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Magnetic flux profiles in Bi1.2Pb0.3Sr1.5Ca2Cu3Oy and NdBa2Cu3O72d superconductors
and a simulation by critical-state models
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The features of the flux profiles recorded for the sintered and press-sintered Bi1.2Pb0.3Sr1.5Ca2Cu3Oy

~BSCCO!, and sintered and melt-textured NdBa2Cu3O72d ~NdBCO! superconducting samples with widely
different microstructures are analyzed. From the slope of the flux profiles~at Hac→0! recorded for various dc
fields, the intergranularJci (Hdc) for the BSCCO samples is determined, whose field dependence is found to
follow Kim’s model. Using the fit parameters thus obtained, the flux profiles for differentHdc could be
simulated very well including features like nonlinearity at low fields, the presence of a peak, and the oscillatory
behavior. The flux profile of the sintered NdBCO recorded with zeroHdc could also be simulated well using
Kim’s critical-state model. An analysis of the intragranular flux profile determined from the measured profile
at high fields suggests a wide distribution ofHg* , ~the full penetration field of the grain! and thereby of the
Jcg . This result is in agreement with the broad transition observed in the ac susceptibility of this sample,
attributed to the presence of Nd11xBa22xCu3O72d precipitates that modify the localJcg values drastically. All
the sintered specimen show nearly 45% of flux penetration~into the sample! at low enough fields
(Hdc,40 Oe), while the flux entry into the melt-textured NdBCO is,3%. At high dc fields~4–8 KOe! the
profile exhibits two distinct slopes that are associated with a flux entry initially into the microcracks and then
into the grains, from the microstructural considerations.@S0163-1829~97!06941-5#
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INTRODUCTION

The granular nature of high-temperature superconduc
~HTSC’s! is well studied by ac-magnetic-susceptibili
measurements1–12 to assess the contributions from the inte
grain and intragrain regions with widely differing critica
current densitiesJci andJcg , respectively, and are analyze
using critical-state models.13–16 The nature and density o
weak links associated with the coupling between the gra
can drastically be modified by melt texturing the HTSC’s
is evidenced from their microstructures. However, a cl
correlation is yet to be established between the weak-
properties and the microstructures of HTSC’s. In an attem
to contribute in this direction, magnetic flux profiles
Bi1.2Pb0.3Sr1.5Ca2Cu3Oy ~BSCCO! and NdBa2Cu3O72d

~NdBCO! superconductors with widely different microstru
tures is taken up for a detailed study. Campbell17 suggested a
sensitive and versatile method that uses a phase-sensitiv
tector to measure the flux distribution and to determ
model-independentJc in type-II superconductors. Thi
method can be used to assess theJc of a material in a dc-field
regime that is not accessible to transport methods.18 Ni
et al.19 used this method to measureJci andJcg for a sintered
YBa2Cu3O72d superconductor at 77 K, while Danget al.20

have determined Jcg and the pinning strength o
Bi1.7Pb0.3Sr2Ca2Cu3Oy . The pinning parameters likeJc , re-
versible penetration depthl8 of a pinned flux lattice, and the
reversible displacementd, which is the distance flux can
move before being unpinned have been determined f
magnetic flux profile measurements by Ku¨pfer et al.21 and a
570163-1829/98/57~2!/1277~7!/$15.00
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comparison is made between low-Tc superconductors and
YBa2Cu3O72d .

In the present study the magnetic flux profiles have b
measured for the sintered and press-sintered BSCCO,
tered and melt-textured NdBCO. The features observed
the profiles are examined in the light of the correspond
microstructures and possible correlation of the results to
nature of weak links is proposed. The critical current den
ties are determined and their field dependence is analyze
terms of critical-state models.

EXPERIMENT

A. Sample details

The four samples used in the present study are sinte
Bi1.2Pb0.3Sr1.5Ca2Cu3Oy ~sample A!, press-sintered
Bi1.2Pb0.3Sr1.5Ca2Cu3Oy ~sample B!, sintered NdBa2Cu3O72d
~sample C!, and melt-textured NdBa2Cu3O72d with 15
mol. % Nd4Ba2Cu2O10 ~sample D!.

