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Comparative study of critical current densities and flux pinning among a flux-grown
NdBa2Cu3Oy single crystal, melt-textured Nd-Ba-Cu-O, and Y-Ba-Cu-O bulks
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We have studied the field and temperature dependence of the critical current densityJc(B,T) for a flux-
grown NdBa2Cu3Oy single crystal~Nd123SC!, melt-textured Nd-Ba-Cu-O~OCMG-Nd-Ba-Cu-O!, and Y-Ba-
Cu-O ~MPMG-Y-Ba-Cu-O! bulks. In theJc-T curves, an exponential-like behavior in a low-temperature
region could be explained in terms of the collective flux creep model, whileJc-T curves in a high-temperature
region could well be fitted to the Kim-Anderson creep model. For the scaling ofJc-B curves, power-law
relation ofJc}Bg21 is observed for all the samples in a low-field region in that the exponentg is roughly 1

2 for
OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba-Cu-O, and 1 for Nd123SC, corresponding to surface pinning and
point pinning, respectively. The surface pinning is ascribed to the presence of second-phase particles. In an
intermediate field region, theg values become almost 2 for Nd123SC andOCMG-Nd-Ba-Cu-O, showing that
Dk-point pinning is dominant, which presumably originates from the Nd-Ba substituted regions with depressed
Tc . On the basis of ourJc(B,T) analyses, we could classify theB-T phase diagram into several regimes of
different dominant pinning mechanisms.@S0163-1829~99!04502-6#
d
d
s
o

-

te
23

e
e
h
ff
u-
in
tu
n

d

ri-
ti
t

en
the

em-
ex-

e-

de-
een
pin-

a
rom
-
eep
col-
a

ge

th
en
,
ce,
ith

ot
heir
tly

d at
ster
the
I. INTRODUCTION

High-pinning performance of LRE-Ba-Cu-O~LRE is
light rare-earth elements of La, Nd, Sm, Eu, G!
superconductors,1–4 which were melt processed in a reduce
oxygen atmosphere, is closely related to the presence of
ondary peak effect in theJc-B curves. The peak effect is als
observed in the NdBa2Cu3Oy ~Nd123! single crystals grown
by a traveling-solvent floating-zone method5 and a self-flux
method.6 Unlike the Y-Ba-Cu-O, which forms only a sto
ichiometric YBa2Cu3Oy (Y123) compound, the LRE-Ba-
Cu-O systems exhibit a LRE11xBa22xCu3Oy type solid
solution.7 Egi et al.5 and Wu Tinget al.8 found that Nd123
single crystals contain small clusters 10–50 nm in diame
which have Nd content slightly higher than that of the Nd1
matrix and thus exhibit lowerTc . Such localized Nd-rich
clusters are superconducting in low fields and will be driv
normal with increasing field, thereby act as field-induc
pinning centers. Thus, the presence of Nd-rich clusters
been proposed to be the source of the secondary peak e
in the Nd-Ba-Cu-O. Later, this idea was verified by Chik
moto et al.9 with high-temperature annealing experiments
that the peak effect disappeared when compositional fluc
tion in the matrix was annihilated by high-temperature a
nealing.

The secondary peak effect has also been observe
Y123 single crystals,10–12 melt-textured Y-Ba-Cu-O bulks
with relatively small amounts of the Y2BaCuO5 (Y211) sec-
ond phase13 and irradiated Y123 single crystals.14 The peak
effect is also termed ‘‘fishtail’’ and is often observed in va
ous superconducting materials, although its origin is s
controversial. In general, the source of the peak effec
PRB 590163-1829/99/59~2!/1514~14!/$15.00
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twofold differentiated by its temperature dependence. Wh
the peak field is temperature independent, it is ascribed to
matching effect between the flux-line lattice~FLL! spacing
and the average defect spacing. For Bi-Sr-Ca-Cu-O, t
perature independent peak effect has successfully been
plained in terms of dimensional crossover from thre
dimensional~3D! to 2D of FLL.15 In most cases for Y123
related materials, however, the peak field is temperature
pendent, for which several pinning mechanisms have b
proposed, e.g., vortex-phase crossover and field-induced
ning based on granular superconductivity.

Krusin-Elbaumet al.10 interpreted the fishtail effect as
change in magnetization relaxation due to the crossover f
single vortex to collective pinning. In Ref. 10, a mirror im
age, in which a larger current density leads to a smaller cr
rate, was presented as an experimental evidence for 3D
lective pinning, and the fishtail peak was ascribed to
change in the vortex-vortex interaction from a small to lar
bundle.

Daeumling, Seuntjens, and Larbalestier11 explained the
fishtail effect in terms of granular superconductivity. Wi
increasing magnetic field, superconductivity in the oxyg
deficient region with depressedTc is strongly suppressed
which leads to an increase of the elementary pinning for
and, therefore, the critical current density increases w
field. Wenet al.13 have shown that the fishtail effect cann
be explained by the vortex-phase crossover referring t
experimental results, in which the fishtail effect is grea
enhanced by extra oxygen deficiencies. Kleinet al.,12 on the
basis of the fact that the magnetization curves measure
different elapsed times could be scaled onto a single ma
curve, also concluded that the fishtail effect is related to
1514 ©1999 The American Physical Society
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TABLE I. Processing conditions and sample dimensions for Nd123SC, OCMG-Nd-Ba-Cu-O, and
MPMG-Y-Ba-Cu-O.

Sample Atmosphere Dimensions~mm! Tc ~K!

Nd123SC 0.1%O2-Ar gas 0.8030.8030.30 93.2
OCMG-Nd-Ba-Cu-O 1%O2-Ar gas 0.9231.5430.51 93.9
MPMG-Y-Ba-Cu-O Air 1.0831.1331.12 91.6
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property of an elementary pinning center. They sugges
that the fishtail effect is due to the flux pinning caused b
spatial fluctuation of the Ginzburg-Landau parameter~or ap-
preciated asDk pinning! in a low-field region and percola
tion in a high-field region. Recently, Erbet al.16 found that
the fishtail peak was not observed in a pure Y123 sin
crystal when it was grown in a BaZrO3 crucible and fully
oxygenated. They also showed that the fishtail peak appe
when the sample was slightly deoxygenated. These res
obviously support the fact that the fishtail effect is not intr
sic to the Y123 materials or the vortex phase but origina
from the defects or weak superconducting regions, which
be sorted into two groups: local oxygen-deficient regions
weak-superconducting regions caused by chemical cont
nation either from raw materials or crucibles. As mention
previously, for the case of LRE-Ba-Cu-O materials, ho
ever, local weak-superconducting regions are the LRE
clusters caused by LRE-Ba substitution, which is suppor
by the fact that extra deoxygenation did not enhance
rather smeared the peak effect.1 For some LRE-Ba-Cu-O
samples, it should be noted that oxygen-deficient region
chemically contaminated regions are also present depen
on the processing conditions, which will complicateJc-B
properties such that a plateaulike broad peak or even m
tiple peaks are observed in some crystals.17 It is also impor-
tant to note that the optimum oxygen-annealing conditio
are dependent on thex value of LRE11xBa22xCu3Oy solid
solution. Thus, the function of LRE-rich clusters as pinni
centers is dependent on the oxygenation levels for both
matrix and the clusters, which should be born in mind wh
we try to understand the pinning mechanism of LRE-B
Cu-O superconductors.

