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Supercurrents Through
Single-Walled Carbon
Nanotubes

A. Yu. Kasumov,’2 R. Deblock,” M. Kociak," B. Reu.let,1
H. Bouchiat,’* I. I. Khodos,? Yu. B. Gorbatov,2 V. T. Volkov,?
C. Journet,® M. Burghard*

Proximity-induced superconductivity in single-walled carbon nanotubes below
1 kelvin, both in a single tube 1 nanometer in diameter and in crystalline ropes
containing about 100 nanotubes, was observed. The samples were suspended
between two superconducting electrodes, permitting structural study in a
transmission electron microscope. When the resistance of the nanotube junc-
tion is sufficiently low, it becomes superconducting and can carry high super-
currents. The temperature and magnetic field dependence of the critical current
of such junctions exhibits unusual features related to their strong one-dimen-

sional character.

Depending on diameter and helicity, single-
walled carbon nanotubes (SWNTs) have, at
most, two conducting channels (/) with min-
imum resistance in the absence of disorder
predicted to be h/4e*> = 6.5 kilohms. Elec-
tron-electron interactions in such systems are
predicted to give rise to non-Fermi (Lut-
tinger) liquid behavior at low temperature
(2). From the magnetic field dependence of
the tunneling conductance of an SWNT indi-
cating strong spin correlations, it has been
suggested that magnetic ordering could take
place in SWNTs (3). Such electronic proper-
ties seem incompatible with the occurrence of
superconductivity. We show that it is possi-
ble to create superconducting junctions with
carbon nanotubes embedded between super-
conducting contacts. When the normal state
resistance of the tube is sufficiently low, the
sample exhibits a zero resistance low-temper-
ature state and a high critical supercurrent.
A normal metal (N) in contact with a mac-
roscopic superconductor (S) exhibits supercon-
ductivity on a characteristic length which is
smaller than both the phase coherence length in
the normal metal L,, and the thermal length L,
(in a clean metal Lt = #iv,/k,T and in a dirty
metal L. = VAD/k,T, where D is the electron
diffusion coefficient). Both lengths, on the or-
der of a few micrometers, can be much longer
than the superconducting coherence length. The
superconducting transition temperature 7, and
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the gap A in N can be on the order of their ‘

values in S if the resistance of the SN interface
is sufficiently small. This proximity effect has
been extensively studied in multilayered planar
SN junctions (4) and more recently in litho-
graphically fabricated micrometer-scale metal-
lic wires made of normal noble metals between
two macroscopic superconducting electrodes
(5, 6). The maximum low-temperature value of
the supercurrent (critical current) in such SNS
junctions is wA/eR,,, where Ry is the normal
resistance of the junction (7). We show that the
supercurrent sustained by a single nanotube
exceeds this prediction by a large factor.

The SWNTSs were prepared by an electrical
arc method with cobalt as a catalyst (8), yield-
ing single-walled tubes with diameters on the
order of 1 nm. The tubes were usually assem-
bled in ropes of about 100 parallel tubes, but
individual tubes can also be obtained after pu-
rification (9). Isolation of an individual rope or
tube and connection to electrical contacts were
performed according to the procedure we pre-
viously used for multiwalled nanotubes (10).
The resulting junctions had low-resistivity
ohmic contacts between the tube and the metal
electrodes (molten during the process), and
could be characterized using transmission elec-
tron microscopy (Fig. 1) (/1). The use of su-
perconducting bilayer electrodes (Re/Au or Ta/
Au) gives rise to the proximity effect. Rhenium
or Ta ensures good adhesion to the substrate
and promotes superconductivity of contacts; the
immiscibility of the Re/Au and Ta/Au systems
(both solid and liquid) and the very high melt-
ing temperature of Re and Ta prevents elec-
trode damage during laser welding of the tubes
to the top Au layer. Gold is an ideal solder for
nanotubes because it neither reacts with carbon
nor oxidizes.

