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Flux pinning by Nd4Ba2Cu2O10 inclusions in NdBa2Cu3O7Àd superconductors: A combined effect
of point, interface, and Dk pinning at elevated temperatures

Tadashi Mochida, Noriko Chikumoto, and Masato Murakami
Superconductivity Research Laboratory, International Superconductivity Technology Center, 1-16-25, Shibaura,

Minato-ku, Tokyo 105-0023, Japan
~Received 31 January 2000; revised manuscript received 6 April 2000!

We have systematically studied the role of Nd4Ba2Cu2O10 ~Nd422! nonsuperconducting inclusions for flux
pinning in oxygen-controlled-melt-growth processed Nd-Ba-Cu-O bulk superconductors. Nd422 inclusions act
as interface pinning which is the most dominant in low-field and high-temperature region. In addition, they are
also effective in enhancing the critical current density (Jc) even in a high-field region and thus the irrevers-
ibility field ( Birr ). Three pinning regimes have been identified at elevated temperatures (T>77 K!: a combi-
nation of point and interface pinning in low fields; a combination of interface andDk pinning in intermediate
fields; and interface pinning with a slight influence fromDk pinning in high fields. Nd422 addition shifted the
boundary of the pinning regime to higher fields. We have found overallJc is almost a simple summation of two
contributions: interface pinning andDk pinning.
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I. INTRODUCTION

Large critical current density (Jc), high irreversibility
field (Birr ), and small magnetic relaxation are required
power applications of high-temperature superconducto1

Up to now,R-Ba-Cu-O bulk superconductors (R: rare earth
elements! are the most promising candidates for high-fie
applications. Melt-processing2 has been employed succes
fully to the fabrication ofR-Ba-Cu-O bulk superconductor
which exhibit largeJc values even at elevated temperatur
The key to attaining highJc is the introduction of effective
pinning centers without decaying the matrix superconduc
properties.

Melt-processedR-Ba-Cu-O bulks contain various defec
such as nonsuperconducting second-phase precipitates,
boundaries, point defects~oxygen vacancies!, stacking faults,
and dislocations, which all may serve as pinning centers.
bulk R-Ba-Cu-O fine dispersion ofR2BaCuO5 (R211) par-
ticles into aR123 matrix is effective in enhancing pinning
which led toJc enhancement to the level of 109 A/m2 at 77
K.3

Nd-Ba-Cu-O is a promising alternative to Y-Ba-Cu-O b
cause of its highTc and largeJc at high magnetic fields. A
large growth rate is also an attracting feature for commer
mass production.4 In an early stage of development, how
ever, Nd-Ba-Cu-O showed poor superconducting proper
when melt-processed in air.5,6 Unlike the Y-Ba-Cu-O, which
forms only a stoichiometric YBa2Cu3Oy ~Y123!, the Nd-Ba-
Cu-O system forms a Nd11xBa22xCu3Oy type solid solution
~Nd123ss! ~Refs. 5 and 7! and a large amount of Nd ion
substitute for Ba when melt-processed in air. This results
depression of the carrier concentration and thus lowerTc .7

Later it was found that such Nd-Ba substitution can larg
be suppressed when the samples were melt-processed
reduced oxygen atmosphere, which is the oxyg
controlled-melt-growth~OCMG! process.6,8 The OCMG-
processed Nd-Ba-Cu-O samples show a sharp supercon
ing transition with a high onsetTc of 96 K.9 In addition, they
exhibit a secondary peak effect in theJc-B curve, which
PRB 620163-1829/2000/62~2!/1350~11!/$15.00
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suppressed the decay ofJc values even in a high-field region
The secondary peak effect has also been observe

R-Ba-Cu-O systems with noR-Ba substitution.10 In this case,
however, the peak effect originates from local oxyge
deficient regions or weak-superconducting regions cause
chemical contamination.11,12 This is supported by the fac
that the peak effect was not observed in fully oxygena
ultrapure Y123 single crystals grown in a BaZrO3 crucible.13

Murakami et al.8 proposed that the presence of Nd-ric
Nd123ss clusters might be responsible for the peak effec
the Nd-Ba-Cu-O system. Later Egiet al.14 and Wu Ting
et al.15 confirmed that Nd123 single crystals contain sm
clusters of 10–50 nm diameter, which have Nd cont
slightly higher than that of the Nd123 matrix. Such comp
sitional fluctuation will cause spatial variation of th
Ginzburg-Landau parameter (k5l/j) or Tc , which then
provides additional flux pinning (Dk pinning16–19 or dTc

pinning20–22!. Chikumotoet al.23 showed that the peak effec
in Nd-Ba-Cu-O disappeared when compositional fluctuat
in the matrix was annihilated with high-temperature anne
ing, which supports the fact that the peak effect is caused
the presence of Nd-rich Nd123ss clusters. For someR-Ba-
Cu-O bulk materials, however, oxygen-deficient regions
chemically contaminated regions are also present depen
on the processing conditions.24 Furthermore, the optimum
oxygen-annealing conditions are dependent on thex value of
Nd11xBa22xCu3Oy .25 Thus, the function of Nd123ss clus
ters as pinning centers is also dependent on the oxygena
levels of both the matrix and the clusters. In addition, t
presence of other defects, such as intermediate precip
structure26 and three-dimensional dislocations,27 has been re-
ported in melt-processed Nd-Ba-Cu-O. Such complex
should be taken into consideration for understanding the
ning mechanism in Nd-Ba-Cu-O superconductors.

