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Pinning characteristics in chemically modified (Nd, Eu, Gd)-Ba-Cu-0
superconductors
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In melt-processed (NgEW 385 .9 Ba,Cuz Oy (NEG-123 materials we found a new type of
nanometer-scale pinning defects. Structural analysis was made with a dynamic force microscope
and a scanning tunneling microsco{®TM) that both showed the formation of a nanometer-scale
lamellar structure. The high magnification STM showed that the nanolamellas are in fagtorows
planeg of aligned NEG-rich clusters 3—4 nm in size. This new pinning medium led to an increase
of By, at 77 K for theH, c axis up to 12 T(measured by a superconducting quantum interference
device or 15 T (measured by a vibrating sample magnetometesecondary peak as high as 70
kA/cm? was observed at 4.5 T and decreased to 49 and 22 Kaatri@ and 10 T, respectively.
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As already shown in several repots, were mixed in a ratio of 1:1:1 and added to the sintered
(Ndp 3E Uy 365 29 BayCusO,  (NEG-123 bulk supercon- NEG-123 powders in concentrations of 3 and 40 mol % of
ductors exhibit superior pinning characteristics, uniform mi-NEG-211, together with 0.5 mol % of Pt for 211 phase par-
crostructure and good reproducibility. For applications inticle refinement and 10 wt % of A@ to improve mechanical
temperatures at and above 77 K, however, a further pinningroperties. Finally, pellets of 20 mm diameter and 15 mm
enhancement, especially in high magnetic fields, is neededhickness were prepared by cold isostatic pressing at 200
Recently, it was found that a distinct range of the rare earttMPa. All samples were fabricated by the oxygen controlled
chemical ratio in the (Nd,Eu,Gd)B&u;0, system strongly melt growth(OCMG) process apO, of 0.1% and gas flow
affected the pinning properties at high fiefl#\ proper rate of 300 ml/min. Details of the heat treatment schedule
choice of the Nd: Eu: Gd ratio enabled manipulation of thecan be found elsewhere.
secondary peak position in the range of 1-4 T at 77 K, a  For magnetic measurements small specimens with di-
corresponding change of the irreversibility field, and controlmensions ofaxbxc=1.5x1.5x0.5 mn? were cut from
of the secondary peak heighfhe relative content of Eu in the pellets and annealed in flowing oxygen in the tempera-
the NEG matrix was crucial for control of the irreversibility ture range of 300-600 °€ The microstructure of these
field and the secondary peak position. In samples rich in Gdamples was studied with a dynamic force microscope
the secondary peak of magnetization was higbaching (DFM) and scanning tunneling microscod&TM). The
nearly 16 A/cm?), relatively narrow, and appeared at rela- chemical composition of the matrix was analyzed by energy
tively low fields® According to Kramef, narrowing of the dispersive x-ray(EDX) spectroscopy. Magnetization hyster-
secondary peak and shifting toward lower fields are overalésis loops ¥ —H loops in fields from —2 to +7 T were
consequences of pinning enhancement in a system whergeasured at 77 K using a commercial superconducting quan-
vortex clusters shear between islands of strongly pinned votum interference devicéSQUID) magnetometefQuantum
tices. Although large deviations from Kramer’s rule haveDesign, model MPMS)Z J, values were estimated based on
been observed, we can conclude that the Gd enrichmemite extended Bean critical state model for a rectangular
caused an increase of point-like disorder. sample’

In this work we focused on a narrow range of the NEG  Figure 1 shows the magnetization measurements of
compositions, enriched in Eu, which exhibit high irrevers-(Nd, 33Uy 3¢50 29 Ba,CusOy samples with 3, 5, 10, 20, and
ibility fields. An attempt was made to correlate magnetic40 mol % NEG-211 measured at 77 K with the field applied
properties with microstructure characteristics. parallel to thec axis. A clear secondary peak effect was