The room temperature resistance, R,, of
such junctions varied considerably from sam-
ple to sample, typically between 0.100 and

100 kilohms. For ropes, when R, was on the
order of or larger than 10 kilohms, a sharp
divergence of the resistance was observed
below T = 50 K, corroborating experimental
results obtained by other groups (/2). This
low-temperature insulating behavior has been
attributed to the helicity of the tubes or to the
existence of defects such as heptagon-penta-
gon pairs. It has also been theoretically
shown (13) that Van der Waals interaction
between individual nanotubes in a rope can
induce a band gap of about 0.1 eV, making
a rope consisting of individually metallic
tubes semiconducting. We found that it is
also possible to obtain samples with resis-
tance lower than 6.5 kilohms, indicating
that a large fraction of the tubes participate
in transport. This is the case for three sam-
ples, where the resistance decreases slight-
ly with temperature between room temper-
ature and 4.2 K (Fig. 2). So far, such low
vaiues of R, and metallic behavior down to
low temperatures have not been reported
for SWNTs (12). Our observation of these
phenomena may be the result of the good me-
tallic contacts of our samples. Moreover, intrin-
sic electronic transport properties of SWNTs
are more likely to be observed in suspended
nanotubes than in deposited tubes, where they
could be altered by the substrate. Metallic be-
havior is also observed for single SWNTs
where R, < 30 kilohms.

In the rope samples mounted on Re/Au
contacts consisting of bilayers (30-nm layer
of Re; 50-nm layer of Au) with a transition
temperature 7, = 1.1 K (Fig. 2), the resis-
tance became temperature dependent below
1.5 K in the region of the superconducting
transition of the Re/Au contact. For the high-
est resistivity sample RO, (R, = 1750 ohms),
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Fig. 1. Transmission electron micrograph of the
nanotubes, suspended across a slit between
two metallic pads. From these micrographs, it is
possible to confirm that the metal of the con-
tacts neither covers nor penetrates the tubes.
(a) Nanotube ropes. The measured length L and
diameter D of the samples studied were: RO,
and RO,: L = 0.5 wm, D = 20 nm; RO;: L = 1.7
wm, D = 23 nm. (b) Sample ST, consists of a
single SWNT of 0.3 pm length, which is com-
pletely isolated at one end for a length of 50
nm, but merges into a narrow rope of seven
tubes (0.2 wm length) on the other end.
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only a small dip was observed and the resis-
tance increased at low temperature. For sam-
ple RO, (R, = 650 ohms), the resistance
decreased linearly with temperature below 1
K and extrapolated to zero at 0 K. Samples
RO, and RO, are too resistive and do not
fulfill the condition L > L necessary to
achieve superconductivity. In contrast, the
resistance of the rope RO,, which contains
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approximately 200 tubes, is R, = 65 ohms;
the average resistance for each tube is on the
order of 13 kilohms, only a factor of 2 larger
than that expected for a pure metallic tube.
This sample underwent a superconducting tran-
sition and exhibited zero resistance below 1 K.
Taking the Fermi velocity v, = 0.8 X 10° m
s7!, we estimate for this sample L. (T = 1 K)
on the order of 3 wm, larger than its length of

Fig. 2. (A) Temperature de-
pendence of the resistance
of ropes RO, RO,, and RO,
mounted on Au/Re con-
tacts measured for zero
magnetic field. The arrow
indicates the transition of
the Au/Re bilayer. The
sample RO, becomes su-
perconducting below 1 K,
but the existence of resis-
tance steps above the tran-
sition indicates that super-
conductivity may not be
homogeneous. (B) Tem-

Ay(RO4) = 1750 ohms
Ro(RO,) = 650 ohms -
Ro(RO;) = 650hms

perature dependence of o
the resistance of the single
tube ST, mounted on Au/ B

Ta measured for different
values of the magnetic
field perpendicular to the
tube axis. (The labels on
the curves correspond to
the value of magnetic field

1.7 wm. We also observed proximity-induced
superconductivity in isolated SWNT samples
like ST, (Fig. 1), with R, = 27 kilohms. This
value is on the order of the inverse. quantum
conductance h/e? = 25.8 kilohms, the maxi-
mum value for which low temperature metallic
behavior is expected in a coherent one-dimen-
sional system. The tube was mounted on Ta/Au
electrodes (5-nm Ta, 100-nm Au) and had a
superconducting transition at 7, = 0.4 K, close
to the transition temperature of the contacts.
The transition was shifted to lower temperature
when a magnetic field was applied in the plane
of the contacts (perpendicular to the tube axis).
The critical field was surprisingly high (of the
order of 1 T) and was 10 times larger than the
measured critical field of the contact. Above 2
T, the resistance became field-independent
and a small increase was apparent when the
temperature was lowered below 0.2 K (Fig.
2B). Similar behavior was observed in RO,
and all the nanotube junctions which exhib-
it superconductivity.

