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We have compared the dependence of the critical current density on maximum applied magnetic field, 

J c (0, H am ), performed in pellets with the derivative of magnetization versus applied magnetic field, 

dM ( H a )/ dH a , of the corresponding powder samples of Bi 1 . 65 Pb 0 . 35 Sr 2 Ca 2+ x Cu 3+ x O y samples; x = 0.2 and 

0.5. In both cases the measurements were performed at 77 K. We have focused in the applied magnetic 

field range in which the magnetization as a function of applied magnetic field, M ( H a ), is quasi-linear. The 

comparison reveals that the penetration of the magnetic flux within powder particles is closely related to 

the trapped flux observed by means of the J c (0, H am ) dependence in pellet samples. The combined results 

are well explained within the framework of the three-level superconducting model. The results also sug- 

gest that the magnetic flux, for applied magnetic fields H a ranged from ∼30 to ∼80 Oe, first penetrates 

the intragranular planar defects, as stacking faults and/or colonies of low angle boundaries, while the 

magnetic flux penetration in regions free of defects is observed for higher values of H a . As a correlative 

result, we have observed a decrease of the superconducting critical temperature of the crystallites T C with 

increasing x , which may be related with an increase of the number of stacking faults of the material. 

© 2016 Elsevier B.V. All rights reserved. 
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1. Introduction 

Identifying the different and coexisting superconducting levels

in samples of granular superconductors continues to be an impor-

tant experimental issue of both basic and applied research on su-

perconductivity [1] . Such an identification is closely related to a

precise determination of lower critical fields H c 1 along different

orientations in these materials. As far as the latter is concerned,

some authors have reported estimates of the lower critical fields

in Bi-2223/Ag tapes [2] . They found that H c 1 perpendicular to the

c -axis is very low and close to 8 Oe at 77 K [2] . Similarly, esti-

mates of H c 1 in Bi-2223 whiskers reveal values of the lower criti-

cal field of ∼60 Oe at the same temperature along the c -axis [3] .

In both cases, the estimates of H c 1 were performed following a

graphic method, based on the deviation of the linear behavior of

the magnetic field dependence of the magnetization data M ( H a ). 

The mentioned values of H c 1 may correspond to the lower in-

tergranular critical field of a granular superconductor since those
∗ Corresponding author. Tel.: +53 22 630277; fax: +53 22 632689. 
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alues belong to the first deviation from the linear behavior ob-

erved in the M ( H a ) curve obtained in polycrystalline specimens.

e also mention that Job and Rosenberg [4] , following a similar

rocedure for determining H c 1 , have found a value of ∼30 Oe in

eramic samples at 77 K. They considered this value as an estimate

or the case when the magnetic field is applied parallel to the ab

lane of the unit cell, which is a factor of 5 or 6 smaller than the

ase when the magnetic field is applied parallel to the c -axis, being

 result consistent with the strong anisotropy of the London pene-

ration depth in these Bi-2223 materials. However, for the reasons

entioned above, a very low value of H c 1 may be also considered

s the intergranular lower magnetic field of the granular specimen,

eing quite different to the one reported elsewhere [2] . 

Hänisch and co-authors [5] have studied the electrical transport

roperties of Bi 2 Sr 2 Ca 2 Cu 3 O 10+ δ thin films with [001]-tilt grain

oundaries (GBs) and different misorientation angles. They ob-

erved that an 8 ° GB exhibits flux creep behavior and it does not

onstitute a weak link. In contrast, grain boundaries with larger

ngles exhibit weak link behavior in this material. Similarly, Held

t al. [6] , measured the critical current density of the relevant

Ba 2 Cu 3 O 7 GBs as a function of the misorientation angle. The au-

hors found that, in the low angle regime, [010]-tilt boundaries and

http://dx.doi.org/10.1016/j.physc.2016.04.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/physc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physc.2016.04.003&domain=pdf
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100]-twist boundaries reduce the critical current density much

ess than the observed in the [001]-tilt boundaries. In all the cases,

he involved samples in the experimental work were bicrystals or

hin films. 

Gurevich calculated the lower critical field of a Josephson junc-

ion in the non-local limit regime [7] . His results indicate that the

ower critical field is reduced in a junction as compared to one of

he crystallites. Such a reduction is observed even for low misori-

ntation angles where the flux creep regime is exhibited by the

unction. 

