APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 19 10 NOVEMBER 2003

Electrical and magnetic properties of conductive Cu-based
coated conductors

T. Aytug,®® M. Paranthaman, J. R. Thompson,® A. Goyal, N. Rutter, H. Y. Zhai,
A. A. Gapud, A. O. ljaduola,® and D. K. Christen
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

(Received 11 June 2003; accepted 17 September)2003

The development of YB&£uWO; 5 (YBCO)-based coated conductors for electric power
applications will require electrical and thermal stabilization of the high-temperature
superconductingHTS) coating. In addition, nonmagnetic tape substrates are an important factor in
order to reduce the ferromagnetic hysteresis energy loss in ac applications. We report progress
toward a conductive buffer layer architecture on biaxially textured nonmagnetic Cu tapes to
electrically couple the HTS layer to the underlying metal substrate. A protective Ni overlayer,
followed by a single buffer layer of LgSr, ;MnO3, was employed to avoid Cu diffusion and to
improve oxidation resistance of the substrate. Property characterizations of YBCO films on short
prototype samples revealed self-field critical current density Yalues exceeding:2 10° A/cm? at

77 K and good electrical connectivity. Magnetic hysteretic loss due to Ni overlayer was also
investigated. ©2003 American Institute of Physic§DOI: 10.1063/1.1626263

Potential applications of high-temperature superconductCu is a lower cost, lower resistivity, and nonmagnetic alter-
ing (HTS) coated conductors involve the electric utility and native for the production of long-length RABITS-based
power industried:? For effective implementation at cryo- coated conductor tapes. Recently, we have demonstrated the
genic temperatures~30—77 K), stabilization against ther- growth of electrically well-coupled YBCO films oconduc-
mal runaway will be required in the event of an overcurrenttive SrRuQ;/LaNiO; bilayer and Lg ;S sMnOz (LSMO)
situation (exceeding critical current, of the HTS coatiny single-layer buffer structures deposited on biaxially textured
In general, a coated conductor architecture involves epitaxialli tapes®® Although there has been recent progress in the
fabrication of a thin laye(1-2 um) of HTS film [usually  development of nonconductive, protective buffer
YBa,Cu;0;_ 5 (YBCO)] on biaxially textured buffer layers architecture;® there have been no reports on the develop-
deposited on a thick50 um) flexible metal substratéNi or  ment of conductivebuffer layers on pure Cu substrates for
dilute Ni alloys. Thus, additional stabilization by electrical coated conductor applications. Because of its electrical con-
connection to a good conductor is required for insulatingductivity, thermal stability, and structural compatibility with
buffer layers and resistive Ni alloy substratesi0 Q) cm  YBCO, we have investigated the viability of LSMO as a
at 77 K).>~° A solution is to electrically shunt the HTS layer conductivebuffer interface on biaxially textured Cu sub-
either by an intermediate conductive buffer layer to a low-strates. Here, we demonstrate the fabrication of electrically
resistive metal substratee., Ni or Cu®* or by depositing a connected high critical current densily (>2x 10° Alcm?
stabilizing metallic cap layefi.e., Cu or Ag onto the HTS at 77 K) YBCO coatings on Cu tapes. The electrical, super-
coating® While a conductive buffer provides an effective so- conducting, and magnetibysteretic lossproperties of these
lution only when the substrate material is highly short prototype conductors are reported.
conductive’® it is the most desirable approach from an ap-  Cube textured[{100/(100] Cu substrates of 5Qum
plications perspective since it would yield the optimum en-thickness were obtained from randomly oriented high purity
gineering current densitye (1. per unit total cross-sectional (99.99% Cu bars by cold-rolling, followed by an anneal in
area.>® Coupling the HTS layer adequately to a pure Ni orvacuum at 800 °C for 1 h. To minimize Cu diffusion and to
Cu tape through a conductive buffer layer also provides ameduce the oxidation rate of the substrafest a protective
overall less complicated structure with reduced resistanchli overlayer(1.6 um) was deposited by dc-magnetron sput-
and an increased thermal conductivity, providing more effitering at a temperature of 600 °C in a reducing atmosphere of
cient heat transfer to either a coolant bath or through théorming gas (96%A#4%H,). Subsequent growth of the
thermal diffusivity of the system® LSMO buffer was conducted by rf-magnetron sputtering in a