High-purity commercial powders of N@;, Ew,03;,  observed in most of the samplesl(H,) curves for the
Gd,05, BaCQ, and CuO were mixed in a nominal compo- sample with 3 and 40 mol% NEG-211 showed a plateau
sition of (Nth 3E Uy 3¢50y 29 Ba,Cus0, . The starting powder instead of the peak in intermediate fields. All the samples
mixtures were thoroughly ground, calcined at 880 °C for 24with the intermediate contents of 211 phase exhibited an ir-
h with intermediate grinding, pressed into pellets and sinteversibility field, B;,, that exceeded 7 T. The consistent
tered at 900 °C for 15 h under oxygen partial presspi@,] results of the whole set of compositions convinced us that an
of 0.1% G . The whole procedure was repeated three timesincrease in the irreversibility field originated from the par-
Then commercial Nd-422, Eu-211, and Gd-211 powdersicular chemical ratio in the NEG-123 matrix in combination
with an appropriate amount of secondary phase. In the
2Electronic mail: miryalal@istec.or.jp present system, the concentration of 5 mol% NEG-211
PAlso at Institute of Physics, ASCR, CZ-182 21 Praha 8, Czech Republic.proved to be optimal, resulting in the highest irreversible

0003-6951/2003/82(6)/943/3/$20.00 943 © 2003 American Institute of Physics
Downloaded 04 Feb 2003 to 61.197.222.35. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



944 Appl. Phys. Lett., Vol. 82, No. 6, 10 February 2003 Muralidhar et al.

T
T=7TK 1]
H_// c-axis |

—
xR N
=R

M (emu/cm3)
(=}

FIG. 1. Field dependence of the magnetization measured with a SQUID
magnetometer at T=77K, with H,lc to the axis, for

(Ndp 3E Uy 3Gy .9 Ba,CusOy superconductors with 3, 5, 10 20 and 40
mol % NEG-211. Note the high irreversibility field and a slight additional
maximum between the first and secondary peaks in the sample with 5 mol %
NEG-211.

moment at 7 Tithe maximum field of our SQUID magneto-
meted. In order to determine the actuB|,, value, we made
magnetization measurements by means of a vibrating sample
magnetomete(VSM) with maximum field of 14 T. The
magnetization hysteresis loop for the latter sample measured
with a field sweep rate of 0.6/min at 77 K is shown in Fig.
2 (top). Note that the effective field sweep rates and the
associated relaxation states of the sample significantly differ
when measured with the SQUID and VSM, which affects the
resultingB;,, values and makes them incomparafiléiow-
ever, the scaling property can help us to bring the values into
gcco;?:-allttaésavgzlrlol:(?r%gil;:/h\?vtitge seBilor(lg?r:gaF;Ienzk gi(;ssltlin’ FIG. 3. (Colon Dynamic force ' microscope images of the
p . L . (Ndp 3E Uy 365 29 Ba,CusO, sample with 5 mol % NEG-211. Note the
and 2(top) one can determine the factor of the chang&jn  nanolamellar(upper micrographand modulation structuréower micro-
due to the field sweep effect to about B2.3T=1.27. This  graph. Both features were observed in several samples.

80—y factor should control also the corresponding changB;ef
3 oK 3 As shown in inset of Fig. Zbottom), extrapolation of the
o 600 E B,,(T) data measured at temperatures ZBK=95 K gives
g 3 3 the VSM value ofB,,(77 K)~15 T. An adequate value of
ﬁ 4 E B;, for comparison with SQUID data should be about
= E 15T/1.27, i.e., about 12 T. Even this value is significantly
=220t 3 higher than in other compounds at 77 K and makes the new
3 material an excellent candidate for high field applications.

The critical current density., in the (a,b) plane ob-
tained from the extended Bean model is presented in Fig. 2
3 (bottom). Critical current densities associated with the sec-
: ondary peak reached 70, 49 and 22 kA7an4.5, 7 and 10
80%5(19((;95_ T, respectively(VSM data with a field sweep rate of 0.6
20k 78K ] T/min). The J.(B) curves in Fig. 2 show two secondary
i ] peaks, PE1 and PE2, a typical result of a combination of a

10\ E point-like structure with twin planes. This can also be inter-
Y: A preted as a regular broad secondary peak flattened by twin
0 2 4 6 8 10121 il