The most striking signature of induced su-
perconductivity is the existence of Josephson
supercurrents through the samples R0, and ST,.
The results of nonlinear transport measure-
ments performed on these superconducting
samples are exemplified by the voltage versus
current characteristics on sample ST, (Fig. 3).
The transition between the superconducting
state (zero voltage drop through the sample)
and the dissipative state is quite abrupt and
displays hysteresis at low. temperature. It is
characterized by a critical current i, whose val-
ue at '~ 0 K is iy = 2.5 pA for RO, and i, =
0.104 pA for ST,. We note that the junction
does not recover its normal resistance above the
critical current, and the curve /() exhibits
subsequent hysteretic jumps at higher currents.
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Fig. 3. (A) (Upper curve) V(/) characteristics for ST, from which the critical
current is deduced. (Lower curve) The same data on a wider current scale
showing the existence of voltage steps for currents higher than /. (B)
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Differential resistance measured with a small ac modulation of the current
for various values of the magnetic field. This data indicates that the normal
resistance R = 25 kilohms is only recovered at currents much higher than i.
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This behavior is similar to that observed in long
superconducting filaments (/4), where above
i, small normal regions (of size comparable to
the inelastic length) appear located around de-
fects in the sample (phase-slip centers). How-
ever, the precise understanding of the physical
mechanism involved in an SWNT with similar
aspect ratio, but with dimensions 100 times
smaller, requires further experimental and the-
oretical study.

The critical current decreases with temper-
ature and goes to zero at 7 ~ T (Fig. 4). This
temperature dependence is very different for
RO; and ST, samples. For R0, i(T') is nearly
flat below 0.5 K and decreases rapidly at higher
temperature. This behavior approximately fol-
lows the classical Ambegaokar-Baratoff ex-
pression for Josephson tunnel junctions, i, (7).
This fit is valid in the limit where L << L
deviations to this fit are observed in the vicinity
of T, where this relation is no longer valid (Fig.
4). [Note that the weak link junction results of
Kulik-Omelianchuck (7) do not fit our data at
all.] The theoretical value i, = (7/2)(A/eRy)
corresponds to 3.8 pA, which is larger than but
of the same order of magnitude as the experi-
mental value [we assumed that the Bardeen-
Cooper-Schrieffer (BCS) relation A =
1.76k T, is fulfilled for the contact]. The be-
havior of the single tube ST} is more surprising.
The value of the product Ry i, at 7 = 0 is equal
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to 2.5 mV, 40 times larger than the expected
value (0.06 mV) assuming the gap is identical
to its value in the superconducting electrodes
(as estimated from 7). The temperature depen-
dence of the critical current is very weak below
0.8 T, and does not follow the BCS gap tem-
perature dependence. On the other hand, the
critical current decreases linearly with the mag-
netic field and goes to zero at H, = 1 T,
coinciding with the value of H_ determined by
linear transport experiments.

An explanation of these phenomena is not
straightforward. The problem of an SNS
junction constituted of a Luttinger liquid be-
tween two superconducting reservoirs has
been considered theoretically by Fazio er al.
(15) for weakly transmitting contacts and
Maslov et al. (16) for perfectly transmitting
contacts. In both cases, these authors show
that it is indeed possible to induce supercon-
ductivity by a proximity effect. In the case of
repulsive interactions and perfectly transmit-
ting interfaces, the zero temperature value of
the critical current is not changed by the
interactions. This result could be modified by
the presence of disorder in the system and
needs further investigation. The calculated
temperature dependence of the critical cur-
rent is weaker than for noninteracting elec-
trons. At this stage, it is clear that these
results do not explain our data on ST',. How-