For further development of high-performanceR-Ba-Cu-O
bulk superconductors, it is important to identify the domina
pinning center. It is also interesting to study mutual intera
tion of various pinning centers such as Nd422/Nd123 int
1350 ©2000 The American Physical Society
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PRB 62 1351FLUX PINNING BY Nd4Ba2Cu2O10 INCLUSIONS IN . . .
face pinning andDk pinning. In this paper, we focused o
the function of Nd422 inclusions as pinning centers, sin
the size and volume of Nd422 are controllable. We prepa
several Nd123/Nd422 composite bulk samples with vari
amounts of Nd422 particles in different sizes. Special c
was also paid to controlling the oxygenation level of t
Nd123 matrix to be constant, since the oxygen deficie
strongly affects the superconducting properties.24 We mea-
sured theJc values, the irreversibility fields, and the volum
pinning force for Nd123/Nd422 composite samples a
Nd123 single crystals with the aim of clarifying the functio
of Nd422 particles.

II. EXPERIMENTAL

A NdBa2Cu3O72d single crystal~sample FSC! was grown
by a flux growth method in an yttria-stabilized zirconia cr
cible using the flux composition of Nd:Ba:Cu52:30:68 in
flowing 0.1%O2 /Ar mixture gas, the details of which ar
described in Ref. 28. Nd-Ba-Cu-O bulk samples were p
pared by the following procedures. Commercial powders
Nd123, Nd422, Pt, and CeO2 were used as precursor
Samples MT1, MT2, and MT3 were prepared using powd
of Nd123 and Nd422, while Pt and CeO2 were added to the
sample MT1F in order to refine the size of Nd422. T
nominal compositions are Nd123110 mol % Nd422~MT1!,
Nd123120 mol % Nd422~MT2!, Nd123130 mol %Nd422
~MT3!, and Nd123110 mol % Nd42210.5 wt % Pt11.0
wt % CeO2 ~MT1F!. The powders were well grounded an
pressed into pellets, which are subsequently subjected to
isostatic pressing. Consolidated pellets were subjected to
OCMG process in flowing O2 /Ar mixture gas. The detailed
sample preparation methods for MT1, MT2, and MT3 a
described in Ref. 29 and that for MT1F is in Ref. 30. Here
the samples were grown under the same oxygen partial p
sure of 0.1% and fully oxygenated at 300 °C~Ref. 31! for
150 h to minimize the variation ofx and d in the
Nd11xBa22xCu3O72d matrix.

Microstructural observations were performed with a sc
ning electron microscope~SEM!. The size and the volume
fraction of Nd422 particles trapped in the Nd123 matrix we
estimated using an image analyzer. The average particle
of Nd422 was determined on the assumption that the Nd
particles are spherical. The volume fraction was dedu
from the total area of Nd422 particles in a SE
micrograph.29 Figure 1 shows SEM micrographs of th
OCMG-processed Nd-Ba-Cu-O samples. The volume fr
tion Vf and the average diameterd of Nd422 are summarized
in Table I. It should be noted that Nd422 particles are dr
tically refined with a combined addition of Pt and CeO2.30

Magnetization measurements were carried out usin
Quantum Design superconducting quantum interference
vice ~SQUID! magnetometer~MPMS-7! with magnetic
fields applied parallel to thec axis. The critical temperature
(Tc) is determined by measuring the temperature dep
dence of the dc magnetic moment in an applied field o
mT. Data acquisition was performed 30 s after reaching
target temperature. All the samples show onsetTc’s above
93.8 K and a sharp superconducting transition width wit
1.5 K ~Table I!. According to Takitaet al.,32 the Tc higher
than 93 K indicates thatx in the formula Nd11xBa22xCu3Oy
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is smaller than 0.05. None of the samples showed any ste
plateau in the superconducting transition, which dem
strates that the samples consist of a single supercondu
phase. The high- and similarTc values indicate that all of the
samples are fully oxygenated.

Magnetization hysteresis curves were measured in a
sistent current mode with a scan length of 30 mm. D
acquisition was performed 30 s after reaching the target fi
and the three data were averaged. As a result, it took 90
to measure a quarter-loop from 0 to 7 T ('1.3 mT/s!. The
true irreversible component of magnetization is deduced
subtracting the background from the measured signal. ThJc
values were calculated using the extended Bean mod33

from the irreversible magnetization.

III. RESULTS AND DISCUSSION

A. Critical currents and irreversibility fields

Figure 2 shows semilogarithmic plots ofJc versus tem-
perature for both single-crystal and OCMG-processed N
Ba-Cu-O samples. In the low-temperature region below
K, it shows a quasiexponential relationship ofJc
}exp(2CT), whereC is a constant. Such dependency is a
observed in otherR-Ba-Cu-O.34 According to Higuchi, Yoo,
and Murakami,35 such temperature dependence can be

FIG. 1. SEM micrograph of the OCMG-processed samples
~a! MT1 ~Nd123 1 10 mol % Nd422!, ~b! MT1F ~Nd123 1 10
mol % Nd4221 0.5 wt % Pt 1 1.0 wt % CeO2), and ~c! MT3
~Nd123 1 30 mol % Nd422!. The average diameters of secon
phase particles for MT1 and MT2 are about 2mm while that for
MT1F is drastically reduced to about 1.2mm. The scale bar repre
sents 10mm.
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TABLE I. The list of the Nd-Ba-Cu-O samples used in this study.

