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Nanorod-Superconductor Composites: 
A Pathway to Materials with High 

Critical Current Densities 
Peidong Yang and Charles M. Lieber* 

Most large-scale applications of the high-temperature copper oxide superconductors 
(HTSCs) require high critical current densities (J,'s) at temperatures near the boiling point 
of liquid nitrogen to be technologically useful, although thermally activated flux flow 
reduces J, dramatically at these temperatures. This intrinsic limitation can be overcome 
by introducing nanometer-sized columnar defects into an HTSC. Nanorods of magne- 
sium oxide were grown and incorporated into HTSCs to form nanorod-HTSC compos- 
ites. In this way, a high density of nanorod columnar defects can be created with 
orientations perpendicular and parallel to the copper oxide planes. The J,'s of the 
nanorod-HTSC composites are enhanced dramatically at high temperatures and mag- 
netic fields as compared with reference samples; these composites may thus represent 
a technologically viable strategy for overcoming thermally activated flux flow in large- 
scale applications. 

Large 1,'s are essential to many proposed 
applications of HTSCs, such as wires for 
power transmission cables and solenoids (1, 
2). In general, J, is limited by two major 
factors (1, 3, 4). First, J, is limited by ther- 
mally activated flux creep; that is, J, vanishes 
well below the upper critical field line 
Hc2(T) (which depends on temperature T )  
as a result of the motion of magnetic flux 
lines. This limitation is intrinsic and arises 
from the short coherence lengths and large 
anisotro~ies of the HTSC materials that lead 
to a weak pinning of flux lines (3-6). Sec- 
ond, in polycrystalline materials, J, is limited 
by the alignment of the interfaces between 
superconducting grains: poor alignment of 
the grains and chemical heterogeneity at 
their boundaries produces weak links with 
low values of J, (3, 7). Progress has been 
made in improving the alignment of grains 
and consequently improving J,'s in wires and 
tapes based on Ag-Bi,Sr2Ca,,~,Cun0,n+4 
(n = 2, BSCCO-2212; n = 3, BSCCO- 
2223) through investigations of the effects of 
different material processing conditions on 
microstructure and on microscopic and mac- 
roscopic transport currents (3, 8-10). De- 
spite this progress in processing, which is 
now yielding BSCCO-based wires with J, 
values sufficiently high to be considered for 
some commercial applications (9), the in- 
trinsic problem of thermally activated flux 
creep continues to limit the performance of 
BSCCO materials at high T and H (1 1-1 3). 

Theoretical (1 4 ,  15) and experimental 
(1 6, 17) studies have shown, however, that 
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this ~ r o b l e m  in HTSCs can be reduced bv 
creating correlated defects, such as colum- 
nar defects. in the crvstal lattice. The  inter- 
action of flux lines k i t h  columnar defects 
results in a large pinning energy that effec- 
tively resists thermally activated flux mo- 
tion and thus increases J, significantly at 
high T and H (14, 18). These linelike 
defects are usually created by irradiating 
samples with heavy ions having energies on  
the order of a gigavolt (Fig. 1) .  This proce- 
dure vields damage tracks 10 to 20 nm in 
diamdter and tensYof micrometers in length 
(1 9). The  small defect diameter is essential . , 

to maximize the flux line core-pinning in- 
teraction without destroying an unneces- 