On the other hand, it is well established that the platelet-like

hape of the Bi-2223 grains is responsible for the presence of dif-

erent types of junctions with small angles between the c -axis of

djacent crystallites in the granular structure of the materials [8,9] .

epending on the type of the junction, its orientation with re-

pect to the magnetic field, misorientation angle and demagne-

ization factor, the values of the so-called lower critical field H c 1 

ay change appreciably when it is measured by using M ( H a ) data.

hat is probably the reason why several different values of H c 1 are

ound in the literature, as above mentioned. 

Powder samples of Bi-2223 have also been studied by M ( H a )

easurements. The obtained M ( H a ) curves frequently exhibit a

ean-like behavior for applied magnetic fields in the range com-

rehended between 0 and 500 Oe. The graphic method was also

pplied to determine the first critical field of the grains, which re-

ulted to be ∼80 Oe and the very high anisotropic behavior of the

rains was not discussed [10,11] . Moreover, considering this value

f H c 1 , the Bi-2223 ceramic samples were interpreted as being con-

tituted by three superconducting levels, or more appropriately,

y superconducting grains, superconducting clusters (strong links

mong grains), and weak links [10,11] . To confirm the presence of

he others two superconducting levels besides the superconducting

rains, the dependence of the critical current density as a function

f the “historic” applied magnetic field, J c (0, H am 

), and the critical

urrent density in increasing applied magnetic fields J c ( H a ) were

lso considered. 

The intrinsic anisotropy of superconductors causes a depen-

ence of the intragranular lower critical fields with respect to the

ngle between the magnetic field and the main axis of the crystal-

ites ( c -axis), following the expression written below (see, for ex-

mple, Ref. [12] ) 

 c1 ( γ ) = H 

c 
c1 

(
cos 2 ( γ ) + 

m c 

m ab 

sin 

2 
( γ ) 

)1 / 2 

. (1) 

Here, γ , m c , and m ab are the angle between the c -axis and the

agnetic field, and the anisotropic components of the mass tensor,

espectively. As a consequence, in a powder sample or pellet with

andom orientation of the grains, a wide distribution of lower crit-

cal field values may be observed due to the high anisotropy of

he system. However, the M ( H a ) curves of powder samples were

bserved to follow the Bean model [13] with a lower critical field

 c 1 ∼80 Oe, as mentioned previously [10,11] . 

Within this challenging context, we have compared the results

xtracted from the M ( H a ) dependence of powder samples with

hose related to the so-called flux-trapping curve, J c (0, H am 

) [14] ,

easured in pellet samples of the same material. A close relation-

hip between both processes, i.e., penetration of the magnetic flux

nd trapping of the magnetic flux, has been observed even when

hey occur independently in powder and pellet samples, respec-

ively. As complementary characterization of the samples, we dis-

uss the results of X-ray diffraction, scanning electron microscopy

SEM), and magnetization as a function of temperature M ( T ). Our

xperimental results reveal that the superconducting clusters may

e viewed as defects inside grains instead of grains with strong

inks between them, as described elsewhere [10,11] . Moreover, the

rapped flux seen in J c (0, H am 

) data within the magnetic field in-
erval 30 < H am 

< 80 Oe of maximum applied magnetic field

s related to these defects inside the crystallites (grains) [4,15–

7] which are believed to act as large Josephson junctions. Thus,

he critical field to create a vortex in those regions is less than that

elonging to crystallites without defects [7] . Finally, our results of-

er a method to create, detect, and study intragranular defects in

i-2223 polycrystalline superconductors, a procedure that could be

xtended to other layered high T C superconductors. 

. Experimental 

Samples of Bi-2223 were elaborated following the preparation

oute described elsewhere [10] . The starting compositions were

i 1 . 65 Pb 0 . 35 Sr 2 Ca 2+ x Cu 3+ x O y with x = 0.2 (D1) and 0.5 (D2) and

he final compacting pressure 298 MPa. From the same pellet, two

ypes of samples were extracted: powder and slabs for measure-

ents of M ( H a ) and flux-trapping curves, respectively. A piece of

he pellets was manually milled during close to 15 min to obtain

he powder samples. 

