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Effect of Nd(422) Dopant on the Superconducting
Properties of Nd(123) Superconductor

Melt-Processed in Air
Ahmed Salem Mahmoud

Abstract—The effect of Nd3 .6 Ba2 .4 Cu1 .8 O5-δ [Nd(422)] dopant
on the microstructure and superconducting properties of Nd0 .9
Ba2 .1 Cu3 O7-δ [Nd(123)] superconductor melt-processed in air has
been studied using various techniques. It has been confirmed that
the addition of Nd(422) phase prior to melt-processing significantly
enhances the superconducting prosperities of Nd(123) supercon-
ductor when melt-processed in air atmosphere. Microstructure
analysis using an electron probe micro-analyzer revealed the pres-
ence of Nd(422) inclusions in the 123 matrix and these inclusions
are better dispersed and more refined in the doped sample. Com-
pared to the undoped sample, the Nd(422)-doped sample showed
significant improvement of current density at low fields with largely
depressed fishtail peak effect at high temperatures. These results
are ascribed to the effect of Nd(422) phase, which yet unoptimized
to serve as efficient pinning centers and also allow the introduction
of sufficient field induced pinning centers in the sample.

Index Terms—Superconducting materials, flux pinning, critical
current, high temperature superconductors.

I. INTRODUCTION

M ELT-PROCESSED Nd-Ba-Cu-O [Nd(123)] supercon-
ductors exhibit high critical temperature (Tc ) and large

current density (Js) under applied magnetic fields, thus they are
attractive candidates for bulk superconducting applications [1].
When these materials are melt-processed in air, however, Nd+3

could substitute on the Ba+2 sites which severely deteriorate the
superconducting properties [1]. Several approaches have been
developed to overcome this problem [2]–[4]. One successful
approach has been the application of the so-called oxygen con-
trolled melt growth (O-C-M-G) process [2] which is the melt-
processing under controlled oxygen partial pressure. Another
approach is the post heat-treatment of the melt-grown material
at high temperature in flowing oxygen and argon [3]. Both ap-
proaches, however, involve complications rendering them cost
ineffective. In a promising approach, Kojo et al reported that the
addition of Ba-rich Nd(422) phase prior to the melt-processing
of Nd(123) does successfully suppress the substitution effect,
with high-Tc Nd(123) superconductors having been reported
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[4]. Similar results have been reported even with different Ba-
rich compositions such as Nd(242) [5]–[8]. On the other hand,
the substitution of Nd on Ba sites is desirable when it occurs
on an optimum level because it could give rise to composi-
tional fluctuations in the matrix which are known to serve as
field-induced pinning centers at relatively large fields [1]. In
this work, I report upon detailed investigation for the effect of
Ba-rich Nd(422) dopant on the microstructure, superconduct-
ing and pinning properties in the air-melt-processed Nd(123)
superconductors.

II. EXPERIMENTAL

Nominal compositions of Nd0.9Ba2.1Cu3O7-δ [Nd(123)]
and Nd3.6Ba2.4Cu1.8O5-δ [Nd(422)] were independently pre-
pared using the conventional-solid state reaction method. These
compositions were then used to produce two Nd(123) and
[Nd(123) + 10wt.%Nd(422)] precursors called Nd0 and Nd4
respectively. Each precursor was hand-pressed in a rectangular-
alumina frame and sintered at 980 °C in air atmosphere to fabri-
cate a bar. This bar was then cut into halves and melt-processed
in a vertical furnace in air as described in [9]. Small samples
with exposed a-b planes were cleaved from each melt-processed
block using surgical blade and light tapping and annealed in 1-
atmosphere of oxygen for 880 h between 475 °C and 250 °C.
Microstructure characterization was performed using an elec-
tron probe micro-analyzer (EPMA), while the ac magnetic sus-
ceptibility was measured using home-made susceptometer. The
magnetic hysteresis loops were measured over the temperature
range 60 K � T � 77 K using a commercial superconduct-
ing quantum interference design (SQUID) equipped with ±7 T
magnet. In all cases, the magnetic field (B) was applied field
parallel to the c-axis of the sample, B // c. The current density
was measured using the Bean method [10].