Magnetic ' flux line 

Heavy-ion Nanorod-HTSC 
irradiation \ / composite 
of HTSC 

Columnar 
' defect 

Fig. 1. Schematic diagram illustrating magnetic 
flux lines in an HTSC before and after the cre- 
ation of columnar defects. The linear columnar 
defects strongly trap or pin the flux lines in the 
superconductor. 
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sary volume fraction of the superconductor. 
Although heavy-ion-generated columnar de- 
fects can enhance J, (1 6,  17), large-scale ap- 
plications are limited by the short penetration 
depth of heavy ions and the low thermal 
stability of the defects (20). These factors 
eliminate the possibility of producing colum- 
nar defects in processed wires or of forming 
wires from irradiated BSCCO powders, re- 
spectively. However, high-energy (0.8 GeV) 
protons can be used to create isotropic colum- 
nar damage tracks in BSCCO materials 
through the fission of Bi nuclei (21, 22). The 
advantage of this approach is the large, 0.5-m 
penetration depth of the energetic protons 
that makes possible the production of colum- 
nar defects in completed wire cables. The 
fission process does, however, produce an iso- 
tropic distribution of defects that reduces the 
pinning efficiency of the columnar defects 
(15). Regardless of fundamental limitations, it 
is unclear whether high-energy, ion-irradia- 
tion techniques are economically viable for 
large-scale commercial applications. 

The large enhancement of 1, produced 
by columnar defect structures argues that 
other strategies should be considered for 
their creation in HTSC materials (23). For 
example, the incorporation of rodlike nano- 
structures into an HTSC matrix should 
yield the same beneficial effect as ion-gen- 
erated columnar defects. There are, howev- 
er, several critical constraints to achieving a 
useful columnar defect structure in a com- 
posite: (i) the rodlike structures must have 
dimensions comparable to ion damage 
tracks (that is, nanorods), (ii) the nanorod 
should be chemically inert in the aggressive 
metal oxide environment used to prepare 
HTSCs, and (iii) the nanorod should be 
oriented, not isotropically distributed, with- 
in the superconducting matrix. From the 
perspective of size, carbon nanotubes are 
materials that might be considered for cre- 
ating columnar defects (24). Carbon nano- 
tubes are, however, very reactive in the 
oxygen-metal oxide environments needed 

to prepare high-quality samples (that is, 
they oxidize to form C02 gas) and thus are 
not useful for introducing a high density of 
well-defined columnar defects (25). . , 

On the other hand, micrometer-diameter 
MgO whiskers can be incorporated into 
BSCCO superconductors with little chemi- 
cal reaction (26, 27). These micrometer- 
sized whiskers improve mechanical strength, 
but 1, does not appear to be enhanced and in 
some cases is lowered by their addition (27). 
We grew single-crystal MgO whiskers with 
nanometer-sized diameters [that is, nanorods 
(28)] and controlled their orientation when 
incorporated into thick-film and bulk 
BSCCO superconductor samples. The re- 
sulting nanorod-BSCCO composites showed 
enhancements in 1, similar to those pro- 
duced previously by high-energy ion irradia- 
tion. Our approach to overcoming the in- 
trinsic limitation of thermally activated flux 
creep can be implemented in processes cur- 
rently used to produce large-scale HTSC 
samples and thus might affect applications 
such as power transmission cables. 

Nanorods of MgO were grown with a 
modified vapor-solid growth process in 
which Mg vapor generated in situ through 
carbothermal reduction of M e 0  was trans- - 
ported in a flow reactor to a growth zone 
where nucleation and reoxidation (to 
MgO) occurred (29). The critical nucle- 
ation step determining the growth of MgO 
rods with nanometer-scale diameters can be 
reproducibly controlled with MgO nano- 
clusters 5 to 8 nm in diameter (30) or by 
chemical etching of MgO (100) single-crys- 
tal surfaces (31 ). Low-magnification trans- . . - 
mission electron microscopy (TEM) images 
show that the MgO nanorods were straight 
or gently curved and ranged in diameter 
from 5 to 50 nm with a mean of -20 nm; 
the lengths typically exceeded 2 pm (Fig. 
2A). These dimensions are ideally suited for 
pinning magnetic flux lines in the HTSCs. 
High-resolution imaging and electron-dif- 
fraction measurements made on individual 

nanorods showed that these materials were 
single-crystal, cubic MgO with a [OOl] rod 
axis (Fig. 2B). As discussed below, this 
growth habit promotes the specific orienta- 
tion of nanorods within bulk HTSC Sam- 
ples through lattice epitaxy. 