To date, many reports on coated conductor fabricatiormixture of forming gas and 2 10~ ° Torr of H,O, with the
using the rolling assisted biaxially textured substratessubstrate temperature at 550—625 °C. These conditions have
(RABITS) technique have utilized high-purity NB9.99%  solved the slight Sr contamination that we have observed in
and strengthened Ni alloy as the base, textured materiaarlier work of LSMO on Ni* The YBCO films were grown
However, the ferromagnetisiiFM) of pure Ni and Ni alloy at 780°C in 120 mTorr of @ by pulsed-laser deposition
hinders their use in applications requiring time-varyilag)  using a KrF excimer laser system operated at an energy den-
currents due to hysteretic energy losses. On the other hangity of ~2 J/cnf. For these research samples, typical thick-

nesses of the LSMO and the YBCO films were 300 and 200
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0 2 4 6 8 10 12 14 ductor architecture. Data for Cu, electrically isolated HTS, and for the same
H (T) HTS layer electrically connected to the underlying Cu substrate are com-

pared. Arrows indicate the current sharing among layers for a specific elec-
FIG. 1. Magnetic field dependence &f curves measured at 65 and 77 K, tric field criterion.

for a YBCO film on the conducting buffer structure of LSMO/Ni/Cu. The
inset shows the temperature-dependent net resistivity of the same YBCO ) ) )
sample, as well as the data for LSMO/Cu and for a pure biaxially texturecthat is 2< 10* times higher than the present value ®f2

Cu substrate. wQ cm) at the transition regime. The observed value is low
enough to provide significant stabilization for the current
standard four-probe technique was used to evaluate the elelevels of the present structure.
trical properties, including the temperature-dependent resis- Next, we compare in Fig. 2 the-V characteristics at 77
tivity of the conductive buffer layers, superconducting tran-K of a model, ideally coupled conductor architecture
sition temperatureT.), J., andl -V characteristics of the (HTS+ conductive buffet- substrate) with experimental re-
composite structure. Values af, were assigned at a 1 sults from the actual sample in Fig. 3. Figurén2ode) plots
mVicm criterion. The magnetic properties of the samples versus electric field \(/distance between voltage taps
were measured in a superconducting-quantum-interferenceurves for the Cu tape only, for the isolated HTS coating
device-based magnetometer at a temperature of 95 K, iwith an . of 150 A/cm width (practical level of operating
fieldsH, up to 800 Oe applied parallel to the tape plane. curren}, and for the combined ideal case in which the HTS
Figure 1 shows thd, performance of a YBCO film de- layer and Cu are electrically connected through an interme-
posited on LSMO/Ni/Cu substrate as a function of magnetiaiate conductive buffer layer. The interfacial contact resis-
field measured at the boiling and near-triple-point temperatance is assumed to be negligifles., <108 Q cn?). No-
tures of liquid nitrogen, with the field applied parallel to the tice the typical nonlinear—E behavior for the isolated HTS
c axis. The sample has &.>90K, indicating cation- layer having power law relatioko(1/1.)". For|>1., the
contamination-free YBCO. At 77 K, the zero-field transportideal case exhibits a near-linear differential ohmic behavior,
Je is 2.3x10° Alcm? and the irreversibility field ;) is  with slope determined by the metal tape resistivity. Then, for
high, near 7 T. At 65 KJ. is 4.8x10° A/lcm? and remains an envisioned transient with> 1, the total current through
around 1x 10° A/em? at 3 T, which is highly desirable for the conductor partitions between the HTS layer and the metal
applications such as motors, generators and energy storagape, greatly reducing the power excursion in the entire struc-
requiring field strengths of several tesla. Note that these higture. Thel -V curves obtained from our actual sample are
J. values could be obtained primarily due to the excellentdisplayed in Fig. 3. While the scales are quantitatively dif-
texture, with low-angle grain-to-grain correlations dominat-ferent, qualitatively, we observe similarV characteristic
ing the entire sample and an overall high degree of in-planeompared to the model conductor, although the interfacial
(A¢) and out-of-planéAw) alignment. In fact, the measured resistivity is non-negligible, as noted earlier. In order to
XRD full width at half-maximum(FWHM) widths A¢ and  check the stabilization provided by the metal tape and to
Aw of the average total ensemble of grains are sharp; 7° anplush the current to levels greater thian we recorded the
6.5° for YBCO, and 6° and 5° for underlying Cu substrate,data at 1 T and compared that with the data compiled from
respectively. It is clear from the inset of Fig. 1, showing the

temperature-dependent four-point resistivity measurements, 200 .