In the melt-processed LRE-Ba-Cu-O the second-ph
particles of LRE4Ba2Cu2O10 ~LRE422! for La, Nd, or
LRE2BaCuO5 ~LRE211! for Sm, Eu, and Gd are also foun
to act as effective pinning centers particularly in a low-fie
region,18 which is analogous to the function of Y21
second-phase particles in the Y123 bulk materials m
grown with several methods like melt textured grow
~MTG!,19 quench and melt growth~QMG!,20 and melt pow-
der melt growth~MPMG!.21 These materials frequently ex
hibit a shoulder or a plateau in theJc-B curves in a high-
temperature region and even a fishtail peak when the am
of Y211 second phase trapped in the Y123 is small. The
fore, in addition to Y211, local oxygen-deficient or oth
defect~impurity! regions in Y123 can act as pinning cente
showing that the kind of dominant pinning centers can v
depending on the microstructure, temperature, and fi
strength. Hence, it is important to compareJc(B,T) charac-
teristics among various systems with well-characterized
crostructures, which may allow us to identify dominant p
ning mechanism in theB-T phase diagram, and will also b
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informative for further development of high performan
LRE-Ba-Cu-O superconducting materials.

In the present study,Jc(B,T) characteristics were studie
for a Nd123 single crystal, melt-processed Nd-Ba-Cu-O, a
melt-processed Y-Ba-Cu-O bulk materials with different m
crostructural features. In order to clarify the effect of flu
creep on theJc(B,T) properties, we also measured the tim
decay of the magnetizationM (t) for a wide temperature and
field range.

For analyzingJc(T) curves, we employed several theori
including the Kim-Anderson model,22 vortex glass,23 and
collective-pinning.24–26 Similarly, for the Jc(B) and Fp(B)
curves, scaling parameters were determined by fitting
data to the appropriate scaling relationship. With such d
analyses, we compared the flux-pinning characteristics
the present samples. Finally, we could successfully clas
the B-T phase diagram into several regimes based on
dominant pinning mechanism.

II. EXPERIMENT

NdBa2Cu3Oy single crystal (Nd123SC) was flux grown
in a yttria-stabilized zirconia~YSZ! crucible using the flux
composition of Nd:Ba:Cu51:15:34 in flowing 0.1%O2-Ar.
The details of the crystal-growth conditions are describ
elsewhere.27 As-grown crystals were oxygenated in flowin
pure O2 by slowly cooling from 500 to 250 °C for 100 h.

We have also prepared Nd-Ba-Cu-O and Y-Ba-Cu-O w
the melt-textured process. Bulk Nd-Ba-Cu-O sample w
grown by the oxygen-controlled melt-growth~OCMG!
method1 with the nominal composition of Nd:Ba:Cu
51.8:2.4:3.4, which corresponds to the molar ratio
NdBa2Cu3Oy :1/2Nd4Ba2Cu2O105100:40. The melt-growth
process was performed in a 1%O2-Ar atmosphere. The
grown samples were oxygenated at 300 °C for 100 h. B
Y-Ba-Cu-O sample was melt processed by the MPM
method21 with the nominal composition of Y:Ba:Cu
51.8:2.4:3.4. The samples were melt grown in air and s
jected to oxygenation at 400 °C for 100 h.

Sample dimensions and the onsetTc for these three
samples are listed in Table I. In the present study, full o
genation for each sample was aimed. Based on the prev
studies on the relation between annealing temperature
oxygen content for NdBa2Cu3O72d

28 and YBa2Cu3O72d ,29

we employed the temperatures of 300 and 400 °C
OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba-Cu-O, respectivel
In contrast, for Nd123SC, which is more difficult to incor-
porate oxygen, higher temperatures at initial stage were
ployed, followed by slow cooling from 500 to 250 °C. Com
pared with the previous results reported by Takitaet al.,30 Tc
higher than 93 K for the Nd123SC andOCMG-Nd-Ba-Cu-O
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indicates thatx in the formula Nd11xBa22xCu3O72d is
smaller than 0.05.

Figure 1 shows optical micrographs under polarized li
for the three samples. Nd123SCexhibits only a twin struc-
ture without other appreciable defects, however, scann
tunneling microscopic8 and transmission-electron micro
scopic observations5 confirmed the presence of Nd-ric
Nd11xBa22xCu3O72d (Nd123ss) clusters about 10–50 n
in diameter. OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba-Cu-
samples contain second-phase particles with respective a
age diameters of approximately 10 and 1mm. In the matrix
of OCMG-Nd-Ba-Cu-O, Nd-rich Nd123ssclusters are also
present.9 In MPMG-Y-Ba-Cu-O fine Y211 inclusions ar
dispersed in the Y123 matrix with fine twin structure
Therefore, microstructural features of three samples are c
acterized as follows. All the samples contain twin plan
Nd123SC hasNd-rich Nd123ssclusters. OCMG-Nd-Ba-
Cu-O has both Nd-rich Nd123ssclusters and large norma
conducting particles. MPMG-Y-Ba-Cu-O contains relative

FIG. 1. Optical micrographs under polarized light for~a!
Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and~c! MPMG-Y-Ba-Cu-O.
Nd123SC exhibits only twin structure. OCMG-Nd-Ba-Cu-O a
MPMG-Y-Ba-Cu-O samples contain second-phase particles w
respective average diameters of approximately 10 and 1mm.
t

g

er-

.
ar-
.

fine normal conducting particles. Powder x-ray diffractio
showed that these second phases were Nd422 for
OCMG-Nd-Ba-Cu-O18 and Y211 for the MPMG-Y-Ba-
Cu-O.21

dc magnetization measurements were performed wit
quantum design MPMS superconducting quantum inter
ence device~SQUID! magnetometer. Data acquisition wa
made using a scanning length of 4 cm in a persistent cur
mode after waiting for 30 s at the target field. OnsetTc data
were determined from the magnetization curves measu
with a dc field of 10 Oe applied parallel to thec axis (Hic).
M -H loops were measured with a maximum applied field
7 T in a temperature range of 10 to 92 K.