Samples A and B were prepared from citrate precurs
and the details of sample preparation, x-ray diffracti
~XRD!, and microstructural studies have been reported
Refs. 22 and 7. The zero resistivity temperatures are 10
and 105.9 K, respectively. The XRD results showed text
ing along thec axis of the unit cell in the press-sintere
sample. The scanning electron micrographs~SEM! of the
fractured surface showed sample A to be highly poro
while the porosity was reduced on press sintering. The a
age size of the grains, which is;5 mm in sample A, gets
reduced to;1 mm in sample B. The porosity is determine
to be 50 and 15% for samples A and B, respectively.
1277 © 1998 The American Physical Society
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Sample C is the sintered NdBa2Cu3O72d ~NdBCO!.
Presintered NdBa2Cu3O72d powder was made into a pelle
and held at 980 °C for 12 h in the reduced oxygen par
pressures to suppress the formation of solid solutions of t
Nd11xBa22xCu3O72d . Closely packed grains of siz
;15 mm are seen in the SEM. Porosity is estimated to
,5%. Zero resistivity temperature is 91 K. Temperatu
variation ofx18 ~real component of ac susceptibility! showed
@Fig. 1~a!# a broad diamagnetic transition, indicative of
distribution of Tc’s in the sample. In addition to the inter
granular loss peak seen@Fig. 1~b!# in the temperature varia
tion of x19 at low ac fields, an intragranular loss peak a
peared at higher fields which is also found to shift, unusua
to low temperatures as the ac field is increased to a few
of oersteads. This suggests that the grainJc is also consider-
ably field dependent. Even though the XRD has show
nearly single phase formation, there seems to be solid s
tions of Nd11xBa22xCu3O72d present at lower concentra
tions which would bring down theTc of a region locally.
This can cause a wide distribution ofTc resulting in the
broad transition seen. The fact that solid solutions
Nd11xBa22xCu3O72d ~Ref. 23! can haveTc’s ranging from
92 to 25 K withx supports this picture.

Processing and the microstructural details of me
textured sample D are given elsewhere.24 The sample con-
sists of domains of size 7–8 mm, without any liquid pha
segregation at the boundaries. The domains are observ
contain Nd-123 platelets of average size 2.5mm separated by
cracks of average width 0.2mm and fine uniformly distrib-
uted Nd4Ba2Cu2O10 ~422! inclusions. Zero resistivity tem
perature is 92.5 K with the transition width of 0.9 K. Tem

FIG. 1. Temperature dependence of the~a! real part (x18) and~b!
imaginary part (x19) of the fundamental susceptibility for sintere
NdBa2Cu3O72d ~sample C! for different ac fields at 77 K.
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perature variation of the ac susceptibility shows that
diamagnetic transition is very sharp confirming the suppr
sion of solid solubility, and no traces of weak links.

B. Magnetic flux profile measurements

The magnetic flux profiles are measured using the ac
ductive method, proposed by Campbell.17 ac ~33 Hz! and dc
fields are applied along the length of the sample placed
one of the secondaries of a mutual inductance assembly
general, ac field amplitudes are sufficiently small so thatJc is
independent of the field over the amplitude of the ac sign
The in-phase signal (S) which is a measure of the magnet
zation at maximumHac, is measured as a function of th
amplitude of the ac field at 77 K for all the samples. This
repeated at various fixed dc fields. The flux penetrationp)
into a sample of radius (R) can be calculated as a function o
ac field amplitude at various constant dc fields using
equation

p5R2r 5RS 12A21

K

dS

dHac
D , ~1!

where K is calibration constant which differs from that i
Campbell’s method. The above equation is derived to
count for the present configuration where the resultant v
age from the two secondaries is adjusted to be nullified in
absence of a sample rather than with the sample in
Meissner state.

C. Calibration of the penetration depth

When the sample is in one of the secondary coils,
output of a pair of secondaries connected in opposition
given by25,26

moaNVv~12D !
dM~u!

du
,

whereN is the number of turns per unit length of the se
ondary coil,V is the volume of the sample,v is the angular
frequency of the applied ac field,D is the demagnetization
factor of the sample,a is the filling factor,27 andM (u) is the
magnetization at a phase angleu with respect to that of the ac
field. The in-phase signal (S) measured by the lock-in am
plifier in flat band mode is given byS5KM , where
K54moaNV f(12D) is the calibration factor which is a
measure of the signal per gauss when the sample is in
Meissner state.