Sample Sample size~mm! Tc ~K! Vf d Vf /d
a b c onset 31026 m 3105 m21

FSC 0.63 0.79 0.08 93.8 0.00 2 0.0
MT1 1.75 1.94 0.69 94.5 0.19 1.9 1.0
MT1F 1.46 1.54 0.32 94.5 0.18 1.2 1.5
MT2 1.55 1.60 0.64 94.5 0.25 1.8 1.4
MT3 1.23 1.49 0.62 95.0 0.34 1.7 2.0
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plained by the collective creep model~CC model!20,21,36,37by
taking account of the flux creep effect. This suggests t
weak pinning~e.g., point defects! typical for the CC model is
active in a low-temperature region. This is also supported
the fact thatJc values of FSC~which contains no Nd422
inclusions! are larger than those of melt-processed Nd-B
Cu-O samples at low temperatures. On the other han
large deviation from the exponential relation is observed
T.60 K. This suggests the weak pinning assumed in the

FIG. 2. The temperature dependence ofJc (Hic) for ~a! FSC,
~b! MT1, ~c! MT1F, and~d! MT3 at various fields. Note that theJc

at self-field is the largest above 60 K and that abrupt decreaseJc

is prominent above 70 K.
at

y

-
a
t
C

model is not active at high temperatures. According to M
tı́nez et al.,38 the temperature where the deviation occu
from the relationJc}exp(2CT) corresponds to a depinnin
line of point defects. It is thus expected that strong pinn
~Nd422 inclusions! plays an important role at high temper
tures. HenceJc values are governed by the volume fractio
of Nd123 matrix.

Based on the core pinning model, Murakamiet al.39 pro-
posed that the pinning energy should be proportional to
interface area of Y123/Y211, which is represented byVf /d.
This type of pinning is called interface pinning, since t
origin of the pinning energy is the difference in the conde
sation energy at the interface between superconducting
normal regions. In fact, many experimental results have c
firmed that Jc is increased with increasingVf /d in
Y-Ba-Cu-O.3,38,40,41 The present results indicate that th
zero-fieldJc values are larger than those at the peak fields
the OCMG-processed samples, which is observed at t
peratures above 60 K. This is the most prominent for sam
MT3 which has the largestVf /d value, while it is not ob-
served in FSC with no Nd422 inclusions. These results in
cate that an increase inVf /d value leads toJc enhancement
like the case of Y211 in melt-processed Y-Ba-Cu-O.

In Nd-Ba-Cu-O system, however, opinions vary as to
effectiveness of Nd422 inclusions. For example, Yuet al.42

argued that flux pinning by Nd422 would not be so effecti
as Y211 on the basis ofJc-T curves and TEM observation
of Nd123/Nd422 interfaces. However, the present results
dicate that theJc values of the OCMG-processed samples
larger than those of FSC at temperatures above 60 K. H
we note thatJc values in the present Nd-Ba-Cu-O sampl
are as high as those of Y-Ba-Cu-O reported by Martı´nezet
al.38 and Higuchi, Yoo, and Murakami.35 In addition, Jc-T
curves are strongly sample dependent such thatJc values
increase either by increasing Nd422 contents~MT2 and
MT3! or reducing Nd422 size~MT1F!. It is also notable that
the Jc values decay rapidly in FSC, while the decay
smaller for the OCMG-processed samples with largerVf /d
values. These results indicate that Nd422 addition is eff
tive in enhancingJc values for the Nd-Ba-Cu-O system, e
pecially in a low-field and high-temperature region.

Figure 3 shows plots ofJc-B curves for the presen
samples at temperatures above 77 K. A decrease inJc with B
at lower fields and fishtail peaks in an intermediate-fie
range are observed in all the samples. There is a small tro
or a deflection (Bde f l, Jc

de f l) in Jc-B curve at fields below 1
T, which may be a crossover from the field region, where
interface pinning is dominant, to the field region, where t
fishtail peak is observed. It is also notable that the deflec
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is less evident with increasing temperature. The peak ef
is the most prominent for FSC and is smeared with incre
ing Nd422 content. At fields above 3 T, a small increase
Jc is seen for the samples with Nd422 addition.

Figure 4 shows the field dependence ofJc normalized by
theJc value atB 5 0 T (Jc /Jc,B50) to enlighten the relation
between the interface pinning and the fishtail effect. T
fishtail is clearly observed in FSC withJc /Jc,B50'1.3 at the
peak. On the other hand, the fishtail is smeared with incre
ing Nd422 content, andJc /Jc,B50'0.35 for MT3, resulting
in a plateaulikeJc-B curve instead of a clear peak. A larg
difference inJc values at the peak field suggests that
pinning mechanism is different from that dominant atB50.
An interesting feature is that the fishtail shape is not
prominent for MT1F in comparison with MT1 despite th
fact that both samples have similarVf /d values, which will
be treated in Sec. III C. It is also important to note that
value of Jc /Jc,B50 for all the samples merge into a sing

FIG. 3. The field dependence ofJc (Hic) at temperatures abov
77 K for the samples with various amounts of Nd422 particles
different size:~a! FSC, ~b! MT1, ~c! MT1F, and ~d! MT3. The
deflection (Bde f l,Jc

de f l) is represented by a dotted line in the figur
Note that reducing the Nd422 size is very effective for increasingJc

near zero field. The secondary peak is the most prominent for
single crystal while it smears out with increasing Nd422 conten
ct
s-
n

e

s-

e

o

e

line at fields above 4 T, which implies that the pinnin
mechanism in a higher-field region has a close relation w
that in low fields, i.e., Nd123/Nd422 interface pinning.