The time decay of magnetizationM (t) was measured for
4000 s at various fields ranging from 1 to 5 T and tempera-
tures from 10 to 77 K. In order to ensure full flux penetr
tion, a negative field of25 T was applied prior to each deca
measurement. Onset time of the decay measurements
definedt init5140 s by taking account of the time required f
field stabilization in the equipment. This value oft init was
certified by the fact that the exponentm values in the relation
M 2m} ln t were almost identical for two different method
in which m was determined as to maximize the statistic
correlation constantR2 in the line fitting ofM 2m} ln t, or as
a slope of 1/S} ln t ~S: normalized creep rate!, as performed
by Civaleet al.31 Jc values were determined from theM -H
loops using the extended Bean model32 with the following
relation:

Jc520DM /a/~12a/3b!, ~1!

whereJc is in A/cm2, DM is magnetization hysteresis durin
increasing and decreasing field processes in emu/cm3, anda,
b (a<b) are cross-sectional sample-dimensions perpend
lar to the field and in cm. When an external fieldH is applied
parallel to an infinite superconducting slab, vortices ins
the sample is always parallel to the applied field, which
lows one to estimate the correctJc values using the extende
Bean model. In practical cases, however, since the sam
dimensions are finite, the effect of self magnetic inducti
(Bs) must be taken into consideration. WhenH is small, the
vortices will be bent owing toBs .33,34 In such a case, the
contribution ofJc parallel to thec axis (Jc

c) is not negligible
compared to that ofJc parallel to theab plane (Jc

ab), and,
thus, it is difficult to determine accurateJc values based on
the extended Bean model. For simplicity, hereafter we reg
theBs as an applicability limit for theJc determination using
the extended Bean model, which has previously been
ployed by Civaleet al.14 SinceBs is roughly equivalent to
the field that reaches the center of a sample,Bs ~in G! is
approximated as

Bs'Jca/2. ~2!

At higher fields, the vortices inside the sample tend to al
parallel to the external field. In addition, magnetic inducti
B is almost identical to the external fieldH due to a relatively
small magnetization valueM compared with that ofB
(5m0H1M ), for which the extended Bean model is reaso
ably valid to assess correctJc values.

th
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III. RESULTS AND DISCUSSION

A. Jc„B,T… behaviors

Figure 2 shows semilogarithmic plots ofJc-B curves for
three samples. As shown in Fig. 2~a!, Nd123SCexhibits
prominent fishtail peaks in an intermediate field range at h
temperatures above 70 K. In contrast, MPMG-Y-Ba-Cu-O
Fig. 2~c! exhibits a monotonous decrease inJc with increas-
ing B in all the temperature range, which is quite differe
from the presence of prominent peaks in Y123 sin
crystals.10–12Both a decrease inJc with B at lower fields and
fishtail peaks at temperatures above 70 K are observe
OCMG-Nd-Ba-Cu-O, as shown in Fig. 2~b!, although the
peak effect is not so pronounced as to be compared with
of Nd123SC. Here, it is interesting to notice that theJc-B
behavior of OCMG-Nd-Ba-Cu-O shows combined charac
istics of Nd123SC and MPMG-Y-Ba-Cu-O.

Figure 3 shows semilogarithmic replots ofJc as a func-

FIG. 2. Semilogarithmic plots ofJc-B curves (Hic) in a tem-
perature range of 10–92 K for~a! Nd123SC,~b! OCMG-Nd-Ba-
Cu-O, and~c! MPMG-Y-Ba-Cu-O. The self-fieldBs is represented
by a dotted line in the figure. Note that the field dependence ofJc is
different among these samples. Nd123SCexhibits prominent fish-
tail peaks in an intermediate-field range at temperatures abov
K. MPMG-Y-Ba-Cu-O exhibits monotonous decrease inJc with
increasingB in all the temperature range. OCMG-Nd-Ba-Cu-
shows a monotonous decrease inJc with B at lower fields and a
fishtail peak at higher fields when temperature is above 70 K.
h

t
e

in

at

r-

tion of temperature for these samples. For all the samp
below 0.5 TJc decreases monotonously with increasing te
perature. The linear relation, which is observed in the plo
ln Jc vs T at temperatures below 70 K, shows an exponen
relationship ofJc}exp(2CT), where C is a temperature-
independent constant. Further increase inT to the irrevers-
ibility temperatureTirr , however, leads to a considerable d
pression ofJc . In contrast, above 1 T, each sample sho
slightly different Jc-T behavior. For the Nd123SCsample,
the slope of the lnJc-T plot becomes small with increasingB
due to the fishtail effect in theJc-B curves. OCMG-Nd-Ba-
Cu-O shows similarJc-T behavior in that there is a cross
over in theJc-T curves, which is not observed in MPMG
Y-Ba-Cu-O exhibiting a monotonous decrease inJc with
increasingT.

B. Temperature dependence ofJc

A general expression of the volume pinning for
Fp(B,T) is given in the form

70

FIG. 3. Semilogarithmic plots ofJc vs T in a field range of
0.5–6 T withHic for ~a! Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and
~c! MPMG-Y-Ba-Cu-O. HereBs is again represented by a dotte
line. For Nd123SC andOCMG-Nd-Ba-Cu-O, the slope of the
ln Jc-T plot decreases with increasingB, corresponding to the fish
tail peak effect. For MPMG-Y-Ba-Cu-O, however, the slope of t
ln Jc-T plot is almost constant.



,
o

a
co
ur
t

ile
h

nd
de
o
th

th

ne
ge
o

th
tia

y
t
ri

n
-

t
in
g

the
the

-

ze
gi-

the

ll-

ion
t an
h
the

s,
At
de-
the

-Y-

ior
pen-

y

ize

of
be
e,

ent
d
on-

1518 PRB 59T. HIGUCHI, S. I. YOO, AND M. MURAKAMI
Fp~B,T!5Fp0@12~T/Tc!
2#mbg~12b!d. ~3!

From the relationJc[Fp /B, one can obtain

Jc~B,T!5Jc0@12~T/Tc!
2#m8Bg21~12b!d, ~4!

whereJc0 andFp0 are independent ofB andT, m, g, andd
are scaling parameters (m85m2g), and b is a reduced
magnetic inductionB/Bc2 ~Bc2 : upper critical field!.35 The
temperature dependence ofJc is then given by Jc(T)
'Jc0@12(T/Tc)

2#m8. As discussed in our previous paper36

however, a simple linear relationship could not be found
the plot of lnJc vs ln@12(T/Tc)

2#. Although Jc exhibited a
monotonous decrease with increasing temperature, e
curve was not characterized by a single parameter but
sisted of three different regimes depending on temperat
low, intermediate, and highT regimes exhibiting a differen
temperature dependence.