Scanning electron microscopy (SEM) 
images recorded on etched MgO single crys- 
tals showed that a high density of oriented 
MgO nanorods can be produced on planar 
substrates (Fig. 2C). The principle growth 
direction of the nanorods was normal to the 
substrate surface, leading to a dense forest of 
rods with average diameters of 20 to 30 nm. 
We also' observed some nanorods with their 
growth axes at a -45' angle relative to the 
substrate surface. These two distinct orien- 
tations can be readily seen in a stereo view 
(Fig. 2C). The density of nanorods normal 
to the substrate surface in Fig. 2C is -3 X 
lo9 cmP2, although higher and lower den- 
sities can be achieved through variations in 
the initial substrate-etching conditions. 
TEM analvsis of individual nanorods re- 
moved from the substrate surface showed 
that the rods have the same single-crystal 
structure and growth habit as described 
above. 

We prepared and characterized nanorod- 
HTSC composites formed from substrate- 
aligned or bulk MgO nanorods and 
BSCCO-2212. The creation of columnar 
defects with the MgO nanorod approach is 
applicable to other HTSC systems as well 
(32). In general, high-quality nanorod- 
BSCCO com~osites and reference BSCCO 
samples have been made through use of 
standard melt-texturing procedures (20,33) 
that produce polycrystalline samples with 
well-oriented (textured) erains. In the . - 
present study, the substrate-aligned nano- 
rod-BSCCO thick-film composites were 
made in a two-step process involving room- 
temperature laser deposition of 1- to 2-pm- 
thick amorohous BSCCO onto the forest of 
nanorods, followed by a partial melting and 
cooling cycle to crystallize the BSCCO ma- 

average was -20 nm; the lengths were typically 22  
pm. (B) High-resolution TEM image of a single nanorod 15 nm in diameter. The (001 )growth axis was determined from convergent-beam electron-diffraction 
measurements (inset) taken perpendicular to the nanorod axis. (C) Stereomicrograph of MgO nanorods grown on a (100) MgO substrate surface (39). These 
SEM images demonstrate that the principle orientation of the rods was perpendicular to the substrate surface and that the average diameter of the rods was 
25 nm. The areal density calculated from the micrographs is 3 x 10" ~ m - ~ .  
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terial; reference BSCCO samples on MgO 
substrates were made with the same Droce- 
dure. The x-ray diffraction studies of the 
films show that the partial melting-cooling 
cycle leads to crystalline, textured BSCCO- 
2212 in which the crystallographic c axis is 
normal to the substrate surface. Rocking 
curve analysis of the composite and refer- 
ence sam~les further shows that the nano- 
rods do not adversely affect the develop- 
ment of a well-textured polycrystalline 
product. 

The columnar defect structure in the 
nanorod-BSCCO composite is seen clearly 
in SEM and TEM images (Fig. 3). First, 
low-magnification side-view images of the 
amorphous nanorod-BSCCO composites 
exhibit a columnar morphology that reflects 
deposition around the forest of nanorods 
(Fig. 3A); the reference samples do not 
exhibit a columnar morphology under sim- 
ilar magnification. Second, after melting 
and crystallization, SEM and TEM images 
demonstrate that the BSCCO matrix devel- 
ops its characteristic platelike morphology 
and that there is a relatively high density of 
individual nanorods protruding from frac- 
tured samples (Fig. 3, B and C). High- 
resolution imaging of small BSCCO grains 
fractured from the substrate further show 
that the MgO nanorods are oriented nearly 
parallel to the BSCCO c axis. The size and 
density of nanorods in the BSCCO matrix 
has been estimated from the analysis of 
in-plane TEM images recorded on thinned 
samples. A relatively high density of dark, 
roughly circular spots with diameters of 20 
to 30 nm is seen in images of the composite 
crystal grain (Fig. 3D). The density, about 
2 x lo9 cmP2 (34), and size of the features 
in the com~osite corres~ond well to the 
values determined for the nanorods before 
formation of the composite. Spatially re- 
solved elemental analysis by energy-disper- 
sive x-ray spectroscopy (EDAX) shows that 
these 20- to 30-nm features contain ~rimar- 
ily Mg with only trace amounts of Sr and 
Cu from the BSCCO matrix. Taken toeeth- 
er, these data show that a relativelyvhigh 
density of MgO nanorod columnar defects 
can be made in BSCCO HTSCs. 

