsive interactions [19,20].

Our data could, on the other hand, be explained by the existence of superconducting fluctuations intrinsic to SWNT
[21,22]. For an infinite nanotube, because of its 1D character, these fluctuations are not expected to give rise to a
superconducting state at finite temperature. However, the superconducting state could be stabilised by the macroscopic
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Fig. 1. Left: Temperature dependence of the resistance of 3 different single tubes ST1, 2, 4 mounted on TaAu measured for different values of the
magnetic field perpendicular to the tube axis in the plane of the contacts. Bottom insert: Transmission electronic microscopy picture of the nanotube
ST1 suspended between the two TaAu contacts. Top insert: Field dependence of the transition temperature (defined as the inflection point of R(T)).
Right: Typical (V) characteristics for the suspended individual SWNT ST1 measured at 100 mK.

superconductivity of the contacts. In such a situation, it is conceivable to expect the supercurrent to be enhanced
compared to its value in a conventional SNS junction and to be equal to the critical current of a superconducting
filament which reads i. = (4¢2/ h)A; determined by the value of the superconducting pairing amplitude A, inside the
wire and independent of the normal state resistance of the nanotube (in the limit where the mean free path is larger than
the superconducting coherence length). We see in the next section that the observation of intrinsic superconductivity
in suspended ropes of SWNT corroborates this scenario.

2.2. Superconducting nano-electromechanical resonators based on suspended carbon nanotubes

We show in the following that it is possible to take advantage of the extreme sensitivity of proximity induced
superconductivity to dephasing events in the nanotubes and detect their transverse low frequency vibrational modes
(bending modes) from transport measurements. The experiment consists in exciting vibrations on the tubes by apply-
ing a radio-frequency (1f) electromagnetic field via a macroscopic antenna. The mechanism of excitation of vibrations
is explained by the presence of electrostatic charges on the tube and the Coulomb force produced by the rf electric
field on these charges. The existence of charge depletion in a carbon nanotube in close contact with a noble metal
such as Au or Pt has been shown to arise from the difference of electronic work functions between the SWNT and the
metal [24]. The resulting uncompensated charges on a SWNT is estimated to be of the order of ¢ = 100e where e is
the electron charge. If these charges are not uniformly distributed on the tube, the excitation of harmonics is favored
compared to the fundamental. A similar mechanism for the excitation of mechanical resonances has been demon-
strated in cantilevered multiwall nanotubes under an electron microscope [23]. When the tubes are superconducting,
the mechanical vibrations induce a loss of phase coherence which is detected via a reduction of the critical current and
the onset of finite resistance at large enough rf power excitation and can be simply detected via a transport experiment
as shown on Fig. 2. The experimentally observed resonance frequencies are approximately multiples of 300 MHz
which is the value expected for the transverse vibrations of a slightly stretched rope [25]. The fundamental frequency
is, however, not observed. This absence may have an intrinsic origin (for instance the non-homogeneity of the strain
along this long rope, leading to weak coupling of the fundamental mode to an homogeneous excitation), or may be
simply due to the particularly small coupling to the antenna in this frequency range.

The mechanical origin of the resonances has been confirmed by the shift to lower frequencies caused by deposition
of nitrogen molecules on the nanotubes. The quality factors of these resonances were found to be of the order of 1000
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Fig. 2. A. Effect of a rf electromagnetic radiation on the dc voltage across a 1.6 um long suspended rope of carbon nanotubes connected to
superconducting electrodes when it is run through by a dc current below the critical current. B. Evolution of the resonance line shapes of the 6th
harmonics with the temperature of the contacts. C. Resistance of the rope versus frequency near the 6th harmonics, at 110 mK and for different
applied rf powers.

at 1 K and to increase approximatively as 1/T at low temperature. We have also observed non-linear effects at high
RF excitation power which have not yet received clear explanations [25].

Since these preliminary experiments, mechanical resonances of carbon nanotubes have been explored in various
more sophisticated experimental setups [26], but it is interesting to note that the high quality factor values we have
observed probably due to the superconducting contacts were not reproduced. Superconducting nano-electromagnetic
resonators have also been recently investigated theoretically [27] in the interesting regime where the Josephson fre-
quency coincides with eigen mechanical modes in the system and deserve further experimental studies.