Fig. 4. (A) Temperature g —
dependence of the crit- 1.0 -

ical current measured °©
in the rope RO, (circles)
fitted with the Ambe- 0.8 -
gaokar-Baratoff formu-
, )
la ing(T) = iy A0) tanh 'é; 0.6 -
[A(T)/2ksT]  (continu- &= r
ous line). (B) Tempera- 3 0.4 | A(0)= 183K

ture and magnetic field
dependence of the crit-
ical current of the su- 0.2
perconducting  single
tube ST,. The critical

1;"(0) = 3.8 pA
12°(0) = 2.7 pA

RO,

ever, it has also been shown that coupling
with low energy phonons can turn repulsive
interactions in a Luttinger liquid into attrac-
tive ones and drive the system toward a su-
perconducting phase (/7). In our case, from
the frequency of the fundamental bending
mode of the suspended tubes, we can estimate
that the characteristic energy scale of such
phonons is in the range of 0.2 to 0.4 K.
Our data could indeed be explained by the
existence of superconducting fluctuations in-

“trinsic to SWNTs. For an infinite nanotube,

because of its one-dimensional character,
these fluctuations are not expected to give
rise to a superconducting state at finite tem-
perature. However, the superconducting state
might be stabilized by the macroscopic su-
perconductivity of the contacts. In such a situ-
ation, it is conceivable to expect that i, could
be enhanced compared to its value in a con-
ventional SNS junction. The existence of su-
perconducting fluctuations intrinsic to nano-
tubes may also explain the positive magneto-
resistance (/8) observed in all our samples
where the normal state resistance is recovered
at fields much higher than the critical field of
the contacts.

Carbon nanotubes suspended between su-
perconducting contacts constitute a new type of
Josephson junction that offers a number of ex-
citing possibilities. For example, because of
their low electronic density, one may hope to be
able to tune the superconducting properties with
a metallic gate located close to the tube. Their
suspended character also offers the possibility
of interesting bolometric applications.
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A Post-Stishovite SiO,
Polymorph in the Meteorite

Shergotty:

implications for

impact Events

T. G. Sharp,' A. El Goresy,?t

B. Wopenka,® M. Chen*

Transmission electron microscopy and electron diffraction show that the mar-
tian meteorite Shergotty, a shocked achondrite, contains a dense orthorhombic
SiO, phase similar to post-stishovite SiO, with the a-PbO,, structure. If an SiO,
mineral exists in Earth’s lower mantle, it would probably occur in a post-
stishovite SiO, structure. The presence of such a high-density polymorph in a
shocked sample indicates that post-stishovite SiO, structures may be used as

indicators of extreme shock pressures.

The SiO, polymorph stishovite forms at high
pressure (/), and has been found in highly
shocked rocks (2). The existence and stability
of post-stishovite silica (SiO, polymorphs dens-
er than stishovite) have been the subject of
many recent studies (3—/4). Post-stishovite
silica plus magnesiowiistite might be stable
relative to (Mg.Fe)SiO;-perovskite in Earth’s
lower mantle (/3, /5-/7). Such an SiO,
phase in heavily shocked samples would
also provide a tool for understanding im-
pact processes. Here we describe a post-
stishovite SiO, phase in the martian mete-
orite Shergotty.

Shergotty is heavily shocked: it contains
maskelynite (/8-20), which was long thought to
be diaplectic plagioclase glass that formed by a
solid-state transformation (2/), but appears to
have quenched from a shock-induced melt (22).
Shergotty also contains large silica grains
(>150 mm) that were previously interpreted to
be birefringent shocked quartz with planar de-
formation features (2/). Most are wedge-
shaped, which is typical of B-tridymite but atyp-
ical of quartz. Like many of the maskelynite
grains (22). the silica grains lack shock-induced
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intragranular fractures. Many of the SiO, grains
are surrounded by radiating cracks (Fig. 1A).
These cracks are similar to those formed around
coesite in high-pressure metamorphic rocks (23)
and indicate that the volume of the silica phase
increased greatly with decompression. Expan-
sion must have occurred when the maskelynite
was solid, because the cracks also cut through it
(Fig. 1B). The lamellar texture appears as two
sets of lamellae of different brightness in field-
emission scanning electron microscopy images
recorded in back-scattered-electron (BSE) mode
(Fig. 1B). Electron microprobe (EMP) analyses
of the largest lamellae (up to several microme-
ters wide), using a slightly defocused electron
beam, revealed that both the bright and dark
lamellae are SiO, compounds that are identical
in composition and have minor concentrations
of Na,O (0.4% by weight) and AL, O, (1.12%).
BSE imaging with a field-emission scanning
electron microscope (FESEM) at low accelerat-
ing voltages revealed that the original silica
grains consist of a mosaic of many individual
domains (10 to 50 wm in diameter), each with a
distinct pattern of intersecting thin (<300 nm)
lamellae (Fig. 1B).