As shown in Fig. 3, an exponential relation ofJc(T)
}exp(2CT) is observed at temperatures below 70 K, wh
no such relation is established both in low- and hig
temperature regions. Feigel’manet al.24 theoretically pre-
dicted that an exponential relation inJc(T) would be ob-
served in a collective pinning regime. Manuel, Aguillon, a
Senoussi,37 concluded that an exponential temperature
pendence ofJc is equivalent to a logarithmic dependence
the pinning potential on the defect-vortex distance in
flux-creep model. Dorosinskiiet al.38 demonstrated that a
wide Gaussianlike distribution of pinning energies causes
exponential decay ofJc with increasingT in Y123 crystals.
However, in our case, the treatment based on such expo
tial Jc-T relation cannot cover the whole temperature ran
In a low-field and low-temperature region, underestimate
Jc due to the self-field might cause discrepancy from
exponential relation. It is also true that a simple exponen
expression fails to describe an abrupt decrease inJc at tem-
peratures above 70 K, where thermal-activation energ
large. Hereafter, quantitative analyses are performed to fit
experimental data to various proposed models by conside
the flux-creep effect.

1. Kim-Anderson model

In the Kim-Anderson model,22 on the assumption that a
apparent pinning potentialU is linearly reduced with increas
ing the currentJ, U(J) has the form

U~J!5U0@12J/Jc0#, ~5!

whereU0 and Jc0 are pinning potential and critical curren
density in the absence of flux creep, respectively. Combin
Eq. ~5! with the Arrhenius relation for the vortex hoppin
leads to the well-known Kim-Anderson flux-creep relation

Jc~T!5Jc0@12~T/U0!ln~ t/teff!#, ~6!

and the normalized creep rateS(T) @[2(] ln J/] ln t)B,T# is
given by

S~T!52T/@U02T ln~ t/teff!#, ~7!

where teff is an effective attempt time. Equation~6! shows
that Jc is greatly reduced due to the flux creep whenU0 is
small andT is large. One can also see thatJc should decrease
n

ch
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linearly with T in a low T region, whereU0 is almost tem-
perature independent, leading to a convex curvature in
ln Jc-T plot. However, a concave curvature is observed in
experimental lnJc-T curves shown in Fig. 3.

2. Collective creep

Thompsonet al.39 adopted the following inverse power
law form based on the vortex-glass23 and the
collective-pinning/collective-flux-creep24–26 theories:

U~J!5~U0 /m!@~Jc0 /J!m21#, ~8!

with the characteristic exponentm. One advantage of this
expression is that it contains almost all theU(J) functions.
For example, the Kim-Anderson model is the case form
521. The relation ofU(J)5U0 ln(Jc0 /J) adopted by Zel-
dov et al.40 or Maleyet al.41 is also obtained form50. Using
this U(J) relation, a more general form forJc(T) is given by

Jc~T!5Jc0 /@11~mT/U0!ln~ t/teff!#
1/m, ~9!

and thus

S~T!52T/@U01mT ln~ t/teff!#. ~10!

The exponentm is an important parameter to characteri
both the relaxation and vortex dynamics. Phenomenolo
cally, m521 gives a straight line, whilem,21 and
m.21 give respective convex and concave curves in
plot of M vs ln t. In the collective-pinning theory,24–26 three
different pinning regimes of single-vortex pinning, sma
and large-flux bundles are characterized bym51/7, 3/2, and
7/9, respectively.

Figure 4 shows time decay of normalized magnetizat
in a temperature range of 10–77 K for these samples a
applied field of 4 T, which is believed to be sufficiently hig
enough to neglect the self-field effect even at 10 K. Here,
slope of theM -ln t curve gives the normalized creep rateS
according to the equation S[2(] ln J/] ln t)B,T
'(dM/d ln t)/Minit . As a general trend for all the sample
the relaxation behavior can be summarized as follows.
low temperatures, the slope is quite small and almost in
pendent of temperature, although a large increase in
slope is observed at temperatures above 60 K for MPMG
Ba-Cu-O and above 70 K for Nd123SC andOCMG-Nd-Ba-
Cu-O.

To enlighten the difference in the relaxation behav
among these samples, we deduced the temperature de
dence of the normalized creep rateS and the linear coeffi-
cient m in the relationM 2m} ln(t). A least-square method
was used to obtain am value according to the method b
Civale et al.31 and Thompsonet al.42 in which them value
was determined by varying hypothetical values to minim
the quantity (12R2), where R2 is a statistical correlation
constant and ideally unity for a perfect fitting. Next,S is
obtained from the slope of lnM vs ln t plot using the least-
square method. Thus, obtained temperature dependencem
andS is displayed in Fig. 5. For all the samples, it should
noted thatm ranges from 0 to 3 in a low-temperature rang
while m is negative in a high-temperature region.S-T curves
for all the samples show almost temperature-independ
values, ranging from 0.02 to 0.04 roughly up to 60 K for N
samples and to 50 K for Y samples. These results are c
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sistent with theS-T behavior in our previous papers43,44 and
also supports the idea of the collective creep expressed in
~10!, as pointed out by Malozemoff and Fisher.45 Further
increase in temperature leads to an abrupt increase iS,
which can be explained in terms of the Kim-Anderson cre
These results, therefore, suggest the transition from a co
tive creep regime to a Kim-Anderson creep regime with
creasing temperatures, which agrees well with the results
a Y123 single crystal and a melt-processed Y-Ba-Cu-O b
reported by Ku¨pfer et al.46

We then determined fitting parameters in Eq.~9! for these
two regimes. Following the approach by Thompsonet al.42

we assume thatJc0 andU0 vary with temperature as

Jc0~T!5Jc0~0!@12~T/Tc!
2#3/2, ~11!

and

U0~T!5U0~0!@12~T/Tc!
2#3/2. ~12!

FIG. 4. Time decay ofM at temperatures from 10 to 77 K for~a!
Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and~c! MPMG-Y-Ba-Cu-O.
The data at 4 T were employed, since it is higher than the self-fie
even at a temperature as low as 10 K. TheM value is normalized by
the initial M value for all the temperatures. At temperatures bel
50 K, the slope is small and almost independent of temperature
contrast, a considerable increase in the slope is observed at
peratures above 60 K.
q.