2.3. Tunable supercurrents in gated carbon nanotubes

Proximity induced superconductivity was also explored in devices in which the number of electrons in the nanotube
can be adjusted with a gate voltage. Evidence was shown of a strong modulation of conductance at bias voltages
lower than the superconducting gap, but in most cases no supercurrent was observed [28—30]. More recently, tunable
supercurrents could be detected in the resonant tunneling conduction regime, where the transmission of the contacts
approaches unity [31]. In this regime, the discrete spectrum of the nanotube is still preserved and the maximum value
of supercurrent is observed when the Fermi energy of the electrodes is at resonance with “the-electron-in-a-box™ states
of the nanotube.

A superconducting quantum interference device was also fabricated with carbon nanotubes as Josephson junctions:
Supercurrent 7 phase shifts occurred when the number of electrons in the nanotube dot was changed from even to
odd [32] corresponding to the transition from a singlet (non-magnetic) to a doublet magnetic state of the dot. Sharp
discontinuities in the critical current at this 0 — 7 transition in relation with the even-odd occupation number of the
nanotube quantum dot were also observed in single nanotube junction devices [33]. It was pointed out in the SQUID
experiment [32] that a Josephson current can be observed in the Kondo regime, when the Kondo temperature is large
compared to the superconducting gap, confirming theoretical predictions [34-39] and previous experiments [29,40]
with no determination of supercurrents though, indicating that Kondo effect and proximity induced superconductivity



M. Ferrier et al. / C. R. Physique 10 (2009) 252-267 257

U=17A [ u=ma ]
o T=274 \r=324 4

| \\ B /,/ ‘ \C_,»‘/ :

[
350 31 352 3f3 34
Vs (V)

T, (K)
B

-

~TcC

350 360 361 362 363
Vas (V)

Fig. 3. Lower graph: Gate voltage dependence of the critical current measured on two successive Kondo ridges in relation with the Kondo tem-
perature shown on the two upper insets. A sharp transition of the critical current is observed when the Kondo temperature becomes smaller than
the superconducting temperature transition of the contacts (ridge B). This transition does not exist when Tx > T¢ along the whole Kondo ridge
(ridge C) [41].

can cooperate in favoring the coherent transfer of Cooper pairs through the nanotube, provided that Kondo correlations
are strong enough with Tx > A. We have recently investigated this competition between Josephson and Kondo physics
by monitoring on the same device the bias dependence of the differential conductance in the normal state and the
Josephson current in the superconducting state as a function of the gate voltage [41]. A supercurrent is observed (for
an odd number of electrons on the nanotube) when both energy level spacing and Kondo temperature are sufficiently
high compared to the superconducting gap A and when the asymmetry of the transmission of the electrodes is not
too large. This is understood considering that the formation of a coherent, non-magnetic, resonant Kondo singlet state
on the tube prior to the onset of the BCS superconducting order, favors the transmission of Cooper pairs through the
island. The induced superconducting BCS gap is only a minor perturbation in the broad Kondo resonance of width Tk .
On the other hand, when the Kondo temperature is smaller than the superconducting gap, the magnetic spin remains
unscreened at all temperatures leading to a sign reversal of the Josephson current phase relation (;r-junction) with a
very low transmission of Cooper pairs.

We have also explored [41] the intermediate regime where the Kondo temperature can be tuned with the gate voltage
via the position of the energy levels with respect to the Fermi energy, from a value slightly below the superconducting
gap at half filling to a value Tk (¢) larger than A. A sharp increase of the supercurrent is then observed, which is related
to the transition from a magnetic to a non-magnetic state of the nanotube island as shown on Fig. 3. These results are
in good agreement with functional renormalisation group (FRG) calculations for the single impurity Anderson model
[39] and illustrate the extreme sensitivity of proximity induced superconductivity as a probe of magnetism at the single
molecule level.