The inset of Fig. 4 shows the relationship betweenJc and
Vf /d at 77 K. It is clear that theJc values are proportional to
Vf /d, both in the remnant field and at 4 T. This supports
fact that nonsuperconducting Nd422 inclusions are effec
pinning centers both at low and high fields, where fie
induced pinning is not active.

Here, we note that the effect of twins is not important
the present samples. It is known that twins may cause
additional intermediate peak inJc-B curves at elevated
temperatures.43 However, none of our samples showed a
additional peak. This indicates the effects of twins are n
ligible in the present study.

Next, we see the effect of Nd422 inclusions on the ir
versibility field (Birr ), which was obtained from the magne
tization measurements using a current-density criterion
106 A/m2. The first important point to note is that the Nd
Ba-Cu-O samples exhibit theBirr of about 7 T at 77 Kwhen
measured with a SQUID magnetometer at a sweep rate o
mT/s. This indicates that a highBirr can be achieved even i
the sample with a large amount of Nd422 inclusions, in co
trast to a conventional expectation.24 Furthermore Nd422 in-
clusions can enhance bothJc in a high-field region andBirr .
Thus it is expected that both highBirr and largeJc can be
achieved by further optimizing the size and contents
Nd422 inclusions.

Figure 5 shows the irreversibility lines~IL’s ! for the
samples. Although all the samples show similarTc ranging
from 93.8 to 95.0 K, the irreversibility line is strongl
sample dependent. It is known that a different oxygen c
tent affects the IL,24 however, similarTc values among the
samples indicate that the Nd422 inclusions are mainly
sponsible for the difference. The IL shifts to higher fiel
with increasing Nd422 content, indicating that Nd422 inc
sions are effective in enhancing the IL. These results
consistent with the result thatJc values in a high-field region
are increased with increasingVf /d. An enhancement inBirr
by adding secondary inclusions can also be seen in o
references both in Y-Ba-Cu-O~Refs. 3, 40, and 44 and mor

n

e

FIG. 4. The field dependence ofJc (Hic) at 77 K for the
samples studied here. TheJc value is scaled by the value at sel
field (Jc,sc[Jc /Jc,B50). Inset: theJc values at self-field and 4 T are
plotted as a function ofVf /d, showing the linear relation betwee
Jc andVf /d.
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recently in the~Nd,Eu,Gd!-Ba-Cu-O system.45 These results
suggest that the IL is related to the secondary inclusions
govern a depinning.46 The temperature dependence of the
is often described by the following expression:

Birr ~T/Tc!5B0@12T/Tc#
h. ~1!

Theh values, deduced from the measured data using a le
square method, are listed in Fig. 5. Here, the compositio
dependence is also recognized. Although theh value is very
close to 1.5, it systematically decreases from 1.60~SFC! to
1.47 ~MT3! with increasing Nd422 contents. This result al
supports the fact that Nd422 inclusions enhance IL’s. It m
be worth pointing out that the pinning mechanism that de
mines the IL is identical in this temperature region (0.8<t
<1.0). According to Almasanet al.47 and Dalichaouchet
al.,48 a deviation fromh'3/2 is an indication of a crossove
of pinning regimes, which is observed aroundt[T/Tc'0.6
in Y-Ba-Cu-O. In our case also, any significant change ih
was not observed in the temperature window of our exp
ments, which agrees well with the literature.

B. Volume pinning force F p

Volume pinning force analysis is very useful to lea
about the pinning properties. In conventional supercond
ors, a scaling ofFp was performed by plotting the norma
ized pinning forceFp /Fp

max versus the reduced fieldb
5B/Bc2

, whereBc2
denotes the upper critical field.18,19Thus

Fp is described by

Fp5@Bc2
~T!#b3 f ~b!, ~2!

where b is a numerical fitting parameter. Heref (b) is a
pinning function and reflects the size and character of
defects providing the pinning based on the study of conv
tional pinned type-II superconductors. For various high-Tc
materials, the scaling ofFp is found as well, however, ex
periments have shown that the appropriate scaling field is
irreversibility field Birr instead ofBc2

.49,50 Thus a genera

expression of the volume pinning forceFp(B) is given in the
form

FIG. 5. The irreversibility line~IL ! for the samples withHic,
plotted in reduced temperature. Note that IL shifts to higher fi
with increasing Nd422 content. Theh value in Birr (T/Tc)5B0@1
2T/Tc#

h is listed in the figure.
at

st-
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Fp~birr !/Fp
max5Abirr

g ~12birr !d, ~3!

whereA is a numerical parameter,g and d scaling param-
eters, andbirr a reduced magnetic inductionbirr [B/Birr .
The scaling parametersg andd for the present samples at 7
K were obtained by a least-square method and are show
Table II. It is evident that bothg and d are composition
dependent, indicating pinning characteristics are differ
among the samples, which is attributed to the amount
Nd422 inclusions becauseg andd systematically decrease
with increasing Nd422 content. This is also in good agr
ment with the results by Higuchi, Yoo, and Murakami,35 who
reported smallerg andd values for a melt-processed Y-Ba
Cu-O sample compared to those for Nd-Ba-Cu-O. In t
section, the effect of Nd422 inclusions on flux pinning
further evaluated by using several scaling functions. Si
Jc-B properties are classified into three field regions, we w
analyze the field dependence ofFp-B properties separately in
low-, intermediate- and high-field regions.