.
c-
-
or
lk

Equation ~11! is deduced from the relationJc0'Hc /l,
where Hc and l are the thermodynamical critical fiel
„}@12(T/Tc)

2#… and the penetration dept
„}@12(T/Tc)

2#21/2
…, respectively. In addition, for simplic-

ity, we use the same exponent3
2 to describeT dependence of

the potentialU0 . First, U0(0) and m ln(t/teff) were calcu-
lated with the least-square method for Eq.~10!. These values
were substituted into Eq.~9! and then the least-squar
method was repeated to determineJc0(0), m, and ln(t/teff)
values. For a high-temperature range, where the K
Anderson creep is dominant, Eqs.~6! and~7! were employed
in place of Eqs.~9! and~10!. Thus, calculatedJc-T curves at
4 T are displayed with the experimental data in Fig. 6. T
fitting parameters are listed in Table II. These values are
in contradiction with the previously reported data in Ref. 3
At temperatures approximately below 40 K, the concave c
vature is well expressed by the collective creep model,
though the true values forJc0(0) andU0(0) are not empiri-

In
m-

FIG. 5. Temperature dependence ofm and S at 4 T for ~a!
Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and~c! MPMG-Y-Ba-Cu-O.
For all the samples, respectivem andSvalues are in the range of 0
to 3 and 0.02 to 0.04 at lower temperatures. In contrast, a fur
increase in temperature leads to a change in the sign ofm values
from positive to negative accompanied by an abrupt increase iS.
These two regimes correspond to a collective creep regime at lo
temperatures and a Kim-Anderson creep regime at higher temp
tures.
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cally available. In contrast, at temperatures above 50 K,
is a Kim-Anderson regime, it is clear that the sample w
higherJc ~or Tirr! exhibits the largerJc0(0) andU0(0) val-
ues.

In conclusion, the temperature dependence ofJc can to-
tally be explained by taking account of the flux creep co
bining both the Kim-Anderson and collective creep mode
Similar treatment was successfully applied to the understa
ing of the flux creep in a Y123 single crystal and me

FIG. 6. Fitting of Jc-T behaviors in 4 T with collective creep
and Kim-Anderson creep models for~a! Nd123SC,~b! OCMG-Nd-
Ba-Cu-O, and~c! MPMG-Y-Ba-Cu-O. The fitting parameters ar
listed in Table II. Each sample shows a fairly good fitting with tw
models for all the temperature range.
at

-
.
d-

processed Y123 bulk,46 therefore, this kind of transition in
Jc-T relation might be common to RE123 materials.

C. Field dependence ofJc

In the former section, we showed that the temperat
dependence ofJc is well described by taking account of tw
flux-creep regimes, in which the Kim-Anderson creep
dominant in a highT region, while the collective creep pre
vails at lower temperatures. Here, it should be born in m
that two parametersU0 and Jc0 in Eqs. ~5!–~10! are also
field dependent, which will be treated in this section.

In a low-field region, since a reduced fieldb is negligibly
small, the field dependence ofJc}Bg21 is expected from Eq.
~4!. Figure 7 shows logarithmic replots ofJc vs B at high
temperatures above 77 K. It is clear that the relationshipJc

}Bg21 is recognized in a lowB region (B,0.5 T) for the
OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba-Cu-O, where the e
ponentg was determined asg21'20.7 to 20.4. On the
contrary, the Nd123SC exhibits g21'20.1. For the
normal-surface pinning,g2152 1

2 has been deduced theo
retically from a simple summation of individual pinnin
forces.35 Therefore, it is probable that the high-pinning pe
formance of the OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba
Cu-O in a lowB and highT region is closely related to the
dispersion of nonsuperconducting particles.

Figure 8 shows logarithmic plots ofJc /Jcpk as a function
of B/Bpk at high temperatures above 60 K for Nd-Ba-Cu
samples.Bpk is the peak field andJcpk is the associatedJc
value. In the region ofB/Bpk.0.5, all the curves can be
superimposed onto a single curve. Since theJc-B curves are
scaled usingBpk as well asBirr , it is probable thatBpk has
temperature dependence similar toBirr and that the pinning
mechanism is dominated by a single type of pinning cent
Perkinset al.47 demonstrated that a Tm123 single crystal e
hibited this kind of scaling behavior onJc /Jcpk vs B/Bpk ~or
DM /DMpk vs B/Bpk! plots and tried a semiphenomenolog
cal analysis, in which the scaling was successful not only
a wide temperature range but also for varied electric fieldE
of 1028 to 1027 V m21. Although M -H curves were not
measured with varyingE for the present samples, ou
samples might also exhibit a fishtail behavior even in
higherE. This also suggests that the fishtail effect in RE1
is not due to a change in the flux-creep rate, which has b
argued by Schnacket al.48 and by van Dalenet al.49 but to a
change in the pinning mechanism, which is consistent w
the present results. In a lowB region, however, scaling on
TABLE II. Fitting parameters forS(T) andJc(T) at 4 T.

Sample
Collective or

Kim-Anderson
Jc0(0)

~MA/cm2!
U0(0)

~K! m ln(t/teff)

Nd123SC
Collective 4.3 14 1.9 23

Kim-Anderson 0.34 4.73103 21 ~assumed! 6.4

OCMG-Nd-Ba-Cu-O
Collective 0.95 110 1.6 19

Kim-Anderson 0.17 4.23103 21 ~assumed! 7.8

MPMG-Y-Ba-Cu-O
Collective 0.96 98 1.7 29

Kim-Anderson 0.11 3.13103 21 ~assumed! 4.2
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single master curve was difficult. This may indicate th
dominant pinning centers are different depending on the fi
range.

Figure 9 shows time decay ofM at 70 K for the presen
samples, in which theM value was normalized by the initia
M value. Here, we employed the data at 70 K, since we
neglect the effect of the self field even in 1 T. In a low-fie
region, concave curves with small slopes are observed, i
cating that the collective pinning is dominant in this regim
and a creep rate is considerably small. With increasing fi
concave curvature is enhanced in the vicinity of the pe
field and then it changes to almost a straight line, accom
nied by a rapid increase in a creep rate.

Figure 10 displays field dependence ofm and S together
with normalizedJc values at 70 K. For Nd123SC, in a field
region of B,Bpk where Jc increases withB, S is always
small andm is positive, whereas in a region ofB.Bpk , S is
large with negativem. These results also agree with tho
demonstrated by Ku¨pfer et al.46 Since theJc-B behaviors are
considered to reflectJc0 values forB,Bpk and relaxation for

FIG. 7. Logarithmic plots ofJc vs B at temperatures from 77 to
88 K for ~a! Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and~c! MPMG-
Y-Ba-Cu-O. The relationshipJc}Bg21 is recognized in a lowB
region (B,0.5 T) for OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba
Cu-O, whereg21520.7 to 20.4. These values are close to2

1
2,

which is the characteristics for normal surface pinning. On the o
hand, the Nd123SCexhibitsg21'20.1.
t
ld

n

i-

d,
k
a-

B.Bpk , the above-performed analysis based on theJc
}Bg21 relation will only be adequate in a sufficiently low
field region.

