PHYSICAL REVIEW B 68, 214521 (2003

Quantum transport through carbon nanotubes: Proximity-induced and intrinsic superconductivity
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We report low-temperature transport measurements on suspended single-walled carbon ndbotibes
individual tubes and ropgsThe technique we have developed, where tubes are soldered on low-resistive
metallic contacts across a slit, enables a good characterization of the samples by transmission electron micros-
copy. It is possible to obtain individual tubes with a room-temperature resistance smaller thén Ahich
remain metallic down to very low temperatures. When the contact pads are superconducting, nanotubes exhibit
proximity-induced superconductivity with surprisingly large values of supercurrent. We have also recently
observed intrinsic superconductivity in ropes of single-walled carbon nanotubes connected to normal contacts,
when the distance between the normal electrodes is large enough, since otherwise superconductivity is de-
stroyed by(inversg proximity effect. These experiments indicate the presence of attractive interactions in
carbon nanotubes which overcome Coulomb repulsive interactions at low temperature, and enable investiga-
tion of superconductivity in a one-dimensional limit never explored before.
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[. INTRODUCTION they have just two conducting channels, only very weakly
coupled by electron-electron interactions. They are thus char-
The hope to use molecules as the ultimate building blocksicterized by a low electronic density together with a high
of electronic circuits motivates the quest to understand eled-ermi velocity (nearly as high as in coppeand relatively
tronic transport in thinner and thinner wires, ideally with onelarge mean free patfsThese properties make them much
or two conduction modes. However a number of physicakought-after realizations of 1D conductors or more precisely
phenomena tend to drive such one-dimensigbB) metallic ~ of 1D ladders with very small transverse couplfhngt 1D,
wires to an insulating state at low temperature. The moselectron-electron interactions lead to an exotic correlated
basic is the great sensitivity of 1D transport to disorder: a 1Delectronic state, the Luttinger liquid(LL) where collective
wire has a localization length of the order of its elastic mearlow-energy plasmonlike excitations give rise to anomalies in
free path. It has also been shown that most molecular 1Ehe single-particle density of states and where no long-range
conductors undergo a structural Peierls transition to an inswrder exists at finite temperature.
lating state at low temperatuteFinally the repulsive Cou- Proof of the validity of LL description with repulsive in-
lomb interactions between electrons, which are very weaklyeractions in SWNT was given by the measurement of a re-
screened in 1D, tend to destabilize the 1D Fermi liquid insistance diverging as a power law with temperature down to
favor of correlated states which are also insulating at lowl0 K (Ref. 8 with an exponent depending on whether con-
temperature. tacts are taken on the end or in the bulk of the tube. From
The purpose of this paper is to show that carbon nanothese exponents the LL parametemeasuring the strength
tubes, because of their special band structure, escape suclofathe interactions was deduced to §e0.25+0.05. This
fate and remain conducting over lengths greater thamml  value, which is much smaller than 1, corresponds to domi-
down to very low temperature. They do not present any denant repulsive interactions. The extrapolation of this power-
tectable Peirls distortion and are weakly sensitive to disordetaw behavior down to very low temperature would indicate
Moreover, transport through the nanotubes is quantum cohean insulating state. However, these measurements were done
ent, as demonstrated by the existence of strong supercurreria nanotubes connected to the measuring leads through
when connected to superconducting contacts. The observainnel junctions. Because of Coulomb blockddée low-
tion of intrinsic superconductivity in ropes containing a few temperature and voltage transport regime could not be
tens of tubes is even more surprising and indicates the presxplored.
ence of attractive pairing interactions which overcome the We have developed a technig@escribed in Sec. Jlin
strong repulsive interactions. which measuring pads are connected through low-resistance
Single-walled carbon nanotubes are constituted by a@ontact to suspended nanotuB®st is then possible to ob-
single graphene plane wrapped into a cylinder. The Fermtain individual tubes with a resistance at room temperature
surface of graphene is very patrticular, it is reduced to siXRT) no larger than 40 R, which increases only slightly at
discrete points at the corners of the first Brillouin z8es a  low temperaturegtypically a 20% resistance increase be-
result, depending on their diameter and their helicity whichtween RT and 1 K (Sec. Il). The resistance vs voltage
determine the boundary conditions of the electronic waveeurves also exhibit weak logarithmic nonlinearities at low
functions around the tube, single-walled nanotut®4&/NT)  temperature. However, we find no simple scaling law be-
can be either semiconducting or metaflit®vhen metallic  tween the voltage and the temperature dependence of the
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FIG. 1. Transmission electronic micrograph
(TEM) of the nanotubes, suspended across a slit
between two metallic pads, and detailed view of
the contact region showing the metal melted by
the laser pulse.

differential resistance. This suggests that several differerthen falls and connects the edges of the slit below. Since the
physical mechanisms could contribute to the very low-metal electrodes on each side of the slit are locally molten,
temperature dependence of the resistance. the tube gets soldered into good contacts and is suspended

In Sec. IV we show that when the contact pads are supersee Fig. 1
conducting, a supercurrent can flow through SWNT's as well The electrodes are usually bilayéRe/Au, Ta/Au, Ta/Sh
as through ropes of SWNTX.These experiments indicate, or trilayers (ALO5/Pt/Au) of nonmiscible materialgn lig-
in principle, that quantum coherent transport can take placaid or solid phasesin which the lower layefRe, Tg has a
through carbon nanotubes over micron-long scales. Howevétigh melting temperature in order to protect the nitride mem-
the unexpectedly high measured values of the critical currerttrane during the welding of the tube to the top gold layer
in individual nanotubes, along with nonlinearities in th® (see Table)l Gold was mostly chosen as the solder material
characteristics at voltages much higher than the supercoibecause it neither reacts with carbon nor oxidizes. The con-
ducting gap of the contacts raise the question of possibléact region is pictured in the transmission electron micro-
intrinsic superconductivity. scope(TEM) view of Fig. 1. Balls of metal molten by the

Finally in Sec. V we present measurements on long ropekaser pulse can be seen on the edges of the slit.
of SWNT's connected to normal contacts which indeed show Because the tubes are suspended, they can be structurally
evidence of intrinsic superconductivity below 0.5 K, pro- and chemically characterized in a TEM working at moderate
vided that the distance between normal electrodes is largacceleration voltaged 00 kV) as shown in Fig. 1. We mea-
enough. We discuss the one-dimensional character of thgure the length. and diameteD of a rope and estimate the
transition and the physical parameters which govern thisiumber of tubesN in the rope throughiN=[D/(d+e)]?,
transition, such as the presence of normal reservoirs, intewhered is the diameter of a single tubd€ 1.4 nm) anceis
tube coupling, and disorder. the typical distance between tubes in a rope 0.2 nm).