In a low-field regime wherebirr !1 in Eq. ~3!, a power-
law relation ofFp}Bg is recognized. Theg values at tem-
peratures above 77 K for the samples are listed in Table
The important point to note is that theg value depends on
both composition and temperature. At 77 K, for example
decreases from 1.26~for Nd123SC! to 0.53~for MT3! with
increasing Nd422 content, suggesting that a decrease ing is
attributed to the presence of normal second-phase parti
It is also notable that theg value for OCMG-processed Nd
Ba-Cu-O samples decrease with increasing temperature.
example, theg value for MT1 decreases from 0.87 to 0.77
the temperature is raised from 77 to 86 K, whereas theg
value for the single crystal shows almost temperatu
independent value (g'1.2). The most likely explanation fo
the composition and temperature-dependentg is the inter-

d

TABLE II. The scaling parametersg and d in Fp}birr
g (1

2birr )d obtained from the data in the entire field region (0,B
,Birr ) at 77 K.

Sample parameter
g d

FSC 2.3060.08 3.0960.11
MT1 2.0160.06 3.0260.10
MT1F 1.6060.05 2.5260.08
MT2 1.7260.06 2.5460.09
MT3 1.7060.07 2.3160.09

TABLE III. The g values inFp}Bg at various temperature
obtained from the data in the low field region (0,B,0.5 T!.

Sample Temperature~K!

77 80 82 84 86 88

FSC 1.26 1.21 1.26 1.27 1.27 1.09
MT1 0.87 0.85 0.84 0.86 0.86 0.77
MT1F 0.74 0.71 0.68 0.64 0.58 0.35
MT2 0.67 0.63 0.63 0.60 0.57 0.50
MT3 0.53 0.50 0.47 0.43 0.38 0.33
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PRB 62 1355FLUX PINNING BY Nd4Ba2Cu2O10 INCLUSIONS IN . . .
play between interface pinning and other weaker pinn
~e.g., oxygen defects, impurities, etc.!.

According to Matsushita and co-workers,51 the relation of
Fp}B1/2 is expected in the case of interface pinning by no
superconducting particles, since the average diameter o
particles is larger than the coherence lengthj. This relation
is deduced based on the direct summation of elementary
ning forces in a creep-free case. On the other hand,Fp0}B is
expected for the normal point pinning since the spacing
pinning centers is smaller thanaf and hence every vortex ca
interact with a pinning center, which results in the relatio
Fp}1/af

2 . In OCMG-processed Nd-Ba-Cu-O samples,
would be reasonable to assume that both interface pin
and point pinning are active. As the temperature is raised,
contribution from point defects will be weakened with the
mal fluctuation; instead Nd123/Nd422 interface pinning b
comes more dominant. Thus theg value shifts to 1/2 with
increasing temperature. On the contrary, only microsco
features~e.g. cation, disorder, and oxygen defects! are ex-
pected to act as dominant pinning centers in FSC which d
not contain any Nd422 particles. In fact, FSC exhibits
highestg value of 1.26 at 77 K, which is close to the the
retical estimate of small pinning centers.18 In addition, the
temperature-independentg value shows some unique pin
ning dominates in the temperatures above 77 K. These
sults lead to the conclusion that the dominant pinning mec
nism in a low-field regime is the combination of Nd12
Nd422 interface pinning and point pinning.

As the magnetic fieldHa is increased, compositional fluc
tuation in Nd-Ba-Cu-O superconducting matrix will cau
spatial variation of the Ginzburg-Landau parameter (k).
Thus, theDk pinning is supposed to play an important ro
when magnetic field is increased. In fact,Dk pinning is sup-
posed to enhance the flux pinning in an intermediate-fi
region, and thereby leading to an increase inJc .11,52,53Ac-
cording to Klein et al.,50 for Dk pinning f p(bFp

) has the
form

f p~bFp
!53bFp

2 ~122bFp
/3!, ~4!

where f p is the scaled volume pinning force defined asf p

5Fp /Fp
max, and bFp

is the scaled field defined asbFp

5B/BFp

max. Figure 6 shows the plots off p versusbFp
, in

which a good scaling is recognized for Nd123 single-crys
and melt-processed Nd-Ba-Cu-O samples in the high-fi
region aboveBFp

max. The deviation from a master curve ob

served in f p-bFp
curves at low fields is attributable to th

presence of interface pinning, because it becomes more
dent either with increasing temperature or Nd422 conten
is interesting to note that thef p-bFp

curve is quite similar to
the theoretical calculation by Kleinet al. for a single crystal
~FSC!. The curve is almost symmetric withf p approaching
zero at bFp

'2.3. In the intermediate-field region of 0.

,bFp
,1.2, bFp

dependencies are also well described by t
equation for the OCMG-processed Nd-Ba-Cu-O samp
This supports the assumption thatDk pinning is dominant in
the OCMG-processed samples in the intermediate-field ra
like a single crystal. However, as pointed out by Kle
et al.,50 the scaling holds only toBFp

max, and therefore, the
g
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deviation from the master curve may take place at hig
fields, which is observed in the present experiment, and
in Y123 single crystals with the peak effect as reported
Hyun et al.54 On the other hand, a good scaling inf p-bFp

abovebFp51 suggests the presence of some universal p
ning mechanism that dominates theJc(B,T) behavior in this
field region and alsoBirr (T).

Figure 7 showsf p versusbirr ([B/Birr ) at 77 K, which
clearly enlightens the effect of Nd422 inclusions in the hig
field region. A slight increase inf p above the peak field
(BFp

max) is observed by increasingVf /d ~MT1F and MT3!.

The peak position also shifts to higher fields. These res
imply that Nd123/Nd422 interface pinning lead to a lar
volume pinning force at relatively high fields.