that there is excellent electrical coupling between the Cu |dea,/
substrate and the LSMO layer, as evidenced by the similar 1607 (isolated) /. /'
pne—T behaviors. However, after the YBCO deposition, 1201 © 4 YBCO
pner— T Characteristics of the sample deviates from the ideal s J (Net
behavior, indicating somewhat degraded metallic connectiv- ;1 801

ity, most likely resulting from the presence of discontinuous 40]

NiO regions (detected from the XRD analysisat the 77K HeA T
LSMO-Ni interface. In fact, our model calculations showed 01 : i :

that the observed increasegp.at the superconducting tran- 0 mpition o i 2 3 4

from other samples 11/ |c

sition can be associated with a significant interfacial contact

resistance between the YBCO film and the Cu substrate. O G. 3. _TheI—V curves obtained_from the actual _sample in afield of 1 T.

. . igure includes curves for Cu, isolated YBCO films, and data from the
the other hand, complete isolation of YBCO from the sub-ygco/smo/Ni/Cu sample. The dashed line displays the response if there
strate would yield @ (calculated for the entire structyre were a complete electrical coupling.
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200 based conductor®.As an example, for an envisioned coated
= ?H :I] 9;‘; e -® conductor architecture operating &=1. of 200 A/cm
S e plne_e-- ; width, applying the Norris theory, which is shown to pro-
0 D R K e e o r vide a good estimate of ac loss for YBCO-based
£ /.’ 505;3;;333 1 conductors? the power loss per meter per cycle s
D 100] @ g et °ﬁ z ] =(,ud277)|%=480 mW at 60 Hz. For more realistic opera-
2 ,' ni’ 0.0 o tion atly=1,/2, in which case the loss is smaller by a factor
E 1 & sl fm] ] of 177 the superconductive hysteretic loss component yields
@ 50 " s \ 7 a value ofL.~28 mW. Obviously, further reducing the total
; ° A0 rawrrall energy loss would be possible either by reducing the thick-
CHEN / H (Oe) 1 ness of Ni or completely replacing the Ni film by a func-
0 100 200 300 400 500 600 700 800 900 tional nonmagnetic metal layer. Similarly, the hysteretic loss
H__ (Oe) in HTS can also be decreased by producing conductors with

max

FIG. 4. Ferromagnetic hysteretic lo34/, due to the Ni layer in YBCO/ hlgherlc that can operate at smallé@;/lc, or p033|bly by

LSMO/Ni/Cu. Note thaw first increases rapidly withl sy, then saturates. geometrical optimization such as subdividing the tape into
The inset shows the magnetization loops for the same samfjle- 86 K, noninteracting conductors.

for variousH . €xcursions, where the field is applied parallel to the plane This work shows the development of a coated conductor
of the tape. architecture on biaxially textured Cu tapes having a conduc-
) ] . o tive layer sequence of YBCO/LSMO/Ni/Cu. A sel-ffield

three other isolated YBCO films having similar power law (77 K) value exceeding 2 10° A/lcm? was achieved, and
behaviors. While the results exhibit similarV characteris-  gjectrical characterization suggests good electrical coupling
tics for bare Cu and isolated HTS filtkcompared with Fig.  petween the YBCO and the Cu substrate. Assessment of the
2), data obtained from the actual sample does not agregagnetic loss associated with the Ni overlayer shows that it
quantitatively with the ideal behaviddashed curve This  should be small compared with the hysteretic loss in an op-
may be explained by the inhomogeneous electrical couplingrational superconductive coating. Although these initial
and current transfer between the YBCO and the Cu substratg;,dies were conducted on pure copper, the ultimate imple-
possibly due to the formation of a discontinuous NiO layer atyentation will require strengthened tape. In principle, this
the interface. Nevertheless, were there a complete isolatioRgn pe achieved by appropriate alloying and precipitation

the superconductor would have been destroyed at curreRardening, which will also retain high electrical conductivity
levels, 1 =3l (see Fig. 3 Currently, we are trying to im-  f the tape.
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