We can also check that no metal covers or penetrates the
tubes. In addition we estimate, using electron energy-loss
spectroscopyEELS), that chemical dopants such as oxygen

The SWNT’s are prepared by an electrical arc methodare absent to within 2%see Fig. 2 The characterization
with a mixture of nickel and yttrium as a catalyétt®  procedures can of course deteriorate the samples, because of
SWNT'’s with diameters of the order of 1.4 nm are obtained.electron irradiation damagewhich can cause local amor-
They are purified by the cross-flow filtration methtddThe  phization and induce an increase in the tubes resistance.
tubes usually come assembled in ropes of a few hundred The originality of our fabrication technique lies in the
tubes in parallel, but individual tubes can also be obtaineguspended character of the tubes, the quality of the tube-
after chemical treatment with a surfactahiConnection of electrode contact, and the ability to characterize the mea-
an individual tube or rope to measuring pads is performegured sample in a transmission electron microscope.
according to the following nanosoldering technique: A target
covered with nanotubes is placed above a metal-coated sus- [ll. TRANSPORT IN THE NORMAL STATE
pended SN, membrane, in which a 023100 um? slit has
been etched with a focused ion beam. As described in Ref.
10, we use a 10-ns-long pulse of a focused UV laser beam The samples were measured in dilution refrigerators, at
(power 10 kW to detach a nanotube from the target, whichtemperatures ranging from 300 K to 0.015 K, through filtered

Il. SAMPLE DESCRIPTION AND PREPARATION

A. Measurement circuit and sample environment
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FIG. 2. Typical electron energy-loss spectrum
(EELS) on a carbon nanotube rogewer curve,
compared to the EELS spectrum of an amorphous
carbon membrandupper curvgé The peak at
285.5 eV of carbon is visible in both spectra. The
oxygen peak(at 540 eV is much larger in the
membrane than on the tubes, and thedOntent
in the rope is estimated to be less than 1.5%
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lines. Good calibration of the thermometer and thermalizatube (the importance of which is discussed further alorig
tion of the samples are only guaranteed below 1 K, so thathe following, we focus exclusively on the SWNT samples
higher-temperature data are only indicative. Magnetic fieldsvhich remain metallic down to low temperature. They are
of up to 5 T could be applied perpendicular to the contactpresented in Table I. Their resistance at room temperature
and the tubes. The resistance was measured by runninglias between 10 R and 70 K), and increases by less than a
small(0.01 nA—10 nA, 30 Hrac current though the sample factor of 2 between 300 K and 1 K.
and measuring the corresponding ac voltage using lock-in The temperature dependence of the zero-bias resistance of
detection. four samples is shown in Fig. 3 in a log-log plot. The in-
The two large(roughly 10 mm) metallic contacts on ei- crease of resistance dsis lowered can be described by a
ther side of the suspended nanotube constitute, with thpower law with a very small negative exponent which varies
ground copper plate on the other side of the silicon waferpetween 0.01 for the less resistive tube and 0.1 for the most
two capacitances of the order of 3 pF which help filter outresistive one. Note that because of the very small values of
residual high-frequency radiation. these exponents a logarithmic laR=Ry—aInT could fit
When the tubes were contacted to superconducting elethe data just as well. This behavior is observed down to 50
trodes or exhibited intrinsic superconductivity, the investiga-
tion of the normal state was done by applying a magnetic ‘

field large enough to destroy the superconductivity. g *\' T ST2
7 "ST4
6
B. Individual single-wall nanotubes ) \1
Depending on their room-temperature resistance, we finc 4
that SWNT'’s can be insulating or metallic at low tempera- \.ST
ture. The SWNT samples with higklarger than 40 &) RT 3
resistance become insulating, with an exponential increase cg ST1.
resistance, a3 is decreased. This insulating behavior could % \
be due to the atomic structure of the tube, corresponding to ¢ 2| H=4T
semiconducting band structure, with a gap smaller than the
expected value at half filling because of doping by the con-
tacts. It could also be caused by the presence of disorder in TST3
1 T
TABLE |. Main features of the contacts of the investigated 1% i j
nanotubesT. denotes their transition temperature when they are 8 }
superconducting. Pl ool eaadl ol g e .
» 107! 10° 100 10° e
Contact Composition T, T(K) zo_n”
TaAu 5-nm Ta, 100-nm Au 0.4 K FIG. 3. Temperature dependence of the resistance of different
ReAu 100-nm Re, 100-nm Au 1K single tubes: ST1, ST2, and ST4 are mounted on Au/Ta contacts and
TaSn 5-nm Ta, 100-nm Sn 3K measured in a magnetic field of 4 T to suppress the superconduc-
CrAu 5-nm Cr, 100-nm Au <50 mK tivity of the contacts. ST3 is mounted on Crin contacts. Note the
PtAu 5-nm ALO3, 3-nm Pt, 200-nm Au <20 mK logarithmic scales. TEM micrograph of the corresponding samples.

The dark spots are Ni/Y catalyst particles.
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mK without any sign of saturation. This weak temperature V, kT/e (mV)

dependence has also recently been measured in sampli 0.01 0.1 1 10
where good contact to electrodes was achieved by burying 10 ™= URELEALZ B LR
the tube ends over a large distance under metallic electrode STZTaAu
fabricated with electron-beam lithograpfy!” It is on the ST3
other hand in stark contrast with tfledependence of tubes
with tunnel contact&;*®which exhibit power laws with much
larger exponentgof the order of 0.3 at high temperature, B
and exponentially increasing resistance at lower temperatur% 0.9 AV di(ka) R(V)
because of Coulomb blockade. It is not surprising that inO:o 14

addition to the intrinsic conducting properties of tulieser- =
actions, band structure, and disordehe way they are con-
tacted should determine the temperature dependence of tr 134
resistance. For instance, extrapolating the results obtained o

Luttinger liquids between normal reservolfsthe resistance 40 5 0 5
of a ballistic tube on perfect contacts is expected tarbe 0.8 e
sensitive to interactionsind to be given byRy/2= h/2e? FIG. 4. Bias dependence at 50 mK of the differential resistance
=6.5 kO at all temperatures. In contrast, a tube on tunnepf individual tubes ST2 and ST3 in comparison with temperature
contacts will turn insulating at low temperature because oflépendencétemperature is expressed in eV upits

Coulomb blockade. Since our measurements are two wire

measurements, it is difficult to determine how much of theconfiguration. These theoretical results could then explain
resistance is due to the contacts, and how much is due to thghy the high measured resistances do not lead to localization
tube itself. However, the existence in these very samegg|ow temperature. However, the same LL theGAgsedict
samples of a large proximity effect along with a high super-ha¢ for a well contacted sample the weak temperature de-
current(see the following sectigrsuggests that the transmis- endenceG—Gy=aT * should saturate at temperatures
sion at the contacts is close to unity. We therefore att”bungmaller than the energy scalz=hv, /L, whereu, is the

the excess resistance compared to the expected Ralt2eto plasmon velocity, = v /g. In our tubesE, is of the order

disorder inside the tubes. of 30 K or more, and we observe no saturation. Therefore,

We can then try to quantify the amount of disorder within )
our SWNT samples and discuss the possibility of them stillVe do not think that the low-temperature dependence of the

being metallic. To do this, we choose to consider the nano[esistance observed in these samples contains a clear signa-

tube as a homogeneous diffusive conductor Witiconduct-  ture of Luttinger liquid behavior . _
ing channelsin a SWNTM=2) and apply the Drude for- We now examine the voltage dependence of the differen-

mula which relates the conductance to the elastic mean fréé@! resistanceiV/dl, below 1 K, and with the contacts in the
pathl, throughG= M(eZ/h)Ie/L=2GQIe/L. The values of n_orma_l state. Like 'Fhe temperature dependence of the zero-
|, deduced in this way are given in Table I. We find ratherPias differential resistance, th//dl has a weak power-law

short mean free paths compared to the length of the tubgEPendence as a functiondf which can also be fitted by a
(especially for sample ST4suggesting the presence of de- qugnthmlc Iaw.. This behav!or at first glan.ce is qualitatively
fects in the tubes. The microscopic cause of these short meginilar to what is observed in small metallic bridges present-

free paths could be heptagon-pentagon pairs or defects créd @ small Coulomb-type anomaly in their differential
ated by electron irradiation during observations in TEM. resistancé? However in the present case the similarity be-

