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The discovery of superconductivity in the binary metallic boride, [
MgB,,! has led to a flurry of research activities directed mainly
toward understanding the fundamental properties and fabrication"
of wires? tapes® and thin filmg¢ of this material for practical ;
applications. The remarkably hidh (39 K) of this material coupled
with the advantages of a high coherence length (56 Wpak-
link-free grain boundarie%high critical current densities in the .
range of 4-20 K, and large energy gdpnakes MgB a promising ;.
candidate for applications in superconducting devices. Supercon- £
ducting nanowires, and other 1D nanostructures, can ideally be usedSar
as low-dissipation interconnects in superconducting devices making
it desirable to grow MgBnanowires and other nanostructures on
a substrate. However, the high volatility of Mg compared to that ¥
of B makes it difficult to control the stoichiometry and morphology
of the product phase. There have been only a few reports on thejy &
synthesis of MgB nanowire$® In addition to nanowires and
nanotubes, new 1D nanostructured morphologies, nanocoils, nano=
springs, and nanohelices, are of special interest owing to their unique
periodic and elastic properties resulting in structural flexibility that
provides additional opportunities for nanoengineering.

Herein we present the first examples of superconducting MgB
nanohelices grown by a combination of physical and chemical vapor
deposition on Si and other substrates by the reaction of Mg metal
with diborane at 776800 °C under a flow of N and H, (details
in Supporting Information). After the reaction, black regions
containing the MgB nanostructures could be seen with naked eye
on Si and the other substrates. The nanohelices cover the substra
and, in some areas of the substrate, were formed along with long 3
MgB, nanowires. Some nanohelices are more than two hundred &
micrometers long and could be seen under an optical microscope.
Si (with or without native oxide layer) was the primary substrate
for growth; however, other substrates including sapphire, porcelain
surface, Ta foil, and even thin Mg ribbons were also used to grow
these nanostructures (see Figure S1 in Supporting Information).

Powder X-ray diffraction of the material in the black regions on
the Si wafer showed the characteristic d(101) diffraction line of : ;
MgB, (Figure S2) along with the diffraction lines due to the Figure 1. SEM images of MgB nanohelices grown on Si substrates: (a)
substrate. The low intensity of the diffraction lines suggests that large area on the Si substrate covered with nanohelices; (b) tightly wound

. . . . nanosprings, inset shows loosely wound coils.
the nanohelices are not highly crystalline. When the black region
was observed under a scanning electron microscope (SEM), a highgrowth of helices over a several hundred micrometer square area.
density of nanohelices could be seen (Figure 1a). The nanohelicesThe nanohelices exhibit both right-handed and left-handed turns
typically exhibited round tips and circular cross-section with and in rare cases showed a change of direction along the length of
diameters of 106600 nm and lengths exceeding-5000um. EDS the helix. EDS analysis of the nanohelices did not pick up any Si
analysis on individual nanohelices revealed the presence of Mg andsignal indicating that there was little or no diffusion from the
B with a nominal atomic ratio of 1:2 (see Figure S3). The diameters substrate into these growing nanostructures. TEM analysis showed
of the helices varied widely in the range of 14 um resulting in that most of the nanohelices had a smooth surface and uniform
both very tightly wound springs (Figure 1b) and loosely wound diameter, and some showed rounded or bulbous tips. However, the
coils (inset). The pitch of the nanohelices does not show any clear nanohelices did not show any clear lattice fringes even at 500 000
dependence on the diameter of the nanowire or the coil diameter.magnification, but some electron diffraction (ED) patterns with spots
However, the diameter of the nanowires is very uniform along the corresponding to d(101) spacing (see Figure S4) were observed.
length irrespective of the coil diameter. Careful control of growth The streaking in the ED pattern was indicative of crystal disorder
conditions and positioning of the Si substrate allowed for uniform in the structure of the nanohelices.
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assisted growth from this stage leads to the formation of the MgB
nanohelices. The helices show a circular cross-section and several
have bulbous or beaded tips (see Figure S5), providing support for
5] this kind of catalyst mediated growth. The SD can be formed at
any stage during the growth resulting in a variety of coil morphol-
ogies encountered in the product such as coil(s) emanating from a
straight nanowire, branched coils, and intertwined loops. The SD
can be oriented either clockwise or counter-clockwise resulting in
the formation of both right and left-handed helices. Previous studies
suggest that certain growth conditions can introduce SDs into the
MgB; lattice?® The continuous growth of the B layer, which
contains the strongest bonds in the material, via the SD provides a
facile nanowire growth mechanism; however, the built up strain
associated with the misalignment of the layers away from the SD
causes the nanowire to bend and reduces the crystalline order in
the nanowire. The structural distortion may also be a factor in the
slightly lower T of the nanohelices.

In conclusion, we have grown superconducting nanohelices of
MgB; (T. ~ 32 K) on various substrates. An interesting and useful

The samples for the magnetic measurements were prepared by€ature of the MgBnanohelices is that their growth does not require
carefully “peeling” off the film containing the nanohelices from any foreign catalyst particle as in classical VLS growth (the growth
the surface of the substrate. Magnetic studies were performed withis self-catalyzed by Mg), thus minimizing the possibility of catalyst
a SQUID magnetometer on samples containing an ensemble ofsubstitution (possibly altering). Superconducting nanocoils and
predominantly nanohelices. The DC magnetization as a function Solenoids (with iron nanorod cores) may have practical applications
of temperature shows a repulsion of magnetic flux with an onset s nanoactuators or in flexible superconducting cable.
temperature of~32 K (Figure 2), indicating superconducting Acknowledgment. The authors would like to acknowledge
behavior of the nanohelices. Estimation of the Meissner fraction financial support from NSF Grant No. 0539323 and helpful
in the sample yielded a value of around 40%. The transition is very discussions with Tony Rapp&tuart Field, and Marty Gelfand.
broad when compa}red tq that observed with Ou't previously reported Supporting Information Available: Powder XRD, EDS analysis
bulk-grown nanowires with & of 39 K.? We are in the process of along some additional SEM images of the MgBanohelices. This

determining whether the shift 3t is a result of the coiled geometry  aterial is available free of charge via the Internet at http://pubs.acs.org.
of the product or due to impurities or other factors.

Nanocoiling has been often observed in carbon nanottibed
other inorganic materials including B¢,SiO,,*2 SiC13 AIN,4
15 16 17 18 9 i i Nature 2001, 410, 63.
Zno; I_nP’ SnQ_’ Ge-l_—e’ and _ZnS amo_ng which _Zno is the (2) Jin, S.; Mavoori, H.; Bower, C.; van Dover, R. Blature 2001, 411,
most widely studied. Unlike the piezoelectric ZnO helices that have 563.
a rectangular cross-section and are formed from flat nanobelts, the (3) Kumakura, H.; Matsumoto, A.; Fujii, H.; Togano, ®ppl. Phys. Lett.
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Figure 2. DC magnetization as a function of temperature for the MgB
nanohelices under an applied field of 25 Oe.
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