III. RESULTS AND DISCUSSION

Fig. 1 shows an optical photograph of a typical melt-textured
bar fabricated in this study. The bar contained large blocks of
an average length >15 mm. Single block bars with a length
>35 mm have also been fabricated as typically shown in the
same figure. Each block comprises stacks of grains oriented
along their c-axis. As these blocks were fabricated in air with-
out any seeds or contacts, they are free of contamination and
their production cost is significantly reduced as compared to
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Fig. 1. Optical photographs of Nd(123) melt-processed bars containing single
block (top) and multiple blocks (bottom). Arrows indicate blocks.

Fig. 2. Digitally enhanced, back-scattered electron micrographs (black and
white) and EPMA compositional mapping images (colored) acquired from the
ab-plane of the Nd0 (top row) and Nd4 (bottom row) samples. White and black
bars correspond to 100 μm and 10 μm lengths, respectively.

their counterparts fabricated using other melt-processing tech-
niques. It is important to indicate that the bulk application of
high temperature superconductor require these materials to have
large size, perfect texturing, and high and uniform bulk current
density with low cost [11]. Thus, the current blocks should be
quite interesting from both fundamental research and applica-
tion perspectives, and if these materials could carry sufficiently
large currents, they should be attractive for certain bulk appli-
cations especially the high field ones.

Fig. 2 shows back-scattered electron micrograph together
with compositional mapping images obtained from carefully
selected regions (50 μm × 50 μm) in the surfaces of Nd0 and
Nd4 samples. In this figure, it is clear that there are two different
phases corresponding to the Nd(422) inclusions (white color)
and the Nd(123) matrix (dark color). The ND(422) inclusions
are better refined and dispersed in the doped sample (Nd4) than
they are in the undoped sample (Nd0). Thus, the addition of
Ba-rich Nd(422) could improve the morphology of the Nd(422)
inclusions.

Fig. 3 displays plots for the temperature dependence of ac
susceptibility for Nd0 and Nd4 samples [6]. As can be seen
from the figure, the doping process has remarkably improved
the superconducting properties and largely suppressed the
formation of the low-Tc phase in the sample. For the undoped
sample, the transition into the superconducting state was
markedly broad with two-steps. For the doped sample, the
onset Tc value is ∼95 K with a transition width of <2 K. These

Fig. 3. Temperature dependent ac susceptibility curves for the Nd0 and Nd4
samples.

Fig. 4. Plots for the field dependence of current density (Js ) at different
temperatures for Nd0 and Nd4 samples. Solid lines are fits to the data.

values are comparable to those obtained for OCMG- Nd(123)
superconductors [1].

Fig. 4 shows semi-log plots of the magnetic field dependence
of current density (Js) over the temperature range 60 K � T
� 77 K for both Nd0 and Nd4 samples The data were ex-
tracted from magnetic hysteresis loops measured using SQUID
magnetometer with B // c. Clearly, the doped sample exhibits
larger current density over all temperatures particularly at low
fields, with smaller irreversibility fields and largely suppressed
fishtail peak effect as compared with the undoped sample. How-
ever, in the undoped sample the fishtail peak is well-developed
even at high temperatures. The enhanced current density at low
fields and high temperature may be ascribed to the improved
morphology of the Nd(422) inclusions. To strengthen this argu-
ment, I fitted the high temperature data with the power-law form
Js(B) ∼ B −0.5 known to describe surface pinning provided
by normal-conducting particles [12]. The results are typically
shown in Fig. 4 for T = 77 K. It is clear from this figure that,
the data can be fitted very well with the form for the doped
sample, while the fitting is really poor for the undoped one.
The development of fishtail peak requires essentially sufficient
field-induced pinning centers in the sample. The shape of the
peak, is dependent on the size of the Nd(422) inclusions [13].
For high-Tc superconductors, the main defect structures respon-
sible for the peak are Oxygen vacancies and/or compositional
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Fig. 5. Scaling of normalized pinning force (Fp /Fp ,max) versus normalized
applied field (B/Bmax) for Nd0 and Nd4 samples with B // c.