One of the questions raised by these small valués/af, tween temperature and bias voltage dependence is only
or equivalently the small values dB/Gg, is why these qualitative, as shown in Fig. 4: the decrease of differential

samples do not localize. Indeed, according to the Thoules€Sistance with/ is slower than the corresponding tempera-

criterion? a quantum coherent conductor is expected to lolure dependence. In additiody/d| saturates below bias val-

calize, i.e., becomes insulating at low temperature, if its con*'€S correslpondlng to an energybmuch larger ;haf? rt]he teml-
ductanceG is smaller thartGq . In contrast, we obsenve no B A8 T CAIRE 0 T e e ot possible
sign of strong localization down to very low temperature _ T P :

where quantum coherence throughout the whole sample {9 Scale the data using the reduced variablékgT. This
expected to be achieved. One possible explanation could Ii@bsence of a voltage vs temperature scaling suggests that the
in the fact that the conductance of a SWNT could be sensit€mperature dependence of the resistance contains other con-

tive to interactions even on good contacts as recem')r,nbutmns besides the expected increase due to electron-

suggested® These authors, extending the calculations of deglli?;:%néztdegﬁltéoposrf%r:gf‘zﬁ%e \rl::rlf dli(r?];allzatlon contri-

Channoret al?? on chiral Luttinger liquids to the nonchiral

case, predict that the two-contact conductance is renormal-
ized by a factor which depends on the boundary conditions
imposed at the contacts, which can be of the order of the LL
parametem. In their calculation, there is no nearby gate to Ropes of SWNT contacted using the same technique
screen the interactions, and this is indeed our experimentalover a much wider range of resistances than individual

CrAu

4

ST3 R(M

CrAu

10

C. Ropes of single-wall carbon nanotubes
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FIG. 6. Differential resistance of four ropes in the normal state
as a function of voltage bias and as a function of temperdgxe
pressed in units of voltageThe difference between bias and tem-
perature dependence tends to be weaker when the resistance of the
rope increases.
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D. Importance of intertube coupling in ropes

10° 10! 10°

Temperature(K)

In order to determine whether a rope is closer to an as-
sembly of ballistic tubes in parallel or to a single diffusive
conductor, we need to evaluate the importance of intertube

FIG. 5. Temperature dependence of the resistance measured 6aupling and electron transfer between tubes within a rope.
different ropes mounted on various types of contacts. For alllThe characteristic microscopic electron hopping endrgy
samples the measurements were conducted in a magnetic field ofietween two carbon atoms on different tubes depends on
T. Note the logarithmic scales. their relative distance throught, «<tgexp(—d/a). Herea is

the spatial extension of the, orbital of carbon andg is the
SWNT. The resistances vary between less thanQ08nd  hopping energy between two sheets of grapfii@iven the
10° Q at 300 K for ropes containing between 40 and severatlifferences in C-C distances and orbitals, the ratio between
hundred SWNT's(see Table Ill. There is no clear correla- perpendicular and parallel hopping energies in carbon nano-
tion between the number of tubes in a rojeduced from  tubes has been evaluated to be at ntegt;~0.01. In an
the rope diametgrand the value of its resistance. This may ordered rope containing identical individual tubes, authors in
indicate that in some cases only a small fraction of the tubeRef. 28 have shown that this low intertube coupling can in-
are connected. In contrast to individual nanotubes, the ropetuce a band gap of about 0.1 eV, turning a rope of metallic
seem to verify the Thouless criterion: they strongly localizetubes into a semiconductor.
when their resistance is above 10 kat room temperature On the other hand, in a rope constituted of tubes with
and stay quasimetallic otherwise. This behavior is very simidifferent helicities, in the absence of disorder within the
lar to what is observed in quasi-1D metallic wif8sThe  tubes, one finds that the intertube electronic transfer, defined
temperature dependence of the metallic rofse® Fig. 5is  as the matrix element of the transverse coupling between two
also very weak. But for low-resistance ropdd<{(10 k() it  tubes, integrated over spatial coordinates, is negligible be-
is not monotonous, in contrast to individual tubes, and agause of the longitudinal wave-function mismatch between
already observed in Ref. 26: the resistance decreases lineargighboring tubes of different helicities. The rope can then
as temperature decreases between room temperature andt®0 considered as a number of parallel independent ballistic
K, indicating the freezing-out of phonon modes, and themanotubes. The very small level of shot noise observed in
increases a3 is further decreased, as in individual tubes. Inlow resistive ropes corroborate this statenfértdowever, it
all samples a bias dependence of the differential resistance ims been showh that the presence of disorder within the
also observed at low temperatuifeig. 6). The relative am- tubes favors intertube scattering by relaxing the strict or-
plitude of these nonlinearities are much smaller than in indithogonality between the longitudinal components of the
vidual SWNT. This may be related to screening of electron-wave functions. Using a very simple model where disorder is
electron interactions in a rope, which does not exist in areated perturbativef) we find that for weak disorder the
single tube. The magnitude of the resistance variation With intertube scattering time is shorter than the elastic scattering
increases with rope resistance and is weaker than the corréme within a single tube. In tubes longer than the elastic
sponding temperature dependence. The absence of scalintean free path, this intertube scattering can provide addi-
laws in the reduced variab&V/kgT is more striking than for  tional conducting paths to electrons which would otherwise
individual tubes. In particular, the differential resistance satube localized in isolated tubes. Consequently, disordered
rates below voltages much larger than temperature. ropes can be considered as anisotropic diffusive conductors
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that, in contrast to individual tubes, exhibit a localization = TABLE Il. Summary of the characteristics of four SWNT in the
length that can be much larger than the elastic mean fregormal state. The mean free pall is estimated usingR
path. This is why we have tentatively determined for each=RqlL/(2l¢), and assuming a perfect transparency of the contact.
rope an elastic mean free path from the value of its conducThe actual mean free path could therefore be larger.

tance using the multichannel Landauer expression for a dis=

ordered conductor equivalent to the Drude formua Length R(T=290K) R(42K) .

—2M(e?/h)l,/L, with the number of channelsi=2N,, ~ Sample Contact (nm) (k) (k@) (nm)
whereN; is the number of tubes inside the sample. Since the gT4 TaAu 300 45 66 50
number of metallic tubes connected is statistic_ally of the or- g7» TaAu 200 31 33 62
der or less tham/3, these values df, are certainly under- g1 TaAu 300 221 33 90
estimated. In addition, it may be possible that the metallic g5 Crin 100 10.7 11.5 70

tubes in a rope are not all well connected to both electrodes
Then transport through the rope will proceed via intertube
transfer. This is why ropes with many disordered metallic
tubes might have high resistana@able Il1).

A. Proximity effect in individual tubes

We have observed proximity-induced superconductivity
in the three different individual SWNT ST1, ST2, and ST4
described in the preceding section. These samples are
mounted on Ta/Au electrodes, see Table Il which are a bi-

A nonsuperconducting or normal met@) in good con- layer (5-nm Ta, 100-nm Auwith a transition temperature of
tact with a macroscopic Superconduc'{(@) is in the so- the order of 0.4 K. This value is Strongly reduced Compared
called “proximity effect regime”: superconducting correla- to the transition temperature of bulk tantalus K) due to
tions enter the normal metal over a characteristic lehgth ~ the large thickness of gold relative to tantalum.
which is the smallest of either the phase-coherence length in
the normal metal , or the thermal length.; (in a clean 1. Zero-bias resistance
metal Ly=%Av/kgT and in a dirty metalL+= JAD/kgT,

IV. PROXIMITY-INDUCED SUPERCONDUCTIVITY

] e - For these three samples the zero-bias resistance exhibits a
whereD is the electron diffusion coefficientBoth lengths, 1,549 transition around the superconducting transition tem-
of the order of a few micrometers, can be much longer thamerare of the contacts and becomes zero at lower tempera-
the superconducting coherence len§thhv /A or yAD/A, ture except for the highest-resistance sample SR4 (
whereA is the energy gap of the_ superconducting contacts.— 70 k) which has a residual resistance of 800 The