It is important to note that the values of supercurrent measured in all these experiments on gated tubes do not exceed
a few nano-Amperes and are at least one order of magnitude below the theoretically expected values and the values
obtained in our experiments on suspended tubes discussed above. It has been argued that uncontrolled dissipative
electromagnetic environments could be responsible for this strong supercurrent reduction. It is also possible that the
presence in all these experiments of a strongly doped underlying Si substrate (used as a backgate) covered by an oxide
layer contributes to electromagnetic noise at high frequency. In the case of suspended nanotubes, however, we will
see in the following that their suspended character seems to favor intrinsic superconducting fluctuations on normal
contacts which could explain an enhancement of supercurrents in the proximity induced superconductivity regime.
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Fig. 4. Transverse delocalisation by disorder: Evolution of deperp with the amplitude of disorder for 10 coupled chains of 100 sites, W corresponds
either to on site disorder (black dots), either to bond disorder (open circles). The situation of identical values of 7 on all chains, corresponding to
3t = 0, upper curves, exhibits expected disorder induced localisation, whereas the situation with different values of 7, where 67 /7 = 0.2 shows a
regime of disorder induced transverse delocalisation. The transverse hopping energy is chosen to be t; = 0.06¢. v is the density of states (inverse
nearest level spacing) [45].

3. Intrinsic superconductivity
3.1. Normal state transport in ropes of SWNT

A rope of single wall carbon nanotubes (SWNT) is made of ordered parallel tubes with different helicities, but
with a narrow distribution of diameters [2,42]. The center of the tubes form a triangular lattice so that there is for each
metallic tube in a rope on average two neighboring tubes which are also metallic. In the absence of disorder within
the tubes, the intertube electronic transfer, defined as the matrix element of the transverse coupling between two
neighboring tubes, integrated over spatial coordinates, is negligible because of the longitudinal wave vector mismatch
between tubes of different helicities [43]. The rope can then be considered as made of independent nanotubes in
parallel. The transport is ballistic and the dimensionless conductance (in units of the quantum conductance Gg =
262 / h) of the rope is two times the number of its metallic tubes. However, it has been shown [43,44] that disorder
within the tubes favors intertube scattering by relaxing the strict orthogonality between the longitudinal components
of the wave functions.

Using a very simple model in which disorder is treated perturbatively, we have shown [45] that the intertube
scattering time can be shorter than the elastic scattering time within a single tube. In tubes longer than the elastic mean
free path, this intertube scattering provides thus additional conducting paths to electrons which would otherwise be
localised in isolated tubes. In the limit of localised transport along the tubes it is possible to show that the longitudinal
localisation length of a rope is not a monotonous function of disorder and increases at moderate disorder. In order
to go beyond these simple analytical results we have performed numerical simulations on a tight binding model of
coupled 1D chains with different longitudinal hopping energies #| [45]. This model mimics the physics of transport in
a rope of carbon nanotubes in the sense that in the absence of disorder the electronic motion is localised within each
chain. Transverse delocalisation as a function of disorder was investigated through the sensitivity of eigen-energies to
a change of transverse boundary conditions from periodic to antiperiodic [46].

These results displayed in Fig. 4 show that disordered ropes of carbon nanotubes can be considered as anisotropic
diffusive conductors, which, in contrast to individual tubes, exhibit a localisation length that can be much greater than
the elastic mean free path. As a consequence, ropes of SWNT contacted using the laser nano-soldering technique
present a much wider range of resistance values than individual tubes: the resistances vary between less than 100
and 10°  at 300 K. There is also no systematic relation between the diameter of a rope and the value of its resistance.
This may indicate that in certain cases only a small fraction of the tubes within a rope are well connected on both



M. Ferrier et al. / C. R. Physique 10 (2009) 252-267 259

=
e
()
Q
&
i 2
/2]
|
0
0]
= 3
10

10° 10! 10°
Temperature(K)
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contacts. In contrast to individual nanotubes, the ropes seem to verify the Thouless criterion [47]: they strongly localise
when their resistance is above 10 k€2 at room temperature and stay quasi-metallic otherwise. This behavior is very
similar to phase coherent quasi 1D metallic wires. The temperature dependence of low resistance ropes is found to be
very weak (Fig. 5). But for low resistance ropes (R < 10 k€2) it is not monotonous, in contrast to individual tubes: the
resistance decreases linearly as temperature decreases between room temperature and 30 K indicating the freezing-out
of “twiston phonon modes” [48], and then increases as T is further decreased, as in individual tubes.