D. Field dependence ofF p

Figure 11 shows logarithmic plots ofFp-B curves at tem-
peratures above 77 K forHic. Fp increases with increasing
B in a low-field regime, where a power-law relationFp
}Bg is recognized. In an intermediate field range,Fp exhib-
its a maximumFp max at B5Bmax. With further increasing
field above Bmax, Fp decreases and reaches zero atB
5Birr . In addition, the coordinate at theFp maximum
(Bmax,Fp max) is temperature dependent since bothBmax and
Fp max decrease with increasing temperature. A compari
of the Fp-B relations among the present samples exhib
two distinct features. One is the presence of a deflec
point in the increasingFp regime for Nd123SC andOCMG-
Nd-Ba-Cu-O, which approximately corresponds to the mi
mum in theJc-B curves, whereas such a deflection is n
observed for MPMG-Y-Ba-Cu-O. The exponentg values of
Fp}Bg changes from 0.9 to 1.5–1.7 and from 0.4–0.6
0.8–1.2 at the deflection point for the Nd123SC and
OCMG-Nd-Ba-Cu-O, respectively. Another distinct featu
is the exponentg value of Nd123SC in a low-field region, a
observed in theJc-B behavior in Fig. 7. For Nd123SC,g is
approximately 0.9, whileg values for OCMG-Nd-Ba-Cu-O
and MPMG-Y-Ba-Cu-O are in the range of 0.3–0.6. Such
large difference is attributable to the presence of norm
second-phase particles in OCMG-Nd-Ba-Cu-O and MPM
Y-Ba-Cu-O.

In high-temperature superconductors, normalized volum
pinning force f p ([Fp /Fp max) often scales withB/Birr .

er

FIG. 8. Logarithmic plots ofJc /Jcpk as a function ofB/Bpk at
high temperatures above 60 K for~a! Nd123SC and~b! OCMG-
Nd-Ba-Cu-O. In a highB region ofB/Bpk.0.5, all the curves can
be superimposed into a single curve. On the other hand, in a loB
region, a deviation from the master curve is observed.
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However, it is quite difficult to determine correctBirr values
using the dc magnetization measurements. To avoid this
accuracy, the data were scaled usingB/Bmax ([b) instead of
B/Birr . Figure 12 shows thus obtained plots off p vs b at
temperatures above 77 K. All thef p(b) curves for Nd123SC
and OCMG-Nd-Ba-Cu-O can be scaled on a single-ma
curve, suggesting that the dominant pinning mechanism
unchanged in this temperature range. In contrast, thef p(b)
curves at 86 and 88 K exhibit a slight deviation from t
master curve in MPMG-Y-Ba-Cu-O, indicating that a diffe
ent type of pinning centers may become dominant at te
peratures close toTc . In addition, the success in scaling
higher field indicates thatBmax exhibits an identical tempera
ture dependence with that ofBirr and thatBmax can be used as
a scaling field instead ofBirr .

For Nd123SC andOCMG-Nd-Ba-Cu-O,f p-b curves are
almost symmetrical sincef p merges to zero atb'2.5. The
symmetricalf p-b curves are considered as a common feat
in Nd samples since it has been observed in other Nd
single crystals and melt-processed Nd-Ba-Cu-O bulks.50,51In

FIG. 9. Time decay of normalizedM at 70 K for ~a! Nd123SC,
~b! OCMG-Nd-Ba-Cu-O, and~c! MPMG-Y-Ba-Cu-O. Here, a tem-
perature of 70 K was selected, since the self-field effect can
neglected even in relatively low fields. At 1 T, concave curves w
small slopes are observed. With increasing field, concave curva
is enhanced in the vicinity of the peak field and then becom
almost straight accompanied by a considerable increase in a c
rate.
n-

er
is

-

e
3

contrast, f p of MPMG-Y-Ba-Cu-O merges to zero atb
'3.5. For Nd123SC and OCMG-Nd-Ba-Cu-O as indicat
by arrows,bpk (5Bpk /Bmax), corresponding to the peak fiel
in the Jc-B curves, is located atb'0.7. For further evalua-
tion of the field dependence ofFp , the scaling parametersg
and d in Fp5Fp max(B/Bmax)

g(12B/Bmax)
d were calculated

from the experimental data. The obtained scaling parame
are listed in Table III. Although Nd123SC andOCMG-Nd-
Ba-Cu-O exhibitg'1 – 3 andd'2 – 5, MPMG-Y-Ba-Cu-O
possessesg'0.6– 0.8 andd'2 – 4. It should also be noted
that Nd123SC andOCMG-Nd-Ba-Cu-O show a slight de
crease ing andd with increasing temperature from 77 to 9
K, which is partly ascribed to the peak broadening in t
f p-b curves.

To interpret a large difference ing in a low-field region,
we first consider the surface pinning by nonsuperconduc
particles, whose average diameter is larger than the co
ence lengthj. Based on the direct summation of elementa
pinning forces, Matsushita35 has deduced the pinning-forc
density in a creep-free case (Fp0) as

e

re
s
ep

FIG. 10. Field dependence ofm andS together with normalized
Jc values at 70 K for~a! Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and
~c! MPMG-Y-Ba-Cu-O. For Nd123SC, the increasingJc regime
for B,Bpk accompanies smallSvalues and positivem, whereas the
decreasingJc regime forB.Bpk is characterized by largeS values
and negativem.
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Fp05pBc
2ND2j/~4m0af ! ~12B/Bc2!2, ~13!

whereBc is the thermodynamic critical field,N the density of
nonsuperconducting particles,D their mean size,af the flux-
line lattice spacing, andj the coherence length along th
direction of the flowing current. Thus, obtained expression
Eq. ~13! is a special case of the general expression Eq.~3!,
where m53/2, g51/2, andd52, sinceBc(T)}Bc2(T), j
}Bc2

21/2, Bc2}12(T/Tc)
2, and af}B21/2. Experimentally

obtainedg values for OCMG-Nd-Ba-Cu-O and MPMG-Y
Ba-Cu-O are nearly equal tog5 1

2 , supporting the fact tha
the dominant pinning for these systems is core pinning
123/211~or 422! interfaces.

In contrast, Nd123SCexhibits the higherg values of ap-
proximately 0.9, which clearly shows that the dominant p
ning centers are different and will be microscopic featu
such as cation or oxygen defects, and twin planes. In a l
field regime, if the spacing of pinning centers is smaller th
af , every vortex can interact with a pinning center. In th
case,Fp0 is proportional to 1/af

2, resulting inFp0}B with

FIG. 11. Logarithmic plots ofFp vs B at high temperatures o
77–88 K for ~a! Nd123SC, ~b! OCMG-Nd-Ba-Cu-O, and~c!
MPMG-Y-Ba-Cu-O. A power law relationFp}Bg is recognized in
a low-field regime. The exponentg values changes from 0.9 t
1.5–1.7 and from 0.4–0.6 to 0.8–1.2 at the deflection point
Nd123SC and OCMG-Nd-Ba-Cu-O, respectively. For MPMG-
Ba-Cu-O in which the deflection point is absent,g lies in the range
from 0.3 to 0.5.
n

y

-
s
-

n

g51. Dew-Hughes52 has also deducedFp0(B) for the nor-
mal point pinning, which corresponds to the case ofg51
and has the form:

Fp05VfBc2
2 ~B/Bc2!~12B/Bc2!2/~256m0ak2!, ~14!

whereVf is the volume fraction of the superconductor,a the
size of the pinning centers, andk the Ginzburg-Landau pa
rameter. Wen and Zhao53 have also obtained a similar ex
pression, in which Fp0 is proportional to B/Birr(1
2B/Birr)

2, and reaches a maximum atB/Birr50.33, on the
assumption that most pinning centers are small-sized nor
cores. Thus, theg value of'0.9 suggests that normal poin
pinning centers are mainly active in Nd123SC at low field

Next, we treatf p-b behavior in an intermediate-field re
gion. According to Kleinet al.,12 based onDk pinning,52

f p(b) has the form:

f p~b!53b2~122b/3!, ~15!

whereb5B/Bmax. In the Dk pinning, since a difference in
the condensation energy between high and lowk regions
leads to pinning,Fp0 has the form:

r

FIG. 12. Plots off p vs B/Bmax (5b) at temperatures of 77–88
K for ~a! Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and~c! MPMG-Y-
Ba-Cu-O. For Nd123SC andOCMG-Nd-Ba-Cu-O, as indicated by
arrows,bpk (5Bpk /Bmax), corresponding to the peak field in th
Jc-B curves, is located at aroundb'0.7. The scaling parametersg
andd in Fp5Fp max(B/Bmax)

g(12B/Bmax)
d are listed in Table III.
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TABLE III. Scaling parametersg andd in Fp5Fp max(B/Bmax)
g(12B/Bmax)

d.

Temperature
~K!

Nd123SC OCMG-Nd-Ba-Cu-O MPMG-Y-Ba-Cu-O

g d g d g d

77 2.8360.08 4.9360.38 2.3860.10 3.9860.46 0.7160.05 2.3060.40
80 2.8360.07 4.6260.31 2.3760.12 3.7660.51 0.8260.05 2.5960.45
82 2.9060.06 4.7560.28 2.1860.14 3.3060.54 0.7660.05 2.3360.36
84 2.7560.08 4.2760.34 2.1560.12 3.2260.47 0.6760.04 2.1260.27
86 2.7460.09 4.5560.44 2.0260.13 2.9660.50 0.6260.05 2.4360.48
88 2.5160.07 4.0860.36 1.7560.16 2.2860.48 0.6860.04 3.9760.91
90 2.2760.01 3.8660.50 1.3460.14 2.0360.41
.
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Fp05VfBc2
2 ~B/Bc2!2~12B/Bc2!Dk/~64m0ak3!. ~16!

This field dependence clearly shows thatFp0 increases with
b in the form of Fp0}b2 in an intermediate-field regime
Hiergeist and Hergt54 deduced the valueg5 7

4 on the basis of
collective pinning by random-point pins. However,
pointed out by Kleinet al.,12 in this interpretation the scaling
holds only toBmax, and, therefore, deviation from the scale
master curve may take place at higher fields, which in f
has already been observed in Y123 single crystals with
peak effect as reported by Hyunet al.55 It is probable that the
flux creep is responsible for such a deviation, since the
perimental data are not normalized byBc2 . It is also prob-
able that, as pointed out by Perkinset al.47 and Kleinet al.,12

Jc ~and automaticallyFp! is dependent on the electrical fie
E and, therefore, the scaling ofJc-B curves is alsoE depen-
dent.

It is interesting to note that unlike Y123 single crysta
the f p-b curves of the Nd123SC andOCMG-Nd-Ba-Cu-O
samples can be scaled on the same master curve in a hi
field region (B.Bmax). Therefore, it is probable that thes
two samples have an identical pinning mechanism origin
ing from the Nd123 matrix itself for this field range, a
though in a low-field region normal-surface pinning is dom
nant in OCMG-Nd-Ba-Cu-O.

On the other hand,f p-b data for MPMG-Y-Ba-Cu-O var-
ies as

f p~b!5~25/16!b1/2~12b/5!2, ~17!

whereb5B/Bmax. This expression is identical to the prev
ously suggested equationf p}(B/Birr)

1/2(12B/Birr)
2,35 and

also has a form similar to that proposed by Kramer,56 in
which the flux motion is dominated by synchronous shea
the FLL at lower fields and by plastic deformation of FLL
higher fields, althoughB is normalized byBc2 instead of
Birr .

E. Comparison of flux-pinning mechanism in RE123
„RE5Y,Nd… systems

It is evident that a single expression of either Eqs.~13!,
~14!, or ~16! will not cover the field and temperature depe
dences ofJc andFp in the whole~B,T! range, however, the
pinning performance of the present samples can be cha
terized by several~B,T! regions.
t
e

x-

er-

t-

f

c-

In a low-field region, Nd123SCexhibits the relationFp

}B, indicating that the normal point pinning is dominan
while OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba-Cu-O exhib
the relationFp}B1/2, indicating that normal surface pinnin
is dominant, which is attributable to the presence of re
tively large normal inclusions of Nd422 or Y211 as propos
by Murakami et al.57 For Nd123SC, microscopic feature
such as cation or oxygen defects, and twin planes are
lieved to be the sources of normal point pinning. In contra
the pinning by twin planes at low fields in OCMG-Nd-Ba
Cu-O and MPMG-Y-Ba-Cu-O will be negligibly small du
to the presence of more effective pinning centers like Nd4
and Y211 inclusions.

In a high-temperature and intermediate-field region,Dk
point pinning (Fp}B2) is dominant for Nd123SC and
OCMG-Nd-Ba-Cu-O, while normal surface pinning (Fp

}B1/2) remains dominant for MPMG-Y-Ba-Cu-O. It ha
been pointed out that oxygen-deficient regions with d
pressedTc cause the fishtail effect inM -H loops.11 In gen-
eral, the presence of a small region that has condensa
energy slightly smaller than that of the matrix is responsi
for field-induced pinning and thus the fishtail effect. Hyu
et al.55 proposed that a slight Mg contamination on the Y s
was responsible for the fishtail effect based on the fact
the full oxygenation did not eliminate the fishtail peak in t
Y123 single crystals grown in a MgO crucible. In addition
the fact that prolonged oxygenation did not eliminate t
fishtail peak,1 a good fitting with theDk point-pinning model
in the intermediate-field region supports our idea that fie
induced pinning by Nd-Ba substituted regions causes
fishtail effect in Nd-Ba-Cu-O. Another possible origin of th
fishtail effect is Y substitution on Nd sites from the YS
crucible during the crystal growth. However, electron-pro
microanalyses revealed that Y contamination is very sma
the present Nd123 crystal so that the effect of Y contami
tion can be discarded as the source of the fishtail effect.