If the normal metal’s length is less thdry and if the  ransition is shifted to lower temperature when a magnetic
resistance of the NS interface is sufficiently small, a gap irfie|q is applied in the plane of the contacts and perpendicular
the density of states is induced in the normal metal, which igg the tube axis. Above 2 T the resistance is field independent
as large as the gap of the superconductor in the vicinity ofnq slightly increases when the temperature is lowered be-
the interface and decreases on a typical length scalg,of 0w 0.2 K, as already mentioned in the preceding section
Consequently, a normal metal shorter thapbetween two
superconducting electrodes SNS junctioncan have a criti- TABLE lII. Principal characteristics of ropes presented in this
cal temperaturéequal to that of the superconductor alpne paper. The numbek of SWNT in each rope is deduced from the

and exhibits a Josephson effect, i.e., a supercurrent at zefQmeter of the rope. Mean free paths are estimated assuming that
bias. This manifestation of the proximity effect has been ex| types participate to transport and that transmission at the con-

tensively studied in multilayered planar SNS junctirend  tacts is of the order of unity.
more recently in lithographically fabricated micron scale me
tallic wires made of normal noble metals between two mac- Length

roscopic superconducting electrodé3®*The maximum low-  Sample (um) N (approx) R(T=290 K) R(4,2 K) I, (nm)
temperature value of the supercurrdutitical curreny in

such SNS junctions of normal-state resistaRgds mA/eRy Rlpw, 16 300 i 1.2 k) 40
in the short junction limitL<¢ or A<E. (Ref. 34, and RZeau 1 350 4.2 10 92Ky 18
aE/eRy in the limit of long junctionsL> ¢ or E,<A.3®  R3pau 03 240 4750 5000 9
Herea is a numerical factor of the order of 10 afg is the  Répau 1 30 6200 6200 23
Thouless energ¥.=#D/L2. RSpay 2 300 16 I 21 k) 3
Probing the proximity effect in a normal wire connected R6piay 0.3 200 2230 2400 30
to superconducting electrodes and, in particular, the exisR3tasn 0.3 300 22K 3 kO 3
tence of a Josephson current constitutes a powerful tool foR5r.sn 0.3 300 7000 1.1 K 9.2
the investigation of phase-coherent transport through thi®lc,, 0.4 200 4000 4500 22
normal wire. In the following section we present experimen-R2¢,,, 0.2 200 2400 2800 26
tal results on carbon nanotubes mounted on superconductimlge.,, 0.5 200 17500 2 kQ 6
electrodes showing evidence of large supercurrents whicR2g.,, 0.5 200 6500 7000 18
indicate that coherent transport takes place on micron lengtR3,.,, 1.7 200 650 65 Q 572

scales.
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—T T T 1 T — TABLE V. Principal features of the superconducting junctions

20 13 obtained with individual tubesT is the transition temperature of
g ob the contact-SWNT-contact junctioRy is the normal-state resis-
Pt 10 08 tance, and is the critical current of the junction ;,i.:iS the gap

od of the contacts estimated from their transition temperature. The
0 —— Thouless energ¥c is computed using the mean free pathsti-
mated in the preceding section. These energies are expressed in
= meV.
g
o Length Ry Ryl
(um) T (K) (kQ) Tc(nA) Acontace (MV)  Ec

. 8 ST1 0.3 0.5 25 0.14 0.07 3.5 0.4
g '_2 ST2 0.3 0.45 33 0.075 0.07 2 0.3
4 f ) ST4 0.3 0.25 65 0.025 0.07 16 0.16

oLs ' ' ' ° 00 05 10 15

02 04 06 08 10 Hi(Tesia)

T ) old film is probably much thinner than the original one. It is
FIG. 7. Left panel: Temperature dependence of the resistance ¢{o\ever important to note that these critical fields are of the
three different single tubes ST1,2,4. mounted on TaAu, for dlfferen%ame order of magnitude in all the samples measured. As

values of the magnetic field perpendicular to the tube axis in thq:ig. 7 shows, the transition linE,(H) is a linear function of
plane of the contactgThe labels on the curves correspond to thefield for all sémples c

value of magnetic field in teslal-or some samples the resistance of
the contacts exhibited several steps in temperature, probably indi- . 3
cating inhomogeneities in the thickness of the gold layer. This may 2. Bias dependence and critical current

ixplalin thf‘? T(;"aT”'reSfiSrt]ance dlr_O]B ‘l)gst;erved(?” Sam?'ehSTl around 1 the most striking signature of induced superconductivity
; at OWt '€ | ?p rcljg t'?:n? ’ Iet' epen e?rceg ttte tr"?mst't'onis the existence of Josephson supercurrents through the
empgra ure, detined as the Infiection POINtRYT). Bottom rig §<'3¢mplesl.l The existence of a supercurrent shows up in the
panel: Magnetoresistance of the single tubes measured at 50 m oltage vs current curves and differential resistance, see Fi
(the magnetic field is perpendicular to the tube axis in the plane o = 9 le ST1 the t ition betw th ’ d g[
the contacts This positive magnetoresistance only saturates at very * or sampie » the transition between the supercqn uct-
high field (2T). Ing state(zero voltage drop through the sampéad the dis-
sipative (resistivg state is quite abrupt and displays hyster-

| he critical field is of th ¢ esis at low temperature. It is characterized by a critical
(see Table 1ll. The critical field is of the order of 1 T and can cyrrentl =0.14 A near zero temperature. Similar behavior

be also extracte_d as the inf_lection p_oint of '_[h_e mag_rletor_e3|§m,[h smaller values of critical current is also observed in the
tance depicted in Fig. 7. This value is surprisingly high since, samplegsee Table IV. The productRyl, at T~0,

it is ten times larger than the measured critical field of thevaries between 1.6 and 3.5 mV. If we deducdrom T. of
contact(0.1 T). This high value of critical field could be due the superconducting contacts, we find tRaf , is more Cthan
to local modifications of the bilayer Ta/Au film in the contact ten times largerthan the max}mum expectéd valuer&/e

region due to the laser pulse, in particular, the melted upper. 0.2 mV) for the short junction limit* E.> A, to which all

samples correspond. It is then also interesting to note that the
V(mV) product eRyl, is closer to the gap of pure tantaluth,
2 2 i =0.7 meV. But it is difficult to understand why the induced
gap could be the gap of pure tantalum whereas the resistance
/ / 1500 drop of the tube follows the transition of the Au/Ta bilayer.
Somewhat unexpectedly and uncharacteristic of metal

SNS junctions, the normal-state resistance is not recovered
above the critical current, but thé(l) curve shows further
hysteretic jumps at higher currents.