We investigated the crystallinity and struc-
ture of SiO, phases using laser Raman micro-
probe spectroscopy, transmission electron mi-
croscopy (TEM), and selected-area electron
diffraction (SAED). Three zone-axis SAED
patterns (Fig. 2) were collected from a do-
main of crystalline material. These patterns
all show sharp intensity maxima and diffuse
rings, corresponding to diffraction from the
crystalline material and diffuse scattering from

amorphous material, respectively. Starting from
zone axis 1 (Fig. 2A), the crystal was tilted
21° about the vertical diffraction vector (with
d spacing = 4.54 A) to reach zone axis 2
(Fig. 2B). The reflection corresponding to
4.54 A disappeared as the sample was tilted
out of zone axis 1 and remained absent in
zone axis 2, indicating that it is a forbidden
reflection that occurs by dynamical diffrac-
tion in zone axis 1. Zone axis 3 (Fig. 2C) was
reached by tilting the crystal 37° from zone
axis 1 about the horizontal diffraction vector
(d = 322 A). In this case, the d = 3.22 A
reflection remained excited and therefore is not
forbidden. The three zone axis patterns contain
seven diffraction vectors that can be used to
constrain the structure of this SiO, polymorph.

The diffraction data (Fig. 2) cannot be in-
dexed using the structures of SiO, polymorphs
that are stable at low pressures. Although tridy-
mite is a likely SiO, phase in Shergotty before
shock metamorphism, the diffraction data are
inconsistent with all tridymite polymorphs (24).
Similarly, the diffraction data are inconsistent
with coesite and stishovite. The data are also
inconsistent with known post-stishovite
structures, including the CaCl,, baddelyite,
and «-PbO,, and modified baddelyite
(Pnc2) structures of SiO,. The diffraction
data from zone axis 1 fit a post-stishovite
structure with space group Pbcn that is sim-
ilar to the a-PbO, structure (25-27), but the d
spacings from zone axes 2 and 3 fit less well
to this a-PbO,-like structure (27). Our data
also nearly fit a Pca2, structure calculated to
be a quench phase from post-stishovite SiO, at
50 GPa and a 10-GPa differential stress (28).
The cell parameters of Pca2, and Pbcn struc-
tures are nearly the same, but they do not
match the 1.97 A and 3.41 A d spacings of
our data (Table 1).

Because the symmetries of our diffraction
patterns are consistent with an orthorhombic
lattice and the reflections can be indexed to
Pbcn and Pca2, structures (27, 28), we refined
new orthorhombic cell parameters to fit our
data (Table 1). All our d-space data fit the
refined orthorhombic unit cells within 1% (Ta-

Table 1. d-space data obtained from the three
zone-axis diffraction patterns as compared to cal-
culated d spacings for Pbcn and Pca2, SiO, struc-
tures (27, 28) and the refined unit cells based on
the Pbcn structure. Miller indices (hkl) are also
given for each structure, with an asterisk indicat-
ing the reflections that are forbidden

SAED Pbcn Pca2, Refined Pbcn
4.54* 001* 4.50 100* 449 001* 455
341 011* 325 110 325 011* 3.40
322 110 317 011* 317 110 3.23
3.09 101* 3.1 101* 3.11 101* 3.07

262 111 259 111 259 111 2.63
228 002 225 200 225 002 2.28
197 121 188 121 188 121 1.97
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