In a low-temperature region, the temperature depende
of Jc ~or Fp! could well be explained in terms of the collec
tive flux-creep model, although it was difficult to study th
scaling behavior off p-b curves in a full-scale range, sinc
the irreversibility fields were much higher than the maximu
field available in a SQUID magnetometer. It is interesting
note that at low temperatures the temperature dependenc
thermodynamic parameters such as the critical field and
coherence length seem to prevail theJc-T behavior rather
than the pinning performance.
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Figure 13 showsB-T phase diagrams together with th
contour of constantJc curves. As a reference, theBirr values
determined from the onset of the third-harmonic responsex3

to ac field, which were reported for the present samples
our previous paper,58 are plotted together. In addition, th
boundary lines corresponding tom'0 and S50.05 are
drawn in the figure. The lines form'0 correspond to the
crossover point ofm values from positive to negative an
thus a transition from collective to Kim-Anderson~KA !
creep regimes. The lines forS50.05 correspond to the poin
at which a rapid increase inS is observed. For Nd-Ba-Cu-O
samples, the lines forS50.05 approximately lie on the pea
position. For MPMG-Y-Ba-Cu-O without the fishtail beha
ior, both the lines form'0 andS50.05 are located at rela
tively lower fields and temperatures. It is also interesting
note that the lines forS50.05 andm'0 were closely posi-
tioned to each other for all the samples, indicating that
transition from collective to KA creep is accompanied by
abrupt increase inS.

FIG. 13. B-T phase diagrams with a contour map of constantJc

curves and the boundary lines ofm'0 and S50.05 for ~a!
Nd123SC,~b! OCMG-Nd-Ba-Cu-O, and~c! MPMG-Y-Ba-Cu-O.
The lines form'0 were determined as a boundary at which t
sign of m value changes from positive to negative. The lines foS
50.05 correspond to a threshold above which a rapid increaseS
is observed.
in

o

e

Consequently, the pinning characteristics with increas
fields at constant temperatures are summarized as follo
normal-point pinning–Dk point pinning–KA creep for
Nd123SC, normal-surface pinning-KA creep for MPMG-Y
Ba-Cu-O, and normal-surface pinning–Dk point
pinning–KA creep for OCMG-Nd-Ba-Cu-O. The transitio
from single-vortex to collective pinning has been propos
in Ref. 10, in which theH-T phase diagram is subsectione
into two regimes: a single-vortex pinning regime below t
temperatureTsv and a collective-pinning regime aboveTsv.
In the present paper, however, the presence of the trans
from single-vortex to collective pinning was not so evide
since the values ofJc , S, and m in the low-field and tem-
perature regime could not be defined owing to the self-fi
effect or the experimental limits in theM -H measurements

For thorough understanding of the pinning performance
the RE123 system, anisotropic pinning behavior by the tw
planes should be taken into consideration. For example,
recent study onJc-B properties of Nd123 single crystals an
melt-textured samples with high-irreversibility fields,59 a
strong angular dependence of the peak effect suggests
significance of pinning by twin planes. Also in our Nd12
single crystals, some other samples exhibit an anoma
peak appearance in an intermediate temperature ran17

which is sensitive to the angle between the flux and thc
axis.

IV. CONCLUSIONS

We have performed a comparative study of flux-pinni
behaviors among the Nd123SC, OCMG-Nd-Ba-Cu-O a
MPMG-Y-Ba-Cu-O samples. Based on temperature dep
dence ofJc , m, andS, an exponential-likeJc behavior ac-
companied by positivem and temperature-independentS in a
low T region for all the samples was described using
collective flux-creep model. In a highT region, a decrease in
Jc , negativem and increase inSwith T could be explained in
terms of the Kim-Anderson creep model. As for the fie
dependence, the exponentg in a power relation ofJc
}Bg21 or Fp}Bg in a low-field regime, where positivem
and smallerS were observed, changed from 0.9 to 1.5–1
and from 0.4–0.6 to 0.8–1.2 at the deflection point
Nd123SC andOCMG-Nd-Ba-Cu-O, respectively. Theg
value for MPMG-Y-Ba-Cu-O ranged from 0.3 to 0.6 witho
the deflection point. These results allow us to assign
dominant pinning mechanism to several~B,T! regimes. First,
the peak behavior, which is observed in a highB and highT
region for Nd123SC and OCMG-Nd-Ba-Cu-O, is ascribed
the Dk point pinning. Second, in a lowB and highT region
for OCMG-Nd-Ba-Cu-O and MPMG-Y-Ba-Cu-O, in which
a monotonous decrease inJc with increasingB is observed,
the normal surface pinning by the Nd422 or Y211 inclusio
is dominant. In contrast, for Nd123SC, the normal poin
pinning seems dominant in a lowB and highT region, where
Jc is almostB independent. In a lowT region, although the
field dependence ofJc could not be measured in a full rang
due to the experimental limits in theM -H measurements, the
temperature dependence ofJc could be described in terms o
the collective flux creep.
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46H. Küpfer, S. N. Gordeev, W. Jahn, R. Kresse, R. Meier-Hirm

T. Wolf, A. A. Zhukov, K. Salama, and D. Lee, Phys. Rev.
50, 7016~1994!.

47G. K. Perkins, L. F. Cohen, A. A. Zhukov, and A. D. Capli
Phys. Rev. B51, 8513~1995!.

48H. G. Schnack, R. Griessen, J. G. Lensink, and H. H. Wen, P
Rev. B48, 13 178~1993!.

49A. J. J. van Dalen, M. R. Koblischka, R. Griessen, M. Jirsa, a
G. Ravi Kumar, Physica C250, 265 ~1995!.

50M. R. Koblischka, Physica C282-287, 2193~1997!.
,

s.

d

51M. R. Koblischka, A. J. J. van Dalen, T. Higuchi, S. I. Yoo, an
M. Murakami, Phys. Rev. B58, 2863~1998!.

52D. Dew-Hughes, Philos. Mag.30, 293 ~1974!.
53H. H. Wen and Z. X. Zhao, Appl. Phys. Lett.68, 856 ~1996!.
54R. Hiergeist and R. Hergt, Phys. Rev. B55, 3258~1997!.
55O. B. Hyun, M. Yoshida, T. Kitamura, and I. Hirabayash

Physica C258, 365 ~1996!.
56E. J. Kramer, J. Appl. Phys.44, 1360~1973!.
57M. Murakami, S. Gotoh, H. Fujimoto, K. Yamaguchi, N. Kosh

zuka, and S. Tanaka, Supercond. Sci. Technol.4, S43~1991!.
58K. Waki, T. Higuchi, S. I. Yoo, M. Watahiki, N. Hayashi, N

Sakai, N. Chikumoto, and M. Murakami, Cryogenics37, 643
~1997!.

59Th. Wolf, A-C. Bornarel, H. Ku¨pfer, R. Meier-Hirmer, and B.
Obst, Phys. Rev. B56, 6308~1997!.