Similar results were also obtained for the 
formation of nanorod-BSCCO composites 
on silver tapes. In this case, the composites 
were prepared by (i) mixing bulk MgO nano- 
rods with prereacted BSCCO-22 12 powder 
and (ii) partially melting a nanorod-BSCCO 
pellet made from the mixture on a piece of 
silver foil. X-ray diffraction measurements 
made on both composite and reference sam- 
ples showed only the (001) reflections of 
BSCCO-22 12, thus showing good texture of 
the BSCCO grains within these samples. 
More importantly, TEM analyses of these 
samples showed that a high density of MgO 

nanorods was incorporated into the crys- 
talline grains (Fig. 3, E and F). Images 
recorded with the electron beam along the 
c axis (in-plane structure) showed roughly 
circular, dark spots with diameters of -30 
nm that contained primarily Mg. These 
features are similar to those observed for 
the samples containing substrate-oriented 
nanorods (above) and thus suggest that 
many nanorods preferentially orient along 
the BSCCO c axis in these silver tape 
samples. The columnar structure and near 
c axis orientation was further confirmed by 
tilting (Fig. 3F) and cross-sectional TEM 
studies of the composites. 

Systematic TEM analysis of the nanorod 
orientation in the composites formed on 
silver foil showed that there are two pre- 
ferred orientations: parallel and perpendic- 
ular to the c axis; that is, the nanorods are 
not oriented isotropically in these samples 
(35). We believe the preferred orientation 
or self-organization of the MgO nanorods 
after melt-texturing occurs because the ex- 
posed MgO surfaces are lattice-matched 
substrates for the growth of BSCCO with 
either the a and b axes or the c axis oriented 
perpendicular to the nanorod axis. Hence, 

the synthesis of MgO nanorods serves a 
dual purpose: This oxide minimizes dele- 
terious reactions with the HTSC matrix, 
and the structure leads to self-organization 
within BSCCO. Because oriented colum- 
nar defects are ex~ected to ~ roduce  im- 
proved values of Jc compared with an iso- 
tropic distribution (15), we believe that 
the observed self-orientation of MgO 
nanorods during composite processing is 
significant for applications. 

We systematically characterized J, in the 
nanorod-BSCCO com~osites and BSCCO 
reference samples through measurements of 
the sample magnetization M as a function 
of H and T. The sample J,(H,T) is simply 
related to the hysteresis in magnetization, 
AM(H,T), by a geometric factor, assuming 
that supercurrents flow within the entire 
sample: J, = 15AM/R, where R is the radius 
of the entire sample (36). Although this 
approach could underemphasize the limita- 
tion of grain boundaries on I,, it is appro- 
priate for probing the intrinsic effects of 
defect pinning that are the focus of our 
studies (1 1 ,  21). The H dependence of J, 
data determined at several temDeratures for 
reference and composite samples (Fig. 4A) 

