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Nanorod/superconductor composites were formed by depositpRpl3a,Cu;0O, (TI-2223) thick

films on high density MgO nanorod arrays that were grown on MgO single crystal substrates.
Electron microscopy studies show that this approach creates a high density of columnar defects
normal to the Cu@ planes within crystal grains of the composites. The nanorod/superconductor
composites exhibited enhanced critical current densities and an upward shift in the irreversibility
line compared with reference samples. These results demonstrate that a nanorod-composite
approach represents an effective strategy for introducing correlated defects into ;high-T
superconductors, and thus may be useful for applications19@7 American Institute of Physics.
[S0003-695(197)02723-X

Thermally activated flux flo(TAFF) represents an im- electron microscopySEM) images of a typical MgO nano-
portant intrinsic limitation to the realization of large critical rod array[Fig. 1(a)] show that the nanorods grow primarily
current density (J high-temperature superconductttTS)  perpendicular to the substrate along {881) direction. The
applications: Although significant effort has been placed density of nanorods in Fig.(d) is about 2<10° cm™?, al-
on high-J Bi,Sr,Ca,_,Cu,0, (n=2,3) and YBaCuO, though densities as high as<20'® cm 2 can be obtained
wires2? thallium based materials, such as,B#CaCu;O,  using this procedure. In addition, transmission electron mi-
(TI-2223), are also promising candidates for large scale aperoscopy(TEM) studies of nanorods removed from the sub-
plications since they combine highSwith a platelike mor-
phology that can produce good intergranular contacts. How-
ever, the problem of TAFF still limits J in the
technologically important high temperature and field regime.

Theoretical and experimentaf studies have shown that
nanometer diameter columnar defects can reduce the prob-
lem of TAFF. The interaction of flux lines with columnar
defects results in a large pinning energy that effectively re-
sists thermally activated motion, and thus increasesigh
nificantly at high temperatures and fields. Columnar defects
can be created by irradiating samples with heavy ions having
energies on the order of a GeV. This approach is of limited
use for large-scale applications, since the heavy ions have a
short penetration depth and the resulting defects have a low
thermal stability’ High-energy(0.8 Ge\} protons have also
been used to create isotropic columnar defects in BSCCO
materials through fission of the Bi nucfeiAn advantage of
this latter approach is the large, 0.5 m penetration depth of
the protons that enables the creation of columnar defects in
completed wires; however, it remains unclear whether high-
energy, ion-irradiation techniques will be economically vi-
able for large-scale commercial applications. Hence, we have
been developing a chemical approach to create columnar de-
fects in HTS that involvegl) the growth of inert oxide whis-
kers with nanometer scale diameténanorods and(2) sub-
sequent incorporation of these nanorods into a HTS matrix.
In this letter, we report the first studies of the growth, struc-
ture, and critical currents for MgO nanorod/TIl-2223 compos-
ite materials.

The MgO nanorods used to make the HTS composites
were grown as arrays on tl{e01) surfaces of single crystal

MgO substrates using a vapor—solid proce¥sScanning FIG. 1. (a) SEM micrograph of a MgO nanorod array grown on MgO single
crystal substrate. The areal density of nanorods is approximately02
cm 2. (b) TEM micrograph of MgO nanorods cleaved from the substrate
3Electronic mail: cml@cmliris.harvard.edu surface in(a).
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strate show that the nanorods have diameters ranging from -
to 40 nm with an average of 15 nm and typical lengths of ~ 600— @
1-3 um [Fig. X(b)]. These dimensions are ideally suited for

pinning magnetic flux lines in the HTS. 500 —

Textured thick films of TI-2223 were prepared @01
single crystal MgO substrates with and without MgO nano-
rod arrays by a two-stage process. First, pulsed laser deposi
tion (PLD) at 200 °C was used to prepare an amorphous, 1-2
pm thick film of BaCaCuO,. Second, this amorphous ma- 200 —
terial was annealedx situto incorporate thallium and tex- g =
ture the film!! During the thallination, the amorphous films 100 — 0 S = <
are encapsulated with small amount of TI-2223 powder in LA § 8 I I jKJ 88
Ag foils and put at one end of the half-sealed alumina tube
with T1,05 at the other end. The Tl source temperature was 10 20 30 40 50 60 70
kept at 890 °C while the temperature of the films was main- 20 (deg)
tained at 790 °C. X-ray diffractiod—26 scans made on an-
nealed thick films show that nanorod/Tl-2223 composites
and TI-2223 reference samples are well textured withahe
axis normal to the substrate surface. In addition, these datz
indicate that the samples are95% TI-2223 phase with
~5% TI-2212 impurity[Fig. 2(a)]. The T;s of the composite
and reference samples determined magnetically were bott
120 K; that is, no degradation of,Twas observed in the
nanorod/HTS composites.