3.2. Sub-Kelvin superconductivity in suspended ropes of SWNT on normal contacts

In the following we discuss the low temperature transport (below 1 K) of suspended ropes of SWNT connected to
normal electrodes. The electrodes are trilayers of sputtered Al,O3/Pt/Au of respective thicknesses 5, 3 and 200 nm.

As shown in Fig. 6, sample dependent behaviors are observed for the temperature dependence of the resistance
measured in the linear response regime. The resistance of some samples (R3pay and R6pa,) increases weakly and
monotonously as 7 is reduced, whereas the resistance of others (R1, 2,4, Spiau) drops over a relatively broad temper-
ature range, starting below a temperature 7* between 0.4 and 0.1 K (7}* = 140 mK, 7" = 550 mK, 7, = 100 mK).
The resistance of R1pgay is reduced by 30% at 70 mK and that of R4ps, by 75% at 20 mK. In both cases no inflection
point in the temperature dependence is observed. On the other hand the resistance of R2pia, decreases by more than
two orders of magnitude, and reaches a constant value R, = 74 2 below 100 mK. This drop of resistance disappears
at a magnetic field above 1 T where the resistance increases with decreasing temperature, similarly to ropes 3 and 6,
and becomes independent of magnetic field. These data suggest that the ropes 1, 2, 4 and 5 (first cool down) present
intrinsic superconducting fluctuations.

In the temperature and field range where the zero-bias resistance drops, the differential resistance is strongly
current-dependent, with lower resistance at low current; see Fig. 7. The differential resistance displays a large number
of peaks whose density increases with the value of the current and the resistance of the sample. They can be attributed
to the formation of small normal regions around defects (phase slip centers) when the current is increased [14]. The



260 M. Ferrier et al. / C. R. Physique 10 (2009) 252-267

Q

o o
A O
T

[~ H=0
0.0 L—L ' '
005 010 0.15

H=2T,

R (kQ)

1 1
00 02 04 06 08 10
T(K)

Fig. 6. Resistance as a function of temperature for various ropes of carbon nanotubes connected to non-superconducting electrodes. Note the
absence of transition on the rope RS after a thermal cycling which resulted in an increase of its resistance.

T T I T T T 60 T T T T T
185mK ]
06| ' ‘ . " . s
R - 50 | . .
Soal 15 .
12 R4, = 40+ R4 2
0.2+ 24mK - r
1 " 1 " 1 " 1 " 1 30 | 1 | 1 |
-0.12 -0.06 0.00 0.06 0.12 20 40 60 80
T(mK)
— 1 r 1 r T T 1
L 1] g . =1
n
n
L L] -
n
R2
| |
_u 1 " 1 " 1 " 1 ]

90 180 270 360
T(mK)

Fig. 7. Differential resistance of R2p¢a, (disordered diffusive rope) and R4pa, (ballistic rope), at different temperatures. Right panel: temperature
dependence of 17, the current at which the last resistance jumps occur in the dV /d[I curves.

density of phase slips is found to be much higher in disordered ropes like R2p;a, compared to ballistic ones. Note
also the major difference between this data and what is measured on SWNTs connected to superconducting con-
tacts [13,14]: the V(I), dV /dI (I) curves do not show any supercurrent because of the existence of a finite residual
resistance due to the contacts being normal.

Before analysing the data further we wish to emphasise that this is the first observation of intrinsic superconductiv-
ity in wires having less than one hundred conduction channels. Earlier experiments in nanowires [49-52] dealt with
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at least a few thousand channels. We therefore expect a strong 1D behavior for the transition. In particular, due to
large fluctuations of the superconducting order parameter in reduced dimension the resistance drop extends on a wide
range of temperature starting at the 3D transition temperature 7* down to zero temperature. In the following we will
attribute the variety of behaviors observed to several essential features: the large normal contacts, together with the
finite length of the samples compared to relevant mesoscopic and superconducting scales, the number of tubes within
arope, the amount of disorder and intertube coupling, and finally the suspended character of the tubes. We first assume
that all ropes are diffusive conductors but we will see that this hypothesis is probably not valid in the most ordered
ropes.