fluctuations arising from exchange effects (e.g., Nd/Ba) [13].
As the current samples were exposed to prolonged oxygen pro-
gram, thus the peak cannot be explained by an oxygen effect
solely. Rather, the peak seems to arise mainly from composi-
tional fluctuations in the matrix due to Nd/Ba substitution [13].
These point-like defects, besides the oxygen vacancies, could
serve as field-induced pinning centers leading to the formation
of the fishtail peak. Thus, the absence/presence of the peak may
be understood in terms of the scale of Nd/Ba substitution which
seem to be quite small in the doped sample.

Fig. 5 shows scaling of the pinning force density normal-
ized by the maximum pinning force density, f = (Fp/Fp,max),
versus the magnetic field normalized by the maximum field,
bf = (B /Bmax), over the temperature range 60 K � T � 77 K,
for the Nd0 and Nd4 samples. The data were calculated from
Fig. 4, with B // c. This scaling is equivalent to the scaling
of (Js/Jmax) versus (B/Bjmax), where Jmax and Bjmax are the
maximum current density and its corresponding field respec-
tively [14]. It is clear from this figure that the data is well scaled
particularly around the fishtail peak region implying that the
peak is formed due to a single pinning mechanism. By setting
m = 1 and using n as a free parameter, best fits of data using
the functional form (1):

f (bf ) = bm+1
f exp

[
m + 1

n

(
1 − bn

f

)]
(1)

yield n = 1.3 and n = 2 for the Nd0 and Nd4 samples respec-
tively. These values fall within the range 1 � n � 2 found to fit
a large number of different RE(123) systems [14].

Fig. 6 presents the scaling of pinning force density normalized
by the maximum pinning force density f = (Fp/Fp,max) versus
the field normalized by the irreversibility field (h = B/Birr)
over the temperature range 60 K � T � 77 K for both Nd0 and
Nd4 samples, with B // c. It is clear from this figure that, almost
all data collapse onto a universal curve thus a single pinning
mechanism is dominant in these samples. Best fits of data using
the well-known functional dependence (2):

f (h) = Fp/Fp,max = Ahp(1 − h)q (2)

Fig. 6. Scaling of normalized pinning force (Fp /Fp , max) versus reduced
applied field (B/Birr ) for Nd0 and Nd4 samples with B // c.

yield: A = 10.8, p = 1.5, q = 1.99 for the undoped sample and
A = 9.5, p = 1.4, q = 1.99 for the doped sample (Nd4) sam-

ple. Thus the position of the maximum scaled force, (h0),
is h0 = p/(p + q) ∼ 0.42 − 0.44 for both samples. Based on
Dew-Hughes model [15], the position of h0 with 0.40 on the
reduced field coordinate is a clear indication that the dominant
pinning mechanism is of δTc -pinning type and this mechanism
is provided by superconducting defects causing spatial fluctu-
ation of Tc [13]. It is reasonable to ascribe these defects to
compositional fluctuations in the matrix due to the substitution
of Nd on Ba sites.

It is worth mentioning that even though similar results have
reasonably been obtained for other samples cleaved from the
same block, further investigations are still needed to determine
whether or not these results can represent most of the grains in
the bar.

IV. CONCLUSION

The effect of Ba-rich Nd(422) dopant on the microstruc-
ture and superconducting properties of in-air melt-processed
Nd(123)] superconductor has been investigated using various
techniques. It has been found that, the addition of Ba-rich
Nd(422) phase prior to the melt-processing of Nd(123) material,
significantly enhances the superconducting and pinning proper-
ties of the Nd(123) superconductor. Furthermore, the Nd(422)
dopant appeared to improve the morphology of the Nd(422) in-
clusions with enhanced current density at low fields. Scaling of
the normalized pinning force density versus normalized applied
magnetic field showed that the dominant pinning mechanism is
provided by a scatter of Tc (δTc -pinning type) caused by super-
conducting defects. These defects are ascribed mainly to com-
positional fluctuations in the matrix due to Nd/Ba substitution.
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