In order to study the effect of Nd422 inclusions furthe
we studied thef p-birr dependence aboveBFp

max. For analy-

ses, we used the catastrophic55and the avalanching depinnin
model56 since these models provide information on the d

FIG. 6. The plots ofFp /Fp
max([ f p) versusB/BFp

max([bFp

max) at
temperatures above 77 K for~a! SFC,~b! MT1, ~c! MT1F, and~d!
MT3. Dashed lines correspond to the fitting by using Eq.~4!, which
is the theoretical model ofDk pinning by Klein et al. Solid lines
correspond to the fitting by using Eq.~10! for the data at 77 K. The
n value in Eq.~10! is also shown in the figure.
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pinning behavior in a high-field region. In the catastroph
depinning model, pinning centers are assumed not to
strong enough to support a large driving force, and the lo
plastic deformation takes place, leading to a catastrophic
flow in a sample. The model gives the following function
form:

Fp5aLdi}C66af}b1/2~12b!2, ~5!

whereaL is the Labusch parameter,di the interaction dis-
tance,C66 the shear moduli,af the flux line lattice spacing
andb is a reduced magnetic induction.

In the avalanche depinning model, pinning potentials
assumed to be deeper than those in the catastrophic m
i.e., the local plastic deformation of fluxoid can be suppor
by pinning centers. This model gives the following relatio

f p}b1/2~12b!. ~6!

Thus we performed a numerical fitting using the form

f p}b1/2~12b!k, ~7!

which is a special case of Eq.~3! with b5birr , g51/2, and
k the fitting parameter. Here, the data atBFp

max,B are used

for the fitting because our purpose is to investigate the ef
of Nd422 in a high-field region.

The results of the numerical fitting are shown in Fig. 7
solid lines. It is evident that thef p-birr curve is well de-
scribed by the functional form off p}birr

1/2(12birr )k in the
field region ofB.BFp

max. Thek value for the present sample

is listed in Table IV. One can notice that thek value is

FIG. 7. The plot off p2birr curves at 77 K for MT1, MT1F, and
MT3. The solid lines correspond to the fitting by using the d
above BFp

max and theFp}birr
1/2(12birr )k relation. Note that thek

value is affected by Nd422 inclusions and it decreases from 2
~MT1! to 1.68~MT3! with increasing Nd422 content. Thek value is
listed in Table IV.

TABLE IV. The scaling parametersk in f p}birr
0.5(12birr )k are

obtained from the data in the high-field region (Bf p
,B,Birr ).

Sample parameterk

FSC 1.9160.05
MT1 2.0960.04
MT1F 1.8660.02
MT2 1.8460.03
MT3 1.6860.04
e
al
x

l

e
el,

d
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ct

s

sample dependent and systematically decreases from
~MT1! to 1.68 ~MT3! with increasing Nd422 content. Phe
nomenologically, the relation off p-birr shifts from the cata-
strophic depinning type (k52) to the avalanche depinnin
type (k51) when the amount of Nd422 inclusions is in
creased. It is thus assumed that a combination of catastro
depinning and avalanche depinning occurs in the higher-fi
region aboveBFp

max. Assuming that Nd123/Nd422 interfac

pinning become more dominant with increasing Nd422 c
tent, the result indicates that interface pinning is effect
pinning even in the high-field region, such that the samp
with the larger amount of Nd422 inclusions show smallek
values in thef p-birr fitting curves.

The role of Nd422 inclusions in high-field regime is als
proven by a different volume pinning force analysis. R
cently, a general scaling formula to deduce the type of p
ning regime was proposed by Jirsa and Pu˚st.57 They pro-
posed thatf p-bFp

scaling is equivalent to the scaling ofJc

normalized by the current density at the peak positi
Jc

pk(BJc

pk) versus the reduced fieldbJc
5B/BJc

pk :

Jc /Jc
pk5~bJc

pk!m exp$~m/n!@12~bJc

pk!n#%. ~8!

The parametersm andn describe the pinning regime. Base
on the analyses for numerousR123 samples from the litera
ture, Jirsa and Pu˚st found that Eq.~8! can describe the scal
ing properties withm kept to be unity andn being a variable
parameter. For the volume pinning force, using the con
tionsFp(BFp

max)/Fp
max51 and@dFp(B)/dB#50 atB5BFp

max,

and noting thatBJc

pkÞBFp

max, Eq. ~8! can be transformed to

BFp

max5BJc

pk@~m11!/m#1/n ~9!

and

f ~bFp
!5bFp

m11 exp@~m11!~12bFp

n !/n#. ~10!

For a comparative study among the samples, we c
ducted a fitting using Eq.~10!. Here we note the fitting was
unsuccessful for the data in the entire field region becaus
the large deviation in the low-field region. However, w
found a fairly good scaling for the data aboveBFp

max, as

shown in Fig. 6. Here we obtainedn52.52 for the single
crystal ~FSC! and n52.09 for OCMG-processed Nd-Ba
Cu-O sample~MT3!. It is clear that then value decreases
with increasing Nd422 content. A similar tendency has be
reported in the previous papers.53,58 Since the ratio
Birr /BFp

max increases with reducingn in Eq. ~10!, a largen

value means thatBirr is the higher for the constantBFp

max

value. This shows that Nd422 addition is in fact effective
enhancingBirr or the IL, which is supported by the resul
both in Jc-B and f p-birr curves. Moreover, the experiment
results also show that theBFp

max value is slightly higher for the

sample with more Nd422 inclusions, which implies thatBirr
is increased with Nd422 addition.