3.2.1. Normal contacts and residual resistance

We first recall that the conductance of any superconducting wire measured through normal contacts is limited by
N./Rg where N, is the number of conducting channels of the superconductor in contact with the normal reservoir.
A metallic SWNT, with 2 conducting channels, has a contact resistance of half the resistance quantum, Ry /2 even if
it is superconducting. A rope of N, parallel metallic SWNT will have a minimum resistance of Rgp/(2N,,) in the S
state. Therefore we use the residual resistance R, measured at the lowest temperature, to deduce a lower bound for
the number of metallic tubes in the rope N,, = Rp/2R,. From the residual resistances of 74 €2 in sample R2p4y, and
less than 170 €2 in R4pay we deduce that there are at least ~ 90 metallic tubes in R2piay (Which contains 300 tubes)
and & 40 in R4pa, (Which contains 50 tubes). In both cases that means that a large fraction of tubes take part in the
conduction and justifies a posteriori the hypothesis that ropes are multichannel possibly diffusive conductors.

3.2.2. Destruction of superconductivity by the normal contacts

What are the parameters characterising the superconductivity in the ropes? Assuming that the BCS relation holds
we get for the superconducting gap A = 1.76 kpT*: A ~ 85 peV for R2p¢a,. We can then deduce the superconducting
coherence length along the rope in the diffusive limit:

§=/hvrle/A ey

where /, is the elastic mean free path which characterises the amplitude of disorder and can be deduced from the
high temperature value of the resistance of the rope and the number of contacted metallic tubes. This expression
yields & ~ 0.3 um where v is the longitudinal Fermi velocity 8 x 10° m/s. We now estimate the superconducting
coherence length of the other samples, to explain the extent or absence of observed transition. Indeed, investigation
of the proximity effect at high-transparency NS interfaces has shown that superconductivity resists the presence of
normal contacts only if the length of the superconductor is much greater than & [53]. This condition is nearly fulfilled
in R2pay (&2 & L, /3). Taking the same value of A for all samples, we find &1 ~ L1/2, &4 ~ L4/2, &3 &~ 2L3, and
&6 ~ 2L¢. These values explain qualitatively the reduced transition temperature of R1pa, and R4pa, and the absence
of a transition for R3ps, and R6ps, see Fig. 6. It is, however, not possible to explain the behavior of the sample 5
with the same kind of argument, since the same expression yields a coherence length £€5 much shorter than the length
of the sample, and nonetheless no complete transition is seen. We believe that this is due to the strong disorder in
this sample which is very close to the localisation limit. These results emphasise also the particular role of disorder
which on one hand favors superconductivity by reducing [, and accordingly the ratio £ /L but on the other hand leads
to localisation if it is too important.

3.2.3. Role of the number of tubes

Another a priori important parameter is the number of tubes in a rope: the less tubes in a rope, the closer the system
is to the strictly 1D limit, and the weaker the transition. If we compare the ropes R2pa, and Répeay in Fig. 6, it is
clear that the transition both in temperature and magnetic field is much broader in the rope R4pia, with only 40 tubes
than in the rope R2pa, with 350 tubes. Moreover there is no inflexion point in the temperature dependence of the
resistance in the thinner rope, typical of a strictly 1D behavior. We also expect a stronger screening of e—e interactions
in a thick rope compared to a thin one, which could also favor superconductivity as we will discuss below.

3.2.4. Role of disorder and intertube coupling
As is clear from expression (1) for the superconducting coherence length, disorder is at the origin of a reduction
of the superconducting coherence length in a diffusive sample compared to a ballistic one and can in this way also
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decrease the destructive influence of the normal contacts. More subtle and specific to the physics of ropes, we have
seen that disorder also enhances the intertube coupling, so it can increase the dimensionality of the superconducting
transition: weakly disordered ropes like R1 and R4 will be more 1D-like than the more disordered rope R2. Of course
disorder must always be sufficiently small so as not to induce localisation. These considerations may explain the
variety of behaviors observed and depicted in Fig. 6.