These features also appear in the differential resistance
dV/dl (see Fig. 9. The superconducting state corresponds to
7-500 the zero differential resistance at low dc current. At the criti-
-200+ cal current the differential resistance displays a sharp peak

T T T followed by smaller ones at higher current. Each peak corre-
0.5 0.0 0.5 X 4
V(mV) sponds toa hy§teretlc feature in the\dd curve. The_peaks
are linearly shifted to lower current when increasing mag-

FIG. 8. 1 vs V curve of the single tube ST1, from which the netic field and all disappear above 2 T. The temperature and
critical current is deduced. Right panel, data on a wider currenfield dependencies of the critical current extracted from this
scale showing the existence of voltage steps for currents dove data are plotted in Fig. 9. The temperature dependence is
The arrows indicate the current sweep direction. very weak below 0.8, and decreases rapidly above. It does

200+

I(nA)
(wu)l
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%’ 05 100_““““0.. ST1 dence of the critical current, defined as the cur-
S 104 02 & % rent at which the first resistance jump occurs. The
° 0- 0 5080_ . critical current disappears arounti.,=1 T,
- s - N which is also the value deduced from the low-
~ 801 1 temperaturéR(H) curves in Fig. 7.
g 60 08 907 ST2 =
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not follow the behavior expected for SNS junctiamgither  bon nanotubes. Disappearance of superconductivity in the
in the limit of short junctions nor long junctions where an most resistive wires is attributed to the formation of quantum
exponential decay of the critical current is expeGtedThe  phase slips at very low temperature. The first data obtained
field dependence of the critical current is precisely linear forin these samples indicated disappearance of superconductiv-
all samples, with disappearance of critical current above 1 Tity for normal-state resistance larger thafe?. In a later

It is very difficult to understand these results in the frame-paper’’ the authors show that what determines the suppres-
work of conventional proximity-induced superconductivity. sion of superconductivity is not the normal state resistance
In particular, we have already mentioned that thé curves  but rather the resistance per unit length. They find that the
exhibit nonlinearities, and signs of superconductivity at verytransition is suppressed for resistances per unit length larger
large bias, i.e., much larger than the gap of the Ta/Au conthan roughly 0.1 R/nm. We have observed proximity-
tacts(and even the gap of pure tantalur8uch nonlinearities induced superconductivity in SWNT’'s with a normal-state
recall manifestations of phase slips in 1D superconducfors: resistance up to 70(k, with a resistance per unit length of
Above |, small normal regions of size comparable to thethe order of 0.25&/nm. Note however that the MoGe
inelastic lengthLy are nucleated around defects in the nanowires contain typically 10000 channels, whereas our
sample(phase slip centersThey have not, to the best of our nanotubes only contain two conducting channels. This com-
knowledge, been observed before in SNS junctions. Thesgarison tells us that proximity-induced superconductivity is
observations by themselves suggest the possibility of intrinamazingly robust in our samples.
sic superconducting correlations in SWNT, which will be  Finally signs of proximity-induced superconductivity
discussed further on. have also been observed by other groups, on individual

It is therefore interesting to compare these results with th&&WNT (Ref. 39 and on multiwall nanotube¥, but without
superconductivity of other types of metallic nanowires. Ref-supercurrents. In The Appendix of this paper we show our
erence 36 reports superconducting nanowires fabricated hgsults on proximity-induced superconductivity in multiwall
depositing thin films of amorphous MoGe on suspended camanotubes.

TABLE V. Main features of the ropes suspended between superconducting comtacdshe transition
temperature of the junction, whil& is the gap of the contact®y is the resistance at 4.2 K ard is the
critical current of the junction. Thouless enef§y is computed using the mean free pathsomputed in the
preceding section. Energies are in meV.

Length (um) Te Ry (Q) lc A Ryl e Ec
Rlgeau 0.5 <50 mK 1750 0 0.12 0 0.01
R2geau 0.5 <50 mK 650 0 0.12 0 0.03
R3Reau 1.7 1K 65 2.7uA 0.12 0.175 mV 0.13
R31asn 0.4 0.7K 2200 0.54.A 0.6 1.5 mv 0.01
R57asn 0.4 0.6 K 700 0.77uA 0.6 0.63 mV 0.03
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1K

1.0 -\
R1ReAu R3 0.87 K
- 0.56 K
H=0 0.05 04K
« 05}
[id _ —
R (R1,,,)= 1750 Q 2 000
R(R2,,,,)= 650 0 >
L s o
0 1 2 3 4 e 17%(0)=2.7 pA
T (K) o TED
. ) ) 0.2 0.? 0.6 0.'8 1.0
FIG. 10. Temperature dependence of the resistance of ropes 2 1 0 1 2
Rlgeaus R2reaus R3Rreay mounted on Re/Au contacts in zero mag- I (uA)

netic field. T, of Au/Re is 1 K. SampléR3g., becomes supercon- .
ducting below 1 K, but the resistance steps above the transition FIG. 11. Temperature dependence of the critical current of rope

indicates that the superconductivity of the contacts may not be hoR3reau: Main panel:|-V curves at different temperatures. Inset:
mogeneous. Temperature dependence of the critical curf@mangles and fit to

the Ambegaokar Baratoff formula iag(T)=igA(T)/
B. Proximity-induced superconductivity in ropes A(0)tanRA(T)/2kgT] (continuous ling

We also found proximity-induced superconductivity in
ropes of SWNT mounted on Re/Au or Ta/Sn, characteristic
of which are shown in Table V and Figs. 10-13.

It is interesting to note that in contrast to what was foun
in SWNT’s, we only observe proximity-induced supercon-
ductivity in ropes with a normal-state resistance less than
10 k). More resistive ropes, as previously mentioned, are o ] )
insulating at low temperature. The data of Fig. 10 for ropes Effect of magnetic-field orientation
mounted on Re/Au show that although a resistance drop is For the ropes mounted on tin we investigated the magne-
observed in the vicinity of the transition of the contacts,totransport for different field orientations. We found that with
proximity-induced superconductivity is not always completethe field parallel to the contaci@nd perpendicular to the
and is only slightly visible on the most resistive sample. Thistubeg the critical fields were much larger than the critical
may result from the combined effects of the quality of thefield of the contacts. This may be explained by a local thin-
contacts and disorder in the rope for which the conditionning of the metallic layer contacting the tube in the contact
Ly>L may not be fulfilled in our available temperature region after soldering. Figure 14 shows the magnetoresis-
range. The critical current deduced at 50 mK from tRé  tance for these two different field orientations. For these
curves are given in Table V and compared to the theoreticadamples the magnetoresistance was also measured between 0
predictions. The rope on Re/Au contacts is in the short juncand 20 T using the high-field facility in GrenobleK with
tion regime A <E.) and the ropes on TaSn are in the long the magnetic field along the rogsee Fig. 15 The magne-
junction limit. In all cases the measured supercurrents areresistance increases linearly with field and saturates only
larger than allowed by the theory of SNS junctions. It isabove 10 T. This field is of the order of the Clogston
noteworthy that the two ropes mounted on tin have similatChandrasekh&f criterion for destruction of superconductiv-
critical currents [~0.7 uA) in spite of the fact that their ity by pair breaking due to spin polarizationiH
normal-state resistances differ by more than a factor of 3. As=A g, /ug~7 T, whereAg, is the gap of tin. Unfortunately,
for the individual tubes, jumps in the-V curves are also the high-field experiments were not conducted in the same
observed at bias larger than the gap of tin. The temperaturemperature range as the low-field ones, and in the second
dependence of the critical current RBgea, (se€ Fig. 1Bis measurementlow field), because of thermal cycling, the
more pronounced than for individual tubes, and can be apsample exhibited less proximity effect. Nevertheless, it
proximately fitted by an Ambegaokar-Baratoff law typical of seems as though the superconductivity depends on the orien-
tunnel junctiong? In the case of ropes mounted on tin con- tation of the magnetic field with respect to the tube and not
tacts this temperature dependence is difficult to extract besnly on its orientation with respect to the contacts, as ex-
cause of the rounding of tHeV curves with increasing tem- pected for proximity-induced superconductivity.
perature. In contrast to individual tubes, the field dependance
is not monotonous. The critical current first increases up to
0.1 T where it goes through a maximum and decreases lin-
early at higher field up to 1 T. Such nonmonotonous behavior
has been predicted in a number of models describing nonho- Observation of a strong proximity effect indicates that
mogenous superconductors and could be related to interfephase-coherent transport takes place in carbon nanotubes on
ence between different electronic trajectories along the varithe micron scale. However in the case of single-wall tubes
ous tubes of the rope and the existence of negative Josephstire surprisingly high values of critical currents cannot be

§ouplings between these tubes. This recalls the non-
monotonous magnetoresistance of amorphous superconduct-
4ing wires™ and in multiwall carbon nanotubdsee Appen-

dix), and may have a common origin.

