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Pinning characteristics in chemically modified „Nd, Eu, Gd …–Ba–Cu–O
superconductors
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In melt-processed (Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy ~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 microscope~STM! that both showed the formation of a nanometer-scale
lamellar structure. The high magnification STM showed that the nanolamellas are in fact rows~or
planes! of aligned NEG-rich clusters 3–4 nm in size. This new pinning medium led to an increase
of Birr at 77 K for theH i c axis up to 12 T~measured by a superconducting quantum interference
device! or 15 T ~measured by a vibrating sample magnetometer!. A secondary peak as high as 70
kA/cm2 was observed at 4.5 T and decreased to 49 and 22 kA/cm2 at 7 and 10 T, respectively.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1542927#
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As already shown in several reports,1–5

(Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy ~NEG-123! bulk supercon-
ductors exhibit superior pinning characteristics, uniform m
crostructure and good reproducibility. For applications
temperatures at and above 77 K, however, a further pinn
enhancement, especially in high magnetic fields, is nee
Recently, it was found that a distinct range of the rare ea
chemical ratio in the (Nd,Eu,Gd)Ba2Cu3Oy system strongly
affected the pinning properties at high fields.6 A proper
choice of the Nd: Eu: Gd ratio enabled manipulation of t
secondary peak position in the range of 1–4 T at 77 K
corresponding change of the irreversibility field, and cont
of the secondary peak height.7 The relative content of Eu in
the NEG matrix was crucial for control of the irreversibilit
field and the secondary peak position. In samples rich in
the secondary peak of magnetization was high~reaching
nearly 105 A/cm2), relatively narrow, and appeared at rel
tively low fields.6 According to Kramer,8 narrowing of the
secondary peak and shifting toward lower fields are ove
consequences of pinning enhancement in a system w
vortex clusters shear between islands of strongly pinned
tices. Although large deviations from Kramer’s rule ha
been observed, we can conclude that the Gd enrichm
caused an increase of point-like disorder.

In this work we focused on a narrow range of the NE
compositions, enriched in Eu, which exhibit high irreve
ibility fields. An attempt was made to correlate magne
properties with microstructure characteristics.

High-purity commercial powders of Nd2O3, Eu2O3,
Gd2O3, BaCO3 and CuO were mixed in a nominal comp
sition of (Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy . The starting powder
mixtures were thoroughly ground, calcined at 880 °C for
h with intermediate grinding, pressed into pellets and s
tered at 900 °C for 15 h under oxygen partial pressure (pO2)
of 0.1% O2. The whole procedure was repeated three tim
Then commercial Nd-422, Eu-211, and Gd-211 powd
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were mixed in a ratio of 1:1:1 and added to the sinte
NEG-123 powders in concentrations of 3 and 40 mol %
NEG-211, together with 0.5 mol % of Pt for 211 phase p
ticle refinement and 10 wt % of Ag2O to improve mechanica
properties. Finally, pellets of 20 mm diameter and 15 m
thickness were prepared by cold isostatic pressing at
MPa. All samples were fabricated by the oxygen control
melt growth~OCMG! process atpO2 of 0.1% and gas flow
rate of 300 ml/min. Details of the heat treatment sched
can be found elsewhere.1

For magnetic measurements small specimens with
mensions ofa3b3c51.531.530.5 mm3 were cut from
the pellets and annealed in flowing oxygen in the tempe
ture range of 300–600 °C.1 The microstructure of these
samples was studied with a dynamic force microsco
~DFM! and scanning tunneling microscope~STM!. The
chemical composition of the matrix was analyzed by ene
dispersive x-ray~EDX! spectroscopy. Magnetization hyste
esis loops (M –H loops! in fields from 22 to 17 T were
measured at 77 K using a commercial superconducting qu
tum interference device~SQUID! magnetometer~Quantum
Design, model MPMS7!. Jc values were estimated based o
the extended Bean critical state model for a rectangu
sample.9