The phase purity of the samples was investigated by XRD using

uK α radiation and also were calculated the unit-cell dimensions

f both samples (D1 and D2). Powder diffraction patterns were col-

ected at room temperature with a Brucker D8 Advanced diffrac-

ometer by using the scanning mode with a step size �(2�) =
 . 05 ◦ and 3 ° < 2 � < 80 ° during 3 s of counting time. 

The average grain size of both powder and pellet samples was

etermined by using scanning electron microscopy (SEM). The mi-

rographies were taken with the help of a Scanning Electron Mi-

roscope Hitachi S-530. The platelet like shape of the grains, a fin-

erprint feature of Bi-2223 samples, was also observed. 

Magnetization versus temperature in powder samples, M ( T )

ere measured by using a commercial Quantum Design SQUID

agnetometer. In these measurements the powders were cooled in

ero applied magnetic field from room temperature down to 5 K.

hen, a magnetic field of 5 Oe was applied, the temperature was

ncreased in steps of 2 K, and the magnetization data M ( T ) were

ollected up to 120 K. 

Magnetization measurements under low applied magnetic fields

ere performed by using a commercial Quantum Design SQUID

agnetometer. In this experiment the powder samples were

ooled in zero applied magnetic field from room temperature

own to 77 K. After that, the applied magnetic field, H a , was then

ncreased from 0 to 500 Oe, in steps of 5 Oe and the magnetization

as measured for each value of H a . 

On the other hand, measurements of the critical current density

s a function of applied “historic” magnetic field, J c (0, H am 

), were

erformed using the standard dc four-probe technique in a slabs

ith typical dimensions of d = 0.5 mm (thickness), w = 2 mm

width) and l = 10 mm (length). The samples were cooled in the

ame conditions as described above. Then, a certain value of max-

mum magnetic field, H am 

, was applied to the samples for approx-

mately 30 s, after which it was reduced to zero again, and the

ritical current density was determined by using the criterion of

 μV. Finally, the samples was warmed up to temperatures higher

han the superconducting critical temperature in order to erase its

agnetic “memory” and then cooled down again to 77 K in zero

pplied magnetic fields. By repeating these steps for different val-

es of B am 

, the flux-trapping curves, J c (0, H am 

), were built [14] . 

. Results and discussion 

From the X-ray powder diffractograms, displayed in Fig. 1 , we

ave found that both samples have similar peak profiles. The two

amples D1 and D2 are comprised of a mixture of phases in

hich the Bi-2223 phase coexists with two extra phases such as

i-2212 and Ca PbO . We have estimated that the materials are
2 4 
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Fig. 1. X-ray diffraction patterns for the powder samples D1 and D2, respectively. 

Fig. 2. Magnetization as a function of temperature in the powder samples D1 and 

D2. The inset shows dM / dT as a function of temperature for the powder sample D1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Micrographs of the samples D1 (a, b) and D2 (c, d). 
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comprised of ∼83% of the Bi-2223 phase and ∼17% of the extra

phases. The unit-cell parameters were calculated with respect to

an orthorhombic unit cell (Bi-2223 phase) and the obtained values

for sample D1 were: a = 5.412 Å, b = 5.345 Å, and c = 37.212 Å,

while the values for sample D2 were: a = 5.402 Å, b = 5.423 Å,

and c = 37.152 Å. These calculated values are in agreement with

the one reported elsewhere [11] when the experimental uncertain-

ties are considered. In addition to this, the most important differ-

ence between the obtaining process of both samples is related to

the sintering time. It seems to be that with increasing the dopant

quantities, decrease the sintering time to obtain certain percent of

the high critical temperature phase (Bi-2223). At the same time,

increasing dopant quantities favor the trapping flux process at low

maximum applied magnetic fields H am 

< 80 Oe as described be-

low. To identify the cause of this behavior an additional technique

was used to study the influence of the extra phases. 