We have also examined the microstructure of the nano-
rod composites at the different stages of preparation. A
cross-sectional SEM image of a nanorod array after low-
temperature PLD shows that the nanorod forest is filled with
amorphous B#LaCu0, and that many rods protrude from
the amorphous matriiFig. 2(b)]. After thallination and tex-
turing, the superconducting composite films have a smooth
platelike morphology with a high density of nanorods pro-
truding from the basadb plane of the TI-2223 crystal grains
[Fig. 2c)]. The areal density~1x10° cm 2 corresponds
quite well with the nanorod density determined before the
formation of this specific sample. In addition, TEM and spa-
tially resolved energy-dispersive x-ray fluorescence measure:
ments confirmed that the MgO nanorods create oriented
columnar defects inside crystal graii8) are oriented along
the ¢ axis, and(3) form a compositionally sharp interface
with the TI-2223 superconductor matrix. FIG. 2. (a) X-ray diffraction pattern of a nanorod/TI-2223 composite ob-

We characterized.Jor the nanorod/TI-2223 composites tained afterex situannealing(b) Cross-sectional SEM image of the nanorod
and TI-2223 reference samples through measurements of tijgay after deposition of the amorphous,82,Cu,0, . (c) SEM image of

o . . the annealed composite surface recorded at a 45° angle. The light, rodlike
sample magnetizatiok E_lS a function of field and_te_mpera- structures protruding from the darker TI-2223 surface correspond to the
ture. The sample.0H,T) is related to the hysteresis in mag- mgo nanorods.
netization, AM(H,T), by a geometric factor, assuming

that supercurrents flow within the entire sample; J i o
=15AM/R, whereR is the radius of the entire sampfe. results at elevated field and temperature are characteristic of

Although this approach could underemphasize grain bounde Pehavior expected for pinning by correlated defects and
ary limitations on J, it is appropriate for probing the intrin- Cannot be explained by point-defect pinning.

sic effect of defect pinning within crystal grains that is the =~ We have also examined the temperature dependence of
focus of our studies. The field dependence ofidtermined J. for selected fields to show clearly changes in pinning at
at several temperatures for reference and composite samplei¢vated temperatures. Results obtained on nanorod/TI-2223
is shown in Fig. 8a); these results are typical for the com- composites and reference samplesiat0.5 and 0.8 T are
posite and reference samples. In general, the nanorod/Tshown in Fig. 8b). In the reference samples, f&ll off rap-
2223 composites exhibit large increasesdrdmpared with  idly with temperature as a result of TAFF, while in the
the reference samples, and these increases are especially gignorod/Tl-2223 composites, this fall-off was reduced sig-
nificant at the higher field and temperature regime of oumificantly and led to order of magnitude improvements in
measurements. The large increases iaré attributed to en- J, above 40 K. The large increases ig(H,T) for the
hanced vortex pinning by the nanorod columnar defects. Thaeanorod/Tl-2223 composites can also be summarized by a
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plot of the irreversibility line in theH=T plane[Fig. 3(c)].

The irreversibility point was taken as the field at which the
hysteresis loop closed for each temperature. For our experi-
ments, the closing criterion was taken to be 50~ emuand
was applied to similar-sized composite and reference
samples in the analysis. Significantly, we find large upward
shifts in the irreversibility line for the nanorod/TI-2223 com-
posites; for example, at 0.5 and 1.0 T the shifts are 30 and 35
K, respectively, and thus we observe the larger shift at higher
fields. We can therefore conclude that the potential operating
regime is extended greatly in the nanorod/TI-2223 compos-

ites.
Our results can be compared with those obtained previ-
10 LU L L B I ously in samples containing columnar defects generated by
00 02 04 06 08 1.0 1.2 heavy-ion irradiation. In general, thg @nhancements and
Field (T) the shift of the irreversibility line found in the nanorod/Tl-

2223 composites are comparable to those observed in ion-
irradiated sample$3 The maximum density of nanorods is,
however, lower than the defect density achieved by ion irra-
diation. Recent improvements in the nanorod density to
>2x 10 cm™2 and the fact that the true density of corre-
lated defects in the composites is probably greater than the
nanorod density due to the formation of misfit dislocations
suggest that it will be possible to extend our nanorod ap-
proach to high-field applications as well.

In summary, we have shown that MgO nanorods can be
used to form composites with TI-2223 HTS. The nanorods
create a well-defined columnar defect structure in the TI-
2223 matrix, and thereby produce significant increases in J
and a large upward shift in the irreversibility line. These new
studies together with previous investigations of nanorod/
Bi,Sr,CaCyO, composite$ suggest that our composite ap-
proach to creating strong-pinning columnar defects should be
broadly applicable to the HTS materials and may be viable
for large-scale applications.
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