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ABSTRACT

Superconducting low dimensional systems are the natural choice for fast and sensitive infrared detection, because of their quantum nature

and the low-noise, cryogenic operation environment. On the other hand, monochromatic and coherent electron beams, emitted from
superconductors and carbon-based nanostructured materials, respectively, are significant for the development of electron optical systems

such as electron microscopes and electron-beam nanofabrication systems. Here we describe for the first time a simple method which yields
carbon nanotubes encapsulating single crystalline superconducting tin nanowires by employing the catalytic chemical vapor deposition method

over solid tin dioxide. The superconducting tin nanowires, with diameters 15 —35 nm, are covered with well-graphitized carbon walls and show,
due to their reduced diameters, a critical magnetic field (  H;) more than 30 times higher than the value of bulk metallic tin.

The hot-electron phenomena in low-dimensional supercon- high intensity will contribute to the further implementation
ducting systems are of fundamental importance for high of electron holography in practiéeln the pursuit of
energy resolution bolometetsPhoton absorption in a  developing an ultracoherent e-beam, studies showed that the
superconducting detector creates an avalanche electrore-beam from a superconducting tip is monochroniatiad
charge, 2 or 3 orders of magnitude higher than that in a that e-beams emitted from different sites of a carbon
semiconductor for the same photon energy. This results innanotube can interfere with each other coherehilgr both

an enhanced resolution in energy-resolving devices, such agpplications the need of an easy and reproducible method
superconducting tunnel junctiofgind extends the range of 5 synthesize well-defined low-dimensional superconducting
detectable energié<n the other hand, coherence of electron materials, easy to handle and at low cost, is of high

beams (e-beams) is of great interest for both practical andjmnartance. Superconducting nanowires and nanorods from
academic reasons since a highly coherent e-beam grea“)feadstin 210 and MoG@! have been already synthesized but

:mprO\t/_eslthe tshpa'gal relsolut|0|: "} eler(]:tron toptlt;:al systé_rtr;]s. are not suitable for handling since they are sensitive to
N particular, the development of conerent €-beams With a .,y iqation. If such nanostructures can be protected and
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Figure 1. Low-magnification TEM images and EDXS spectra of Sn-CNT product, obtained by CCVD over solgduSm@ GH, as

carbon source, showing the encapsulation of Sn nanowires. (a) Uniform MWCN¥4020m wide and 45 um long, are completely

filled and encapsulate metallic Sn nanowires. Bundles of CNTs with amorphous carbon (mark 1) and few partially filled MWCNTs (mark
2) are also present. (b) All nanowires show apexes covered by carbon walls, making them suitable for handling in air. (c) The tin within
the CNTs exhibits bending contour contrast. (d) Two EDS spectra: one taken with a relative small probe of 20 nm diameter on the Sn
within a CNT, denoted as “Sn in CNT” (blue line); the other with a large diameter probe (about 500 nm) on aggregates of (partially)
unreacted tin oxide and (amorphous) carbon in combination with the Sn-filled carbon nanotubes, denoted as “aggregates” (red line). The
copper signal originates from the Cu grid.

with highly pure, single crystalline, superconducting tin having encapsulated metallic nanowires. Most of the filled
nanowires. The novelty of our method, as compared to carbon nanotubes are isolated and not aggregated in bundles.
previous worki®is not only that it is a high yield, template- However, bundles of nanotubes containing unreacted tin
free, “one-pot” synthesis of free-standing tin nanowires but oxide and amorphous carbon are also observed (mark 1,
also more importantly that these nanowires are fully protected Figure 1a). The filled carbon nanotubes (CNTs), whose
by carbon and hence totally inert in air. The surrounding diameters range between 20 and 40 nm, are up4m $ong
carbon nanotube, consisting of only a few graphite layers, and show a relatively uniform core (Figure 1a and Figure
is closed in both ends thus protecting the nanowires. The 1c). More than 90% of the tubes are fully filled with metallic
superconducting tin nanowires show, due to their reducedtin; there are a few areas though (mark 2, Figure 1a) which
diameters, a critical magnetic fieltH) more than 30 times  are partially filled. Besides, all the observed endpoints (tips)
higher than the value of bulk metallic tin. The resulting of the tin nanowires are completely covered by carbon shells
composite nanostructure is denoted here as Sn-CNT. (Figure 1b). Therefore, the nanowires are protected from all
Catalytic decomposition of acetylene at 70D over tin sides against atmospheric oxidation and hence are suitable
dioxide (see Materials and Methods in Supporting Informa- for handling in air. The tin within the CNTs often exhibits
tion) produces Sn-CNT in high yield. The product of the bending-contour contrast (see Figure 1c). Tilting of the
reaction was investigated by transmission electron micros- samples shows movement of the dark and bright features of
copy (TEM). Figure 1 shows the existence of uniform CNTs this contrast, indicating that this contrast does not originate
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Figure 2. TEM image of a Sn full-filled CNT and the insets show
the corresponding SAED patterns, experimental (top) and simulated. %
(bottom), allowing to index this experimental pattern as metallic \* g
B-Sn as viewed along E.01zone axis. !

from localized defects (dislocations are ill-defined in these
systems, twins are likely symmetrical twin boundaries and
grown-in defects). Nevertheless, high-angle grain boundaries
are in some instances present within the encapsulated Sn. |
is logical that severe bending of the metallic tin is observed
since the carbon nanotubes are far from straight.