Measurements of magnetization as a function of temperature,

shown in Fig. 2 , were performed to both powder samples in order

to clarify the influence of the extra phases in the superconducting
roperties of these samples. A careful inspection of these curves

llows us to confirm that the extra phase Bi-2212 does not par-

icipate as superconducting phase in the overall behavior of the

amples because their critical temperature is ∼65 K (see insert of

ig. 2 ) and the experimental data related to the penetration and

rapping of the magnetic flux were collected at 77 K. We show, as

n example, the derivative of M ( T ) for the D1 sample. A small, but

lear maximum is observed at 65 K. The result for the D2 sam-

le is similar. Another important feature to be analyzed from the

ata displayed in Fig. 2 is the decrease of the superconducting crit-

cal temperature at which the superconducting transition of the Bi-

223 phase starts when the doping is increased. However, the M ( T )

urves are very similar for T < 80 K . 

Fig. 3 shows two SEM images corresponding to samples D1 and

2. Two of them belong to the fractured surfaces pellet samples

a, c) and the others to the powder samples (b, d). It is possible to

bserve that the granular morphology of both samples is similar,

xhibiting clearly the occurrence of grains with platelet-like shape

ainly in pellet samples (a, c) of both specimens. The differences

f the dopant concentrations do not provoke appreciable changes

n the granular morphology of the ceramics judging by the mean

rain size which is the same for both specimens: L a ∼ 6 μm and L c 
0.6 μm for the pellet samples and L a ∼ 5 μm and L c ∼ 0.5 μm

or the powder samples. Here the subscripts a and c represent the

imensions of the crystallites for the ab plane and the c direction,

espectively. These results are in perfect agreement with those re-

orted elsewhere [10] . 

In Fig. 4 the M ( H a ) curves for both samples are shown. These

urves exhibit a quasi-linear behavior in the interval 0 < H a <

0 Oe apparently related to the Meissner state of the grains of

he powder samples. The curves display also a Bean-like behav-

or [13] in the whole range of applied magnetic field 0 < H a <

00 Oe. In order to analyze in details the flux penetration pro-

ess within the grains we have also plotted the dM ( H a )/ dH a curves

n Fig. 5 (a). Notice that for 30 < H a < 80 Oe the dependence

hows several steps, but its increase is more continuous and regu-

ar for H a > 80 Oe in both cases. Similar behavior is also observed

n the flux-trapping curves which are displayed in Fig. 6 . These
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Fig. 4. Magnetization as a function of the applied magnetic field of the powder 

samples D1 and D2. The continuous lines evidence the quasi-linear and saturation 

regions. 

r  

fl  

a  

H  

Fig. 6. Flux-trapping curves of the pellet samples D1 and D2. The continuous hori- 

zontal and vertical lines marked the values of J c (0, H am ) at H am = 0 and the value of 

the applied magnetic field of 80 Oe, respectively. The inset shows some I–V curves 

measured on the sample D2 starting from which the flux-trapping curve is built. 

F

v

r

esults suggest that the penetration of the magnetic flux and the

ux trapping processes in powder and pellet samples, respectively,

re closely related. If this were the case, the main cause of the J c (0,

 am 

) behavior may be related to the intragranular trapped flux,
ig. 5. (a) and (c) Normalized dM ( H a )/ dH a as a function of applied magnetic field of the powder samples D1 and D2, respectively. (b) and (d) Dependences of the ratio M / H a 
ersus H a of the powder samples D1 and D2, respectively. The continuous horizontal and vertical lines visualize the value of dM / dH a at H a = 0 and 30 < H a < 80 Oe interval, 

espectively. 
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[  
contrary to the concept of superconducting cluster described else-

where [10,11] . Another important feature to be considered here is

that the D2 sample exhibits a more pronounced flux trapping and

penetration effects observed by means of the curves dM ( H a )/ dH a 

and J c (0, H am 

), respectively. To summarize the experimental results

described up to now we have considered the following issues: 

1. For H a < 30 Oe the effect of the magnetic flux penetration or

trapping, as seen in curves of Figs. 5 (a) and (c), are negligible

and are disregarded. 