W H (T) struqture activity! The tempgrature scan shows that the
0 a maximum of PE2(or the low-field edge of secondary peak
FIG. 2. Field dependence of the critical current densify) (for the flattening becomes with an increase in temperature more
(Ndy 38Uy 3650 9 Ba,Cus0, sample with 5 mol % NEG-211 measured pronounced but only insignificantly shifts toward lower

with a \éSM atthz i<h g—';lr‘;‘éva;rzﬁjllcé Sf\;’vatlejpe;it:ezfs Oﬁ Tﬁg‘g:)r)égthg;ﬁg Vfields. On the other hand, peak P&t the high-field edge of
IIllsze'lt')Sm(:;\llzured at various temperatures for the same.sa(tuqmmm. Thety §econd§ry peak flattenmgapl_dly diminishes .Wlth an in-
bottom inset shows the extrapolated valu@gfto be around 15 T at 77 K,  Créase in temperature and shifts toward low fields as a regu-

Hlic axis. lar secondary peak. As PE1 comes close to PE2, both peaks
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The local chemical composition of the matrix mapped by
TEM/EDX revealed fluctuating (Néd Eu+ Gd)/Ba substitu-
tion in the 123 matrix. It seems that fluctuations contribute to
the point-like pinning disordéf’** On the other hand, the
tunneling current spectra show similar conductivity on
nanoscale lamellae and the regular matrix. This is probably
due to the fact that the RE-rich RgBa,_,Cu;0, (RE-
123s$ clusters have a composition not much different from
that of the 123 matrix. In the case of Nd-123 single crystals,
an island structure with a Ba site in Nd-123 partially oc-
cupied by Nd* ions was identified? The typical period was
in this case much biggdtens of nanometerghan what we
observed here. Note that thin plate-like domains with 8 nm
period were also observed in Pb-doped,8}CaCy0,

FIG. 4. STM image of the cleaved surface of (N 3G9 BaCkO,  single crystals and their appearance was attributed to spatial

with 5 (a), (b) and 40 mol % NEG-211c), (d). The tunneling conditions e . . . L
were V=10V andl=0.3 nA. Note that the modulatio@ and nanola- variation in the Pb conterit Also in this case, pinning at

mellar structuregb) are similar to the DFM micrographs. The black arrows high fields and temperatures was significantly improved.

in (b) show some nanolamellaes, with the average period around 3.5 nm.  In  conclusion, bulk (NgsEW 3¢50, ,9 Ba,Cus0,

Both nanostructures were absent in the sample with 40 mol % NEGe211 samples doped with 3—40 mol % of NEG-211 were prepared

(@. by the OCMG process. In a narrow range of Nd:Eu:Gd ratio
pinning at high fields was significantly enhanced: the irre-

merge and the resulting singular peak shifts toward loW,ersible field at 77 K reached 12 (feasured by SQUID

fields and finally disappears. Similar effects have also beeg,g 15 T(measured by VSW andJ, maintained sufficient

observed in Nd-123 single crystdfsAngular experiments  yajyes for industrial applications up to 10 T. The STM and

also proved that deformation of tfié—H curves was really prM analyses revealed a nanoscale laminar structure with a

due to a planar pinning structure aligned with thaxis. period comparable to the coherence length that is most prob-

In order to clarify reasons for the improved magneticab|y responsible for the pinning enhancement.
properties, we observed the microstructure of the

(Ndg 3E Uy 3650 29 BaCsO, sample with 5 mol % NEG- This work was supported by the New Energy and Indus-
211. We prepared the specimens for observation by polishingial Technology Development OrganizatiddEDO) as Col-
samples from the same batch used for magnetic measurkborative Research and Development of Fundamental Tech-
ments. Figure 3 shows the DFM image of the sample with 310logies for Superconductivity Applications. One of the
mol % NEG-211 viewed from thgd01] direction. Significant ~authors (M.J.) acknowledges support from Grant No.
in this image is the nanoscale lamell&op) and modulation A1010919/99 of Grant Agency of Academy of Science of the
structure (bottom). We observed both features in several Czech Republic.
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