Finally, disorder is also the essential ingredient which reveals the difference between the normal state and the
superconducting state. In a ballistic rope we would not expect to observe a variation of the resistance over the super-
conducting transition because in both cases the resistance of the rope is just the contact resistance.

To gain insight in the transport regime, we have performed shot noise measurements of the ropes R1, 3, 4, 6piay,
in the normal state (higher level of 1/f noise in the more resistive ropes R2, Spiay, made the analysis of shot noise
impossible in those samples), between 1 and 15 K. The shot noise power of these low resistive ropes in the normal
state was found to be of the order of S; = 2e7/100, much less than the shot noise power S; = 2el /3 expected for a
coherent diffusive sample. Such a large reduction could be the signature of ballistic transport through the rope [54]
and implies that all the tubes in these ropes are either completely ballistic or completely localised [54]. This is in
apparent contradiction with the observation of the superconducting transition of R4pa,, with a 60% resistance drop.

It is, however, possible to explain a resistance decrease in ballistic ropes turning superconducting, if the number
of conducting channels is larger for Cooper pairs than for individual electrons. In his theoretical investigation of
superconductivity in ropes of SWNT, Gonzalez [55] has shown the existence of a finite intertube transfer for Cooper
pairs, even between two tubes of different helicities which have no possibility of single electron intertube transfer. This
Cooper pair delocalisation could lead to the opening of new channels when a rope, containing a mixture of insulating
and ballistic tubes not all connected to the electrodes, becomes superconducting.

3.2.5. Suspended character of the tubes

In order to investigate the importance the suspended character of the SWNT ropes, we have gradually coated
a suspended rope of SWNT with organic materials. We observed that superconductivity was gradually destroyed.
Parallel Raman experiments on other samples showed that the radial breathing modes are affected by coating, thereby
hinting to these modes as playing a major role in the superconductivity of carbon nanotubes.

The sample whose superconductivity we have altered is a rope containing roughly 40 SWNT (sample R4pay). The
number of conducting SWNTSs is determined from the normal state resistance, given that the two wire resistance of
a SWNT is at least /1/4e? ~ 6.5 k2. In the normal state, transport proceeds via ten ballistic tubes. It is likely that
the 10 tubes through which current flows in the normal state are those at the circumference of the rope. But in the
superconducting state, Cooper pairs can delocalise over all the superconducting tubes since their total momentum is
zero [55].

The sample was then modified in successive steps. We first (stage b) coated it at room temperature with a drop
of benzenedithiol. In step ¢, we coated the rope with polymethyl methacrylate (PMMA) which is more viscous than
benzenedithiol. In step d more PMMA was added, so that the entire slit was covered with PMMA. The trend upon
successive coatings, presented in Fig. 8, is to have a slightly modified normal state (high temperature) resistance,
which varies between 550 and 750 €2, and more spectacularly a superconducting transition which weakens as the
nanotube rope is coated. The transition temperature 7*, defined as the temperature at which the resistance starts to
decrease, which would be the transition temperature of a (hypothetical) corresponding 3D superconductor, shifts from
120 mK to 60 mK in curves a to c. In curve d, the coating is so important that no transition is visible down to less than
15 mK. The resistance even increases by 0.5% between 200 mK and 16 mK.

The gradual weakening of the rope’s superconductivity is also clearly seen in the differential resistance curves with
a disappearance of any detectable low bias anomaly in the coated rope.

To understand the link between the weakening of superconductivity and the effect of coating on the phonon modes
of these ropes, we have investigated the effect of PMMA deposition on the Raman response of other suspended nan-
otubes [56]. We compared the relative intensity of the RBM with respect to the tangential modes (TM). In the uncoated
sample, the intensity of the RBM peak at 200 cm™ is much greater than the intensity of the TM at 1600 cm™". This
is due to the fact that the tubes are suspended, and therefore do not interact through Van der Waals interaction with the
substrate [57]. With coating we find that the RBM intensity becomes much smaller (at least an order of magnitude)
than the intensity of the TM. After removal of the PMMA with acetone, the overall Raman intensity is recovered, as
is the large intensity of the metallic RBM relative to the TM.
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Fig. 8. Temperature dependence of the resistance of the 10 nm wide, 1 um-long rope containing 40 SWNT. (a) Before coating. (b) After benzene—
dithiol deposition. (c) After additional coating with PMMA. (d) After completely covering the rope and the slit with PMMA. Lines are guides to
the eyes.