C. Discussion

214521-9
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2 . 01 5 PP o o FIG. 12. Left panel: Temperature dependence
) f'- - e 0 I(pA)- : of zero-bias resistance of ropeR3r,s, and
A . . . .
i’ A n R5 R57,50- Right panels: differential resistance
At 10D curves taken at 0.1 T, with an example of the
14 =) . hysteresis with current sweep direction.
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described by the standard theory of SNS junctions. The proltemperature dependencies very similar to what we observe
lem of a SNS junction constituted of a Luttinger liquid be- for individual tubes. A more accurate fit of the temperature
tween two superconducting reservoirs has been considerattpendence of the critical current in the rope including the
theoretically for weakly transmitting conta¢tsaand for per-  existence of the inflection point can also be obtained using
fectly transmitting contact*® In both limits the authors the theoretical predictions of Gonzal¥z.

predict that it is indeed possible to induce superconductivity Our data could thus be explained by the existence of su-
by a proximity effect. In the case of repulsive interactionsperconducting fluctuations intrinsic to SWNT. For an infinite
and perfectly transmitting interfaces the zero-temperatur@anotube, because of its 1D character, these fluctuations are
value of the critical current is not changed by the interac-not expected to give rise to a superconducting state at finite
tions. More recently it has been shown that the presence démperature. However, the superconducting state could be
attractive interactions in a Luttinger liquid can result in astabilized by the macroscopic superconductivity of the con-
significant increase of the critical curréht’ and unusual tacts. In such a situation, it is conceivable to expect the criti-
cal current to be enhanced compared to its value in a con-
ventional SNS junction and to be given by the critical current

064 4 R3T - . 2 48
aka aSn'/,.' of a superconducting 2-channel wirg;=(4e“/h)A,,™ de-
054 ~ A termined by the value of the superconducting pairing ampli-
3 PO tude A, inside the wire and independent of the normal-state
< 1L044 2 A < resistance of the nanotulfim the limit where the mean free
E L ’ L2 path is larger than the superconducting coherence lgngth
> The existence of superconducting fluctuations intrinsic to

nanotubes may also help in explaining the positive magne-
toresistance observed in all our samples where the normal-
state resistance is recovered at fields much higher than the
critical field of the contacts. In the following section we
show that these hypotheses are corroborated by the observa-
tion of intrinsic superconductivity in ropes of SWNT.

H perpendicular
to contacts

TaSn

H parallel
to contacts

ol [ vom = i
0.6 08 |(uA) 10 ,f/// T=100 mK
0 ; L L . :

- 0 1 2 3 4 5
FIG. 13. V vs | curves of ropesR3r,s, and R5q,g, in fields H (T)

ranging from 0 to 1.5 T. Inset: field dependence of the critical cur-

rent deduced form theskeV curves. The field is parallel to the FIG. 14. Magnetoresistance of the roR8+,s, measured at 50
contacts and perpendicular to the tubes. Note the non monotonousK for the field parallel and perpendicular to the contacts, and
behavior. always perpendicular to the tube.

V(mV)
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TABLE VI. Summary of the characteristics of six ropes
mounted on Pt/Au contact$* is the temperature below which the
resistance starts to drok, is the current at which the first resistance
increase occurs, anid is the current at which the last resistance
jump occurs.

with the field along the tube in the high-field facility at Grenoble.
Note that the magnetoresistance increases in magnetic field up

H=10T.

V. INTRINSIC SUPERCONDUCTIVITY IN ROPES
OF SWNT ON NORMAL CONTACTS

T* I(’:r

L(um) N Rogox Razk (mMK) I (nA)

Rlpn, 2 350 105K 1.2k} 140 0.1uA 0.36

R2pny 1 350 4210 92k) 550 0.075uA 3
R3ppn, 0.3 350 4000 4500

Rdpn, 1 45 6200 620Q 120 0.1

R5piau 2 300 16K) 21k 130 20nA 0.12
R6pay 0.3 200 24000 2400

L8]

by more than two orders of magnitude, and reaches a con-
stant value below 100 mKR,=74 Q. This drop of resis-

tance disappears when increasing the magnetic field. For all
the samples we can define a critical field perpendicular to the

In the following we discuss the low-temperature transportropes above which the normal-state resistance is recovered.

(below 1 K) of suspendedopesof SWNT connected to nor-

As shown in Fig. 17 this critical field decreases linearly with

mal electrodes. The electrodes are trilayers of sputterettmperature, very similar to what is seen in SWNT and ropes
Al,O3/Pt/Au of respective thickness 5, 3, and 200 nm. Theyconnected to superconducting contacts. We define a zero-
do not show any sign of superconductivity down to 50 mK.temperature critical fieltH, as the extrapolation dfl .(T) to

As shown in Fig. 16, different behaviors are observed forzero-temperaturésee Fig. 17.
the temperature dependence of the zero-bias resistance. TheAbove the critical field, the resistance increases with de-

resistance of some sampleR3pip, and R6pi,) iNcreases

creasing temperature, similar to ropes 3 and 6, and becomes

weakly and monotonously &Bis reduced, whereas the re- independent of magnetic field. Figures 18 and 19 show that

sistance of othersR1,2,4,%,, drops over a relatively
broad temperature range, starting below a temperaktire
between 0.4 and 0.1 KT =140 mK, T3 =550 mK, and
T, =100 mK). The resistance ®1pp,, is reduced by 30%

in the temperature and field range where the zero-bias resis-
tance drops, the differential resistance is strongly current de-
pendent, with lower resistance at low current. These data
suggest that the ropes 1, 2, and 4 are superconducting. Al-

at 70 mK and that oR4p, by 75% at 20 mK. In both cases though the experimental curves f&2ps, look similar to
no inflection point in the temperature dependence is obthose of SWNT's connected to superconducting contelcts;

served. On the other hand the resistanc®®$,,, decreases

08 F H=0 R6,,,
Goal r
& ool 1.08 L— !
02 EH=0 05202 03 04
o0 bt R3
12 i o g0.51 N
= “[H=2 0:0.50 I H=p.01 T )
g1of R _02 04 06 08
[N | =2 | -
08} . . g24 - H=1.4T Rsm
0.1 02 03 <[
22 -H=0
- | | | |
50 |- \ Rp
I H=0
40F
|\ i
02 04 06 08 00 02 04 06 08 10
T(K) T(K)

12[ 3
26 |- H=1.4T
% 10} R1 gaur
14 [ -
» |/ H=0T
0.8 L 1 L 1
010 015  0.20 0.2 0.4
T(K) T(K)
[ H=2T
10 0.3 I\.
g g 0.2 ‘-\\
€ 5 0.1 ERN
RN
0_ 1 1 >
02 04 06 08 Yo o5 10
field (T)
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FIG. 17. Resistance as a function of temperature for samples
R1,2,5:,, showing a transition. The resistanceRi is measured
in magnetic fields ofwoH= 0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4,
0.6, 0.8, and 1 T from bottom to top. The resistanc&®afis taken
atu,H=0, 0.05,0.1,0.2,0.4,0.6,0.8,1,1.25,1.5,1.75, 2, and 2.5

FIG. 16. Resistance as a function of temperature for the sixXT from bottom to top. That oR5 atuoH=0, 0.1, 0.2, 0.3, 0.5, and
samples described in Table VI, both in zero fields and large fields1.4 T from bottom to top. Bottom righff .(H) for R2.
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FIG. 18. Differential resistance &¥2pi, andR4py,, at differ- 0.0 05 Hm 10 0.00 0.05 py)0.10 0.15
ent temperatures. Right panel: temperature dependenkg, ahe FIG. 19. Differential resistance as a function of current for
current at which the last resistance jumps occur in hWdl  samplesR1,2,4,5,,, in different applied fields. Samplel: Fields
curves. are 0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, and 1 T. SarR@e Fields

are0,0.2,0.4,0.6,0.8,1,1.25, 1.5, 1.75, 2, and 2.5 T. SaRfple
there are major differences. In particulsi(l) anddV/dI(1)  Fields are 0.02, 0.04, 0.06, and 0.08 T. Sanfde Fields are O,
do not show any supercurrent because of the existence of@o2, 0.06, 0.1, 0.15, 0.2, and 0.4 T. Bottom: Field dependente of
finite residual resistance due to the contacts being normal. for samplesR2p;s, and R4ps,. Note the linear behavior.