Figure 1 shows the magnetization measurements
(Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy samples with 3, 5, 10, 20, an
40 mol % NEG-211 measured at 77 K with the field appli
parallel to thec axis. A clear secondary peak effect wa
observed in most of the samples.M (Ha) curves for the
sample with 3 and 40 mol % NEG-211 showed a plate
instead of the peak in intermediate fields. All the samp
with the intermediate contents of 211 phase exhibited an
reversibility field, Birr , that exceeded 7 T. The consiste
results of the whole set of compositions convinced us tha
increase in the irreversibility field originated from the pa
ticular chemical ratio in the NEG-123 matrix in combinatio
with an appropriate amount of secondary phase. In
present system, the concentration of 5 mol % NEG-2
proved to be optimal, resulting in the highest irreversib.
© 2003 American Institute of Physics
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moment at 7 T~the maximum field of our SQUID magneto
meter!. In order to determine the actualBirr value, we made
magnetization measurements by means of a vibrating sam
magnetometer~VSM! with maximum field of 14 T. The
magnetization hysteresis loop for the latter sample meas
with a field sweep rate of 0.6T/min at 77 K is shown in Fig.
2 ~top!. Note that the effective field sweep rates and
associated relaxation states of the sample significantly d
when measured with the SQUID and VSM, which affects
resultingBirr values and makes them incomparable.10 How-
ever, the scaling property can help us to bring the values
accord. It is well known10 that the secondary peak positio
Bp , scales approximately withBirr . By comparing Figs. 1
and 2~top! one can determine the factor of the change inBp

due to the field sweep effect to about 4.2T/3.3T51.27. This

FIG. 2. Field dependence of the critical current density (Jc) for the
(Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy sample with 5 mol % NEG-211 measure
with a VSM at 77 K (Hic) at field sweep rate of 0.6 T/min~top!. The top
inset shows that the irreversible field exceeds 14 T. Current densit
Ha(T) measured at various temperatures for the same sample~bottom!. The
bottom inset shows the extrapolated value ofBirr to be around 15 T at 77 K,
Hic axis.

FIG. 1. Field dependence of the magnetization measured with a SQ
magnetometer at T577 K, with Haic to the axis, for
(Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy superconductors with 3, 5, 10 20 and 4
mol % NEG-211. Note the high irreversibility field and a slight addition
maximum between the first and secondary peaks in the sample with 5 m
NEG-211.
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factor should control also the corresponding change ofBirr .
As shown in inset of Fig. 2~bottom!, extrapolation of the
Birr(T) data measured at temperatures 78 K<T<95 K gives
the VSM value ofBirr(77 K)'15 T. An adequate value o
Birr for comparison with SQUID data should be abo
15T/1.27, i.e., about 12 T. Even this value is significan
higher than in other compounds at 77 K and makes the n
material an excellent candidate for high field applications

The critical current density,Jc , in the ~a,b! plane ob-
tained from the extended Bean model is presented in Fi
~bottom!. Critical current densities associated with the se
ondary peak reached 70, 49 and 22 kA/cm2 at 4.5, 7 and 10
T, respectively~VSM data with a field sweep rate of 0.
T/min!. The Jc(B) curves in Fig. 2 show two secondar
peaks, PE1 and PE2, a typical result of a combination o
point-like structure with twin planes. This can also be int
preted as a regular broad secondary peak flattened by
structure activity.11 The temperature scan shows that t
maximum of PE2~or the low-field edge of secondary pea
flattening! becomes with an increase in temperature m
pronounced but only insignificantly shifts toward low
fields. On the other hand, peak PE1~or the high-field edge of
secondary peak flattening! rapidly diminishes with an in-
crease in temperature and shifts toward low fields as a re
lar secondary peak. As PE1 comes close to PE2, both p

vs

FIG. 3. ~Color! Dynamic force microscope images of th
(Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy sample with 5 mol % NEG-211. Note the
nanolamellar~upper micrograph! and modulation structure~lower micro-
graph!. Both features were observed in several samples.
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merge and the resulting singular peak shifts toward l
fields and finally disappears. Similar effects have also b
observed in Nd-123 single crystals.12 Angular experiments
also proved that deformation of theM –H curves was really
due to a planar pinning structure aligned with thec axis.