The fact that the absolute RBM signal is much larger for suspended tubes than for tubes on a substrate has also been
observed in recent Scanning Tunneling Microscopy experiments on suspended nanotubes [58]. The authors found the
spectroscopic signature of the RBM modes only on the suspended portions of the tubes, and not on the contact regions.
But our experiment also shows that coating tubes with PMMA suppresses their RBM much more than the TM. In the
transport experiment on the rope containing 40 tubes, it is therefore likely that the RBM of the tubes on the surface of
the rope are suppressed because they are coated by PMMA. The disappearance of superconductivity could therefore
be explained by the fact that the blocking of the RBM of the 10 connected outer tubes causes the suppression of their
superconducting transition. Although the inner tubes which are uncoated by PMMA could still be superconducting,
the superconducting transition would not be seen in a transport experiment since there is barely any electronic transfer
between normal external tubes and inner tubes in a rope with little disorder [55].

We have thus shown that coating nanotubes with polymers suppresses the radial breathing modes of individual
SWNTs, and suppresses the superconducting transition of a suspended rope of 40 SWNTs. This suggests that the RBM
could be the phonon responsible for the phonon mediated attractive interaction responsible for the superconductivity
of carbon nanotubes.

3.3. Meissner effect in ropes of carbon nanotubes

Beside transport, it is also essential to investigate thermodynamic signatures such as the Meissner effect of this
unusual superconductivity. The geometry of carbon nanotubes, which are very narrow 1D cylinders, is a priori not
favorable for efficient magnetic flux expulsion. Nevertheless, magnetisation measurements performed on very small
(0.4 nm) diameter SWNT, revealed a diamagnetic contribution increasing at low temperature below 6 K [60] which
was interpreted as superconducting fluctuations. However the geometry of the samples grown in zeolite matrices was
not adequate for transport measurements, which did not show clear sign of superconductivity.

We have also addressed this question of flux expulsion (i.e. the Meissner effect) by measuring the magnetisation
of ropes of SWNT similar to those previously studied in transport measurements [61]. The magnetic signal contains
unfortunately an important contribution coming from residual catalyst iron particles in the purified ropes of carbon
nanotubes. They mostly give rise to a hysteretic contribution which does not change with temperature below 35 K. At
low temperature, it was thus possible to decompose the magnetic signal into a 7 independent contribution attributed
to frozen large magnetic particles and into a temperature dependent part which is reversible. We have shown [61] that
beside this contribution of unfrozen superparamagnetic particles, it is possible to identify the presence of a diamag-
netic low field dependent contribution growing below 0.4 K which provides a strong indication of the existence of
a Meissner contribution in ropes of SWNT, in agreement with the onset of superconductivity observed in transport
measurements realised on similar samples; see Fig. 9. From the partial alignment of the tubes in the samples, it was
also possible to probe the anisotropy of the Meissner effect.
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Fig. 9. Temperature dependence of the magnetisation of an assembly of ropes of carbon nanotubes after subtraction of the superparamagnetic
contribution of the catalyst particles. Insert: Reconstitution of the field dependence of the diamagnetic contribution for various temperatures. Note
the small values of critical field (related to the breaking of Josephson coupling between the tubes within a rope) compared to the much larger value
in the Tesla range observed in transport experiments.

4. Conclusion and perspectives

Data depicted in the previous section show the existence of intrinsic superconductivity in ropes of carbon nanotubes
comprising between 40 and 400 nanotubes. The question of the existence of superconducting correlations in the limit
of the individual tube cannot be answered yet. It is, of course, tempting to consider the high supercurrent measured
on superconducting contacts as a strong indication that superconducting fluctuations are present also in individual
carbon nanotubes. However, since unscreened Coulomb repulsive interactions in these samples are expected to sup-
press superconductivity, precise investigations of individual carbon nanotubes on normal contacts are necessary. It is
essential to conduct experiments on sufficiently long samples (such as the ropes presently studied) so that intrinsic
superconductivity is not destroyed by the normal contacts. The experiments conducted down to low temperature to
this day outline the stringent requirements to observe superconductivity: nanotubes should not be coated by polymers,
and should be suspended. They should be long enough in order to avoid the inverse proximity effect, which causes the
proximity to normal contacts to destroy the superconductivity in the tubes. Finally, there should be efficient screening
of the repulsive interaction in nanotubes, so that superconductivity should develop most in tubes that are assembled in
arope.