Fig. 3. Structural characterization of the BSCCO-nanorod composites (40). (A) An SEM cross-sectional 
image of the substrate-aligned nanorod composite after room-temperature deposition. The columnar 
structure of the amorphous BSCCO (vertical direction) is seen in this image. (B) SEM image of the same 
sample after melt-texturing. The platelike morphology, which is typical of ctystalline BSCCO, is seen in 
this cross section. In addition, several nanorods can be seen protruding from the upper surface of the 
grain. In both (A) and (B) the MgO substrate is located at the bottom of the image. (C) Cross section and 
(D) in-plane TEM images recorded on a substrate-aligned nanorod-BSCCO composite. The propaga- 
tion of several -20-nm-diameter MgO nanorods through a ctystal grain is seen clearly in (C). The 
in-plane density estimated from images such as in (D) is 3 x lo9 ~ m - ~ ;  in this image the nanorods 
correspond to dark-filled circles, the composition of which was verified with EDAX. (E) In-plane TEM 
image of bulk BSCCO-nanorod composite. The MgO nanorods perpendicular to the copper oxide 
planes correspond to the darker, roughly circular spots. The columnar nature of these defects was 
verified by tilting the sample off axis (F). Four MgO nanorod columnar defects are highlighted with black 
arrows. 
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is typical of that obtained for the composite 
and reference samples. In general, the 
nanorod-BSCCO composites exhibit large 
increases in J, compared with the reference 
samples, and these increases are especially 
significant at higher H and T .  Because the 
], values of our BSCCO-2212 reference 
samples are comparable to the best reported 
for polycrystalline thick films (17, 21), we 
believe that the increases observed in the 
nanorod composites are not an artifact of 
our chosen reference point. 

The large increases in], are attributed to 
enhanced pinning arising from nanorod co- 
lumnar defects in our composite samples. 
Several pieces of evidence support this pro- 
posal. First, the increases in ],(H,T) be- 
come more pronounced with increasing H 
and T. These results at elevated H and T 
are characteristic of the behavior expected 
for pinning by columnar defects and cannot 
be explained by point-defect pinning, 
which characteristically shows little effect 

Fig. 4. (A) Comparison of the H dependence of Jc 
for BSCCO-nanorod composite (red) and BSCCO 
reference (blue) samples; the Tc's of both samples 
were 80 K. The data shown correspond to mea- 
surements made at 5 (A), 40 (V), and 60 K (+). (B) 
Dependence of Jc as a function of the average 
diameter of nanorods incorporated into the 
BSCCO matrix. The point at lld = 0 corresponds 
to a reference sample without nanorods. All results 
correspond to a T = 40 K and H = 0.5 T parallel to 
the c axis. The Jc results were determined from 
magnetization hysteresis loops with the Bean mod- 
el (36). The hysteresis loops were recorded with H 
parallel to the c axis of the samples (MPMS2, 
Quantum Design). The solid lines through the 
points in (A) and (B) are guides to the eye. 

above 30 K. In addition, the enhancement 
in 1, exhibits an inverse dependence on the 
average diameter of the nanorods (Fig. 4B). 
These results are consistent with exuecta- 
tions for optimal pinning (14) and also 
show the importance of developing small 
nanorods for the HTSC composites (37). 
Last. the im~ortance of the columnar de- 
fects created by the nanorods was further 
checked by making composites with spher- 
ical MgO nanoclusters. Although these 
nanocluster composites exhibited increased 
values of J, compared with those of refer- 
ence samples at low temperatures, the 
nanocluster com~osite and reference sam- 
ples had comparable behavior at tempera- 
tures >25 K. 

We examined the T dependence of], for 
selected H values to evaluate ~otential hieh- - 
temperature applications. Results obtained 
on nanorod-BSCCO composites and refer- 
ence samples at H = 0.2 and 0.5 T are 
shown (Fig. 5). In the reference samples, 1, 
fell off rapidly with T as a result of thermally 
activated flux flow. In the nanorod-BSCCO 
composites, however, this rapid fall-off was 
dramatically reduced and led to improve- 
ments in ], that could exceed one order of 
magnitude. The large increases in J,(H,T) 
for the nanorod-BSCCO com~osites can 
also be summarized by a plot in the H-T 
plane of the irreversibility line; that is, the 
line that defines reversible compared with 
irreversible behavior in the superconductor 

Fig. 5. Comparison of the Tdependence of Jc in a 
typical BSCCO-nanorod composite and our best 
BSCCO reference samples at (A) 0.1 T and (B) 0.5 
T. Both samples had a Tc of -80 K. The solid lines 
are guides to the eye. 