RESULTS AND DISCUSSION

A. Flux profiles

1. Profiles with Hdc50

The magnetic flux profiles measured at 77 K in all t
four samples with no external dc field are shown in Fig. 2.
the case of sintered BSCCO~sample A!, the normalized pen-
etration depth (p/R) increases nonlinearly with field an
shows a peaklike structure at 8 Oe, which is the field (Hi* ) at
which full penetration of flux takes place into the intergran
lar region. The penetration remains constant atp* between
10 and 30 Oe, the lower critical field of the grains (Hc1g).
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57 1279MAGNETIC FLUX PROFILES IN . . .
AboveHc1g , the flux starts penetrating into the grains in t
form of Abrikosov vortices. This picture of step-wise flu
penetration was visualized by Koblischkaet al.28 in granular
YBa2Cu3O72d using the high-resolution Faraday effect tec
nique. For a granular sample, the effectivep* /R value is
related to the grain fraction throughf g5(12p* /R)2. In Fig.
2, from the vertical asymptotic line atp* /R50.33, f g is
estimated to be 0.45 and is quite comparable to the 5
porosity observed in the microstructure.

The flux profile in press-sintered BSCCO~sample B! is
nearly linear at low fields, suggesting a weaker field dep
dence ofJc . The peaklike structure is less pronounced a
the penetration remains constant up to the maximum ac
applied~80 Oe!. Full penetration for intergranular region oc
curred at 11 Oe and the vertical asymptotic line
p* /R50.41, gives a value of 0.35 forf g . Though the mi-
crostructure shows only 15% porosity~suggestingf g50.85!,
the measuredf g of 0.35 has its origin in an increase in th
effective volume of flux penetration into the intergranu
region which is a result of the smaller size (;1mm) of the
grains on press sintering, compared to sample A with gra
of 5 mm. The enhancement in the apparent lower criti
field Hc1g value (.80 Oe) on press sintering is probably d
to the surface barrier effect discussed by Bean
Livingston.29

In the case of sintered NdBCO~sample C!, magnetic flux
has penetrated up to the center of the sample through
intergranular region for 4 Oe and the flux profile is nonline
The value of f g is 0.8 as estimated from the observ
p* /R50.11. This is consistent with the volume fraction
the grain region estimated from the optical micrograp
which showed that 85% of the sample is occupied by
grains of nearly equal size (;15mm) separated by relatively
smaller interface regions.

Melt processing has enormously reduced the rate of
penetration into the sample with respect to the field am

FIG. 2. Magnetic flux profiles~Hac versusp/R! for sintered
BSCCO ~sample A!, press-sintered BSCCO~sample B!, sintered
NdBCO ~sample C!, and melt-textured NdBCO~sample D! in the
absence of dc field.
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tude. Moreover, there are no two distinct slopes as in
case of the three sintered samples indicating the absenc
predominant granularity.

2. Profiles with HdcÞ0

The intergranular properties have been studied by su
imposing an ac field on various fixed dc fields. Figures 3 a
4 show the effect of applying different dc fields on the flu
profiles in the sintered and press-sintered BSCCO. For
sintered one~sample A! at low ac fields, the flux profiles are
linear with their slope reducing as the dc field is increas
When Hac is comparable toHdc, an oscillatory behavior is

FIG. 3. Flux profiles in sintered Bi1.2Pb0.3Sr1.5Ca2Cu3Oy ~sample
A! at various dc fields and at 77 K. Solid lines are a simulation
Kim’s critical-state model.

FIG. 4. Flux profiles in press-sintered Bi1.2Pb0.3Sr1.5Ca2Cu3Oy

~sample B! at various dc fields and at 77 K. Solid lines are a sim
lation of Kim’s critical-state model.



la

in
d
e
e
in
a

s
li-

ith

pi

lin

hi
ra

tra

ds
th
s

k

e
rte
s

ar

the
d

r of
tical

fit

1280 57N. HARI BABU, T. RAJASEKHARAN, AND V. SESHU BAI
seen in the flux profiles. The press-sintered one~sample B!
also exhibits a similar behavior but the amplitude of oscil
tion is less.

Figure 5 shows the magnetic flux penetration into the s
tered NdBCO~sample C! in the presence of different dc-fiel
strengths. Normalized penetration (p/R) has reached a valu
of 1 for Hdc51 KOe indicating the flux penetration to b
complete into the entire sample including the grains. By
creasing the dc field further, the slope of the flux profiles h
reduced, indicating a strong field dependence ofJcg of the
grains, which reflected as a shift in the intragranular lo
peak inx19(T) curves with an increase in the ac-field amp
tude.