4.1. What is the mechanism of superconductivity in carbon nanotubes?

We now discuss what could be the relevant mechanism for superconductivity in carbon nanotubes. Observation of
superconductivity in carbon based compounds was reported a long time ago. First in graphite intercalated with alkali
atoms (Cs, K), superconducting transitions were observed between 0.2 and 0.5 K [64]. Much higher temperatures
were observed in alkali-doped fullerenes [65]. In all these experiments it was essential to chemically dope the system
to observe superconductivity. There is no such chemical dopants in the ropes of carbon nanotubes discussed above
but there is some possibility of hole doping of the tubes by the gold metallic contacts which electronic work function
is larger than that of the tubes [66,67]. However, although this doping could slightly depopulate the highest occupied
energy band in a semiconducting tube it is very unlikely that it is strong enough to depopulate other lower energy
subbands for a metallic tube with a diameter in the nm range. We will see on the other hand that intentionally doped
carbon nanotubes exhibit superconducting fluctuations at much higher temperature than what we have observed.
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As for doped fullerene molecules [2], the question of which phonons give rise to the attractive interaction leading
to superconductivity is still unsettled. Whereas Sédéki et al. [69] and Gonzalez [55] consider the coupling to optical
phonons, De Martino and Egger [59] conjecture that attractive interactions can be mediated by low energy phonon
modes specific to the structure of carbon nanotubes, in particular the radial breathing modes (RBM), which is com-
patible with our experimental results depicted above. They find that the attractive interaction may be strong enough
to overcome the repulsive interactions in SWNT, especially in ropes of SWNT where the Coulomb interaction can be
screened because the SWNT are packed so closely together. Their theory [59] also could reproduce the temperature
dependence of the superconducting transition observed in ropes as well as its dependence on the number of tubes [63].
A purely electronic coupling mechanism has also been shown to induce superconducting fluctuations in carbon nan-
otubes expected to behave like coupled double chain systems such as ladders [68]. The very small order of magnitude
for the energy scale of these superconducting fluctuations does not seem however to be compatible with experimental
findings [59,62,67].

4.2. Signatures of superconductivity at “high” temperature

Other experiments have also shown evidence of intrinsic superconductivity in carbon nanotubes at temperatures
as high as 10 K. This was first the case in magnetisation experiments [60] which strongly supported the existence
of anisotropic superconducting fluctuations below 6 K in very small diameter (0.4 nm) individual tubes grown in
zeolites. This high value of 7, was explained by the very small diameter of the tubes leading to a breathing mode
at much higher energies compared to the 1.2 nm diameter nanotubes we have investigated. More recently resistance
measurements performed on arrays of multiwall carbon nanotubes (MWNT) have been shown to exhibit a sharp drop
of resistances around 12 K. These results have, however, been found to strongly depend on the way the nanotubes
were connected, indicating that only small diameter internal shells were exhibiting superconductivity [70]. It was then
shown that these samples were doped with boron and that this doping was playing an essential role in stabilising the
superconductivity. This was recently confirmed by magnetisation experiments on intentionally boron doped arrays of
SWNT constituting thin films. For boron concentrations between 1 and 3 at.% the low field dependent magnetisation
is compatible with a Meissner effect at temperatures below 12 K and magnetic field below 0.4 T [71]. Finally, even
more surprising, superconducting fluctuations (resistance drop below 20 K) have been observed in individual gated
SWNT [72] in good contacts with normal electrodes. These fluctuations were found only for fairly high values of
gate voltages indicating the importance of carrier doping also in these experiments. It is suggested (like in previous
experiments), that it may be possible to enter a regime where the Fermi energy is aligned with a van Hove singularity
characteristic of the band structure of a SWNT.
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