(Fig. 6). From the standpoint of applications, 
the operating H and T must be chosen to be 
below this line because dissipation (that is, 
loss of su~erconductivitv) occurs above it. , , 
Large upward shifts in the irreversibility line 
for the nanorod-BSCCO composites of 10 
and 20 K occur at fields of 0.5 and 1.0 T, 
res~ectivelv. We can thus conclude that the 
potential operating regime is extended for 
nanorod-BSCCO composites. 

We can compare our results with those 
obtained previously in samples containing 
columnar defects generated by heavy-ion 
and proton irradiation. In general, the en- 
hancements in 7. and the shift of the irre- - C 

versibility line found in the nanorod- 
BSCCO com~osites are com~arable to 
those observed previously in ion-irradiated 
samples (17, 21, 22). The maximum densi- 
ty of nanorod defects that we achieved, 
however, corresponds to an effective field of 
0.25 T, which is much lower than that 
achieved by ion irradiation. Although the 
true density of correlated defects in the 
composites is probably greater than this 
number (34), the nanorod density will need 
to be increased to extend the range of fields 
for which strong pinning is observed. How- 
ever, we believe that the ability to make 
samples with strong-pinning columnar de- 
fects by our composite approach has distinct 
advantages over irradiation with giga-elec- 
tron volt protons for large-scale applica- 
tions because current methods of processing 
should be usable with little modification. 

0 20 40 60 80 
T (K) 

Fig. 6. Plots of the irreversibility line for BSCCO- 
nanorod composite (A) and BSCCO reference (+) 
samples. Both samples had a Tc of -80 K. The 
irreversibility line for the BSCCO-nanorod com- 
posite exhibits a broad discontinuity at avalue of H 
similar to the equivalent density of columnar de- 
fects. The irreversibility point was taken as the field 
at which the hysteresis loop closed for each tem- 
perature (21). For our experiments, the closing 
criterion was taken to be 5 x 1 0-6 electromag- 
netic units and was applied to similar-sized com- 
posite and reference samples in the analysis. The 
solid line corresponds to a fit to Hirr x (-T,,,lTJ", 
where the subscript "irr" refers to irreversible and n - 2.08. 
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Methane Hydrate and Free Gas on the Blake 
Ridge from Vertical Seismic Profiling 

W. Steven Holbrook, Hartley Hoskins, Warren T. Wood, 
Ralph A. Stephen, Daniel Lizarralde, 

Leg 164 Science Party 

Seismic velocities measured in three drill holes through a gas hydrate deposit on the 
Blake Ridge, offshore South Carolina, indicate that substantial free gas exists to at least 
250 meters beneath the bottom-simulating reflection (BSR). Both methane hydrate and 
free gas exist even where a clear BSR is absent. The low reflectance, or blanking, above 
the BSR is caused by lithologic homogeneity of the sediments rather than by hydrate 
cementation. The average methane hydrate saturation above the BSR is relatively low 
(5 to 7 percent of porosity), which suggests that earlier global estimates of methane in 
hydrates may be too high by as much as a factor of 3. 

M a r i n e  sediments can contain large quan- 
tities of natural gas (usually methane) in 
the form of gas hydrate, a solid compound 
binding water and gas molecules, which is 
stable at the high pressures and low temper- 
atures found near the sea floor on continen- 
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tal margins ( 1 ,  2). Gas hydrate deposits are 
identified principally on  the basis of their 
acoustic expression: The  phase boundary 
between methane hydrate and methane 
plus water gives rise to a prominent nega- 
tive-polarity event known as a BSR (3, 4),  
and the addition of hydrate to pore fluids 
has been interpreted to cause acoustic 
blanking, a suppression of sediment reflec- 
tivity (5, 6). Knowledge of the amount and 
distribution of methane present as hydrates 
or free gas is crucial to understanding the 
potential of methane hydrates as an energy 
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