C. The effect of Nd422 inclusion on the pinning property

The B-T phase diagram in Y-Ba-Cu-O crystals has be
extensively studied.35,37,38,59–63 Recently, the presence o

9
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vortex liquid, Bragg glass, and a vortex glass phase h
been clarified in pure Y-B-C-O single crystals.64 These in-
formation will provide valuable suggestions on the vort
phase diagram in melt-processed samples. However, the
tex pinning mechanism in the melt-processed Nd-Ba-Cu
sample is much more complicated. This is mainly attribu
to the fact that the samples contains many kinds of defe
In fact, as we have shown above, interface pinning,Dk pin-
ning, and point pinning are active at temperatures above
K. Their function and effectiveness will differ depending o
many factors, such as their size, concentration, tempera
and magnetic field. Also, one has to take account of the
that thermal activation will smear the efficiency of a giv
defect at a certain condition.

The CC model, which treats collective actions of seve
defects over a certain correlation length or volume, has b
frequently applied in analyzing magnetic properties and
B-T phase diagram in many high-temperature supercond
ors, especially for a ‘‘clean’’ sample like a single crysta
Krusin-Elbaumet al.61 and Civaleet al.62 studied magneti-
zation curves and relaxation, and argued that the fishtail p
is related to a crossover from a single vortex pinning regi
to a collective pinning regime. Later, many studies have b
carried out based on CC theory to account for pinning pr
erties in high-temperature superconductors.65 However, the
CC model cannot be directly applied to our OCMG
processed samples. First, ‘‘strong’’ pinning~Nd422 inclu-
sions! active at high temperatures is not assumed in the
theory. Second, plastic interaction between vortices is m
important in this regime,63 rather than elastic interaction
which is assumed in the CC model. Third, our samples c
tain various types of pinning centers, which makes it diffic
to apply any single theoretical model to describe our exp
mental data in the entire temperature and field region. In
section, therefore, we focus on the function of Nd422 inc
sions, which is the most effective pinning in OCMG
processed Nd-Ba-Cu-O.

Here, we show how the Nd422 inclusions affect the p
ning mechanism in OCMG-processed Nd-Ba-Cu-O bul
because little is known about the effect of nonsupercond
ing inclusions on theB-T phase diagram nor the combine
effect of several pinning centers. As we have described
far, the pinning regime can be classified into three regim
The first regime is a low-field region where a combination
point pinning and interface pinning is active. The bounda
between the first and second field regimes isBJc

de f l , below

which the Jc}Bg21 and Fp}Bg relation is fulfilled. The
second region is an intermediate field region whereDk pin-
ning becomes active and thus the fishtail in theJc-B curve is
observed. In this regime which is betweenBJc

de f l andBFp

max,

the pinning force is not simply related to any determin
pinning mechanism, i.e., both the interface pinning andDk
pinning are in function. Thus theJc is influenced in a com-
plex manner by various defects like nonsuperconducting
cipitates, Nd-rich Nd123ss clusters, and point defect~oxygen
deficiency!. The third regime is betweenBFp

max and Birr ,

where f p-bFp
curves measured at variousT above 77 K are

well scaled onto a single master curve. This suggests th
temperature-independent pinning mechanism is domin
andBFp

max is a crossover line in theB-T phase diagram.
e
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The characteristic magnetic fields,BJc

de f l , BFp

max, andBirr

at 77 K are listed in Table V. It is evident that the chara
teristic magnetic fields slightly shift to higher fields a
Nd422 content (Vf /d value! is increased. This probably
comes from the fact that Nd123/Nd422 interface pinning
active in the entire field region belowBirr ; the increase of
volume pinning force by Nd123/Nd422 interface pinning r
sults in the enhancement ofBJc

de f l , BFp

max, andBirr .

There is a further point which needs to be clarified; t
question is whether the magnitude of fishtail or the fish
itself is affected by the presence of Nd422 inclusions. If tw
pinning centers can function simultaneously, theJc-B curve
may be expressed as a simple summation of two differ
contributions. Thus we separated theJc-B curve into two
components. We assume the first component gradually
cays with B and finally reaches zero atBirr . The second
component is mainly active in an intermediate-field regi
where the fishtail effect is observed. The first and seco
component will represent theJc-B curve attributed to inter-
face pinning andDk pinning, respectively. Here, we term th
first and second components as the background critical
rent (Jc,bk) and the additional critical current (DJc), respec-
tively, andJc(B)5Jc,bk(B)1DJc(B). Then we deduced the
contribution from the first component assumingJc,bk

5Abirr
p (12birr )q where A is a numerical constant, andp

andq are fitting parameters. The scaling parameters use
deduce the background critical current densityJc,bk are listed
in Table VI. Here, we used the data at low fields (B,0.4 T!
and high fields (B.5 T! where the contribution of the fish
tail is supposed to be negligibly small.

The results of numerical calculation for MT1 and MT1
are plotted in Fig. 8. It is evident that theJc,bk curve fits well
both at low and high fields. In addition, theJc,bk-B curve is
similar to the field dependence ofJc observed in melt-
processed Y-Ba-Cu-O bulk without the fishtail effect.8,35 On
the other hand, theDJc-B curve, obtained from the relation

TABLE V. The list of characteristics field.

Sample BJc

de f l ~T! BFp

max ~T! Birr ~T!

FSC 0.260.2 2.260.1 5.360.1
MT1 0.360.1 2.460.1 6.160.1
MT1F 0.560.1 2.660.1 6.660.1
MT2 0.660.1 2.860.1 7.060.1
MT3 0.660.1 3.060.1 7.160.1

TABLE VI. The scaling parameters used to deduce the ba
ground critical currentJc,bk .