Before analyzing the data further we wish to emphasize

that this is the first observation of superconductivity in wiresnumber of conducting tubes because we do not reach the
having less than 100 conduction channels. Earlier experiregime where the resistance saturates to its lowest value.
ments in nanowiré$*4°dealt with at least a few thousand
channels. We therefore expect a strong 1D behavior for the
transition. In particular, the broadness of the resistance drop
with temperature is due to large fluctuations of the supercon- Assuming that the BCS relation holds we get for the su-
ducting order parameter in reduced dimension starting at theerconducting gapd =1.7&gT*:A~85 ueV for R2p,.
3D transition temperatur&* . In the following we will try to ~ We can then deduce the superconducting coherence length
explain the variety of behaviors observed taking into accoung@long the rope in the diffusive limit :
several essential features: the large normal contacts, together
with the finite length of the samples compared to relevant E_huglo/A. 1
mesoscopic and superconducting scales, the number of tubes ) ) ] ]
within a rope, the amount of disorder, and intertube couplingTNis expression yieldg;~0.3 um, wherev is the longitu-
We first assume that all ropes are diffusive conductors but wéinal Fermi velocity 8< 10> m/s. (Consistent with 1D super-

will see that this hypothesis is probably not valid in the lessconductivity, §; is ten times larger than the diameter of the
resistive ropes. rope) 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 su-
We first recall that the resistance of any superconductingperconductivity resists the presence of normal contacts only
wire measured through normal conta¢ts NSN junction if the length of the superconductor is much greater thaf
cannot be zero: a metallic SWNT, with two conducting chan-This condition is nearly fulfilled irR2pa, (é5~L,/3). Us-
nels, has a contact resistance of half the resistance quantuing the high-temperature resistance values and assuming a
Ro/2 [where RQ=h/(2e2)=12.9 K1], even if it is super- gap equal to that oR2pa, We find &=L 1/2, £,~L 412, &;
conducting. A rope ofN,, parallel metallic SWNT will have ~2L,, and&;~2Lg. These values explain qualitatively the
a minimum resistance dRq/(2N,)). Therefore we use the reduced transition temperature Rip,, andR4p,, and the
residual resistanck, to deduce a lower bound for the num- absence of a transition f&t3p., andR6p,,. Moreover, we
ber of metallic tubes in the ropdl,=Ru/2R,. From the can argue that the superconducting transitions we see are not
residual resistances of @ in sampleR2p4, and less than due to a hidden proximity effect: if the AD;/Pt/Au contacts
170 Q in R4ps, We deduce that there are at leasd0 me-  were made superconducting by the laser pulse, the shortest
tallic tubes INR2p, and ~40 in R4p,. In both cases this ropes(3 and 6 would become superconducting at tempera-
means that a large fraction of tubes participate to transpotures higher than the longer ongls 2, and 4. It is however
and justify a posteriorithe hypothesis that ropes are diffu- not possible to explain the behavior of sample 5 with the
sive conductors. In the other samples we cannot estimate tlgame kind of argument, since the same expression yields a

B. Estimate of the superconducting coherence length

A. Normal contacts and residual resistance

214521-12



QUANTUM TRANSPORT THROUGH CARBON . .. PHYSICAL REVIEW B8, 214521 (2003

T s B SO,
0.8 |- .‘,% .
g
i’ 8 08F ° s ¢ 4 R5 T
& > o R2
[ 04| ° & : 2:' -
possansrangeetV) N 2 N .. ')
0.0 0.5 1.0 1.5 2.0 25 02 o .
T/, HH, i
0.0 M. 1 . 1 2 1 " 1 .
0.0 05 1.0 1.5 2.0 25 3.0
600 _ T
500 FIG. 21. Resistance as a function of temperature for all samples
which undergo a transition, plotted in reduced um¥dR,,,, and
400 TIT*.
%300
200 dimensionality of the superconducting transition: weakly dis-
100 ordered ropes such &l andR4 will be more 1D-like than
. the more disordered rope2. Of course, disorder must al-
%_0 05 10 15 20 25 ways be sufficiently small so as not to induce localization.
— These considerations may explain the variety of behaviors
. e . observed and depicted in Fig. 21.
~ FIG. 20. Resistance as a function of temperatio@ntinuous Finally, disorder is also the essential ingredient which re-
line) and magnetic fieldscatter points for samplesR2pi, and  veals the difference between the normal state and the super-
R4piy- Insets: TEM micrographs of the samples. conducting state. In a ballistic rope we would not expect to

observe a variation of the resistance over the superconduct-

coherence lengtifs much shorter than the length of the jhqg transition because in both cases the resistance of the rope
sample, and nonetheless no complete transition is seen. Weyst the contact resistance.

believe that this is due to the strong disorder in this sample, To gain insight in the transport regime, we have per-

which is very close to the localization limit. Figure 17 shows formed shot noise measurements of the roR&s3,4,6.,
that the transition even disappeared after thermal cycling, the normal statghigher level of 1f noise in the more

when an increase of room-temperature resistance led to coMsgistive ropesR2,5.4, Made the analysis of shot noise im-

plete localization at low temperature. possible in those sampledetween 1 and 15 K. We found a
surprisingly strong reduction of the shot noise, by more than
C. Role of the number of tubes a factor of 100, which is still not well understood, but would

Another a priori important parameter is the number of indicate that all the tubes in these ropes are either completely
tubes in a rope: the lesser are the tubes in a rope, the clos@llistic or completely Ioc_ahzeEP, in strong apparent contra- -
the system is to the strictly 1D limit, and the weaker is the@cﬂon with the pbservatlon O.f the superconducting transi-
transition. If we compare the two ropes in Fig. 20, it is cleartion of Rdpi,, with a 60% resistance drop. .
that the transition both in temperature and magnetic field is It would however be possible to explain a resistance de-
much broader in the ropR4p,, With only 40 tubes than in  Crease in ballistic ropes turning superconducting, if the num-
the ropeR2p,s, With 350 tubes. Moreover, there is no inflex- Per of conducting channels is larger for Cooper pairs than for
ion point in the temperature dependence of the resistance jpdividual electrons. In his recent theoretical investigation of
the thinner rope, typical of a strictly 1D behavior. We alsoSuPerconductivity in ropes of SWNT, Gonzalehas shown
expect a stronger screeninget interactions in a thick rope the existence of a finite intertube transfer for Cooper pairs,

compared to a thin one, which could also favor superconducgVen between two tubes of different helicities which have no
tivity as we will discuss below. possibility of single-electron intertube transfer. This Cooper

pair delocalization could lead to the opening of new channels
when a rope containing a mixture of insulating and ballistic