Flux penetration into the melt-processed NdBCO w
422 inclusions~sample D! is shown in Fig. 6. SEM of the
sample showed that cracks with an average size of 0.2mm
separate the platelets~grains! of size 2.5mm and are uniform
and not continuous. Since the density of cracks and the
ning centers~422 particles! are rather uniform as seen from
the microstructure, the flux penetration is expected to be
ear and pass through the origin, based on Bean’s13 critical-
state model. But the measured flux profiles exhibit a s
along thep/R axis which represents the ‘‘reversible penet
tion depth.’’ 17,21 A detailed work on the variation of this
parameter in melt-textured samples with varying concen
tion of pinning centers~422 inclusions! and the nature of
microcracks will be reported elsewhere. At large dc fiel
p/R has reached a value of 0.15 at 8 KOe field and
profile is found to have two distinct slopes at high dc field
The first slope can be associated with aJc corresponding to
the flux penetration into the specimen through the crac
while the second is associated with theJc of the grains them-
selves which is much larger as indicated by the smaller
tent of penetration at large ac fields. This picture is suppo
by the high-resolution Faraday measurements of Schu
et al.30 on melt-processed YBa2Cu3O72d, which indicate that

FIG. 5. Flux profiles in sintered NdBa2Cu3O72d ~sample C! at
various dc fields and at 77 K.
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the flux penetrates@Figs. 2~c! and 2~d! in Ref. 30# the sample
preferentially along the cracks and then into the matrix.

B. Determination of critical current density „Jc…

The slope of the flux profiles near the origin in the line
regime is directly related to the critical current densityJc of
that region and is model independent. Figure 7 shows
field dependence ofJci for samples A and B calculate
using20

Jci5
dHac

d~p/R!

12 f g

R
. ~2!

FIG. 6. Flux profiles in melt-textured NdBCO~sample D! at
various dc fields and at 77 K. Arrow mark shows the crossove
two distinct slopes. The inset shows the field dependence of cri
current density.

FIG. 7. Field variation of intergranularJci determined from the
linear regime of flux profiles for samples A and B. Solid line is a
to the equationJci5K/(Hdc1H0).
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57 1281MAGNETIC FLUX PROFILES IN . . .
Jci determined for the sintered BSCCO is smaller and sho
greater field dependence than for the press-sintered BSC
and is found to vary asJci(Hdc)5K/(Hdc1H0) for both the
above samples with fit parametersK53.583108 A2/m3,
H05450 A/m for sample A andK54.673109 A2/m3, H0
55010 A/m for sample B. Simulation of the measured p
files using the critical-state model is discussed in the n
section.

The bulkJc values of the melt-textured NdBCO~sample
D! are calculated for different dc fields from the flux profil
using the formulaJc5@dHac/d(p/R)#/R, at low ac fields,
and they vary as shown in the inset of Fig. 6 withHdc.

For sample C,Jci ,Jcg are arrived at from a theoretica
simulation of the measured data as described below, ins
of recording a large number of profiles at differentHdc.

C. Theoretical model calculations

We have presented here the calculation of the flux profi
of an infinitely long cylinder with radiusR of type-II super-
conductors exposed to an external fieldH5Hdc
1Hac cos(vt) along the axis of the cylinder, based on Kim
critical-state model. We denote the maximum and minim
values ofH by HA5Hdc1Hac andHB5Hdc2Hac. The av-
erage flux densityB(H) in the sample can be calculated a

B~H !5
2

R2 E
0

R

xBi~x!dx,

whereBi(x) is local flux density. The penetration depth

p5RS 12A12
mcd@B~HA!2B~HB!#

2m0dHac
D

is calculated for the three cases namely for 0,HA,Hp ,
H* <HA , andHp<HA<H* , whereHp is the full penetra-
tion field andH* is the field at which reverse supercurre
penetrates to the center of the specimen beforeH is cycled
back to zero. WhenHdc has a nonzero value, each of the
cases is further classified into several different cases,
pending on the magnitude ofHB . The detailed calculations
for B(H) in all possible cases are given in Ref. 31. By taki
the same fit parameters given in the previous section,p/R is
calculated as a function ofHac for samples A and B. Using
these, the entire region of flux profiles including the featu
like the nonlinearity, the peak, and the oscillatory behav
could be very well simulated as shown in Figs. 3 and 4
solid lines. The largerJci , the less pronounced peak, and t
near linearity of the flux profiles for sample B indicate th
the coupling between the grains has been strengthened
pared to that in the sintered sample. The oscillatory beha
seen whenHdc is comparable toHac is due to the effective
magnetic field becoming zero at some local regions ins
the sample where the screening could be better and e
tively Jc is higher than in zeroHdc.

For the sintered NdBCO~sample C!, the flux profiles
shown in Fig. 5 are nonlinear in the absence of a dc field
exhibit a complete penetration of flux even through t
grains atHdc51 KOe as indicated byp/R51. The solid line
in Fig. 8 shows that the profile atHdc50 fits quite well to
Kim’s critical-state model withK53.93107 A2/m3, and
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H05118 A/m, and this comes from the intergranular regio
The Jci(Hdc) calculated with the above fit parameters
shown as an inset in Fig. 8.