Fp}birr
p (12birr )q

Sample (0,B,0.4 T, 5.0 T,B,Birr )
Birr A p q

FSC 5.3 0.28 0.48 0.49
MT1 6.1 2.49 0.95 1.61
MT1F 6.6 3.83 0.81 1.45
MT2 7.0 1.59 0.73 1.17
MT3 7.1 0.99 0.60 0.91
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of DJc5Jc2Jc,bk , shows the maximum at an intermedia
field, which is quite similar to the shape of theJc-B curve in
Nd123 single crystal. These results support the idea that
Jc,bk-B curve andDJc-B curve represent theJc contribution
from the interface pinning andDk pinning in the OCMG-
processed Nd-Ba-Cu-O.

It has been generally believed that moderate concentra
of nonsuperconducting inclusion~i.e., Nd422 inclusions! en-
hances the current in the low-field regime, whereas a m
higher concentration of weakly interacting defects~i.e.,
Nd123ss! produces a fishtail peak in the medium fie
range.24 In this point of view, a desirable improvement inJc
is to achieve a simple addition of both currents from a co
bination of both defect structures. However, it has been s
posed difficult to introduce the two pinning simultaneous
for the following reasons: one is the interference between
two pinning, and the other is whether or not the element
pinning interaction sums up linearly to the global pinni
force per volume.

Here, it is important to notice that the maximumDJc

value ([DJc
max) in MT1 and MT1F are nearly the same

This suggestsDJc
max is proportional to the volume fraction o

Nd123 matrix. In other words, overallJc is a simple summa-
tion of Jc,bk and DJc , and thatDk pinning can cofunction

FIG. 8. Analysis ofJc-B property by separating it into two
components: background critical current (Jc,bk) and additional criti-
cal current (DJc). ~a! The relation betweenJc,bk-B andJc-B at 77
K (Hic) for MT1F and MT1. The solid and dashed line correspo
to the ~numerically deduced! Jc,bk value for MT1F and MT1, re-
spectively, while filled and open squares correspond to the~mea-
sured! Jc value.~b! TheDJc-B dependence for the samples studi
here. Inset of~b!: the relation betweenDJc

max and the cross-
sectional area of the Nd123 matrix, where a good linear relatio
recognized.
he

on

h

-
p-

e
y

with Nd123/Nd422 interface pinning without any significa
interference. To confirm this assumption further, we a
conducted the same analysis for FSC, MT2, and MT3, a
found that DJc

max is almost proportional5 to the cross-
sectional area of the Nd123 matrix@inset of Fig. 8~b!#. One
should notice that the result provides very important sugg
tions on the pinning properties in Nd-Ba-Cu-O composit
First, DJc per Nd123 matrix is not affected by Nd422 add
tion. This supports the assumption that the fishtail peak
caused by the presence of Nd123ss clusters in the Nd
matrix. Second, the overallJc is a simple summation ofJc,bk
and DJc . This meansJc in the entire field region could be
further enhanced by the introduction of strong interface p
ning without decayingDk pinning, although the ‘‘shape’’ of
fishtail itself may be smeared or ‘‘washed away’’ due to t
growth of Jc,bk . For example, Weber66 and Chikumoto
et al.67 observed a complete disappearance of the fish
peak in melt-processed Nd-Ba-Cu-O samples after introd
ing ‘‘strong’’ artificial pinning centers through neutron irra
diation. This is probably due to the significant enhancem
in backgroundJc , with low-field Jc near 23109 A/m2 as
compared to 1.53108 A/m2 prior to irradiation. Third, the
fishtail peak is related to the properties of elementary pinn
centers11,50in that a direct summation in pinning force can b
recognized. It also suggests thatDk pinning is strong pin-
ning in the sense that it enhances theJc in the intermediate
field region at elevated temperatures.

IV. CONCLUSION

We have performed a systematic study on the role
Nd4Ba2Cu2O10 ~Nd422! nonsuperconducting particles fo
flux pinning in Nd-Ba-Cu-O bulk superconductors. We me
sured magnetic properties of several OCMG-processed
Ba-Cu-O samples with different amount and size of Nd4
inclusions, together with a single crystal. Nd422 inclusio
are found to act as the interface pinning which is the m
effective and dominant at low fields and high temperatur
The pinning can be enhanced with increasingVf /d either by
increasing the amount of Nd422 (Vf) or by reducing the size
(d). The pinning by Nd422 is quite similar to that of Y21
inclusions in Y-Ba-Cu-O. Nd422 addition is also found to
effective in enhancing theJc andFp even nearBirr .

There are three pinning regimes in theB-T phase diagram
at elevated temperatures (T>77 K!: a combination of point
pinning and Nd123/Nd422 interface pinning belowBde f l; a
combination of interface pinning andDk pinning between
Bde f l andBFp

max; and interface pinning with a slight influenc

from Dk pinning betweenBFp

max andBirr , where a combina-

tion of catastrophic and avalanche depinning occurs. Nd
addition shifted the boundary of the pinning regime to high
fields.

Overall Jc is almost a simple summation of the contrib
tions of two independentJc-B curves. One is a combinatio
of pointlike pinning and Nd123/Nd422 interface pinning,
that Jc decreases withB. The other isDk pinning mainly
active in an intermediate-field region and is responsible
the fishtail in theJc-B curve. These different pinning cente
can act simultaneously. It is found that the magnitude ofDk
pinning is proportional to the volume of the Nd123 matrix

is
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