D. Role of disorder and intertube coupling tbes becomes superconducting

As is clear from expressiofil) 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 decrease Reminiscent of measurements of narrow superconducting
the destructive influence of the normal contacts. More subtlenetal wires’® we find jumps in the differential resistance as
and specific to the physics of ropes, we have seen that dishe current is increasegFig. 22. For sample 2 the differen-
order also enhances intertube coupling, so it can increase thial resistance at low currents remains equaRfoup to 50

E. Signatures of 1D superconductivity
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F. Effect of magnetic field

It is difficult to saya priori what causes the disappearance
of superconductivity in carbon nanotubes. The value of
H.(0) perpendicular to the tubes, should be compared to the
depairing field in a confined geomeftyand corresponds to
a flux quantum®d, through a length¢ of an individual
SWNT of diameterd, uoHc=®o/(2y/7dé)=1.35T. But
Hc(0) is also close to the fielgioH,=A/ug=1.43 T at
which a paramagnetic state becomes more favorable than the
. superconducting stafé:>*Note that this value is of the same

order as the critical field that was measured on SWNT con-
0 nected between superconducting contacts, i.e., much higher
4 6 8 04 D2 00 02 04 . ;
1TK") I (uA) than the critical field of the contacts.

FIG. 22. (a) Resistance oR2p, plotted on a log scale as a Thg linear dependence of the ‘?”tica' CL,J”,e”t with mag-
function of the inverse temperature ldt=0. We have subtracted netic field O_bserved n aII_ Sample_s is very similar to the data
the low-temperature residual resistan@entact resistange The ~ Presented in the preceding section on SWNT on supercon-
slope yields an approximate activation energy of 0.8 K which has t¢lucting contacts and appears strongly related to the linear
be compared to the condensation enefigyof Cooper pairs in a  dependence ifi;(H). This linear scaling with magnetic field
sample of lengthé E,=Mn(E()A2¢=1 K. Note that this charac- s surprising since it is not expected to take place in a 1D
teristic energy is much smaller in our samples containing only 106ystem and is more typical of 2D superconductivita de-
channels than in whiskers where phase slips can only be observgahiring mechanism based on spin splitting of the quasiparti-
very close toT. (b) V(I) anddV/dI(l) curves showing the hys- cle energy states could however provide a possible explana-
teretic behavior inV(l) at each peak in thelV/dI(l) curve for  tion. Experiments performed with various field directions
sampleR2pp, - compared to the tube are thus necessary for a better under-
standing of the influence of magnetic field on superconduc-

nA, where it strongly rises but does not recover its normal{iVity in carbon nanotubes.
state value until 2.5A. The jump in resistance at the first
step corresponds approximately to the normal-state resis- VI. CONCLUSION

tance of lengtht, of sample 2. Each peak corresponds 10 @ a4 gepicted in the preceding section show the existence
hysteretic feature in the-I curve[Fig. 22b)]. These jumps ¢ intrinsic superconductivity in ropes of carbon nanotubes
are identified as phase slif&!®**which are the occurrence iy which the number of tubes varies between 30 and 400.
of normal regions located around defects in the sample. Sucfine question of the existence of superconducting correla-
phase slips can be thermally activat@\PS), leading to &  tjons in the limit of the individual tube cannot be answered
roughly exponential decrease of the resistance instead of st |t is of course tempting to consider the high supercurrent
sharp transition, in qualitative agreement with our experimeasured on superconducting contacts as a strong indication
mental observatiofFig. 22a)]. At sufficiently low tempera-  that superconducting fluctuations are present also in indi-
ture, TAPS are expected to be replaced by quantum phasgqual carbon nanotubes. However since unscreened Cou-
slips, which, when tunneling through the sample, contributgomp repulsive interactions in these samples are expected to
an additi_onal resistance to the zero-temperature resi§tancesuppress superconductivity, precise investigations of indi-

_ Also, in sample 2 the current at which the first resistance/iqual carbon nanotubes on normal contacts are necessary. It
jump occurs(60 nA, see Fig. 1pis close to the theoretical s essential to conduct experiments on sufficiently long
critical current of a diffusive superconducting wWitewith samplegsuch as the ropes presently studisd that intrinsic

gap A,=85 ueV (Ic=A,/Re~20 nA), whereas the cur- syperconductivity is not destroyed by the normal contacts.
rent at which the last resistance jump occurs (24 see  Note that recent magnetization experiméhtiso strongly

Fig. 18 is close to the theoretical critical current of a ballis- support the existence of superconducting fluctuations below
tic superconducting wire with the same number of conduct4g K in very small diametef0.4 nm individual tubes grown

ing channeld£=A,/R,e~1 uA.>? in zeolites.

We also expect this currehf =A,/R.e to be the critical We now discuss what could be the relevant mechanism
current of a structure with this same wire placed betweeror superconductivity in carbon nanotubes. Observation of
superconducting contacts with gag; even if As<A, and  superconductivity in carbon based compounds was reported
can thus be much larger than the Ambegaokar-Baratoff prea long time ago. First in graphite intercalated with alkali-
diction Rylc~Ag/e.® Intrinsic superconductivity might metal atoms(Cs,K), superconducting transitions were ob-
thus explain the anomalously large supercurrent measured served between 0.2 and 0.5°KMuch higher temperatures
the experiments described in the preceding section, whengere observed in alkali-metal-doped fulleretfasecause of
nanotubes are connected to superconducting contacts. It ke coupling to higher-energy phonons. In all these experi-
also interesting to compare the low-temperature quadratiments it was essential to chemically dope the system to ob-
dependence of the critical currents which is very similar inserve superconductivity. There are no such chemical dopants
all samples both on normal and superconducting contacts. in the ropes of carbon nanotubes studied here. As shown in

T=135 mK

(oY) Ip/AP

1E-3
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previous works there is some possibility of hole doping of [ ' '
the tubes by the gold metallic contacts in which electronic 40  MWNT on Sn
work function is larger than in the tubé%®® However, al-

though this doping could slightly depopulate the highest oc- o0 [
cupied energy band in a semiconducting tube, it is very un-
likely that it is strong enough to depopulate other lower- 3
energy subbands for a metallic tube with a diameter in the\ﬁ,
nanometer range. More interesting would be a mechanisn -
related to the 1D electronic structure of carbon nanotubes. £  —20|
purely electronic coupling mechanism has been indeec i
shown to induce superconducting fluctuations in coupled  _ 5[
double chain systems such as laddéBhe relevance of this
mechanism has been considered also in carbon nanotube
away from half filling but the very small order of magnitude

for the energy scale of these superconducting fluctuations it
not compatible with our findings.

Recent estimations of the electron-phonon coupling
constants®2%3in carbon nanotubes seem to be more prom-
ising. It is shown that the breathing modes specific to carbon
nanotubes can be at the origin of a strong electron-phonor=
coupling giving rise to attractive interactions which can pos- X
sibly overcome repulsive interactions in very small diameter &
tubes. The possible coupling of these rather high-energy
modes to low-energy compression modes in the nanotub
have been also considered, following the Wenzel Bardeer

Ry=10kQ

0.6

0.4

singularity scheme initially proposed by Loss and Martin ozl _
where low-energy phonons are shown to turn repulsive inter- 20001000 o 1000 5000
actions in a Luttinger liquid into attractive ones and drive the H(Gauss)

system towards a superconducting pHéséhe suspended
character of the samples may be essential in this mechanism.
FIG. 23. Top:I-V curves of a multiwall nanotube mounted on
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APPENDIX: PROXIMITY-INDUCED
SUPERCONDUCTIVITY IN MULTIWALL CARBON
NANOTUBES
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