Since the slope of the profiles at large dc fields redu
with the field, it is necessary to invoke a field dependence
Jcg as well for a complete theoretical analysis. For this p
pose, the flux profile into the grains is extracted from t
global flux profile usingpg /Rg512 (12p/R)/(12p* /R),
where pg is the extent of penetration into the grain and
shown in Fig. 9. The dashed line is a fit to Kim’s critica
state model taking the grain radius (Rg) to be 7.5mm and
can be seen to deviate considerably from the measured
file. Considering this deviation to be due to a local distrib
tion in Jcg due to the presence of Nd11xBa22xCu3O72d
precipitates in the grains@that were also responsibl
for a broaderx18(T) transition, Fig. 1~a!# a Gaussian distri-
bution described by the function f (Jcg)
5A exp„2 (Jcg2Jc j0)2/2D2

… is invoked.~Here A is a nor-
malization constant,Jcg0 is the mode of the distribution in
the critical current density (Jcg) that represents the averag
value, andD is the half width at half maximum!. The grain
profile thus calculated using Kim’s critical-state model
shown as a solid line in Fig. 9. ForJcg051.853105 A/cm2

and D51.63105 A/cm2, the agreement of the theoretic
curve with the measured profile can be seen to be very go
The inset in Fig. 9 shows the expected field dependenc
the average intragranularJcg0 calculated using the fit param
etersK55.131013 A2/m3 and H0527 760 A/m for the in-
tragranular region.

CONCLUSIONS

The flux profiles~Hac versusp/R! in sintered BSCCO and
NdBCO samples exhibit a nonlinear curve at very low fie
followed by a peaklike structure at full penetration fieldHi*

FIG. 8. Simulation of the measured flux profile in the absence
dc field for sintered NdBCO~sample C! of Kim’s critical-state
model. The inset shows the field variation ofJci calculated from the
fit parameters ofK andH0 .
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1282 57N. HARI BABU, T. RAJASEKHARAN, AND V. SESHU BAI
into the intergrain region. AtHac.Hi* the penetration re-
mains constant up to the lower critical field of the grai
above which the flux profile into the grains is obtained. T
Hi* andJci are found to be enhanced for BSCCO sample
press sintering. This has a correlation to the reduction
porosity and the resultant strengthening of the coupling
tween the grains. The enhancement in the apparent lo
critical field Hc1g value on press sintering is probably due
the existence of a surface barrier to the penetration of m

FIG. 9. The profile into the grains as extracted from the m
sured global flux profile. The solid line is a fit to Kim’s critical-sta
model after incorporating a Gaussian distribution inJcg . Deviation
from the experimental data can be seen~dashed line! when a single
valued Jcg is considered. The inset shows the field variation
Jcgo .
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netic flux.Jci(Jdc) has been determined from the slope of t
flux profile in the linear regime and is found to vary a
K/(Hdc1H0). Using the fit parametersK andH0 of Kim’s
critical-state model, all the features of flux profiles observ
experimentally could be very well simulated.

The sintered NdBCO sample with a broad susceptibi
transition due to Nd11xBa22xCu3O72d precipitates is found
to show complete penetration into the intergrain region
Hac54 Oe with Hdc50 Oe and into even the grains a
Hac;50 Oe withHdc51 KOe. The grain fractionf g calcu-
lated from the flux profile is consistent with the estimat
grain fraction from optical micrographs. Both the intergran
lar profile recorded atHdc50 and the grain flux profile de
rived from the global profile recorded at high fields could
simulated well using Kim’s critical-state model. Howeve
for the latter fit, it was necessary to invoke a wide distrib
tion in the grain critical current densityJcg , possibly arising
locally due to the low-Tc phase of type Nd11xBa22xCu3O72d
~which is also evidenced by the broad transition in the te
perature variation of the ac susceptibility!. The flux penetra-
tion into the melt-processed samples is much slower co
pared to the sintered samples due to stronger coup
between the domains.p/R is less than 0.03 at lowHdc,
while it is 0.15 even at the 8 KOe field. At high fields (Hdc
54 – 8 KOe) the flux profiles were found to exhibit two di
ferent slopes. From the microstructural considerations
the high-resolution Faraday results of Schusteret al., these
slopes are attributed to be representing the flux entry initia
into the microcracks between the grains and then into
grains themselves.
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