2. For 30 < H a < 80 Oe two processes are believed to occur: (i)

the superconducting grains are penetrated in defects; (ii) due

to the effect of flux compression, the magnetic flux penetrates

first in superconducting grains with high demagnetization fac-

tors. It is important to point out that the lower critical fields of

the defects are, as a general rule, lower than those belonging

to other regions of the superconducting crystallites free of de-

fects. Thus, in the presence of planar defects, the magnetic flux

penetrates first at the defects and then at the regions of the

crystallites free of defects for higher values of applied magnetic

field. Another issue to be considered is the existence of several

jumps in this region (see Fig. 5 (a) and (c)). It could be due to

the derivative process employed, but plotting the dependence

of the ratio M / H a versus H a (see Fig. 5 (b) and (d)), the obtained

results are similar. Hence, it can to set out that this feature de-

pends on the intrinsic behavior of the samples. Moreover, dif-

ferent dopings vary the effects of the penetration and trapping

of the magnetic flux in powder and pellet samples, however

it does not affect appreciably the granular morphology of the

samples. Thus, the effects of the demagnetization factors of the

grains are not decisive in the behavior of the samples. 

3. For H a > 80 Oe most of the grains start to be penetrated by the

magnetic flux in the regions free of defects. 

The discontinued growth of the dM ( H a )/ dH a curves in the

second magnetic field interval can be explained by assuming the

penetration of the magnetic flux into defects of the grains. For

certain values of the applied magnetic field these defects are

penetrated depending on their specific features such as misorien-

tation angle [16,18] intrinsic characteristics, and also the defects

orientation with respect to the intergranular magnetic field [19] .

Such a penetration provokes jumps in the dM ( H a )/ dH a dependence.

It happens because in the defects the magnetic flux penetration is

confined to the junction area of order 2 λL . Here, L represents the

length of the defect between two crystallites and λ is the London

penetration depth [20] . On the other hand, when the magnetic

flux penetrates into the regions free of planar defects of the

superconducting grains, the M ( H a ) curves follow the Bean model

[13] and the increase of its slope is continuous, as observed in the

third interval of the applied magnetic field in the curves displayed

in Fig. 5 . Due to the high intrinsic anisotropy of the Bi-2223

grains, we consider that the first penetrations of the magnetic

flux into the defects and crystallites properly must happen in

those crystallites oriented with their c -axis perpendicular to the

intergranular magnetic field [4] . Nevertheless, considering the high

shape anisotropy of the grains, the penetration in planar defects

parallel to the c -axis of the crystallites may also happen. It agrees

with the presence of brick-wall structure of twist boundaries in-

side the grains [16] , the value of H c 1 = 60 Oe obtained in whiskers

for magnetic field applied along the c -axis [3] , and the experimen-

tal fact that the M ( H a ) curves does not reflect the high intrinsic

anisotropy of the crystallites. A superposition of the penetration

processes along both perpendicular directions of the crystallites

may explain this latter experimental feature (see Fig. 4 ). Finally,
e are offering here a procedure for creating, detecting and study-

ng intragranular defects in Bi-2223 powders and low compacted

amples, which can be extended to other high T C superconductors.

nother paper with a quantitative model is in progress. 

. Conclusions 

In summary, we have observed a well defined correlation

etween the magnetic flux penetration in powder specimens of

i-2223 and the transport flux-trapping curves measured in slabs

f the same material. The results indicate that the magnetic flux

rapping in ceramic samples, subjected to low uniaxial compact-

ng pressures, may be considered an intragranular phenomenon.

oreover, the penetration and trapping flux of Bi-2223 ceramic

amples at the applied magnetic field interval of 30 < H a < 80 Oe

as been observed in several different types of ceramic samples.

ccording to our results this experimental feature is closely related

o the existence of intragranular defects as colonies of low-angle

 -axis boundaries, brick-wall structure of twist boundaries and

tacking faults or absence of Cu-O planes [7,15–18] . These defects

anifest themselves in our magnetic data as a distribution of

ower critical fields less than the value that corresponds to crys-

allites free of defects. Considering the high intrinsic anisotropy of

he Bi-2223 superconductors, the magnetic flux penetrates first the

efects of the crystallites oriented with their c -axes perpendicular

o the intergranular magnetic field and then the crystalline regions

ree of planar defects. However, due to the high shape anisotropy

f the Bi-2223 crystallites, a superposition of the penetration

rocesses in both perpendicular direction of them cannot be disre-

arded. Finally, the doping with Cu and Ca of the samples may in-

rease the defects, making weaker the connection between the Cu-

 planes along to the c -axis. Under these circumstances, the dop-

ng decreases the superconducting energy gap of the Bi-2223 phase

nd thus decreasing its superconducting critical temperature. 
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