With selected-area electron diffraction (SAED) and energy-

dispersive X-ray spectrometry (EDS), tin oxide was not found Ei 3. High ution TEM i howing the high d
e ; . igure 3. High-resolution image showing the high degree
within the CNTSs. Figure 1d shows two EDS spectra; one of crystallinity of both the MWCNTSs and the metallic tin nanowires.

taken with a probe of 20 nm diameter on the Sn within & The preferential direction of growth is thB01direction pointing
CNT, denoted as “Sn in CNT” (blue line) in the figure, the more or less along the nanowire axis. The insets are the corre-

other with a probe of about 500 nm on aggregates of sponding SAED patterns, experimental (right) and simulated (left)
(partially) unreacted tin oxide and (amorphous) carbon in (an inset of the plane (001) ¢FSn is presented).

combination with the Sn-filled carbon nanotubes, denoted

as “aggregates” (red line) in the figure. Only the low-energy ~ Unequivocal proof of the nature of the encapsulated phase
part up to 5 kV is shown, because it shows peaks of all the within CNTs comes from SAED analysis. Figure 2 shows a
elements present. In the first spectrum no trace of an oxygentypical SAED pattern that can be fully indexed as metallic
signal can be detected, whereas in the second spectrum afi-Sn as viewed along &011zone axis. Moreover, the
oxygen K-line is clearly present. Also, the carbon peak is characteristic regular diffraction spots indicate that these are
somewhat more developed in the second spectrum becaus@ fact single crystals. The crystals always extend the full
of the presence of (amorphous) carbon, not associated withwidth of the nanotubes and their length ranges from 50 nm
filled carbon nanotubes. The copper signal originates from to about 2um, with a most common length of aboufuin.

the Cu grid. Note that the small height of the carbon peak is It is important to note here that in a large area of sample
also caused by absorption of the carbon signal by Sn. Inunder TEM observation we did not observe gh$n phase
fact, in the “Sn in CNT” spectrum the carbon signal only outside the CNT. In other words, all the in situ formg&n
originates from the about 4 nm carbon on top of the tube, is encapsulated within CNTs in the form of long-range (up
because the walls on the side were not part of the volumeto several micrometers) single crystalline nanorods and tin
analyzed. Powder X-ray diffraction (XRD) in conjunction dioxide was not found within the CNTSs.

with 11°Sn Méssbauer spectroscopy illustrates the presence The high-resolution TEM images (Figure 3) show that the
of 5-Sn and Sn@phases in the final product (see Supporting metallic tin nanowires are covered completely by a well-
Information). In theMossbauer spectrum, obtained at 80 K, graphitized carbon layer. Typically around-102 carbon
two quadrupole doublets were observed indicating the walls surround the tin. Additional information for the high
presence of these two Sn-containing phases. Analysis of thedegree of graphitization of the CNTs comes from Raman
corresponding spectra shows that their relative percent ratiomeasurements (see Supporting Information). Comparing the
(SnG;:3-Sn) is 0.59. present results with previous ones where tin nanowires
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Figure 4. Superconducting properties of Sn-CNT prodia} Magnetization versus temperature curve, taken at 20 Oe, showing a diamagnetic
behavior below the bulk superconducting transition temperature for tin (indicated by the arrow). The small increasg. oindet is

attributed to the thinnest tin nanowires present within the Sn-CNT product. (b) Magnetization versus magnetic field curve, taken at 2 K,
showing a diamagnetic valley peaked around 0.1 T and, at high field 0.4 T), the material becomes paramagnetic (see inset in Figure

4b). On removal of this paramagnetic background, the curve shows that the reduced diameter of the tin nanowires induces a huge increase
of the critical fieldH. in comparison with the bulk tin material.