In order to clarify reasons for the improved magne
properties, we observed the microstructure of
(Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy sample with 5 mol % NEG-
211. We prepared the specimens for observation by polish
samples from the same batch used for magnetic meas
ments. Figure 3 shows the DFM image of the sample wit
mol % NEG-211 viewed from the@001# direction. Significant
in this image is the nanoscale lamellar~top! and modulation
structure ~bottom!. We observed both features in seve
samples. A similar type of microstructure was also obser
in the sample with 3 mol % of NEG-211. This samp
showed a high irreversibility field at 77 K~see Fig. 1!. On
the other hand, no such nanostructure was observed in
sample with 40 mol % NEG-211 and the magnetic perf
mance of this sample at 77 K was nearly equal to that
(Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy .1 Both the magnetization dat
and DFM results suggest that the nanoscale microstructu
responsible for the high irreversibility at 77 K.

In order to learn more about the new type of nanosc
microstructure, we performed ultrahigh vacuum~UHV! STM
measurements at room temperature on NEG-123 sam
with 5 and 40 mol % NEG-211. The samples exhibited ve
high and low irreversibility fields, respectively. Figures 4~a!
and 4~b! show STM images of the NEG-123 samp
(Nd:Eu:Gd533:38:28) with 5 mol % of NEG-211. Figure
4~a! and 4~b! show, respectively, the modulation and t
nanolamellar structure. The modulation period is about 4
which is comparable to the coherence length@in
YBCO (77 K)54.5 nm]. Such a structure can principal
change the vortex dynamics and pinning efficiency at h
fields. A careful check of Fig. 4~b! revealed a nanolamella
structure along the modulation direction. No structure of t
kind was identified in the sample with 40 mol % NEG-21
@see Figs. 4~c! and 4~d!#.

FIG. 4. STM image of the cleaved surface of (Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy

with 5 ~a!, ~b! and 40 mol % NEG-211~c!, ~d!. The tunneling conditions
were Vs510 V and I t50.3 nA. Note that the modulation~a! and nanola-
mellar structures~b! are similar to the DFM micrographs. The black arrow
in ~b! show some nanolamellaes, with the average period around 3.5
Both nanostructures were absent in the sample with 40 mol % NEG-211~c!,
~d!.
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The local chemical composition of the matrix mapped
TEM/EDX revealed fluctuating (Nd1Eu1Gd)/Ba substitu-
tion in the 123 matrix. It seems that fluctuations contribute
the point-like pinning disorder.13,14 On the other hand, the
tunneling current spectra show similar conductivity
nanoscale lamellae and the regular matrix. This is proba
due to the fact that the RE-rich Re11xBa22xCu3Oy ~RE-
123ss! clusters have a composition not much different fro
that of the 123 matrix. In the case of Nd-123 single crysta
an island structure with a Ba21 site in Nd-123 partially oc-
cupied by Nd31 ions was identified.14 The typical period was
in this case much bigger~tens of nanometers! than what we
observed here. Note that thin plate-like domains with 8
period were also observed in Pb-doped Bi2Sr2CaCu2Oy

single crystals and their appearance was attributed to sp
variation in the Pb content.15 Also in this case, pinning a
high fields and temperatures was significantly improved.

In conclusion, bulk (Nd0.33Eu0.38Gd0.28)Ba2Cu3Oy

samples doped with 3–40 mol % of NEG-211 were prepa
by the OCMG process. In a narrow range of Nd:Eu:Gd ra
pinning at high fields was significantly enhanced: the ir
versible field at 77 K reached 12 T~measured by SQUID!
and 15 T~measured by VSM!, andJc maintained sufficient
values for industrial applications up to 10 T. The STM a
DFM analyses revealed a nanoscale laminar structure wi
period comparable to the coherence length that is most p
ably responsible for the pinning enhancement.

This work was supported by the New Energy and Ind
trial Technology Development Organization~NEDO! as Col-
laborative Research and Development of Fundamental T
nologies for Superconductivity Applications. One of th
authors ~M.J.! acknowledges support from Grant No
A1010919/99 of Grant Agency of Academy of Science of t
Czech Republic.
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