(whiskers) were produced without the protecting CN'FS at higher fields. This means that the onset of the supercon-
shows that the nanowires here are less straight and do notlucting critical field is higher than 0.4 T, which is more than
grow with a low-index crystal direction exactly along the 1 order of magnitude higher than the bulk thermodynamical
nanowire axis. This difference can be understood since for critical field HE"k = 0.021 T at 2 K2 Measurements above
noncovered nanowires the surface energy and facet formationT. show that the apparent paramagnetic background is in
play (during growth) a crucial role and will force the wire fact the sum of a temperature-dependent paramagnetic signal,
to have low energy facets along its long sides. In the presentprobably due to a few magnetic impurities, superimposed
case the tin nanowires do not have a free surface but formto a temperature-independent diamagnetic contribution. A
noninteracting interfaces with the carbon. Moreover, the simple removal of the background is shown in Figure 4b
cross-sectional shape of the CNT is (nearly) round preventing (black circles) where we see that the onset of critical field
the formation of low-energy facets. Nevertheless, in the is of the order of 0.6 T. This increase in the critical field is
present case still some preference was detected for growtha direct result of the reduced diameter of the nanowité?
with a [10100or [001direction pointing more or less along The ultrapure tin nanowires are in the clean limit of the
the nanowire axis (Figure 3). microscopic BCS theory, where the mean free patlis
Since tin bulk material is a superconductor, magnetization longer than the coherence lengilfl > &). In such a case,
measurements of Sn-CNT were carried out. Figure 4a showsa nanocylinder of radiuR smaller than the coherence length
the magnetization as a function of temperature for the Sn-R < £ and with a magnetic field applied along its axis has
CNT product measured with a field of 20 Oe. The data are a critical field H. = exp(3/2¥py/7%ER, where®q = h/2e is
normalized to the total mass of the powder which consists the quantum of fluX* Thus, the thinnest wires have a
of carbon-encapsulated tin nanowires as well as small strongly enhanced critical field. The field penetrates com-
amounts of tin dioxide and amorphous carbon outside the pletely through such thin wires, and the Meissner effect is
tubes. The data show a clear diamagnetic behavior belowstrongly reduced. Consequently, the demagnetizing field is
the bulk superconducting transition temperature foitise also suppressed. Hence, we expect the critical field to be
3.72 K (indicated by the arrowy:*2The magnetization drops  almost independent of the orientation of the field. With these
rapidly below the bulkT,, but a small tail in the magnetiza- assumptions, and taking a BCS coherence lengt(2K)
tion remains at temperatures as high as 4.0 K. As shown= 250 nm?® we find that the onset critical field of 0.6 T
below, the small increase of tiig onset is due to the thinnest  corresponds to tin nanowires of 13 nm in diameter. This order
nanowires in which the confinement and surface-to-volume of magnitude for the thinner nanowires is in agreement with
ratio becomes large enough to influence the vibrational andthe HRTEM images. Note that the nanowires have a large
electronic properties. The same has been reported in thesize dispersion since we also observe a small jump in the
literaturé? for tin nanowires of 20 nm diameter. Figure 4b magnetization around 2", which is due to nanowires with
shows the magnetization as a function of magnetic field at a diameter larger thad. These few big tin rods are also
2 K. TheM vs H curve shows a diamagnetic valley peaked responsible for the very small hysteresis of MéH) curve
around 0.1 T. At high fieldl > 0.4 T) the material becomes (see Figure 4b). At fields higher thahBuk the hysteresis is
paramagnetic (see inset in Figure 4b). Without this para- negligible; hence nanowires of diameter much smaller than
magnetic background, the powder would still be diamagnetic £ cannot pin the magnetic flux.
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In wires with diameters smaller than 20 nm, confinement  Supporting Information Available: Materials and meth-
effects are no longer negligible since the transverse level ods, powder X-ray diffraction data, af#Sn Méssbauer and
spacingde = h?/m*2R? exceeds the superconducting pairing Raman spectra. This material is available free of charge via

energyA (the formation of a Cooper pair induces an energy the Internet at http:/pubs.acs.org.

gain of 2A). Hence, the quantization of both electron and
phonon energy could modify the effective electrgghonon
interaction responsible for the superconductiVity. In
particular, the density of states on the energy scale
becomes spiky, and this leads to fluctuations in the amplitude
of the order parametéf.For the thinnest wires, this effect

is expected to enhance the critical temperafty.é* This
could explain why thel. onset is higher than the bulk.

This enhancement could also be attributed to an increase of
the electronr-phonon coupling resulting from the decrease
of the phonon frequencies and the influence of surface
phonon mode¥’

In conclusion, we have demonstrated a simple and
reproducible method which yields carbon nanotubes encap-
sulating single-crystalline, superconducting tin nanowires.
The diameter of the metal core is in the range of-35
nm, and the walls consist of cylindrical graphene sheets, 5
nm thick, parallel to the tube axis. Although the mechanism
of the tin filled CNT growth is under investigation, it is
expected that a microcapillarity phenomenon is taking place
since at the reaction temperature of 7@ [-Sn is liquid.
Such behavior has been reported recently in other low-
melting metal incorporated in CNT&However, the mech-
anism of the CNT growth remains to be explored. Magne-
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